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Foreword

Biodiversm  15 the totality o f the inheriied variation 
of all forms cf life across all levels of variation, from 
ccosystem  10 species to gene. Soon after the lerm was 
introduced at the Rrst National Forum on Biodiversity 
in 1 9 8 6 , and aíter it began its rapid spread around 
the w orlc, ihere occurred a reconíìguration in the way 
m uch o í  the S c ie n ce  o f  b io lo g y  is c o n c e iv e d .  v v h e r e  

previously comparative biology had been almost en- 
tircly focused on the fundamentals of đ assiíìcation , evo- 
lution, behavior, and ecology, now it was augm ented 
by a wide range of analyses from the social sciences. 
W here taxcnomy and biogeography had becn margin- 
alized throtgh the middle half of the iwentieth cenlury, 
now they ir.oved back loward center stage. And whcre 
exlinction had been liltle m ore than a phenom enon 
recognized and lamcnted, now it became a m ajor con- 
cern of Science. Much of ecology shilìed toward the 
study of bicdiversitys role in the assembly and m ainle- 
Tiance of ecosysiems. A growing number oi ec.onomists, 
political scentists, and bioethicisis took up the issue 
as part of :heir scholarly agenda. From this m ix the 
điscipline cf conservation biology was born, and the 
Society of Conservation Biology became one of the fast- 
cst growing organizations in modern Science. In 1992  
thc Rio Summit catapulted biodiversity to global prom i- 
nence, from which most of the nations oí the world 
endorsed [he Convenúon on Biodiversity and have since 
nscd it as a guideline for conservalion programs.

The new biodiversity initiative gave organism ic and 
evoluúonarv biologists a global mission vvorthy of their 
S c ie n c e ,  li c o n f ư m e d  for t h o s e  w h o  la b o r e d  in  th e  v in e -  

vards that, as medicine is to m olecular and cellular

biologỵ, the environm ent is to organìsm ic and evolu- 
tionary biology. The íìrst ís responsible for personal 
health, and the second for planetary health. The addi- 
lional evidcnce adduced m oreover made clear that we 
are in the midst of an episode of massive extinction , 
unprecedenied since that closing of the M esozoic Era—  
and that scientists must leacl the attem pt to save the 
Creation.

The articles in the E n cycloped ia  ơ f  B iodiversitỵ  are 
unusually eclcctic, yel organized by a set o f easily articu- 
lated goals. They are the follow ing: to carry ihe system - 
alics and biogeography of the world fauna and ílora 
toward com pletion; map the hot spots where conserva- 
tion will save ihe most biodiversity; orient studies of 
natural history 10 understand and save threatened spe- 
cies; advance ecosystem s studies and biogeography to 
creaii' the nrcrlorl prinriples o f com m uniiy assem bly 
and m aintenance; acquire the know ledge of resource 
use, econom ics, and polity to advance conservation pro- 
grams based on sustainability; and enrich the ethic o f 
global conservation in term s persuasive to all.

The road ahead, down w hich we m usl urgently 
travel, will be sm oothed by the exponenúal growth 
of information and a grovving public awareness and 
supporl. The E ncycloped ía  o j  B iod iversity  will serve as 
an important knovvledge base to guide this suprem ely 
im portant efforl.

E dw ard  0 . W ih on  
M useum o j  C om parativ e  z ooỉogy  

H aiy ard  U niversíty





Preface

The Scien ce  of biodiversity has becom e the S c ie n c e  of 
our íuture. Our auareness of the disappearance of bio- 
diversity has brought wilh it a long-overdue apprecia- 
tion of the magnitude of our loss, and a determ ination 
to develoD ihe tools to protect our future. This encyclo- 
pedia bringỉ together, for the first tim e in its com plete- 
ness, stucy }f :he dimensions of diversity w ith exam ina- 
tion of the services that biodiversity provides, and 
raeasures to protect it.

The entnes in the encyclopedia have been arranged 
alphabetLa.ly, but the coverage is designed íuncúon- 
ally. At the core is a com prehensive survey of biodiver- 
sity, acrcss taxonomic groups and ecological regions. 
The emergeiue of biodiversity is then placed in an 
evolutior.aiy perspective, as hackground for an under- 
standing oícurrent trends. Particular attention is given 
lo the lossof services— for exam ple, in fisheries, ĩorestry 
and clim ati mediation— that are derived from natural 
system s. These are placed in an econom ic fram ework 
ihrough 8 comprehensive set o f papers thai address prob- 
lem s o f valuation. costs, and beneíìts, and develop a 
íramevvork for prioritiiing actions. Finally, a review is 
given of institutions and other m echanìsm s that exist and 
are needed : o t  the preservation of biodiversity and, with 
it ,  ihe  services that h u m a n s  d e r iv e  f r o m  n a t u r e .

The backgiound for understanding biodiversity is to 
be found in the fossil record, and in the evolutionary 
patterns and trends that it reveals. The encyclopedia 
hence discusses these oatterns, the origins of biodiver- 
sitv, the e.f:ects of geological events, the m echanism s 
o f evolution, and the uniqueness o f the evolutionary 
process, with implications for conservation and restora- 
tion. The essential processes in m acroevolution are 
thosc of sptciation and extinction , w hich together gov- 
crn the dyramics of diversity at h igher levels o f organi- 
zaiion. These are given extensive coverage, both  from 
a mechanisúc and frcm a historical perspective, and 
Ị i ro v id e  an essential  c o n te x t  fo r  u n d e r s t a n d i n g  th e  re s t  

o f  th e  ccn tr ib u t io n s .

The classiíìcalion of organism s into species and 
higher taxa, and the elucidation of the m echanism s of 
natural selection, were the essential intellectual ad- 
vances that allowed the developm ent of the Science 
o f biodiversity. Carl Linnaeus introduced a system atic 
f r a m e w o r k  fo r  u n d e r s t a n d i n g  p h y l o g e n i e s ,  w h i c h  c o n -  

tinues to provide the íoundation for evolutionary stud- 
ies today; and Charles Darwin’s great legacy— the 
theory of evolution by natural selection— is the es- 
sential organizing principle for understanding the 
p r o c e s s e s  th a t  gave r ise  to  th e  p a t te r n s  I - in n a e u s  

recognized. The encyclopedia provides unm atched 
taxonom ic coverage of the organization of diversity into 
taxonom ic groups and com plem ents that with an exten- 
sive exam ination of ecosystem s by biogeograpbic region 
and by íunctional type. These chapters elucidate laútu- 
dinal trends, life zones, sp ecies-area  relationships and 
the distribution of diversity within and atnong ecologi- 
cal com m unities.

Throughout the core chapters, there is a healthy 
balance between em pirical facts and conceptual theo- 
ries. Such theories help to illum inate principles that 
cross system s and levels o f organization, and transíorm  
the s tu d y  o f  b io d iv e r s i t y  i n t o  a S c ie n c e .  Basic ecological 
constructs, such as the habitat and the niche, are given 
extensive treatm ent, as are key ecological m ecbanism s 
such as com petition, predation, herbivory, parasitism  
and mutualism . Tbese treatm ents are com plem ented 
by exploration of fundam ental evolutionary m echa- 
nism s related to local differentiation, aspect diversity, 
sex , and recom bination, and especially theories of 
extinction.

W ith  these foundational chapters in  hand, one can 
turn to the contem porary problem s in biodiversity and 
com pare today’s rapid rates of change to the historical 
patterns. Key chapters exam ine agriculture, íìsheries, 
and forests, their im portance to hum an needs, and their 
status and trends in response to changing land-use pat- 
terns, population growth, overexploitation, and clim ate



change. Threatened and endangered species are dis- 
cussed in delail, with relation to the consequences of 
the spread o f invading species.

The utilization o f natư res bountv for food, fiber and 
fuel provides som e of the m ost obvious beneíìts of bio- 
diversity to hum anity. Equally im portant, however, are 
the things that are less well appreciated: the potential for 
the discovery o f new pharm aceuticals that can improve 
hum an health, the role o f biodiversity in pollinating 
crops and wild species, and the im portance o f natural 
system s in regulating clim ate, mediating nutrient 
íluxes, and sequestering carbon as well as toxic materi- 
als. E ach  of these services provides hum ans with direct 
and indirect beneíits, and som ehow  we m ust fìnd ways 
to weigh these benefits, along with the ethical and aes- 
thetic values we place on natural systems and biodiver- 
sity, to provide priorities for action. Only recently have 
econom ists recognized the im portance of such issues 
as intellectual challenges essential to our sưrvival on the 
planet. M uch o f biodiversity is exploited by hum anity as 
part o f a global com m ons, in vvhich one does not pay 
in fair m easure for exiracting parts, or affecting the 
commorầs othervvise ihrough land use o r pollution. 
E conom ists have com e to realize, along with ecoìogists 
and others, the magnitude of the externalities involved. 
W hen such  externalities are involved, the market does 
not fu nction as it m ust to m ainiain the resource, and 
new m easures are needed if the sustainability and resil- 
ience o f  these resources are to be preserved. There is 
as yet, however, no ecological equivalent to the power 
of financial institutions, such as ihe Fedcral Rcserve 
Board in  the United States, to modiíy individual incen- 
tives suííìciently  to m aintain regional or global stability 
in the system  of interest. In this encyclopedia, some of 
the m ost enlightened and thoughtíul econom ists turn 
their attention  to the econom ic challenges, and discuss 
the m echanism s and institutions that m ight be needed.

T ogether, the state-of-the-art entries in this encyclo- 
pedia tell an exciting story of how biodiversity arose, 
continu es to arise, and is maintained. It is a story of a 
eom plex, self-organizing system — the biosphere—  
whose pieces can be exam ined individually, but cannot 
be ưnderstood outside the context of the whole. It is 
also a story o í the coevolution o f the biosphere and 
H om o sap ien s , the íìrst species vvhose own activities can

fccd back to iníluence the evoỉution of the biosphere 
on time scales that could lead to its own demise. T h e 
articles in  the encyclopedia can be used as material for 
a wide spectrum  of cou rses, tracing the history of the 
em ergence of biodiversity from  its origins to the chal- 
lenges we face today.

This has been a m assive effort, but onc of the m ost 
rewarding I have ever undertaken. So many people ha ve 
Ị}layed a role that it is d iffìcu lt to know where 10 begin. 
The pro ject began through the initiative of Scott Bentley 
at Academ ic Press, and then was managed fhw lessly 
by Chris M orris at AP. I cannot recall ever having dealt 
with an editor who operated more professionallv than 
Chris, w h o  com bined a true V is io n  a n d  enthusiasm ĩ o r  

the pro ject w ith a sense o í  econom ic realities and the 
energy and insight to m ake the whole prọịecl work. In 
this he was ably assisted by outstanding Academic Press 
staff, especially N aom i H enning, Nick Panissidi, and 
Ann M arie M artin. At every step, it has been a pleasure 
to work w ith Academ ic Press, and I especially single 
OUI Cbris for his fantastic and scholarly efforts.

At the next stage, the Editorial Boards were terriíìc 
in generating and com m enting on ideas, suggesting au- 
ihors, and critiquing contributions. More than 400  au- 
thors then adopted our view of the imporlance of the 
project, accepted the task o f writing, and produced 
lim ely and com prehensive articles that make this Ency- 
clopedia like no other sou rce available today. To all of 
these, I extend my thanks and congratulations.

And finally, special acknow ledgm ent and gratitude 
are duc my wife, Carole, and my assistant, Amy Bordvik. 
Carole put up w ith the late nights and obsessiveness 
ihat were essential tơ the process, and Amy vvorked 
lirelessly and w ithout com plaint through the whole 
long process. To them , any expression of thanks is 
insuffìcient.

Simon Levin  
Princeton U nhersity
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Guide to the Encyclopedia

T he E ncỵcỉơpcdia oj B iodiversitỵ  is a com prehensive 
study o f the topic of diversitv in the natural world, 
containecỉ \vithin the covers o f a single unified work. 
It consists of five volumes and includes 313 separate 
íu ll-length  artìcles by leading international authors.

Each article in the encyđopeđia provides a com pre- 
hensive overview of the selected topic to iníorm  a broad 
spectrum  of readers, from research proĩessionals to stu- 
dents to the interestecỉ gcncral public. In order thai you, 
the reader, will derive the greatest possible benefit from 
the E ncycloped ia  o f  Bỉocliversitỵ, we ha ve provided this 
G uide. It explains how the encyclopeđia was developed, 
how  it is orơaniied, and how the iníbrm ation w ithin it 
can be located.

ENTRY SELECTION

T h is encyclopedia was conceived with the goal o f pro- 
viding a complete description of all the issues contained 
w ith in , or impạcting ưpon, the fìeld o f biodiversity. To 
that end, a thorough and system atic method o f entry 
selection  was devised for the work.

T o  begin the selection process, the pro ject’s ch ief 
editor, Sim on Levin, prepared a bibliography o f leading 
sou rce materials in the field, including books, jo u rn al 
articles, conference proceedings, W ebsites, and so on. 
T h en  the reíerence staff of Academic Press com bed 
through these materials to develop a list of potential 
article  topics for the encyclopedia. This prelim inary list 
w as reíìned and approved by Prof. Levin; at this point 
the num ber of possible entries was approxim ately twice 
as large as the eventual total in the published encyclo- 
pedia.

T he entry list was then provided to all the associate 
editors and the international editorial board for their 
evaluation. Their mandate was to read through the list 
and rate each topic on a num erical scale according to

how important they deemed it to be tor inclusion  in 
the encvclopedia. The editors were also encouraged to 
recom m cnd new topics not on the existing  list, and to 
make other com m ents on the list as appropriate. A 
num ber of additions to the entry list em erged from 
this process.

The editors’ ratings and com m ents w ere returned to 
Academic Press for scoring, and an overall tabulation 
was created that indicated the consensus ơf the group 
as to the priority o f each topic. Then the list was sent 
to Prof. Levin for a íinal evaluation in  w hich he made 
utìe-breaker” decisions for certain topics on w hich the 
editors’ vote was split, and also other ad justm ents based 
on his expert judgm ent. The result was a w orking entry 
list of about 325  topics w hich, after som e attrition  and 
the com bining o f related topics, resulted in the ftnal 
table of contents of 313 articles.

ORGANIZATION

The E n cycỉoped ỉa  o f  B ioảiversity  is organized in a single 
alphabetical sequence by title. A rticles w hose titles be- 
gin with the letters A to c  are in V olum e 1, articles 
with titles from D through Fl are in V olum e 2, then Fo 
through M an ÌĨ1 Volum e 3 , M ar through Q in V olum e 
4, and R to z in Volum e 5.

Volum e 5 also incỉudes a com plete su b ject index for 
the entire work, an alphabetical list o f the authors w ho 
contributed to the encyclopedia, and a glossary o f key 
terms used in the articles.

TABLE 0 F  CONTENTS

A com plete table o f contents for the E n cỵcloped ia  o f  
B iodiversity  appears at the íron t o f each  volum e. T h is 
alphabetical list o f article titles (see p. vii) is followed



by a second contents list (p. x ix ) in vvhich the titles 
are listed according to their subject area within the 
overall field o f biodiversity.

Articles are classiíĩed in 20  different subject areas, 
including not only core disciplines of biodiversity such 
as evolutìon, speciation, populations, extinction, and 
ecosystem s, but also areas that link  biodiversity to other 
disciplines, such as environm ental Science, agriculture, 
public policy, and econom ics.

ARTICLE TITLES

Article titles generally begin with the key term describ- 
ing the topic, and have inverted word order if necessary 
to begin the title with this term. For example, “Archaea, 
Origin o f” is the article title rather than “Origin of 
Archaea,” “Grazing, Effects o f” is the title rather than 
“Effects o f G razing,” and so on with other titles such 
as “Species, Concepts of,” “M ammals, Biodiversity of,” 
“Pollinators, Role of,” and so on. This is done so that 
the reader can m ore easily locate a desired topic. For 
exam ple, eight different articles on endangered groups 
(e.g., endangered birds) appear in succession in the 
“E n-” section of the encyclopedia.

INDEX

The index appears as the last elem ent of Volume 5. 
Sub jects are listed alphabetically and indicate the vol- 
ume and page num ber where inform ation on this topic 
can be found. In  addition, the table o f contents by 
sub ject area also functions as an index, since it lists all 
the topics covered in a given area; e.g., the encyclopedia 
has 26 different artìcles dealing with invertebrates.

ARTICLE F0RM AT

A rlicles in the E n cycloped ia  o Ị  B iodiversity  are arranged 
in a Standard íorm at, as follows:

• T itle and A uthor
• O utline
• Glossary
• D eíining Statem ent
• M ain Body of the Article
• Cross-References
• Bibliography

OUTLINE

Entries in the encyclopedia begin with a topical outline 
that indicates the general content of the article, This 
outline serves two íunctions. F irst, it provides a previevv 
of the article, so that the reader can get a sense of what 
is contained there w ithout having to leaf through the 
pages. Second, it serves to highlight important subtopics 
that are discussed w ithin the article. For example, the 
article “G reenhouse Effect” includes subtopics such as 
“C lim atic C onsequences: G lobal W arming” and “Cli- 
mate Change and Biodiversity.”

The outline is intended as an overview and thus it 
lists only the m ajor headings of the article. In addition, 
extensive second-level and third-level headings will be 
found w ithin the article.

GLOSSARY

The Glossary section contains lerms that are important 
to an understanding o f the article and thai may be 
uníam iliar to the reader. Each term is cleRned in the 
context o f the article in w hich it is used. The same 
lerm  may appear as a glossary entry in different 
articles, with the details o f the definition varying 
slightly from one arúcle to another. The encyciopedia 
includes approxim ately 2 ,5 0 0  glossary eniries. For 
exam ple, the article “M angrove Ecosvstems' has the 
follow ing entry:

aerenchym a A spongy plant tissue composed 
largely of air spaces enabling gas exchange to 
take place by diffusion in underground man- 
grove roots.

Ln addition, Volum e 5 has a comprehensive glossary 
that presents the core vocabularv of biodiversity in One 
A-Z list. T his section can be consulted for deíinitions 
of uníam iliar term s not íound in  the individual glossary 
for a given artid e.

DEFINING STATEMENT

The text o f each article in the encyclopedia begins with 
a single introductory paragraph thai deíìnes the topic 
under d iscussion and sum m arizes the contenl of the



article. For exanple, the arúcle "Agriculture, Sustain- 
able' b íg in í vith thc following statem ent:

Susuinable agricullure describes a food and íìber 
procuction svstem that is econom ically viable, 
er.vironmentallv safc, and sociallv acceptable over 
lo.ig periocs.

CROSS REFERENCES

The ỉn.ry list for E ncyclopedia o f  B iod ivcrsily  has been 
cons.rvcted so that each entry is supported by one or 
more crher err.ries that provide additional iníorm ation. 
Therĩtcre all articles in the encyclopedia have refer- 
ences t) othe: articles. These cross references appear 
at the tonchsion  of the article text. They indicate arti- 
cles hít can be consulted for further iníorm ation on 
ihe sirre issue, or íor pertinent iníorm ation on a related 
issue The encỵclopedia includes a total o f about 1,750 
crosỉ rtĩerences to othcr articles. For exam ple, the arti- 
cle "ticdiversúy-Rich Countries” contains the following 
list cf nferc-nces:

Bi.idversitv as a Com m odity • D eforeslation • Eco- 
noìĩic Giowth and the Environm ent • lndigenous 
Peoyles, Biodiversily and • Social and Cultural 
FcCl.)rs "Tropical F-Cosystems

BIBLIOGRAPHY

T h e BiHiographv section appears as the last elem ent in 
an aitide. Entries in this section include not only print 
souríe; but relevant ^ 'e b s ite s  as well.

The bibliographv entries in ihis encyđopedia are 
for the bencPit of the reader and do not represent a 
com plele list of all the m aterials consulled by the 
author in prcparing the article. Rather, the sources 
listed are ihe au th o rs recom m endations of the m ost 
appropriate m aterials for further research on the given 
topic. For exam ple, the article “Fires, Ecological Effects 
o f” lists as references (am ong others) the works F ire  
an d Planls, F ire in the Environm ent, F irc in the T ropi- 
cal B iota, and T he R olc o f  F ire  in M editevrancan  
Ecosystem s.

COMPANION WORKS

E n cycloped ia  o J  B iod iversily  is part o f a continuing pro- 
gram of m ultivolum e reĩerence w orks published by Aca- 
dem ic Press. This program  encom passes many different 
a r e a s  o f  S c ie n c e ,  r a n g in g  f r o m  o r g a n i s m a l  b i o lo g y  (e.g., 
E n cycloped ia  o j D inosaurs, E n cycloped ia  o f  M icrobioỉogy) 
to biom edical topics (E n cycloped ia  o f  R eproduclion , En- 
cy cìop ed ia  o f  Stress), to  p h y s ic a l  S c ie n c e  (E ncycìoped ia  
o j  the S o lơ r System , E n cycloped ia  o Ị  V olcan oes) to social 
and political issues (E n cycloped ia  o f  A pplied  Ethics, 
E n cycìoped ia  o [  C reativ ity , E n cycloped ia  ()JN aiíon alism , 
E n cycloped ia  o fV io len .cc , P eace, and  C on/lict).

For inform ation on these and other Academ ic Press 
reĩerence útles, please see the W ebsite at:

w w w .acad em icpress.com /reference/

http://www.academicpress.com/reference/




FOOD WEBS

Gary R. Huxel and Gary A. Polis1
ưnivérsity ọ f  C aliỳornia, D avis

I. In troduction
II. Types of Food W ebs

III. O m nivory and the Sưucture o f Food W ebs
IV. Patterns o f Biom ass and Energy in Food W ebs
V. C urrent T op ics/Trend s in Food W eb Studies

GLOSSARY

com m unity The most practical definition is a set of 
species that interact at a given location. 

connectivity  w eb This type o f food web illustrates only 
feeding links w ithout reference to strength of interac- 
tion or energy flow. 

d etrita l shun ts Energy and nutrients from  the sapro- 
vore web reenter the plant herbivore predator food 
web when detritivores are eaten by predators that 
also eat plants, herbivores, or o ther predators. 

donor con tro l Consum er population grow lh is affected 
by their resources but consum ers do not affect the 
renewal rate of these resources and hence cannot 
depress their resources. 

ecosy stem  A set of one or m ore com m unities and their 
abiotic environm ent. 

energetic w eb This type o f food web quantifies the 
am ount of energy (or m aterial) that flows across 
links jo in in g  species. 

food or b iom ass pyram id A graphic representation of 
the energy or biom ass relationships o f a com m unity,

’ Deceased.

in w hich the total am ount of biom ass, or total 
am ount of energy available, at each successive tro- 
phic level is proportional to the wídth o f the pyramid 
ai the appropriate height. 

food chain  A representation of the links between con- 
sum ers and their resources, for example nutrients 
—» plant —» herbivore —» carnivore. In these represen- 
tations, energy or m aterial [Iows up the chain in a 
linear ĩashion. In addition, a food chain can be a 
linear set o f species within a íood web. 

food w eb A representation of íeeding relaúonships in 
a com m unity that includes all the links revealed hy 
dietary analysis. 

fu nctional or in teraction  web This type of food web 
quantifìes the strength of interaction betw een species 
linked using data 1'rom manipulative experim ents. 

recip ien t con tro l Consum ers substantially depress 
populations of their resources. 

sp atia l su bsid ies Input from other habitats of organic 
carbon, nutrients, and prey or the movement of con- 
sumers. These resources can iníluence greatly the 
energy, carbon, and nutrient budget o f recipient hab- 
itats. In general, nutrient inputs (nitrogen, phospho- 
rus, and trace elem ents) increase primary productiv- 
i ty ;  d e tr i ta l  a n d  p re y  i n p u ts  p r o d u c e  n u m e r i c a l  

responses in their consum ers. 
trop h ic level An abstract classiíìcation to describe sub- 

sets of species that acquire energetic resources in a 
sim ilar way on a subset o f species (e.g., top carni- 
vores feed on primary carnivores which feed on her- 
bivores w hich feed on primary' producers). In natural 
system s, m ost species do nol feed strictly on the

Encydopedia o f Biodiversity, V'olumt’ 3
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“trophic level” below them , m aking the trophic level 
concept a diffìcult term to assign operationally to 
species.

K N O W LE D G E  OF FO O D  W EB structure and dynamics 
is Central to our understanding of alm ost all aspects of 
population and com m unity ecology. By their very nature 
of representing feeding relationships betvveen species, 
food webs have the capacity to embody the rich com plex- 
ity o f natural system s. In fact, m ost im portant interac- 
tions (e .g ., com petition, predation, and m utualism ) can- 
not be isolated from a food web coniext.

I. INTRODUCTION

Food webs occupy a Centra l  position in com m unity 
ecology. Charles Darwin introduced the concept of an 
entangled bank in w hich he envisioned many kinds 
o f species im erdependent on each Olher in a com plex 
m anner governed by “laws acting around us.” In the 
sim plest context, food webs incorporaie the two íactors 
that, a priori, one would consider most (undamental to 
the success o f any one species: resources and enem ies. 
AU specìes must acquire resources (íood or nutrients) 
and suffer energy losses or m orlality from predators 
(Fig. 1). T he abundance and success of any species 
is thus a product o f these íeeding interactions. This 
inclu sion  o f such “bottom -up” (productivity and re- 
sources) w ith “top-dow n” (consum ption) ỉaclors 
largely determ ines the distribution and abundance of 
alm ost every species on the planet. In particular, fresh- 
water ecologists have enjoyed notable success by con- 
currently  studying the interaction betw een these vari- 
able íactors on the regulation of plant and anim al 
abundance and thus the structure o f freshw ater com m u- 
nities. This research show s ihe rich  dynam ical outcom es 
that can occu r w hen predation and productivity vary 
and in teract within a food web (Fig. 2).

M any im portant advances have arisen from  analyses 
that concurrently  incorporate m ore than one interac-

Predators

Herbivores

Plants
FIGURE 1 Food chain.

tion in a food web: keystone predation and herbivory, 
the interm ediate predation and disturbance hypotheses, 
the size-efficiency hypothesis, trophic cascades, intra- 
guild predation, apparent com petition, and the recogni- 
tion o f the im portance of indirect effects. The outcom e 
of virtually all interactions within a com m unúy can be 
modiRed, directly and indirectly, by other m em bers of 
the food web. T h is insight penetrates to all areas of 
com m unity ecology. For exam ple, the results of experi- 
m ents m ust be interpreted careíully for at least two 
reasons. F irst, indirect effects. moderated by other spe- 
cies in the web, may exert large and som etim es contra- 
dictory effects to the direct effects of the m anipulation. 
Thus, under som e food web coníigurations, removal of 
a predator may directly increase the level of its prey or 
may actually cause the prey to decrease because of 
indirect interactions. Second, changes in  species dy- 
nam ics putatively caused by one factor may actually be 
a product o f a second process.

II. TYPES 0 F  FOOD WEBS

Food web research has grown at a trem endous rate and 
taken a diversity o f form s. Not surprisingly, ecologists 
have diverged in their m ethods, emphases, and ap- 
proaches. N evertheless, trophic relationships in com - 
m unities can be delineated in three basic ways. Paine 
(1 9 8 0 ) and Polis (1 9 9 1 ) distinguished three types of 
food webs that evolved from ecological sludies (Fig. 3 ). 
The íìrst is the classic food web, a schem atic description 
o f connectivity  specifying íeeding links. Such connec- 
tivity webs sim ply dem onstrate feeding relationships. 
Exam ples of these are the early food webs of Forbes 
and Sum m erhayes and E lton  (Fig. 3 ). The second web 
type is also descriptive, quantiĩying the flow of energy 
and m atter through the com m unity. These energetic 
webs quantiíy the flow o f energy (and/or m aterials) 
betw een trophically connected  species. Exam ples o f this 
type o f food web include intertidal com m unities in 
Torch Bay, Alaska, and Cape FlaUery, W ashington 
(Paine, 1 9 8 0 ). The third type use experim ents to dissect 
com m unities to identiĩy strong links and dynam ically 
im portant species. Such  interaction or ĩunctional webs 
dem onstrate the m ost im portant connections in an eco- 
system  (Fig. 3 ). These food webs depict the im portance 
of species in m aintaining the integrity and stability o f 
a c o m m u n i t y  as  r e í l e c t e d  i n  i ts  i n í lu e n c e  o n  th e  g r o w t h  

rates of other species. They require experim ental ma- 
nipulations of the com m unity (e.g., by removal or adđi- 
tion o f particular species). In the (bllovving sections, 
we discuss the strengths and weaknesses o f each ap-



Raptorial birds Omniverous 
mammal carnivores

Plants ^ — ►

/  T \ \ .....
/  N, p, s \  Detritus 

'I Soil
I food-web \

N

I I Nutrients and 
I organic carbon 

I I vía
I marine foam 
ỵ  ỷ  and dust

Terrlgenous
input o f ----------------V --------►  Kelp
c, N, p

Supralittoral I
V detritivore food-web /  /  Supra-
c, N, p, s  k i \ /  litt0ral
d ' v  I T  1 /  Intertidal

Algal vvrack and carrion <  "  food-web

Kelp 
food-web

Nearshore

Offshore input
(organic carbon and nutrients)

FIGƯRE 2 Food web.

Offshore

proach. O f the three, only the last two have contributed 
substantially to our understanding of natural system s.

A. Connectivity Webs
C onnectivity webs are representations o f “who eats 
w hom ” w ithout inference to the strength or type of 
interaction and energy flow (Fig. 3 ). Early food webs 
were constructed for essentially two reasons: (i) to de- 
pict the interconnectivitv of natural system s and (ii) to

exam ine issues of “the balance of nature,” i.e., to analyze 
how harm ony is m aintained through com plex preda- 
tory and com petitive interactions within com m unities 
(Forbes, 1 8 8 7 ). Such an approach was applied to ag- 
ricultural system s to exam ine pests and possible food 
web m anipulations to control pests. As early as the 
1880s, beetles were introduced into the U nited States 
to control agricultural pests, Such control then bene- 
íited crop plants via an indirect interaction (predator 
pest prey crop) (follow ing the success of Vedalia, a 
coccinellid  beetle, in controlling  cottony-cu shion  scale
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F1GURE 3 Three conceptuall)' and historically different approaches to depicting trophic relalion- 
ships, illuslraied for ihc samc set of species. The connectedness web (a) is based on observation, 
ihe energy (lovv web (b) on somc ineasurcmem and literacure values, and ihe functional wcb 
Cc) on conirollcd manipulation. Uscd wuli pcrmission of Blackwcll Scientiíĩc Publicaúons.

in C aliíornia in 1888 , about 50  more coccinellids were 
introduced in the 1890s).

The know ledge required to construct connectivity 
webs is straightforward: An approxim ate, qualitative 
know ledge o f \vho eats whom is all that is necessary 
to produce a sim ple food w eb, whereas experim ental 
m anipulations or quantitative m easurem ents are neces- 
sary to construct vvebs of interaction or energy flow. 
C onsequently, connectivity webs most ĩrequenlly rep- 
resent trophic interactions in com m unities ancl have 
received the m ost attention. Hundreds of such webs 
slow ly accum ulated over a century. They \vere useíul 
to illustrate, in a totally nonquantitialìve m anner, the 
íeeding interactìons w ithin a specific com m unity. Dif- 
íerent scien tisls  constructed vvebs of different diversity, 
com plexity , and resolution, depending on their knovvl- 
edge o f the S y s te m  and bias or understanding of particu- 
lar groups. For exarnple, som e may emphasize birds 
and lum p all insects as one group. O thers will divide 
the insects into scores of groups and represent One or 
two bird species.

In the 1970S and 1980s, many iheoretical and statisti- 
cal studies were performed on connectivity webs cata-

loged from the literature to determ ine sim ilarities and 
natural patterns am ong them. Einpirical generalizations 
were abstracted from  data of published connectivity 
webs. Tbese “natural patterns” largely agreed vvith pre- 
dictions made by early food web models. These models 
shovved that food webs were constraíned to be quite 
sim ple: Each species ate few species and had few preda- 
tors; the total length o f the nuraber of links in a typical 
food chain was short, usually two or three; om nivory 
was very rare; and there were a few other patterns. Early 
modelers argued that the congruence o f patterns frcim 
the cataloged webs validated the predictions of their 
models. They thus claim ed that their L otka-V olterra  
models were heuristic and represented processes that 
slructure real com m uniúes. For exam ple, the addition 
of om nivory to m odel food webs causes webs to be 
unstable dynam ically and exhibit relative low persis- 
tence (tim e before species are lost). Thus, these models 
make the prediction that omnivory should be relatively 
rare in those vvebs that persist in nature. Comparison 
of om nivory in cataloged webs relative to its [requency 
based on chance show s ihat om nivor)' is statistically 
rare in real webs, as predicted by models. The same
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general approach was used to validate other predictions 
o f model webs, e.g., shori chain lengths.

T hu s, m odelers soon “explained” these em pirically 
derived patterns. Although ihese studies, and the con- 
nectivity approach, make good food web diagrams, they 
are ílawed to such a great a degree that today such 
analyses are viewed as providing little understanding 
o f natural com m unities. There are many reasons whv 
this is so, o f which only a few are m enúoned hcre:

1. Most vastly under-represent thc species diversity 
in natural com m unities. M ost com m unities have liun- 
dreds to thousancls o f species, bul ihese webs would 
represeni < 1 0 - 3 0  species on the average. As a conse- 
quence, m ost connectivity webs have severe problem s 
with “lum ping" species and laxonom ic biases. Some 
trophic levels are distinguished by species (e.g., birds 
or íĩsh ), whereas other groups suffer a high degree of 
aggregation, e .g ., all species o f insect or annual piants 
are represented as one super-species— “insects” or 
“plants” (Fig. 4).

2. M ost species are highly om nivorous, íeeding on 
many resources and prey that each have a distinct 
trophic history and are often at different irophic 
levcls. Because diet is very diffìcult to delineate, most 
connectivity  webs greatly underrepresent the true na- 
ture of om nivory. This poses several íundam em al 
problem s.

3. Connectivity webs typically only offer a static 
view of the world and webs are usually idealized repre- 
sentations that show all linkages that occur over large 
spatial and tem poral scales. Thereĩore, m uch of the 
im portant variability and changes due to local environ-

tnental conditions are lost. However, studies that com - 
pare changes in connectivity over lìme and space and 
across environm enlal gradients (such as those hy Mary 
Power and her group on the Eel River) can provide 
im portant insight into com m unity structure and dy- 
namics. One can view connectivity webs as a íirst step 
in exam ining the interactions in com m unities (i.e ., per- 
form ing "natural history” studies), to be followed by 
quantiíìcation of the íluxes of energy and nutrients (as 
in energeúc w ebs).

B. Energetic Webs
Starting with the classic sludies of Elton, Sum m erhayes, 
and Lindem an, food web studies turned toward quanti- 
fying flows of energy and nutrients in ecosystem s and 
ihe biological processes that regulate these flows. This 
approach is an alternative to connectivity webs to de- 
scribe trophic connectedness within com m unities. This 
“process-íunctional” approach explicitly incorporates 
producers, consum ers, detritus, abiotic íactors, Qovv out 
o f a system , and the biogeochem ical recycling of nutri- 
ents. It views food vvebs as dynamic system s in time 
and space. Such an approach necessitated analyzing 
energy and m aterial ĩluxes in order to understand the 
behavior o f ecosystem s. Thus, a typical analysis would 
quan ti fy the am ount of energy or m atter as it travels 
along different pathways (e.g ., plants —> consum ers —»• 
detritus —> decom posers —* soil). For exam ple, the 
tracking of energy and DDT through a food web in a 
Long Island estuary enabled researchers to study bio- 
accum ulation effects on top predalors.



The use of energetic webs has provided a rich under- 
standing of the natural world and allowed us to under- 
stand m uch about ecosystem s. Several im portam  pro- 
cesses are included in energetic webs. First, they 
quantify energy and m aterial pathways and key species 
or processes that facilitate or impede such flows. Sec- 
ond, they include an explicit recognition of the great 
im portance o f detritus, a sub ject virtually ignored in 
connectivity webs. (1 0  to > 9 0 %  o f all primary produc- 
tivity from different habitats im m ediately becom es 
“dead” organic đetritus rather than being eaten by herbi- 
vores). Third , this approach recognized that a great 
am ount o f energy, nutrients, and prey originated out- 
side the focal habitat, which is a kev insight to under- 
stand natural com m unities. Thus, energetic webs show 
how ecosystem s function and w hich species dominate 
biom ass and energy.

Beginning with Lindeinan, researchers began to ex- 
amine the effìciency of transíer from prey species to 
predator species. It was found that energy transíer is 
generally inefficient with only about 5 -1 5 %  ol the en- 
ergy of prey species being converted to energy of preda- 
tors. Peter Yodzis used this iníòrm ation to suggesl that 
the length of food chains within a com m unity would 
be set by the am ount of energy entering into the base 
of the chain. This argum enl was in opposition to Pimm 
and Lawton’s suggestion thai food chain  lengih is set 
by the resilience of the chain. By resilicnce, Pimm and 
Lawton, using L otka-V olterra  m odels, meant ihe esti- 
mated tim e for model food chains to recover from some 
cỉisturbance. They argued thai írequent disturbances 
(relative to growth rates of species) would result in 
shorter food chain lengihs. Furtherm ore, early studies 
exam ining the influence of prim ary productivity (thus, 
the am ount o f energy entering a food chain) did noi 
support the hypothesis thai food chain length was gov- 
erned by energy transĩer effìciency. However, recent 
reexam inations of Pimra and Lawton’s work suggest 
that two ĩactors iníluenced their results— density-de- 
pendent regulation of the basal trophic level and food 
chain structure (the lack o f om nivory in their m odels). 
M oreover, recent studies o f the role o f energy effìciency 
have found that decreases in productivity result in 
shorter m axim um  food chains. Thus, the relative role 
o f resilience versus energy transĩer in regulating the 
length of food chains is still debatcd.

One outcom e o f the argum ent for the role of energy 
transfer as the main governing factor of food chain 
length is a body of work that exam ines differences in 
energy effìciency am ong organisms. For exam ple, carni- 
vores are found to have greater efficiency than herbi- 
vores. A dditionally, invertebrate ectotherm s have

greater efficiencies ihan vertebrate ectotherm s, w hich 
in turn are more effìcient than endotherras. Yodzis and 
Innes used this iníorm ation (and relative body sizes) 
to parameterize nonlinear pred ator-prey  models.

In sum mary, the analysis of energy and m atter flow 
is necessary and Central  to understanding the dynam ics 
of populations and com m unities. The success o f a popu- 
lation is always strongly related to the energy and bio- 
mass available to it. Consequently, it is difficult or im - 
possible to understanđ the dynam ics and structure of 
food webs and interacting populations w ithout incorpo- 
rating energy flow from below. However, this energetic 
approach per se, although necessary, is not su ííicient 
by itself to understand the dynam ics of com m unities 
because energy flow and biom ass production are func- 
tions of interactions am ong populations w ithin the food 
web. The transíer of energy and m atter becom es com pli- 
cated as they pass through the many consum ers that 
populate com m unity food webs. For exam ple, increas- 
ing the amount of nutriem s to plants may increase 
the biom ass of each consum er in ihe web or may ju s l  
increase the biom ass of a subset o f consum ers (e.g ., 
only the plants, plants and herbivores, or only the herbi- 
vores), dependíng on the relationship betw een consum - 
ers and their resources. Because of these considerations, 
pathways must be placed in the context o f “functional” 
food webs to understand the dynam ics o f energy and 
m aterial transíer.

c. Functional or Interaction W ebs
Functional or interaction webs use experim enis to de- 
term ine the dynam ics within a com m unity. Starting 
with Connell and Paine, em piricists began to use experi- 
m ents to exam ine com m unities and food webs to dis- 
cover w hich species or interaction m ost influenced pop- 
ulation and com m unity dynamics. They m anipulaied 
species that natural history or energetic analyses sug- 
gested were im portant. They used either “press” (con- 
tinual) or “pulse” (singular) experim ents to m anipulate 
populations of single species and then followed the 
response of other species within the food web. The 
philosophy of these studies was to sim plify the com - 
plexity o f natural system s with the assum ption that 
many species and links between species were unim por- 
tant to dynam ics. Paine tested this assum ption and 
fcund that indeed many links betw een species were 
w e a k  ( e s s e n t ia l ly  z e r o ) .

Experim ental analyses of food webs are designed to 
identiíy species and feeding links that m ost iniluence 
population and com m unity dynamics. These alone are 
placed into an “interaction web” that, in theory, encom -



passes all the elem ents that m osl iníluence the distribu- 
tion and abundance o f m em ber species. Hovvever, un- 
like connectivity webs, key species are identiRed 
through experim ents rather than diel [Yequency or en- 
ergy transfer. The initial process o f choosing certain 
species and intcractions for experim ents and excluding 
others is subịective, optim allỵ based on strong intuition 
and a rich undersianding of natural history. As ihe 
researcher learns m ore, some elem ents are discarded 
and others are subject to ỉurther experim entation. Even- 
tually, the com m unity is distilled into an interaction 
w eb, a subset including only species that dom inate bio- 
mass and/or regulate the flow of energy and matter.

T his approach has been used by experim ental and 
theoretical ecologists to produce a rich understanding 
o f the processes that m ost iníluence their com m unities. 
They have been rem arkably fruitful and have intro- 
duced many food web paradigms that go to the center 
of ecology, e.g., keystones species, the interraediate dis- 
turbance or predation hypothesis, the size-efficiency 
hypothesis, top-down and botlom -up control, trophic 
cascades, and apparent com petition.

However, this approach is not without lim itations. 
Three m ajor problem s stancl out. First, many statistical 
shortcom ings can beset experim ental m anipulation of 
food webs. For exam ple, replications are com m only 
difficult (tim e-consuining and expensive) and thereỉore 
experim ents ơfien lack the statistical powcr necessary 
lo avoid type II stalistical errors (signiíicant biological 
differences exist am ong treatm ents bul low sample size 
precludes iheir detection stalistically). Second, the 
num ber oí possible experim ents is almost inRnite. 
W h ich  ones should be conducted, and which species 
should be manipulated?

The third and perhaps most troublesom e problem 
is that experim ents isolate a subset o f species and links 
Irom  the com m unity food web, largely Ìgnoring how 
m anipulations interact with the rem ainder o f ihe com - 
m unity. Thus, unobserved indirect or higher order in- 
teractions may exert im portant effects on the dynamics 
of experim ental species and, in theory, make the out- 
com e of experim ents indeterm inate. For exam ple, pred- 
aiors are ihought typically to suppress their prey. How- 
ever, if a predator is om nivorous, not only eating the 
prey but also consum ing a more efficient predator on 
the sam e prey (i.e ., it is an “intraguild predator”), it 
may actually rclax  the predation load on iheir shared 
prey, thus increasing the shared prey’s abundance. For 
exam ple, guilds of biological control agents must be 
carefully structured because some species eat noi only 
ihe host bul also other predators/parasitoids and thus 
their presence đecreases the num ber of control agents

and increases target pest populations. Many other cases 
exist in which consum ers, via such intraguild predation, 
may indirectly íaciliiate its prey while concurrently  ex- 
ploiting it vía direct consum ption. Another exam ple o f 
indirect eíĩects mediated by other than studied “focal 
species" is shown by the interacúon between Australian 
bell m iners and their hom opteran lood (“lerp”). After 
these birds were removed experim entally, the insects 
[irst increased greatly in num ber and then vanished 
when other bird species invaded the now undeíended 
m iner lerritories. Thus, the apparent effect o f leaf m in- 
ers on lerp insects (here, suppression or íacilitation) 
depends on when the insects were surveyed. Such com - 
plications have undoubtedly interfered with clear inter- 
preiation of many experim ents. The caveat is clear: 
Experim ents can be indeterm inate, producing contra- 
dictory, counterintuítive, or no results, depending on 
the relative strengths of the direct and indirect effects.

These problem s can be anticipated and partially ne- 
gaied with the application of good intuition of the natu- 
ral history oí the system and important m echanism s. 
Such intuition is a product o f intim ate em pirical know l- 
eclge gained through observation and guided by a con- 
ceptual awareness of which interactions are potentially 
im portant. Initially, this process is essential to design 
the appropriate experim ents and identiĩy w hich species 
and trophic links may be dynam itally im portant. At 
the end, experim ents musl be interpreted in a food web 
context to assess possible indirect and higher order 
effects. Experim ental results must be com plem ented 
with good descriptive, m echanislic, and com parative 
dala to produce a deep understanding of the system. 
This is one role for energetic and dietary data. Experi- 
ments in the absence of natural history often do not 
succeed and may mislead.

The im portant messages from this section are that 
the com plex food webs of natural com m unities can be 
sim pliíìed and understood by isolating key species and 
links into “interaction w ebs,” experim ents are abso- 
Iutely necessary for this process, and experim ents m ust 
be designed and interpreted with sound inlu ition based 
on natural histor)' and theory.

III. OMNIVORY AND THE STRUCTƯRE 
0 F  FOOD WEBS

It is necessary to discuss ĩeeding connections in m ore 
detail. Em pirical research and logic have show n that 
the vast m ajority of consum ers on this planet are very



om nivorous, feeding on many types of food throughout 
the entire food web. This is uot to say that all species 
are so catholic in their diets. Specialists abound, e.g., 
rnany herbivores or parasites consum e only specific 
plants or hosts. However, these íorm a m inority of 
consum ers. The ubiquity of om nivory carries many im- 
plications for our efforts to produce theory and models 
to understand how food webs operate in and shape 
natural systems.

Omnivory occurs ubiquitously when consum ers eat 
prey from  general classes o f prey, such as arthropods, 
plankton, soil fauna, benthos, or fish. The existence 
of multiple trophic types vvithin these classes causes 
consum ers to feed on species from many trophic levels. 
For exam ple, “arthropodivores” eat whaiever properly 
sized arthropods are available (e.g., predaceous spiders 
and insects and insect parasiloids, herbivores, and de- 
tritivores) w ilhout pausing to cliscriminate am ong their 
prey according to ưophic status. For exam ple, in ihe 
Coachella Valley desert delineated by Polis (1 9 9 1 ) over 
10 vears o f study, predaceous and parasitoid arthropods 
formed 41%  of the diel o f vertebrate and 51 .5%  of 
invertebrate arthropodivores, with tbe rem ainder of ihe 
diet being herbivorous and detritivorous prey. Sim i- 
larly, inspection o f diet data of planktivores, piscivores, 
“insectivores,” carnivores, or benthic íeeders reveals 
thai such different channel om nivory is alm ost univer- 
sal with the excepúon of those few taxa that specialize 
on a few species o f prey.

A nother im portant type of om nivory occurs when 
consum ers eat whatever resources are available or abun- 
dant at a parúcular time or place, regardless of their 
trophic history. w hen analyzed, the diet o f a single 
species usually shovvs great differences through time 
(e.g., seasonally) and space (patcbes or habitats). Prey 
exhibit three general phenologies: pulsed (population 
eruptions lasting a few days or vveeks), seasonal (present 
lor 2 - 4  m onths), and annual (available throughout the 
year). Feeding on prey frotn all three phenologies pro- 
duces diet changes over time for alm ost all non-special- 
ist consum ers. Furtherm ore, many (m ost?) vertebrates 
opportunistically switch from  plant to animal foods 
with season. For exam plc, granivorous birds, rodents, 
and ants primarily cat seeds but norm ally feed on the 
abundant “arthropods” ( =  insects from all trophic levels 
and spiders) that appear during spring. Alternately, 
many om nivorous, arthropodivorous, and carnivorous 
species consum e signiíicant quantities o f seecl or fruit. 
In the Coachella Valley, 79%  of 24 prim ary carnivores 
eat arthropods and/or plants; for exam ple, coyotes eat 
m am mals (herbivorous rabbits, rodents, and gophers; 
arthropodivorous antelope and ground squirrels; car-

nivorous kit foxes and other coyotes), birds (including 
eggs and nestlings, e.g., carnivorous roadrunners; her- 
bivorous doves and quails), snakes, lizards, and young 
tortoises as well as scorp ions, insects, and fruit. In New 
South W ales, 15 of 27 ant species are l'unspecialized 
om nivores” eating nectar, seeds, plant parts, and a broad 
range o f living and dead insects, vvorms, and crustacea. 
O verall, it appears that m ost consum ers eat whatever 
is available and whatever they can catch.

“Life history” om nivory describes the great range of 
foods eaten during grow th and ontogeny by m osl spe- 
cies (ihe “age structure com ponent” o f dietary niche 
breadth). Such om nivory includes abrupt diet changes 
in species undergoing m etam orphosis (e.g., many ma- 
rine invertebrates, am phibians, and holom etabolic in- 
sects) and gradual diet changes in “slow ly grovving spe- 
cies” (e.g ., reptiles, fìsh, arachnids, and hem im etabolic 
insects). Changes at m etam orphosis can be greai; for 
exam ple, 22%  of the insect fam ilies in the Coachella 
Valley desert com m unity undergo radical change in 
d iet— larvae are predators or parasiioids and adults are 
herbivores. Although not as dram atic, significant 
changes characterize slowly grovving species so that 
diíTerences in body size and resource use am ong age 
classes are often equivaleni lo or greater than differences 
am ong most biological species. Life history om nivory 
expands the diet o f species throughout the entire animal 
kingdom  with the exception of laxa that use the same 
food species throughoui their lives (e.g ., som e herbi- 
vores) and those w ith excepũonal parental investm ent 
(e.g ., bừds and m am m als) so the young do not íorage 
for themselves.

"Incidental om nivory” occu rs w hen consum ers eat 
íoods in w hich other consum ers live. Thus, scavengers 
and detritivores nol only eat carrion or organic matter 
but also the trophically com plex array of m icrobes and 
m acroorganism s that live w ithin these íoods. Frugivores 
and granivores com m only eat insects associated with 
íruits and seeds. Predalors eat not only their prey but 
also the array of parasites living w ithin the prey. In 
each case, consum ers autom atically feed on at least two 
trophic levels.

These types of om nivory are vvidespread and com - 
mon. Their ubiquity poses m any quesúons. F irst, how 
does om nivory affect food web structure? M ost obvi- 
ously, it increases com plexity and connectivity. Second, 
can vve ignore om nivory in the analyses of food vvebs? 
By its very nature, om nivory causes consum ers to have 
a great num ber o f links, each of w hich may be numeri- 
cally unim portant in the diet. For m any reasons deline- 
ated later, we cannot arbitrarily ignore apparently m inor 
diet links if we hope to understand dynam ics.



F O O D  W E B S Ọ

IV. PATTERNS 0 F  BIOMASS AND 
ENERGY IN FOOD WEBS

Prim ar)’ productivity is am ong the mosL fundamenial 
biological processes on the planet, transíerring the en- 
ergy locked in light and various inorganic m olecules 
into íorm s useĩul to sustain producers and the diversity 
o f consum ers. what ĩactors control primary producúv- 
ity and regulate its distribution am ong plants, animals, 
and m icrobes? How do changes in primary productivity 
vvork their way through a food web to alter the abun- 
dance and biom ass of herbivores to predators and detrit- 
ivores? As discussed later, such key questions are best 
assessed using a food web approach. However, consid- 
erable controversy exists regarding the exact way that 
food vveb structure iníluences com m unity and ecosys- 
tem dynamics.

A. Trophic Levels, Green W orlds, and 
Exploitative Ecosystems

E cological research has amply dem onstrated that ỉood 
vvebs in nature contain  hundreds to thousands of spe- 
cies, reticulately connected Via m ultiple links of various 
strength to species in the autotroph and saprophagous 
channels and in the same and different hahitats; om niv- 
orous, age-structured consum ers are com m on. Never- 
theless, m uch food vveb theory still relies on the ideal- 
ization of trophic levels conncctcd  in a singlc lincar 
chain (plant herbivore carnivore). Here, we evaluate 
ihis sim pliRcation and som e of its  im plications. In par- 
licular, we focus on two grand theories whereby food 
vvebs are considered to be Central  to com m unity organi- 
zation

The trophíc level ideal in a sim ple linear food chain 
has had great appeal. Trophodvnam ics sought to ex- 
plain the height of the trophic pyramid by reference to 
a Progressive attenuation of energy passing up trophic 
levels, envisioned as distinct and íunctionally hom oge- 
neous sets o f green plants, herbivores, primary carni- 
vores, and, som etim es, secondar)’ carnivores. This is a 
bottom -up com m unity theory based on ihe therm ody- 
nam ics o f energy transter. In counterpoint, Hairston, 
Sm ith, and S lobod kins green world hypothesis (GW H ; 
Hairston et a i ,  1960) is prim arily a top-down theory, 
vvith abundance at each level set, directly or indirectly, 
by consum ers at the top o f the chain. Thus, carnivores 
s u p p r e s s  h e r b iv o r e s ,  w h i c h  r e le a s e s  g r e e n  p la n t s  to 

ílourish. These and earlier theoretical studies attem pted 
to simplify food webs greatlv to find generalities am ong

them. GWH reduced com plex webs to íood chains in 
vvhich species were pigeunholed into speciíìc trophic 
levels. This allovved for predictions on how higher tro- 
phic levels (e.g., predators) inũuenced the dynam ics of 
lower trophic levels (e.g., primary producers).

O ksanen et a i 's (1 9 8 1 ) exploitation ecosystem  hy- 
pothesis (EEH ) genera!izes GW H to fewer or more than 
three trophic levels. Trophic cascades are exam ples of 
food chains that behave approxim ately according to 
EEH. Trophodynam ics and EEH each rely on ihe integ- 
rity o f trophic levels and the existence of a single, albeit 
different, overwhelm ing m echanism  that im poses struc- 
ture on ecosystem s. EEH proposes a conceptual írame- 
w ork o f “exploitation ecosystem s” in w hich strong con- 
sum ption leads to alternation of high and low biom ass 
betw een successive levels. Even num bers of “effective” 
trophic levels (tw o or four levels) produce a low-stand- 
ing crop of planls because the herbivore population 
(level 2) ílourishes. Odd num bers (one or three levels) 
result in the opposiie effect: Herbivores are suppressed 
and plants do well. Proponents o f EEH differ on subsid- 
iary points, the íìrst being the role of boltom -up effects 
in w hich primary productivúy sets the num ber of effec- 
tive levels. The most productive systems support sec- 
ondary carnivores and thereíore have four levels and 
low-standing crops of plants. Low -productivity systems 
(e.g., tundra) support only one effective level— plants. 
More productive habitats (e.g ., ĩorests) have ihree. Pro- 
ductivúy is never high enough to supporl rnore than 
three effeclive levels on land or four in water. O ther 
studies argue that physical diffcrences betwecn habitats, 
by affecting plant com peútion and consum er íoraging, 
cause ihree levels on land and four in water.

EEH deíìnitions of trophic levels are distinctive and 
adopt the convention that trophic levels occur only if 
consum ers signiíìcantly control the dynam ics or bio- 
mass o f iheir food species. W ithout top-down control, 
consum ers do not com prise an effective trophic level 
regardless of biom ass or num ber of species involved. 
Supporters o f EEH have noted that only when grazers 
regulate plants are grazers counted (as a trophic level), 
and only w hen predators regulate grazers are ihey ĩully 
counted. Thus, considerations of food chain dynamics 
do not becom e slranded in the im m ense com plexity of 
real food webs. On the other hand, GWH trophic levels 
are based on energy deriving from primary productivity. 
Thus, “trophic level interactions . . .  weight particular 
links in the food web for their energetic signiíìcance.” 
A trophic level is “a group of organisms acquiring a 
considerable m ajoriry of its energy from the adjacent 
level nearer the abiotic sou rce.” Despite these differ- 
ences, both EEH and GW H theory argue that variability



in the num ber of trophic levels exerts proỉòund conse- 
quences on com m unity structure and dynamics.

Considerable controversy exists as to the validity of 
GW H and EEH. The consensus has swung against these 
grand iheories. Num erous argum ents and em pirical ob- 
servations suggest that such processes operate occasion- 
ally in w aterbut never on land. Basically, the com plexity 
observed in natural system s does not conform  to the 
reality oĩsim p le  trophic levels. It appears that the notion 
that species clearly aggregate into discrete, hom oge- 
neous trophic levels is a íìction, arising from the need 
o f the hum an mind to categorize. Especially in  speciose 
system s, groups of species with diets o f sim ilar species 
do not occur. Om nivory, ontogenetic and environm en- 
tally induced diet shilts, and geographical and temporal 
diet heterogeneity all obscure discrete trophic levels. 
Even plants do not easily form a single level; higher 
plants have diverse crucial trophic and sym bioúc con- 
nections with heterotrophs and many phyioplankton 
are m ixotrophic, obtaining energy via photosynthesis, 
absorption of organic m olecules, and ingestion of parti- 
cles and bacteria. W ith  increasing diversity and reticula- 
tion in webs, trophic levels blur into a irophic spectrum  
rather than a level. These species-individualistic and 
conlinuous “trophic spectra” are a reasonable alterna- 
tive 10 the sim plisiic construct o f hom ogeneous iro- 
phic levels.

B. Complex Food Webs, Multichannel 
Omnivory, and Community Structure

Polis and Strong (1 9 9 6 ) offered a fram ew ork in the 
context of íunctioning com m unity webs as an alterna- 
tive lo theories based on discrete trophic levels. Sub- 
stantial evidence indicates ihat m ost webs are reticulate 
and species are highly interconnected, m ost consum ers 
are om nivorous on foods (írequently on both  plants 
and anim als) across the trophic spectrum  during their 
life history, most resources are eaten by many species 
across ihe trophic spectrum , plants are linked to a vari- 
ety of species Via trophic m utualism , m ost primary pro- 
ductivitv becom es detritus directly, deưital biom ass re- 
enters the autotroph channel o f the web when 
detritivores and/or their predators are eaten by consum - 
ers that also eat species in the herbivore channel, and 
species are often subsidized by food from other habitats.

They proposed that such trophic com plexily per- 
vades and generally underlies web dynam ics. High con- 
nectance diffuses the direcl effccts o f consum ption and 
productivity throughout the trophic spectrum . Thus, 
consum er and resource dvnam ics affect and are affected

by species at m ultiple positions along ihe trophic spec- 
trum rather than interacting only w ith particular tro- 
phic levels. Consum er density is elevated and they often 
persist by eating resources vvhose abundance they do 
not in ỉluence (i.e ., the in teraction  is “donor con-
trolled”).

Such dynam ics are illustrated by focusing on top- 
down interactions. Som e consum ers exert “recip ient” 
control on som e resources and, occasionally , produce 
trophic cascades. Polis and Strong (1 9 9 6 ) suggest that 
such  control is oíten enabled by om nivorous íeeding 
and various consum er subsidies that are usually donor 
controlled. Here, the transíer o f energy and nutrúion 
affects dynam ics; num erical increases in consum er 
abundance occu r from eating diverse resources across 
the trophic specirum  in the autotroph channel, from 
detrilivores and detritus from the saprovore channcl, 
írom  other habitats, and across their life history. Con- 
sum ers, so augm ented, exert recip ient control 10 de- 
press particular resources below  levels set by the 
nutrilion traveling ihrough any particular co n su m er- 
resource link (analogous to the effects of apparent com - 
petition). Top-dow n effects arising from such donor- 
controlled , “m ultichannel” om nivory are depicted in 
Figs. 2 and 4. Strong consum er-m ediated dynam ics oc- 
cur precisely because vvebs are reticulate and groups of 
species do not form hom ogenous, discrete entities.

M ultichannel om nivory has two essential effects on 
the dvnam ics o f consum ers, rcsources, íood webs, and 
com m unities. First, il diffuses the effects o f consum p- 
tion and productivity across thc trophic spectrum  rather 
than íocusing thern at particu lar trophic levels: It in- 
creases web conn ectan ce, shunts the flow o f energy 
away from adjacent trophic cornparim ents, alters preda- 
to r-p rey  dynam ics in ways contra to EEH assum ptions, 
and thus disrupts or dam pens the ecosystem  control 
envisioned by EEH. For exam ple, Lodge showed that 
om nivorous crayfish can depress both herbivorous 
snails (consistent w ith GW H and EEH ) and mac- 
rophvtes (inconsisten t).

Second, om nivory can affect dynam ics in a way anal- 
ogous to apparent com petition. Peeding on “nonnor- 
mal” prey can increase the size o f consum er populations 
(or sustain them  during poor periods), thus prom oting 
top-dow n control and depression o f “norm al” prey. 
Frugivory, herbivory, granivory, detritivory, and even 
coprophagy form com m on subsidies for many preda- 
tors. Vertebrale carnivores consum e am ply from the 
lovver web without m arkedly depletinii these resources. 
Does energy from íruit help carnivores depress verte- 
braie prey (e.g ., herbivores)? A rthropodivory by seed- 
eating birds is ihe norm  during breeding, with insect



protein  crucial to nestlings. Arlhropodivory by grani- 
vores (and conversely, granivory by arthropodivores) 
must enbance bird populations and thus reduce seeds 
(arthropods) to a greater degree than if diets were not 
so augm ented.

c. Trophic Cascades or Trickle
O ne prediction of GW H and EEH is that com m unities 
are siructu red  by trophic cascades. T rophic experi- 
m ents to test cascades use two m ethods: a bottom -up 
approach by increasing a resource (e .g ., nitrogen or 
p hosphorus) or a top-down approach that adds a top 
predator to a S y stem . In the íbrm er, trophic cascades 
lead ihrough a set o f interm ediate steps to increase 
d ensities o f particular species or trophic groups higher 
in the web. In the latter, the top predalor suppresses 
the trophic level below leading to increased densities 
lwo levels below. Thus, the expected responses should 
íollovv G W H /EEH  predictions where alternating tro- 
phic levels are arranged with opposite densities (com - 
m on— rare— com m on). For exam ple, in  a tritrophic 
(three-level) íood chain, an increase in nu trien ls results 
in  increases in the prim ary producer (p lant) irophic 
level, decreases in the primary consum er (herbivore) 
level, and an increase in the top consum er level.

Proponents GWH and EEH suggest that strong tro- 
phic cascades occur in num erous food webs whereby 
entire trophic lcvels alternate in abundance via cascad- 
ing food web interactions. However, em pirical evidence 
show s that such cascades rarely or ncver occu r on land 
and are apparently only present in a few aquatic com - 
m unities. W hat determ ines w hether a strong trophic 
cascade occu rs or food web interactions w eaken lo be- 
corae a trophic “trick le”? One m ajor consideralion is 
the efficiency of energy and resource transfer up the 
food chain. Highly efficient transíers lead to large num- 
bers o f top predators/consum ers that would affecl lop- 
dow n contro l and strong cascades. Any íactors that 
decrease the efficiency of energy/resource transíer 
would lessen the lop-dow n control. In accordance with 
Polis and Stro n g s (1 9 9 6 ) m ultichannel om nivory, an 
increasing list of íaclors have been exam ined to explain 
the differences betw een G W H /EEH  expectations and 
experim ental results and observations of natural com - 
m unities that generally show weak or no trophic cas- 
cades. Thcse factors include om nivory, ontogenetic 
shifts, edibility, food quality, ecological stoichiom etry, 
cannibalism , disease, body size reíuges (for prev), allo- 
ch thonou s resources, seasonality, life history character- 
istics, predator avoidance behavior, and spatial and tem- 
poral heterogeneity in the availability o f resources.

V. CƯRRENT TOPICS/TRENDS IN 
FOOD W EB STƯDIES

Here, relativelv under-studied aspects o f food webs per- 
ceived to be Centra l  to understanding populations, com - 
m uniiies, and ecosystem s are identified. Some of the 
topics are now focal points for food \veb research, both 
em pirical and iheoretical.

A. Food W ebs as Open Systems
R ecent m ethods of tracing stable isotopes through a 
food web can provide m uch inform ation on feeding 
relationships and on the sources of productivity that 
drive com m unities. For exam ple, using stable isotopes 
or diet data, One can determ ine w hether a com m unity 
utilizes resources that originate in the benthic or pelagic 
zones of lakes or both.

Virtually all natural system s are open and can exhibit 
Lremendous spatial heterogeneity. Great spatial hetero- 
geneity exists and nutrients and organisms ubiquitously 
move am ong habúals 10 exert substanlial effects. How- 
ever, food web studies have tended to focus on com m u- 
nities at a given site without regard to potenúal interac- 
tions with the surrounding habitat.. Thus, little attention 
has been given 10  the fact ihat food web structure and 
dynam ics are iníluenced by the m ovem enl o f resources 
and organism s across habitat boundaries. Trophic link- 
age between habitats depends on the degree of differen- 
tiation in habitat structure and species com position. 
Systems that are m oderately different tend to have 
broader transition zones and greatly overlap in species 
com position; these include grassland-forest, l itto ra l-  
sublittoral, and b en th ic-p elag ic  zones. Habitats that 
have significant and abrupt changes in structure and 
species com posiúon occur ai ihe land -w aier interỉace.

M oving resources (energetic or nutrients) can be 
utilized by different trophic types and the organism s 
that move across boundaries may also differ irophically 
(e.g., predators and prey). Studies of com m unities on 
island system s have show n that most o f the allochtho- 
nous inputs (i.e ., input from other habitats) from the 
ocean are available to detritivores, predators, and scav- 
engers. Such m ovem ent o f nutrienls, detritus, food, 
prey, and predators is absolutely ubiquitous, occurring 
in virtually all com m unities and across all habitats. 
Som e system s heavily dependent on allochthonous in- 
puts include caves; m ountainlops; snow íĩelds; recent 
volcanic areas; deserts; marine fìlter-feeding com m uni- 
ties in currents; soil com m unities; the riparian, Coastal  

areas; and lakes, rivers, and headwater streams that



receive \vatershed inputs. However, all system s depẹnd 
on allochthonous inputs. For exam plc, recent work 
shows that plant productivity in both the Hawaiian 
Islands and the Amazon foresi is dependent on phos- 
phorus input from thousands of m iles awav (C hina and 
Aírica, respectively). The m igrations (e.g., songbirds or 
geese) and m ovem ent of herbivores (e.g., w ildebeest or 
hippopotam uses) can also result in large energetic flows 
across habilats.

A llochthonous inputs into the top level include car- 
rion or carcasses, the movement o f prey species into 
the habítat, and m ovem ent of predators across habitats. 
For exam ple, the Allen paradox describes cases in w hich 
secondary production within streams is insufficient to 
support levels of fish productíon in them . Sim ilarly, 
studies o f coyote populations along the coasl in Bạja 
California dem onstrate that they are highly subsidized 
by inputs from ihe ocean (about half o f their ciiet) and 
are able to m aintain a 3 to more than 10 tim es higher 
densitỵ than in ad jacent inland areas. Predaiors m oving 
along the interíace betvveen ecosystem s (i.e ., shorelines, 
riverbanks, and benthic and pelagic system s) can utilize 
resources across habitat. The river continuum  concept 
argues that allochthonous resources entering into small 
headwater stream s provide m uch of the productivúy for 
organism s dovvnstream in larger order stream s. These 
allochthonous resources include prey, dissolved and 
particulate organic matter, and lúter fall. Such inputs 
also power estuarine systems in w hich rivers carrv allo- 
chthonous inputs into estuaries. Sim ilarly, runoff from 
terrestrial system s into aquatic systcm s (and vicc vcrsa) 
provides litter, dissolved and particulate organic m atter, 
and prey.

Spatial coupling can be key to dynam ics. For in- 
stance, arboreal anole populations, subsidized by in- 
sects im ported from light gaps, increase so as to sup- 
press som e predators and herbivores. Abundant detrital 
kelp from the sublittoral zone prom otes dense intertidal 
l im p e t  a n d  u r c h i n  p o p u la t io n s  th a t  t h e n  g ra z e  n o n -  

coralline algae to low cover. A llochthonous subsidies 
com m only iníluence stream system s: Leaf fall subsidizes 
herbivores, w hich in lurn depress a lg a e .  Spiders that 
live along the coasts o f streams, rivers, lakes, or the 
ocean are often very dense because they feed on aquatic 
insects. These spiders can then depress herbivores and 
thus increase the success o f plants on vvhich they live. 
Such spatial subsidies appear to be the Ibundations 
of most o f the w ell-known trophic cascades. All these 
interactions are donor-controlled: Consum ers do not 
affect the rate of im port, availabilitv, or dynam ics of 
the allochthonous resources. Hovvever, subsidies allow 
consum ers to be more abundant than if supported solely

bv in situ resources, w ith consequent suppression o f in 
si tu resources decoupled from in situ productivity.

A com m on thread that has begun to link most think- 
ing on íood webs is that thev are dynamical system s 
that van ' over space and tim e. This approach has been 
liberating to ecologists, both  em pirical and theoretical. 
Recent em pirical studies have found that com m unities 
and íood webs contain  m ultiple pathvvavs that allow  
them to respond to environm ental change and distur- 
bance.

B. Detritus
Lillle o f the energy fìxed by plants passes directly into 
the grazing food ch ain — herbivores eating plants and 
then eaten by carnivores. M ost o f this primary produc- 
tivity is uneaten by herbivores (m edian > 8 0 %  on land, 
—50%  in w aier). W hat happens to this dom inant chunk 
oí the world’s productivity? Is the detrital web a self- 
contained sink internally  recycling energy and nu trients 
or a link that aíĩects the populaúon dynamics of the 
larger species?

Uneaien planis (and anim als) en ier the detrital web, 
in w hich they are processed by m icrobes, fungi, and 
some anitnals. Although som e ecosystem s are net accu- 
m ulators o f undigested biom ass (e.g., carboniferous 
bogs and lorests ihat supply today’s oil and gasoline), 
m ost ecosystcm s do nol accum ulate plant biom ass. 
Rather, it is soon digested by detritivores, with nu trienis 
and energy passing through ‘Tunctional com partm ents” 
com posed o f diverse m icrobes and anim als. Several fac- 
tors regulate the flow and availability of detritus 10 

detritivores and then onlo other consum ers. A m ajor 
question is rather w hether the detrúal com m unity is a 
sink that m etabolÍ2 es m ost o f this energy or a link that 
passes this energy up the food chain.

An unknow n fraction of detrital energy and nutrients 
re-enter grazing food chains w hen som e detritivores are 
eatcn by predators that also eat herbivores (e.g., a robín 
eats an earthw onn. Such  “detrital shunts” are com m on, 
interweaving energetics and dynam ics of biophages 
and saprophages. Bypassing herbivores, this linkage 
can affect herbivore regulation in a m anner analogous 
to the spatial subsidies to consum ers discussed pre- 
viously. Predator populations, subsidized bv detritivor- 
ous prey, can increase and suppress other predators 
or herbivores.

The exact effect o f detrital shunts depends on the 
relative heneíìts for each species and vvhere cietriuis 
reenters (to producers, herbivores, and iruermediate or 
higher consu m ers). For exam ple, nutrients from detri- 
tus greatly in íluence plant productìvitv; models show



that a 10% reduction in detritus can cause a 50%  reduc- 
tion o f plant biom ass. The dvnam ics ol consum er con- 
trol w ithin the deirital web and those produced by 
infusion of detritivores into the grazing web are un- 
doubtedly crucial to com m unity siructure and dynam- 
ics. F o r exam ple, detrital shunts to predators in the 
grazing chain can create the appearance of a sim ple 
linear trophic cascade, but wíth the difference that nu- 
trition from detritivores sustains or elevates predators 
to levels sufficient to suppress herbivores.

c. Age Structure Effects in Food W ebs
Almost all species display com plex life cycles, m arked 
by m oderate to radical changes in diet and habitat; such 
life histories fundam entally must aíĩect every species 
w ith w hich ihey interact. However, our understanding 
of how  age- and stage-structured processes affect food 
webs and com m unities is erabryonic.

Life history om nivory describes shifts in diet during 
developm ent; often, they are accom panied bv ontoge- 
netic changes in habitat. Diet can change substantially 
either discontinuously (e.g ., at m etam orphosis) or 
slow ly with growth. Such life histories are w idespread; 
an estim ated 80%  ol all anim al species undergo m eta- 
m orphosis. Changes in resource use can be dram atic 
(e.g ., predaceous ju veniles, plant-feeding adults in para- 
sitoids and many oiher insects, and herbivorous tad- 
poles and predaceous írogs and toads), vvith prey size 
variation as great as three or four orders o f m agnitude. 
Even am ong nonm etam orphic species, diets change 
greatly with age, with diet differences am ong age classes 
often m ore distinct than those am ong m ost species.

O verall, com plex life histories and age structure om - 
nivory can exert diverse and proĩound eíĩects on ihe 
dynam ics of populations and food webs. For exam ple, 
they can either únpede consum er control or ampM y 
resource suppression Via dynamics sim ilar to those of 
spatial subsidy or detrital shunts.

D. The Roles of Nutrients 
and Stoichiometry

Anim als requìre both energy and a variety o f “nutri- 
tional requisites” to grow, com plete their life cycle, and 
reproduce. Im portant nutrients include nitrogen, phos- 
phorus, som e trace elem ents, íatty acids, and vitam ins. 
Nitrogen is an integral com ponent of m any essential 
com pounds: It is a m ajor part of am ino acids, the build- 
ing b locks of protein, including the enzymes that con- 
trol virtually all cellular processes. O ther nitrogen com -

pounds include nucleic acids and chlorophyll. 
Phosphorus is uscd for adenosine triphosphate (ATP.
thc energy currency o f all ce lls), nucleic acids (DNA 
and RNA), and phospholipids, particularly in cell raem- 
branes.

The availability o f nutritional requisites constrains 
grow th and reproduction in virtuallỵ every species. Ni- 
trogen and phosphorus are particularlỵ im portant. The 
ratio o f carbon to niirogen (C : N) in plants ranges from 
1 0 :1  to 3 0 :  1 in legumes and young green leaves to as 
high as 600  : 1 in som e wood. The c : N ralios in anim als 
and m icrobes are m uch lower, ordinarily betw een 5 : 1 
and 1 0 :1 .  Such differences in C :N  ratios betvveen 
plants and their consum ers lower the rate o f decom posi- 
tion by m icrobes. There is ample evidence that hetero- 
trophs chronically  lack adequate nílrogen to grow or 
reproduce optim allv. The im portance of nutritional re- 
striction is rein ĩorced  by the (oraging literature thai 
clearly show s ihat herbivores choose their ĩoods based 
on nutrient as well as energy content.

In many cases, phosphorus availability conslrains 
herbivore success. The Redíìeld ratio describes the ap- 
proxim ate stoich iom etric m ix (1 1 0  C : 250  H : 75 o  : 16 
N : 1 p) o f elem enls íbund in m arine system s. In particu- 
lar, the N : p ratio crucìally determ ines productivity and 
species com position. Thus, energy (C -C  bonds) and 
nitrogen could be abundant, bul neither individuals 
nor populations grovv m axim ally because phosphorus 
is insuffìcient. Because phosphorus is essential to cell 
division (and thus reproduction), a high N : p ratio espe- 
cially limits the growth of organism s that have high 
potential rmx, such  as m ost herbivores and detritivores. 
These organism s are key to the potential regulation of 
plant biom ass (and “detritus”). Evidence suggests that 
high N : p ratios can impede trophic cascades. For exam - 
ple, D aphnia, a key to many lake cascades, respond 
sufficiently rapidly to phytoplankton productivity to 
depress plant biom ass. In lakes with inadequate phos- 
phorus, slow er g r o w i n g  copepods replace D ap h n ia ; 
these copepods do not have the reproductive capacily 
to depress phytoplankton biom ass.

Ecologists are beginning to understand how stoichi- 
om etry and nutritional balance affect population and 
food web dynam ics. N evertheless, it is extrem ely likely 
that herbivore grow th is often less than maximal solely 
because their environm ent does not provide sufficient 
quantities of all key nutritional requisites. In fact, the 
greatest disparity in b iochem ical, elem ental, and stoi- 
chiom etric com position in the entire food web occurs 
at the link where herbivores convert plant m aterial into 
anim al tissue. The im plication  is clear: Even in a world 
íull o f green energy, many or m ost herbivores cannot



obtain enough requisite resources to grow, survive, or 
reproduce at high rates. N utritional shortages regulate 
herbivore num bers and often lim it their eííects on 
p lant biom ass.

Recent theoretical studies of the role of food quality 
in terms of edibility and nutrient content show that low 
food quality can greatly iníluence consum er resource 
interactions. This has two im portant consequences. 
F irst, low food quality reduces the growth rate of the 
consum er, m aking that interaction m ore stable. Second, 
in  system s in w hich multiple resources could be lim- 
iting, the addition of large am ounts of a single resource 
(such as nitrogen or phosphate) may increase that re- 
source to a level at w hich it is no longer lim iting; how- 
ever, a second resource would becom e lim iting and so 
on. This sequential lim iting of resources means that the 
addition o f a single resource would not push the system 
in to highly unstable dynam ics, reducing the probability 
that ihe “paradox of enrichm ent” occurs. Rosenzweig 
introduced the concept of the paradox of enrichm ent 
to explain the addition of a resource leading to the 
collapse of a consu m er-resou rce  interaction. This hap- 
pens because the addition of the resource drives the 
population of the consum er to a higher level that results 
in overcom pensation by the consum er (predator) driv- 
ing the resource (prey) extinct. Hovvever, most system s 
have several potentially lim iting resources. For exam - 
ple, Leibold's study of ponds found that nitrogen addi- 
tions do not lead to strong trophic cascades or the 
paradox o f enrichm ent because light becom es lim iùng 
w ith relatively modest nitrogen additions.

E. Interaction Strength
One goal of functional webs is the quantiíìcation of 
interaction strengths w ithin food webs. Various defini- 
tions have been used for “inleraction strengths." In 
L otka-V olterra  m odels, interaction strengths are due 
solely to the direct interactìons betw een species pairs 
and are measured on a per capita basis. Estim ations of 
the strength of these direct interactions are ĩraught vvith 
difficulties. M easurem ents in artiíicial system s may not 
allow for behavioral responses. For exam ple, Sih has 
show n that prey species have different escape m echa- 
nism s or routes depending on the species o f predator. 
Thus, when in the presence of two predators, the re- 
sponse of a prey may result in its increased susceptibility 
to one or the other predator due to a behavior that is 
not evidcnced when only the one predator is present.

M easurem ents in natural system s are also problem - 
atic because they may not account for indirect interac- 
tions. Manv studies have elucidated the interaction

strength am ong pairs o f species. However, indirect ef- 
fects may play a strong role in  determ ining the realized 
interaction strength. T hu s, Paine has argued that inter- 
action strengths should ahvays be m easured in the íìeld 
w ith the tull com plem ent of natural species present and 
that these m easurem ents should incorporate all indirect 
effects. The realized interaction  strength accounts for 
all direct and indirect interactions. For exam ple, preda- 
to r-p rey  interactions are ĩunctionally negative due to 
the direct effect. However, the indirect effect o f a preda- 
tor may reduce the num ber of com petitors of the prey 
species, thus resulting in  an overall positive interaction 
strength (d irect +  indirect effects). Thereíore, poten- 
tially strong indirect effects can make m echanistic inter- 
pretation of experim ental results am ong species dif- 
íicult.

Path analysis, a new statistical m ethod, has been 
used to evaluate causal hypotheses concerning the 
strengths of in teractions in  m any system s. Path analysis 
is essentially a m ultiple regression on each species in 
w hich specific causal relationships (e .g ., alternative 
food web configuralions), specific experim ental treal- 
m ents, and other in ieractions are diagram med in a com - 
m unity interaction web. The com m unity interaction 
is essentially a food web to w hich nonconsum ptive 
in teractions, such as pollination , com petition, and mu- 
tualism s, are added. H ypotheses for the causal relation- 
ships betw een pairs o f species not directly linked can 
becom e quite com plicaled. However, path analysis can 
test different hypoihesized com m unity web structures 
by accounting for both  d irect and indirect relationships. 
Then, experim ental m anipulations (e.g., species remov- 
als or ađditions) can test predictions o f the path 
analysis.

F. Can Energetic Webs Provide 
insight into Population 

and Community Dynamics?
A problem  in food web studies is how to conn ect the 
great am ount of quantitative inform ation in energetic 
webs to population and com m unity dynam ics described 
by functional webs. M uch progress would occur if we 
could determ ine the dynam ical im portance o f a particu- 
lar species or íeeding link  from an inspecúon of the 
m agnitude of energy transíer or diet com position. Un- 
íortunately, no clear answer is forthcom ing. In fact, it 
appears that even highlv quantiíìed iníorm ation such 
as the num ber of calories passed along a certain  pathvvay 
or the írequency ol prey in  the diet o f a consum er 
conveys little in íorm ation about the dynam ics of inter-



acting populations because these descriptive param eters 
do not correlate vvith interaclion strength.

There is no clear rationale to argue thai food web 
dynam ics and energetics are necessarily correlated; in- 
deecl, logic and evidence suggest dynam ics oíten cannot 
be predicted from data on diet or energy fìow. The 
degree of resource suppression is not a íunction of 
energy transíer. Consurner regulation of populations 
need involve little energy transíer and few íeeding inter- 
actions. F o r exam ple, rem oving predatory rats from 
New Zealand islands increased lizard abundance 3 - 3 0  
times although lizards formed < 3 %  of rat’s diet. Key 
regulatory factors may produce m uch less overall mor- 
tality than other íactors. Brief, intense predation epi- 
sodes may net little energy for the predator but may be 
Central to prey dynam ics. The consum ption of young 
stages (seeds, eggs, and larvae) may provide trivial en- 
ergy to a consum er but can greatly depress prey abun- 
dance. Pathogens and parasites form an exlrem e exam - 
ple: They take little energy, even w hen they decim ate 
their host populations. In a well-studied food web of 
ihe marine benthic com m uníly in the A ntarctic, Dayton 
shovved that the species apparently exerting the strong- 
est effecis on the structure and đynam ics of this com m u- 
nity would be deemed unim portant from analyses of 
diet, energy transfer, or biom ass.

Such discoveries have stim ulated many 10 argue that, 
vvithout experim entation, one cannot a priori decide 
which are strong or weak links. An apparently vveak 
link (in term s of diet or energy transíer) can be a key 
link  dynam ically, and an im portant cncrgctic link may 
affect dynam ics little. No necessary concordance of dy- 
nam ics with either dietary or energetic m easures exists. 
This ínsight counters the use of energetics to recognize 
strong interaction links.

G. Modeling Food Webs
To many ecologists, early food webs of Porbes, Sum - 
merhayes, and Elton and those o f Lindem an empha- 
sized the overvvhelming cornplexity of natural system s 
and the need to sim pliĩy them into distinct trophic 
groups. This perspective was culm inated in the green- 
world hypothesis o f Hairston et al. (1 9 6 0 ) . O ksanen et 
a i 's (1 9 8 1 ) EEH  expanded this view for ecosystem s 
that had fewer or m ore than three trophic levels and 
for which the exact num ber of trophic levels was set 
by productivity. The top level would then regulate the 
one below it and this would release the one belovv it, 
etc. In this sense, both GW H and EEH suggested that 
all ecosystem s are essentially regulated from the top- 
down by predation.

Lindem an envisioned the food web (or as he called 
it, the “íood-cycle”) as a dynamic system in w hich en- 
ergy and nutrients are transíerred from one trophic 
level to the next and recycled. This was an im portant 
departure from simply determ ining íeeding connected- 
ness (and from the GW H) in that ecosystem s could be 
regulated from the bottom  up by the flow of energy 
and m aterials from the level below. However, m uch 
more iníorm ation and data are required to quantify the 
transfer o f energy (and m aterial) through food webs, 
but this view allovvs for a m ore analytical approach.

M acArthur focused the attention of ecologists on 
the trop hic-d ynam ic approach with his hypothesis that 
increasing com plexity of com m unity organizalion leads 
to increasing dynam ic stability. The reasoning was sim - 
ple: w h en  predators have alternative prey, their own 
num bers rely less on [luctuations in num bers of a partic- 
ular species. W here energy can take m ore routes 
through a system , disruption of one pathvvay merely 
shunts m ore energy through another, and the overall 
flow continues uninterrupted.

M acA rthurs analytical approach linked com m unity 
stability to species diversity and food web com plexity 
and it stim ulated a ílurry of theoretical, com parative, 
and experim ental vvork. This w ork may be divided into 
two contem porary approaches that use food webs to 
study com m unity structure. The íĩrst approach involves 
the study o f the properties o f food web diagrams with 
the goal of uncovering general patterns that suggest 
m echanism s of com m unity stability. This is do ne both 
by com paring food webs from natural com m unities and 
by the use of sim ulation and m athem atical m odeling to 
study hypothetical food webs. This research has yielded 
m uch of the term inology now associated with food webs 
and generated a body of food web theory that includes 
many hypotheses about com m unity structure.

The second approach, w hich grew from early theo- 
retical and experim ental com m unity studies, involves 
the dynam ical analysis o f food webs to determ ine not 
only the pattern of interactions among the populalions 
in the com m unity but also the relative strengths of those 
interactions. Dynamic food web analysis also seeks to 
reveal interactions that are not obvious frotn simple 
food web diagrams, so-called indirect interactions. This 
approach requìres the careíul merging of experim ental 
and theoretical approaches.

The sim plicity of the GW H enabled it to be a reason- 
able starting point to exam ine the dynam ics of iood 
webs. In general, dynam ical m odels are rooted in a 
tradition based on the application of L otka-V olterra  
equations to com m unúies and advocated by May 
(1 9 7 3 ) . One o f the m ajor conclusions from these phe-



nom enological m odt ì . mnplexitv■ (e.g., om ni- 
v o r y  a n d  l o n g  c h a i n  .1 ins iab il i tv  in  modt'1 sys- 

tems. This co n clu sk  I \vas \ iiAved \vith skepticism  bv 
em piricists because o l^on.u ions Irom Relcl studies 
(such as w ork by M & cA iihur’ Miggested that increased 
com plexity shoulcl resuh. in inaeased  stability. Rccent 
theoretical investigation'; in11.1 ihe relationship between 
stability and compleNÍtv haw ỉound that assum piions 
and structure of earlier nHHỈrls may have biased them 
toward decreased stahi!iiv wii.il increasing com plexity.

Early theoretical siudic'- ol mteractions and conse- 
quences o f ihese in tt ra.iioii'- in food vvebs were based 
on equilibrium  dynm r.its i'l Lotka-V olterra models. 
The assum ption that eci-ìov!k j l  systems or species pop- 
ulations have som e 'eqiiiíìbì lum" around w hich thev 
Auctuate is totally unrt';J]i$ !k . Purihermore, these early 
models ignored the i.:en!ral holief of many em piricists 
that m ost in teractions !>:ivveen spccies vvere weak. The 
outcom e of many o( ilieM- ilicoreiical studies went 
against com m on sense inỉuiiion and the íĩndings of 
em pirical studies, including thai omnivory was destabi- 
l iz in g  a n d  t h e r e ío r e  rarc  and  that c o m p l e x i l y  (g r e a te r  

diversity) was also tleMabiliiing. Recent studies thai 
incorporated the íindings íil mostly vveak interactions 
and nonequilibrium  đynanm s have found thai om ni- 
vory and com plexity 1ĨU1V aciually siabilize food webs. 
This agrees with both thi- mutiimn and the current 
argum ents o f em piricisis vvlv- ímđ that many weak in- 
teractions occur within food vvebs and these promote 
stability.

Recent theoretical S|ii(|n's Mii!g(S|rr| thrct’ íaciors as 
im portant to reduce stahiliiv III cariier models: ( 0  linear 
L otk a-V olterra  equaiions, út) using equilibrium Solu
tions to these equations. and (iiiì the distribution of 
interaction strengths oveiiv isiiniatcd the num ber of 
stronglinks. Many studies lia\ e shcnvn that many preda- 
to r-p rey  relationships are noi linear, bui instead preda- 
tors exhibit saturation such as described by a Holling’s 
type II functional response Current models take advan- 
tage o f this and use energetic uptake rates that saturate 
based on body size relationsbips. Also, equilibrium  So
lutions to L otk a-V olterra  rclaiionships can give biologi- 
cally unrealistic results hecausc ihi' assumption of equi- 
librium  does not appear to hold in manv predator-prey 
relationships. May and othc!> used a uniíorm distribu- 
tion in random ly created mociel ĩ..tod wcbs, which re- 
sulted in their webs ha vi 11 g an ovcrrepresentation of 
strong interacúon compared lo nmural svstems. This 
convention was based on thc lcv. carly studies that 
exam ined the distribution of ,mer.K’tion strengths and 
suggested that there is a bi.is lo: wcak interactions. 
May acknow ledged that if the listrihuúon ol inieraction

strengths \vas not uniĩorm , his results may not hold. 
Furtherm ore, recent theoretical studies also suggested 
that omnivor>' can stabilize food vvebs. Paradoxicallv, 
researchers using L o tka-V olterra  models have íound 
that although on average om nivory decreased stabilitv, 
those system s in w hich om nivorous links persisted had 
ihe greatest stability. This increased stability may occur 
in L otka-V olterra  m odels when random ly created om - 
nivorous links are weak.

In m odeling food webs, a key consideration is the 
ĩunctional relationship betw een a consum er and its re- 
source. As noted previously, L otka-V olterra  con- 
su m er-reso u rce  relationships are linear (type I). This 
assumes that the predators do not becom e saturated 
and can consum e all available prey. Holling introduced 
nonlinear co n su m er-resou rce  functional relationships 
vvith his disk (now  called type II) functional response. 
This íunctional response assum es that the capture and 
consum ption/digestion time of prey by the predator 
lim its the am ount o f prey taken by a predator in a given 
am ount of time. H olling also introduced a third type 
of functional response (type III) to sim ulate a predator 
sw itching caplure of prey when a target prey species 
becom es rare to a m ore abundant prey species. Various 
other íunctional responses have been introduced, in- 
cluding Ginzbưrg and Arditi’s ratio-dependent func- 
tional response. Ratio dependence assum es that the 
growth rate of the predator is dependent on the ratio 
o f prey and predator densities, vvhereas in types I—III 
predator grovvlh rates are dependent only on the prey 
densities (prey dependent). Ratio-dependent models 
predict ihat all trophic levels increase proportionately, 
whereas prey-dependent m odels predict the alternating 
pattern of GW H and EEH. The arguments against ratio 
dependence arise from the lack of a m echanistic basis 
for the model. Proponents of ratio dependence argue 
that the íorm ulation accounts for the different time- 
scales of reproduction and behavior. They also argue 
that the íorm ulation is sim pler and can account for 
essential dynam ics o f food webs w ithout added com - 
plexity. D etractors argue that using m ore m echanistic, 
albeit m ore com plex, raodels that can account for realis- 
tic interactions is the correct way to proceed. Regardless 
of these argum ents, using interm ediate levels o f com - 
plexity based on realistic m echanism s is the current 
trend in food web theory'.

H. Intermediate Levels of Complexity
Com m unity ecology has focused on interactions 
(m ainlv com petiúon and predation) betw een pairs of 
species that are íundam entally im portant in food webs.



Hovvever, these interactions, taken out of co n tex t o f the 
larger web, may result in m isleading in íorm ation (due 
to indirect effects). Highly com plex food webs, how- 
ever, are unwieldy and intrinsically  difficult to study 
in m odel systems. Thus, Holt and others suggested in- 
vestigating the dynam ics o f interm ediate (betvveen spe- 
cies pairs and whole food webs) levels o f com plex- 
ity— so-called  “com m unity m odules”— that are deíĩned 
as sm all subsets o f species that are characterized by 
strong interactions. These m odules are also m ore repre- 
sentative of the levels of com plexity (i.e ., num ber of 
species) exam ined in experim ental studies.

R ecent theoretical studies have taken advantage of 
interm ediate com plexity by íocusing on food web inter- 
actions that typify interactions íound in real food webs 
but are com m on to many food webs. This allow s one 
to exam ine how indirect effects interact w ith direct 
effects to structure food webs. Com m on types of inter- 
actions am ong sets o f species and their resources (m od- 
ules) are apparent com petition, intraguild predation, 
om nivory, cannibalism , and spatial subsidies.

T h is modular approach has allow ed for various theo- 
retical studies to exam ine stability o f food webs using 
m athem atical approaches. For exam ple, M cC ann, Has- 
tings, and Huxel found that adding relatively weak in- 
teractions among species could enhance food web sta- 
bility. They found this to be true for apparent 
com petition , intraguild predation, om nivory, cannibal- 
ism , and spatial subsidies.

Are vveak interactions typical o f food webs? The 
answ er, from the few studies that have speciíìcally  ex- 
am ined this question, is yes. For exam ple, in a study on 
intertidal food webs, Paine found that m ost interaction 
strengths are weak. M oreover, knovving that m ost pred- 
ators eat tens to — 100 species o f prey suggests that 
m ost o f these interactions are weak.

O ne may then ask, what about strong interactions? 
The ansvver goes to the heart o f one m ajor problem  
w ith earlier food web studies. Strong interactioiis may 
occu r and be a regular com ponent o f food webs. How- 
ever, in  alm ost every case, they appear to be enabled by

“m u lú channel om nivory’' (i.e ., feeding on many weak 
links; Polis and Strong, 1 996 ) or are restricted tempo- 
rally and /or spatially because they are inherently unsta- 
ble. However, time and effort constraints and tradition 
have caused the vast m ajority  of food web studies to 
ignore the many weak interactions and the spatial and 
tem poral aspects that characterize all system s.

In another theoretical study of food web processes 
that took advantage of the m odular view, H uxel and 
M cC ann exam ined the flow o f the allochthonous ener- 
getic resources. They íound that allochthonous re- 
sources may spread evenly throughout the com m unity 
or may becom e com partm entalized. High levels o f allo- 
chthonou s resources decreased stability, whereas low 
levels increased stability. T hu s, again a weak lin k  tended 
to increase stability.
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ANIMAL DIVERSITY
Terry L. Erwin
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GLOSSARY

arbicolous Living on the trees, or at least olí the ground 
in shrubs and/or on tree trunks. 

em ergent A very tall tree that emerges above the gen- 
eral level oi' the forest canopy. 

epiphytic m aterial Live and dead canopy vascular and 
nonvascular plants, associated detritus, m icrobes, in- 
v e r te b r a te s ,  f u n g i ,  a n d  c r o w n  h u m u s .  

hectare M etric equivalent o f 2 .47  acres. 
m icrohabitat A sm all selí-contained  environm ental 

unit occupied  by a speciRc subset o f interacúng spe- 
cies of the forest (or any other com m unity). 

scansorial U sing both the forest floor and canopy for 
m o v e m e n t  a n d  s e e k i n g  r e s o u r c e s .  

terra fìrme ío rest Continuous hardw ood forest o f ihe 
nonflooded or upland parts o f the Am azon rain 
íorest.

THE PO REST CANOPY  is arguably the m ost species- 
rich environm ent on the planet and hence was term ed 
the “last biotic ữ on tier,” mainly because until very re-

cently it had been studied less than any place else, with 
the exception of the deep ocean íloor and outer space. 
The reason for lack  of study of the canopy was accessi- 
b ility, and the evidence of the incredible species rich- 
ness, m ainly o f tropical íorests, is priinarily the abun- 
dance o f insects and their allies. This hyperdiverse and 
globally dom inant group has adapted to every conceiv- 
able niche in the Rne-grained physical and chem ical 
architecture of the tree crowns. In less than three de- 
cades, canopy hiology has becom e a rnixed scientiíìc 
discipline in its own right that is gradually gaining 
sophisticaúon of both approach and access.

Tropical arbicolous (tree-living) arthropods were ob- 
served in the early 180ŨS in the “great forests near the 
equalor in South Am erica” and later that century were 
described by Henry W alter Bates. Even though Bates 
observed, described, and com m ented on the canopy 
fauna (as viewed from ihe ground and in recently felled 
trees), m ore than a century passed before Collyer de- 
signed an insecticide application technique that allowed 
a rigorous sam pling regime for canopy arthropods. W il- 
liam  Beebe and collaborators early in  the tw entieth cen- 
tury recognized that the canopy held biological trea- 
sures, but “gravitation and tree-trunks swarming with 
terrible ants” kept them at bay. Frank Chapm an, a can- 
opy pioneer (o f sorts), viewed the treetops from his 
“tropical air castle” in Panama in the 192ŨS, but his 
interest was vertebrate oriented, his perch was a small 
tower, and his observations of insects and their relatives 
were casual. By the m id -1960s and early 1970s, a few 
workers in both  basic and applied Science were seriously
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investigating canopy faunas of tem perate and tropical 
ĩorests in both the W estern and Eastern Hemispheres. 
From  the early 1980s until now, many w orkers have 
been im proving m ethods of access and other techniques 
used to register, sample, and study the fauna (see re- 
views by Basset, Erw in, M alcolm , M offett and Lowman, 
M unn and Loiselle, and W inchester in Lovvman and 
Nadkarni, 1995 ; M offett, 1993 ; M itchell, 1 9 8 7 ). Some 
of these workers have found that arthropods by far 
make up the fauna of tbe canopy (Erw in, 1982 , 1988 ). 
V isiting and nesting bird, m am m als, reptiles, and am- 
phibians represent a mere 1% or less o f the species 
and even less in the abundance o f individuals ìn these 
groups (Robinson, 1986). There are no adequate mea- 
sures o f canopy nem atodes, m ollusks, or other nonar- 
thropod m icroíauna groups.

w h a t is m eant by the ĩorest canopy? Generally, the 
canopy, or tree crow n, is thought o f as that part o f the 
tree including and above its íìrst m ajor lateral branches. 
The canopy of a single tree includes the crow n rim  (the 
leaves and sm all twigs that face the main insolation 
from the sun) a n d  the crovvn interior (the m ain trunk 
and branches that gives a tree its characteristic shape). 
The canopy íauna is that com ponent of anim al life that 
inhabits the tree canopy and uses resources íound there, 
such as food, nesting sites, transit routes, or hiding 
places. Hence, the íorest canopy is collectively all the 
crow ns of all the trees in an area. The canopy is often 
thought of as being stratified into em ergents, one to 
three regular canopy strata, and an understory of 
smaller trees living in the shacle of a more or less contin- 
uous overstory. All types of forests have theứ  ow n de- 
scribable characteristics, from  the spruce forests o f the 
N orthw est Territories of Canada to the pine forest of 
Honduras, the dry ĩorests o f Costa Rica and Bolivia, 
and the Rinorea and M auritia íorests o f the upper Manu 
River in Peru. Ít is through “whose eyes” one views the 
com m unity, habitat, or m icrohabitat that determ ines 
the scale of investigation and subsequent contribution 
to the understanding of the environm ent— the beetles, 
the rats, the birds, the ocelots, the investigators, or 
perhaps even the trees.

I. CANOPY ARCHITECTURE,
ANIMAL SƯBSTRATE

A temperate forest is com posed of both  broad-leaved 
and coniỉerous trees, with one or the other som etim es 
occurring in near pure stands depending on the latitude 
and/or altitude and also on soil and drainage condiúons.

N orm ally, there are few canopy vines or epiphytes and 
perhaps som e wild grape or poison ivy vines. Soil and 
organic debris caches are few or absent in the tree 
crow ns, except for tree holes w hich provide hom es to 
num erous arthropod groups but few vertebrates. Tem - 
perate íorests are subjected  to cold and hot seasonal 
clim ate regim es as well as wet and dry periods. Great 
expanses o f forest lose their leaves in the vvinter m onths, 
sap ceases its flow, and the íorest “m etabolism " com es 
to a slow resting State.

The tem perate forest seemingly provides a great vari- 
ety o f substrates for the canopy fauna, but faunas are 
depauperate com pared to those in tropical lorests. Vir- 
tually no m am m als are restricted to temperate forest 
canopies— only a few frogs and lizards. However, many 
bird species are restricted to the canopies, as they are 
in tropical íorests. Among insects, for exam ple, the 
beetle íam ily Carabidae has 9%  o f its species living 
arboricolously in M aryland, 49%  in Panama, and 60%  
or m ore at the equator in South America.

Tropical forests, on the other hand, have few if any 
coniíerous trees; only forests at higher elevations and/ 
or located closer to subtropical zones have coniferous 
trees. Tropical canopies are often (but not always) re- 
plete with vines and epiphytes, tree holes, and tank 
brom eliads, and there are soil m a ts  among the roots of 
orchids, brom eliads, and aroid plants. In the early 
1990s, Nadkarni and Longino dem onstrated that epi- 
phytic m aterial is íraught with m acroinvertebrates, and 
C oxson and Nadkarni later shovved that epiphytic mate- 
rial is im portani in the acquisition, storage, and relcase 
o f nutrients.

Lovvland tropical forests are subjected to mild tem- 
peratures, w ithout frost, but have both wet (som etim es 
severe) and dry seasons. Individual s p e c ie s  of trees may 
be deciduous, but in  general tropical íorests are always 
green and there is a perpetual grovving season. Sub- 
strates are constantly  available for the fauna. O íten, 
som e m icrohabitats w ith their substrates are temporary 
in the sense that they rem ain in place for a season or 
two, but then theừ  architectural structure collapses into 
a ju m bled  pile of’ organic detritus on the forest íloor. 
Such m icrohabitats (e.g ., a suspended fallen branch 
with its w ithering leaves) provide a home resource to 
thousands o í arthropods in hundreds of species, rnany 
found only in this setting. Eventuallv, such a branch 
loses its dried leaves and crashes to the forest floor. 
Hovvever, a short distance away, another branch breaks 
from a standing tree and the process begins again. The 
arthropods of the old, disintegrating branch move to 
the new one. The m icrohabitai and its substrates are 
forever present across the íorest; each individual branch



is ephem eral. The íaunal m em bers occupying such mi- 
crohabitats are goocl at short-range dispersal.

II. EXPLORING THE LAST 
BIOTIC FRONTIER

Unúl recently, the forest canopy was im possible to 
study well. G ctting there was the lim iting faclor, and 
even after getúng there (e.g., Via ropes) it was difficult 
to find the target organism s. M odern devises such as 
aerial walkways (e.g ., ACEER, Tiputini Biodiversity Sta- 
tion; Fig. 1), One- or tw o-person gondolas maneuvered 
along crane boom s (e .g ., in Panama at STR I), and web- 
roping techniques (see review by M oííett and Lowman 
in Lowman and Nadkarni, 1995) novv allow real-tim e 
observations, sam pling, and experim ents anywhere in 
the canopy. Inílatable ratts tbat suspend mesh platform s 
resting on the upper crow n rims of several trees have 
provided access from above, although this technique 
seems more suited to botanícal work or leaí-m ining 
insects, especially epiphytes and lianas. Insecticidal 
logging techniques allow passive sam pling of all arlhro- 
pods resting on the surĩaces of canopy plants (Erw in, 
1995), and suspended w indow /m alaise traps collect the 
active aerial fauna. Many of these techniques have been 
used during ihe past two decades; however, oilen they 
vvere sim ply usecl as collecting devises to garner speci-

m ens for m useums and/or for taxonom ic studies, and 
for this purpose they are excellent. In som e cases, eco- 
logical studies were desired, but the techniques were 
not properly applied and the results disappointing. It 
is im portant to fưst ask the queslions and then design 
the experim ents; in sorae cases, current canopy tech- 
niques can be powerful tools for answering questions. 
U nfortunately, although sam pỉing is relaúvely easy, 
sam ple Processing is tim e-consum ing and laborious. 
For canopy fogging studies, aher the sam pling effort 
an average of 5 years was required beíore published 
products were achieved (Erw in, 1995). The main reason 
for ihis is a lack of íunding for Processing the results 
o f fieldwork, even though the field studies were readilv 
funded. W ithout Processing, the data inherent for each 
specim en are unavailable for taxonom y or ecology stud- 
ies. This is an historical íunding problem and one of 
the reasons m ost studies exam ine but a íew species 
from few samples.

III. RESƯLTS 0 F  STƯDIES

A. Invertebrates
Recent íindings by Adis in the Central  Amazon Basin 
and by Erw in in the western part of the basin demon- 
straied thai there are as many as 6 .4  X 1 0 12 terreslrial 
arthropods per hectare. A recent 3-year study of V i r g i n

FIGURE 1 The rainforest canopy of the western Amazon Basin from the canopv walkvvay of 
the ACEER Biological Station.



terra íìrm e forest ne-;'.. '■ uional l'ark in Ecuador
by Erwin found an e-sí m.aied nO.000 spcci.es per hectare 
in the canopy alortỉc. T nis htíurc \vas determ ined bv 
counting the actu a . -.pocies in 1 he samples of several 
w ell-know n groups and conìparing iheir proportions 
in the sam ples w ith ihcir kno\vn described laxonom ic 
diversity. The predalorx becile genus, Agra (Fig. 2), 
has m ore than 2 0 0 0  spccies liumd only in Neotropical 
forest canopies and Seal tci ed 'Cmnants of subtropical 
forest canopies in sou-.lu rn I L\\as and northern Argen
tina. The herbivorous \\ ecvil ỊỊcnus, Apion, likely has 
m ore than 1 0 ,0 0 0  specic-s. In Oíilv 100 9 -n r  samples of 
canopy colum n fro;n Ị ha ni \ irgin terra ĩirme forest 
near Yasuni N ational I\| rk in Ixuaeipr, there are more 
than 7 0 0  species o f the ìioiìlPpỊẹran lamilv, Membraci- 
dae, which were found ;2Ỉiiii.| iviih 308 spccies of the 
beetle íam ily, Carabidac. ani! Ì7H spccies o f the spider 
fam ily, Theridiidae.

“Biodiversity” b> an'- 0 'ÌKÌ na me is “Terrestria! ar- 
thropods”— that is, in v c is , spiclcrs, mites, centipedes, 
m il l ip e d e s ,  and their Ịéssor ioiinvn allies.

Forest canopy studics ol Icrresirial arihropods are 
few (Erw in, 1 995 ). Many r,| ihcsc studics currently 
c o n c e n t r a t e  o n  h o s t  sp e c i  ficii\ as a he rb iv o re  o r  paras ite  

that eats only one other spccics ol plant or animal. 
However, there is anoth; I cl.iss oi specificity thai is 
v e ry  i m p o r t a n t  in  u n d ers i . i iu l ìr ig  b io d iv ers i ly  th a t  has

FIGURE 2 A g tữ  e o w i h o n i  Ệ r\u r  . -] ' 0CI0S ol Colombia, South 
America.

received alm ost no study: “w here” species hide and rest. 
This is n o t random  but rather species specitĩc (T . L. 
Erw in, unpublished data).

Terrestrial arthropods are íbund in “hotels’' and “res- 
taurants” or “in transit” betw een the two (Fig. 3). O ften, 
insects and their allies eat, mate, and oviposit in the 
restaurant or at the food source, for example. on íungi 
or in suspended dry palm fronds. These insects may 
hide during the day under debris or under bark near 
the fungus or on the palin debris, but they never roam 
far from  the vicin ity  of the food source, except to locate 
new food sources w hen the old one is depleted. M eni- 
bers of other species eat in one place and then move 
to cover for a resúng period, i.e., ihe hotel. An exam ple 
o f this is the subfam ily Alleculinae of the beeile íam ily 
Tenebrionidae. These beetles feed on lichens and moss 
on tree trunks at night and spend the day (hiding, 
resting, and possibly sleeping) in suspended dry leavcs 
elsew here in the forest. Many species íound in the foresi 
canopy during the day (utilizing leaves, fruits, and/or 
ílow ers) hide and rest at night in ihe understory (e.g., 
various pollen-ĩeeding beetles and the larger buiter- 
ílies).

lnsects particularly, and some of their alỉies, have 
adapted to nearly every physical íeature of the planet, 
and the canopy is no exception. Many beetles have 
special feet for w alking on leaves; some even have modi- 
fied setae on their feet to slow ihem down upon landing 
from rapid ílight (F ig . 4 ). Because they are in an envi- 
ronm ent w ith raptorious birds, lizards, and frogs, many 
insect species have evolved camouílage coloration.

Clim ate is the m ain constraint on terrestrial inverte- 
brates. In the tem perate zones, it is the winter cold and
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F1GURE 3 Humorous depiction of \vherc *‘hugs” live and cat.



FIGURE 4 Setae of an arboreal bectle's tarsi used for landing and stopping quickly.

dryness; in the equatorial tropics, il is ihe dry season 
f(>r som e and the rainy season for others, with the tem- 
perature far less o f an ìníluence than il is in the far 
north or South. M any herbivores must contend with 
plants that produce toxic chem icals or other defensive 
Systems. All insecis musl also cleal vv ith  other in se c ts  
tliat predate, parasitize, or carry bacteria, fungi, or other 
insect diseases. Hamm ond, Stork, and others, in their 
siudies o f insects in ihe Sulavvesi dipierocarp íorests, 
and M iller, Bassel, and olhers in New Guinea íound 
niuch less insect diversity and richness than Erwin and 
his teams in the N eotropical íorests. Hammond also 
f(>und in soulhw est Asia ihat the canopy fauna was not 
as delim ited írom  ihe understory fauna as it is in the 
Amazon Basin. Uníoriunately, all ihese teams used dif- 
fcrent m ethodology; hence, m uch of their results are 
not com parable. ĩt is certain, hovvever, that the Old 
VVorld tropical íorests are not as biodiverse as those in 
the Ncw W orld , nor arc the forests o f Costa Rica and 
Panama as diverse as ihose of ihe Amazon Basin. Dispa- 
rate regional richness is one o f the main p r o b l e m s  in 
esúm ating the num ber of species on the planet. A nother 
is the incredible richness oí terrestrial arthropod species 
and the fact that scientists likely know less than 3 -5 %  
of them if published estimates o f 3 0 - 5 0  m illion extant 
species are close to reality. Stork (1 9 8 8 ) has even gone 
so far as to suggest that there cou ld b e 80  m illion species 
on ihc planet.

B. Vertebrates
Availability of food year-round constraíns vertebrates 
from living strictly  in canopies (see reviews by Em m ons 
and M alcolm  in Lowman and Nadkarni, 1995 ). O nly 
in evergreen rain íorests is there a continuous supply 
of food (albeit somewhat dispersed and sporadic) for

phytophagous and insectivorous vertebrates. In decidu- 
ous íorests, m ost species also lorage on the ground 
or hibernate when food supplies are short. Almost all 
canopy m am mals live in evergreen tropical íorests, but 
even there most are scansorial. T im in g  and d isưibution 
of food resources are the critical controlling íầclors. 
Among all nonílying vertebrates, anurans and lizards 
and to a lesser extern snakes are the most im portani 
truly canopy creatures. Birds and bats are also exceed- 
ingly im portant com ponents. AU these groups except 
snakes account for vertebrate predator-driven evolution 
on the far m ore dom inant invertehrates of the canopy. 
For exam ple (as Blake, Karr, R obinson, Servat, Ter- 
bourg, and oihers have show n), throughoul the tropics 
approxim ately 50%  o f birds are strictly insectivorcs, 
whereas another 8%  take insects and nectar.

M orphological adaptations that allow canopy life in- 
clude feet that can Rrmly grip the finely architectured 
substrate o f twigs, leaves, and scaly bark. Em m ons, in 
her many articles on N eotropical mam m als, dem on- 
strated that am ong ihese anim als, those w ith ihe ability 
to “ju m p ” avoided w asling energy and time by descend- 
ing and ctim bing new trees to find resources; hence, 
more true canopy species have this ability. This is eer- 
tainly true also o f frogs and lizards. However, it is the 
Hying form s— birds and, to a lesser extent, bats— that 
account for most o f the treetop vertebrate fauna. Physio- 
logical adapiations that allow vertebrate canopy life in- 
clude the ability to subsist on diets o f ííu it, flowers, 
leaves, or insects and their allies. Am ong mam m als, 
fruit eaters are dom inant.

As shovvn by D uellm an, D ial, and others, among 
canopy anurans and lìzards, nearly all are primarily 
insect predators. Birds are overvvhelming insectivorous 
in the canopy fauna, with approxim ately 40%  in the 
upper Am azonian and 48%  at Costa Rica’s La Selva



Biological Staúon. M alcolm , in sum m arizing the few 
articles on the subject, estim ates that 15%  of mammal 
species are arboreal/scansorial in tem perate woodlands, 
whereas between 45  and 61%  exhibit this behavior in 
tropical forests. In D uellm an’s 1990  list o f anurans and 
reptiles from N eotropical forest, 36%  are strictly arbico- 
lous, whereas 8% are scansoríal. Am ong birds, Blake 
and others íound that scansorial species using the un- 
derstory and ground were m ore num erous than strictly 
canopy species (51 and 42% , respectively), at their site 
in Costa Rica.

In sum mary, although canopy vertebrates are impor- 
tant in driving part of invertebrate evolution in the 
forest canopy, they have not overwhelm ingly radiated 
into or macle use of the canopy, as have the inverte- 
brates. For exam ple, the total vertebrate fauna known 
at Cocha Cashu, Peru, is approxim ately 8 00  species 
(approxim ately 45%  oỉ' which are arbicolous or scanso- 
rial), whereas at a nearby location there are nearly 900  
species of the beetle ĩamily Carabídae, o f which more 
than 50%  are strictly arbicolous. In Ecuador, near Ya- 
suni National Park, there are in excess of 60 0  species of 
the hom opteran family Membracidae in a single hectare, 
100%  of w hich are strictly arbicolous.

IV. CONCLƯSIONS

Although anim als may use the air for dispersal, they 
live on substrate. Here, they eat, m ate, hide, and walk. 
Foresl canopies are rich in species because they offer 
a three-dim ensional array of varying substrates that di- 
rectly receive the sun’s energy w ith little Rltering.

Although m ucb has been and is being accom plished 
by faunal studies of the forest canopy, there is still 
m uch to do. There are missing data links betw een verte- 
brates and invertebrates and betw een b oth  of these and 
the plant food and plant architecture on w hich ihey 
depend, and data is also m issing on the iníluence of 
the canopy physical íeatures on the íauna such as m icro- 
clim ates (see Parker’s review in Lowman and Nađkarni, 
1995 ). Each subsystem  is receiving at least some atten- 
úon, but the new discipline of canopy biologv is in its 
iníancy. Is it too late? The forests and their species-rich 
canopies are rapidly disappearing (W orld  Resources 
Institute, 1993).

Topics of current investigation include canopy insect 
Ị3 diversitv and m easures of host speciíìcity, the latter 
particularly ìn leaf-feeding beetles. Both areas of study 
vvere driven by earlier, som ew hat naĩve estimates of 
m illions of species extant on the planet (Ervvin, 1982; 
Stork, 1988; May, 1990; Casson and H odkinson, 1991;

Gaston, 1 9 9 1 ). Although some of these studies may 
have been internallv consistent within the parameters 
set for the estim ations, no one had really gotten a handle 
on the true m eaning of “h ost” specificity, bioccm plexity 
of tropical forests, the iníluence o f tropical bictope mo- 
saics, /3 diversity or \vhat is know n as species turnover in 
space and/or time, or the disparities of richness am ong 
continents or even the disparity among regions 
w ìthin continents.

Even so, our current rudim entary knowledge indi- 
cates that we are losing hundreds, even thousands, of 
invertebrate species with “scorched earth” orograms 
such as that in Rondonia, Brazil, clear-cutting j f  Borneo 
and other S o u t h e r n  Asian íorests, and other losses in 
Haiti, Puerto Rico, Havvaii, the vvestern Amazon Basin, 
M adagascar, and so on.

Conservation straiegies are currently dominated by 
daia on vertebrates (Krem en et a i ,  1993; Samways,
1994 ); how ever, invertebrates are rapidly becoming suf- 
[iciently know n 10 include them in analyses thai are 
d ir e c te d  to w a r d  ỊDreservaúon o f  ĩo re s t  c o m m u n i t i e s ;  10 

this end, the collective hum an conscience wíll soon 
be dealing w ith real exú nction  processes equivalent to 
those in the past, from the Perm ian to the Cretaceous. 
W e are living at the beginning o f the so-called “sixth 
extinction crisis” sensu Niles Eldridge of the American 
Museum o f Natural History. Am elioration of the impact 
of this crisis rests on a better knovvledge ol the natural 
world around us and the developm ent oí conservation 
strategies that consider what we, Earth’s managers 
(w hether we Like ii or n ot), want future evolution to 
look like, as so well described by David Quammen 
(1 9 9 8 ).

See Also the Following Articles
AMAZON HCOSYSTEMS • ARTHROPODS, AMAZONIAN 
BEETLẼS • PO REST CANOPIES, PLANT DIVERSITY • 
FO REST ECOLOG Y • INVHRTEBRATES, TERRESTRIAL, 
OVERVIHW • TRO PICAL ECOSYSTEM S
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GLOSSARY

accidental ep ip hyte  Plant that norm ally  grows terres- 
trially but thai occasionally  grows to m aturity in a 
tre e  c r o w n ,  u s u a l l y  in  t e r r e s t r ia l l ik e  m i c r o s i t e s  s u c b  

as the cro tches o f branches. 
bryophyte N onvascular plant of the division Bryophyta 

(a m oss, liverw ort, or hornw ort). 
cryptogam  Plant that reproduces by spores or gametes 

rather than seeds; includes bryophytes and lichens. 
epiphyll (ĩo lico lo u s) P lant that grows on the leaf sur- 

face o f another plant. 
epiphyte N onparasitic plant that uses another plant as 

m echanical support but does not derive nutrients or 
water from  its host. 

íacultative epip hyte Plant or lichen  that com m only 
grows epiphyticallv and terrestrially, usually exhib- 
i t in g  p r e f e r e n c e  í'or o n e  o r  th e  o t h e r  h a b i t  in  a p a r t ic -  

ular habitat.
hom oiohydry Ability to inaintain a constant internal

water balance independent of íluctuating environ- 
m ental condilions. 

lichen  Com posite organism  consisting oí a (ungus (the 
m ycobiont) and an alga and/or a eyanobacteria (ihe 
phycobiont) that live in a sym biotic relationship. 

m istletoe  W oody parasite that taps the xylem of a tree, 
but is capable o f photosynthesis. 

obligate epiphyte Plant that ahvays grows on another 
plant for structural support, but derives no nutrients 
from the host. 

p arasite W oody or nonwoody plant that taps into the 
vascular system of a host plant and derives energy and/ 
or nutrients from it, often to the detriment of the host. 

poikilohydry Condition of internal water balance vary- 
ing with changes in am bient humidity. 

prim ary hem iepiphyte Plant that begins its life cycle 
anchored in a tree crow n and ultimately becom es 
r o o t e d  in  th e  g r o u n d  ( e .g . ,  s t r a n g le r  fig). 

secondary hem iepiphyte Plant that begins its life cycle 
as a terrestrial seedling, ascends a ưee, and can later 
lose root connections with the ground, including (a) 
lianas, woody clim bing plants with relatively thick 
stem s that generally grow in mature habitats, and (b) 
vines, herbaceous clim bing plants that regularly grow 
in disturbed habitats or ỉorest edges.

THE IM PORTANCE o F  THE PLAN TS TH A T D W E LL  
IN  FO REST CANOPIES  is becom ing increasingly recog- 
nized in relation to understanding biodiversity. The
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upper trce canopy of many forest ecosystem s ĩosters 
extrem ely divcrse plant com m uniúes, w hich include 
vascular and nonvascular epiphytes, hem iepiphytes, 
and parasites. Canopy-dw elling plants contribute sub- 
stantially to overall forest biodiversity and biocom plex- 
ity by providing resources for arboreal vertebrates, in- 
vertebrates, and m icrobes, and by participating in 
nutrient and water cycling and gas and energy ex- 
changes.

I. INTRODƯCTION

A. Deíìnition of the Forest Canopy
The forest canopy has been called “the last b iotic íron- 
tier” (Erw in, 1988 ). It presents a habitat conducive to 
the evolution ol literally thousands— perhaps mil- 
lion s— of specìes o f plants, m icroorganism s, insects, 
b irds, and m am mals that are rarely or never encoun- 
tered on the forest íloor. Although íorest canopies have 
been am ong the m ost poorly understood regions of our 
planet, their m ysteries are being explored by increasing 
num bers of biologists. Canopy com m unities are now 
believed to be important in m aintaining ihe diversity, 
resiliency, and functioning of the íorests they inhabil.

The forest canopy is a structurally com plex and eco- 
logically im portant subsystem of the forest. It is deíined 
as “the aggregaie o f all crowns in a stand of vegetaúon, 
w hich is the com bination of all íoliage, twigs, fine 
hranches, epiphytes as well as the intersúces (air) in a 
forest” (Parker, 1995). The toresl canopy is the primary 
site of gas exchange betvveen the atm osphere and vege- 
tation and Tosters many ecosystem  processes that are 
crucial to ihe m aintenance and diversity of the forest 
as a whole (Lowman and N adkarni, 1995).

B. Scope of This Article
Trees are the most obvious structural com ponent of 
forest canopies. Their trunks, branches, and leaves con- 
stitute the infrastructure of the canopy and provide 
m echanical support for thousands of species of arboreal 
plants and animals. Trce species diversity is dis- 
cussed elsewhere.

Although m uch has been published on canopy 
plants, the question of the global im portance o f epi- 
phytes for the biodiversity of tropical forests in general 
and the canopy in particular has not been explicitly 
addressed. Previous reviews of canopy biodiversity have 
primarily dealt vvìth arthropods (Ervvin, 19 8 8 ), or wúh 
speciíìc subgroups of canopy plants (Kress, 1986;

Rhoades, 1 9 9 5 ). Here, we describe the diverĩitv o f many 
ty p e s  o f  c a n o p y - d w e l l in g  plants. I n c l u d e d  in this re v ie w  

are epiphytic vascular planis, epiphytic crvptogams 
(nonvascular plants that include lichens and bryo- 
phytes), prim ary and secondary hemiepiphvtic vascular 
plants (lianas and vines), and arboreal parasitic vascular 
plants. Arboreal fungi and free-living algae are 50 poorly 
know n that there is little to review. We place greatest 
em phasis on obligate and [acultaúve epiphvtes, and 
exclude “accidental epiphytes" from this review.

The term “diversity” in the followlng vvíll be based 
on species as the unit o f biological diversity, since as- 
sessm ent of other aspects of biodiversity is virtually 
nonexistent in the case of canopy plants. We fi:st review 
the system atic d istribulion of canopy taxa and provide 
s p e c ie s  counts based o n  th e  State o f  c u r r e n i  k r .o w le d g e .  

W e discuss gradients o f canopy plant diversiiy ot mi- 
crosites w ithin the canopy al various spatiil scales, 
spanning a single m icrosite vvithin a tree (e.g., twig, 
branch bifurcation) to regional and global levels. Bio- 
geographical analyses of canopy-dwelling Uxa are then 
considered, as well as som e of the m ajor evolutionary 
elem ents that have iníluenced their d istribuion  and 
abundance. "H abit diversity” (the diversity of m orpho- 
Iogical and physiological íealures) o f arboreal taxa will 
then be described. Finally, we discuss conservaúon ef- 
forts that involve canopy plants and suggeit :uture re- 
search possibilities.

c .  Historical Roots and Sources 
of Iníormation

In 1832 , Charles Darvvin first described what he termed 
the great diversity and profusion o f “parasitical planis’’ 
(ihat we now  understand to have been epiphytes), 
w h i c h  h e  e n c o u n t e r e d  in  a b u n d a n c e  in the Coastal for-  

esis o f Brazil. In the late nineteenth century. the German 
botanist A. F. w . Schim per first descríbed epiphytes 
and outlined their im portance to tropical boĩany.

H istorically, canopy studies have been donninated by 
people who sought the thrill of đ im bing and followed 
the lure of d iscovering new species. Earỉy European 
explorers hired đ im bers and trained m onkeysto collect 
spccim ens oí “exo tic” air-plants that grevv out of reach. 
Pioneering w ork in old-grow th [orests of the Paciíìc 
N orthw est c o n t r i b u t e d  to  th e  a p p l i c a t io n  C'f r a o u n ia in -  

clim bing lechniques for safe and reliable access to the 
canopies of tall trees. Since 1980 , ihe innovation of 
high-strength and low -cost canopy access equipment 
has made canopy study more viable as an cption for 
scientiBc research. There arc now a wide varietv of 
access tools from w hich to choose, depending on the



questions being addressed and the available budget 
(Low m an and Nadkarni, 1995). W ith the developm ent 
of effective lechnological clim bing m ethods such as the 
“canopy ra:t” and the canopy crane, and of ground- 
based methods such as insecticidal íogging, researchers 
now spend ỉess time vvorking on how to prudently work 
in the treetops and m ore time pondering the difficultìes 
in  recording m eaningíul canopy data, analyzing it, and 
interpreting the results.

A remarkable burgeoning of scientiíic interest in  the 
canopy has occurred w ithin the last decade. This is 
related to increasing concerns with such conservation 
issues as biodiversity, global atm ospheric change, and 
m anagem ent of tropical rain íorests. The num ber of 
scien tiíìc publications on canopy structure has grown 
at a disproportionately rapid pace relative to the general 
fìeld of biology (N adkarni, 1994). Aspects o f the canopy 
have been the focus of many recent sym posia, scientific 
books, and popular articles and media.

Reviews of vascular epiphyte, hem iepiphyte, and 
parasite diversity have been com piled (M adison, 1977 ; 
Calder and Bernhardt, 1983 ; Kress, 1986 ; Berưing, 
1990 ; Putz and M ooney, 1991; W illiam s-Linera and 
Law ton, 1995; Lowman and Nadkarni, 1995 ). T he bio- 
diversity of nonvascular plants and lichens has received 
less aitenúon; only a single (but extensive) review of 
canopy crvptogams has been published (Rhoades,
19 9 5 ). The biodiversity of canopy nonlichen  fungi has 
not been well docum ented (D. Reynolds, pers. com m .).

For this review, we com piled the íoregoing sources 
and searched the primary literature for additions and 
m odiíìcations. W e also consulted on-line databases and 
com m unic£ted w ith num erous taxonom ists and spe- 
cialists to ensure that the inform ation presented is cur- 
rent and accurate. To place canopy plant diversity into 
the contexi o f biodiversity in a given study areạ, we 
com pared inventories of epiphytes and nonepiphytes. 
The epiphyĩe quotient (som etim es called “epiphytic in- 
dex”) is deíìned as the percentage of epiphytes out of 
the total number of vascular plants in  an area.

II. CATEGORIES 0 F  CANOPY PLANTS

A. Vascular Epiphytes
Forest canopies support extensive ílora that include 
over 24 ,000 species, or about 10% of all o f the tracheo- 
phytes (Kress. 1986 ). Vascular epiphytes differ greatly 
in  structure, íunction , and fidelity to their degree of 
depcnclence on  canopy versus terrestrial habitats. Ecol- 
ogists recognize theừ  im portant roles in nu trient cy-

cling and in providing arboreal and terrestrial animals 
with food, water, and nesting materials (N adkarni, 
1994). Ecophysiologists recognize the varied struciures 
and m echanism s that protect vascular epìphvtes from 
drought (Benzing, 1990 ).

Some of the characteristics for regular occurrence 
on bark and associated aerial substrates are obvious 
(e.g ., holdíast roots and wind-dispersed propagules), 
but others are m ore subtle. In an extensive review of 
vascular epiphytism , Benzing (1 9 9 0 ) outlined a variety 
o f characteristics that are exhibited by vascular epi- 
phytes (Table I).

Vascular epiphytes are mainly restricted to the low 
latitudes and vvithin the tropics. They reach their great- 
est abundance and diversity at low to m id-m ontane 
elevations (M adison, ] 9 7 7 ; Berưing, 1990). Fern soccu r 
in  higher latitudes along the margins of the PaciRc, and 
a few hardy brom eliads and orchids occur in the mild 
north and South tem perate zones (e.g., Epidendrum  ríg- 
idum, P olypodium  polypod io id es, T ilỉandsia usncoides). 
The m ost extensively colonized temperate íbrests are 
those of southeastern Australia, New Zealand, and 
Chile, where a variety of vascular epiphytes grow in 
areas protecied from frost by nearby warm ocean cur- 
rents.

B. Nonvascular Epiphytes
In a recent review by Rhoades (1 9 9 5 ) , nonvascular (or 
cryptogam ic) epiphytes were categorized into three 
groups: lichens, bryophyies, and free-living algae. Al- 
though the phylogeny and com posiúon of the two plant 
groups considered here are very different— lichens are 
sym biotic fungi and algae, and bryophytes are plants—  
they occupy sim ilar habitats and are often studied to- 
gether. They have been the focus of little research in 
the upper canopy (relative to vascular epiphytes), ex- 
cept for a few studies in northw estern North America 
(Rhoades, 1 9 9 5 ), the eastern deciduous forest o f North 
Am erica, and the boreal íorest of Canada. Othervvise, 
m ost nonvascular epiphyte studies have been restricted 
to the low er trunks of trees and understory plants.

Bryophytes (phylum  Bryophyta) are plants that lack 
true vascular tissues and organs. In canopy habitats 
they include the m osses (w ith about 10 ,000  species 
worldwide) and leaíy liverw orts (leafy hepatics, 7200  
species). Thallose (strap- or fan-shaped) livenvorts and 
hornw orts are usually restricted to moist, ]ower trunks. 
(Rhoades, 1995).

Lichens are im portant com ponents o f canopy bio- 
diversity and of ecosystem  processes (e.g., nutrient 
cycling, providing íbod for w ildlife). L ichens are not a



TABLE I

Characteristics of Vascular Hpiphytesu

1. Reproduction
A. Pollination
B. Breeding systems
c. Popuỉation structure
D. Se-ed dỉspersal
E. Life history

2. Vegetative
A. Poliage
B. Habít
c .  Shoot architecture
D. Roots
E. Special fe.aturesh

3. Mineral nutrition
A. Mycorrhizas

B. Myrmecotrophy*' 
c .  Cam ivory
D. Saprotrophy1’
E. Special features!’

4. Photosynthesis/water balance
A. Photosynthetíc pathways
B. W ater ẽconomy
c .  Moisture requirements 
D. Otherí>

Exclusively zoophilous, ílovvers lend to be showy, pollinators highly mobile (Benzing, 1990 , Chapter 5) 
Littlc stưdied, aỉthough many orchids appear to be allogamous 
Little studied
Mosi íamilies cndozoochorous, most species anem ochorous (because of the dominance of Orchidaceae) 
Almost all iteroparous, long-lived perennials

Usualỉy evergrcen, oíten succulent. and xeroinorphic generallyusuaiiy evergrcen, otten succulent. and xerom orphic gen 
W oody (wet íbrests) to herbaceous (wet and dry ĩorests)
Various
Adventitious, specialized for holdfast, often reduced
Irapóunding shoots (e.g.. Bromeliaceae) and root masses (e.g., ferns), velamentous roots and absorp- 

tive ĩoliar trichomes to prolong coniact with precipitation and canopy washes, often lack capacity 10 

grow in carth soil

Possibly signiíìcant in Orchidaceae and Ericaccae, probably relatively uniinportant elsewhere compared 
to lerrestrial ílora

Nearly exclusive to epiphytes
Underrepresentecl in aboreal ílora
Phytotelm and trash-basket types
Tolcrance íor low pH (wet ĩorests), effective nutrient scavengers (dry íorests), írequent reliance on or- 

ganic substrates for nutriem ions

CAM overrepresented, no typical Q  types, m uch interesting detail probably remains underdescribed
Often very high
Various
Much ílexibility, e.g., facultative CAM, CAM-C4 intermediates

0 Modified from Benzing (1 9 9 0 ) with the permission of Cambridge University Press. 
h These characteristics distinguish arboreal from lerresirial f]ora more than the others.

single taxonom ically distinct catcgory, but rather are 
sym biotic organism s, the associalion of a ỉungus (the 
m ycobiont) and a photosynlhetic partner (the photo- 
b iont), w hich are usually m em bers o f the Chlorophyta 
and Cyanobacteria. The degree of photobiont specitìcity 
varies am ong lichens. Generally, the m ycobiont gives 
a lichen its overall form and provides the bulk of the 
biom ass, outer protective laver, and a looser, inner layer 
that íunctions in physical absorption and storage of 
water and nutrients. The photobiont is usually re- 
stricted to the Iayer ju st below  the protective covering 
of the m ycobiont.

These cr^^togaras are poikilohydric, that is, thev 
depend on an atm ospheric supply of water and inor- 
ganic nutrients from precipitation, dew, or fog intercep- 
tion. In general, they absorb \vater rapidl%' and lack the 
w ater-resistant coverings or cuticles of vascular plants. 
Bryophyte grow th forms have been described and dis- 
cussed to understand their relationship to water use 
and conservation (Schoíield , 1992 ; During, 1979). The

gam etophytes (vegetative bodies) of som e species form 
tight cushions or spherical balls ihat expose a reduced 
surface area to retain water; others have a pendant, 
creeping habit that exposes them to maxim al am ounts 
of bark surface water. The sporophvtes of many bryo- 
phytes are adapted to the periodically xeric nature of 
epiphytic habitats and can distribute their spores over 
very vvide ranges (G radstein et al., 1989).

c. Hemiepiphytes
H em iepiphytes have been deíined as plants that have, 
at som e poìnt in their lives, an “um bilical” conn ection  to 
the ground. W hether roots or stems, these connections 
b ’jf fe r  hem iepiphytes from problem s of water and nutri- 
ent supply that are faced by obligate epiphytes (W il- 
liam s-Linera and Lawton, 1995). Hemiepiphytes begin 
their life cycle either as epiphyles and eventually send 
roots and /or shoots to the ground (prim ary hemiepi- 
phytes) or as terrestrially established seedlings that sec-



ondarilv becom t’ epiphytic by severing all connections 
with the ground (secondary hem iepiphvtes) (Kress,
1986).

H em iepiphytes exhibit a trem endous variety in 
growth form , impact on their hosts, and degree of de- 
pendence on hosts. They range from being erect and 
treelike in  íorm to species that grow in scandent, clam- 
berừig heaps. Their im pacts on hosts range from lethal 
(e.g ., strangler figs) to benign (e.g., shrubby Ericaceae 
in  tropical cloud forests) (W illiam s-Linera and Law- 
ton, 1995).

D. Parasites
The m istletoes, w hich are woody shrubby parasites, are 
an ecologically distinctìve group of canopy-dw elling 
plants. They have received a great deal o f attention from 
botanists because of their ability to tap into the vascular 
system of their hosts, as well as from ĩoresters, who 
have been concerned with reducing the damage they 
wreak through tim ber loss and m ortality o f desirable 
treesan d sh ru bs (C ald erand Bernh ardl, 1 9 8 3 ). Parasitic 
m istleioes tend to show a greater tendency for host 
speciíìcity than do the epiphytes.

III. CANOPY PLANT TAXA DIVERSITY

A. Vascular Epiphytes
Although the global species richness of plants is proba- 
bly in the region ol 2 7 0 ,0 0 0 , neither their exact num ber 
nor their global diversity pattern is know n. It has been 
estimated that possibly as many 2 4 ,0 0 0  vascular plant 
species are epiphytes (Kress, 1 9 8 6 ), so they constitute 
a m ajor part o f the global biodiversity in the íoresl 
canopy.

Vascular epiphytes account for 10% of the total vas- 
cular plant diversity. M ost extant epiphytes are angio- 
sperms, representing about 9% of all angiosperm  species 
(Table II). Many vascular plant ĩam ilies (8 4 )  have 
adapted to life in the canopy, but relatively few taxa 
have radiated successíully. W ith in  the angiosperm s, ap- 
proxim ately 31%  of the m onocots are epiphytic, 
whereas only 3%  of the dicotyledons occupy the epi- 
phytic niche. The Orchidaceae constitute approxi- 
mately tw o-thirds o f all epiphyte species (K ress, 1986). 
O ther im portant m onocotyledon fam ilies are Brom elia- 
ceae and Araceae. The im portant canopy-dw elling di- 
cotyledon íam ilies are Cactaceae, Ericaceae, Gesneria- 
ceae, M clastom ataceae, M oraceae, P iperaceae, and 
Rubiaceae (Table II; Kress, 1986 ). There are som e large

TABLE II

Taxonom ic Distribution of Vascular Epiphyies"

Mạịor group
Taxonomic

category

Nunibcr 
ol taxa 

containing 
epiphytes in 

cach category

Pcrccntagc 
of taxa 

containing 
epiphvtes in 

each categorv

All vascular planls classes 6 75
Orders 44 45
Pamilies 84 19
Genera 876 7
Spccies 23,456 10

Ferns and alli.es classes 2 67
Orders 5 50
Families 13 34
Genera 92 39
Species 2593 29

Gvmnosperms classes 2 67
Orders 2 33
Families 2 13
Genera 2 3
Species 5 < 1

Angiosperms Subclasscs 6 100
(dicols) Orders 28 44

Families 52 16
Genera 262 3
Spccics 4251 3

Angiospcrms Subclasses 4 80
(monocots) Ordcrs 9 47

Familics 17 26
Gcnera 520 21
Species 16,608 31

“ Mođiíìed from Benzing (1 9 9 0 ) with the pcrmissỉon of Cambridge 
University Press.

taxonom ic groups of plants that contain no epiphytes or 
very few epiphyte species, for exam ple, the Asteraceae, 
Legum inaceae, and Poaceae (Benzing, 1987). Less than 
1% of the gym nosperm s are known to be epiphytic. 
The Ptcridophytes (ferns) are another im portant group 
of epiphytic plants, of w hich 29%  are epiphytes 
(Kress, 1986).

The epiphyte quotient (proportion of an entire ílora 
that is epiphytic) varies widely both geographically and 
am ong ĩorest types. This ratio has been m easured di- 
rectly in only a few study sites (Table III). Calculated 
epiphyte quotients based on published íloristic studies 
in the N eotropics are know n for Panama (1 2 % ), Peru 
(10% ), Ecuador (22% ), Costa Rica (26% ), Venezuela 
(5 0 % ), and Florida (3% ). In the Paleotropics, epiphyte 
quotients have been calculated from sites in ja v a  (12% ), 
W est M alaysia (9% ), Sri Lanka (4% ), and Japan (0 .5% ). 
Aĩrican foresls seem to be m uch poorer in relative epi-



TABLE III

Epiphyte Quotients of South Am erican Fo rests  That Have Been Directly Measured by 
J .  Nieder and His Colleagues

Stud y site E lev atio n P rec ip ita tio n

N u m b er o f 

ep ip h y te  sp ecies
H piphyte q u o tie n t 
(area o f  re feren ce )

S eh u en cas , Bolivia 2 1 0 0 - 2 3 0 0  m 5 0 0 0  m m /y e a r 2 3 0  spp. 3 7 %  (0 .1  ha)

O to n g a , Ecuad or 1 7 0 0 - 2 2 0 0  m 2 5 0 0  ram /y ear 1 9 6  spp. —

Rlo G u a ja lito , E cu ad o r 1 8 0 0 - 2 2 0 0  m 2 7 0 0  m m /y e a r 1 6 6  spp. 28%  ( 4 0 0  ha)

C arb o n era , V en ezu ela 2 1 0 0 - 2 3 0 0  m 1 5 0 0  m m /y e ar 1 9 2  spp. 4 5 %  ( 3 6 0  ha)

S u ru m o n i, V en ezu ela 1 0 0  m 2 8 0 0  m m /y e ar 5 3  spp.

(c ra n e  p lo t o n ly ); 

1 1 2  spp.

6

phyte species richness. In Ghana, a typical epiphyte 
quotient in íorest plots is 8% ; one dírect m easurem ent 
in Central Africa (Rwanda and Zaire) was 3%.

It is generally regarded that the New W orld  supports 
greater vascular plant diversity than the Old W orld. 
The num ber of vascular íam ilies containing at least one 
epiphyte species is very sim ilar in the Paleotropics (43 ) 
and N eotropics (4 2 ). W ithin  the Paleotropics, the repre- 
sentative fam ilies do not exhibít a hom ogeneous distri- 
bution. All 43  of the farailies occur in Australasia, but 
only 15 are found in Aírica and Madagascar. Vascular 
epiphytes are m ost diverse in the N eotropics, and less 
so in tropical Asia and Aírica. There is approxim ately 
a twofold increase in species diversity in the N eotropics 
com pared with Australasia, and a sixíold  increase com - 
pared with Africa (M adison, 1977 ; Gentry and Dodson,
1987 ). Vascular epiphytes exhibit their greatest diver- 
sity in the m ontane cloud íorests o f Latin America. The 
tem perate regions support considerably fewer species 
than tropical areas. Likewise, the tem perate regions gen- 
erally support m ore vascular epiphytes than do bo- 
real areas.

B. Nonvascular Epiphytes
In general, bryophytes account for 9 -1 0 %  of the total 
species diversity of the plant kingdom . However, no 
one has calc.ulated how many species of nonvascular 
plants are obligate epiphytes, as “the idea of an obligate 
epiphyte is a slippery concept” (D. Griffin, pers. 
com m .)- Rhoades (1995 ) has ably sum raarized the re- 
sults of regional íloristic studies (Table IV).

The S ta n d a rd  g r o w t h  f o r m s  o f  l i c h e n s  are  a rb i t ra r y ,  

but have oíten been used to describe functional groups 
in canopy habitats. “Foliose” reíers to leaílike, “fruti-

cose” reíers to thalli w ithout distinctive dorsoventral 
arrangem ents, and “crustose” refers to thalli íĩrm ly ce- 
m ented to a substrate. According to the International 
Code o f Botanical N om enclature, lichen species are 
given the nam e of their m ycobiont; photobiont names 
are subsidiary. M orphology (sexual structures, asexual 
structures, and vegetative suríace characters) and thal- 
lus chem istry are im portant species characters. Only a 
few studies have focused on the worldwide bioge- 
ography of bryophytes (Schofield, 1992) or lichens 
(Rhoades, 1 9 9 5 ). F o r many inventories, the crustose 
lichens have been lacking or incom plete, w hich is un- 
íortunate as they are the doiĩúnant cryptogam ic form 
in outer canopies. The proporúon of lichens that grow 
arboreally is unknow n.

The bryophytes are a very old group of plants, per- 
haps dating as far back in the íossil record as the Dev- 
onian period when the íirst land plants are know n to 
have existed. The com bination o f a long history and 
small airborne dispores has allovved several bryophyte 
íam ilies to show  wide geographic ranges. The tropical 
regions o f Australia and Asia generally have m ore en- 
dem ic genera o f m osses, whereas in the N eotropics 
endem ic lìvervvort genera are richer (Schoíìeld , 1992). 
The cosm opolitan  íam ilies are not restricted by latitude, 
but may show  local altitudinal variation in som e parts of 
their range. Representative moss fam ilies in the tropics 
include Bryaceae, D icranaceae, Fissidentaceae, Funaria- 
ceae, and Hypnaceae. Pantropical moss íam ilies include 
Calym peraceae, Pteroryaceae, Racopilaceae, and Rhizo- 
goniaceae. Im portant temperate iam ilies are Aulacom - 
niaceae, Encalyptaceae, Grim m iaceae, and Polytricha- 
ceae. Representative tropical liverwort ĩam ilies include 
Frullaniaceae, Lejeuneaceae, Lophocoleaceae, Plagio- 
chilaceae, and Radulaceae. Species-rich liverw ort fami-



TABLE IV

Spccies Richness of Epiphylic Cryplogam s in Worldvvide Forcsi Typcs'1

Location/íorcst type
LiUitude

(°N)

Numbcr 
of  irces 
samplcd Mosses Li\cr\vons

Tolal
biTophvtcs Macrolitlicns

Guyana: dry evergrccn Rpcrua  spp. 5? ] ] 28 53 81 33

Prench Guyana; mixed lovvlanci rain forcst 5 J. 43 61 104 21

C o lo m b ia ; m o n tan c rain lo rest. 1 500  m 5 4 22 36 58 49

C o lo m b ia ; m o n tan e rain ío rcs t, 2 5 5 0  m 5 4 33 102 H ì 51

Colombia; montane rain íoresl. 3510  m 5 4 19 63 82 37

G u y an a; mixcd ]owland rain íorcst 7? 5 28 6 0 8 8 19

O reg o n , U n ited  S ta tes; low , m ixcd  co n iíc ro u s 4 4 11 11 6 17 3 7
íorest

W is c o n s in , U nited S tates; m ixcd  co n ilc rs  and •46 M anv 14 3 17 29
hartivvoods

M o n ian a . U nited  States; o ld -grow th  Abics 4 8 4 1 5 3 4

Moniana, U n ited  StiUcs; raan ag cd . scco n d - 48 i: 1 0 1 3 7
gro w th  Ahics

VVashington, United States; loxv-clevalion fir 4 9 M any 8 5 13 53
íorcst on la va llovv

Svvedcn; dcciduous loresL 5 6 M any 78 17 95 —

“ M ođ iíìeđ  from  R hoades (L 9 9 5 ) .

lies in temperate regions are the M arsupellaceae and 
Scapaniaceae. All the species of hornvvorts are in a single 
íam ilv, A nthocerotaceae, w hich is most diverse in tropi- 
cal ecosysiem s (Schoíĩeld , 1992).

c. Hemiepiphytes
The phylogenetic distribution of hem iepiphytes sug- 
gests that this habit has evolved independenlly a num- 
ber of tim es (Puiz and M ooney, 1991; W illiam s-Linera 
and Law ton, 1995). Twenty-fìve íam ilies and 59  genera 
contain  hem iepiphytes (Table V), with m ore than 820  
species o f primary hem iepiphytes and 65 0  species of 
seconary hem iepiphytes. These make up 1% of the total 
vascular plant species diversity, and 1% o f the total 
canopy-dw elling vascular plant species. This is probably 
an underestim ate, especially for woody hem iepiphytes 
(“lianas”), w hich are the most undercollected  m ajor 
canopy plant group. The stranglers m ost com m only 
occu r in M oraceae and Clusiaceae, but are also found 
in A raliaceae, Rubiaceae, and M yrtaceae. The hem iepi- 
phytic habit mav have arisen from plants grow ing on 
rocks.

All of the hem iepiphytic m onocotyledonous plants 
are secondary hem iepiphytes in the fam ilies Araceae 
and Cyclanihaceae. Secondary hcm iepiphytes also oc-

cur in the dicotvledonous family M arcgraviaceae. Pri- 
mary hem iepiphytes are represcnted by 20 ỉam ilies o f 
dicotyledons. The m ajority of primary hem iepiphyte 
species are found in the families Araceae, Clusiaceae, 
and M oraceae. The M oraceae contain the most species 
of hem iepiphytes, with approxim ately 500  species in 
the genus F icus. Primary hem iepiphytes (whose aerial 
roots eventually reach the ground) represent about
0.8%  of all epiphytes with alm ost 2000  species (G entry 
and Dodson, 1987).

As with vascular epiphytes, the contribution o f hem i- 
epiphytes to the diversity of the tropical forest canopy 
varies am ong forests. The percentage of trees colonized 
by hem iepiphytes has been reported for study sites in 
Venezuela (10%  and 13% ), Zimbabwe (13% ), French 
Guiana (17% ), and the Ivory Coast (2 ]% ). In neotropi- 
cal lovvland ĩorests, stranglers and large hem iepiphytes 
can occur on 1 0 -1 5 %  of the trees. Stranglers can occur 
in m uch higher densities in som e neolropical palm sa- 
vannas. A rich  hem iepiphytic ílora is typical of m oun- 
tain forest and cloud forest sites, but wet lowland forest 
can also show high percentages of these species (25%  
in the case of La Selva Biological Station in lowland 
Costa Rica). In dry Íoresís, hem iepiphytes are usually 
not present (W illiam s-Linera and Lawton, 1995).

VVoody lianas are distinct features of tropical íorests,



TABLEV

Fam ilies and Genera That Contain Hcmicpiphytes'1

SEC O N D A R Y  H EM IEP1PH Y T ES 

M o n ocoty led on ae

1. Araceae
Amydrium  Schott, 4 /4  Malaysia
Anthuríum  Schott, 2 0 0 /5 5 0  Neotropics
C aladiopsis  Engl., 2 /2  South America
Epiprcmnum  Schott, 15/15  lndomalaya
M onstera Adans, 24 /2 5  Neotropics
Pedicellarum  Hotta, 1/1 Bornco
Phiìodenclron Schott, 1 33 /275  Ncotropics
P orphyrospatha  Engl., 3 /3  Neotropics
Pothos L., 2 5 /7 5  Indoraalaya and Paciíìc
R haphidophora  Hassk., 100 /100  Indomalaya and Paciíìc
Syngonium  Schott, 18 /25  Neotropics

2. Cyclanthaceac
Asplundia Harling, 2 0 /8 2  Neotropics 
Carludơvica  Ruiz &  Pav., 1/3 Central America 
Ludovia Brongn., 2 /2  South America 
S phaeraden ia  Harling, 7 /38  Ncotropics 
T horacocarpu s  Harling, 1/1 South America 

D icotyled onae

3. Marcgraviaceae
C aracasia  Szyszyl., 2 /2  Venezuela 
M arcgravia  L., 5 0 /5 5  Neotropics 
N orantea  Aubl., 2 0 /3 5  Ncotropics 
Souroubea  Aubl., 2 0 /2 5  Neotropics 
Ruyschia Jacq., 2 /1 0  Neotropics

PRIM A RY H E M IE P IP H Y T E S

4. Araliaceae
D ídym opanax  Decne. &  Planch, Ncotropics
O rcopanax  Decne. &  Planch., Neotropics
Pcntapanax  Seem., 2 /1 5  Java to Pormosa
P oỉy sáas  J.R, &  G. Forsl, 5 /8 0  Malaya to Ncw Zealand
ScheỊỊÌera  J.R . &  G. Forsl, 6 0 /2 0 0  Pantropics
Sciadophylìum  p. Br., 5 /3 0  South America and W est Indies
Tupidanthus H oo k .f. &  T h o m s., l / l  In d om alaya

5. Bignoniaceae
S chlcgelia1'

6. B u rscraceae
Bursera, 1 Costa Rica

7. Cclastraceae
Euonymus L., 2 /1 7 5  Himalayas

8. Clusiaceae
ciusia L., 85/145 Aírica, Madagascar, Neotropics 
ữ u s ie lla  Planch. &  Triana, 3 /7  South America 
Hccvetinpsis Planch. &  Triana, 3 /7  South America 
Odcm atopus Planch. &  Triana, 1 /10  South America 
Q uapoya  Aubl., 1 /3  South America 
Renggcria  Meisn., 1 /3  Brazil

PR IM A R Y  H E M IE P IP H Y T E S , co n tin u cd  

9 . C u n o n iaceae

A cham a  A. Cunn., 1 /3  Nevv Zealand 
W ãn m an n ia  L ., 3 /1 7 0  Nevv Zealand an d  N eo tro p ics

10. Dulongiaceae
Phyllonom a  Willd. ex Schult., 1 /8  Neotropics

11. Ericaceac
C avendíshia  (2  sp p .), N cotro p ics 
G onocalyx, Neotropics 
D istcrigm a, So u lh  A m erica  

Sphyrospennum , South America 
] 2. E u p h orb iacẹae

S chradcra  (2  supp.)
13. Gesncriaccae

D rym onia (2  sp.), Cemral America
14. Griscliniaceae

C ríselin ia  Forsl.f., 3 /6  New Zealand and chile
15. MelasLomataceae

tìỉakea  p. Br„ &0/70 Neoưopics 
T opobea  Aubl., 2 0 /^ 0  Neolropics

16. Moraceae
C ou ssapoa  Aubl., 2 0 /4 5  Neotropics 
Ficus L., 5 0 0 /8 0 0  Pantropics

17. Myrsinaceae
G ram m aden ìa  Benth., 6 /1 5  Neơtropics

18. Myriaccae
M etrosiderữs Banks ex Gaertn.. 3 /6 0  Ncw Zcaland

19. Potaliaceac
F agraea  Thunb., 2 0 /3 5  Malaysia-Paeiữí’

20. Rubiaceae
P osoqueria  Aubl., 1 /15  Neotropics 
C osm ibuena  Ruiz &  Pav., Neoiropics

21. Rutaceac
Zanthoxylum , Central America

22. Saxiừagaccae
Hydrangca, Neotropics

23. Solanaceae
M arkea ,1, Neotropics

24. Violaceac
M eHãtus

25. Winteraceae
D rim ys

“ M odiRcd fro m  W illiam s-L in era  and Lavvton (1 9 9 5 ) .  N u m bers in d ica le  the n u m b er o f sp ec ies /n u m b er of total sp ec ies  in  th c genus. A fter 
M ađison  (1 9 7 7 ) .

h F ro m  Pu!z and M o o n ey , 19 9 1 .



rarely or never occurring in temperate forests. Lianas 
account for approxim ately 10% of the Iropical ílora 
worldwide. Thev occu r in greatest density in Madagas
car and Aírica, and less so in neotropical and Australian 
ĩorests. At som e sites in M adagascar, an average of 122 
lianas wúh > 2 .5  cm  dbh p erO .l ha is reported, whereas 
lianas average only five individuals per 0.1 ha in north- 
ern tem perate íorests.

Lianas are more abundant in South temperate forests 
than in north  temperate forests. The im portant families 
in north  temperate forests are Anacardiaceae, Aralia- 
ceae, and Vitaccae. South temperate íorests support 
m ore than twice as many íam ilies. Fam ilies like Bigno- 
niaceae, G esneriaceae, Gram ineae, Lardizabalaceae, 
Saxífragaceae, and V itaceae account for the m ạịority of 
the clim bing species (Putz and M ooney, 1991).

D. Parasites
About 1400  species of m istletoe occur in forests, wood- 
lands, and shrublands on every continent except Ant- 
arctica , with most species in the tropics. Less ihan 1% 
of the total vascular plant species are m istletoes, and 
this group accounts for less than 1% of the total canopy- 
dw elling vascular plant species.

M istletoes occur in lwo plant íamilies. The Lorantha- 
ceae contain approxim ately 900  species in 65 genera, 
and the Viscaceae contain  4 0 0  species in 7 genera. The 
m ost species-rich genera in the Viscaceae are P horaden - 
d r o n  (1 7 0 ) and V i s c u m  ( 1 0 0 ) .  T h e  V isca ce a e  contain 
four genera restricted lo the Old W orld , two genera 
that occur only in the New W orld, and one predomi- 
nately New W orld genus is also vvidespread through 
Eurasia and Africa. In the V iscaceae, the New W orld 
genera D endrophthora  and P horadendron  contain about 
half o f the 39 7  species o f the family.

IV. DIVERSITY 0 F  HABITATS 0 F  
CANOPY PLANTS

A. Canopy Microclimate
The values of light intensity and quality, tem perature, 
wind, m oisture content, and concenlrations of various 
gases and aerosols are strongly m odiíìed by canopy 
structure in several ways. Canopv suríaces aci as passive 
bodies for the absorption of wind energy, the dissipation 
o f turbulence, and the sorption of heat and radiation. 
They also acũvely participate in  exchanges of biologi- 
cally im portant com pounds, such as C 0 2 and water 
vapor, which in turn may have an im pact on regional,

and even global, clim aie. Canopies also act as “Rlters” 
that remove sm all-scale turbulence, bu( allow large ed- 
dies to penetrate (Parker, 1995 ). Canopy structure 
thereĩore has a direct effect on the clim ate surrounding 
individual leaves, on the modiRcation of m icroclim ate 
through the layers o f the íorest, and on the large-scale 
environm ent of forest regions.

Canopy conditions are generally typified by more 
intense sunlight, greater extrem es of relative humidity, 
higher water stress, and a sm aller, more pulse-supplied 
pool of nutrients than on the forest íloor. Sunlight atten- 
uation can be as great as 98%  betvveen the tops of 
em ergent trees and the levels reaching the forest íloor. 
Rates o f evaporation in  the canopy have been recorded 
that are com parable to those occurring in open savan- 
nas. Relative hum idity can range from nearly 100%  at 
night to less than 30%  during midday in the dry season. 
D ifferences in canopy versus forest íloor wind speeds 
can also be extrem e, especially in tropical cloud íorests. 
In one Costa Rican ridge cloud forest, wind speeds 
vvithin the canopy (1 0  m ) were clocked al 11.3 m s~‘, 
while forest íloor (2  m ) speeds were only 4 .0  m S_1 
(W illiam s-Linera and Lawton, 1995).

B. Spatial Scales of Canopy 
Plant Diversity

The [orest canopy is a three-dim ensional subsystem  of 
the íorest ilseir. Canopy plants neeđ relatively little 
space in order to develop a striking diversity. In an 
Ecuadorian m oniane íorest, for exam ple, 109 epiphyte 
species occurred on ju st 20  rrr o f branch surface, com - 
pared to only 67  terrestrial plant species on a 100-m 2 
ground plot o f elongated shape in the im m ediate vicin- 
ity o f the phorophyte. The amazing concentration of 
epiphytes on single irees has often attracted the atten- 
tion of naturalists. For exam ple, 66  epiphyte species 
were found on One specim en of D ecussocarpus rospiglio- 
sii in the Carbonera Forest in Venezuela.

The canopy oííers its occupants a wide variation 
in water, light, and nutrient regim es com pared to the 
undersiory and the forest floor, and this variety un- 
doubtedly contributes to arboreal plant diversity. For 
exam ple, soillike deposits and litter in the canoDy íunc- 
tion as a medium for canopy-dwelling plants that have 
well-developed root system s, such as vascular epiphytic 
shrubs. This material has a high organic content and 
is derived principally from leaf litter, íeces, and other 
faunal remains. Also present is a small mineral com po- 
nent derived from fine particles carried there by wind, 
fog, and rain.

In tropical Am erica, epiphytic brom eliads increase



the volum e of arboreal soil and litter by creating vvater- 
íìlled tanks (“phytotelm ata”) in w hich Iitter accum u- 
lates and soil forms. Although these arboreal epiphytes 
and their associated soils are patchily distrìbuted, they 
are linked by clim bing vegetation, by percolating rain- 
water, and probably by the m ovem ent of anim als, and 
so they can be likened to a three-dim ensional m atrix 
o f in terconnected  islands.

W ith in  a íorest, m icrosite differences exist al many 
different spatial scales: w ithin a single branch; betw een 
branches at different heights of the tree; betw een trees 
of d ifferent architecture; and within stands of differing 
topography and aspects. Sorae studies have described 
variation in the distribution of canopy plants within 
single crovvns. In a W est Alxican rain forest, for exam - 
ple, m ore than 75%  of the orchid species grow on the 
inner branches, 48%  in a middle zone, and only 4%  in 
the outer canopy. Some research has linked differences 
in m icrosite  water regimes and levels o f sunlighi input 
to diíĩerenúal d istribution of certain canopy plants be- 
lw een outer and inner crow ns; other arboreal species 
display a “generalist” distribution.

c .  Host Tree Speciíìcity
Studies of the m echanism s iníluencing host tree spe- 
ciíicity  are scant. It has been suggested that bark 
texture and pH iníluence patterns o f colonization. For 
exam ple, the orchid C y m b id id la  pard a lin a  obligately 
grows exclusively on the fern P latycerium  m ad ag ascar-  
ense, whereas other epiphytes are found on num erous 
host iree species. This phenom enon \varrants fur- 
ther investigation.

V. DIVERSITY 0 F  GROWTH HABITS IN 
CANOPY PLANTS

Canopy-dw elling plants exhibit a great diversity of eco- 
logical adaptations, w hich is m ost likely a result of their 
diverse phylogenetic origins and the possibilities for 
adaptive specialization in the canopv habitat. The one 
unifying feature of these m echanically dependent plants 
is their occurrence in  the canopy (Benzing, 19 8 7 ). For 
vascular epiphytes, the dilferent “habits” can be classi- 
fied by several criteria, induding degree of dependence 
(obligate vs. íacultative), nutritional dependence (para- 
sitic vs. com m ensalistic), degree of light demand (he- 
liophiles vs. sciophytes), architecture (tank vs. atmo- 
sp h eric), substratum  (e.g., ant-gardens, hum iphiles), or 
carbon fixation pathway (Crassulacean acicl m etabolism

[CAM] vs. C j) (Benzing, 19 9 0 ). Similarly, the great 
diversity of habits vvithin ihe hem iepiphylic species 
ranges from stranglers, which ultimatelv becom e free- 
standing trees, to epiphytes that have only one rooi 
connecting with the ground.

A. Diversity of Physiology
The C j photosynthetic pathway is more typical of 
epiphytes inhabiting the canopies of cloud forests and 
cool, shaded, hum id m icrosites. Forest canopies vvith 
more arid conditions favor CAM plants. The occur- 
rence of a C4 epiphyte has not been docum ented. 
Some families containing C4 plants such as A iteraceae, 
Cyperaceae, O rchidaceae, and Poaceae also conlain 
epiphytic species, but none is known to exhibit c 4 
photosynthesis.

B. Diversity of Modes of Resource 
Acquisition and Retention

Nutrient acquisition in canopy plants occurs though 
many modes, including rainwater, bark and leaf Iea- 
chate, nitrogen-Rxing cyanobacieria, airborne particles, 
carton nests, crown hum us, and decom posiúon of 
the host.

1. Hum us Epiphytes

Ecologically, hum iphily is the m ost com m on form o ĩ 
nutrient acquisition and supports the greatesi diversity 
o f epiphytes. An overvvhelming m ajority of families con- 
taining al leasl One epiphytic species have at least one 
hum iphile species, and most íam ilies contain only huni- 
iphile species (Benzing, 1987). Humus-rooted epi- 
phytes include Ericaceae, Gesneriaceae, M elastomata- 
ceae, Piperaceae, and Rubiaceae, as well as the 
hem iepiphytes in M oraceae and Araliaceae. Many of the 
hum us epiphytes are ĩacultative. The obligate species 
exhibit a diversity o f xerom orphic adaptations, includ- 
ing leaf succulence, a ílattened pendulous grovvth form , 
and poorly developed root system s with strong m ycor- 
rhizal associations.

2. Tank an d  “Trash-Basket” Epiphytes

Some brom eliads, ferns, and orchids collect water, air- 
borne particles, and leaf lítter in the rosette created 
by overlapping 1'ronds or leaves. Ferns in the genus 
Asplenium, for exam ple, have roots thai grow in the 
form of a trash basket to gain access to nutrients.



3. A n t-A sso cia ted  E p ip h y te s

M ỵrm ecophilv is a com m on feature of vascular epi- 
phytes and may be strictly a canopy phenom enon. Nest 
garden species include Araceae, Brom eliaceae, Cacta- 
ceae, Gesneriaccae, M arcgraviaceae, O rchidaceae, Pip- 
eraceae, and Rubiaceae. In  Australia, Asclepiadaceae, 
M elastom ataceae, and Rubiaceae occur in less-studied 
ant-garden svmbioses. Asclepiadaceae, Brom eliaceae, 
M elastom ataceae, O rchidaceae, Polypodiaceae, and 
Rubiaceae conlain specialized ant-garden species. Rubi- 
aceae appear to be the m ost specialized ant-garden spe- 
cies. Some ferns and orchids have hollow  rhizomes 
(Polypodiaceae), hollow  tubers (S olan opteris  spp.), and 
hollow pseudobulbs (S chom burghia  and L aelia )  that 
provide domatia for ants.

4 . B ark  E p ip h v tes

To inhabit thc bark substrate, epiphytic plants must 
cope with very low levels o f water and nutrient availabil- 
ity. Thereiore, niany o f the bark epiphytes are obligate 
epiphytes, inđuding many specialized orchids.

5 . A tm o sp h e ric  E p ip h y te s

Som e brom eliads (e .g ., T illan dsia ) have special hairs 
(irichom es) ihat allow them  to absorb water from the 
atmosphere over the entire suríace of their leaves.

VI. CANOPY PLANT BIODIVERSITY 
AND CONSERVATION BIOLOGY

A. General Considerations of Canopy
Plant Conservation

Because of their small size, high degree of endem ism , 
and ừequeni m icrosite sp eciík ity , epiphytes may be 
more vulnerable to hum an-induced disturbance than 
terrestrial plants. M eihods to conserve existingepiphyte 
populations and íloras have been discussed (e.g., Low- 
man and Nadkarni, 1995 ). Studies have show n the value 
o f older trees in foresi:s as habitats For certain sensi- 
tive species.

B. Effects of Forest Fragmentation and
Habitat Conversion

The effects of íorest íragm entation and habitat conver- 
sion on canopy plant diversity are poorly docum ented, 
especially in the tropics. It is generally accepted by 
researchers that secondary bryophyte and lichen com - 
tnunities are very diffcrent from those in prim ary forests

(Gradstein cf a i ,  1989). Most studies indicate a decrease 
in species richness between secondarv habitats and pri- 
mary íorests, and even disturbances at small spalial 
scales (w ithin a branch) are reported to result in a 
decrease in diversìty.

Shade epiphytes growing in the understorv are more 
affected by habitat conversion than the sun epiphytes 
o f the canopy, but not all sun epiphytes are able to 
recolonize follow ing disiurbance. The available data 
from investigations of the regeneration rates of tem per- 
ate and subtropical canopy plants indicate that many 
species are slow to recover. The rates for bryophytes 
range from 25 years in Australia to 8 0 - 1 0 0  years in 
Caliibrnia. In Britain, it is estim ated that lichens may 
require 5 0 0  years to successĩully regenerate.

c. Effects of Global 
Environmental Change

W ater stress is a m ajor lim iting factor for plants 
inhabiting the crowns oi trees. A rise in global tem per- 
atures may have an impact locally on the relative 
humidity of som e íorest canopies. Prelim inary experi- 
m ental work along an altitudinal gradient indicates 
that the species com posilion of canopy plant com m u- 
nities may be altered by such changes in tem perature 
and humidity.

D. Vulnerability of Canopy Plants to 
Extinction and Invasion

There are no records of a speciíic canopy plant 
extinction  in m odern times. However, num erous en- 
demic species are endangered or ihreatened by habitat 
conversion (Gradstein et a i ,  1989). A great deal of 
iníorm ation indicating that lichens are very susceptible 
to air polluúon and m etal ion đeposition has accum u- 
lated over ihe past several decades (Rhoades, 1995 ). 
Gradstein et al. (1 9 8 9 ) suggest that relatively small 
reserves containing a diversity of life zones should 
suffice to conserve cryptogam biodiversity if the re- 
serve is large enough to m aintain a viable population 
of host trees. However, they warn that these recom - 
m endations are based on very preliminary data and 
more inventory data and taxonom ic work are needed 
to better deíìne species ranges and to determ ine which 
species are locally rare or endemic. M istletoes are 
generally very susceptible to environm ental thanges 
(Calder and Bernhardt, 1983).



VII. AREAS FOR FƯRTHER STUDY

A. General Considerations
H abilat loss and climate change are growing threats 
to plant com m unities. Arboreal plants provide many 
opportunities and challenges for biologisls from many 
disciplines, and because there plants have no access or 
sporadic. access to terrestrial soi], they make excellent 
experim ental subjects to study physiology and stress. 
Canopy plants warrant attention for the roles they play 
in forest dynam ics, w hich affect b iodiversity, productiv- 
ity, and nu trient cycling. A list o f research questions 
was created for vascular epiphytes (Table V I); these 
questions can also be related to the study of other types 
of canopy plants.

B. Monographs and Inventories
There is a pressing need for extensive and intensive 
work on plants that live in the canopy. However, the 
lack o f resident tropical taxonom ists is a serious con- 
cern. There are many more taxonom ists in the more 
developed countries where the resources and inừastruc- 
ture exist to train students, but there are relatively few 
specíalists in  less developed countries vvhere many of 
the b ioiogical resources exist.

Hovvever, efforts to create m onographs and invenlo- 
ries ot canopy-dw elling plants have been increasing. 
For exam ple, botanists ai the M issouri Botanical Gar- 
dens and their collaboralors have com piled invenlories 
of regional íloras. To date, Peru, Panam a, Venezuela, 
and ihe Guianas have received a great deal o f attention, 
and the study of other íloras (e.g., Nicaragua and China) 
is planned. To fully represent regional biodiversity, it 
is crucial that botanists collect plants in the canopy. 
Likevvise, to fully understand global biodiversily, the 
generally undercollected groups m ust be collected in 
the canopy (e.g ., lianas and cryptogam s). In term s of 
cryptogam s, w ork needs to continue on broad regional 
inventories of all tropical species and of crustose lichens 
worldwide. The bryoflora of Australia is particularly 
poorly know n.

c. Herbaria and Databases
C ertain herbaria have signiíìcant canopy plant collec- 
tions (M adison, 1977; Kress, 1986). Herbarium studies 
have been conducted at the Harvard University Herb- 
aria, the M arie Selby Botanical Gardens, the H untingion 
Botanical Gardens, the Herbario Nacional Colom biano,

the State University o f U trecht herbarium , and the Uni- 
versity of Florida.

Several m ajor botanical gardens have produced 
useful databases. For exam ple, The M issouri Botan- 
ical Gardens has developed an on-line database 
(TR O PIC O S) for the íloras o f several N eotropical coun- 
tries. Such databases can be of greal use to s>'stematic 
biologisls and conservationists by providing the most 
up-to-date in íorm ation available. W ith  the increasing 
attention being paid to canopy plant ecology (e.g ., Low- 
man and Nadkarni, 1 9 9 5 ), perhaps it is tim e to initiate 
a canopy plant biodiversity database.

D. Experimental Fieldwork
Experim ental field studies to investigate the potential 
effects o f forest harvesting on plant com m unity com po- 
sition and species richness should be conducted, espe- 
cially in tropical regions, so as to include biodiversity 
obịectives in íorest m anagem ent practices. Hum us epi- 
phyte com m unities growing in bryophyte m ats, for ex- 
ample, are ideal for experim ental fìeldwork because 
entire m oss mat com m unities are easily transplanted 
with minimal disturbance lo ihe rooting medium. 
Transplanting epiphytes a lo n g an  altitudinal gradient is 
useíul in helping to predict the effects o f environm ental 
change. The experim ental removal o f bryophyte mats 
is also useful in m onitoring epiphyte succession  and 
recolonizaiion.

E. Ethnobotany of Canopy Plants
Ethnobotanical know ledge and usage o f canopy plants 
is widespread in cultures around the w orld (Low m an 
and N adkarni, 1995 ). Hovvever, the pharm aceutical po- 
tential o f canopy plants has only begun to be investi- 
gated. In  particular, the bryophytes and lichens have 
not been rigorously explored in this regard. The poten- 
tial im portance of canopy plants for hum an use may 
spark resources needed to learn more about both  ap- 
plied and basic aspects o f these diverse organism s.

See Also the Following Articles
FOREST CANOPIES, AN1MAL DIVERS1TY • PLANT 
BIOD1VERS1TY, OVERVlEW • TROPICAL ECOSYSXẼMS
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TABLE VI

Research Q uestions and Opportunities íor Canopy Plants"

Sưbject Obvious Questions remaining

1. Pidelity to canopv versus other sub- 
strates

2. Requirements for speciíìc types of ar- 
borcal substrates

3. Plant adjustments to the oftcn transi- 
tory and relatively unprediciable sup- 
plies of m oisture in íorest canopies

4. Plant adjustments lo ỉ he absence of 
mineral soil

5. lm pacts of arboreal ants

6 . EpiphvLic vegetaúon as a resourcc for 
canopy íauna

7. Epiphytc involvemenis in nutricnt 
cycles

8. Impacts on com munity productívity 
and patterns of resource use

9. Conservation

10. Indicaiors of habitat quality and 
global change

11. Succession

12. Communitv organization

Occurrence 011 irees ranges From acciden- 
lal to obligate.

speciíĩc epiphytes lypically colonize only 
subseis of the many types of subsirat.es 
preseni in occupied tree crovvns.

Broadly occurring accom m odations to 
drought (e.g., CAM, xerom orphy) are 
particularlv well developed among the 
epiphýtes.

A variety of organic substrates, including 
the products of mutualistic biota, serve 
in lieu of earth soil as sourccs of nu tri- 
tive ions.

Some cpiphytes require ants for dispersal 
ancỉ to proviđe rooting media.

Mưch arboreal fauna, parùcularly inverte- 
brates, use epiphytes as rcsources.

Nutritional piracy exists. Epiphyte bio- 
mass sometimes contains m uch of the 
nutrient C a p ita l  present in a foresL eco- 
system.

Resources present in epiphyie biomass 
(e.g., N and P) at least sometimes yield 
photosynthetic returns ai cỉifferent raies 
than ihơse of snpporting soil-rooted 
vegetation.

Because many epiphytes occupy narrow 
ranges (especially orchids), often in re- 
gions o ĩ rapicl developmem, endangerecl 
siatus is correspondingly common.

Some epiphytes possess characteristics 
thai impart extraordinarv utilitv as aữ  
qualỉty raonitors.

Presutned seral stages identiíìed.

Species oíten co-occu r in predietable as- 
semblages, but often distribution and 
spacing among individuals are random.

w h at factors differemiate canopy from ter- 
restrial substrates for ihe obligate epi- 
phyie? How has specialization for arbo- 
real liĩe compromised capaciiy lo 
survive on the ground?

w h at plant characteristics deiermine mi- 
crosite requiremenis for twig, bark, hu- 
mus, ant-nest garden, etc., epiphytes?

W hat is the nature of the moisturc supply 
in forest canoptes and how arc mecha- 
nisms such as pbotosynihetic pathways, 
osm otic balance, and siomatal behavior 
fine-tuned to reduce risk and maximỉze 
cffective use of available moisture?

Hovv is impounded litter processed for 
phvtotelm epiphytes? Hovv substantially 
do am mutualists contribute to the nu- 
tricnt budgets of associated epiphytes? 
How are ihe niore oligotrophic epi- 
phvtes (e.g., atmospheric bromeliads) 
equipped LO scavenge scarce ions and 
use ihem  economicalỉy?

How much arboreal ílora beyond the obvi- 
ous ant-nesi garden and m yrm eco- 
trophic species are clependent on ants 
for dispersal, substrates, and deícnse?

W hai is the full cxtenl of this dependence 
and what are the broader consequences 
of these depcndericics for the forest 
communiiy?

To whai degree and under what condi- 
tions does the presence of an epiphyte 
load have an impacl on the nutritional 
status of a phorophyte?

How does the prescnce ol substantiạl epi- 
phyte biomass aíícct aggregatc forest 
productivũy and hclp determine overall 
resource-use efficiency?

w h at conservation strategies are li ke ly to 
preserve the greatest diversity of epi- 
phytes?

How can epiphytic vegetation be m o re ef- 
ĩectively used to monitor changing con- 
ditions in the iroposphere?

Do species displace one another on bark? 
If so, bỵ what mechanisms?

Are ihe íactors responsible for the distri- 
buLions and combinations of species on 
bark primarily density dependent or 
density inđependent?

Mocliílcd from Benzing (1 9 9 0 ).
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GLOSSARY

distu rbance An event that results in  a radical change 
in environm ent, usually as a consequence of death 
of the dom inant plants. 

food w eb A set o f species that live together and a speci- 
íìcation o f w hich species “eat” w hich other species. 

forest stand A relatively hom ogeneous íorest land- 
scape unit that can be distinguished from neigh- 
boring Linits by íorest age or com position. 

íorest structure The arrangem ent o f all the paris of 
the forest stand— stem s, branches, leaves, roots, and 
so on.

keystone species A species that períbrm s som e crucial 
activity in the ecosystem  and for w hich there is little 
or no redundancy. 

su ccession  Sequential change in the relative domi- 
nance of various species in the b io tic  com m unity at 
a location.

A FO REST 1S A N  ecological system (or biotic com m u- 
nity) dominated by trees. Ecology is the study of ecolog- 
ical systems and the m utual in teractions betw een organ-

ism s and the environm ent. The primary obịective of 
lorest ecology is  to understand what C o n tro ls  the pat-  

terns o f distribution and abundance of different organ- 
isms in forests o f the world. The relevance ol forest 
ecology to understanding biodiversitv lies in the obser- 
vations that lorests dom inale the natural landscape over 
m uch of the vvorld and thai íorests harbor a largc pro- 
portion o f the world’s species. Moreover, because for- 
ests are valuable to hum ans lor the products and Ser
vices that ihey provide— especially wood— many iorest 
ecosystem s are extensively manipulated and modified 
by hum an societies, oíten  disrupting the natural ecolog- 
ical patterns. In addition, many ĩorests occur where 
clim ate and soil are suitable for intensive agricultural 
production and conversion of ĩorests to farms results in 
radical changes in the com position of the biola. Hence, 
detailed know ledge o f íorest ecology is necessary to 
predict and am eliorate the eíTects of forest utilizaúon 
and conversion on biodiversily.

I. INTRODUCTION

Forests occu r naturally wherever environm ental ĩactors 
perm it the upright woody growth form of trees to be 
a successíul straiegy. The primary advantage that trees 
realize in such settings is the ability to gain a com peti- 
tive edge over any sm aller neighbors in gaining access 
10 solar radiation for photosynthesis. Thus, íbrests dom- 
inate the natural landscape in all regions except where 
the upright woody growth form is not possible or where 
other m itigating environm ental factors elim inate any
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com petitive advantage of being tall. For exam ple, in 
the Great Plains of North Am erica grass íìres were usu- 
ally too írequent to allow trees to becom e established 
and outcom pete the grasses for sunlight.

Ecologists have classified the lorests and other vege- 
lation of the world into biological regions, or biom es, 
on the basis of the physiognom y (outward form ) and 
species com position of the dom inant plants. The biom e 
classiíkation  represents ecological patterns at a very 
large scale. However, the patterns that ecologists en- 
deavor to explain occur at a wide range of spatial scales, 
from global to local. Global scale maps of the world’s 
biom es have been constructed to illustrate the broad 
distributional patterns of the biota. Ecological patterns 
ai sm aller scales are represented by subdividing the 
various biom es to provide more detailed classiíications 
and maps. In essence, the Corest ecologist regards the 
global ecosystem  as consisting of a nested series of 
ecological associaúons, at sm aller and sm aller spaúal 
scales, down to the level of the relaúvely uniform  for- 
esi stand.

The focus of ecological classiíìcation system s on the 
dom inant plants is not ju sl a convenience; the dom inant 
plants in terrestrial ecosystem s (e.g ., the trees in the 
íorest) play a crucial role in setting the stage for all the 
other organisms because they converi solar energy into 
fo o d  fo r  th e  fo o d  w e b  an d  th e y  fo r m  th e  t h r e e - d im e n -  

sional structure ihat constitutes the habitat o f most 
associated biota. Hence, it is of primary im portance 
in studying the ecology of íorests to understand what 
Controls thc d is tribution  and ahu nd ance  o f  trees. Hovv- 
ever, this is noi to say that the other organism s are not 
im portant to the (iinctioning of the ecosystem ; in fact, 
many of the less prom inent organism s play im portant 
roles in regulaiing the distribution and abundance of 
the trees.

Underlying ihese ecological classiíìcation system s 
and maps at the broad scale is the prìnciple that clim ate 
is the environm ental ĩeature that exerts primary control 
over the distribution of organisms on the earth’s surĩace. 
This principle was realized long ago by European geog- 
raphers who observed during their explorations the 
coincidence betvveen the broad patterns of clim ate and 
vegetation physiognom y on earth. The key com ponents 
of clim ate, ternperaiure and precipitation, exert this 
control through their effects on the growth of plants. 
Different plant traits, expressed in part as whole plant 
physiognom y, prove to be most suitable for growth and 
survival under different com binations of temperature 
and precipitaúon. Hence, clim atic patterns largely coin- 
cide al the broad scale with ihe paiterns of distribution 
of forest biom es. Expressed most sitnply, the effect of

clim ate on vegetation distribution can be plolted in 
term s of m ean annual tem perature and precipitation 
(Fig. 1); forest vegetation is restricted to relalively m oist 
clim ates. How ever, annual averages cannot account for 
the im portant effects o f clim atic seasonality— variations 
in tem perature and precipitation through the year— in 
determ ining biom e đistributions. M ore com plicated 
system s of expressing the iníluence of climate account 
for the im portam  effects o f seasonal drought and of 
subfreezing tem peratures on plant growth and activity.

The principle that clim ate exerts primary con troi 
over the d istribution of organism s fails to account for 
the observation that som e equivalent climates support 
vegetation w ith differing com position and physiog- 
nom y. F o r exam ple, the tem perate rain (orests o f the 
Paciíic N orthw est o f N orth Am erica are dominated by 
evergreen needleleaí trees whereas in some equivalent 
clim ates o f the Southern hem ispherc (New Zealand and 
South A m erica) evergreen broadleaí íorests may dom i- 
nate. Thesc differences reílect the fact that the flora and 
fauna that have developed bv biological evolution in 
the various regions of the world are quite distinct be- 
cause ihey have been geographically isolaled from one 
anoiher. Several biogeographic zones have been identi- 
fied by botanists and zoologists, and these zones reílect 
geologic history, especially Continental drift. For exam -

Mean annual precipitation (cm)

FIGDRE 1 The alĩects of mean annual prccipiuũon and temperature 
on vegetation. (ModiRed from W hiuaker, 1975. wiih permission.)



ple, plant geographers typically recognize four plant 
dom ains whose íìoras are distinct írom  one another: 
(a) paleotropical (O ld W orld T ropics), (b ) neotropical 
(New W orld  T ro p ics), (c) north tem perate, and (d) 
South tem perate. To expand on our earlier principle, 
then, clim ate together w ith the available riora and fauna 
exert primary control over the distribution and abun- 
dance of organism s on earth. This principle points to- 
ward the likelihood that hum an effects on clim ate and 
the introduction of exotic species across the globe will 
have profound consequences for ecology and biodi- 
versity.

At a inore localized scale, species d istribution and 
abundance art' also affected by secondarỵ environm en- 
tal íactors, topography and soils. Topography exerts 
its iníluence in part by locally m odiíying clim ate; for 
exam ple, in the northern hem isphere south-facing 
slopes are warmer and drier than north-facing slopes. 
Also, topography iníluences the environm eni through 
the action of gravity m oving matter dovvnhill (e.g ., wa- 
ter, soil particles). Soil supplies ihe essenúal environ- 
m ental resources, water and mineral nutrients, for tree 
grow tli. Soil properties reílect the com bined effects o f 
geologic, clim atic, and biologic forces, em phasĩzing the 
com plex web of cause and effect that underlies ecologi- 
cal patterns and processes.

G eologisis have divided the earth’s landscape into 
physiographic provinces that reílect the effects o f geo- 
logical processes on the earth’s surface features. W ithin  
each physiographic province, relatively orderly and re- 
curring patterns o f topography and soils are observed 
that diíĩer fundam entally from those o f neighboring 
provinces. For e x a m p le , in the Coastal p la in  p ro v in ce 
o f the eastern United States, sandy sedim ents have 
em erged írom the receding ocean to leave a gently roll- 
ing landscape of porous, sandy soils. Forest patterns 
reíleci subtle variations in topography and đrainage. 
In conlrast, directly to the west, the ridge-and-valley 
province is m arked by recurring com binations of bold 
narrow  ridges o f resistant rocks and intervening valleys 
underlain by soíter substraies like lim estone and shale. 
T he forest patterns in  this province directly m irror the 
strik ing gradients in environm ent that result from the 
com binatìon  of topography and soils determ ined by the 
bed rock geology of the province. An understanding 
o f the ecology of these two regions begins w ith the 
recognition  of the underlying differences in geological 
forces that have shaped their physiography.

O ne additional íactor that strongly regulates the 
com position o f the b iotic com m unity is the legacy of 
d isturbance events. D isturbance is a natural phenom e- 
non in all ecosystem s and is defined as any event that

resulls in a change in environm enlal condúions and 
resource availability, usually as a consequence of death 
o f the dom inant plants. Among the most prom inent 
natural disturbance agents in ỉorest ecosystem s are Tire, 
w indstorm s, and irruptions of pests and pathogens. 
w h en  disturbances occur at a spatial scale that is m uch 
larger than the area occupied by individual dom inant 
plants (i.e., large-scale disturbances), they so pro- 
íoundly alter the environm ent that the suíte of plants 
that subsequently colonizes the disturbed site may be 
quite different from the original com m unity. These 
large-scale disturbances initiate the ecological process 
of succession— that is, successive changes in the com - 
position of ihe biotic com m unity occur as a result o f 
Progressive changes in environm ental íaclors. Hence, 
the actual com position of thc biotic com m unity at any 
parúcular time and place depends not only on clim ate, 
ílora and fauna, topography and soils, but also on the 
time interval since the last large-scale disturbance that 
initiated successional change— as well as the nature and 
intensity of that d isiurbance event. That disturbance has 
played a m ajor role in shaping ecological patterns and 
processes is evidenl from the many traits o f ihe ílora 
and fauna that reílect the selective force associated 
with disturbance.

The natural disturbance regime that characterizes 
any particular ecosystem  depends on exogenous factors 
that act as disturbance agenls (e.g., the com bination ol 
drought, lightning, and wind ihat favors the occurrence 
of íìre; or írequcnt exposure 10 hurricanes or tornadoes 
in certain geographic regions) as wcll as endogenous 
íaclors, such as the traits o f the plants them selves, thai 
iníluence ihe ỉrequency or intensity of the disturbance. 
For exam ple, pine íorests are more prone to fire distur- 
bance than deciduous broadleaf lorests in part because 
the fuels produced by pine trees are m ore ílammable. 
And Coresis 011 sandy soils are more prone to fire because 
coarse soils dry out m ore rapidly than fine-textured 
soils. Thus, the inAuences of disturbances, environ- 
m enl, and biota may be mutually reinforcing in shaping 
ecological patterns and processes.

The prevalence of disturbance and succession in nat- 
ural forest ecosystem s com plicates the task of classiĩy- 
ing and mapping forest distributions, particularly at 
sm aller scales, because foresl com position is continually 
changing. Recognizing this problem , ecologists have 
deíìned the clim ax forest association as the assemblage 
o f species that vvould persist under any particular com - 
bination of environm ental factors in the absence of 
large-scale disturbance. In many regions, however, the 
recurrence of large-scale disturbances is naturally so 
ĩrequent that clim ax forest associations rarely develop,



and the practical value of such a strict clim ax concept 
is som ew hat lim ited. However, in som e regions where 
large-scale disturbances are inĩrequent, particularly un- 
der hum id clim ates (where fires are rare) and areas not 
often exposed to intensive w indstorm s (i.e ., the humid 
tropics and som e temperate areas), clim ax forest associ- 
ations probably were com m on prior to the advent of 
anthropogenic iníluences. Natural disturbance regimes 
in these forests consisted of sm all-scale events resulting 
from the death of individuals or small groups of trees 
in  a patchw ork m osaic. Although the com position and 
structure of various patches would differ, at a larger 
scale the average com position of the íorest ecosystem  
vvould rem ain relatively steady (i.e ., it would exhibit a 
sh iíling-m osaic steady-state). These observations illus- 
trate the im portance of ihe scale o f observation to our 
understanding of ecological patterns and processes.

II. BIODIVERSITY IN 
FOREST ECOSYSTEMS

A. General Pattem s
The num ber of species observed in any particular íorest 
varies m arkedly across ihe earth’s forest biomes. Biodi- 
versity can be conceived as consisting of three distinct 
elem ents, termed ihe gamma, alpha, and beta diversity. 
The total diversity in a large area, the gamma diversity, 
can be partitioned into two com ponents, the local 
(alpha) diversity in a single habitat or íorest stand, 
and the turnover of species betw een stands, ihe beta 
diversity. High gamma diversity could be associated 
either w ith high alpha diversity, high beta diversity, or 
both . Ideally, considerations of the patterns of biodiver- 
sity across foresl regions need to account for the contri- 
butions o f ihese different elem ents of biodiversity. Un- 
íortunately, studies o f íorest biodiversity patterns 
generally have not provided sam ples of suffìcient detail 
to resolve these elem ents, and m ore system atic ap- 
proaches are needed. N evertheless, many valuable in- 
sights in to  the patterns and causes o f biodiversity varia- 
tion across íorest regions have emerged from research 
to date.

The m ost striking pattern of forest biodiversity is 
the latitudinal gradient: much higher biodiversity is 
observed both locally and regionally in tropical than in 
tem perate íorests. Because observations are m ost com - 
prehensive for tree species, the follow ing description 
íocuses on these taxa.

The general reỉationship betvveen latitude and the 
alpha diversity of trees is illustrated by a plot o f the

num ber of species in 0.1 ha sam ples taken from around 
the world (Fig. 2). At One extrem e are lowland tropical 
rain íorests in the upper Am azon basin where on aver- 
age every second tree in a sample belongs to a different 
species; at the other extrem e, a variety o f natural, m ono- 
speciRc íorests are com m on in many tem perate and 
boreal regions. W ithin  the tropical region considerable 
variation in alpha diversity has been observed (Fig. 2). 
The two m ost prom inent features correlated w ith this 
variation are annual precipitation and biogeographic 
province or region. For exam ple, the average alpha 
diversity (num ber of tree species in 0 .1  ha sam ples) of 
neotropical lovvland wet and m oist íorests is 152 spe- 
cies, whereas for seasonally dry forests the average is 
65 . And the alpha diversity of trees in Africa is generally 
m uch low er than for eastern Asia and Am erica (Fig.
3 ). The extrem ely high alpha diversity of lowland tropi- 
cal rain forest is not paired with equally high beta diver- 
sity. For exam ple, the 3 0 7  tree species identiíìed on a 
single 1-ha plot in the Ecuadorian Am azon constituted 
about 16% of the total tree ílora (trees s  5 cm  diam eter) 
o f Am azonian Ecuador and a single 50-ha plot at Pasoh, 
Malaysia contained 8 30  species, 20  to 30%  o f the total 
tree tlora o f this country.

By com parison, tree species diversity in the tem per- 
ate latitudes is much lower: the enorm ous area o f tem- 
perate zone íorests harbors only ] 166 tree species, not 
rauch m ore than the 50  ha plot at Pasoh! As for the 
tropics, hovvever, striking geographic diITerences in the 
diversity o f tree taxa are observed in the tem peraie zone. 
The highest gamma diversity is in  east-central Asia,
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FIGURE 2 Species richness of 0.1 ha samples of low!and ( < 1 0 0 0  
m) íoresl as a íunction of latitude. Dashccl line separates dry iorest 
(bouom ) írom moist and w ct lorest (top) with iniermediate sites 
(m oisl foresl physiognomy despite relatively strong dry season) indi- 
cated by alternaie lines. X. ihe anomalous Coloso and Loma de los 
Colorados siles in norlhcrn Colombia. Reprinied, with permission. 
írom Gentry (1 9 9 5 ).
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wúh interm ediate ỉevels in eastern North Am erica and 
lovvest in Europe (Table I).

A com prehensive explanation of these global pat- 
terns in tree species diversity remains elusive, but a 
growing consensus on the role of historical or biogeo- 
graphic factors and local physical habitat íactors is 
emerging. The overall lower diversity of temperate than 
tropical regions probably is explained in part by the 
physiological constraints on colonization im posed by 
the need to tolerate subfreezing conditions and by the 
sm aller contiguous area in temperate regions. Regional 
ditĩerences betw een biogeographic provinces in the 
temperate zone appear to owe in large part to higher 
extinction  rates in Europe and North America duríng 
the Pleistocene glacial epochs as well as greater access 
of the east Asian region to dispersal routes from the 
tropics. Sim ilarly, the com bination of geographic area 
and clim aúc differences probably explains the contrasts 
in diversity betw een tropical Africa versus Am erica and 
east Asia and betw een wet and dry íorests. As noted by 
Latham and Ricklefs (1 9 9 3 ) , “(urther resolution of the 
causes of diversity patterns will require new paleonto- 
logical, biogeographical and taxonom ic data and syn- 
thesis.” (p. 3 1 0 )

B. Forest Structure and Pattem  and 
Disturbance Regimes

The local biodiversity in particular forests depends on 
the com plex suite of factors that characterize the habi- 
tats o f individual species. Thcse íactors include such 
com ponents as the species com position, phenological 
tim ing, structural com plexity, and horizontal pat- 
terning of the vegetation, w hich in turn depend on 
environm ent and the legacy of disturbances. The domi- 
nant plants (i.e., trees in íorests) play a pivotal role 
in definiĩig the habitats for associated organism s by 
providing food and shelter and by regulating the local 
m icroenvironm ent. For som e organisms (e.g., many in- 
sects) host-specific interactions with particular domi- 
nant plants result in strong correlations in iheir distri- 
buúons, so that forest com position is the key factor 
iníluencing the com position of associated species. For 
other organism s, the structural and horizontal pat- 
terning of the dom inant vegetatlon may be more im por- 
tant than com position alone.

The im portance of the three-dim ensional spatial ar- 
rangem ent of the branches and leaves of the plants in 
deíìning animal habitats was realized by pioneers in 
the study of ecology and evolution. M acArthur and 
M acArthur (1 9 6 1 ) dem onstrated that the diversity of 
birds in íorests of the eastern United States could be



TABLE I

Summary by Taxonom ic Lcvcl and Rcgion of Moist Tem perale Porest Trees in the Northern Hernisphere

Taxonomic levcl

Nuiuber ol trce laxa characteristic ol moisl lemperatc lorcsls in:

Northern, 
ccntial, and 

eastcrn 
Enrope

Easl-central
Asia

Paũíic 
slopc of 

Norih Anicric;
Eastcrn 

a Nonh America

Northern
Hemispherc

(lotal)

Subclasses 5 9 6 9 10

Orders 16 37 14 26 39

Fami]ies 21 67 N 46 74

Gcnera 43 177 37 9 0 213

Species 124 729 Ồ8 253 1,166

Pamilies cxcluding those of prcdominamK iropical 18 37 18 29 41
dislribution(% of loial) í 86% ) (55%) (95%) (63%) (55% )

Gcnera excluding ihose of predominanllv tropical 41 121 35 77 149
d i s t r i b u t i o n  ( %  o f  LoLal) (9 5 (ỉo) (68%) (95%) (86%) (70% )

Specỉcs exclusive of predominanllv tropical ỊỊcncra 122 570 66 2 36 987
(% of lotal) (78%) (97%) (93%) (85% )

Data írom Laiham and Rickleís. 1Q93.

predicted by the structural com plexity ()[ the vegetation 
(Fig. 4 ): in habitats with liigh (oliage-height cliversity 
(FH D ; deíìned by the form ula r HD =  %, p , ]n p„ vvhere 
p i is the proportion of total foliagt' area in the r1' layer), 
bird diversity was m uch higher ihan in liabitats with low 
FHD. M oreover, this relationship largely transcended 
differences in plant species clivẹrs.iiy. Similarlv, for 
ground-dw elling organism s, the com plexity oí habitat 
at thc soil surfacc— including vegciation covcr, litter,
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0  1 2 
Foliage height diversity

FIGURE 4 Rclationship hetwccn ễsliage hoighi ancl biril spccies di- 
versity in arcas <)f castern North Amcrican dccidiuais lnrcM. í Modilĩcd 
from MacArthur and MạcArthur. N b l . i

rocks, fallen logs, and m oisture— is strongly correlated 
with local biodiversity. By extension the below ground 
structural com plexity might iníluence diversity of sub- 
lerranean organisms, but little work on this topic has 
been accom plished.

The horizonial paltern of forest vegetation, particu- 
larly the arrangem enl of relaúvely un ilorm  forest stand 
units across thc landscape, in íluences biodiversity of 
ihe regioil and is llu' subịecl o f a newly em erging branch 
of ccology— landscape ecology. The ecỉges or ecotones 
(zones of rapid changc in plant species com position) 
betw cen forest stand units or forest associations oíten 
provide qualitatively different habitat than the interiors 
of those units; hence, the size, shape, and spatial ar- 
rangem ent of foresl siands in the landscape iníluence 
the populations ol associated species. Edges and sharp 
ecotones betvveen stands may arise because of environ- 
mental discontinuities (e.g., topographic depressions 
wherc soil water accum ulates) or because of the legacy 
of past disturbances. Thus, íhe local biodiversity of 
ĩ o r e s i s  re A e c ts  b o t h  the c o m p o s i t i o n a l  a n d  s t r u c tu r a l  

d iv e r s i ty  o f  th e  p la n ts  as w ell  as th e  a r r a n g e m e n t  of 

units o f relativelv uniíorm  com posiúon and structure 
that wc define as ĩorest stands.

The structure oí anv particular ỉorest stand tradition- 
ally has becn detined as the distribution among age or 
size classes of the trees in a forest stand. Even-aged 
Stands arise as the result of large-scale disturbances in 
\vhich all or most of thc large Lrees in an area are 
killed by a natural disiurhance agent (e.g., crown Tire, 
hurricane, lungal pathogen) or by hum an activitv. The



foresi that arises on such a si te consists of trees of 
roughlv the same age, from new seedlings that colonize 
the site or from advanced regeneration (preexisting 
seedlings and sãplings that escaped the disturbance). 
The process of stand developm ent follow ing large-scale 
disturbance results in gradual changes in the structure 
of the íorest, as thc growth, m ortalitv, and recruitm ent 
of new individuals proceeds. These changes in íorest 
structure include not only age structure, but also the 
spatial arrangem ent of the stem s, branches, ĩoliage, and 
roots o f the plants that define the habitat o f other biota 
in the forest. M oreover, changes in species com position 
of ihe lorest usually accorapany stand developm ent, as 
species capable of growing in the shaded understory 
replace the pioncer species that colonize ihe dis- 
lurbed siie.

A typical sequence of forest stand developm ent íol- 
lovving large-scale disturbance has been characterized 
by O liver and Larson (1 9 9 0 ) as consisting of four stages: 
(stage 1) stand iniiiation , (stage 2) stem exclusion, 
(stage 3) understory reinitiation, and (stage 4 ) old 
growth. In the stand in iú alion  stage, trees colonize the 
disturbed area. The time interval o f this stage varies 
markedly depending on the severity oí the disturbance, 
environm ental factors at the site (e.g ., clim ate and 
soils), and often herbivory. This stage concludes when 
the forest canopy hecom es closed or w hen som e soil 
resource (o íten  water) becom es lim iting to íurther in- 
creases in the leaf area of the foresl. D uring the stem 
exclusion stage resources like light and soil water are 
so lim ited that suppressed understory trees die and 
regeneration is severely restricled. In ihis stage there is 
usually a continual reduction in the density (num ber 
of stem s/area) o f the original cohort of irees. The struc- 
ture of the canopy is exceplionally sim ple at this stage 
as the individual trees grow in height to co-opt the lighi 
resource from neighbors.

In the understory reinitiation stage the overstory 
begins to break up as canopy trees die and the differen- 
tial height growth of various species or individuals re- 
sults in m ore com plex arrangem ents of the ĩoliage. In- 
creased light reaching the understory favors the 
establishm ent and growth o f new cohorts of species 
ìnost capable of surviving in the highly com petitive 
understory envừonm enL The old grow ih or lale succes- 
sional forest stage is attained as overstory trees age 
and the canopy develops even greater com plexity of 
structure. Gaps form in the canopy as a result o f injury 
or death of the large, m ature individuals, and the pre- 
viously suppressed individuals are released from severe 
com petition and grow in height. D ecaying, coarse, 
woody clebris accum ulates on the ground and dead tree 
snags also provide new habitats for anim als. Obviously,

this idealized model of íorest stánd dynamics exhibits 
myriad local variations depending on the nature o f the 
disturbance, environm ental factors, and the tree species 
that dom inate the area.

The changes in forest structure (e.g., foliage-height 
distributions) that accom pany stand developm ent fol- 
lowing large-scale disturbance result in consequent 
gradual shifts in the quality oí ihc habitat for different 
anim als and plants. In the example cited earlier, M acAr- 
thur and M acA rthur (1 9 6 1 ) observed that m aintenance 
of high num bers of bird species in eastern deciduous 
forests o f the United States depended on the adequate 
provision of three layers of íoliage, corresponding 
roughly to ground vegetation ( 0 - 2  ft), shrubs and small 
trees ( 2 - 2 5  ft), and overstory trees ( > 2 5  ft). If nearly 
all the foliage of the íbrest is in ju st onc layer, as in 
th e  s t a n d  in i t ia t io n  a n d  s t e m  e x c l u s i o n  s la g e s  o l  S la n d  

developm enl, bird diversity is m u c h  lower than in the 
old-grow th stage, when canopy stratiíìcation bccom es 
prom inent.

The nature and degree of vertical stratiRcation differ 
am ong forests. For exam ple, lemperate deciduous for- 
ests in the mature stage oflcn  exhibit the three strata 
ju st identified: an overstory stralum  occupied by the 
canopy trees, an interm ediaie stratum represented by 
the crow ns of saplings and understory species like dog- 
woods and hornbeam s, and a ground stratum  of low 
shrubs and Torbs. In contrast, in the lowland tropical 
rain íorest, very tall “em ergenl” trees v/ilhbroad shallow  
crow ns overlop the m ain canopy, which may be subdi- 
vided in io  two or m ore additional strata above the un- 
derstory layers. And in the boreal forest the low stature 
and conical crow ns of the conifers often preclude the 
form ation of strong vertical stratiíìcation. These struc- 
tural d ifferences contribute to the contrasts in the num - 
ber o f d istinct habitats provided for associated biota.

As noted earlier, m any forest regions are only rarely 
aíĩected by large-scale disturbances because they are 
both too m oist to carry fires and not subjected to cata- 
strophic w indstorm s. In these regions the steady-state 
forest is characterized as a shiíting-m osaic landscape of 
small patches of different sizes and shapes, each patch 
reílecting the legacy of disturbance caused by the death 
of individuals or sm all groups of overstory trees. Each 
of the patches may follow a sequence of developm ent 
analogous to that outlined for large-scale disturbances, 
but the overall structure of the forest is dependent on 
the arrangem ent of the tapestry o f patches that com prise 
the larger forest stand. The edges between these patches 
and the vertical d istribution of structural elem ents rep- 
resent im portant dim ensions of the habitat variability 
that perm its species coexistence in forests.

Recognizing the irnportance of forest structure and



pattern for biodiversity, ecologists are developing ne\v, 
m ore sophisticated approaches for quantifying these 
param cters. Because the structural ícatures that are im- 
portant in determ ining animal and plant habitats differ 
am ong taxonom ic groups and forest tvpes, it is unlikeỉy 
that any single approach will provide a universal S ta n 

d a rd  b y  vvhich ío r e s t  s t r u c t u r e  and  b io d iv e r s i ty  c a n  be 

related. Current efforts are utilizing new tools in the 
a r e a s  o f s p a t ia l  statistics, C o m p u te r  m o d e l in g ,  an d  re- 

m ote sensing to provide suitable protocols for evaluat- 
ing the connections betw een íorest structure and pat- 
tern, m anagem ent activities, and biodiversity of various 
groups of biota. These efforts will provide a better basis 
for understanding how forest ecology and biodiversity 
are related.

c. Food Webs and Community 
Organization in Forests

A loocl web is a set o f species that live together and a 
speciíìcation of which species “eat” which other species. 
Plants providc the base of the lood web by converting 
solar energy into bioraass; herbivores and detritivores 
utilize living and dead biom ass, respcctively, to build 
their own tissues; and these organisms are in lurn con- 
sumed by predatory species. Although a connection 
betw een the structure of food webs and biodiversity 
seem s axiom atic, the exact nature of ihis connection 
is extrem ely com plex. The biodiversity of a particular 
com m unity is expressed in three different elem ents ol 
food web structurc: (a) thc ĩood chain lcngth— thc 
num ber o í trophic links in thc food weh (producer- 
l°consum er-2°consum er-3°consum er e tc .); (b ) the 
num ber of distinct trophospecies— the set o ía ll species 
that share som e particular sei of predators and prev—  
w ithin a trophic level; and (c) the diversity of species 
constú uting each trophospecies.

In íorests, as d istinct from most other biom es, the 
first link  in the íood web is dominated energetically bv 
the detritivores rather than the hcrhivores. That is, most 
of the biom ass in forests is consumed after the plani 
tissues die and are added to thc soil as dctritus. Thus, 
the detrital food web dom inates ihe energetics of Ibrest 
ecosystem s and m uch of the com plexitv of the detrital 
food web in íorests rem ains lo be explored. These ener- 
getic considerations are not Iranslaied in a simple way 
to biodiversitv in the respective food \vebs. The varietv 
o f d iflerent food sources available to herbivores in for- 
ests (leaves, stem s, fruits, seeds, flowers, and roois of 
different plant species) provide num crous nirhes for 
their d iversiíìcation, whereas most of the biom ass en- 
ergy available to detritivores is in the form of woody

tissues which are structurally  and biochem ically  so sim - 
ilar from species to species o f trees that the diversiBca- 
tion of wood decay organism s is somevvhat lím ited. For 
exam ple, One taxonom ic group o f insects, the higher 
lerm ites (lamily Term itid ae), overw helm ingly dom i- 
natcs in the com m inution and decom position of plant 
biom ass in many tropical and warm tem perate forest 
biom es. Nevertheless, in com parison with herbivore- 
dom inated biomes (e.g., grasslands, aquatic ecosys- 
tem s), the role of detritivores in forest biodiversitv is 
probably relatively high.

The interaclions of species ìn the forest com m unity 
are not entirely com petitive and predator-prey in na- 
ture. Some of the m ost fascinating in teractions provide 
selective beneíìts to both o f the interacting individuals 
or species populations— m utualistic and sym biotic rela- 
tionships. Mutualism reíers generally to a relationship 
in which two inieracting species enhance their survival, 
grovvth, or reproduction, while sym biosis relers more 
speciíìcally to two such organism s living together in 
close association. The most im portanl sym biotic m utu- 
alism  in forests is the m ycorrhiza, an association be- 
tween the mycelia o f fungi and the roots o f trees. The 
trec roots provide a supply o f food to the fungus, w hich 
in turn increases the capabilitv o f the plant to acquire 
soil nutrients and water. All forest trees are m ycorrhizal, 
and each iree species may harbor dozens o f different 
fungal spccies in this mutually beneíìcial relationship. 
Two distinct types of m ycorrhizae are cornm on in forest 
irees— the ectom ycorrhizae and endom ycorrhizae. 
Thcsc lypcs differ taxonom ically , anatom ically, and 
physiologically. The possible role of these m ycorrhizal 
associations in regulating the diversity o f ĩorests was 
pointcd out by Connell and Low m an (1 9 8 9 ) . They ob- 
served that pockels o f low -diversity forest are tound 
w i th in  th e  m a tr ix  o f  h ig h -d iv e r s i t y  t r o p ic a l  r a in  fo re s t  

in all tropical regions. These low-diversity forests are 
com posed of trees w ith ectom ycorrhizal associations, 
whcreas most of trees in the high-diversity íorest are 
endom ycorrhizal. Fun ctional differences betvveen the 
m ycorrhizal types in soil nutrient acquisition or transĩer 
could m aintain or rein ĩorce com petilive interactions 
betw ecn individuals in these d istinct lorest types.

Most mutualism s betw een plants and anim als have 
developed around the successíu l com pietion o f the re- 
productive cycle o f the plant— pollinaúon and seed 
dispersal. Although m any trees sim ply disperse their 
pollen to the wind, this m ethod of pollination is unrelia- 
blc when individuals are widely scattered in the forest, 
as in the species-rich tropical rain forest. Insects, necti- 
vorous birds, and bats visit the plants lo exploit them 
as a source of iood and in the process carry pollen from



one llovvcr to another. Sim ilarly, plants with seeds too 
heavy to be dispersed by the wind rely on anim als to 
carry the seeds away from the m other planl. Ầlthough 
in m ost cases thcse m utualistic in teraclions are nonobli- 
gate and facultaúve (at least on one sicle), many remark- 
able exam ples of highly intricate, obligatorỵ interac- 
tions have evolved, especially in  the tropics. These 
in leractions prom ote specialization and increased bio- 
diversity.

III. HƯMAN ACT1VITY AND 
FOREST BIODIVERSITY

Few  íorests have escaped the effects o f hum an activity. 
A ncient civilizations decim ated íorests locally as a 
source of fuel and íiber and as sites for intensive agricul- 
tural production. In ihe m odern era the pervasive in- 
íluence o f industrial civilization on íorests has expanded 
to the regional and global scale through the addiúonal 
effects o f species introductions, air polluúon, and likely 
clim atic change. Insights from íorest ecology provide 
a basis to evaluate the im plications o f these hum an 
induences on biodiversity.

A. Introduction of Alien Species
A lien insects and palhogens typicaily wreak havoc on 
host trees because these hosts have noi developed ade- 
quate defenses through the process o f evolution. The 
result is widespread decline ol ihe host trees throughout 
their range even to near the point o f extinction . The 
consequences of great reductions in the abundance of 
su ch  declining species for the wider b iotic com m unity 
are not well understood and undoubtedly vary de- 
pending on the characterislics o f the declining species 
(discussed later). Sim ilarly, introductions of other spe- 
c ies in diííerent taxonom ic groups or at other positions 
in  the food web will have consequences for forest bio- 
d iversity that depend on their particular role in the 
com m unity. Invasive irees may displace congeneric spe- 
cies from  the forest com m unity; and introdưced herbi- 
vores that lack natural C o n tro ls  o n  their populations 
may decim ate populations of their favored food plant 
species. Because the pace of species introductions has 
increased very rapidly in recent years, the ultim ate con- 
sequ ence for forest ecosystem s and biodiversity will be 
playeđ out over the coniing century.

B. Forest Harvest
T h e consequences of tree harvesting for forest biodiver- 
sity depend on particular [eatures of the forest and the

m ethods of harvest. Because all íorests are regularly 
subịecteđ to disturbancc, if forest harvest practices 
m im ic the natural disturbance regim c, then conse- 
quences for biodiversity should be minimal. Hovvever, 
the exigencies o f the íìnancial bottom  line result in 
harvest practices ihal do noi mimic natural distur- 
bances, and the consequences of actual foresl harvest 
pracũces for biodiversity may be substantial. M ost seri- 
ous are (a) logging practices that result in the failure 
of the cut-over site to regenerate (e.g., because of severe 
damage to so ils); (b) the coincident harvest o f extensive 
areas, so that most o f the landscape is in a single stage 
of forest stand developm ent; and (c) recurring harvest 
on short rotation intervals. Also, forest harvest dilfers 
fundam entally from natural disturbance in that wood 
products are removed Irom the site; any species thai 
depends on decaying vvood for its habitat will be harmed 
by harvest practices that do not recognize this depen- 
dency. Finally, som e species are believeđ to be old- 
growth obligates (i.e ., they depend on old forests to 
com plete their life cycles). These species are ihreatened 
w hen the greai m ạjority of natural, old lorests in  a 
region enters the harvest-regrow th system of indusirial 
ĩorestry, leaving lin le old-grow th habitat.

c. Forest Conversion and Fragmentation
Perm anent or sem iperm anent conversion of ĩorested 
areas Lo other land uses has m ore severe consequences 
for biodiversily ihan íorest harvest. Many íorests occur 
w here clim ate and soils are suilable for perinanent agri- 
culture and where ihc expansion of urban com m unities 
gobbles up native vegetation. M aintenance of biodiver- 
sity in  such regions depends on having protected íorest 
areas large enough to harbor the native ílora and fauna. 
Hovvever, general rules to guide ĩorest preserve plan- 
ning for bíodiversity protection are com plicated by vari- 
ations in the habitat requirem ents of different species. 
Forests in  m ost agricultural regions occur as sm all frag- 
m ents dispersed across the landscape, and how effec- 
tively these ừagm ents can maintain viable populations 
o f íorest species is a topic o f great concern (Schelhas 
and Greenberg, 1996).

D. Pollution
Local declines of [orests has been associated conclu - 
sively with point-source releases o f air pollutants, espe- 
cially sulíur dioxide, íluoride, and toxic m etals from 
sm elters. Broad-scale, regional effects o f air pollution 
on ĩorests have been m ore difficult to dem onstrate. 
Regional pollution— by ozone sm og in the southw est-



ern United States and by acidic deposition in the eastern 
U nited States and Europe— probablv has contributed 
to docum ented forest declines. Although improvements 
i n  e m is s i o n  C o n tr o ls  a n d  r e g u la t i o n s  in  ih e s e  r e g io n s  

are likely to reduce the chances of íurther damage, rapid 
in d u s t r i a l i z a t i o n  w i t h o u t  a d e q u a t e  e m is s i o n  C o ntro ls  

in other regions of the world threatens forest health 
and biodiversity.

E. Rapid Climatic Change
The Pleistocene epoch was m arked by dramatic clim alic 
shiíts that proíoundly affected forests and biodiversity. 
The rapid rise in greenhouse gas concentrations is likely 
to bring about sim ilar clim atic shifts in com ing decades 
or centuries. O f course, the consequences of rapid cli- 
mate change for forests and biodiversitv will depend 
on a com bination of species’ natural responses (e.g., 
dispersal, colonization , natural sclection) and human 
m itigation efforts. In many íbrest regions certain spe- 
cies, like the dom inant trees and parlicular wildlife 
populations, are likely lo be controlled  by management 
efforts because o f their relativelv high value to humans. 
Fo r relatively low -valued species and forest regions, the 
m aintenance of biodiversity may depend on natural 
m echanism s or heroic hum an efforts thai recognize 
noninarket values of species. The current level of under- 
standing of the physiological and population ecology 
o f many forest-dw elling taxa is insufficient to predict 
the etíects o f rapid clim atic change, but species vvith 
lim ited capacity for dispersal and colonization (e.g., soil 
invertebrates, perennial herbs) may be most sensitive. 
The im plication o f the loss o f these species from 1'orest 
com m unities w ill vary depending on the role they play 
in forest ecosystem  íuncúon.

IV. BIODIVERSITY AND FOREST 
ECOSYSTEM FƯNCTION

Forests regulate energy flow and cycling of materials 
in the landscape, collectively knovvn as ecosystem  func- 
tions. The effects o f biodiversity, expressed in terms of 
species richness, on foresl ecosystem  íunctions are not 
yet clear and apparently not very straightforward. There 
is greai interest in ihese possible effeci.s as ecologists 
probe the im plications of loss of species diversúy for 
the integritv of ecosvstem s. W ill species exiinctions 
result in destabilization of ecosystem  luncúons and pos- 
sible íeedbacks in the form of undesirahle shifts in dom- 
inant vegetation tvpes?

\vhereas the role o f species richness p erse in regulat- 
ing íorest ecosystem  functions rem ains unclear, it is 
vvell know n that loss of particular species from the biota 
of a com m unity can have im portant ram ifications for 
energy flow, material cycling, and m aintenance of stable 
biotic com position. That is, all species in the ecosystem  
are not equal in terms of their quantitative iníluence 
on ecosystem  íunction. In particular, for som e species 
there appears to be little or no redundancy w ith respect 
to their role in the ecosvstem ; if such a species perform s 
som e crucial acúvity, its loss from a forest can create 
havoc for the normal iunctioning of the ecosystem . 
These species are known as keystones.

In íorests keystone species are represented am ong 
manv different taxonom ic groups or food web positions. 
For exam ple, at the primary producer level, a nitrogen- 
fixing tree like Alnus ntbra  in N-poor conifer íorests is 
a keystone species; elcphants appear to be keystone 
herbivores in sem iarid Africa; beavers are keystone 
“ecosystem  engineers” in northern forests; and jaguars 
that prey on seecl predators in neotropical forests may 
be keystone carnivores. The loss ol these species has 
consequences for ecosystem structure, íunction, and 
com position that are out ol proportion from their indi- 
vidual abundances. Important efforts to conserve forest 
ccosystem  functions in the face of biodiversity loss are 
Cocused on the idenliíkation  of keystone species and 
vvays o f m aintaining stable populations o f keystone 
species.

Although the broader eíTects of overall reductions 
in biodiversity on forest ecosystem  íunction rem ain 
m ore obscure, a speciíic example will illustrate that this 
is also a cause for concern. During the past several 
decades, excessive inputs of nitrogen (from  air pollu- 
tion) to lorests in northern Europe have resulted in 
striking reductions in the abundance of m ushroom  spe- 
ties. These m ushrootns are the íruiting bodies o f ecto- 
m ycorrhizal fungi discussed earlier. Lilleskov ct aỉ. 
(2 0 0 0 ) have show n that a single host tree, white spruce 
(P icea  g lau ca ), maintains associations with about 90  
different mycorrhizal fungi in natural, N-poor íorests 
in Alaska, vvhereas in adjacent N-polluted ĩorests only 
about five fungal associates are found. The high diver- 
sitv of this mycoAora in the natural forest certainly 
represents some degree oí' functional redundancy. How- 
ever, if dozens of species are lost from the m vcorrhizal 
fungal flora in temporarily N-polluted regions, some 
long-tervn effects on forest ecosystem  function are 
likely. The fungi in the N -rich íorests appear to utilize 
onlv the mineralized nitrogen sources (NI14‘ and 
N O j) , vvhich are abundant there; vvith a return to nor- 
inal, low -m in eral N availabilitv, in the absence of



m ycorrhiza that access organic N forms, the productiv- 
ity and nutrient cycling in the íorests could be altered 
protoundly. Analogous situations probablv apply in 
other aspects of both the detrital and grazing food webs 
of forest ecosỵstcm s around the world.
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GLOSSARY

chronostratigraphic correlation  M atching strata in dif- 
íerent locations according to the points in time to 
\vhich their boundaries correspond. 

e x ta n t Having som e living representatives (i.e., not ex- 
tinct) at a particular time. 

m olecular phylogeaetics The study of the history of 
evolutionary relationships according to sim ilarities 
and differences am ong (usually extant) organisms 
in m olecular characters (such as DNA). 

param etric s ta tis tics  Statistical m ethods that assume 
data have certain characteristics, such as a particular 
kind ol distribution (Poisson, norm al, binom ial,
etc.).

stratigraphic interval A stratum  with identiíĩable up- 
per and lower boundaries. 

stratigraphic range The strata through w h i c h  a taxon 
is k n o w n  to h a v e  b e e n  e x ta n t .  

stratum  (p lu ra l: strata) An interval of sedimentary 
rock thai is distinguishable from previous and subse- 
quent intervals.
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O BTA IN ỈN G  R ELIA BLE ESTĨM ATES  OF biological di- 
versity in the íossil record is critical to addressing key 
questions about changes in biological diversity over 
long tim escales and the causes and consequences of 
those patlerns. On what scales is the history of life 
characterized by periods of stasis punctuated by rela- 
tively brief periods of rapid evolutionary change? On 
what scales is it a m ore gradual, continuous process? 
w h at are the causes of these changes? How often are 
m ajor changes in biodiversity associated with m ajor 
changes in the physical environm ent, such as extrater- 
restrial im pacts? U nfortunately, the íossil record pro- 
vides an incom plete picture of the history of biological 
diversity. This chapter reviews som e im portant features 
o f the fossil record that could cause the apparent history 
of biodiversily to differ quite markedly from its true 
history. Ít then introduces several methods that have 
been applied in an attempt to account for these features, 
it discusses advantages and disadvantages associated 
with each of them , and it reviews how their application 
in specilìc cases has altered earlier views about changes 
in diversity through time. Throughout this chapter, the 
terms “biodiversity” and “biological diversity” will refer 
to taxonom ic richness: the num ber of taxa  present at 
a particular time or place. Although alternative m etrics 
o f diversity have been proposed, most paleobiologists
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have ĩocused on taxonom ic richncss, at lcast vvhen ad- 
dressing regional or global patterns in biodiversity.

I. SAMPLING EFFECTS IN THE 
F0S S IL  RECORD

A. The Fossil Record Is Incomplete
One obvious feature of the fossil record is that it is 
incom plete: only a small íraction of individuals are fos- 
silized; of those, very few are collected and identified. 
As a result, the biological diversitv recorded in the fossil 
record is less than total diversity over ihe rcgion and 
time interval from w hich it is a sample. An additional 
consequence of this fact is that it makes stratigraphic 
ranges of taxa correspond to shorter periods of time 
than their true life spans. This is because the first ap- 
pearance of a taxon in the fossil record occurs som etim e 
after it actually originated, unless its very íìrst represen- 
tative was fossilized and subsequently sampled (a highly 
unlikely prospect). Sim ilarly, the last appearance of a 
laxon occurs som elim e beíore it actually went extincl. 
Biased estim ates of stratigraphic ranges are iniportant 
for the study of trends in biodiversity because they are 
often used to estim ate biodiversity. Thus, rather than 
estim ating diversity as the num ber of taxa that actually 
occur in samples from a particularstraúgraphic interval, 
diversitv is estim ated as ihe num ber of taxa whose strati- 
graphic ranges encom pass thai interval. This will always 
be equal to or greater than the num ber of sampled taxa.

B. The Quality of Preservation Varies
If incom plete sam pling were the only problem w iih the 
fossil record, it would still be possible to accept relative 
trends through time at face value— that is, an increase 
in diversity in the fossil record vvould indicate a real 
increase in biological diversity, even if the true number 
of exlant taxa could not be delerm ined. Unĩortunately, 
however, the degree to w hich the ỉossil record is incom - 
plete varies in both space and time. One source of this 
variation is characteristics of organism s them selvcs. For 
instance, organisms with hard paris are m uch raore 
likely to be preserved in the íossil record than thơse 
\vithout ihem . Clams, for insiance, have a better íossil 
record than nem atodes. One consequence of ihis is 
obvious: the difference betw een appareni and true di- 
versity tends to be greater for the latter group than 
for the íorm er. Hovvever, estim ates of diversity trends 
through time can be affeclt'd as well, il the proportion

of laxa with body parts that are readily fossilized does 
noL rem ain constant. Indeed, som e have argued that 
the "Cam brian explosion" represents, not an explosion 
of m ulúcellular life, but a rapid and extensive prolifera- 
tion of hard parts. Recently, this hypothesis has been 
fueled by m olecular phylogenetic studies predicting 
that the m ajor animal phyla diverged long before the 
early Cam brian. This hypothesis rem ains highly contro- 
versial; nevertheless, the very fact that it has received 
considerable attention illustrates ju st how proíoundly 
sam pling effects are believed to in íluence the íossil rec- 
ord of m ajor events in the history of life.

D ifferences in abundances am ong taxa can also affect 
their preservation in the fossil record. It is individuals 
(or parts o f individuals) that are fossilized; thus, m ore 
abundant taxa are, on avcrage, li kí'ly to have more 
com plete ĩossil records than will rare laxa. Further, 
íossil diversity is likely to be higher ior intervals during 
which abundances vvere higher, on average, ihan during 
other intervals. This, 1 0 0 , has im portant consequences 
for iníerences about diversity trends. F or instance, sev- 
eral m ajor episodes of diversification, as recorded in 
ihe tossil record, coincide with geophysical changes 
that probably increased raies of nutrient supply to the 
biosphere. Some workers (e.g., V enneiị, 1995) have 
argued that these geophysical changes were im portant 
causes of the coincident biological diversification. How- 
ever, if increases in rates of nutrieni supply also allowed 
Laxa to sustain higher abundances, then increased prob- 
abilities o f sam pling during those sequences could be 
contributing to ihc increased diversity of the fossil rcc- 
ord. Thus, iníerences about the causes of trends in 
biodiversily, in addition to iníerences about the trends 
thcm selves, can be iníluenced by sam pling effects.

Differences in abundances can also aítect estim ates 
of stratigraphic ranges. One of these effects is illustrated 
by the previous example: Ersl appearances of new taxa 
in the fossil record will be higher betvveen two strati- 
graphic intervals when large increases in abundance 
occur betw een them  as well, even if there were, in fact, 
an equal num ber of originations during the time periods 
that correspond to those intervals. Assessing the sever- 
ity ol this effect is com plicated by the fact that there 
are sound biological reasons for increases in abundance 
to íacilitate originations of new taxa; to the evolutionary 
biologist, a correlatíon between abundance and rate of 
specialion may be precisely what is expected!

Yet another characteristic of organism s that can af- 
fect inĩerences about biodiversitv trends is habitat. In 
particular, individuals in some habitats are more likely 
to becom c íossils than individuals in others. For in- 
stance, marine soh-bottom  habitats are likely to provide



tnore com plete records of their inhabitants than will 
rocky shores. In the form er case, individuals will much 
more readily be covered in sedim ent shortly after (or 
even beíore) they die. In the latter, wave action may 
render the rem ains o f individuals unidentiíìable beíore 
currents carrv them to a location whcre they might be 
buried by sedim ent and preserved. Indeed, the ĩossil 
record of rocky shore com m unities is am ong ihe poorest 
in the marine realm . Again, the difficulties associated 
w ith  th e s e  e f fe c ts  h a s  lecl to  d is a g r e e m e n t s  a b o u t  k ey  

events in the history of' life. For instance, fossils record 
an explosive diversiíìcation of m am m als in the early 
Tertiary, follow ing the rnass extinction  ihat ended the 
Cretaceous period (best know n for calastrophic extinc- 
tions am ong dinosaurs). Most workers believe ihat this 
reílects the true pattern , at least qualitatively. However, 
others, using m olecular phylogenetics, have argued that 
rnuch ol this d iversiíìcaúon occurred in the Cretaceous, 
prior to this mass extinction. One explanation for this 
discrepancy has been that these early Cretaceous mam- 
mals occupied habitats (such as íorest interiors) for 
w hich their probahility oí being preserved was m uch 
lower than for their Tertiary descendants, who ex- 
panded into new habilals to occupy niches vacaied by 
the extinction  o f dinosaurs. W hether this discrepancy 
betw een m olecular and Cossil data is primarily due to 
a poor fossil record for Cretaceous rnammals or to short- 
com ings in the m olecular methods rem ains highly con- 
troversial. Attempts to assess the severity of ihese short- 
com ings, such as those of Foote and cow orkers (1 9 9 9 ) , 
should ultimately lead lo a resolution.

As this discussion of ihe eííects o f ecology suggests, 
the probability o f an individual being preserved in the 
íossil record depends, in part, on the sedim ents them - 
selves. This, too, can have profound consequences on 
inferences about diversity patterns. For instance, in a 
classic paper, Raup (1 9 7 6 ) noted a system atic increase 
in the volume o f sedim entary rock through time. The 
im plication was that the probability o f individuals being 
preserved in the fossil record becom es progressively 
greater through tim e. Indeed, he presented a graph 
o f sedim entaiy rock volume through time that looked 
strikingly sim ilar to a graph showing biological diversity 
in the fossil recorcl through time. Aíter rem oving the 
effect o f rock volum e on diversity, he found no evidence 
f'or a long-term  increase in species diversity through 
time. Although a key paper by Sepkoski et al. (1 9 8 1 ) , 
along with subsequenl work, has convinced most work- 
ers that the apparent long-term  diversity increase is 
real; the extern to vvhich system atic increases in rock 
volum e exaggerate the trend rem ains unknow n.

This long-ierm  increase in  sedim entary rock volume

has another potential effecl on large-scale diversity pat- 
terns. If ihe probability ol preservation and sam pling 
increases through time, then the difference betvveen the 
time of origination of a taxon and the time of its íìrst 
appearance in the fossil record should shrink. Sim ilarly, 
the difference between the time of extinction  and the 
time o f last appearance should shrink. This effect would 
lead to a Progressive decrease in apparent extinction 
rates through time. Indeed, a long-term  trend of de- 
creasing extinction  rates has been noted in work in the 
1980s by Sepkoski and Raup and by Van Valen. Know- 
ing the extent to w hich this trend reílects a real decrease 
in extinction  rates (rather than a sampling effect as ju st 
described), is im portant, because Sepkoski (1 9 8 4 ) has 
noted that such a trend, if real, could explain long-term  
changes in the relative prevalence of different taxa in 
the fossil record. As a result, paleobiologists (e.g., Pease, 
1988 , 1992) have proposed methods for assessing the 
effects of sam pling biases on these rates. There appears 
to be an em erging consensus that the declines in evolu- 
tionary rates are real, but that they may be exaggerated 
by coincident trencls in the quality of preservation.

The extern and quality of the fossil record varies 
over sm aller tim escales as well. Gcophysical transitions 
can dram atically affect the probability ihat individuals 
will be preserved as íossils. w h en  these transitions are 
global in scope, or occur in regions that receive dispro- 
portionately large am ounts o f atteniion ĩrom  paleon- 
tologists, then apparent changes in diversily can result. 
Ju st such a possibility has com plicated analysis of what 
was probably ihe most extensive mass ex linclion  in the 
history of life, an event that m arks the end of the Per- 
mian and the beginning o f the Triassic. This event coin- 
cided with a m ajor loss o f marine benthic habitat (due 
lo decreasing sea level). w h ile  it is certainly reasonable 
to suspect that biodiversity would decrease as available 
habitai decrease, it would also reduce the probabilíty 
of sampling taxa that rem ained, as noted by Signor and 
Lipps in an iníluential paper publishecl in 1982. This 
and other sam pling effecis associated w ith characteriz- 
ing this extinction  everu and its aíterm ath are exten- 
sively reviewed by Erw in (1 9 9 3 ).

c. The Extent of Sampling Varies
D ecisions paleontologists make can also introduce, or 
exaggerate, differences in the quality of the fossil record. 
For instance, a disproportionately large am ount o f effort 
has been devoted to sam pling in the M esozoic and 
Cenozoic eras, because paleontological sampling tends 
to  b e  associated w ith  P e t r o l e u m  exploration, and rocks



that date from these areas have been sub ject to more 
extensive exploration than older rocks. Sim ilarly, North 
Am erica has been m ore extensively sampled than many 
other regions o f the world. This reílects, in part, the 
fact that many paleontologists live in North America. 
The logistical problem s associated with fìeldwork are 
generally less severe, and the cost o f travel low er, when 
tìeldvvork is conducted near a hom e institution. In addi- 
tion, fìeldwork tends to be easier in  regions with a 
vvell-developed inírastructure. As a result, m ore of the 
preserved biodiversity is actually sampled and recorded, 
and thus the apparent diversity of well-sam pled regions 
is higher than that of poorly sampled regions.

Similarly, the questions that one can ask of paleonto- 
logical data, and the degree of coníìdence that can be 
assigned to answers, depends in large measure on the 
quality and quantity of data that can be collected. As 
a result, disproportionately large num bers of paleon- 
lologists focus their efforts on taxa, stratigraphic inter- 
vals, and geographical regions where fossils are abun- 
dant and well-preserved. This tends to exaggerate the 
effects of differences in preservation: where preserva- 
tion is good (som ething w hich, alone, would tend to 
make biodiversity appear greater), a larger proportion 
of that record has been sampled. One effect o f this 
tendency is that raore workers íocus on the most recent 
era o f time, the C enozoic ( 0 - 6 5  m illion years ago), 
than on the previous era, the M esozoic ( 6 5 - 2 5 0  m illion 
years ago), despite the fact that ihe latter era was longer 
in duration. Likewise, more paleontologists study the 
M esozoic than the earlier Paleozoic (2 5 0 - 6 0 0  m illion 
years ago).

D. Time-Averaging
Yei another factor affecting estim ates o f diversity pat- 
terns is time averaging. W hen ĩossils are collected, their 
location in time is generally reported according to the 
particular stratum  in which they were found. This corre- 
sponds to an interval, rather than a speciRc point, in  
time. Some of these strata represent longer periods of 
time than others. Thus, the num ber of taxa found in a 
particular stratum  may be greater than the num ber of 
those taxa that were actually extant at a particular point 
in time during that interval (assum ing that extinctions 
or originations occurred during the interval). The 
longer the interval lasts, and the higher the rates of 
origination and extinction, the m ore apparent diversity 
is inílated.

The issue is íurther com plicated by uncertainties 
associated with the points in tìme that correspond to 
the boundaries of stratigraphic intervals. Indeed, the

ages of these boundaries are continually revised. Thus, 
it may not always be clear which intervals were longer 
than others, and it is never clear ju st exactly how long 
those intervals were. Uníortunately, this problem  be- 
com es more severe as intervals are m ore íinely divided. 
This m akes m inim izing the tim e-averaging problem  
m ore com plicated. That is, the tim e-averaging problem  
should becom e sm aller as the length o f time spanned 
by an interval decreases. Since stratigraphic intervals are 
classiRed hierarchically (w ith som e types of intervals 
nested w ithin larger ones), one could, in  principle, min- 
imize the tim e-averaging problem  by using a low level 
in this hierarchy. Uníortunately, however, the shorter 
the interval, the greater the proportional uncertainty 
associated w ith the estimated ages of the intervals’ 
boundaries. For instance, overestim ating the age of ihe 
low erboundary o fa  10 m illion year interval by 1 m illion 
years inllates the estim ated cỉuration o f that interval by 
10%. Hovvever, an overestim aie o f the same magnitude 
on the duration o f a 3  m illion year subunit o f that 
interval represents a 33%  inílation.

In addìtion, it can be difficult to determ ine how 
stratigraphic intervals in one location correspond lo 
intervals in other locations. l f  one is interested in esti- 
m aling diversily or m acroevolutionary rates for a region 
that includes more than one sam pling location, then 
this can introduce íurlher uncertainties. One source of 
ihis uncertainty is a sim ple extension of the problem 
of uncertainty in daúng the boundaries of parlicular 
strata: if  there are errors in the estim ates o f the ages of 
thcse boundarics at lwo different locations, then Lwo 
intervals may be assum ed to be substantially coincident 
w hen, in  fact, they are nol. This problem , líke thai 
discussed in the previous paragraph, becom es more 
severe as the duration o f stratigraphic intervals de- 
creases.

A second problem  associated with this process of 
chronostratigraphic corrd ation  results from the fact 
that direct estim ates o f ages are not available for all 
stratigraphic boundaries in  all locations. Often, correla- 
tions are based on the presence or absence of particular 
indicator taxa. That is, the stratum in w hich a particular 
taxon fưst appears at, say, location B is assumed to 
correspond to the stratum  in w hich it appears at loca- 
tion A. If the ages ol the boundaries of the stratum  at 
locaúon A have been estim ated, but those of location 
B havc not, ther. the lovver boundary of the stratum  at 
locaúon B is assumed to fall within that range o f ages. 
However, since nevv taxa originate in  particular regions, 
then expand their ranges gradually into new regions, 
part o f the uncertainty associated w ith this effect is 
based on this rate at which indicator taxa increase their



geographical ranges. In addition, however, as noted 
earlier, the difference betw een the time at w hich a taxon 
was fưst present at a location and the time of its íìrst 
appearance in the íossil record for that location varies 
depending on factors speciíĩc to particular locations, 
such as quality of preservation and local abundance. 
This íurther contributes to uncertainties in stratigraphic 
correlation. In practice, paleontologists attem pt to mini- 
mize this problem  by using multiple indicator taxa. 
They also em phasize those taxa that are likely to have 
high probabilìties o f preservation in the íossil record 
and whose spread is likely to have been rapid, such as 
planktonic foram inifera.

II. ESTIMATING DIVERSITY TRENDS

A. Rareíaction
One way 10 control for these sam pling efí'ects in making 
inferences about diversity trajectories is to com pare 
taxonom ic richness am ong locations or strata with sam- 
ples that are equivalent in  exient. This technique, called 
rare ịac t ion , was developed by Sanders (1 9 6 8 )— and 
amended by S im berloff (1 9 7 2 )— to com pare the diver- 
sities of differenl habitats in present-day ecosystem s. 
The approach is as follows: a sample is collected from 
each of a set o f habitals (for instance, a certain volume 
of sedim ent is obtained) using an identical sampling 
schem e. Alt o f the individuals in each sample are identi- 
fied, and their taxonom ìc identily is recorded. The next 
steps can be visualized by im agining placing all o f the 
records for a particular sample in a bow l, stirring them , 
and then random ly selecting records from that bowl 
until none are left. Each time a record is picked, the 
taxonom ic identity oí that sample is noted. From  this 
sequence of random  draws, one constructs a graph with 
the num ber o f records on the horizontal axis and the 
num ber of d istinci taxa on the vertical axis. w h a t is 
plotted on that graph are the results o f that sequence 
of record seleclion. This curve must intersect the points 
(0 , 0 ) and (1 , 1). That is, beíore the experim ent begins,
0  records have been picked from the bowl, so 0 distincl 
taxa have been selected. W hen one record is chosen, 
exactly one d istinct taxon has been found. W hen two 
records have been chosen, either one or two distinct 
taxa have been found. [If the second record has the 
same taxonom ic identity as the first, the next point 
is (2 , 1); if it has a different identity, the next point is 
(2 ,2 ) ] .  Once all o f the points have been plotied, a curve 
is fìt to them: this is the rareĩaction curve. This process 
is repeated for each sample collected, so that each sam-

ple has a rareíaction curve associated with it. Biodiver- 
sity in ihe different samples is then com pared by exam- 
ining the num ber of distincl taxa encoum cred for a 
given num ber o f records selected. That num ber must 
be equal to or less than the num ber of records in ihc 
sample vvith the fewest records. This com parison is 
illustrated in Figure 1.

Figure 1 illustrates som ething else: rareíaction 
curves som etim es cross. This means that the rank order 
of diversìties of a set o f samples can change, depending 
on sample size. One m ight therefore ask what rarefied 
diversúy m eans, and, íurther, what it means 10 say that 
one site has a greater rarefied diversity than another. 
Hurlburt (1 9 7 1 ) ventured an answer to that question, 
proposing that rareíìed diversily measured the num ber 
of distinct taxa encountered, on average, by an individ- 
ual organism in a particular habitat over the course of a 
particular num ber of encounters with other individuals 
(provided that individuals are not encountered multiple 
tim es). The fa d  that one habitat has a greater rareíìed 
diversity than anoLher for a given num ber of occur- 
rences of individuals does noi mean that that habitat 
aclually has a greater taxonom ic richness (i.e ., contains 
more taxa) than another.

Allhough rarefaction can be applied to the fossil 
record in the m anner ju st described, it is often appliecl 
som ew hat differently. W hen com paring diversities over 
very large scales (global diversity during two strati-

Number o f  Records Drawn

HIGURH 1 Hvpothetícal rarefaction curves for three samples rcpre- 
senting three diffcreni habitats, designaied A (solid line), B (dashed 
line), and c  (dolted line). Note thai habitat A, whose sample tontains  
the most species in its enlirety (note ihat its rarefaction curve ends 
at a highcr diversúy than ihe othcrs), is noi the m ost diverse habiiat 
when its diversity is compared vviih the oihers for a partieular sample 
size (X, on the horizontal axis). Also note thai the rarefaclion curves 
fur sainples B and c  cross. Thus, habitat B is m ore diverse when 
ihcrt’ are X, records in the sample, bui habitat c  is more diverse 
when there are x 2 rccords.



graphic intervals, for instance), a sample enum erating 
all o f the individuals in those intervals will not be avail- 
able. Rather, data will consist of a num ber of distinct 
sam ples for each of the regions or intervals being com - 
pared. Further, vvhile a list of the taxa found in each 
sam ple may be available, iníorm ation on the abun- 
dances o f those taxa may not. Such data have been 
rareRed in two different ways. In one approach (hereaf- 
ter called  rare/action  by occurrence), a rareíaction curve 
is constructed  for a habilat by randomly selecting occur- 
rences o f taxa from its associated samples. The rarefac- 
tion curve is then a plot of the num ber of distinct 
taxa sam pled against the num ber of occurrences of taxa 
drawn from  the available samples. This is illustrated in 
Figure 2. D iversities are compared hy constructing these 
rareíacúon curves for differenl regions, taxa, or strati- 
graphic intervals. An ahernative approach (hereaíter 
called rare/action  by  iisí) involves random ly selecting 
the entire list o f laxa present in a given sample as a 
un it, rather than selecting occurrences of laxa within 
those sam ples. In ihis case, the rarefacúon curve for a 
particular habitat, region, or stratum consists o f the 
num ber of distinct. taxa detectcd plotted as a function 
o f the num ber of samples drawn. Note that in this 
instance, the curve is not conslrained to pass ihrough 
the point (1 , 1), since several laxa may appear in a 
single sam ple. However, il still must pass through the 
point (0 , 0 ). This method is illustrated in Pigure 3.

R areíaction  has been applied lo paleoniological data 
in several instances. Raup (1975 ) pioneercd ils use in 
paleobiology. He examined an apparcm incrcasc in di-

Sample
Species A 
Species B 

'Species c  
•Species D

Sainple
Species A * 
Species B ' 
Species E

Sampỉe 3 
Species A 
Species F 
Species G 
Species H

Species F Species A Species A Species B Species H

F1GURE 2 A graphical illustration of rarclaclion bv occurrence. Oc- 
currences o í a taxa wilhin samples art’ ircatod independeiulv. and 
these occurren ccs are drawn indiviiluallv al rand om  from ihc SCI of 
occurrenccs in all samples. This can hc visualizcd as adding each 
occurrence ÌT id iv id uall y  (regardless ol ih c  s a m p l c  [ r o m  w h i c h  it 

comes) inlo a pool (arrovvs into the hlack hox). then randomlv choos- 
ing thest’ occurrcnces Irom ihat pool Urrmvs 0111 oi (he black box). 
In ihis Rgure. thc rareíied diversiiv aiier lìvc rccords havc becn drawn 
is four disúnct species.

Sample 1
Species A 
Species B 
Species c 
Species D

Sample 2 
Species A 
Species B 
Species E

Sample 3 
Species A 
Species F 
Species G 
Species H

Sample 4
Species B 
Species I

Sample 2 (3 species: A. B, F.) 

Sample 3 (4 species: A, F, G, H)

P1GURE 3 A graphical illustration of rarclacũon by list. In this case, 
an entirc paleontological sainple is đravvn at random from the popula- 
lion of samples thai constitute ihe dala sei, and rarefìed diversity is 
ilie loial number of unique species contained in those lists for a given 
number oi samples drawn. In ihis íigurc, the rareRed diversity aítcr 
two samples have been choscn at random is six species (A, B, E, F, 
G. and H).

versity of echinoid íamilies since the Paleozoic. 
Through rareíaction, he demonsLraied that this increase 
was qualúatively unchanged after accounting for in- 
creased sam pling in younger straiigraphic intervals. In 
ihe 199ƠS, M iller and coworkers applied rareíaction by 
occurrence to explore taxonom ic and regional palterns 
in the tliversiíìcaiìon of benlhic marine invertebrates 
tluring the O rdovician Radiation. U nlike Raup, they 
lound thai broad-scale patterns suggested by raw data 
\vere changed by rarcfaction. For instance, global rar- 
eficd diversities increased only through the m id-O rdo- 
vician, when the)- stabilized. This contrasts w ith the 
trend apparent írom  the Tossil record as a w hole: in- 
creasing diversity through the late O rdovician. Simi- 
larly, large peaks in diversity at the scale of individual 
paleocontinents were often reduced or elim inated by 
rarefaction. By contrast, Alroy (1 9 9 9 ) applied rareíac- 
tion bv list to explore the extent to w hich the radiation 
of m am m als preceded the end-Crctaceous raass extinc- 
tion (see Section I.B, “The Quality of Preservation Var- 
ies"). His results agreed qualitatively w ith the trend 
apparent from the “uncorrected” fossil record: m uch of 
the taxonom ic diversiRcation of m am m als appeared to 
occur after this mass extinclion.

Paleontologists have typically been very cautious in 
their interpreiation of rarefied diversities. There is a 
reason for ihis caution: ihe biological m eaning of a 
rareíìed diversity m easurement is unclear in the paleobi- 
ological context. The interpretation offered by Hurlburt 
(described earlier) is approprialc onlv when (a) the 
sampling protocol described in the íìrst paragraph of 
ih is section has been followed or (b) each occurrence



of a taxon is a truly independent, random samplc from 
the habiiat aboiu w hich one \vishes to make inlerences. 
Generallv, neiiher is true for large-scale paleobiological 
diversity estim ates, because sampling effort has not 
been distributed random ly. For instance, when com par- 
ing the rarefied diversities o f two stratigraphic intervals, 
a disproportionately large num ber of samples may be 
available for one habitat or region during one interval, 
but not for the other interval (but see m ethods devel- 
op ed byA lroy  [e.g., 1998] form inim izing these biases). 
In addition, for rarefaction by occurrence, occurrences 
of taxa are not independent, because some occurrences 
corae from the same sam pling locations and others from 
different sam pling locations. A biological inierpretation 
o f rarefied diversity gìven these sam pling effects re- 
m ains elusive. N evertheless, rareíaction can provide im- 
portant m tbrm aúon. In particular, discrepancies be- 
tween rareíìed and overall diversiiy patterns indicate 
where marked increases or decreascs in apparent diver- 
sity are Iíkely to be artiĩacts of sampling.

B. Capture-Recapture Estimates
Although rarefaction has probably been the most wìdely 
used tool to account for the effects of variation in sam- 
pling effort, other approaches have been tried as well. 
For instance, in the m id -1980s, Nichols and covvorkers 
proposed that m odels used to estim ate abundances from 
capture-recapture data in population biology eould be 
adapted, hy analogy, to estim ate taxonom ic diversity 
in the íossil record. w h e n  one conducts a capture- 
recapture study, indivìdual organisms are captured dur- 
ing discrete sam pling occasions, vvhich can occur at 
different locations, different times, or both. Each indi- 
vidual captured is given a unique mark, so that its 
capture history can be constructed. That is, if one con- 
structs a ma tri X, the colum ns j  o f w hich represent diHer- 
ent sam pling occasions and the rows i o f w hich corre- 
spond to cach individual captured at least once, then 
each elem ent a„ in the m atrix will be either 1 or 0, 
in d ic a t i n g  vvh eth er  in d iv id u a l  i w a s  c a p t u r e d  o n  o c c a -  

sion j .  Sim ilarly, fossil data are collected on discrete 
sam pling occasions, and One can sim ply list the taxa 
sampled OĨ1 each occasion. In this case, the m atrix ele- 
m ents a,j are 1 or 0 according to w hether taxon i was 
íound in sample j. In this context, taxonom ic diversity 
(the total num ber of d istinct taxa) is analogous to popu- 
l a t io n  size  ( th e  to ta l  n u m b e r  o f  d is t i n c t  in d iv id u a ls ) .  

U nlike rareíaction, these approaches estiinate taxo- 
nom ic diversity (rather than sampled diversity given a 
particular sample size) when the m odels’ assum ptions 
are met. U nfortunately, however, these assum ptions are 
rarely íully met by fossil data. It is not always clear

which results are robust Lo violations of assum ptions 
and w hich are not. Therefore, as with rareĩaction, work- 
ers have been cautious vvhen interpreting the.se esti- 
mates.

Two different lypes of capture-recapture m odels can 
be used to estim ate diversity, depending on the sarn- 
pling schem e. W hen sam pling occasions occur at differ- 
ent times and the duraúon of a particular sam pling 
occasion is short relative to the time between sam pling 
occasions, open-population m odels can be used. These 
models are designed to account for “births” and “deaths” 
of taxa (i.e., origìnations and extinctions) that may 
occur between sam pling occasions. In the paleobiologi- 
cal context, stratigraphic intervals have been treated as 
sam pling occasions. Thus the taxa sampled in an inter- 
val are considered as having been “captured” at som e 
point during that interval (usually its m idpoint).

By contrast, when sam pling occasions are sufficiently 
close together that originations and extinctions are few 
relative to the total num ber of taxa extanl, then closed- 
population models can be used. These m odels have 
been applied when m ultiple samples have been taken 
within a stratigraphic interval. Although these m odels 
assume ihat tbere are no originations or exú nctions 
betw cen the speciRc points in time represented by dif- 
ferent samples, thev tend to be more robust to olher 
tvpes of sam pling problem s (discussed later). The par- 
ticular models thai havc been applied to paleontological 
data include ihc Jolly-Seber open-population model and 
the closcd-population inodels of Burnham  and Overton 
(1 9 7 9 ) and Chao (1 9 8 7 ).

1. Jolly-Seber Model

The Ịolly-Seber model makes four key assum púons:

1. The strata that represent ditĩerent sam pling occa- 
sions are short in duraúon relative to the tim e be- 
tween those strata.

2. All taxa have the same probabilitv o f being sam- 
pled vvithin a particular stratum.

3. AU taxa have the same probabilitv of going extinct 
betw een strata j  and j  +  1.

4. If a taxon goes extinct in  the region being sam- 
pled, it does not subsequently rcinvade that re- 
gion from elsewhere.

Given these assum ptions, diversity (D,) can be esti- 
mated for any stratum i from the following data (nota- 
tion follows that used by N ichols and P ollock, 1983): 
the num ber of taxa sam pled during i (di), the num ber 
of n, that were also sam pled during at least one earlier 
inierval (m ị), the num ber o f n, that vvere also sampled 
during at least one later interval (r,), and the num ber



of taxa sampled at least once before i, at least oncc after
1, but not during i i tse l í  (Zi). T h e  first step in estím ating 
diversity involves estim ating the num ber of taxa extant, 
but not sampled, during i (M,). Note that r j  Hị is the 
proportion of taxa sam pled during i that vvere sampled 
again during a later interval. Sim ilarly, Z,/(M, — niị) is 
the proportion extan tb u t not sampled during i that were 
sampled again subsequently. l f  the m odeĩs assum ptions 
hold, these two fractions will be equal, and M, can be 
estimated. The second step involves noting that m jn , 
is the proportion of taxa sampled during i that were 
sampled during earlier intervals. Similarly, M,/D, is the 
proportion of taxa extant during i thai were sampled 
during earlier intervals. Again, if the m odel’s assump- 
tions hold, these two íractions will be equal, and diver- 
sity can be estimated.

As discussed earlier, taxa differ in many characteris- 
tics that affect their probabilitv o f being sampled as 
íossils (e.g., presence of hard parts, habitat, abundance). 
This violates assum púon (2 ) and causes estim ated di- 
versity lo tend to be lower than true diversity. Perhaps 
not surprisingly, then, when N ichols and Pollock 
(1 9 8 3 ) applied this model to late Eocene mammals from 
the Big Horn Basin, W yom ing, goodness of fit statistics 
indicated re jection  of the model. W hen applied to mol- 
luscan diversity in the Middle M iocene of South Jutland, 
the model provided an adequatc fit. Hovvever, diversúy 
estim ates were lower than those obtained with a method 
ihal does not assume equal sam plíng probabilities (dis- 
cussed later).

2. C lo se d -P o p u la tio n  M o d els

Several alternative m odels can be used when multiple 
samples are available for a particular time interval. 
Those that have been applied to the fossil recorcl share 
one im portant ĩeature in com m on: they are designed 
to allow for the possibility that som e taxa are more 
likely to be sampled than others. All o f these methods 
utilize the írequency distribution o f occurrences of the 
taxa sampled. That is, the raw m aterial for the diversity 
estim ate is the num ber ol taxa occurring in only one 
sam ple, /[ , the nuiĩiber occurring in two sam ples, / 2, 
and so on, as well as the total num bcr of occurrences 
in all samples.

Burnham  and Overton (1 9 7 9 ) uúlized a statistical 
approach know n as the jackknife to esúm ate biodiver- 
sity. The m athem atics of the derivations are too com - 
plex to review here, but with thís approach they oh- 
tained a series of possible estim ators. The sim plest of 
these utilizes only the num ber of sam ples and the num- 
ber o f taxa occurring in only one sample:

ỏ i =  +  /1 (1)

where D t is the f ir s t -o r d e r ja c k k n ife  estim ate of diversity, 
D„|,S is the num ber of distinct taxa appearing in the 
sam ple, /] is the num ber of taxa occurring in exactly 
one sam ple, and k is the num ber of sam ples. They 
developed additional estimates by incorporating the 
num ber of taxa occurring in more than one sam ple (for 
instance, their secon d-order ja c k k n ifc  uses the num ber 
of taxa appearing in exactly two sam ples, as well as the 
num ber appearing in ju st one). N ichols and P ollock 
(1 9 8 3 ) applied these models to same m olluskan data 
on w hich ihey used the Jolly-Seber m ethod described 
earlier. They tound that, even under a relatively inten- 
sive sam pling regim e, sampled diversity was as m uch 
as 30%  lower ihan estónaied diversity.

A nalternativem odel, proposedby Chao (1 9 8 7 ) , uses 
the num ber of laxa occurring in either exactly One or 
exactly two samples:

Sì =  D„bs +  —  (2 )
z) i

W ing and DiM ichele (19 9 2 ) used this estim ate, usually 
lerm ed “C hao-2,” to compare regional vegetation diver- 
sity in the late Paleozoie and early Cenozoic for N orth 
Am erican river and delta íloodplains. Som ew hat sur- 
prisingly, they found sitnilar biodivcrsity levels during 
ihe two periods for these regions, despite the m arkedly 
higher apparenl diversĩties for the latter interval at the 
global level.

Like the other m elhods discussed, these m odels 
make several assuinptions that lim it their applicability. 
The jack kn ife  and c h a o  estim ates assum e that each 
taxon has an equal probability of occurring in each 
sample. That is, taxon A may have a different probability 
of being present in a sample than taxon B, but that 
taxon-speciíic probability is the same for every sam ple 
vvithin each region. This assum ption may be violated 
if sam ples differ in  extent or quality. However, even 
if great care is taken to m inim ize this problem , the 
assum ption may still be violated. For instance, if abun- 
dances of particular taxa differed among sam pling loca- 
tions, then the associated probabilities o f sam pling may 
differ accordingly.

c. Generalized Inverse 
Gaussian-Poisson Distribution

Models other than those based on capture-recapture 
theory utilize frequency distributions of occu rrences to



estim ate diversity. O ne of thcse m elhods is know n as 
the Generalized Inverse Gaussian-Poisson (G IG P) dis- 
tribution. This m ethod involves fitting a statistical dis- 
tribution o f specified form to the observed írequency 
distribution, then extrapolating from this statistical dis- 
tribution to estim ate the num ber of species that have 
been sampled zero tim e s ,/0. Total biodiversity, then, is 
sim ply this num ber plus the num ber of species that 
were sampled at least once. Anderson and cow orkers 
(1 9 9 6 ) applied this m ethod to plant and insect data for 
late Triassic braid-river plains in South Aírica. They 
used these estim ates to argue that plant and insect điver- 
sity in  the sam pled habitats was com parable to those 
o f the present day, again in contrast to apparent global 
diversity patterns, vvhich record increasing biodiversity 
levels through time.

The primary lim itation of this approach is that il 
assum es that the underlying írequency distribution of 
occurrences follows a particular statistical distribution. 
That is, it is a param etric method. In this respect, it 
diffcrs ữom  the closed-population capture-recapture 
m ethods discussed earlier, which are nonparam etric. 
As a general rule, param etric methods are m ore precise 
than nonparam etric analogs when the assum ptions 
about the underlying distribution are rael. w h e n  tbey 
are not, however, the estim ates can be very inaccurate. 
A nother lim itation, shared by the capture-recapiure es- 
liraates, is that the uncertainty associated with the esti- 
mated diversity increases as the proporúon of unsam - 
pled taxa increases. That is, when the probability of a 
taxon appearing in a sam ple is low on average (or when 
ihere are few sam ples), the estim ates are especially 
prone to error. For this reason, the fact that a method 
works well as an estim ate o f present-day diversily does 
not necessarily m ean that it will work well when applied 
to the íossil record, except perhaps where thai record 
is unusually com plete.

D. Other Nonparametric Methods
W hile most biodiversity estim ates other than ihe closed- 
population capture-recapture models are param etric, 
some are nonparam etric. Two of these m odels have 
been applied lo paleontological data. One of these, 
“C h a o -l,” was íorm ulaled by Chao (1 9 8 4 ) and is actu- 
ally m alhem atically equivalent to the Chao-2 estim ate 
discussed previously. In this case, hovvever, the num ber 
o f individuals representing each taxon in a single sam- 
ple is used rather than the írequency of occurrences in 
a set of multiple sam ples. That is, / i  is the num ber of 
taxa represented by only one individual in a sa m p le ,/2 
is the num ber represented by two individuals, and so

on. W ing and D iM ichele (1 9 9 4 ) used this approach to 
exam ine local vegetaúon biodiversities in the Paleozoic 
and Cenozoic íloodplain data set discussed previously. 
They found that, on average, local diversity in the late 
Paleozoic was sim ilar to local diversity in the earlv 
Cenozoic. This was consistent with their íindings for 
regional diversity using the Chao-2 estimator. However, 
they did fmd greater variation in diversity levels among 
sites in the C enozoic; in particular, the most species- 
rich  Cenozoic sites were m uch m ore diverse than thc 
most species-rich Paleozoic sites.

A second model, developed by Chao and Lee (1 9 9 2 ) , 
utilizes the entire írequency distribution of occurrences 
in a set o f sam ples, rather than ju st the num ber oc- 
curring in only one or a few samples. Anderson and 
cow orkers (1 9 9 6 ) estimated diversities with this 
m ethod for the late Triassic plant and insect data m en- 
tioned in the previous section. These estim ates ranged 
from aboul 45%  lower (for insects) to 55%  higher (for 
plants) than esiim ates obtained with the GIGP model 
discussed previously.

These models share the lim itations of the closed- 
population capture-recapture models discussed pre- 
viously. In particular, the Chao-1 estim ator assumes 
that probabilities o f sampling are identical among sam- 
ples for a particular taxon. The Chao and Lee estim ator 
mak.es a sim ilar assum ption: each taxon has a constant 
probability ol sam pling associated with it. Further, it 
treais each occurrence as a separate sample. That is, it 
does not account for the fact that occurrences of taxa 
are grouped according to the sampling units in w hich 
they were found.

III. ƯNEXPLORED DIVERSITY 
ESTIMATES

To this author’s knowledge, no other diversity estim a- 
tion methocls have been applied to the fossil record in 
published studies. However, several other methods of 
estim ating biodiversity exist, and some may be applied 
to íossil data in the íuture. These include those capture- 
recapture estim ates that assume all taxa have an equal 
probability o f occurring in any given sample. W hen this 
assum ption is reasonable (for instance, when studying 
groups of closely related taxa preserved in very sim ilar 
sedim ents), the resulting estim ates should be more pre- 
cise than the m ethods discussed previously, w hich gen- 
erally have greater uncertainties associated with them. 
O ther estim ates involve íìtting observed distrìbutions 
o f occurrences to parúcular statistical distributions (the



G IG P m ethod discussed previously is an example of 
this). These m ethods have been applied to estimate 
present-day diversity for particular taxonom ic groups 
and particular regions, som etim es with good results. 
M any of these m ethods and applications were revievved 
by Colwell and Coddington (1 9 9 4 ) and by Bunge and 
Fitzpatrick (1 9 9 3 ). The m ajor barrier to iheir applica- 
tion to the fossil record is that differences am ong taxa 
in  their probability o f enlering the ĩossil record, and 
subsequent loss of fossiliferous rock (at rates that mav 
vary am ong regions and through tim e), may make dis- 
tributions of fossil occurrences verv diííerent from dis- 
tributions of occurrences of living organisms.

IV. CONCLƯSIONS

As we have seen, many íeatures o f the fossil record 
make assessing diversity trends difficuk. Some of these 
difficulties can be eased, at least in principle. For in- 
stance, unequal distribution of sam pling elTort by pale- 
ontologists can be reduced by em phasizing undersam- 
pled regions and strata in [uture fieldwork. Similarly, 
the expanding palette of tools for dating fossils and 
iheir surrounding sedim ents, their increasing precision, 
and the developm ent of more robusi statistical methods 
for chronostraúgraphìc correlation should progres- 
sively im prove the íossil reco rd s temporal accuracy and 
precision. However, som e problem s are less tractable. 
For instance, lossiliíerous rock is progressively lost as 
it ages. Thus, the lossil records of large regions (and 
thus the record of biodiversity in the associated habi- 
tats) may sim plv not exist. This problem  is particularly 
acute for older time intervals. Sim ilarly, organism s in 
som e habitats are simply less likely to he preserved than 
organism s in others, and those habitats will thus have 
poorer records of their biodiversity history.

Several approaches have been used to account for 
these sam pling effects in the estim ation of diversity or 
(in  the case of rareíaction) to m inim ize the effects of 
variation in sample size on estim ates of diversity. AU 
of these approaches were originally designed to estimate 
local divcrsity; thus, their application to regional and 
global patterns is problem atic, and vvorkers have inter- 
preied results cautiously. N evertheless, these results 
can som etim es be used to elim inate som e explanations 
for particular biodìversity irends. For instance, Raup's 
use of rarefaction confirm ed that the increased diversity 
o f echinoids through time was not solely due to the 
greater num ber of paleontological samples available tor 
younger strata. w h e n  the results o f thcse approaches 
differ from one another, or from diversity irends appar-

em  from the lossil recorcl in its cnú rety . how ever, ihings 
becom e com plicaied. Do the estim ates indeed account 
for sampling effects and revcal true diversity trends, or 
does violation of model assumptions render the esti- 
mated trends even less reliable then the uncorrected 
diversity trends they are intended to im prove?

The future of diversity estim ation w ill no doubt in- 
volve considerable effort on several íronts. O ne promis- 
ing approach is to apply several m ethods, then  identiỉy 
biodiversity trends that are robust to these alternative 
m ethods. Another is to investigaie đirectly how differ- 
ent estim ates are biased when particular assum ptions 
are violated, then devise means of m inim izing these 
biases. Diversitv estim ation m eihods that have not yet 
been applied 10 the fossil record may be incorporated 
inio  the p a leobiologica l  research p rogram , an d  nevv esti- 
mates will undoubtedly be [orthcom ing as well. Non- 
param etric m ethods based on the ừequency distribution 
of occurrences have been identiíìed as a prom ising area 
for further progress by many biostatisticians. Finally, 
m uch recent work locuses on assessing the com plete- 
ness of the íossil recorcl of particular taxa or strala. In 
the tuture, these tools will undoubtedly be brought to 
bear on the problem  of estim ating diversity. For the 
past iwo decades, quantitative approaches have been 
rapidly growing in popularity and sophistication  among 
paleobiologists. Thiằ movement is still in ils iníancy, 
and ils future is likely to produce an increasingly clear 
picture of the history of biodiversity.
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GLOSSARY

adaptive m a n a g e m e n l  Adaptive m anagem ent is a sys- 
tem atic, cyclical process for conlinually improving 
m anagem ent policies and practices based on lessons 
learned from operational programs. 

b iod iversity  assessm en t A biodiversity assessm ent en- 
tails the identiíìeaúon and classiíìcatioii of species, 
habitats, and com m unities w iihin a given area 01' 
region. The overall purpose is to provide iníbrm ation 
needed to evaluate w hether m anagement is necessary 
to conserve biological diversity. Assessm ents also 
provide data and inform ation that can be applied to 
m oniioring programs or for providing basic inform a- 
tion for scien tiíìc  inquiry. 

biological ind icators Indicators are species or com m u- 
nities that enable an evaluation of environm enlal 
conditions and detect changes. Indicator species are 
normally surrogates o f other species in the area of 
interesi  and are usually sensitive to env iro nm en ta l  
change. Environm ental variables may also be used 
as indicalors.

m anagem ent M anagem ent in relation to biodiversity 
conservation involves decisions ihat have conse- 
quences for biological resources. M anagement can

be designed to protect or restore biological resources, 
especially under conditions where the lack of inter- 
vention would lead to an irreversible or undesired 
change.

m onitoring M onitoring involves the repeated collec- 
tion and analysis o f observations and m easurem ents 
to evaluate changes in populations of species and 
environm ental conditions. M onitoring also helps in 
assessing progress loward meeting a m anagem ent 
objective. M onitorìng can serve as a w arning system , 
alerting managers that changes in biodiversity may 
require changes in biodiversity m anagem ent regim es 
to ensure protection of b iological resources.

uncertainty  U ncertainty describes the condition 
whereby managers have a lack of knowledge of bio- 
diversity thai prevents them from defining the best 
course of m anagement action. U ncertainty can be 
overcom e through adaptive m anagement.

AS PRESSURES IN CREASE  on earth’s natural re- 
sources, there is a need for managing those resources 
to protect biodiversity and ensure its sustainable use. 
A growing network of protected areas aims to ensure the 
survival o f representative com ponents and processes o f 
ecosystem s, especially in temperate zones. In tropical 
areas around the vvorld, how ever, regional biodiversity 
is less well represented in protected areas, despite the 
fact that scientiRc records indicate biodiversity is high-
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est in the tropics. M any of these unprotected areas, 
im portant for both  biodiversity and natural resource 
extraction , are disappearing. W ell-planned m oniioring 
and managem ent program s will prom ote ihe long-term  
m aintenance o f biodiversity. Some such actions require 
the protection o f native or endangered species, and the 
elim ination or restriction  of non-naúve invasive species.

I. INTRODUCTION

W hat is the m ost effective m anagem ent approach? As 
you will read in this chapter, this question requires 
a basic understanding o f ecosystem  function and the 
participalion o f all interested parties from the slart of 
the m anagem ent plan. As we increase our knowledge 
o f the ecosyslem , we can make m anagem ent decisions 
based on solid sc ien liíĩc  knowledge. Since managem ent 
and conservation of biodiversily is our ultim ate goal, 
we m ust m onitor the effectiveness of our conservation 
strategies and approaches. Thus m oniioring is an inte- 
gral parl o f b iodiversity m anagem ent, enabling us to 
learn from the ou tcom es of our m anagem ent “experi- 
m ents,” a term know n as adapúve managem ent. M an
agement practices that enhance biođiversily conserva- 
tion can be continued or prom oted, while those that 
ihreaten biodiversity can be evaluated and modiíìed 
01' disconúnued.

The sim plest deíìnition of m onitoring is to warn. It 
involves the co llection  and analysis o f repcated mea- 
surcm enis to evaluate the progrcss ioward m ceiing a 
m anagem ent ob jective. M oniloring can only be initiated 
i f  there are m anagem ent ob jectives and alternative 
courses of action  that can be im pleinented. The repeated 
collection  of long-term  data alone does not aulom ati- 
cally imply a m onitoring activity. M onitoring m ust be 
program m ed w ithin a m anagem ent framework to avoicl 
ju s t gathering baseline inforinaúon. Biodiversity 
changes have many causes including, am ong others, 
natural population cycles, clim atic effects, and the di- 
rect im pact o f hum ans. The effects o f these relationships 
are evaluated by research-related questions thai may 
require m ultiple C o n tr o ls  and replicates. This is an addi- 
tional step in the m onitoring process. This chapter ex- 
am ines assessm ent and inonitoring in an adaptive man- 
agem ent fram ew ork and identiíìes the key stcps for a 
successíul biodiversitv m onitorino project.

II. ADAPTIVE MANAGEMENT

Adaptive m anagem ent is a system aúc, cyclical process 
for continually im proving managetnent policies and

practices based on lessons learned from operational 
activities. lt is used to generate feedback for managers. 
T he underlying assum ption is that we are dealing with 
uncertainty and no one can be certain  w hich manage- 
m ent practices arc best in  many situations. Regular 
m onitoring to check on the im pacts o f managem ent 
practices will provide the iníorm ation needed to deter- 
mine if those practices m ust be changed to achieve the 
desired outcom e. In the case of b iological resources, 
the desired outcom e is to maintain biodiversity in an 
optim ally  fun ct io n ing  S tate .  H um an activ ities  c a n  have 
drastic im pacts on biodiversity, im pacts that often are 
irreversible or require long and costly periods of recov- 
ery. Managing for biodiversitv conservation ihrough 
the adaplive m anagem ent process can help avoid or 
mitigate those im patls.

Adaptive m anagem ent can be described as a cycle 
of activities, where each step builds on the learning 
experiences of previous steps as the calibration of the 
goals and obịectives are conducted through the m oni- 
loring íeedback. The four primary steps in ihe adaptive 
m anagem enl process are (a) design m anagem ent and 
m onitoring objectives, (b ) im plem enling managem ent, 
(c) assessm ent and m onitoring, and (d) evaluation and 
decision m aking (Fig. 1). Each step is calibrated period- 
ically to assure that the appropriate inform ation feeds 
the next lcvel. D iíĩerent managers are usually responsi- 
ble for each com ponent. Thus, the cy đ ica l nalure of 
(he process is very im portant in  validating the results 
o f the separate steps.

There are ihree lypes o f adaptive m anagem ent: reac- 
tive, passive, and active. The reaclive approach is driven 
by ĩactors such as public pressurc and policies that are 
outside the m anagem ent area. For exam ple, a new law 
requiring protection of a certain species may lead to 
new m anagem ent practices in a given area. Under such 
a scenario , the main issue may well be w hether the new 
practices will cause con ílicts am ong various users of the 
area. Passive adaptive m anagem ent m onitors a single
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m anagem ent practice, w hich is viewed as the only aher- 
nativẽ to achieve the m anagem ent obịecúve. Main- 
taining a healthy riparian com m unilv of herbaceous 
plants in a given arca, for exam ple, is dependent on the 
presence of canopy trees; thus, logging is discouraged. 
W ater quality, vvhieh may have an effect on the herba- 
ceous plant com m unity, is not m onitored under this 
approach. T'nerefore nianagers may fail to detect oppor- 
lunities íor im proving m anagem ent practices. Tbis 
chapter íocuses on active adaptive m anagem ent, which 
com pares alternative practices in antìcipation of poten- 
tial pressures from outside the m anagement area, and 
taking advantage of m anagem ent opportunities that 
may be lost under passive adaptive m anagem ent.

The follow ing section details the steps in the adaptive 
m anagem ent process within the context o f devising a 
biodiversity m onitoring project.

A. Plan and Design
The prim ary task of planning and design is to identify 
an issue or challenge thai requires im plem entation of 
a m anagem ent practice to achieve a solution. The íìrst 
question is whal to m onitor (e.g ., regions, habitats, 
species, or guilds), followed by a deierm ination C)f the 
scale and intensity of the m onitoring activity. Establish- 
ing ihese param eters avoids needless investm ents of 
money, tim e, and other resources on colleciing data 
that do nol help evaluate vvhether the m anagem ent is 
effective. This fưst step o f the adaptive m anagement 
process helps managers focus their attenlion on issues 
o f concern  and íìnding viable soluúons. The following 
discussion describes critical elem ents of planning and 
design (Fig. 2).

1. S ta k e h o ld e r  P a rtic ip a tio n

Project deíìnition, developm ent, and im plem entaúon 
requires continuous stakeholder invoỉvem enl and feed-

back. Stakeholders are individuals rcpresenting local, 
regional, national and international com m unìties, agen- 
cies, and nongovernm ental organizations (N G O s); in- 
dustry; and any other organization with an interest in 
the project or responsibility w ithin the area of the proj- 
ect’s iníluence. Consulting with stakeholders through- 
out different stages o f the p ro ject is very im portant. 
W orkshops that focus on setting priorities are an excel- 
lent avenue for reviewing the various concerns of stake- 
holders and prom oting consensus.

2 . B io lo g ica l In v e n to ry  an d  A ss e s sm e n t

Most traditional approaches to biodiversily assessm ents 
are oriented toward increased com m ercial harvesting 
prospects such as intense logging in tem perate íorests 
or wildlife m anagem ent for waterfowl and fisheries to 
b eneíìl com m ercial and recreational I n d u s t r ie s .  More 
recenlly, biodiversity assessm ents have encom passed 
habitats and the population stalus of rare, endangered, 
and exotic or invasive species to determ ine vvhich areas 
are im portant to conserve and rcstore. The assessm enl 
process includes literature reviews, [ield surveys, and 
inventories to gather data and inform ation relevant to 
the site-speciíic m onitoring program  and to identiíy 
knowledge gaps and target indicator variables.

a. M anagem ent Plans and L iterature

Príority species or habitats for m onitoring may wcll 
have been idenlified in previous m anagem ent plans or 
research papers. These docum ents should be reviewed 
thoroughly in the planning process to ensure that the 
m anagem ent issues and species in question are still 
relevant to the current activities. Sim ilar m onitoring 
activities may have been conducted  elsew here and there 
may be valuable lessons to be learneđ concerning  the 
techniques used and the responses of the species to 
m anagem ent. At this stage, it is also possible to identify

FIGl)RE 2 Steps involvcd in ihe plan and dcsign phasc of the ailapiive management cvcle.



additional stakeholders who can providc valuable ađ- 
vice in  the developm ent of ihe m onitoring project. Doc- 
um enting the existing inform ation vvill help reíìne the 
p lanningp rocess and provide a íoundation for the inter- 
pretatìon  and reporting on future results.

b. F ield  A ssessm ents

Field  assessm ents might be needed to oblain up-to-date 
in form ation on the present concìition of the populations 
or habúats in question prior to establishing speciíĩc 
m onitoring objectives. If detailed inform ation on spe- 
cies and habitats is not available, it may be necessary 
to cond u ct studies that will help idenúfy w hich species 
are present, their abundance and írequencv, and to 
determ ine w hich should be targeted for m onitoring.

H abitat descriptions and vegetation and land-use 
maps can greatly enhance the process o f selecting target 
areas for m anagem ent and m onitoring activiúes. l f  these 
are not available, the field assessment should include 
collection  of this type of iníbrm aiion. Sampling at a 
landscape scale requires this level o f detail lo select 
strata for random  selection of sam pling points.

c. P rob lem  A ssessm ent

O nee available inĩorm ation is reviewed and any neces- 
sary field assessm ents are com pleted, planners are posi- 
tioned to define the issues of m anagement concern. 
The best approach ofien involves a workshop where 
specialists from various disciplines: (a) address the 
scope o f the challenge, (b ) sym hesize existing know l- 
edge, (c) identify areas of uncertaintv, and (d) create 
a m odel for m anagem ent. lt is particularly im portant 
to develop m odels because ihey cnable a clearer defini- 
tion o f the challenge and a more accurate evaluation 
of ecological understanding of the specics and habitats 
concerned . Experts frequently help identily issues and 
m ethods for íĩnding effective management solutions. 
W bere necessary, strategicallv focused rcsearch can fa- 
cilitate the developm ent of effective m onuoring designs.

d. In d icators

Sam pling all com ponents of hiodiversity in a given area 
can be an im practical and costlv lask, but biodiversity 
surrogates enable m onitoring ot ccosvstem  functions. 
As exam ples, one might choosc an oak tree species 
affected by gypsy m oth deíoliầtion or a species whose 
recru itm ent and mortalitv is impactcd by exiended 
droughts. D uring the planning stage. it is possible to 
identiíy potential indicator spccies that can be used in 
m onitoring. Irnportant criteria in selecting indicator 
species include the íollo\ving:

1. The species. populations, or observed physical 01' 
chem ical phenom ena should be good measures ot 
one or more questions that the m onitoring pro- 
gram was designed to answer.

2. The indicators should be able to d etect a condi- 
tion in advance to assist in solving the problem or 
else they may have a limited role ìn achieving the 
m onitoring goals.

3. It should be possible to m onitor the indicators 
vvithin realistic budgets.

4. W henever possible, indicators should be selected 
for w hich therc are experim ental C o n tr o ls  (c.g., 
populations under different m anagem ent inten- 
sities).

5. The species should be selected based on their po- 
tential for impacúng management decisions (char- 
ism aúc species, íor example, arc m ore likelv to fa- 
cilitate m anagem cnt changes than less well-known 
species).

Several considerations plav a role in meeting the 
previous criteria. First, in tropical zones where the indi- 
cator species generally are not as well known as in 
temperate zones, hirds, large m am m als, and vascular 
plants are ừequently uscd as indicators for biodiver- 
sity m onitoring.

Second, keystone species are those upon which many 
other species may rely at som e point in time during 
their liíe cycles. In tropical regions, for exam ple, nectar- 
Teeding bats are considered keystone species because 
the rcproductive  SUCCC5S of m any plant sp cc ies  depends 
on them through pollination. Key com m on species are 
those ihal are wide-ranging, easily observeđ and stud- 
ied, long-lived, and generally occu rring at high popula- 
tion densities (e.g., oak species in the eastern United 
States). The sudden increase. decline, or absence of 
ihese species in ceriain habitats serves as a w a r n in g  

ihat may require management attention.
Next, species or taxonom íc groups that have sensi- 

live life hislories may be good indicators for biodiversity 
monitoring. Araphibians depend on w ater for reproduc- 
tion and will be affected by drought or w ater pollution. 
lnform ation on amphibian num bers, diversity. sex ratio, 
age, and size structurc vvill indicaie changes that may 
affect other com ponents of biodiversity. And. m onitor- 
ing the ab un d an ce  and diversitv o f  se lected  tropical frog 
populations can provide valuable data on the health of 
those populations, and hencc the habilat, írom one vear 
to ihc ne.xt.

Finally, ke\' habitais may also be im portant indica- 
tors. F o r  cxa m p lc ,  the aspcn and  wet meadovv habitats 
of the Colorado Rockv M ountains in ihe Uniied States



are good indicator habitats because o f the species that 
depend on them.

3. Identiíying Resource Needs

M anagem ent support o f m onitoring activities is essen- 
úal to ensure a successtul m onitoring project. Essential 
resources include íunding, people to conduct the m oni- 
toring, and technology.

Ensuring sufficient ĩunding is crucial lo long-term  
success. One of the most im porlant consideratíons ís 
for equipm ent costs, w hich may include not only the 
equipm ent used in the íìeld but also Computer and data- 
archiving facilities and associated software as well as 
resources Ibr preparation and publication of the m oni- 
toring íìndings.

Ít is also im portant to evaluale the skills required of 
those who plan and irnplem ent the proịect, including 
the need for ecologists ['aniiliar with the ecosystem  types 
under consideration, a statistician for sam pling design, 
skilled field technicians for gathering and identifying 
íĩcld sam ples, data m anagers, and geographic iníorm a- 
tion system s (G IS) specialists for com piling the iníor- 
m ation. Trained volunteers can bc an enorm ous help 
to m onitoring program s, especially in gathering data in 
the íìeld, and they have been used extensively in a 
variety of differeni m onitoring pro jects around the 
vvorld.

Evaluating the time required for various phases of 
m onitoring is appropriate during planning and design 
and should include lime for planning, implemeniation, 
data m anagem ent, and reporting. Later stages of the 
adaptive m anagem em  cycle must receive equal atten- 
tion in this regard. They ừequently are not well rep- 
resented in the enthusiasm  of getting the project 
underway.

4. Deíìning Spatial and Tem poral Scales

Biodiversity assessm ent and m onitoring at local and 
regional scales can provide decision m akers with high- 
quality data and cost-effective choices. Generally, the 
scale for assessm ent and m onitoring is based 011 the 
geographical boundaries o f the protected area or conser- 
vation unit or on subsets o f such areas. Identifying the 
scale is essential at the planning stage because it has 
im portant im plications in defining effective sampling 
design and the resources needed for the project. M oni- 
toring species populations at a landscape scale may 
require sam pling under different land m anagem ent con- 
ditions and may call for special perm its. Al the local 
scale, m onitoring usually concentrates on speciíìc com - 
m u n it ie s  ch o scn  becau se  o f  the degree o f  thrcat or be-

cause of iheir location, and the results may not be 
representative of the landscape-level biodiversity.

Additional issues should be addressed vvhen consid- 
ering temporal scales or the ti me frame over w hich 
m onitoring should be conducted. Such issues may in- 
volve not only sam pling Trequency but also the time 
taken to gather the inform ation from each sam pling 
point. This helps evaluaie the need for qualitative (pres- 
ence/absence, population estim ates, or condiúon assess- 
m ents) versus quantitative (censuses, sam ples, or de- 
m ographics) m easurem ents in the íìelcl.

5. Setting the O bjectives

As has alreadv been m entioned, the concept of m onitor- 
ing within an adaptive managem ent framework ĩs very 
rnuch dependent on the establishm eni o f speciRc man- 
agem ent objectives. Clearly siated objectives need to 
include measurable standards, desired states, threshold 
values, and the range and am ount of acceptable change 
for all com ponents o f  b ìodiversity  that vvill be TTieasured. 
The obịectives should speciíy the lim its o f change before 
m anagem ent action is taken, and they should bc realis- 
tic, speciíìc, and measurable. Several considerations as- 
sist in defining the m onitoring obịectives, including 
species and indicators to be m onilored, location, attri- 
butes to be measured, action o ĩ management, the mea- 
surable quantity and degree of change, and the time 
frame for m onitoring. These com ponenls, w hich should 
be included in the m oniioring objeciive stalem ent, are 
addressed in the followirtg sections.

a. Location for M onitoring

Clear guidelines identifying the location of m anagem ent 
concerns provide lim its within w hich the m anagem ent 
and m onitoring results will be applied. These guidelines 
vary depending on the m anagem ent responsibilities and 
may include a portion of the population thai resides 
w ithin a protected area. The location may also be deter- 
m ined by ihe purposes of the m anagement objective 
and may not cover the entíre range of the species vvithin 
the protected area. They may, for exam ple, be restricted 
to a particular area such as riparian habitats.

b. A ttribu tes to Be M easured

For m ost com ponents of biodíversity, measurable attri- 
butes com prise quantitative m easures such as popula- 
tion abundance in the area of interesl. N evertheless, 
qualitative param eters may also be measured. Cover, 
for exam ple, may be m easured for vegetation at ground 
level, including the percentage cover of a given herba- 
ceous species, or it may be measured as the proportion 
of íorest cover deterinined from aerial photography.



Dem ography or population dynam ics may be used to 
evaluate mortality and recruitm ent rates.

There are several considerations when selecting pa- 
ram eters to measure. The attribute should be suffi- 
ciently sensitive in detecting the desired level o f change 
and capable of distinguishing betvveen natural íluctua- 
tions and hum an induced change. The change regis- 
tered by the attribute should be biologically m eaningỉul 
and lead to a logical m anagem ent response. The cost 
o f measuring the variable m ust be w ilhin budget, and 
it is necessary to identiíy the expertise and technical 
ability needed to measure the attribute. In addition, the 
variability in observer error must be m inim al. Some of 
these issues may be addressed by conducting pilot 
projects.

c. A ctions and T hreshold s

Populations of the selected species can increase, de- 
crease, or rem ain unchanged. These param eters are im- 
portant to quantiíy, as they vvill be the m easures oi 
success in a biodiversity m onitoríng program. Under 
certain conditions such as with invasive species, it may 
be desirable to achieve a decline in the indicator species. 
when the m anagem ent obịective is to achieve an im- 
provem ent in species or habitai [actors, then the in- 
crease in abundance may be the focus for management. 
w h e n  current conditions are íavorable such as w hen 
the population of the selected species is at the desired 
level, the m anagement objective should be to m aintain 
that population density.

There may also be thrcshold lcvcls bcyond vvhich 
the species param eters should not pass. These can be 
divided into biological thresholds and m anagement 
thresholds. A biological threshold is the point beyond 
w hich an irreversible change in the population may 
occur. This may be the m inimum viable population 
density of the species, w hich, if  exceeded, may lead to 
a population crash, loss of genetic viability, or extinc- 
tion. In general, biological ihresholds for many species 
are not known. T his makes it iinperativc to choose an 
indicator species w ìth a know n threshold.

A managem ent threshold is the point beyond w hich 
m anagement should be changed to avoid an unaccept- 
able risk to biodiversity. M anagement thresholds should 
be m aintained above biological thresholds, especially if 
the latter are poorly knovvn, and m anagement thresh- 
olds need to provide a suitable margin of error to ensure 
that the biological threshold is protected. The m onitor- 
ing activity itself m ust [ocus on m anagement threshold 
le v e ls ;  for  e x a m p l e ,  a p o p u la t io n  is d e te r m i n e d  to  re -  

quire  a m in im u m  o f  1 0 0  individuals 10 ensure genetic  
diversity and prevent the local extinction of the species 
(biological threshold). The managemenl threshold

should be maintained above ihis level, say at 120 indi- 
viduals, to ensure ihe long-term  survival o f the species.

d. Degree o f Change

M onitoring is (requently associated with measure- 
ments, and the task of assigning a measurable range of 
change can be challenging because o f limited knowl- 
edge of the ecology of many species. This may lead to 
developm ent of objectives that are measurable and but 
not necessarily the most appropriate in an ecological 
context. Several authors have suggested thai objectives 
do not have to be quantified, but they need to be as 
precisely deỉìned as possible so that m anagement suc- 
cess can be evaluated. W hatever the approach taken, 
the objective should consider the natural fluctuations 
in the population, the size necessary to ensure a viable 
population (th rcsholds), the am ount of change that is 
biologically m eaningíul, the intensity of management, 
and ihe cost o f measuring the specified level of change.

e. T im e Fram e for M onitoring

The time frame depends on the biology of ihe species 
(short-lived species will respond more quicklv), ihe 
intensily of m anagemeni (intense managemenl pro- 
duces rapid changes), and ihe level o f speciíìed change 
(the sm aller the change, ihe sooner it vvill be detected). 
Short-term  responses may beneíìl Irom more frequent 
evaluaúon of the management ob jectives, and they may 
be less susceptible to (unding cuts. Nevertheless, sufíì- 
cient time m ust be allocated to detect changes such as 
the im pacts that selective clear-cutúng o f the íorest has 
on water quality, which may not be detected until as 
much as a decadt' after the initial activity. Conclusions 
show ing no problem s reached aíter only a few years 
could be decepúve.

f. Statem ent o f M anagem ent O bjective

Tlie previous steps lead to the developm eni of a state- 
ment outlining the m anagem ent objectives. An example 
o f a managem ent objective [orm oTiitoring couid include 
m aintaíning the population of a particular species in 
a given area withìn 10%  of the oríginally measured 
population densiiy over the next 10 years. This type of 
objective is som etim es referred to as a target, or thresh- 
old, m anagem ent objective because it measures the pop- 
ulation in relation to a desired condition. Another m an- 
agem ent objective might be to increase the mean density 
oi a species in a particular area by 15% over the next 
5 years. This objective is referred to as a change, or 
trend, m anagement objective because it measures a 
change in density over time. In b o th  cases, the objective 
includes inform ation on the localion , the species in



question, the degree o f change, and a time frame for 
the m onitoring activity.

6. Design M anagem ent

Ai ihis stage, it is im portant to address vvhich options 
are available for m anagem ent. Based on the objectives, 
the íìrst decision w ill involve w hether m anagem ent 
should be active or passive. In inost situations, active 
m anagem ent is m ore appropriate as it provides several 
alternative options and will generally lead to quicker 
learning. Passive m anagem ent may be suitable when 
it is not possible to design m anagem ent with several 
allernatives, the costs for im plem entation are excessive 
and previous experience supports the use of one alterna- 
tive as the best course of action.

The m onitoring protocols to be used should be d e- 

signed based on the m anagem ent objectives, w hich ad- 
dress issues such as sam pling design, clata m anagem ent, 
and analysis, interpretation of results, and reporting 
m echanism s. These issues are m ore fully described in 
ihe assessm ent and m onitoring section that follows.

7. M a n a g e m e n t R e sp o n se

Betore m onitoring begins, it is useíul to identiĩy alterna- 
tive m anagem ent responses based on different m onitor- 
ing resulls. It is im portant for stakeholders to be aware 
o f the im plications o f the m oniioring results. The differ- 
en i m anagem ent options m usi be evalualed to ensure 
that they are both  eeonom ically  and politically íeasible. 
The m anagem ent changes are more likely to be im ple- 
m cnied if they are addressed in ihc planning siage and 
consensus is achieved.

8. Reassess the O bjectives

It is helpíul at this stage to pose a series o f questions 
concerning the m anagem ent objectives that will help 
identify any potential challenges or issues to be ad- 
dressed. Have the ob jectives been clearly stated and are 
they realistic? w h a t m onitoring protocols are required 
to achieve the ob jectives? W hat is the tim eline for ac- 
com plishing the ob jeclives? W ill the inform ation that is 
gathered ạssist m anagers in  m aking inform ed decisions? 
Can the results o f the m anagem ent decisions be statisti- 
cally analyzed? Has a cost/benefìt analysis been com - 
pleted? W hat is the scale o f the m onitoring program  
(protected area, entire forest, selected num ber of habi- 
tats)? Is a consortium  of organizations needed to 
achieve the ob jecúves?

B. Management Implementation
New m anagem ent should now be im plem ented or cur- 
rent m anagem ent continued or modified. In m ost silua-

t ions even if  m a n a g em en t  has b een  in place for a n u m b e r  
of years, the preparation and deíìnition of managem ent 
objecúves will identiĩy alternative options. Differem  
scenarios may also be used in different locations to 
im plem ent an active adaptive managemetu approach. 
W here new m anagem ent is identiíìed, a detailed outline 
will ensure that the m anagem ent activity is imple- 
m ented effectively. Im plem entaúon m onitoring will 
help guarantee the successíul com pletion of this phase 
(see the next section).

c. Assessment and Monitoring
Assessm ent and m onitoring protocols provide an essen- 
tial tool for m onitoring the status of biodiversity and 
changes in that status over time. In recent years, there 
has been an increased em phasis on standardizing m oni- 
toring protocols to facilitate com parisons am ong cliffer- 
ent pro jects. These long-term  data are helpíul in de- 
tecting the magnitude and duration of changes, how 
related taxa are changing, and “early w arning” indica- 
tors o f ecosystem  health. They also serve as the basis 
for ĩorm ulating additional research hypotheses, and, 
m ost im portant, the data are used to guide managem ent 
deeisions related to biodiversity conservation. The fol- 
low ing section describes the differeni stages involved 
(Fig. 3 ).

1. M onitoring Program s

Four m onitoring processes can be distinguished: base- 
line m oniloring, im plem entation m oniloring, effective- 
ness m onitoring, and validation m onitoring. All share 
the com m on them e o f periodic m easurem ents related 
to managem ent objectives.

a. B aseline M onitoring

Baseline m onitoring provides a S ta n d a rd  against w hich 
future change may be evaluated. It is often the fìrst set 
of m easurem ents in a m onitoring program and, hence, 
the begìnning of effectiveness m onitoring. Under cer- 
tain conditions, baseline m onitoring may be the collec- 
tion o f data prior to im plem entation o f m anagement, 
providing a before-and-after com parison. Ít may also 
be conducted in m onitoring situations where the estab- 
l ish m en t  o f  Controls and  treatm ents  is possible.

W here a large num ber of variables are measured 
on a regular schedule w ith no speciíìc managem ent 
objective in m ind, the activity is reíerred to as a long- 
term ecological study or a baseline study (e.g ., m easur- 
ing the com position, stru cture, and dynamics of trees 
in a perm anent plot over a num ber of years). These are 
very im portant for m onitoring as they provide inĩorm a- 
tion on a wide range o f trends in biological variables.



FIGURE 3 Slcps involved in ihc assessment and m oniioringphasc of the adaplive management cycle.

b. Im plem entation M onitoring

This lype of m onitoring addresses the question, "Is the 
m oniioring program doing vvhat it is supposed to d o?” 
Ít provides quantitative íeedback on vvhether the man- 
agem ent has been caried OUI as planned. Im plem enta- 
tion m onitoring acts as a form of quality control that 
audits the degree of com pliance wíth previously estab- 
lished standards and guidelines. This type of m onitoring 
may be conducted by external, independent parties to 
ensure that the im plem entation team is (ollovving estab- 
lished speciíications.

c. E ffectiveness M onitoring

Effecliveness m oniloring assesses the outcom e of the 
m anagem ent: “Did it w ork?” It provides an evaluation 
o f how effective ihe m anagem eni was in m eeting the 
results, needs, and expectations for w hich it was estab- 
lished. lf the effects o f the management do not reach 
the desired objecúve, then the management was not 
successíul. For exam ple, an exclusion fcnce for cattle 
or deer may be placed at the righl location (im plem enta- 
tion ), but the rare plant population may still experience 
a decline (effectiveness). T hu s, the m anagement ap- 
proach was not successful.

d. V alidation M onitoring

This type of rnonitoringaddresses the validity of prede- 
fmed assum ptions: “Are the m odels used for developing 
the m anagem eni plan correct?" The difference betvveen 
this type of m onitoring and research is that research is 
speciíìcally geared toward acldressing cause-and-effect 
queslions. Even ihough research may not ĩulíill ihe 
objectives o f m onitoring, it does provide criúcal inlor- 
m a tio n  for im p lem en tin g  m an agem en l.  l f  m o n ito r in g  
r e q u i r e s  the  e s t a b l i s h m e n t  o f  c a u s e  and e f fe c t ,  th e  lo-  

gistical and cost im p licatìons  must be evaluated care- 
ỉully.

2. Deíìning Sampling O bjectives

Sampling objecúves should be deíìned based on ihe 
m anagem ent obịectives, which will speciíy the parame- 
ters for sarnpling, indu d ing  the level o f predsion neces- 
sary. Precision is a m easure o f repeatability. or how 
close two repeated m easurem ents are to each cther, and 
is frequently obtained as a S ta n d a rd  deviation of the 
estim ated mean from which coníĩdence lim its are calcu- 
lated. Increasing the num ber and size of samples in- 
creases confidence in the estim ated measures but may 
be constrained by logistic and cost íactors.

Sam pling objecúves also identily the level j f  change 
that must be detecied and ihe risk of missing a real 
change or, alternatively, ol detecting a false change. 
These factors are relatcd 10 ihe variability of the popula- 
tion and the num ber and size o f the samples used, all 
of which will determ ine the power of the sampling 
approach. W hen dealing with biological com m unities 
and attem pting to m aintain their param eters above the 
biological threshold levels, it is always best to err on 
the side o f caution. Pailing to detect a real change will 
result in failure of the m onitoring program.

3. Sampling and D ata-G athering Designs

Sound sam pling designs should provide guidelines for 
the m ost cost-efficient and effective way to g ither and 
analyze data while m aintaining high qualiiy-control 
standards. The design of biodiversity m onitering pro- 
grams should be based on site-specifìc nianagement 
objectives, w hich hclp determ ine the sampling intensity 
to allovv com parisons am ong habitat types and the as- 
sessm ent of long-lerm  changes w ithin habita.s and the 
effects o f managem ent.

The sam pling design should address the following 
questions:

1. W hat do researchers need to know about the sitc
(e.g ., data on forest com position, structure, and di-



versity as well as site-specific inlorm aũon such as 
the effects o f acid deposition, drought, typhoon,
El Niiìo, íires, and other disturbances)?

2. How will data from the ìnonitoring prograni be 
used (m anagerial and scientiRc uses)?

3. Is the site representative of the selected habitat?
4. W ill the design be sensitive enough to detect 

changes?
5. w h at lim its o f change are expecied and are ìm por- 

tant to detect (e.g ., m ortality rates of íorest stands 
should not exceed 3 to 5% per year)?

6. w h at is the degree of coníìdence expecicd from 
the results?

7. W ill the sam pling design produce results that will 
be represenlative o f what is happening in the en- 
tire study area?

The m anagem ent ohjectives will help determ ine the 
type of m onitoring needed— qualitative or quantila- 
tive m onitoring.

4. Qualitative and Q uantitative M onitoring 

Qualitative m onitoring (e.g ., habitat condition) is gen- 
erally quicker and less expensive to implement than 
quantitative m oniioring (e.g ., estim ates of ihc fre- 
quency and abundance of a species). W ith qualitative 
techniqucs, variability arnong different observers may 
be high. lt is essenúal to reduce ihis variability because 
it has im portant im plications in distinguishing real 
changes from those brought on by sam pling variability. 
This may require testing several techniques to deter- 
m ine which one produces consistent íield staff results.

Q uantitative m ethods require m ore precise measure- 
m ents for estim ating population param eters, thus in- 
creasing the time and eost investm enl. O bserver vari- 
ability is less o f an issue because direct m easurem ents, 
not estim ates, are recorded in the field.

5. Site-Specific Sampling

YVithin a selected habitat, sam plíng may be carriecl out 
in a system atic, random , or stratified íashion. System atic 
sam pling requires establishm ent o f a grid within w hich 
a series of points are sampled. For random sampling, 
all points have an equal probability of being sampled. 
An area may also be stratified according to the needs 
o f the m onitoring program.

T he num ber and size of the samples will be deter- 
m ined by the precision required for the m onitoring. It 
w ill also be necessary to identify w hether the samples 
should be perm anent or temporary. Perm anent sam- 
p lin g  points  will  increase  the level o f  repeatability  and

the cosl and time needed to cstahlish and perm anentlv 
dem arcate the sam pling point.

Cost analysis of ihe sam pling design is advisable so 
ihat objectives and ihe precision level can be adjusled, if 
necessary, to budget lim itations. The desired precision 
level can be calibrated by changing the sam pling plot 
unit and design as well as the confidence intervals 
and leveỉ.

6. Baseline Iníorm ation and Pilot Projects 

M onitoring requires a base or expected norm  against 
w hich all fulure change may be com pared. Baseline 
infonnation may com e from  existing publications or 
initial surveys, assessm enls, or baselìne m onitoring. 
Unfortunately, initial surveys do not give any indication 
o f how representatìve the results are ol the selected 
habitat, and the lúerature may be sparse, especially in 
tropical regions. It is therefore suggested ihat surveil- 
lance or a pilot test be conducied before establishing a 
baseline against w hich lulure com parisons will be 
macle. As an exam ple, w hen establishing a vegetation 
plot, the íirst census results in a list of species and a 
description of how they art' assem bled and distributed 
at the site. Repealed m easurem ents indicate changes in 
ihese variables over tim e and identiíy ircnds on vvhich 
the baselines may be constructed.

Pilot pro jects are extrem ely useful and will likely 
identiíy issues that need to be addresscd at an early 
stage. As a starting point, pilot pro jects provide guid- 
ance for the m oniloring proịect design, the (easibility 
of the íĩeld techniques used, w hether the sample size 
and num ber are sufficient to detect signiíĩcant change, 
and w helher the protocols used are logistically and 
econom ically  íeasible. Pilot pro jects may also identify 
areas where furiher resources need to be obtained, 
where training of Tield staff is needed, or where addi- 
tional assistance is appropriate. At this Slage, it is possi- 
ble to modify the sam pling to ensure thai the manage- 
ment objecúves can be assessed.

7. Data Collection

Data co llection  entails the m easurem eni and assim ila- 
tion of iníorm ation in the field. A ceniral issue in data 
collection  is the need to gather dala under consistent 
standards. Data collectors should be trained speciíìcally 
for ihe task. Standard protocols should be used to facilì- 
late cross-site com parisons and evaluation in m ulútaxa 
m onitoring. For exam ple, in past efforts related to forest 
m anagem ent, dead and dying trees were viewed as less 
im portant than live trees because they had little value 
for wood products. M ore recent efforts related to biodi- 
versity recognize the im portance of dead trees as



elem ents o f the ecological com m unity that support 
other taxa.

8 . D ata  M a n a g e m e n t an d  A n alysis 

A primary tenet o f data m anagement is to assure that 
data are accurately transferred from íìeld data sheets 
and securely stored, m aking them available for future 
analysis. M anaging data sets from a m onitoring project 
should include data entry, veriíĩcation, validation, ar- 
chiving, and docum entation.

Data entry reíers to the process ofaccurately  transfer- 
ring data from the field data forms to the C o m p u ter .  

Validity checks should be incorporated to assist in the 
detection o f errors. Data veriíìcation, w hich follows data 
entry, is the process of assuring that the com puterized 
records m atch the iníorm ation from the original data 
sheets. Data validaúon is performed on verified com pu- 
terized data for range and logic errors. For this task, 
data managers m ust be knovvledgeable about the daia 
they are hanclling.

Because m onitoring may take place ovcr long periods 
o f tim e, data m ust be saíely archived. Daia docum enta- 
tion should accom pany ihe archive, ensuring that all 
the inform ation required for underslanding the data is 
stored for future reíerence. Data docum entaúon incor- 
porates a num ber of descriptors such as the dala sei 
nam e, title, íiles and their structure, location, investiga- 
tor, and dates o f m onitoring along with any olher infor- 
m ation pertinent to the daia. A data dictionary describ- 
ing the structure of the database should be stored with 
the archived data. W hen planning a m onitoring pro- 
gram, researchers must include the cosis involved in 
data m anagem ent in long-term  budgets. It is money 
well invested.

Data analysis is essenlial in relating daia to the estab- 
lished goals and objectives of the m onitoring program. 
Results irom  data analysis, recorded in ihe form of 
syntheses or reports, need to be available to other re- 
searchers and to managers and decision makers. Data 
analysis should: (a) ensure that the m onitoring ob jec- 
tives are effectively addressed, (b ) emphasize the im por- 
tance of early detection of critical changes to allow 
low cr-cost solutions, (c) recognÍ2 e that results from the 
analysis are m eant to contributc to knowledge about 
the biodiversity com ponent being m onitored, and (d) 
em phasize that the results are iniended to provide bio- 
diversily m anagers with a scientiRc ralionale for setting 
appropriate standards.

W hile dala analysis should synthesize large quanti- 
ties o f in form ation  to make it m caningíul to the user, 
som etim es the tendency is to over analyze it. This often 
produces an overvvhelming am ount of analvtical results

and inierpretations that can obscure m eaningful find- 
ings. It is im portant to maintain the focus of the m oni- 
toring program by returning to the speciíĩc questions 
that need to be answered. The results from the data 
analysis should be presented in a [ormat ihat enables 
others to m ake their own interpretations w ithout diffi- 
cu lty . This may involve the preparation of reports detail- 
ing how the íìndings affect the m anagem ent of the pro- 
tected area and presenting recom m endations.

D. Evaluation and Decision Making
Evaluation elicits answers to the questions underlying 
the p ro ject’s obịectives, thus allowing for generation of 
management recom m endations and calibration o f the 
m onitoring program. In addition, it allows an assess- 
ment of the m onitoring process. Ít is often useíul to 
pose the follow íng questions: Are ihe results o f each 
speciíìc m onitoring technique well integrated w ith the 
overall m onitoring program? Do methods used ensure 
reliable, tim ely, and effeciive data analysis? Are the 
collected data su b jecl lo the appropriate techniques for 
data managem ent and analysis? Could the data gathered 
be coupled with new technologies for analysis and man- 
agement? W hat m echanism s exisi or can be developed 
to allow timely transfer of data and iníorm ation to man- 
agers and decision makers?

M anagem ent approaches should be viewed as hypo- 
thetical m eans to reach operalional goals. Through eval- 
uation of the m onitoring data, managers receive timely 
ĩeedback as thesc hypolhesis arc lcsted. Thus, evalua- 
tions are the tools for improving management by check- 
ing on m anagem ent actions and províding guidelines 
for im provem ent. For exam ple, when a predeterm ined 
degree of change is detecied, appropriate action is taken 
and the results m ust be evaluated.

All the preceding steps lead to decision m aking re- 
garding the need or lack thereof to adjust the manage- 
m ent practices and m onitoring program. lf  the íìndings 
determ ine that biodiversity trends are vviihin the ex- 
pected values, m onitoring will continue w ithout sub- 
stantial alterations. If signiHcant changes in the trends 
are observed, managers or decision makers need to 
design the m ost appropriate response. The reasons for 
m onitoring can be evaluated at this stage. Is the moni- 
toring still required, and, if so, do the objectives still 
remạin the same?

Inconđu sive results require adịustm ent of the objec- 
tives and sam pling approaches to increase the degree 
of precision. However, carelul planning and design of 
the m onitoring program can reduce the risk o f incon- 
clusive inform ation.



III. KEYS TO SƯCCESS

One of the most critical and challenging issues in ihe 
success o f m onitoring programs is the neecl to gain 
long-term  support. Pro ject personnel m ust elicit the 
endorsem ent of high-level m anagers and the com m it- 
m ent of resource experts and technicians in the tìeld. 
One m ethod of achieving this goal is to incorporate 
m onitoring as a routine duty of appropriate personnel. 
A nother is to im plem ent a reward system  for personnel 
who detect a situation that needs to be fixed and take 
steps to devise a m anagem ent-oriented solution. Institu- 
tional com m itm ent is essential to ensure the long-term  
success of any m onitoring activity.

A com m on practice is to develop partnerships am ong 
several organizations to assist in fund raising, standard- 
izing protocols, providing site-specilìc docum entation, 
and supporting iraining for high-qualúy research and 
m onitoring. This encourages sound data and iníorm a- 
tion m anagem ent and reduced duplication. Such part- 
nerships have also aided in disseininating inform ation 
about a m onitoring program to inlorm  the public o f its 
im portance and beneíìts. G reater public understandĩng 
may leacl to increased acceptance and support for the 
program.

Creating an interdisciplinary team w iih an integrated 
V ision  of the overall proịect beyond individual interests 
greatly íacilitates the m onúoring success. This type of 
integration is frequently achieved through w orkshops 
or through training of staff and managers in leadership 
and persuasive com m unicalions skills ihat prom ote 
teamvvork in dealing with conílict resolution that is 
com m on to interdisciplinary teams.

It is also clear from the fram ew ork outlined here 
that planning is im portant to m onitoring success. Revis- 
iting the m anagem ent and m onitoring ob jectives will 
ensure that the activity proceeds sm oothly. By using 
the principles o f adaptive m anagem ent, the results of 
thc m onitoring will help determ ine the success of the 
m anagem ent and retìne future activities to ensure the 
conservation of biological diversity.
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GLOSSARY

benth os N onplankionic anim als associated with sub- 
strata within sedim ents or closely above the sedi- 
m en t-w ater interface. 

d etritu s N onliving organic m atter in  both  soluble and 
Ịoarticulate forms. 

littoral zone Region o f a lake or river betw een the land 
and the open water (pelagic zone) that is coIonized 
by em ergent, íloating-leaved, and subm ersed aquatic 
plants and their attendant sessile m icrobiota (peri- 
phyton).

pelagic zone O pen-w ater portion of a lake or reservoir 
beyond the littoral zone. 

periphyton  Bacteria, fungi, algae, and sessile m icro- 
íauna growing attached to substrata (sedim ents, 
rock , plants, anim als, sand). 

phytoplankton  Small photosynthetic plankton , largely 
algae and cyanobacteria. 

p lankton  Small organism s w ith no or lim ited powers 
of locom otion that are suspended in the water and 
largely dispersed by turbulence and other water 
m ovements.

production  Am ount of new organic biom ass forrned 
over a period of tirne, and includes any losses from 
respiration, excretion , secreiion, injury, dealh, and 
predation.

zooplankton Small animal plankton, usually denser 
than vvater, that sink by gravity lo greater depths.

FRESH W ATER ECO SYSTEM S ARE IN TERA CTIVE  
SYSTEM S  w ithin which biotic species and their growth 
and adaptation, and associated biological productivity, 
nutrient cycling, and energy flows am onginland aquatic 
m icrobia l ,  plant,  and an im al  c o m m u n it ies ,  are inte- 
grated with their environm ent. These inland waters in- 
clude lakes, reservoirs, rivers, stream s, and wetlands. 
The sub ject discipline, termed lim nology, evaluates how 
these interactive relationships are regulated by natural 
and modiPied variations in their physical, chem ical, and 
b iotic environm ents. The standing water ( ỉen tic) lake 
or reservoir ecosystem  is a system that is intim ately 
coupled with the land surrounding it in its drainage 
area via chem ical com ponents transported to the lake 
by groundwater or running suríace waters (ìotic) of 
stream s and rivers.

I. FRESH WATERS: PHYSICAL 
ECOSYSTEM STRUCTURE

M ost water on the E arth s  surĩace is saline in oceans 
(9 7 .6 1 % ), and m ost of the rem ainder is polar ice
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(2 .08% ) and ground water (0 .29% ). The rem aining wa- 
ter (only 0 .0 09% ) exists in freshwater ecosystem s as 
tem porarỵ storage in lakes and reservoirs on land. These 
surface waters have m uch shorter renewal times than 
those of the oceans (Table I). The volume of water 
flowing from  these storage sites to the sea in streams 
and rivers is very small (0 .00009%  of total w ater), with 
a m ean residence time of about two weeks. During high- 
precipitation periods, surface vvaters of rivers increase 
and often recharge adjacent groundwater aquifers. Re- 
turn flows from ground water to rivers occur during 
periods of low tlow or drought, and usually m aintain 
a base flow in river channels.

The storage of water in lakes and retention Limes are 
altered by shifts in the balance betvveen inputs from 
all sources and water losses. Lakes receive vvater from 
precip iiaiion directly on thc surĩace, Irom suríace in- 
flows írom  the drainage basin, and from subsuríace 
groundw ater seepage. Lakes lose water by flow from a 
usually single outlet (drain agc la k es ),  by seepage 
thro u gh  the basin  walls  into the ground  w ater (s e c p a g e  
l akes) ,  e v a p o r a t io n ,  a n d  e v a p o tr a n s p ir a t io n  f r o m  higher 
aquatic planls. Saline lakes, w hich consútute nearly half 
of inland surface waters (see Table 1), occur in closccl 
basins with no outflow excepl by evaporation. That 
evaporation results in a gradual marked increase in

residual concentraiion of dissolved salts that were im- 
ported with inílucnt vvater.

Natural lakes are concentrated in ihe subarctic and 
temperate regions of the N orthern Hem isphere, 
vvhereas reservoirs are constructed predom inately in 
the subtem perate and subưopical regions. Som e 40%  
of the total volume of suríace freshw ater is contained 
in seven great lakc basins of Siberia (Lake B aikal), North 
Am erica (the Laurentian Greal Lakes: Superior, M ichi- 
gan, Huron, Erie, and O ntario), and eastern Africa (Lake 
Tanganyika). M osi o f the m illions of lakes and reser- 
voirs, however, au' verv much sm aller and relatively 
shallow , usually < 1 5  m in depth (Fig. 1). M ean depths 
are even more shallow ( < 5  m ). As a result, light corn- 
m only penetrates to over half o f the sedim ents \vithin 
the basins of a large percentage of lakes. Photosynthesis 
can thus occur noi only by algae that are suspended in 
the waier colum n bui can extend to higher aquatic 
plants and attached algae. M ạjor ílow ing-w ater ecosys- 
tems occur in low-gradient tropical and subtropical re- 
gions and are posited to support high photosynthetic 
productivity in extensive iloodplain and lan d -w ater in- 
terface regions.

The productivity and internal m etabolism  of aquatic 
ecosystem s are drivcn and controlled by energy from 
solar radiaúon acquired by photosynthesis. Inland wa-

TABLE[

W atcr in ihe Biusphcrc"

Volumc 
(thousands of km ’)

Pcrcemagc 
oftotal Rcncwal lime

Oceans 1,370 ,000 97.61 3100 vears1.

Polar ice, glacìers 29 ,000 2.08 16,000 vcars

Groundwatcr (aclivcly exchanged)' 4000 11295 300 years

Frcshwaler lakes 125 0 .009 1 -1 0 0  vears'1

Saline lakes 104 0 .008 1 0 -1 0 0 0  yearsJ

Soil and subsoil moislure 67 0.005 280 days

Rivers 1.2 o.ooool 1 2 -2 0  davs1'

Almospheric vvaler vapor 14 0.000) 9 davs

" Moditied from Wetzel (1 9 8 3 , 2000) alicr Kalinin and Bvkov. Slightlv diffcrcnt values are 
given by 1. A. shiklomanov, but raúos arc similar.

'■ Based OI1 net cvaporation [rom ihe oceans.
1 Kal in in and Bvkov eslimatcd thai tlie lolal groundvvalcr lo a deplh of 5 km in ihe earth's 

crusi amoums 10 60 X 10" k m !. Tliis is much greãìcr ilian ihe cstimate hy ihc U.S. Gcological 
Survcv of 8.3 X l ơ ’ k m 1 10 a dcpth ưf 4 km. Only ihe volunie oí thc uppcr, aclivcly c.xchanged 
groundwaler is included here.

J Rcneual limcs lor lakcs vnrv dirccllv \vith volumc and mean dcpih. and invcrsely with ratc 
of dischargc. The absolute rangc lor salinc lakcs is Irom da\s to thousands ol vears.

1 Twclvc davs for rivcrs \viih rcUuiveỉy small caichmcm arcas of less tliLin 100.000 km-; 20 
days for major rivers ihal drain dircctly 10 the sea.



Mean depth (m)

FIGURE 1 ApproximalL' numbct of lakci of thc woiid in relalion lo lakc area and approxinialc mean water depth. (Aíler 
VVcizcl. 1990).

ters receive organic products of photosynthesis direclly 
from their aquatic ílora and indirectly from their drain- 
age basins as particulate and dissolved organic matter 
from tcrrestrial and wetland plants im ported by stream 
w ater, storm  runoff, ground waier, and the atm osphere.

Light is attenuated exponentially with increasing 
depth in vvater. As tlie liglit is aitenuated, ultraviolet 
wavelengths arc absorbed strongly by dissolved organic 
com pounds in the water. The blue portion (5 0 0 - 6 0 0  
nrn) o f the visible spectrum  penctrates most deeply in 
relatively clear waters. ĩnírared wavelengths are ab- 
sorbed rapidly, largely as a result o f the m olecular slruc- 
ture o f water m olecules, and m uch of ihis energy is 
dissipated as heat. Because water becom es less dense 
as hcat content increases above 4°c, the less dense 
warm er water rioats upon the more dense cooler vvater. 
This density stratiíìcation results in separation of m ajor 
strata w ithin lakes, where a warmer, less dense stratum 
(cpilimniơn) overlíes a cooler, denser zone ( hypolim - 
nion). The interface zone ( m ctalim n ion ) is a region of 
rapid therm al d iscontinuity, oíten as m uch as several 
degrees change per m eter, betw een the epilim nion and 
the hypolim nion.

The resulúng density slratiíìcation  affects not only 
the therm al structure and water mass stratiíìcation, but 
also the hydrodynam ics of lakes and reservoirs. Heat 
is distributed and altered by the physical work of wind 
energy, currents and other water m ovem ents, basin

m orphom etry, and water losses. Patterns of density- 
induced stratiíìcaúon iníluence physical and chem ical 
properiies and cycles bolh  spaúally vvithin ihc lake and 
seasonally. These characteristics struciure the aqualic 
habúats and have markecl attendant effects on all chem i- 
cal cycles, m etabolic rates, and the population dynam ics 
of organism s and iheir productivilies.

The total salinity  ol inland waters nearly always con- 
sists o f eight most abundant ionic species, o f usually 
four m ajor cations (C a2+, Mgỉ+ , N a\ K 4) and four 
anions (H C 0 3 , COị~, SO|‘ , c r ) . The salinity of tresh 
waters has a world average concentration of about 120 
m g/L, but varies among continents and with the lithol- 
ogv of landm asses (Table 11).

O f the m ajor consútuents of the cellular protoplasm  
of organism s (C , H, o ,  N, p, and S), the biogeochem ical 
cycles control the physical and m etabolic availability 
o f phosphorus, nitrogen, and several m inor nutrients. 
These elem ents often lim it biotic developm ent, particu- 
larly photosynthetic generation of organic m atter. Phos- 
phorus, in com parison to otber m acronutrients re- 
quired by biota, is least abundant geochem ically in a 
large portion of the global landíorm s and drainage. As 
a result, phosphorus is com m only the first elem ent to 
lim it bíological productivity, especially of photosyn- 
thetic producers and heterotrophic m icrobiota. W hen 
phosphorus is in adequate supplv, nitrogen availability 
invariably lim its productivity. Standing inland vvaters



TABLE II

Mean Composition of Rivcr W aters of the W orld (mg [_■')“

Cau Mg!* Na' K*
CO|-

(H CO ĩ) SQỆ C1 NO,
Fe

(as Fe .O ,ì SiO, Total

North America 21.0 5 9 1.4 68 20 8 1 0 .16 9 142

South America 7.2 1.5 4 2 31 4.8 4.9 0.7 1.4 11.9 69

Europe 31.1 5.6 5.4 1.7 95 24 6.9 3.7 0 .8 7.5 182

Asia 18.4 5.6 5.5 3.8 79 8.4 8.7 0.7 0.01 11.7 142

Aírica 12.5 3.8 11 — 43 13.5 12.1 0 .8 1.3 23.2 121

Australia 3 .91, 2.7 2.9 1.4 31.6 2.6 10 0 .05 0.3 3.9 59

W orld 15 4.1 6.3 2.3 58.4 11.2 7.8 1 0.67 13.1 120

Cations (/xeq
1-1')

750 342 274 59 — — — — — — 1425

Anions — — — — 958 233 220 17 — — 1428

‘‘ From W et2cl (1 9 8 3 , 2000), after data from scvcral sourccs.
f’ Values of calcium are likely less. 011 the average, than Na and Mg in Australian surface waters.

have been categorized into various trophic scales on the 
basis of ranges of m aịor nutrients and algal productivity 
(Table III).

Functiona]ly sim ilar organisms of biological com m u- 
nities can be grouped into trophic levels based on sim i- 
larúies in patterns ol organic m atter production and 
consum ption. Energy is translerred and nutrients are 
cycled vvithin an overall ecosystem  trophic structure. 
The productivity of each trophic level is the rate at 
vvhich energy enters the trophic level from thc nexl 
lower level. Because organism s expend considerable en- 
ergy for m aintenance and since death ol' an organism 
routes m uch energy and nutrients in to the detrital pool 
o f dead organic m atter, only a portion of the energy of 
one trophic level is available for transfer and use by 
higher trophic levels. Available cnergv decreases pro- 
gressively at h igher trophic levels, so that rarely can 
m ore than five or six trophic levels be supported. The 
effìciency of energy transfer from one level to the next 
is low (5 - 1 5 % ) ,  and often decreases as trophic level in- 
creases.

The organic m atter of freshw ater ecosystem s is pri- 
marily ( > 9 0 % )  dead organic m atter, and most (usually 
8 0 -9 0 % )  of this organic detritus occurs as soluble or 
colloidal organic com pounds. Oxvgen, however, is very 
insoluble in water, and most diffuses to the atmosphere. 
W hen organic m atter in lakes is metabolized and or- 
ganic com pounds respired by heterotrophic organisms, 
the am ount of organic m atter to be oxidized can be 
m uch larger than the dissolved oxygen available for 
oxidation. This lim itation can becom e acuie when lakes

are stratiíìed by density differences, and exposure of 
deep strata to oxygen of the atm osphere may be re- 
stricted for long periods of time (m onths).

In large lakes, the volume of water with sufficient 
light to support photosynthesis (eu photic  z o n e ) is small 
rclative lo the total volume of water containing stored 
cỉissolved oxygen that can be used in heterotrophic 
respiration. In small and relatively shallow  lakes, how- 
ever, the proportion of water supporting photosynthesis 
is large relative lo loial lake volum e, and respiratory 
dem ands can exhaust oxygen dissolved in the lower 
strata of the lake. The process of eutrophication exacer- 
bates the exhaustion of dissolved oxygen in large por- 
tions of lake ecosystem s. E utrophication  is the increased 
loading of organic m atter to an aquatic ecosystem . Often 
in lakes, eutrophication results from increased photo- 
synthetic produclion of organic m atter in response to 
excessive  loading  o f  nutrients,  p art icularly  p hosp horus,  
to the water from external sources.

W hen dissolved oxygen is depleted from water strata, 
alternate electron acceptors are utilized by m icrobial 
m etabolism  of dissolved organic com pounds. Bacterial 
denitrification occurs by biochem ical reduction of oxi- 
dized nitrogen aníons (N O ĩ and N O r), concom itant 
with the oxidation of organic m atter by many genera 
of [acultative anaerobic bacteria. w h e n  nitrate and ni- 
trite are depleted, alternative oxidized ions can function 
as electron acceptors, although with decreasing eífi- 
ciencies— manganese, iron, and particularly sulfate, the 
latter being reduced to hvdrogen sulíìde. Often the same 
com pound can serve as a hvdrogen acceptor or donor,





depending on the environm ental conditíons. W hen 
these electron acceptors are essentially depletcd, or- 
ganic m atter can be anaerobically degraded by fermenta- 
tion to m ethane and co, in two stages. Facultative and 
obligate anaerobic bacteria convert proteins, carbohy- 
drates, and fats prim arily to fatty acids by hydrolysis 
and íerm entaúon. O bligatory anaerobic m ethanogenic 
bacteria then convert the organic acids to m ethane 
and C 0 2.

II. DIVERSITY OF HABITATS

Freshw ater ecosysteins consist of entirc drainage basins 
as water moves from land and in grounchvater runoff 
to stream and river channels, and lo recipient lakes or 
reservoirs. The nutrient and organic matter content of 
drainage waler from the catchm ent area is moditìed in 
each of the lerrestrial soil, stream , and w etland-lútoral 
com ponents as water moves downgradient lo and 
w ithin the lake or reservoir itself (Fig. 2). Photosyn- 
thetic productivity of organic m atter is generally low 
to interm ediate in the terreslrial com ponenls, highest 
in  the w etlan d -littoral interface rcgions belween the 
l a n d  and water, and lowest in the open vvater (p elag ic ) 
zone. The same productivity profile emerges in the gra- 
dient from land to river channels, where the greatest 
p roductiv ity  o ccu rs  in the m arginal í ìoodplain  regions. 
A utolrophic productiviiy in river channels is generally 
low, as is also the case in the pelagic regions of lakes. 
M ost of the organic m attcr utilizcd by hctcrotrophic 
com m uniúes in running water is im ported from íìood- 
plain and terrestrial sources as particulate and especially 
dissolved and colloidal organic com pounds.

The interface region betw een the land and water is 
always the most productive per unit arca along the 
gradieni from land lo the open water oClakes, reservoirs, 
and stream s. Because most aquatic ecosysiem s occur in 
geom orphologically m ature terrain of genile slopes and 
are small and shallow , the vvetland-Httoral com ponents 
usually dom inate in both productivitv and the svnthesis 
and loading of organic m atter to the systems. The region
ol greatest productivity is the eraergent macrophyle 
zone. Em ergent aquatic plants have a number of struc- 
tural and physiological adaptations that not only toler- 
ate the hostile reducing anaerobic conditions of satu- 
rated sedím ents but also exploit the high nutrient 
conditions and water availabilitv of this habitat. Nutri- 
ents entering the zone of em ergem  m acrophvtcs from 
external sources tend to be assim ilated bv bacterial and 
algal microAora of the sedim ents and dcirital organic 
pariicles, and are then recycled to the emergent mac-

rophytcs. Dissolved organic com pounds released from 
decom position of plant detriial m aterials dom inate the 
export o f organic m atter from ihc em ergent plant zone.

Subm ersed m acrophvtes are limited physiologically 
by slow rates o f diffusion of gases and nutrients in water 
w ithin the boundary layers surrounding the leaves and 
by reduced availabilitv of light underw ater. Internal 
recycling of resources, particularly of gases (CO >, 0 2) 
of m etabolísm  and of critical nutrients, is ím portant to 
the abiliúes of subm ersed plants to íunction and grow 
as vvell as they do in undenvater conditions of chronic 
light and gas lim itations. Despite these adaptive m echa- 
nism s, grow th and productivity of subrnersed plants are 
less than those of em ergeni and íloating m acrophytes.

The second most productive com poncnt ol the wet- 
lan d -litto ra l com m unity is the m icroílora attached to 
aquatic plants epiphytically and to other surfaces, both 
living and dead. The suríaces provided by aquatic planls 
in lakes and rivers can be very large, often exceeding 
25 rrr per square meter of bottom sedim ents. High 
sustained growth of attached m icroílora results from 
their recycling of essential gases (C O ,, O ị) and dis- 
solved nutrients within the attached com m unities. Nu- 
trient uptake Irom the surrounding vvater is directed 
prim arily to the high net growth of attached m icrotlora 
and is responsible for the high capacity o f vvetland- 
liltoral areas to im prove the quality of w atcr passing 
ihrough these com m uniiies.

The vvetland-liuoral com plex of higher plani and 
m icrobial com m unities produces the m ajor sources of 
organic m attcr and energy of many Ireshvvaier ecosys- 
tems, including the marginal íloodplains of many rivers. 
M ost of the particulate organic m atler is decom posed 
w ithin these interface regions. Organic m atter is ex- 
ported predom inantly from these marginal regions as 
dissolved organic m atter to the recipient lake or river 
(Fig. 3).

The deep-w ater pelagic zone of lakes is the least 
productive along the gradient from land to vvater (see 
Fig. 2 ), regardless of nutrient availability. Growth of 
phvtoplanktonic algae of the pelagic zone is lim ited 
by sparse distribution in a dilute environm ent where 
efficient nu trient recycling is restricted by the sinking 
of sen escent phytoplankion below the depth of photo- 
synthesis. W hen nu trient recycling and availability are 
increased, greater phytoplankton cell densities attenu- 
ate underw ater light and reduce the volume o fw ater in 
w hich photosynihesis occurs. Despite low productivity 
per unit area, pelagic productivitv can be collectively 
im portant in largc lakes and for higher trophic levels 
that depend on this source of organic matter.

Higher irophic levels of com m unities in freshwater



PS -*• Allochthonous 
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FIGURH 2 The lake ccosyslcm  shovving ihe drainage basin wilh lerreslrial pholosynihesis (PS) 
of organic malter, m ovemenl of nutricnls and dissolved (DOM) and particulaic (POM) organic 
m aitcr in suríace waier and grouncKvaior llows tONvard the lake basin, and C h e m ic a l  a n d  biotic 
aheration of thcsc maierials en routc, pankularlv as ihcv pass through ihc highly produtiive and 
mciabolicallv activc vvelland-liuornl zonc of thc lakc per sc (ncl organic producúvily in metric 
lons per hcctare pcv ycar). (Modiíìed from W ctzcl, 1990).

ecosystem s consist o f zooplankton (dom inated by four 
m ajorgroups of animals: protozoa/protista, rotiĩers, and 
the crustaceans cladocera and copepoda) and benthic 
invertebrates. In the pelagic zone, small íishes, íry of 
larger fishes, and predatory zooplankton, w hich collec- 
tively com prise a third trophic level (prim ary carni- 
vores), consum e a portion of these generally herbivo- 
rous organism s. A fourth trophic level may consist of 
m edium -sized piscivorous fishes, and the fì(th level of 
large predatory piscivorous Eshes. H igher trophic levels 
are rarc in freshw ater ecosystem s.

The species com position of the higher trophic levels 
affects the pathwavs of energy utilization from  lower 
trophic levels. Environm ental íaclors that selectively 
intluence ihe populalions of the com m unities can alter 
the pathways and strengths of energy íluxes from  subor- 
dinatc trophic levels. For exam ple, efficiency of con- 
sum ption of primarv production by zooplankton is of-

ten appreciably greater in the absence of zooplankton- 
feeding fishes than in their presence. The population 
structure of the phytoplankton com m unity responds 
variably to grazing im pacts in conceri with their avail- 
able resources (light, nutrients, and organic constit- 
uents). The phytoplankton com m unity may or may not 
be able 10 com pensate for grazing losses in overall pri- 
mary production, but generally is able to shift quite 
quickly to an alternative, less vulnerable species com po- 
sition.

III. ECOSYSTEM FƯNCTIONS: 
INTERACTIVE REGULATORY 

MECHANISMS

M ost of the organic carbon of aquatic ecosystem s, and 
hence m uch of the energy potentiallv available for me-



FIGURE3 Lateral and vcrtical boundariesof (lowing-waier ecosystcms. The strcam ccosysicm  boundary is deíìncd a s ih c  hyporhcic/ 
goundwatcr intcríace and thcreby includes a substantial volume bcneaih and laieral to the main channel. Vcgctaúon rootcd in 
the hyporhcic zone is lherefore pan of sưeam ecosvstem production. Arrows indicale riovv palhvvavs of dissolvcd organic malier 
and inorganic solutcs dcrived from plant detrilus within ihc stream ccosystcm. [From  R. G. W ctzel and A. K. W ard (1 9 9 2 ) . In 
Rivers H andhook, I (p. Calow and G. E. Petts, eds.), pp. 3 5 4 -3 6 9 . Blackwell Scicntiíic, Q.\ford, Cngland].

tabolism  of heterotrophic biota of the ecosystem , exists 
as dead organic m atter (detritus), in both dissolved and 
particulate fonns. Dissolved organic m atter and m uch 
of the particulate organic m atter, usually expressed as 
organic carbon, move with the water. M uch of the par- 
ticulate organic m atter that is not decom posed ulti- 
mately settles by gravúy and is deposiled at the bottom  
of static water bodies. Dissolved organic com pounds 
can also sedim ent if adsorbed to inorganic or organic 
particulate m atler or if polym erization and aggregation 
occur into particulate form. Because m uch of the high- 
est photosynthetic production of organic m atter occurs 
in shallow regions of lakes and stream s, and because 
most lakes are small and shallow , m ost heterotrophic 
decom posiúon occurs in benthic regions as organic 
m atter. Thereíore, because m uch of the organic m atter 
is displaced to the sedim ents, m ost o f the total hetero- 
trophic decom position is also largely displaced ữom 
sites o f production to the sedim ents.

The speciíìc com position of organic m atter varies 
greatly. The organic matter o f pelagic phyioplankton, 
which can dorninate in-lake production in very large, 
deep lakes, is relatively labile. M uch of the phytoplank- 
tonic algal and cyanobacterial organic m atter is decom - 
posed by m icrobiota either in the water colum n within 
the watcr strata of production or below as it sedim ents 
to the bottom . Some highly variable portion, usually 
m uch less than 50%  on an annual basis, o f the phyto- 
planktonic organic m atier is ingested and partially di- 
gested by zooplankton. An appreciable portion, usually

> 5 0 % , of that particulate organic m atter ingested by 
zooplanklon is egested as dissolved and as particulate 
organic m atter, som e of which also settles as feces to 
the sedim ents.

The com position of organic m atler o f the wetland 
and littoral regions o f lakes and stream s tends to be 
considerably more recalcitrant to rapid m icrobial degra- 
dation than that o f phytoplankton because o f the littoral 
dom inance of lignocellulose-based organic com pounds 
of structural tissues of higher plants. Because of the 
m uch higher rates o f production and slow er rates o f 
decom position of both  the particulate and dissolved 
organic m atter from  these shallow -w ater sources, and 
because of the shorter distances and tim es for particu- 
late organic m atter to be displaced to the sedim ents, 
organic m atter accum ulates on and in ihe sedim ents at 
greater rates in shallovv regions than in those of the 
pelagic region. The đeposition of organic m atter in the 
sedim ents encourages intensive bacterial m etabolism . 
As a result, intrusion of dissolved oxygen from the 
overlying water is consum ed rapidly; nearlv all sedi- 
m ents in standing freshw ater ecosystem s are anaerobic 
and highly reducing chem ically.

A lthough the specific com position o f organic m atter 
varies greatly, detritus inevitably carries m ost o f the 
energy of the ecosystem  from its points o f photosyn- 
thetic origins to places of transíorm ation by heterotro- 
phic organism s. M ost o f that heterotrophic transíorm a- 
tion occurs by m icrobes in areas where organic m atter 
is concentrated. Even though greater ihan 70%  of the



very large pool of dissolved organic matter oi'the pelagic 
region of lakes and rivers consists of relatively recalci- 
trant huraic and lulvic acids that originated trom higher 
plants, these com pounds are slowly metabolized by bac- 
teria, often being catalyzed by parúal photolytic degra- 
dation bv ultraviolet light (both  UV-A and U V-B). In 
contrast, m uch o f the particulate organic m aiter o f the 
productive littoral areas accum ulates on the bottom , 
largely under anaerobic conditions particularly in  sedi- 
m ents and in detrúal mats.

Transĩorm ation of particulate organic m atter o f the 
pelagic zone also occurs by digestion in predatory meta- 
zoan anim als as well as by pelagic m icrobes. Productiv- 
ity of the m icrobes is m axim ized vvithin the resources 
available from  dead organic m atter and nutrienls. 
M icrobial heterotrophic utilization is highly dynam ic 
and changes with suffìcient rapidity to allow many 
generation turnovers before predators with m uch 
slow er turnover rates can respond reproductively to 
changes in availability. Viral m ortality of m icrobes, as 
well as ingestion orbacteria  by protists (the “m icrobial 
loop”), diverts m uch organic m atter from anim al 
irophic levels. Bacterial, viral, and much of protistan 
heterotrophic m etabolism  as respiration represents a 
m ajor output of carbon, largely as c o 2, from the 
aquatic ecosystem . Although this oulput is a loss o f 
carbon from the ecosystem , it is not an energetic loss 
from the ecosystem .

That productivity thai is not ingested by m etazoan 
anim als is o f m ajor im portance and dom inates the en- 
ergy flows within the pclagic region. Nonpredaiory 
death and m etabolism  by prokaryotic and protistan het- 
erotrophs usually dom inate energy flows w ithin the 
pelagic region and com pletely dom inate energy flows 
o f the com posite w etland -littora l, benthic, and pelagic 
com ponents that collectively constitute freshw ater eco- 
system s. Even ignoring the benthic portions of lakes 
where m ost o f the organic carbon m elabolism  occu rs 
and considering only the pelagic m etabolism  o f lakes, 
for exam ple, m ost o f the organic carbon entering the 
system does not reach higher trophic levels.

The m icrobial heterotrophy is o f primary im portance 
to higher trophic levels by m eans of ĩeedback processes, 
both  positively (e.g., nutrient recycling and utilization 
by prim ary producers) and negatively (e.g., oxygen con- 
sum ption and production of toxic íerm entative meta- 
bolic end products). The abundance, d istributìon, and 
m icrobial decom position o f dissolved and particulate 
detritus both regulate and stabilize energy m etabolism  
and nutrient availability in aquatic ecosystem s. Because 
of the very large m agnítudes and relative chem ical recal- 
citrance of these detrital sources, the large but slow

m etabolism  of detritus provides an inherent ecosystem  
stability that energetically dampens the ephem eral, vol- 
atile íluctuations of num bers and biom ass of the biota 
o f higher trophic levels.

IV. BIODIVERSITY WITHIN 
FRESHWATER ECOSYSTEMS

The biodiversity of most m icrobial, plant, and animal 
groups of freshwater stream , lake, and wetland ecosys- 
tems is very poorly known on a global basis. M oreover, 
it is likely erroneous to believe that biodiversity of manv 
taxa in temperate ecosystem s is appreciably less than 
that in tropical freshwater ecosysiem s. F or example, 
the rivers and stream s of Alabama, a “hot spot" wilhin 
the United States, contain 43%  of all gill-breathing 
snails, 52%  of freshwater aquatic or sem iaquatic turtles, 
60%  of m ussels, and 38%  of freshw ater Rshes of North 
Am erica (Lydeard and Mayden, 1995). Over half o f the 
species in som e of the groups m enúoned are either 
threatened or endangered under the U.S. Endangered 
Species Act o f 1973.

The fresh waters o f the world are collectively experi- 
encing markedly acceleraling rates of degradation. Ma- 
jo r  sources o f disturbance impact the biodiversity of 
freshwaters in  many ways. D irect chem ical toxicants 
released into suríace waiers and ground waters are com - 
m on. Many íorm s of heavy m etals, inorganic reducing 
agents, and organic com pounds cnter the environm enl 
and eventually fresh waters. Although som e are inacti- 
vated, such as by chem ical precipitation, or oxidized, 
many have long residue resident times. Despite disper- 
sion and dilution in the aquatic environm ent, bio- 
concentration o f both m etals and organic com pounds 
is com m on, by w hich toxicity can be increased expo- 
nentially. The biological effects o f many of these com - 
pounds are unknow n. Elem ental and com pound toxic- 
ity is increased m arkedly w hen the pollutant substances 
are radioactive or acidic. Increased acidity in poorly 
buffered fresh waters can increase concentrations and 
potential biotic availability and toxicity of raetals, such 
as alum ìnum , that are not norm ally abundant in soluble, 
reactive states.

N utrients, particularly phosphorus and nitrogen, can 
lead to w ell-understood enhancem ents o f plant and 
other organic productivity in fresh waters. This eutro- 
phication process often results in enhanced rates of 
decom position and in chem ical conditions that greatly 
reduce or elim inate suitable habitat for many species of 
plants and animals. Sim ilar excessive loading of organic



m atter and enhanced rates o f degradation result from 
organic sewage from hum an populations, industry, and 
agriculture. A [urther com m on pollutant thai markedly 
reduces habitat availability is the suspension of fmely 
divided organic and inert inorganic matter. Erosion and 
transport of such suspensions are increasing as large 
areas of forest and íorm er wetland interĩace zones be- 
tween land and vvater are eliminated, prim arily for ag- 
ricultural expansion. As a result, flow palierns of suríace 
waters are ohen altered and benthic habilats o f suríace 
waters can be obliterated by sedim entation.

Changes in biodiversity in freshwaier ecosystem s can 
arise írom  many other disiurbances. Introduction of 
certain com petitively superior species can result in 
marked losses of biodiversity. The iníam ous example 
of introduction of the Nile perch into Lake V ictoria of 
East Aírica resulted in the extinction of over 200  species 
of its endem ic cichlid  fish taxa in two decades. There 
are many other exam ples of iniroduclions of exotic 
plant and anim al species ihat resulted in either direct 
đestruclion of prey or iníeriorly com petitive species or 
indirect alteration o f habitats required hy many species. 
Dense, íloating m acrophyte com m unities and other 
eutrophicaúon-associated excessive plant produciivity 
oíten resull in deoxygenation and reduction in habitai 
and elim inalion of manỵ plant and animal species.

Largely based on terrestrial studies, the Eltonian 
diversity—stabĩlíty  hyp othesis  suggesied thai, becau sc  o f  
the many different traits of multiple species, ecosystem s 
with more diverse habitats would likely have species 
that will survive and expand durinp and follow ing an 
environm ental disturbance and com pensate for ihose 
species that are reduced by the disturbance. Thereíore, 
a more species diverse freshwater ecosystcm  should be 
m ore resilient to disturbances than a less biodiverse 
system.

Because genetically based physiological differences 
and tolerances am ong species can be small, the individ- 
ual interactive slrengths of som e species in a freshwater 
ecosystem  can becom e saturating at high biodiversity. 
A point can be reached where increasing species may 
be íunctionally  redundani and have reduced individual 
impact on the ecosystem  processes. On ihe basis of 
both theorelical and experim cntal grounds, only a small 
íraction o f species m anipulations have slrong iníluences 
on food vveb structure. Specics redundancy im plies that 
an appreciable functional resiliency exisis in w hich the 
ecosystem  can com pensate in its collective metabolism 
and biogeochem ical cycling when disturbed. Although 
the population dynam ics becom e progressivelv less sta- 
ble as the biodiversity and the num bcr of com peting 
species increases, biodiversity can enhance the resil-

iency of man\' com m unity and ecosystem  processes in 
the rate thai the system  metabolism  reiu rns to equilib- 
rium states follow ing a disturbance.

There is very little storage capacity for organic car- 
bon vvithin the higher trophic levels. Low residence 
times among the higher trophic lcvels results in  rapid 
cycling of carbon and nutrients o f food web com po- 
nents. Such rapid cycling and recycling result in a re- 
duction in the resiliency of the higher trophic levels. 
M ost o í the storage o f organic carbon occu rs in the 
dissolved organic carbon com partm ent in the open wa- 
ter and in ihe pariiculaie organic carbon deposited in 
the sediinents. In both of these com partm ents, the solu- 
ble organic carbon of the pelagic areas of lakes or run- 
ning waier o f stream s and the organic carbon of [he 
sedim enls, the cycling of carbon is slowed. That rate 
o f cycling is slowed in the pelagic by the recalcitrant 
chem ical com posilion o f the dissolved organic carbon 
em anating largely from higher plants. In the sedim ents, 
cycling is íurther impeded by the anoxic cond itions 
ihat prcvail alm ost universally am ong aquatic sedi- 
ments. The reduced rates of cycling and recycling result 
in an inherent increase in resilience stability  o f ihe eco- 
system.

Any íactor that inAuences the rates of nulrient and 
carbon cy đ in g  in freshw ater ecosystem s will iníluence 
the resilience of the ecosystem  and its biodiversily to 
disturbances. ch an g in g  sources oí organic m atter, as 
discussed in the follow ing, and hence bacterial m etabo- 
lism and nutrient cycling thus change resilience and 
biotic stability.

A wealth of lim nological data from  a spectrum  of 
hundreds of lake ecosystem s of differing productivity 
suggests iliat with a shift in nutrient loađings, concom i- 
lam  shifls occur in the developm ent o f photosynthetic 
producers and loadings of organic m atter. D uring the 
com m on sequential developm eni oi lake ecosystem s 
over long periods of time (centuries, m illennia), shifts 
in the ratios of higher vegetation versus algal dom inance 
can occur. Increased relative organic loading from 
higher vegetation results in proportionally greater load- 
íng of recalcitrant dissolved organic carbon, w hich can 
suppress nutrient eycling and increase ihe resilience of 
the ecosystem .

In addition, the developm eni of h igher vegetalion in 
littoral and vveđand com binaúons increases the habiiat 
heterogeneity enorm ouslv, oíten b\' a factor o f 10 or 
more, in com parison to lakes with lim ited littoral devel- 
opment. Species diversitv nearlv alvvavs increases under 
these circum stances hy at least an order of magnitude 
am ong nearly all m ajor groups of organism s, particu- 
larly am ong the lower phvla.



Greater hiodiversitv may have a greater collective 
effect by improving the capacitv oi ecosystem s to re- 
cover from large disturbances. Reduced biodiversity in- 
creases vulnerability by reducing the lotal collective 
physiological tolerances of the com m unitv to large habi- 
tai changes. Recovery after a m ajor or catastrophic dis- 
turbance would be slower w ith a reduced aggregation 
o f residual physiological ranges w ithin the rem aining 
specìes. Recovery then must depend to a greater extent 
on slow er fortuitous m ethods, such as im portation of 
species, rather than generation [rom residual surviving 
species, or slow recolonization processes such as from 
rem nants in resting stages or seed banks. In som e cases, 
such as in many ponds, stream s, and reservoirs in clay- 
rich regions where high turbidity often occurs with 
successive rain events, photosynthetic productivity 
w ithin the water is interm ittently but repeatedly sup- 
pressed. Biodiversity is likely also suppressed under 
these conditions 01' restricied to species with high repro- 
ductive potential that utilize improved conditions in 
periods between turbidity events.

As indicated earlier, disturbance to freshw aier eco- 
system s can occur in many forms and to different ex- 
tents. Certain perturbations can be catastrophic, such 
as ovenvhelm ing a lake or stream  vvith an organic or 
inorganic poison in w hich m osi o f the biota are elim i- 
nated. Many disturbances, hovvever, are m ore gradual 
over long periods of tirne (m onths, year), such  as nutri- 
ent enrichm enl, or irregularly episodic and often of 
short duraúon (days, w eeks), such as severe (looding 
and the scouring of a secúon of river. Biodiversity is 
coupled to ecosystem  stability and the type and extern 
o f disturbances.

A model of the responses of organic productivity of 
lake ecosystem s to changes in nutrient loading from 
the drainage basins has been abundanily veriíìed by 
nutrient and com parative primary productivity data of 
phytoplankton, attached algae, and m acrophytes from  
hundreds of lakes in different stages of ontogeny (Fig.
4 ) . The differences in plant productivity result in very 
different am ounts and types of chem ical com position 
o f organic matter loaded to lakes. Because o f the large 
am ounts and relative chem ical recalcitrance of dis- 
solved and particulate organic detrital sources from  
higher plants, decom position of this pool is slowed. 
The resulting large but slow m etabolism  of organic 
detritus provides an inherent ecosystem  stability ihat 
energetically buffers the organic m atter reserves from 
rapid exploitation and cycling of nutrients contained 
in the organic matter. Forested w atersheds, undisturbed 
riparian íloodplains, and w etland -littoral zones are 
thereíore im portant to the m etabolic stability w ithin

Gradient of Nutrient Loading 
to Shallow Lakes

F1GURE 4 Relaúve changes in ihe primary productivitỹ ol phyto- 
plankion, macrophytes, and atlachcd microlìora, and habìtal divcr- 
sitv, specics divcrsilv, and ecosyslcm stability along a gradient of 
nulrient loading to lakc ccosystcm s. (From  W ctzcl, 1999.)

the lakes and stream s as a result o f both the chem ical 
quality and the large quantity of their inputs of organic 
matter. The organic carbon couplings betw een the 
drainage basin and lan d -w ater interíace zones are meta- 
bolically as im portant to lake and stream energetic and 
carbon utilization stability as are the traditionally stud- 
ied nutrient (phosphorus, nitrogen, silica) load ingrela- 
tionships to food web productivity. As the sources of 
organic m atter change, the chem ical recalcitrance to 
degradalion can change. Alterations of rates o f utiliza- 
tion, nutrient recycling, and energetic resiliency can 
ensue as a result. These changes directly affect biodiver- 
sity by altering the chem ical and physical habitat char- 
acteristics.

A com m on disturbance to lake and reservoir ecosys- 
tems i n v o lv e s  P r o g r e s s iv e  i n c r e a s e s  in lo a d in g  o f  n u  t r i - 

ents. These loadings, in  excess of losses to sites o f tem - 
porary or perm anent inactivation such as to the 
sedim ents, result in enhanced nutrient availability for 
phytoplankton and other autotrophs and increased



rates o f growth and productivity. If nulrient loading 
increases to an oligotrophic lake, increased productivity 
is rapid. Similarly, if the disturbancc is brief (i.e., the 
duration of increased nutrient loading is relatively 
sh ort), nu trient cycling is rapid, the ecosvstem will 
recover rapidly, and productivity would be reduced 
proportionally to the load reduction. The return time 
of such an oligotrophic ecosystem  is high, but the resil- 
iency is low. Species diversity of the plankton tends to 
be high in oligotrophic lakes, but because of limited 
physical habitats, particularly associated with littoral 
areas and surfaces, com posite biodiversity o f the lake 
ecosystem  would be low (see Fig. 4).

As nutrient loading increases, particularly among 
shallow  lakes that predom inate globally, a marked shift 
in the productivity occurs from the pelagic to attached 
suríaces associated w ith living aquatic plants and the 
particulate detritus of senescing macrophyte biom ass 
(see Fig. 4 ). Under these condiúons, toial primary pro- 
ductivity and biom ass increase greatly. Habiiat diversity 
am ong the massively dissected surfaces of subm ersed 
aquatic plants increases exponentially, and biodiversity 
am ong attached biota would increase by at least an order 
of m agnitude. It is likely that among all autotrophic and 
heterotrophic m icrobial groups, as well as for most of 
the sm aller m etazoans, over 90%  of the total freshwater 
ecosystem  species are sessile in association with sur- 
faces.

As nutrient loading increases [urlher, phytoplank- 
tonic productivity per unit volume increases, but self- 
shaditig  by thc  susp end cd  algac rcstr icts  thc  d cp th  o f  
light penetration and hence the depth of the photogenic 
zone. Phytoplanktonic productivity per unit area de- 
clines precipitously under these cutrophic conditions 
of light lim itation and is usually accom panied by a 
m arked decrease in planktonic biodiversity as well (see 
Fig. 4 ) . Subm ersed light lim itations also reduce or elim i- 
nate subm ersed m acrophyle growth and aitendam  sur- 
faces for m icrobial growth. The elim ination of photo- 
synthesis of atlached m icrobiota decreases collective 
productivity markedly. Biodiversity of the attached bi- 
ota w ould decline precipitously as a result. The losses 
of attached m icrobial com m unitics and their interde- 
pendent m etabolism  cause a massive reduction in the 
capacities of the lake ecosystem s to retain loađed nutri- 
ents and dissolved organic com pounds. Because of the 
great accum ulation and recycling of nutrients in the 
sedim ents from a predom inantly planktonic eutrophic 
ecosystem , the time for recovery of the water qualitv 
of a lake from a reduction of nutrient loading would 
be long and not proportional to loacl reductions. Under 
these conditions after the nutrient loading perturba-

tions end, the intcrnal nutrient loading and recycling 
could be greater than external nutrient loading.

Continual high nutrient loading and resulting hyper- 
eutrophic phytoplanktonic conditions generate large 
areas of anaerobic reducing condítions and slow er rates 
of decom position of organic matter. P roduction ex- 
ceeding decom position leads to rapid sedim entation 
and generation of increased shallow habitat conducive 
to colonization by em ergent m acrophytes. The high 
productivity of em ergent m acrophvtes increases the 
proportion of lignocellulose supporting tissues that are 
relatively recalcitrant to rapid decom position, particu- 
larly under reducing conditions. The collective result is 
markedly increased productivity and habitat diversity. 
However, although habitat diversity is high am ong very 
shallovv vvetland-doininated waters, environm ental 
íluctuations are also more extrem e than in  continually 
subm ersed habitats. Quite different com m unity struc- 
tures occur and biodiversity is likely tem pered as a 
result, though com paraúve data to support this state- 
m ent are few.

Many descriptive and experimental studies suggest 
ihat greater biodiversity results in a higher efficiency 
of utilization of nutrients. Greater biodiversity likely 
entails more physiological diversity thai can better cope 
with natural vagaries in environm ental param eters. 
C om petition íor resources, nulrients in this speciíìc 
case, is thus inlensiíìed. E íĩiciency of nutrient retention 
in an ecosystem  would be maximized under conditions 
of greatest m icrobial com m unity diversity. That m icro- 
bial divcrsUy (algac, íungi,  proústs,  and  bacter ia )  is 
m axim ized in the attached com m unities where habitat 
diversity and m icroenvironm ent differences are the 
greatest. Physical constraints of boundary layers and 
m ucopolysaccharide m atrices in which the attached m i- 
crobiota live mean thai movements of ions and gases 
to organism s living within the auached com m unities 
occur predom inantlv by diíĩusion. N utrients, once ac- 
quired, are intensively recycled among the attached bi- 
ota and conserved. Resources írom external sources can 
then be utilized largely for new growth and reproduc- 
tion. N utrient retention is very high w ithin the m icro- 
com m unities and collectively within the attached hab- 
itats.

In certain productive lakes, piscivore consum ption 
of planktivorous fishes can lead to enhanced develop- 
ment of cladoceran zooplankton. The high grazíng rates 
of cladoceran zooplankton can result in selective reduc- 
tion of larger algae for brief to m oderate intervals of 
time. The effects of these changes am ong the larger 
forms are, hovvever, poorly translaled to sm aller mi- 
crobiota, and only m inor changes are seen at the mi-



croalgal and bacterial levels. For exam ple, removal o f 
portions of the larger algae can decrease com petition 
íor nutrient and light resources. O ften the sm aller forms 
vvith shorter generation tim es increase in productivity. 
N utrient recycling likely also increases, particularly as 
decom position of these algae by bacteria ís accelerated 
by protistan m icroconsum ers (heteroílagellates, cili- 
ates, and related organism s) and tightly retained among 
the m icrobiota. Little is know n concerning changes in 
biodiversity under these conditions, but it appears that 
biodiversity am ong the raicrobiota would increase and 
likely com pensate for the losses o f larger forms by the 
crustacean grazing. A shift in  energy íluxes occurs, here 
from larger planktonic forms to sm aller forms with 
m uch higher turnover rates and increased rates ol re- 
source turnover. Com pensatory m echanism s likely also 
appear in the com posite biodiversity of the sm aller bi- 
ota. Resiliency to disturbances w iihin the pelagic food 
web likely declines as a result.
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GLOSSARY

d en itriíica tion  Bacterial nitrate respiration of organic 
m atter lo elem ental nitrogen under oxygen-free con- 
ditions in soils and aquatic sedim ents.

d etritu s Dead organic m atter.
o x ic  and anoxic con d ition s Environm ental conditions 

w ith and w ithout oxygen, respectively.
Red L ists C om pilations of recenily extinct, threatened, 

and vulnerable specìes for a country or a larger 
region.

Secch i-d epth  M easurem ent o f the transparency of wa- 
ter by determ ining the depth at which a white Secchi- 
disc (20-cm  diam eler) lowered from the surface dis- 
appears out o f the sight o f the observer.

FRESH W ATERS A R EIN H A B1TED  BYA  REM ARKABLE  
VA R IETY O F SPEC IES  from m ost taxonom ic groups 
evolved on Earth, but they are also a scene of hum an 
opportunities, requirem ents, and conílicts. Strong hu-

man im pacts have restricied the num ber and variety of 
freshwaters and polluted and disturbed many others. 
This article discusses the range o f human im pacts and 
their consequences for species richness and functional 
diversity of individual lakes and streams. Special em- 
phasis is placed on freshwaters in Europe and N orlh 
Am erica and their intensely cultivated regions. Biologi- 
cal invasions are discussed briefly; clim atic changes are 
noi deall w ith because of a lack of general predictions.

I. FRESHWATERS: OPPORTUNITIES 
AND CONFLICTS

W hy are we so interested in ĩreshvvater and natural 
freshw ater ecosystem s? The answer is obvious— we 
cannot live w ithout it! Freshw ater is essential to our 
personal daily life and the production of vital food and 
industrial products.

W e use freshw ater to drink and to prepare and cook 
our food. W e use freshw ater to wash ourselves and our 
clothes and to rem ove waste products. Securing clean 
tap waler and good sanitary conditions through installa- 
tion o f water closets and sewer pipelines has been im - 
portant in reducing iníectious diseases and iníant m or- 
tality. Daily life also inciudes the enjoym ent of natural 
lakes and stream s, w hich provide variation in the land- 
scape and opportunilies for bathing, fishing, sailing, 
and observations of anim al and plant liíe. Therefore, it 
is of high priority to all hum an beings that clean water
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and unspoiled freshw ater habitats are availahle in 
great am ounts.

Freshw aler is also requircd for ừrigation of agricul- 
tural crops, and it is used in many industrial processes 
and to transport waste products. Because of ihe magni- 
tude o í these uses, the pressure on groundwater and 
suríace waters is im m ense in regions \vith dense popula- 
tions and intense agriculture and industry. U níortu- 
nately, m any of the uses deteriorate water quality, 
thereby affecting water use for other purposes. The 
growing num ber of uses and users generates conílicts 
am ong neighboring countries and different user inter- 
ests, and further exacerbates the dilcm m a of rising de- 
mand and the need and desire for high-quality aquatic 
habitats. O verall, ĩreshvvater ecosystem s have been 
m ore restricted, m anipulated, and polluted than any 
other ecosystem  on Earth, and condicts will intensify 
in the íulure in the light o f growing hum an populatíons 
and contem porary environm ental trends.

II. THE SMALL, BUT NUMEROUS 
FRESHWATER HAB1TATS

Earth has m uch waier. A deep, continuous ocean covers 
70%  of E arth ’s suríace and contains 97%  of all water. 
O nly 0 .65%  o f all water is found as freshwater on the 
continents, and m ost of this is groundwater (0 .62% ). 
Even sm aller proporlions are íound in streams 
(0 .0 0 0 1 % ) and lakes (0 017% ).

Lakes and stream s cover a variable proportion of the 
land suríace. In dry regions, suiTace waters cover less 
than 0 .1%  of the land surĩace. In wet environm ents 
such as the tundra, the boreal Porcst, and the rain forest, 
plenty of water is found in shallovv pools, lakes, and 
stream s, w hich may occupy 5 -1 0 %  oi' the land suríace. 
A map o f G reat Britain reveals that surfaee waters cover 
less than 0 .1%  o f the land in  the South and m ore than 
5% in the rainy uplands of W ales and northwest Scot- 
land; the average w aier coverage is 1 -2 % .

Because inland vvaters are mostly small, shallow, and 
num erous, they form an intim ate contact to the terres- 
trial environm ent. This contact has been essential for 
the h istoric and contem porary developm ent of species 
and life stages of am phibious plants and animals. De- 
spite the sm all volume o f lakes and slream s com pared 
to the ocean s volum e, freshw ater environm ents have 
been a vital platlbrm  for the evolution of many lines 
o f algae, plants, and animals.

It is possible to quantiív the contact betvveen terres- 
trial and freshw ater environm ents. In a small country

like Denm ark, inland waters occupv 1.7%  o f the terres- 
trial area, and on average 1 krrr o ĩlan d  area is in contact 
with 3 .6  km shoreline of freshwater lakes and stream s 
and 0 .2  km of the sea, according to estim ates from 
1 :2 5 ,0 0 0  maps. Beíore agriculture removed num erous 
shallow lakes, pools, and strearns, the freshw ater con- 
lact was probably two or three times longer.

The greater freshwater than marine contact to land 
is more striking for the vvorlđ, because land areas are 
jo in ed  in large continents. As land-m asses grow in size, 
the contact zone to the sea increases only w ith the 
periphery and, thus, with the square root o f the land 
area, vvhereas the contact zone with inland waters ap- 
proxim ately increases in  proportion lo the land area. 
For the conlinents, the estimated contact zone is 1 0 0 -  
1000  times longer between land and freshw ater than 
between land and sea.

The transition between land and freshw ater is grad- 
ual, gentle, and suitable for organisms, because physical 
forces and disturbance are weaker than in the transition 
from land to sea. The iransition zone from sm all lakes 
and stream s to land has a closed vegetation cover; thai 
o f ihe oceanic coasts íaces strong winds, waves, and 
moving sand vvith only scattered vegetation. It has been 
m uch easier for organisms to cross betw een land and 
freshw aters than betw een land and the sea. The many 
new freshw ater bodies thai are formed cluring glacia- 
tions or appear transiently during wel periods also offer 
opportunities for the emigraúon and developm ent of 
new species vvithoui the intense com petition and preda- 
lion causcd by Wẽll-eslablisheil species, as is typical of 
the sea. On the other hand, shallow lakes disappear 
afier only a few thousand years, because they are íìĩled 
with particles eroded from the land and organic matter 
produced in the lake. In essence, freshwaters provìde 
many opportunities, which constantly com e and go, 
bnt ihey lack the long stability ol' the sea that has lasied 
for billions of years.

This scenario should have stìm ulated the selection 
o f species with rapid evolution and effìcient m eans ol 
dispersal allovving them to colonize new freshw aters as 
their original habitats disappear. Indeed, apart from 
species o f fìsh, m olluscs, and crustaceans associated 
m ainly with large ancient lakes (e.g., Lakes Baikal, Titi- 
caca, V ictoria, and Tanganyika) and large ancient river 
system s (e.g., the Danube, rivers of southeastern North 
Am erica, the Amazonas, and other tropical rivers), most 
freshw ater species are widespread vvithin and even 
am ong continents. Freshwater m icroorganism s among 
ihe bacteria, algae, and protozoans are generally both 
locally abundani and cosm opolitan. The same species 
o f cyanobacteria and microalgae live in extrem e and



rare freshw ater habitats such as hot springs or highly 
acidic pools in distant locations on different continents 
and oceanic islands. M ost aquatic rooted plants are also 
widespread, though a few species are endem ic because 
underwater dispersal restricts their spread.

III. SPECIES EVOLUTION AND 
RICHNESS IN FRESHWATER

As a result o f the intim ate contact, the long coastline, 
and the suitable transition zone, there has been a lively 
exchange of species from freshwaters to terrestrial envi- 
ronm ents and back  again. Plants have evolved írom  a 
special group of ừeshvvater green algae (Charophyceae, 
C oleochaetales) and diversiíìed under the highly vari- 
able conditions on land. Insects have evolved from 
groups of arthropods in the transition between fresh- 
water and land. Am phibians and reptiles have evolved 
from special fìsh in freshw ater and brackish vvetlands. 
Many evolutionary lines have been followed at different 
times and places.

Freshw aiers have formed a corridor for the two-way 
dispersal of organism s betw een land and sea. Fre.shwa- 
ters also share many taxonom ic groups of algae, plants, 
and anim als w ith the terrestrial environm ent and the 
sea, while divergences are stronger betw een the land 
and the sea. Freshw ater environm ents are surrounded 
by large surface areas of terrestrial and oceanic environ- 
m ents, w hich prom otes the eniigration of marine and 
terrestrial species and their adaptation to freshwater en- 
vironm ents.

Among m ajor groups o f land plants, several have 
secondarily returned to freshwaters, though few have 
reached the sea. Among livervvorts, true mosses, bog 
m osses, horsetails, and ĩerns there are many freshwater 
species, but no m arine representatives. Among flow- 
ering plants, 1 0 0 0 -1 4 0 0  truly aquatic freshw ater spe- 
cies have been described from many planl fam ilies, 
illustrating that the secondary return from land to fresh- 
water has occurred independently and repeatedly. The 
return process continues today, with more than 4 0 0 0  
species living an am phibious double-liíe in  the transi- 
tion between land and freshwater. The sea includes only 
about 60  species of ílovvering plants with a restricted 
taxonom ic diversity.

The diverse freshw ater insects ( > 4 5 ,0 0 0  species) 
live a double-life as eggs, larvae, and pupae in water 
and as ílying imagines dispersing and m ating on land. 
Mayílies live for only a few days on land w ithout taking 
food, while adult dragonílies live a long and active

terrestrial life. Freshw ater insects, thereíore, require a 
suitable environm ental quality in both freshw ater and 
adjacent terrestrial environm ents for their sustained 
survival and developm ent, though most evaluations of 
habitat quality in relation to species com position and 
richness of insects focus only on the aquatic zone.

No phylum — the highest taxonom ic entity o f organ- 
ism belovv the kingdom — is íound exclusively in fresh- 
waters, but all large phyla apart from the echinoderm s 
are represented. V irtually all types of photosynthetic 
organism s, including cyanobacteria, the great variety of 
algae, m osses, and vascular plants, are represented in 
freshwaters (Table I). In contrast, the sea has very few 
species of gold algae, yellow -green algae, p lants, and 
insects, and it lacks som e groups of green algae (e.g ., 
desmids and stonew orts, know n as characeans). The 
sea outnum bers freshwaters only with respect to photo- 
synthetic species am ong red algae, brown algae, and 
dinoílagellates.

The three main determ inants o f species richness for 
a speciíìc type of environm ent are surĩace area, habitat 
heterogeneity, and the time history in terms of durabil- 
ity and evolutionary developm ent. Considering that 
freshwaters cover only a few percent of the suríace area 
relative to that of the sca and the terrestrial environ- 
m ent, and considering that inland suríace waters m ostly 
have a short life-lim e, the freshwater biodiversity is 
surprisingly high and must arise from the high habitat

TABLE1

Estimated Number of Algal Species in Frcshwalcrs and Total 
Number of AU Spccies in Soils, Freshwaters, Brackish Waters, 

and the Sea"

Taxon
Freshwater

species
All

species

Cyanophyta (bluc-green algae) 1500 2000

Rhodophyta (red algae) 150 5000**

Chrysophyceat' (gold algae) 1900* 2000

Xanthophyceae (yellow-green algac) 550* 600

Bacillariophyceae (diatoms) 5000 10,000

Phaeophyceae (brown algac) Few 2 000**

Cryptophyta 100 200

Dinophyta (dinoflagcllales) 200 200 0 **

Huglenophyta 700* 800

chlorophyta (grecn algae) 7000* 8000

Zvgnematophyceae (e.g., desmids) 6000* 6000

Charophyceac (stoneworts) 80 80

“ Values are prescnted for major (axonomic groups. Maìnly íresh- 
water groups (*)  and marine groups (* * )  are marked.



variability am ong indivídually conlm cd water hodies 
and the suitable conditions for emigration and estab- 
lishm ent o f species from the large, adjacent terrestrial 
and m arine environm ents.

Taking the vertebrates as an example, there are about 
1 0 ,0 0 0  named species of freshwaier fish and 15 ,000  
species o f m arine fìsh. Am ong birds and mammals, 
virtually all depend on freshwater bodies for drinking, 
but a large proporúon of the species also are dependent 
on freshw ater lakes, stream s. and wetlands for breeding 
and feeding. In Europe, about 25% of the bird species 
and 11%  o f the mam m al species live their entire life or 
part o f it in  freshwaters.

A. Species in Freshwater Sediments
A global overvievv o f organism s associated with fresh- 
water sedim ents yields ca. 175 ,000  described species 
(Table 11), but the true num ber of species is m uch 
h igher than this. The most specìose groups in íresh- 
vvater sedim ents are the invertebrates and especially the 
insects, nem atodes, and crustaceans. Among nematodes 
and rotiíers living betw een the particles in freshwater 
sedim ents, there are probably niany thousands of unde- 
scribed species.

C om pilation of local species richness and taxonom ic 
diversity (see Table II) yields equally high, or often 
even higher, values in freshwater environraents than 
in m arine or terresirial environm ents. There arc no 
system atic differences in local species richness between 
lakes and sireams, but upstream seclions of sireams 
lack the variety of phytoplankton, zooplankton, and 
fish that are typical o f open vvaters, and instead support

TABLE II

Number of Species Descrihetl Globally from Freshwatcr 
Sediments and the Typical Local Rangc of Spccies in Lakcs. 

Streams, and Groundwaiers“

Taxon Global Lake/siream GrouncKvater

Bacieria >10,0.00 > 1 0 0 0 > 1 0 0

Fungi 600 50-300 0 -1 0

Algac 14.000 0 -1000 0

Plants 1000 0 -1 0 0 0
Protozoans < 1 0 ,0 0 0 100-800 0 -2 0

Crustaceans 8000 25-150 5 -6 0

[nsecls 45.000 50-500 0 -1 0
Molluscs 4000 0 -5 0 0 -1 0
Othcr inveriebraies > 1 2 .0 0 0 3 0 -7 0 5 -7 0

11 Data compiled by Palnier ct uI. (1997).

a greater species richness in the surface sedim ents and 
in the deep sedim ents below the stream bed. The down- 
stream  parts o f streams have a greater resem blance to 
lakes, so the sim ilarity of species com position and rich- 
ness will depend on w hether entire stream  system s or 
ju s t certain stream sections are com pared vvith the lakes. 
The biota in porous groundvvaters is m uch deprived in 
species due to lack of light, degradable organic raatter, 
and dissolved oxygen. Specialized species of proiozoans 
and small invertebrates live here in local species num - 
bers that are typically 10 to 20-fold lower than those 
encounlered in lakes and streams (see Table II).

IV. HƯMAN IMPACTS ON 
FRESHWATER ECOSYSTEMS

W hcn evaluating the human im pacts on freshw aiers, 
we lend to concenirate on the num erous exam ples of 
water pollution. Over the last 150 years, the environ- 
m ental issues have gradually changed as new problem s 
have appeared and becotne recognized. Since the mid- 
180ŨS, organic pollution o f streams and lakes with or- 
ganic wastes from households and dom estic anim als 
has been of m ajor concern  in Europe and Norih 
Am erica. Since 1945 , the ĩocus has been on cuhural 
euirophication oi inland and Coastal waters with nilro- 
gen and phosphorus from agriculture, tovvns, and In
dustries. After 1970 , ađ diíìcation of inland waters came 
onio ihe agcnda duc lo increasing concentrations oi' 
sulfuric and nitric acids in the precipitation and changes 
in land use. The latest chem ical concerns include trace 
m etals and an enorm ous range of synthetic organic 
com pounds of largely unknow n behavior and ecologi- 
cal effect.

Many physical changes in the catchm ents are, how- 
ever, m uch m ore im portant to the existence, environ- 
m ental quality, and biodiversity of surĩace vvaters than 
the direcl water pollution. The m ost signiEcant inílu- 
ence on tcrrestrial and freshwater environm ents is the 
rem oval o f natural vegetation and the cultivation of 
land, w hich lead to immediate, protbunđ alterations of 
the hydrology and nutrient cycling. These alterations 
are grossly enhanced when soils are drained and stream s 
are canalized. The intim ate linkage betvveen natural 
vvcilands and stream s, tth ich  has been im portant for 
the evolution and contem porary diversilv of plani and 
anima) life, is also disrupted when surplus water directlv 
flo\vs to ihe stream  through drain pipes rather than 
slovvlv percolaling through the vvel, sponge-like or- 
ganic soils.



The im pact ol biological invasions is viewed as being 
m uch m ore critical in N orth Am erica than in Europe. 
probably because North Am erica has been disturbed 
m ore recently by ihe agricukural settlem ent of Euro- 
pean colonists, and because ú  includes a greater variety 
of endem ic fish and large invertebrates that survived 
the latest glaciations in refugia in the U.S. Southeast 
and M exico. Allan and F lecker (1 9 9 3 ) discussed the 
serious threats o f biological invasions to biodiversity in 
tem perate (e.g ., New Zealand) and tropical countries.

M ost tropical countries now face the unregulated 
im pact from all pollution sources. The most widespread 
problem  appears to be the rising organic pollution of 
stream s and lakes bv untreated dom estic sevvage. How- 
ever, in some regions heavy pollution takes place from
(1 ) extensive application of pesticides and nitrogen in 
plantations of bananas, cocoa, and oil palms, (2 ) large 
oil spills (e.g ., Ecuador, Venezuela, N igeria), (3 ) acidi- 
íĩcation  and pollulion vvith heavy m etals (e.g ., copper, 
m ercury) from m ining areas and tanneries, and (4 ) 
outỉet o f phenolics Irom  the tim ber industry. A funda- 
m ental problem  is the erosion of soils deriving [rom 
the massive deforestalion o f tropical rain lorests. Many 
stream s have becom e chocolate colored from the heavy 
load o f solids eroded by the strong rainfall. Erosion is 
a severe problem  in agriculture, which loses ihe fine, 
1'ertile top-soils. It also causes environm enlal problem s 
as hydroelectric dams are quickly  íìlled with sedim ents, 
and vvhen suspended loads in  stream s prevent light 
penetration and thereby ihe grovvih of algae, vvhich 
are rood for many inveriebrates and lìsh. Furtherm ore, 
stream  bottom s gei clogged with fine sedim eats that 
destroy the habitats oi' invertebrates and the spawning 
banks of fish.

In many tropical cou ntries, physical alteraiions of 
stream s are still relaiively few. In Ecuador, for exam ple, 
stream s still run in natural stream beds with meanders 
and rapids surrounded by strips of riparian vegetation 
even in densely populated areas. The hydrological cycle 
has been aliered, how ever, since water is removed for 
irrigation, leading to artiíìcially  low discharge and cur- 
rent velocity during the dry season. As a consequence, 
the stream b iota is im poverished due to oxygen deple- 
tion and sm othering of the streambed following or- 
ganic pollution.

A. Restriction of Area and Variability of 
Freshwater Habitats

The scene of' phvsical changes and areal reductions of 
freshw ater ecosystem s changes am ong countries and 
w ith  time. Changes of freshw aler ecosystem s have been

greatest over ihe last 1 0 0 -2 0 0  years in densely popu- 
lated countries and in regions vviih intense agricullure 
and industry. Thus, the com bination of population den- 
sitv, resourcc use, and povvers of technology is a suitable 
m easure of human im pact on thc biospherc in general 
and the freshw aters in particular.

Petts (1 9 8 4 ) defined four phases in the recent era 
o f river m odiíĩcation in Europe. Phase 1, from 1750  10 

19 0 0 , includes am bitious regulations of the m ajor rivers 
for ihe purpose of navigation, nood control, and cultiva- 
tion oi the river valley. Phase 2, from 1900 to 1950, 
m arks the fưst m ạjor technological period, during 
w hich large dams and povver planls were built across 
m ajor rivers. In many European lowlands, extensive 
đrainage o ĩ wetlands and shallow lakes and channeliza- 
tion o f stream s took place, and continuous m anagem ent 
ol the dim ensions of stream  channels and cu tting of 
aquatic plants were initiated. M anagem ent intensiRed 
in phase 3  from 1950  to 1980  by the use o f specialized 
m achines. During the recent phase 4, from 1980  on- 
ward, the intensily ol regulation works and dam build- 
ing has gone down, because m ost vvatercourses have 
already been exploited and public resistance has in- 
crcased because of rising environm ental concerns. 
However, m osi counlries of ihe world are still in the 
rnost exploitive phase 3.

An overview of the 69  m ạjor rivers in Europe and 
Russia show s that m ost o f them are strongly (4 0 )  or 
m oderately (1 0 ) affected by dams and regulations, 
w hereas only 19 rivers located in Arctic and northern 
boreal regions have remained relatively unalĩecled. 
River regulalion has been undertaken to the greatest 
extent in vvestern and S o u t h e r n  Europe. In Belgium , 
D enm ark, England, and W ales, the percentage o f river 
reaches thai are stitl in a natural State is less than 20% . 
In Estonia, Norway, and Poland, the rivers still have 
7 0 -1 0 0 %  of their reaches in a natural State.

In  S o u th e r n  Canada a n d  th e  United States, rivers are  

heavily regulated; those in northern Canada and Alaska 
have rem ained relatively pristine. The history of W illa- 
m ette River in  O regon is an exam ple of how expansion 
o f agriculture and construction  o f 11 dams have trans- 
form ed a com plex m ulti-channeled river into a sim ple 
one- or tw o-channeled river. Over a 25-km -long stretch 
in the íloodplain, the length of the shoreline has de- 
clined  írom  2 5 0  km in 1854  to only 64 km  in 1967.

In addition to the shortening of rivers and stream s, 
w atercourses have becom e more uniform and physically 
disturbed. w h e n  stream s are channelized, the natural 
variability in depth, vvidth, current velocity, and sedi- 
m ent com position disappears between straight reaches 
and m eanders and betvveen riffles and pools. The natu-



ral dynamics of the ílow channel, characterized bv spa- 
lial variations of erosion and sedim entation, form ation 
o f new meanders, and the cu t-off of oxbow lakes, also 
vanishes. Drainage of the Aoodplain reduces its storage 
capacity of water and the ability to buffer storm  surge 
in the rivers. M oreover, drainage reduces baseflow dur- 
ing dry periods. Peak discharge during rainy periods 
introduces high physical stress and erosion in the 
stream  channel, and low baseílovv during drought in- 
creases the risk o f high water temperatures, oxygen 
deficiency, and insufficient currents for the w ell-being 
of invertebrates and fish. All three m ajor changes— (1) 
sm aller area and length of the stream s, (2 ) lower habitat 
diversitỵ, and (3 ) greatly íluctuating flow and higher 
physical, oxygen, and tem perature stresses— vvill dras- 
tically reduce species num ber and population density 
of plants and animals.

N um erous shallow lakes and ponds in European 
farmland have disappeared from drainage and filling-in. 
Many ponds were orìginally dug to extract calcareous 
sedim enis for the lim ing o f acidic íĩelds, clay for bricks, 
and sand and gravel for construction w orks and to 
provide vvatering places for cattle. In some regions more 
than half of the ponds that were present 150 years ago 
are now gone. As a result, several species o f am phibìans 
and large insecls that preíerred the warm, shallow pond 
waters free o f predatory fish have declined.

Large, deep lakes have experienced less physical dis- 
turbance and restriction of areal cover than stream s and 
ponds. Exceplions are artificial reservoirs, w hich face 
great Auctuaiions in  water level over the seasons. In 
Europe there are now m ore than 10 ,000  reservoirs, and 
about 4 0 0 0  large reservoirs have dams higher than 
15 m. Dams have broken the naiural conn ection  and 
dynam ics of w atercourses for the m ovem ent of water, 
solutes, and living organism s. O n ihe other hand, reser- 
voirs have generated habitats for lake organism s and 
new recreational opportunĩties.

B. Changing Direction: Restoring and 
Creating New Freshwater Habitats

Although areal reduction and the m anipulation of in- 
land waters continue in m ost countries, public and 
political priorities have changed in some \vealthy coun- 
tries with the goal o f am eliorating some of the environ- 
rnental damages caused by intensive agricultural and 
industrial practices.

Nonvay experienced serious dcm onsirations when 
a hydroelectric power plant was built across the lorm er 
pristine Alta River. In Spain, the dam across the Esla 
has rem ained unused, because the inhabitants of the

valley to be expropriated have relusecl to move. In Ice
land, local “farm ers” stopped early attem pts to build a 
dam across the iam ous Laxa River. In  D enm ark, new 
laws now give higher priority lo the developm ent of 
diverse landscapes, diverse biological com m unities, and 
trout tìshing. After water quality had been improved 
follow ing the extensive puriíìcation of dom esúc sewage, 
new m anagem ent procedures and structural changes 
have been im plem ented in many stream  reaches to im- 
prove habitat variability, to prevent catastrophic distur- 
bance, and to strengthen the linkages within the stream 
course and betw een the stream and the íloodplain. 
These Danish initiatives include: (1 ) rem ovin gall weirs 
and dams blocking the natural m igration of anim als;
(2 ) bringing the stream s that had been directed under- 
ground in culveris to the open surface; (3 ) reestablish- 
ing the variation in width, depth, and substratum  be- 
tween riffles and pools; (4 ) re-creating the former 
m eandering patterns of straightened channels; and (5) 
establishing strips of naiural vegetation free of pesticide 
spraying along the stream s.

A noiher initiaúve in northern Europe has been to 
restore shal]ow lakes and ponds that were facing disap- 
pearance due to lack of water, íìlling in, or overgrow ih 
by littoral vegetalion. New ponds have been created in 
larm lands with the purpose of regaining the paichvvork 
o f sm all, suitable biotopes for aquatic plants, insects, 
and am phibians. Populations of several threatened spe- 
cies of ĩrogs and newts have since increased thanks to 
reestablishm enl o f suitable ponds.

c. Changes of the Hydrological Cycle
It is often over-looked how much the hydrological cycle 
has been changecl by humans and the environm ental 
im plications of these alterations. A rcheology, paleolim - 
nology, and historic studies of old maps and w ritten 
records in Europe reveal that the groundw ater level was 
m uch higher and there used to be many m ore open 
w aters in the past com pared to today. Previously, water 
moved slowly and diffusively through the large water 
reservoirs in the soil and the w etlands before reaching 
stream s and lakes. Follow ing cultivation of the soil and 
establishm ent of d itches and drains, the water has taken 
a raore direct and rapid course from the íields to the 
stream s, resulting in huge variations indischarge. W ater 
for irrigation of crops and domestic supply to m etropol- 
itan cities is abstracted from groundwaters and suríace 
vvaters, and this vvaicr demand has markedly increased 
the risk o f wetlands drying up and critically low flows 
developing in the stream s during dry periods.

Breaking the long contact betw een water and soil



has dramatically reduced the natural puritĩcation of wa- 
ter by prevenling the removal of surplus nitrogen and 
phosphorus through binding to soil particles, incorpo- 
ration in new organic m aterìal, precipitation as phos- 
phatc minerals, and dcnuritìcalion. In addition to the 
increased cultivation o f crops, application of lertilizers, 
and discharge of sewage, changes in the hydrological 
cycle have resulted in the explosive em rophication of 
inland and C o a sta l waters. A few countries have tried 
to reestablish some of the wetlands that have been lost 
so extensively. thereby reinstalling the cleaning sponge 
betvveen cultivated soils and streams. In m osi other 
countries, hovever, w etlands continue to disappear at 
a high rate. Spain, for exam ple, has lost two-thirds of 
its wetlands since 1965  with the support o f European 
Union subsidies to farm ers.

D. Organic Pollution of Inland Waters
The discharge o f organic wastes from tovvns and from 
livestock operations creates the classic polluúon prob- 
lem of inland waters. Human wastes are derived from 
baihing, cooking, laundry, and the ílushing o f feces 
and urinc in lavalories, and discharges from agricullure 
include manure from the anim als and food spills. ln- 
tense organic polluúon can also occur from breweries, 
dairy íactories, slaughterhouses, sugar refineries, and 
countless other industrial sources. In regions where 
water quality 0 lherw ise is high, the farming of fish, 
prawn, and crayíìsh can be com m on. The trout farms 
oỉ norlhern Europe m ainly use cold spring water of 
superb quality. but these farms in turn pass on substan- 
tial organic pollulion from  food spills and fish excreta.

W ith the increase in  dom esticaied anim als, hum an 
populations, and the installation of water closets and 
sewers, there has been a proíound increase of organic 
loading of inland waters in  Europe and North Ainerica 
from 1850 to 1950. In several cases, the external loading 
of lakes has increascd m ore than 10-fold (Fig. 1). Sub- 
stantial puriíìcation of dom estic sewage has been estab- 
lished ovcr the lasi 5 0  years. Meanwhile, wet slurry 
from burgeoning anim al farm s has presented a new 
source of polluúon. In poor countries o f the world, 
organic pollution has continued to grow and few at- 
tempts have been made to am eliorate the problem  
through the use o f natural wetlands w ith self-purifica- 
tion capacities or the construction of costly sewage 
treatm eni plants.

The organic pollution of streams increases with the 
density of human beings and animal livestock and the 
consum púon of oxygen by organic m atter in the water. 
An acceptable vvater quality can be reached by extensive
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FIGURE 1 Historical dcvclopment of eutrophication in Lake Fure  
in Denmark ừom  19 0 0  lo 19Q3. (A) Annual phosphorus loading, 
showing ihe early installalion of sewers. ihr application of dclcrgcm s, 
and the recem  diversion and terúary treaimeni of domestic sewage. 
Opcn symbols m ark lotal loading, whereas closed symbols inark 
sewagc loading. ÍB) Declinc of Secchi-depth over time. (C ) Number 
of submcrged macropliytes am ong mosscs, characeans, and small 
and large rooted plants on four occasions. (After Sand-Ịcnscn and 
Peđersen, 1997 .)

p u riíìcalion , as show n by a 10-fold reduction of the 
b iological oxygen dem and at the outlet from some sew- 
age treatm ent plants and a 3-fold  reduction in the 
stream  w ater in Denm ark from 1975  to 1995. O ther- 
w ise, the European inland vvaters with the besl water 
quality in  term s of low oxygen demands and high oxy- 
gen concentrations are found in the w ater-rich regions 
in the north , where population densities are low and 
large areas rem ain uncultivated. In contrast, stream s 
with the poorest water quality are located in intensely 
cultivated regions o f middle and S o u th e rn  Europe, 
where puriíĩcation is insufficient and water is in short



supply during the summer. To illustrate thc differences 
in environm ental State, oxygen condiúons are regarded 
as good in 9 7 -9 9 %  of the stream s in Scotland and 
Iceland and 6 4 -7 7 %  of the stream s Í11 VVales, but in 
less than 20%  of the stream s in Belgium , Poland, and 
countries in the Balkans. M ost European countries have 
experienced an overall decline of organic pollution in 
the 1980s and 1990s.

E. Agricultural and Industrial Chemicals
An im m ense variety of chem ical products are being 
m anuíactured, used, and released hy agricultural ancl 
industrial aciivity. Some inorganic com pounds include 
acids, alkalis, am m onia, chlorine, radio nuclides, and 
heavy metals (e.g., cadmium, copper, iron, mercury, 
and zinc). O rganic com pounds are grouped under 
different names such as chlorinated hydrocarbons, hv- 
cỉrocarbons, pesticides, phthalales, and phenolic com - 
pounds. Perhaps 2 0 ,0 0 0 -5 0 ,0 0 0  substances are manu- 
íaclured or applied wilhin indusirial couniries, and a 
few thousand are added each year. In most European 
countries, betw een 120 and 530  active pesúcides are 
approved for agricullural use today. The annual usage 
is usually betw een 1 and 14 kg per hectare (ha) of 
arable lancl. Substances thai are applied within a country 
are also detected (or their degradation products) when 
tested for in suríace waters and j;roundw aiers. The most 
com raon pesticides in groundwaters (i.e ., atrazine, de- 
sethylatrazin, lindane, and sim azine) are often found 
in concentrations exceeding the m axim um  allowable 
threshold (0 .1  (Ầ.g L 1 in the European U nion).

A m ạịor obstacle to pollution control is the need 
to íìrst recognize the presence of poteniially harm lul 
substances in potentially harm ful concentrations in rel- 
evant ecological situations. T his requires a lot o f money, 
appropriate chem ical skills, and advanced analytical 
m ethods to conduct an adequate survev of the distribu- 
tion and concentrations o f ju s t  a small num ber of these 
irace organic chem icals. lt is then even harder to evalu- 
ale ihe biological consequences under natural condi- 
tions. As m ore iraditìonal and obvious pollution prob- 
lems in developed countries are slabilized or reduced, 
these organic substances may perhaps bccom e the key 
pollution problem  in many water bodies. The pollution 
effects may becom e more apparent as the application 
of ihese new organic com pounds spreads and they accu- 
mulate over time in groundvvaters. However, because 
their biological effects are subtle, chronic, and ex- 
tremely costly to verify in the com plex blend o f num er- 
ous com pounds, living organism s, and cnvironm ents, 
the onlv effective solution to the pollution problem is 
not to discharge the pollutants at all, or reduce iheír

toxicity , magnitude, and rate o f application as far as 
possible. In less-developed countries, it will be ìm possi- 
ble to m onitor ihe release and biological effects o f these 
trace organic com pounds. Som e ừ ighiening pollution 
events have been reported from the heavy m isuse of 
pesticides in ưopical crop production.

F. Cultural Eutrophication
Cultural eutrophication— predom inantly due to in- 
creasing loads of nitrogen and phosphorus— leads lo 
proíound changes in the com position, biom ass, and 
productivity of algae and plants. Lake eutrophication 
results in phytoplankton bloom s, untransparent water, 
and oxygen deíĩciency. E utrophicaúon spoils the qual- 
ity of bathing water and threatens the survival o f bottom  
anim als and íish. Algal bloom s can include toxic algae 
and thereby harrn anim al life and becom e a public 
health risk.

Eutrophication of stream s can also enhance the 
grovvth of attached m acroalgae and ílow ering plants. 
M ost European lowland slream s have long passecl the 
threshold at w hich nutrient concentrations lim it plant 
growth. Stream s in sparsely populated regions ot north- 
ern Europe and Canada can still hold such low concen- 
trations thai plant grow th is enhanced at sites o f ele- 
vated nutrient input. Stim ulaúon of algal grow th by 
euirophicalion is also very im portani in most tropical 
stream s.

N utriem  iĩiput to w atercourses hasincreased  dram al- 
ically during thelast 150y ears,an d  iih as intensified over 
the last decades. The sources of nitrogen and phosphorus 
input include (1 ) lowns and Industries, (2 ) scattered set- 
tlem ents, (3 ) agricuhure, and (4 ) a background input 
derivingírom  precip itationand runoíl from uncultivated 
arcas. Input from towns and agriculture usuallv domi- 
nates the overall nulrient budget, but all four sources 
have increased because of anthropogenic impacts.

The classic exam ples o f lake eutrophication have 
been docum ented in the vicinity o f m etropolitan iowns. 
In the case of Lake Furc close to Copenhagen, annual 
phosphorus inpui has increased 30-fold  from 1900  to 
1969  due to an eightíold increase of ihe population 
densitv in the catchm ent, the installation ofsew ers, and 
the use o í phosphorus-rich detergents (see Fig. 1).

Agriculture is ihe other m ajor source o f nutrient 
loading. Paleolim nological studieb docum ent the in- 
crease o f accum ulation rates of mineral particles, phos- 
phorus, and organic m atter in lake sedim ents due to 
increased erosion and runoff follow ing the early cultiva- 
lion of waiersheds. Though nutrient input with domes- 
tic sewage has recentlv declined in some industrial 
countries thanks to tcrtiarv sevvage treatm ent, agricul-



Year
F1GURE 2 Risc of niiratc concentrations in selcctcd Hnglish rivers and grounchvatrr rcscrvoirs 
bctween 1920 and 1990, (Data compilcd by Heathwaite, Johnes, and Petcrs, 1996, and ađapicd 
IVom Moss, 1998.)

tural sources o f nitrogen have eilher leveled off or con- 
tinued to increase because of the heavy application of 
fertilizers. A large proportion (5 0 -8 0 % ) of added nitro- 
gen is washed out as nitraie from the soils or released 
as gaseous am m onia to the atm osphere. M easurem enls 
in England betw een 1920  and 1990 show a 2- to 6-fold 
increase in n itrate concentralions in a series o f stream s 
and groundwater reservoirs over periods of variable 
duration (Fig. 2).

An assessment o f European streams reveals that ni- 
ưate concentraúons have increased from 1970 to 1990 
because of the strong agricultural input, vvhile phos- 
phate concentraiions have declined thanks to better 
cleaning of dom estic and industrial sewage (Kristensen 
and Hansen, 1 9 9 4 ). W ith  unregulated application of 
phosphorus fertilizers, phosphorus pools in agricultural 
soils have increasecỉ, and phosphorus will eventually 
get lost to inland waters by erosion of soil particles and 
by leaching as ihe binding capacity to soil m inerals is 
surpassed. This developm ent represents a new risk to 
the control o f lake eutrophicaiion in countries at- 
tem pting 10 control phosphorus through tertiary treai-

m eni o f dom estic sewage. In stream s exposed to strong 
hum an im pact, median concentrations of nitrogen and 
phosphorus are lypically 10-lold  higher than in the few 
pristine stream s in m ountain ranges and íorest regions. 
However, even oligotrophic vvalers in uncultivated 
areas have experienced  a 2- to 6-fold enrichm ent o f 
nitrogen through atm ospheric deposiúon since 1950  in 
m ost regions of Europe and N orth America.

G. Anthropogenic Acidiíỉcation
A nthropogenic acidiRcation of precipitation and surface 
waters com m enced with the Industrial Revolution, but 
accelerated in Europe and North America after the 
1950s. Burning of íossil fuels releases sulfur oxides, 
w hich are converted to sulĩuric acid in the atm osphere. 
High com bustion tem peratures in car engines and 
power plants release nitrogen oxides, w hich are con- 
veried 10 n itric acid. Although the use of clcaner fuel 
gases reduced sulfur em ission in the 1980s and 1990s, 
em ission of nitrogen oxides ÍYom car traffic has contin- 
ued to increase.



O ther conditions may contributc lo the acidilìcation 
o f inland waters. Drainage and mining can expose metal 
sulfides (notably pyrite) 10 oxvgen, starting one of the 
strongest acidiíying processes that has su líiư ic acid and 
ochre as the end products. The large input of aramo- 
nium  with precipitation and wet slurry can acidily the 
soils and the groundw ater through conversion of am- 
m onium  to nitrate. Cultivalion of the land and changes 
frotn deciduous to conifer íorests also affect acidifica- 
tion in the catchm ent by iníluencing the deposition of 
sulfur oxides and am m onia in the plant canopies and 
th e  s tre n g th  o f  ac id ify in g  or b u (ferin g  p ro cesses by 
chem ical vveathering and biological transíorm ations.

A cid iíìcation is substantial in the northeastern 
U nited States and southeastem  Canada. Acidiíìed re- 
gions o f Europe include large parts o f Finland, Norway, 
and Sweden, m ountains in Great Brúain, Poland, and 
the Czech Republic, and carbonate-poor, well-leached 
sandy soils in Belgium , Denrruưk, and the Netherlands. 
In Norway and Svveden, acidification represents a sig- 
n ifican l national problem  as ihousands of inland waters 
have been acidiíìed and lost their resideni invertebrale 
species and fish. Vast íbrested areas have also becn 
acidified to the extern thai speđes diversity and elem en- 
tal cycling have been grossly disturbed.

The biological effect o f acidiBcaiion is in part due 
to the d irecl reduction of pH, vvhich is inlolerable to 
m any organism s. Associated c lỉtcts  appear írom an al- 
tered ion ic balance, high metal concentrations, and im- 
m obilization  of vital nutriem s. AddiRcation has also 
affected a large proportíon of oligotrophic soílvvaters 
in uncultivated, rem ote areas. Many freshwater habiiais 
that have escaped drainage and cutrophication have 
instead been acidified.

The best way to reduce acidiíìcation is to lower the 
em ission of sulfur dioxick and nitrogen oxides through 
national and international agreements ralher than try- 
ing to reverse the problem  locallv. Thus, the reduction 
of sulfur em issions appears to have reversed acidifica- 
tion in m any regions in the 1990s. Also, a remarkable 
national schem e in Svveden to litnc sensitive lakes has 
had signiRcant local effects.

V. BIOLOGICAL QUALITY 0 F  
FRESHWATER ECOSYSTEMS

A nthropogenic im pacts on freshwater ecosystem s lead 
to loss o f lakes and stream s. changes in the hydrological 
cycle, physical disturbance, and water pollution. 
Stream s have presum ablv experienced the entire range 
of physical and chem ical inMuences, vvhereas m ajor

lakes m ostly have experienced acidiíìcation, eutrophi- 
cation, and pollution bv organic m atter and indus- 
trial chem icals.

The resulting changes of species com position, spc- 
cies richness, and elem ental cycles in freshwater ecosys- 
tems are com plex, have several causes, and can be evalu- 
aled at different levels. M ạjor changes have taken place 
in alm ost every slream  due to regulalion, management, 
and pollution, and in many regions it is irapossible 10 

íincl pristine stream s to use as a reíerence for baseline 
conditions and high biological quality.

The natural variability am ong lake tvpes has 
dropped. Historic and paleolim nological studies o f Dan- 
ish lakes, for exam ple, show that the íormer fuil range 
of lake types from oligotrophy to eutrophy has been 
restricied owing lo widespread eutrophication such thai 
ihere are very few lakes left ihat can meet the interna- 
tional criteria o f oligotrophy. Though probably mo re 
than 80%  of Danish lakes, belonging to the oligotrophic, 
m esotrophic, and eutrophic categories, had a rich  sub- 
merged vegetation 1 0 0 -1 5 0  vears ago, less than 15% 
of all lakes today have suííĩciently clear water to perm il 
submerged plant grovvth. W ith the exception o f Fin- 
land, Norway, Scolland, and Sweden, oligotrophic, 
đear-w ater lakes have becom e rare across in Europe.

Less varialion in lake and stream  types will restricl 
species richness and, in particular, reduce populaiion 
dcnsities o f ihose species that prefer undisturbed, oligo- 
trophic habitals. Likevvise, in the European terrestrial 
vcgetaiion, raany oligotrophic and disturbance-sensi- 
tive spéciẽs characterislic o í heaihers, Sphagnum  bogs, 
and nutrient-poor grasslands have becom e rare and are 
threatened by local or regional extinction. In many 
individual lakes and stream s we can docum ent pro- 
found altcrations of species com position and abundance 
over time. Recent changes are sm all, however, if we 
evaluate only w hether the individual species still exist 
within the national borders, or have survived globally. 
There is a high probability thai relugia o f undisturbed 
lakes and stream reaches still exist somewhere, and that 
they support small populations o f those species that 
otherwise have declined dram atically in ạeographical 
range size and local abundance. Species extinction is a 
slovv process, and long before the last individual finally 
dies, ihe species has lost its signiíìcance in the ccosystem  
and in our perception of nature.

A. Decline of Freshwater Species in 
Europe and North America

A large proportion o f exú nct, threatened, and rare spe- 
cies in Europe and North America live in íreshvvaters. 
Species in stream s and ponds have been most strongly



aííected bv human impact. In North America, 1 1 -1 4 %  
of the inainly terrestrial birds, mammals, and reptiles 
are among the extinct, threatened, and rare species (Ta- 
ble III). Among fresh-w ater am phibians, fish, crayíĩsh, 
and mussels, the percentages are particularly high ( 2 8 -  
73% ). No less than 103 species of North Am erican 
freshwater fish are classiíĩed as endangered, ] 14 are 
threatened, and 147 deserve special attention. These 
species represent about onc-third of all fish spccies. 
Twenty-seven species have gone extinct over the last 
100 years from habitat loss, chem ical pollution, intro- 
duction of exotic species, hybridization, and overfishing 
(Allan, 1995).

A sim ilar assessm ent is not available for Europe. 
However, the European status of freshwaier species is 
probably worse because of a long history of strong hu- 
man impact. Europe is relativelỵ poor in species of 
freshw ater fish (ca. 2 5 0 ) com pared with North Am erica 
(ca. 8 5 0 ), A ừica (1 8 0 0 ) , and the Amazon region (2 0 0 0  
species). Species num bers are particularly low in north- 
ern Europe (e.g., 38  species in D enm ark), while they 
are m uch higher in middle and S o u th e rn  Europe. The 
Volga and the Danube include 6 0 -7 0  species each, or 
25%  of the entire European íìsh fauna. In European 
countries about one-third  ol' all fish species are on the 
IUCN Red List, m uch like in North America. In  the 
global status, 20 European species are threatened, sus- 
ceptible, or rare.

On both continents, many genetically isolated stocks 
o lsa lm o n  and trout confined lo certain stream  system s 
aii' tluealened by eradication, or they have already been 
lost from a variety of threats such as river regulation 
and construction of dams that prevent upstream migra- 
tion and that destrov spawning grounds. Discharge of 
wastewater from agriculture, industry, and Lowns has 
also contributed to the loss, as have acidification in 
areas with poorly buffered waters, inter-breeding with 
hatchery-reared individuals, and over-fishing in the 
ocean.

The Atlantic salm on once was very com m on along 
its range of distribution from Iceland to Portugal. Ít 
has now disappeared from many m ajor rivers on the 
continent and the annual catch has dropped pro- 
foundly. The large salm on population in the Rhine sup- 
ported an annual m arketed catch of more than 1 0 0 ,0 0 0  
individuals in the late 1800s. The species declined dur- 
ing the 1900s and went extinct in 1957, but was later 
reintroduced from an artiíĩcially rearecl stock. Atlantic 
salm on was also lost from all Danish rivers during the 
ìy o ơ s, apart from a small population (ca. 50  individu- 
als) surviving in the Skịern River.

DNA studies of preserved salm on scales from the 
now extinct populations have shown that the individual

rivers had genetically distinct populations. These differ- 
ences, however, were m uch larger behveen populations 
in D enm ark, Scotland, and Sweden than betw een popu- 
lations in neighboring rivers. Thus, restocking with 
íoreign salm on has been abandoned while attem pts are 
made to secure and perhaps disperse the sm all, national 
salm on stock, w hich is probably better adapted to the 
local environm ental conditions and food sources than 
are the íoreign salm ons. Although Atlantic salm on may 
still be p an  of the fauna in several countries of C ontinen
tal Europe, it has lost its role as an enịoyable catch and 
an ìm portant part o f ihe ecology and food webs of the 
stream s. M oreover, the original high genetic diversity 
am ong the many local populations of individual rivers 
is deíĩnitely gone.

B. Red Lists and Historical Development 
in Streams of Denmark and the 

United States
Red Lists focus on threatened, vulnerable, and rare spe- 
cies and usually include those species thai have disap- 
peared recently. Among the five studied groups of íresh- 
water insects, the percentage of red-listed species of 
all national species in Denm ark ranges from 32%  for 
caddisílies to 50%  for mayílies (Table III). Freshw ater 
fish have 39%  and am phibians have 36%  of all national

TABLE III

Percentage of Species vvithin Selected Groups of Freshwater or 
Mainly Terrestrial Animals on the Red List in North America (by 

1990) and Denmark (by 1996)“

Group North America Denmark

Freshwatcr habitats
Amphibians 28 36
Fish 34 39
Crayfish 65 —
Unionid mussels 73 —

Caddisllics — 32
Dragonílics — 42
Mayílies — 50
Stone nies — 40

Terrestrial habitals
Birds 11 37
Mammals 13 30
Reptiles 14 25
Beetles — 26
Butterdies — 49
Moths — 16

a Species on the Red List are recently extinct, threatened, vulnera- 
ble, or rare. Red Lists focus on partìcular vulnerable groups often 
highly valued by humans.



species on the Red List. Am ong lerrestrial insects, 
the percentages vary frorn 16% for m oths 10 49%  for 
butterílies. Birds and m am m als havc 37 and 30% , re- 
spectively.

O verall, the percentage of species on Red Lists is 
high for three reasons. F irst, ihe most vulnerable groups 
are m ore often included than the least vulnerable 
groups. Second, many species are naturally rare. Third, 
many species are present in very small num bers, be- 
cause natural habitals have experienced profound 
areal restriction and deterioration. Thus, although the 
percentage of red-listed species lends to be higher for 
freshw ater than for terrestrial species, this tendency 
disappears if more com m on groups of freshw ater inver- 
lebrates such as dipterans, oligochaetes, and poly- 
chaetes were included.

C onsequently, Red Lists have several weaknesses be- 
cause they are selective and qualitaúve, and the inten- 
sity o f search for rare species has increased over time. 
Red Lists do not give quantitative data on the abundance 
o f species, and they can only describe the lcm poral 
developm eni in crude ways provided cvaluations are 
repcated al suitable intervals.

M any evaluations of species developm enl, hovvever, 
suffer from the lack of suitable hislorical description 
of species distribution and abundance. If such studies 
indeed exist, they did not use exactly the same melhods 
and survey intensity and are thereíore open to critique, 
even though differences may be very prolound and 
vvilhout reasonable doubt are real. An analysis o f Pota- 
m ogeton  (a large, aquatic plant genus) in 13 localiũes 
in D anish lovvland stream s, for exam ple, revealecỉ the 
existen ce  o f 6 .0  species per locality and 16 species alio- 
gether 100 years ago; loday the mean num ber is 2.8  
species per locality and only 7 species grow in the 
sam e 13 localities. Several o f those species thai have 
disappeared írom  the 13 localities have becom e ex- 
trem ely rare throughouL the country. Overall, the vege- 
tation has becom e poorer in species and ecologícal 
types. M ainly oligotrophic or large, slow-growing spe- 
cies have disappeared, and the few survivors are species 
o f high dispersal capacity and tolerance to disturbance 
and cutrophication (e.g., p. crispus and p. pcctinatus); 
ihese species have now established a more proíound 
dom inance. The saine typc of developm eni has taken 
place in o lher lovvland regions o f norlhvvestem Europe 
such  thai som e species (e.g., p. acu lilo ìiu s , p. fi li fo rm is , 
p. zosteri/o liu s)  have becom e ra re or threatened over 
wide areas.

It Ịs notevvorthy ihat plant species in streams display 
an overall positive relationship betw een geographical 
range size and local abundance, resem bling the paiiern

m ore ihoroughly describcd for terrestrial herbsand ani- 
mals. There is an overall transition from species of 
low geographic range size and low local abundance to 
species of high range size and high local abuniance. 
Those first-m entioned species face a double eopardv 
of extinction  because ihey grow in ju s t  a few places 
and they are in írequent at sites where they do occur. 
Stochastic loss o f som e habitats and degradation )f oth- 
ers should thereíore have a strong im pact on these 
species, because their few and sm all populaticns make 
them susceptible to íuriher losses and reduce lhe:r abil- 
ity to disperse to new suilable places that may arise. In 
contrast, vvidespread species of high abundance have a 
double security, becaust’ they have a higher prDtabilitv 
of surviving stochastic changes and spreading 10 new 
habiiats.

Freshw ater insects have undergone a sim ilar decline 
of species richness, num ber of ecological types, and 
num ber of occupied habitats. About 20 species o f ihe 
285  Danish species o f caddistlies, dragonílies, rruyílies, 
and stone flies have gone extinct during ihe last 100 
years. An even large num ber of 7 6  species are eíther 
threaiencd, vulnerable, or rare. The red-listed species 
oĩten requirc high water qualiiy and have longl íecycles 
ihat are sensitive to disturbance. The historic develop- 
ment has, ihereíore, led to a more stereotypic composi- 
lion of both plant and m acroinvertebrate communities 
with the samc few robust species dom inating at most 
stream sites. Species holding refugia w ithin the itream 
system s are likely to recover within a few years íollow- 
ing eiivirom nental im pioveinent via redistribuúon by 
upstream and downstream m igration. Hovvevtr, recov- 
ery is slow for species that have been lost frcm enúre 
slream  system s. Recovery may take from decídes to 
ceniuries, or not occur at a lỊ  if species have beỉn lost 
fro m  islands o r  fro m  g e o g r a p h ic a lly  is o la te c  reg io n s  

rem ote from possible íounder populations.
There are very few similar h isiorical evaliu ton s of 

species distribution and abundance. W hat coir.e :losest 
are studies of agricultural areas o f the U.S. M.dwesi. 
Thesc dem onstrate proíound reduction o f hab.tst qual- 
ity, species richness, and abundance of strearr. iiv erte- 
brates and íìsh over ihe last 50  years as a result o f 
rem oval o f most of the natural riparian forest vegttation, 
stream regulation, and alieration o f water chemistry. 
Indices o f stream  qualitv decline w ith the intersity of 
cultivation in the catchm ent. and this is accc.mọanied 
bv a predictable decline in species richness and íeeding 
t\rpes o f invertebrates and fish. Predominantlv robust, 
generalist species have survived in the stream com mu- 
niúes. Fish specialized on insects have disappeared, 
while om nivorous íish have survived. The Mítorical



developm ent of plants and anim als, ihereíore, has manv 
sim ilarities in thc lowland streams o f Europe and ihe 
United States, because all m acroscopic organism s have 
been strongly iníluenced bv cultivation and agricul- 
tural practices.

c. Biological Consequences of Organic 
Pollution and Agricultural and 

Industrial Chemicals
O rganic polluiants give rise to deoxygenation and re- 
lease of ammonia and other mineral nutrients in the 
water due to high m icrobial activity. O rganic polliuion 
lcads to unhealthy aquatic condiúons, hìgh nutrient 
lcvels, untransparent water, and sm othering of sedi- 
inenis. These conditions are detrim ental to the survival 
of ìnveriebrates and íìsh, and highly oxygen-sensitive 
groups o f insects such as beetles, caddisHies, mayílies, 
and stone ílies, as well as salm onid fish, may disappear 
alm ost enúrely. Also, the dìversity of ĩeeding groups of 
m acroinvertebrates declines as slony substrata for algal 
grazers are sm othered, coarse icrrestrial detritus for 
shredders becom es insigniíicant relative to the accum u- 
lation o f organic mud for deposit íeeders, and largc 
predators with long life cycles find it hard to sustain 
episodes of oxygen deplelion. Thu s organic pollution 
is accom panied by a general loss o f speciés richness, 
taxonom ic diversity, and íunctional diversity of m acro- 
invertebrates, in addition lo the appearance and domi- 
nance o f parlicularly robust species (e.g., lubiíìcid poly- 
chaetes, Chivonom us and P sychoda) in exchange for the 
loss o f many m ore sensitive species (Fig. 3 ).

The biological changes are principally the same in 
tem perate and tropical streams. The m acroinvertebrale 
indices originally dcveloped to describe organic pollu- 
lion in tem peraie siream s work well in  tropical streams. 
The obvious reason is that the taxonom ic com position 
o f orders and íam ilies o f m acroinvertebrates does nol 
differ greatly betw een temperate and tropical streams. 
Taxonom ic sim ilarity is particularly high betw een tem- 
perale lowlands and tropical highlands. The warm trop- 
ical lowland streams may have a high sensitivity to 
organic pollution because of low oxygen solubility, fast 
m icrobial degradation, and high invertebrate m etabo- 
lism . Tropical highland stream s also may be more sensi- 
tivc to organic pollution than tem perate stream s be- 
cause of ihe reduced partial pressure of oxygen at higher 
elevations, \vhile temperatures resem ble those in tem- 
peraie lowland streams.

D om estic wastewater contains m any chem ical stres- 
sors in addition to the oxygen-consum ing organic mate-
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PIGURE 3 Composition of macroinvcrlcbrale tomm unities in small 
highlandstvcams in iropical Ecuador asa funttion of organic polluúon 
írom villages. resulting in a lower minimum oxygcn saiuration in 
ihe vvatcr. (A) Number ol macroinverlcbrale families. (B) Proporiion 
of oxygcn-rcquiring taxa oí caddisllics, maytlies, and sione ílies (EPT  
taxa) 10 taxa ihat requirc lcss oxygcn (TCP taxa), such ạs Tubiíìciđac, 
C hironom us, and Psychoda. (Data Irom Jacobscn, 1996.)

rial. Sensitivity of organism s to low oxygen often goes 
hand in hand with the sensitivity to industrial Chemi
cals. Sim ilarly, sensitivity to acid waters usually changes 
in parallel with the sensitivity to heavy metals. Chem ical 
stressors are lethal at high concentrations, and sublethal 
disturbance o f body form , reproduction, neural func- 
tion, and behavior occurs at lower concentrations. 
Among C hiron om u s , for exam ple, the proportion o f in- 
dividuals with deformed m outhparts increases w ith the 
level o f pollution. Among net-spinning caddis larvae, 
the proportion of abnorm al, incom plete nets increases 
with the concentration of toxic chem icals sucb as alum i- 
num. These sublethal effects will eventually lead to a 
decline of populations due to reduced growth and sur- 
vival com pared with more resisiant species. However, 
under very severe oxygen deíìciency or high concentra- 
tions of toxic chem icals, no species of higher life-form s 
am ong fish, invertebrates, and plants are capable of 
surviving, and only m icroorganism s will remain. Chem - 
ically polluted stream s and ponds vvithout any higher 
life include habitats with high concentrations o f cad- 
mium, copper, zinc, and ferrous iron.

The ìm m une and horm one systems of anim als can



be disturbedby exposure to organochlorine com pounds 
(e.g., DDT, PCBs), nonylphenols and octylphenols of 
industrial detergents, and an estradiol com ponent from 
degradation of contraceptive pills. In water bodies with 
a high proportion of sewage effluents, such com pounds 
can apparently lead to the developm ent of hermaphro- 
dite individuals o f roach and rainbovv trout, abnormally 
small testicles in alligators, and fem inization of popula- 
tions of terns and gulls feeding on aquatic animals. 
Estrogenic effects have received great attention because 
hum an populations have been shovving increasing fre- 
quencies of testicle cancer and decreasing num bers of 
viable sperm cells over the last 50  years in Scandinavia.

The great variety o f pesticides now being found in 
surĩace waters are also potentially dangerous because 
they have been m anufactured to be deadly poisonous in 
trace am ounts to íungi, insects, and plants. Insecticides 
target the most species-rich  group of anim als on land 
and in freshwater. For the time being, however, the 
broad-scale environm ental signiíìcance of pesticides is 
largely unknow n. There are suggestions that intense 
application of pesticides in som e regions can account 
for an im poverished insect fauna in stream s, where 
other pollution sources have largely been eliminated.

D. Biological Consequences of 
Lake Eutrophication

Lake eutrophication iníluences ecosystem  structure and 
íunctioning as well as the distributioìi and abundance 
o f most species. This íundam ental iníluence is the result 
o f the primary role o f nutrients in boosting the biom ass 
and productivity of phytoplankton, setting the scene 
for many structural and functional regulations.

The attitude toward cultural eutrophication changes 
with its magnitude and the public interests in different 
regions. In lowland regions of Europe and North 
Am erica, substantial eutrophication has shifted the nat- 
ural wide range of lakes to a higher nulrient level that 
encom passes conditions from m esotrophy to hyper- 
eutrophy. W ater puriíìcation aims at improving hyper- 
eutrophic lakes and moving them  to eutrophy, such 
that most lakes may occupy the narrow range from 
m esotrophy to eutrophy with no lake being unpolluted 
and no lake being extrem ely polluted. As a conse- 
quence, species assem blages have becom e more stereo- 
typic as the susceptible species o f oligolrophic habitats, 
and in some cases also the extrem ely robust species of 
hypereutrophìc habitats, have becom e very rare. Full 
control of pollution and the ecological disturbance asso- 
ciated with agriculture, fish farm ing, íorestry, and recre- 
ational use, which may be needed to m aintain pristine,

oligotrophic, clear-w ater lakes, has rarely been imple- 
mented.

Social and environm ental priorities are different in 
other societies. In Southeast Asia, for exam ple, the ỉocus 
is more on fish production and less on aesthet.cs and 
the protection of rare species. A sm all lake that is .leavily 
fertilized by village sewage may be a valuable so.ưce of 
fish that feed on the thick algal soup and that are toler- 
ant to periods of deoxygenation (M oss, 1 9 9 8 1.

1. T h e  C ase  o f  L ak e  F u re  a n d  O th e r
H ard w ater L ak es 

The 100-year developm ent of Lake Fure in Denmark 
can serve as an exam ple of the vvidespread, accelerateđ 
nutrient loading of temperate lakes foỉlow ed byrccent 
reduction of loading rates (see Fig. 1). The lorig-term 
evaluation for this lake m atches the long vvater resi- 
dence time (15  years) and the slow num erical response 
of m acrophyte com m unities in this naturally meso- 
trophic, hardvvater lake.

Annual external phosphorus loading of the b k e  in- 
creased from 1.3 ton of p in 1 9 00 , to over 10 xms in 
1950, to 37 tons in 1969. Until the late 1940s. me lake 
had managed to tolerate the increased loading re’atively 
well because o f the eííicient sedim ent binding Oi phos- 
p h o r u s  to  c a l c i u m  c a r b o n a te s  a n d  i r o n  o x y -h y d r 3 x id e s .  

The bottom  waters had remained ox ic  and iron-bound 
phosphorus had stayed in the sedim ents. W ith  the accel- 
eraiing phosphorus load during the 1950s and 1960s, 
exiensive phyioplankton bloom s developed, leaiing to 
oxygen-íree bottoni walers and release of iron-bound 
sedim ent phosphorus. Follow ing diversion and lertiary 
treatm ent of the sewage in 1969 , the external phospho- 
rus loading declined to 3 - 4  tons p, but the internal 
concentrations have remained h igh ow ing to sediment 
release of about 15 tons p year~' from the large P-pools 
that have accum ulated.

The mean Secchi-depth during sum m er was about 
5 - 6  m írom 1900  to 1940, but it has Auctuated bdtvveen 
1.5 and 3 .2  m since the early 1970s. The number of 
phytoplankton species has reraained approx:mately 
constant betw een 70 and 85. However, species vvithin 
particularly nutrient-dem anding groups typical o f eu- 
trophic lakes (e.g ., blue-green and chloroccalean green 
algae) have increased from 17 to 3 9 , and species typical 
o f oligotrophic lakes (e.g., chrysophytes, desm iis, and 
certain dinoflagellates) have declined from 32 to L3. 
Certain species of blue-greens, chrysophytes, ani dino- 
ílagellates, \vhich were able to live in the deeper and 
colder vvaters within or below the therm ocline at 1 0 -1 6  
m depth, have disappcared w ith the restriction of the 
illum inated zone to the upper few meters of ihe vva- 
ter colum n.



Species richness of submerged m acrophytes in Lake 
Fure before the recent cultural eutrophication com - 
m enced was 35 species, including 18 rooted flowering 
plants, 10 characeans, and 5 m osses. Tall flowering 
plants grew from shallow water to the depth lim its at 
8 m, but dominated the vegetalion down to 5 m depth. 
Small flowering plants, characeans, and mosses formed 
a m ixed carpet of vegetation below  the canopy of large 
flowering plants, while characeans dom inated from 5 
to 8  m.

Between 1983 and 1993 only 10 of the original 35 
species remained, whereas 3 new species of pollution- 
tolerant green m acroalgae had appeared. Small flow- 
ering plants and all m osses and characeans had van- 
ished. Eight large species of canopy-íorm ing flowering 
plants have survived in the turbid lake, probably be- 
cause they can com pensate for the poor light conditions 
by exposing the leaves close to the water suríace. Depth 
distribution of all original subm erged m acrophyte spe- 
cies has been restricted from 8 m to 2 - 4  m because of 
tlie reduced light penetration.

The development reveals a reduction of species rich- 
ness, taxonom ic diversity, and life-form s of submerged 
macrophytes. In addition, there is now a greater domi- 
nance among the few surviving species in ihe present 
turbid phase of the lake. Certain species have disap- 
pearcd because of the restriction o f suitable growth 
habilats, and other species have been outcom peted by 
the canopv-form ing plants and the fast-growing mac- 
r o a lg a e  tha t  p r o l i f e r a te  a t  h ig h e r  n u t r i e n t  a v a i la b i l i ty  in 

w alcr and sediments. The plants increasing in rank 
ainong the surviving species in Lake Fure are the same 
eutrophic species (e.g., P otam ogeton  crispus and p. pec- 
tinatus) that have becom e more abundani in lowland 
lakes and streams throughout northw estern Europe.

The steep decline of aquatic m osses and characeans 
in Lake Fure is sym ptom atic of the broad-scale changes 
in cutrophicated temperale lakes. Characeans include 
about 80  species globally. In countries experiencing 
profound lake eutrophicaúon, the characean group has 
becom e rare and many species have been added to the 
Red Lists. Form erly oligotrophic, hard-w ater lakes and 
brackish lagoons dominated by species-rich  com m uni- 
ties o f characeans now represent a threatened habitat 
that is included in the European Com m unity Habitat 
D irective.

2 . B ro ad -S ca le  C o m p a riso n s  an d
W h o le -L a k e  E x p e rim e n ts

O ther individual lake studies basically tell the same 
hisiory of eutrophicaúon. In the large lakes, however, 
the role of the littoral zone and bottom  plants is small, 
and emphasis is greater on the increase o f phytoplank-

ton biom ass, loss of bottom  fauna, and alteration of fish 
com m unities. In most lakes, phosphorus is the main 
nutrient lim iting phytoplankton biom ass, but in some 
lakes the im portance of phosphorus and nitrogen as 
lim iting nutrients alternates with the seasons, and in 
other lakes nitrogen plays the m ajor role (e.g., Lake 
Tahoe on the California-N evada border).

In lakes with a small magnitude or a short period 
of cultural eutrophication, rapid recovery is observed 
upon reduction of nutrient loading, because only small 
nutrient pools have accum ulated in the lake bottom . 
Recovery also is fast and more com plete when water 
renewal is high, and when large proportions of unpol- 
luted water are available from undeveloped m ountain 
and forest areas such that nutrients can be Aushed from 
th e  la k e  (e .g ., Lake W a s h in g to n  in  th e  S ta te  of W ash- 
ington).

Case studies of individual lakes, com parisons among 
many lakes, and controlled w hole-lake fertilization ex- 
perim ents all show slrong positive relationships among 
nutrient availabilily, phytoplankton biom ass and pro- 
ductivity, zooplankton and fish production, light atten- 
uation in the water colum n, and risk of anoxia in bottorn 
waters, Predictions of phytoplankton biom ass based on 
external phosphorus loading and water renewal are of- 
ten excellent for lakes within a region of the same 
clim ate and soil geology and for lakes where nutrienl 
inputs are precisely know n. Tbese results suggest thai 
biotic differences do not play a m ajor role for the bio- 
mass of phytoplankton. It has therefore been argued 
that the lower accuracy of predictions observed among 
lakes from different regions and studies may result from 
m ethodological differences and uncertainties rather 
than from  the iníluence of biological differences in the 
food webs. In shallovv lakes, how ever, wide shiíts som e- 
times take place from transparent lakes of ]ow phyto- 
plankton biom ass and high m acrophyte cover to more 
turbid lakes of higher phytoplankton biom ass and mar- 
ginal m acrophyte cover, even though the rate of phos- 
phorus loading rem ains approxim ately the same. In 
shallow lakes, rooted m acrophytes and attached ani- 
mals have the potential to exert considerable control on 
ihe com m unities in the open w aters— in part through 
internal alterations of nutrient cycling. The same in- 
tense interactions betw een organisms and processes at 
the bottom  and in the open water are not possible in 
large, deep lakes.

3 . R e so u rce  an d  P red a to ry  C o n tro l
in F o o d  W e b s  

In many lakes, phosphorus stripping and the diversion 
of sewage have reduced nutrient input, but improve- 
m ent of lake quality has been minimal because of high



internal nutrienl circulation. To recìuce sedim eni re- 
lease and internal water concentrations of phosphorus, 
several methods have been attem pted. One principle is 
to remove P-enriched cultural sedim ents by pumping 
them up. Another principle is to increase the P-binding 
capacity in the sedim ent by adding iron and ensuring 
oxidized conditions conducive to effiđ ent phosphorus 
binding to iron oxy-hydroxides by aerating the bottom  
waters or irýecting nitrate.

In shallovv lakes, biom anipulation has had the objec- 
tive of reducing the nuniber of fish, which eat the large 
zooplankton (especially daphnids), and thereby hope- 
fully reduce the biom ass of phytoplankton through en- 
hanced zooplankion grazing. The additional goal is to 
increase the cover of subm erged vegetaúon, which can 
directly reduce sedim ent release of nulrìenis, impede 
phytoplankton developm ent hy shading, and provide 
refuge to daphnids.

The success of atlem pts to reduce phytoplankton 
bỉoom s and improve water clarity by internal m anipula- 
tion of sedim ents and iood webs is variable, and some 
positive short-term  effects have noi been sustainable in 
the long term. O pinions on the slatistics of successes 
and íailures o f biom anipulation otten vary along with 
the subjective view on the relative im portance of re- 
sources and predatory conirol in the ỉood webs. The 
view that grazing control on phytoplankton is high in 
lakes with an even num ber of trophic levels in the íood 
web and low in lakes with an odd num ber of levels 
has received som e supporl, bul also attracted growing 
opposition. Among reasons for the opposition are (1) 
predictions based on the concepl are poor, (2 ) it is 
diffìcult to define trophic levels and num bers of links, 
and (3 ) many species are om nivorous, show ontoge- 
netic changes in food preference, and cover more than 
one trophic level. M oreover, there is a strong positive 
relationship trom nutrients and resource levels to bio- 
mass and productivity of phytoplankion, zooplankton, 
and fish because of the need to transfer energy and 
m atter from lower to higher trophic levcls.

Many studies clearly dem onstrate a strong role of 
predators on size com position and species abundance 
o f prey organism s, and they show behavioral allerations 
of predators and prey to increase their own growth and 
survival. These ílexible biological rcsponses, however, 
do not imply that the main control o f the com bined 
biom ass and productivity of all ihe species at each tro- 
phic level is exerted by predation. Overall, the predatory 
fish have a small cascading trophic eflect ihrough the 
entire íood vveb and a m inor intluence on phỵtoplank- 
ton biom ass and water iransparencv. As a consequence, 
there is no easy technical or biological fix to am eliorate 
lake eutrophícation, but various techniques may assist

the cffect o f sustained reduction o f external nutritnt 
input vvith the aim o f reducing unw anied phytoplar.k- 
ton bloom s.

4 . A rc tic  an d  T ro p ic a l L ak es

Consequences of eutrophication are also strong in Arc- 
tic and tropical lakes. Alihough A rctic lakes are i:e- 
covered for m ost of the year and have very low tempera- 
tures, nutrient lim itation is a main determ inant of :hc 
variability in phytoplankton biom ass and producúvity. 
A rctic lakes, being surrounded by frozen catchme.its 
with low rates o f m ineralization, tend to be more nu ri- 
ent-poor and have lower rates o f phytoplankton phoro- 
synthesis per unit o f chlorophyll pigment than Artúc 
tnarine waters. Tem peraiures close to zero reduce en- 
zyme activities, and an efficient way lor algae to com- 
pensate is to achieve higher enzyme concentrations bv 
greater nilrogen invesim ent.

A rctic lakcs arc often shallow and covered by ice 
and snow for exlended periods. They are, thereĩcre, 
highly sensitive to oxygen depletion following degrala- 
tion of a nutrienl-stim ulated phytoplankton prodic- 
tivity. No replenishm ent of oxygen is possible at he 
ice-covered suríace, no oxygen is produced by photo- 
synthesis owing to lack o f light for many m onths, íntl 
the initial oxygen pool is lim ited by shallovv depths. The 
presence of fish in A rctic lakes is critically dependenl 011 

water depths and the availability of oxygen throughout 
the year.

Heavy use of fertilizers is spreading in many tropical 
regions with the growth in intensive farming, and >x- 
panding tropical cities are releasing increasing am ouits 
of untreated sewage. Lake Victoria in East Africa ilhs- 
trates the catastrophic increase in this problem. Tnis 
huge, ancieni lake used to contain many unique species 
of haplochrom ine fish, and the fishery supported he 
protcin needs of many people. From  1960 to 1990 , he 
phytoplankton com m unity showed a 10-fold increise 
in biom ass and a shift from  the dom inance oídiatom : to 
troublesom e blue-green algae. Earlier, oxygen depleton 
was restricted to lim ited areas ju st above the deepest 
sedim ents, but nowadays oxygen-free conditions índ 
íish-kills are widespread in the bottom  waters. The m jst 
likely explanation for these changes is the clearing oí 
\voodlands, vvith the subsequenl increase in eroson 
and inflow of sedim ent, and the fast rise in hurtan 
populaúon densitv, resulting in the release of larrer 
volumes of sewage. The introduction of Nile perch ìas 
com pletely altered the food webs, reduced the impor- 
tant stocks of tilapias, and apparently driven m am of 
the small haplochrom ine fish species to extinction.

In the 1990s, there has been a prolific spread of 
vvatcr hyacinth along the coasts o f La ke Victoria, leadng



U) severe problem s for ihe íishery and boat traffic. The 
mass growth of íloating-leaved plants in lakes, rivers, 
and canals is a spreading problem  in subtropical and 
tropical regions, and it is enhanced by eutrophication 
and introduction of exotic pest species such as A zolla , 
Salv in ia , and water hyacinth, w hich lack their natural 
com petitors, herbivores, and pathogens in these new 
babitats.

5 . S p e c ie s  R ich n e ss  an d  L ak e  T ro p h y  

Species richness increases with habitat area and hetero- 
gcneity. The increase of species richness (S) with habi- 
tat area (A) is often predicted by the equation s  =  
constant X A: . The 2 -value depends on the organisms, 
the spatial range of the sludy, and the habitats, and 
there is no single m echanism  that can account for the 
variability of Z- Hovvever, low 2 -values are consistent 
with high im m igration rates, low extinction rates, and a 
low rate o f increase in additional habitat with increasing 
area. As a consequence, very small 2 -values are pre- 
d icied for bacteria, m icroalgae, protozoans, and zoo- 
plankton , Indeed, the 2 -values predicting crustacean 
zooplankton species richness are only 0 .0 5 4  for Euro- 
pean and 0 .0 9 4  for North Am erican lakes. A low z- 
value of 0 .1 0  for subm erged m acrophyles in Scandina- 
vian lakes is also consistent with their vvidespread oc- 
currence.

In contrast, species richness o f fish in lakes of four 
d iíĩerent regions in Canada and the United States shows 
m uch higher 2 -values (0 .1 6 , 0 .2 2 , 0 .3 6 , and 0 .3 7 ) con- 
sisten t with the more restricted geographic range size, 
sm aller local abundance, and greater risk of extinction 
o f fish follow ing disturbance or restriction of natural 
habitats. As a consequence, risks of local, regional, and 
global extinction  are high am ong fish and low among 
m icroorganism s and plankton organism s, w ith aquatic 
plants and insects probably holding an interm ediate 
position. Som e large crustaceans and m olluscs presum - 
ably resem ble the fìsh by having a low rate of dispersal 
and including several species of restricted geographical 
d isiribution (e .g ., the freshw ater crabs and prawns on 
tropical ocean ic islands).

Changes in ionic com position and nutxient concen- 
tralions of freshw aters are superim posed on changes in 
habitat area and heterogeneity. W ater chem istry is not 
independent o f habitat area and heterogeneity, since 
sm all lakes include a higher proportion of low-pH, low- 
calciu m , and nutrient-poor waters than do large lakes. 
In  m any studies o f the influence of pH and lake trophy 
on  species richness, it is not possible to fully com pen- 
satc íor the iníluence of habitat area and heterogeneity.

The m ost diverse conditions and highest species 
richness often are found under m esotrophic conditions,

w hcre many species can co-exist at different sites and 
depths within the lakes. Thus, high habitat heterogene- 
ity is probably im portant for the com m on peak of spe- 
cies richness under m esotrophic conditions. For exam - 
ple, many free-living and aLíached species adapted to 
different conditions of light, tem perature, and exposure 
can replace each other along depth gradients from shal- 
low to deep waters. Under very oligotrophic conditions, 
many algae and plant species are nutrient-lim ited, and 
low primary production places an energetic restriction 
on the diversity and density of invertebrates and fish. 
In contrast, under hypereutrophy, many species are 
restricted by the lack o fligh t and oxygen in deep waters, 
and special adaptations are required for survival in very 
muddy sediments.

Two other conditions contribute to the decline of 
species diversity under hypereutrophic conditions. 
First, the natural local variability betw een unferúlizcd 
and fertilized sites disappears with the overall nulrient 
enrichm ent at all sites accom panying eutrophication. 
Second, hypereutrophy is exceptional for most species, 
w hich have evolved over many m illions of years of no 
or weak hum an im pacl. Species richness is expected to 
be highest in those com m on habitat types that have had 
the m ost widespread and long-term  natural occurrence, 
because there has been time and room for speciation. 
H ypereutrophic lakes, w hich are eom m on today, have 
been exceedingly rare during most of ihe developm ent 
o f freshw ater species.

It is notew orthy thai lake ecosystem s are m uch vnore 
sensitive lo environm enial deterioration and cata- 
strophic declines of organism s by eutrophication than 
terrestrial ecosystem s for at least four reasons. First, 
nutrients tend to stay in circulaúon w itbin the lake 
boundaries. Second, phytoplankton responds by a steep 
increase in biom ass and productivúy. Third, photosyn- 
thesis and growth of algae and plants are restricted to 
the uppennost surface waters because of the impover- 
ished light conditions. Fourth, the risk of oxygen deple- 
tion is very high because of low oxygen solubility in 
the water. Therefore, species richness w iihin many 
groups of organism s declines in hypereutrophic lakes 
because of reduced habitat heterogeneity, restriction 
to the distribution of organism s, and developm ent of 
stressíul and highly variable environm ental conditions 
w ith respect to light, oxygen, pH, and sulíìde.

E. Biological Consequences 
of Acidiíìcation

A cidification initiates com plex chem ical and biological 
changes in suríace waters and catchm ents with poorly 
w eathered rocks and thin soils. The acidification of



freshwater habitats is also accom panied by acidiRcation 
of terrestrial ecosystem s in the catchm ents, leading to 
a vvidespread regional decline of biodiversity.

W hole-lake experim ents involving acidiíìcation to 
pH 5 dem onstrate that damage to ecosystem  íunction- 
ing is of secondary concern com pared to impover- 
ishm ent of the biotic com m unities. Although many phy- 
toplankton algae disappear, the rem aining algae can 
m aintain biom ass and primary production at the same 
level, largely regulated by the input of phosphorus and 
water renewal. The rate of decom position is governed 
by primary production and not by pollutants. However, 
the com plete disappearance oflarge invertebrate detriti- 
vores upon acid ifL cation  m a y  le a d  to th e  a c c u m u l a t i o n  

of detritus and over the long term reduce plant produc- 
tion based on recirculated nutrients. Overall, nutrient 
cycling was not disrupted in w hole-lake experim ents, 
but nitriíìcation declined at pH values below  5.4.

Acidification of ihe watershed changes ionic com po- 
sition and may reduce availability o f phosphorus in 
soils and surface vvaters. Soil acidiíìcation increases the 
leaching of base cations, and it has specific effects 011 

the solubility of alum inum  and phosphate. Chem ical 
weathering of alum inum  m inerals is enhanced under 
acid condiúons. Hovvever, soluble forms of alum inum  
ions may precipitate with phosphate at the proper pH, 
leading to “oligotrophication.” As a result, lakes in acidi- 
fied watersheds may becom e very clear from the 
enhanced phosphorus lim itation of phytoplankton 
growth, and certain acid-tolerant aquatic m osses (e.g., 
Sphagnum  spp.) and íìlam entous green algae (e.g., 
Mougeotia  spp.) may spread across the lake bottom  to 
greater depths. Only a few vascular plant species can 
tolerate highly acidic conditions (e.g, Juncus bu ỉbosus).

Species diversity and abundance decline within most 
groups of organism s upon acidiíication, though som e 
groups are m uch m ore sensitive ihan others and distincl 
differences exist among species in their tolerance to 
ad diíìcation (Fig. 4 ). In acidiRed regions of Europe and 
the U.S. N ortheast, many lakes have lost 30%  or more 
of the species in som e taxonom ic groups. Am ong plank- 
tonic and benthic m icroalgae, desm ids— a group of 
green algae— prefer buffer-poor waters of low pH and 
low calcium  content, and they are often accom panied 
by a few acid-tolerant species o f blue-green algae, dino- 
ílagellates, diatoms (e.g., Eunotia ex igu a ), green algae 
(C hlam ydom onas a c id op h iỉa ), and euglenophyies (Eu- 
glcna m utabiỉis). In contrast, m ost species of diatoms, 
ch lorococcalean green algae, and blue-green algae pre- 
fer well-buffered waters o f neutral pH. Among plank- 
tonic rotiỉers, copepods, and daphnids, only a few spe- 
cies tolerate acid waters ( < 4 - 5 ) ,  so the planktonic food
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webs becom e sim ple. The tolerant species can utilize 
the vacant ecological niches left by others, thus m ain- 
laining a relatively constant zooplankton biomass cle- 
spite the decline of species richness.

Many snails, m ussels, and crustaceans (e.g., cravíĩsh) 
are highly sensitive to acid iíkation  due to problem s in 
m aintaining the ionic regulation of sodium , chloride, 
and potassium  and in forming the exoskeleton o f cal- 
cium  carbonate or calcium -chitin  when pH and calcium 
concentrations are low. Higher calcium  concentrations 
can help in rnaintaining m em brane integrity, reducing 
gill perm eability to salt loss, and cnsuring the construc- 
tion of shells. Several metal toxins such as aluminum 
m obilized under acidic conditions have the opposite in- 
íluence.

Am ong insects, the most acid-tolerant species in- 
clude suríace-breeding beetles with a hard exoskeleton 
and certain stone flies and caddisflies with a low m eiab-



olism and mostly lacking thin-w alled body parts. In 
contrast, mayílies with their large, thin gills are often 
highly sensíúvc to acidiíication. The decline of species 
richness o f insccts is not as pronounced when acidic 
condiiions occur in waters rich  in hum ic substances, 
which can bind and detoxify the m etal ions mobilized 
at low soil pH.

A com m on result o f acidiRcation is the dramaùc 
loss of fish. Acid-stressed regions of Scandinavia, the 
Adirondack M ountains and W isconsin  (hoth in the 
U niied States) and La C loche M ountains (Canada) re- 
veal a steep decline of fish species as lake pH declines 
from 8  to 4 , and many lakes with pH less than 5 are 
íìshless. The decline of fish species richness with re- 
duced pH is m uch less pronounced in subtropical Flor- 
ida lakes and in Iropical lakes. The presence of more 
acid-tolerani íìsh species in warm lakes may be due to 
a m uch slow er and m ore gradual decline of pH over 
tim e and, accordingly, better opportunities o f genetic 
adapiations to low-pH waters. Also, Florida lakes have 
lower concentrations oi alum inum  and free mineral 
acids, longer growing seasons, and no episodic input 
o f acids resem bling the massive acid input of north 
tcm perate lakes during snow m elt.

Fish studies in north tem perate lakes show that eggs, 
em bryos, and larval stages o f fish are more sensitive to 
acidification than the adult stages. As a consequence, 
young generations may vanish upon acidiíìcalion, 
whereas old fish may rem ain for a while. Populations 
will eventually die out unless young fish are continu- 
ously slocked. Salm onids and cyprinids with a high 
m elaholism  and a large gill suríace appear to be m ore 
susceptible to acidiíication than fish with a low m etabo- 
lism  and a low gill suríace (e.g ., eels). A critical phase 
for the w ell-being of fish and invertebrates is the mainte- 
nance of efficient oxygen uptake and ion regulation 
across the gill suríaces.

1. E co sy s te m  F u n c tio n s  an d  E x p la n a tio n s

Ecosystem  functions have proven to be more resistani 
to acidiHcation than species changes. Species assem - 
blages are often plastic enough to m aintain ecosystem  
functions under quite extrem e stresses, although only 
a few species survive. For exam ple, plant producúvity 
continued in a dense m onospeciíìc vegetation of Juncus  
bu lbosus  grow ing in a highly acidic, temperate stream  
(pH  2 - 3 )  from a lignite m ining area vvith intense pyrite 
oxidation, whi]e neíghboring alkaline streams (pH 6 -  
7 .5 )  contained a m ixed assem blage of about 10 rooted 
plant species. Sim ilarly, phytoplankton biom ass and 
production were unaffected in lakes polluted vvith 
siron g  acids and trace m etals from sm elters. Phyto-

plankton and other m icroorganism s are also locallv 
abundant and are easily dispersed, such that highlv pH- 
tolerant species wiII rapidly show up and multiplv in 
recenily acidified localiúcs.

Some ecosystem  processes, hovvevcr, may decline or 
disappear entirelv under very acidic conditions. At pH 
values below 5 .4 -5 .7 ,  amm onium begins to accum ulate 
due 10 the cessation of nitriíìcation. Therefore, the loss 
of internallv produced nitrate through denitrifìcation 
will stop. However, the enhanced atm ospheric deposi- 
tion of nitric acid and sulíuric acid will permit the 
m icrobial activity of denitriíĩers and sulfate reducers in 
oxygen-free sedim ents and, thereby, generate alkalinity 
in the water bodies.

The biotic com m unities o f lakes and slream s are 
strongly damaged and impoverished by acidìíicaúon. 
The most vulnerable species appear to be organisms 
with year-long life cycles and poor dispersal, such as 
large invertebrates and fish. These groups are also the 
less speciose, particularly in northern water bodies, 
vvhich means that there is little redundancy in the (ood 
webs to prevent pH-sensitive species oí large detriti- 
vores, p lankton-ealing fish, and predatory íish Irom 
being replaced by pH-tolerant species. Fish and cray- 
fish, w hich are highly valued by humans, are thereíore 
easily damaged. Even bird populations such as dippers, 
osprey, and pied ílycatchers may vanish from the lack 
o f tood or the form ation of thin-shelled eggs while 
íeeding on calcium -deficient and alum inum -rich 
prey.

Overall, suríace walers of very low pH represenl a 
spccial environm cnt to which very few species have 
hecom e adapted as a result o f (1 ) the direct stress at 
low pH, (2) the unsuitable ionic com position, (3 ) the 
toxic m etals, and (4) the rarity of these habitats during 
the evolution of aquatic organism s, particularly in lem- 
perate and subarctic regions.

VI. C0NCLƯSI0NS

Freshw aters o f high qualily are essential to hum ans for 
dom estic and agricultural uses. Freshw ater ecosysiem s 
provide many other highly valued and critical ecological 
services, and they support a very high diversity of spe- 
cies and laxonom ic groups considering their relatively 
small volumes and surface areas.

Human im pact has caused num erous stream reaches 
and shallow lakes to disappear, disturbed and polluted 
many others, and disrupted the close contact between 
the íìoodplain and the streams. Consequently, the diver- 
sity and abundance of num erous freshwater species



have declined due to the proíound restriction of areal 
cover and habitat diversity of freshwater environm ents. 
Moreover, the system atic loss o f pristine, unpolluted 
freshwaters has threatened or eradicated those species 
that require such environm ents.

The overall disruption of the linkage betw een fresh- 
water and terrestrial environm ents has far-reaching 
consequences for global hydrology, elem ental cycling, 
and biodiversity. Among those consequences are en- 
hanced risks of ílooding and drought, greater risks of 
land erosion and marine sihation, and reduced opportu- 
nities for the countless plants and anim als who live 
a natural double-life between freshwater and land to 
survive in the future.

A ccom panying all o f this disturbance and pollution 
has been the accidental or deliberate introduction of 
nonnative organism s such as crayíìsh, plants, sport fish, 
and zebra m ussels, which may m onopolize freshwater 
habitats and drive the native, endem ic species in for- 
merly undisturbed lakes and river system s to extinction. 
Several species o f freshwater fìsh have goue extinct 
during the last few centuries, and many additional spe- 
cies of plants, large invertebrates, fish, and frogs now 
exist in extrem ely small and geographically isolated 
populations. These species face a great risk of extinc- 
tion, and they can no longer provide their accustom ed 
ecosystem  íunctions. Nor can these species be erýoyed 
w ithin most o f their native area. Unfortunately, they 
will íind it exceedingly difficult to recolonize newly 
restored aqualic habitat and contribute to future speci- 
ation.
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III. Early W o rk  on Functional Diversity and Ecosys- 
tem P rocesses

IV. The E ffecls o f Functional Diversity
V. C onclusions

GLOSSARY

d iv ersity -p rod u ctiv ity  h ypothesis The proposal that 
greater diversity w ould lead, on average, to greater 
total b iom ass or producúvity. 

d iv ersity -stab ility  h yp othesis The proposal that eco- 
system s contain ing  more species would be rnore 
stable.

e cosystem  co m p o sitio n  The list o f species or func- 
tional groups that are present in a given ecosystem . 

e cosystem  fu n ction in g  The rate, level, or lem poral dy- 
nam ics o f one or m ore ecosystem  processes such  as 
prim ary produ ction , total plant biom ass, or nutrient 
gain, loss, or concentration. 

íu n ction al d iv ersity  T h e  range and value of those spe- 
cies and organism al traits that inAuence ecosystem  
tunctioning.

fu nctional group A set of species that have sim ilar 
traits and that thus are likely to be sim ilar in their 
effects on ecosystem  ĩunctioning. 

n iche d ifferen tia tio n  D ifferences in the m orphology,

physiology, or behavior o f species that can iníluence 
their abundances, dynam ics, and interactions with 
other species, including the ability of various com - 
peting species to coexist. 

sam pling effect The hypothesis thai diversity might 
influence an ecosystem  process because of the greater 
chance that a given species trait vvould be present 
at higher diversity, and the effect o f its presence on 
ecosystem  íunctioning.

FU N CTIO N AL D IV ER SITY  reíers to those com ponents 
of biodiversity that iníluence how an ecosystem oper- 
ates or functions. The biological diversity, or biodiver- 
sity, o f a habital is m uch broader and includes all the 
species living in a site, all o f the genotypic and pheno- 
typic variation within each species, and all the spatial 
and temporal variability in the com m unities and ecosys- 
tems that these species íorm. Functional diversity, 
which is a subset o f this, is measured by the values 
and range in the values, for the species present in an 
ecosystem , of those organism al traits that iníluence one 
or m ore aspects of the functioning of an ecosystem . 
Functional diversity is o f ecological im portance because 
it, by deíìnition, is the com ponent o f diversìty that 
inAuences ecosystem  dynam ics, stability, productivity, 
nutrient balance, and other aspects of ecosystem  func- 
tioning.
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I. MEASƯREMENT OF 
FUNCTIONAL DIVERSITY

Because of the large num ber of traits that each species 
possesses, the large num ber of differeni spccies that 
exist in  m ost habitats, and the incom plete knovvledge 
o f w hich specìes traits in íluence various ecosystem  pro- 
cesses, there is, as yet, no sim ple \vay to measure func- 
tional diversity. Rather, item s thai arc more easilv mea- 
sured than functional diversity are used as indices or 
correlates of functional diversity. The most com m on of 
these indices is the num ber of spccies present in a 
habitat, vvhich is called the species richness or specíes 
num ber of the habitat. All else being equal, habitats 
w ith greater species richness should also liave grealer 
íunctional diversity. T h is occurs because species differ 
in  their traits. Sites that contain more species shoulcỉ 
thus also contain, on average, a greatcr range of species 
traits, w hich is greater íunctional diversity. Species di- 
versity indices, such as the Shannon diversity index, 
are sim ilarly used as indirect measures of functional 
diversity. A noiher com m only used index ol (unctional 
diversity is ihe num ber of diílerent lunclional groups 
(deíìned later) that exist w ithin a given com m unity or 
ecosystem . This is also called íunetional group diversity. 
Assum ing that organism s can be caiegorized as belong- 
ing to groups that differ in traìts relevant to ecosystem  
functioning, greater íunctional group diversity should 
correlate with greater íuncúonal diversily. However, 
variations am ong species within a tíivcn gronp could 
also contribute to functional divcrsiiv. Observational, 
experim ental, and iheoretical studies indicate ihat íiinc- 
tional diversity, as m easurcd hy anv of these three 
m eans, is one of several im poriani factors that deter- 
m ine ecosystem  iunctioning. Bccausc therc is, as vet, 
no clear way to m easure functional diversity, one 01 

m ore o f these three indices will be uscd as a proxy íor 
íunctional diversity in this chapier. Belbre reviewing 
the research linking íunctional diversity to ecosystem  
processes, which is the focus of the rem ainder o f this 
chapter, it is im portant to introduce and deíìne some 
terms.

II. EXPLANATION 0 F  CONCEPTS 
AND TERMINOLOGY

A. Functioning
As they are used by ecologists, the \vords /uniíioM. Ịunc- 
tional, and Ịunction ing  are n o t m eant to im plv thai an

ecosvstem  proccss has any underlying goal orpurpose. 
lndeed, to tr\' to minimize any su ch  im plications, it 
has becom e Standard practice to refer to “ecosystem 
funciioning” or ‘ecosỵstem process” rather than the 
"íunction  o f an ecosystem .” The latter m ight be m isin- 
terpreted as m eaning that an ecosystem  exists to per- 
form a given function, w hich is in con sisten t vvith our 
knowledge o f the process o f evolution. Rather, func- 
tioning refers solely lo the way in w hich an ecosys- 
tem operates.

B. Ecosỵstem Processes
Ecologists studv many different aspects o f the íunction- 
ing of com m unities and ecosystem s. The three niosl 
ừequently considered ecosystem  processes are produc- 
tivity, stabilily, and resource dynam ics. Productivity 
reíers to the rate of production of biom ass within a 
given trophic level. The production of plant biomass is 
callcd prim ary production, the production of biom ass 
ol herbivores is called secondary production, and that 
oí predalors is called tertiary production. Stability has 
a wide range of definitions, including the degree lo 
which an item  is resistani to change w hen experiencing 
a single perturbation, the degree to w hich an item íluc- 
luates in response to an ongoing suite o f small-scale 
perturbations, and the dynamics of return 10 its prior 
State after a single perturbation. Stability can be mea- 
sured ai the level of populations, com m unities, or eco- 
bVsleilis. Tht* icstiuiLe dynamics o f  an ecosysiem  are 
measured bv the ratcs o f supply and loss of lim iting 
nuirients, bv ihe effìciency with w hich organisms use 
lim iting resources, and by the proportion of lim iling 
resources that the organisms living in an ecosystem  are 
able to capture.

c. Functional Groups
Each species has a large num ber of m orphological, 
phvsiological, and behavioral traits, many of w hich 
might intluence the abundance of species and ecosystem 
Rm ctioning. One way to deal with such com plexity has 
been lo idenúfv traits that seem m ore likely to inEluence 
ecosvstem  processes. Chapin ct a i  (1 9 9 7 ) suggested 
ihat the species traits vvith the greaiest effects on eco- 
s\ stem ĩunciion ing  vvere those that (a) controlled the 
acquisition, use, and availability o f lím iting resources;
(b) modified the feeding struclure o f food webs; and
(c) affected the occurrence and m agnitude of distur-



bances. Such traits can be used to classiíy organisms 
into differenl íunclional groups. F o r instance, species 
can be divided, first, into functional groups based on 
their position in a food vveb: photosynthetic plants, 
herbivores, preclaiors, parasites, parasiloids, decom - 
poses, and so on. Organism s w iihin each of these 
groups can be ĩurther subdivided based on their ac- 
quisition and use of their lim ìting resources. For grass- 
land plants, for instance, this might be based on the 
tim e, w ithin the growing season, w hen each plant was 
m axim ally active (cool-season versus warm -season 
p lants), and on its carbon (C -3 or C -4 photosynthetic 
pathw ay) and nitrogen physiology (high nitrogen use 
efficiency, low nitrogen use elTiciency, ability to fìx 
atm ospheric nitrogen). Such considerations might lead, 
for instance, to the classiíìcation of grassland plants 
into six  ỉunctional groups: C-3 grasses, C -4 grasses, C-3 
forbs, C -4 íorbs, legum es, and woody plants. The as- 
sum ption inherent in m aking such a classiíìcation is 
that species w ithin a class are highly sim ilar, and those 
in different Cunctional groups dìffer markedlỵ from 
one another.

D. Diversity versus Composition
II has long been recognized that the funcúoning o f an 
ecosystem  depends on which species the ecosys- 
tcm  contains (i.e ., on it species com position). Interest 
in species diversity as an aliernative or additional ex- 
planation for ecosystem  íunctioning means that it is 
necessary to define species diversity, especially func- 
tional diversity, in a way that distinguishes diversity 
írom  species com position. This requires a definition 
thai is m ore restricted than that traditionally used. 
In particular, effects should be attributed to diversity 
only once there has been sim ultaneous control for ef- 
fects of com position, and effects should be attributed 
to com position only once there has been sim ultaneous 
control for effecls o f diversity. T o  achieve this in  an 
experim ental, theoretical, or observational study, it is 
necessary (a) to hold com position constant via ran- 
dom ization (num erous com m unities with random ly- 
chosen com positions) while changing diversity, (b) 
to hold diversity constant while changing com posi- 
tion, (c) to sim ultaneously vary both  in an appropri- 
ately random ized and replicated design, or (d) to 
control íor each statistically, such as via m ultiple re- 
gression. w hich is m ost appropriate for observational 
studies.

III. EARLY WORK ON FUNCTIONAL 
DIVERSITY AND 

ECOSYSTEM PROCESSES

E lĩects o f diversity on ecosystcm  processes were íirst 
recognized by Darwin in The Origin o f  Species. Darwin 
noted thai it was w ell-know n that increased plant diver- 
sity led to greater primary productivity in pastures. The 
British ecologist, Charles Elton, hypothesized in his 
1958  book titled T he E cology  o f  Invasion by A nim aỉs 
and Plants that diversity would impact many aspects o f 
ecosystem  ĩunctioning. In particular, he suggested that 
greater diversity would leađ to greater ecosystem  stabil- 
ity, an idea that was ĩurther developed by the leading 
ecologists of that era, including Robert M acArthur, 
Gene Odum, and Ram on Margalef. Elton also suggesled 
ihat greater diversity would decrease the susceptibility 
ol an ecosystem  top invasionby oth ersp eciesan d  would 
decrease ihe incidence o f outbreaks by diseases and pests.

Elton's diversĩty-stability hypothesis was called into 
question, though, by the m athem atical theory of May 
(1 9 7 2 ) , w hìch predicted that the linear stability of com - 
m unities of com peting species would, in general, de- 
crease as the diversity of the coinm uniúes increased. 
The general consensus reached aíter publicaúon of 
May’s hook was thai olher íactors were likely lo be m ore 
im portant than điversúy as determ inants o f ecosystem  
processes. This view led ecologists to focus m ore of 
their attention on other issues, with m uch of thai effort 
dedicated to beiter underslanding ihe m echanism s of 
species interactions and the effects of species com posi- 
tion on ecosystem  processes.

Recent explorations of the potential effects o f diver- 
sity on ecosystem  processes were inspired, to a great 
extent, by the publication of B iodiversity and Ecosystem  
Functioning  (Schulze and M ooney, 1993). In a chapter 
in that book, V itousek and Hooper hypothesized that 
many ecosystem  processes, like primary productivúy, 
should increase as diversity increased, and they slressed 
that the m ost im portant com ponent o f diversity m ight 
be functional group diversily. Agricultural studies were 
reviewed in a chapter by Swift and Anderson, who noted 
thai m ixed crops, especially those containing a legume 
and a grass, were often more productive than either 
crop species growing alone, supporting the diversity- 
productivity hypothesis. A chapter by M cNaughton re- 
viewed and evaluated a large num ber of observational 
and sm all-scale experim ental studies in  w hich stability 
was greater for ecosystem s containing more species and 
highlighted data supporting Darwin’s diversity-produc-



tivity hypothesis. These and other contributions in ihis 
book set the stage for a bursl o f work ihat has included 
developraent of addilional m athem alical theories, field 
and laboratory experim ents, and observational studies.

IV. THE EFFECTS 0 F  
FƯNCTIONAL DIVERS1TY

A. Functional Diversity, Productivity, and 
Nutrient Dynamics

1. T h e o ry  an d  C o n ce p ts

The potential effecls o f íunctional diversity on produc- 
tivity have been described by two qualitatively different 
m odels, reviewed in Tilm an (1 9 9 9 ) . The íirsl is the 
sam pling effect model, sim ultaneously proposed in 
1997  by three different authors (L. Aarssen; M. Huston; 
and D. Tilm an, c. Lehm an, and K. Thom son). The 
sam pling effect model hypothesizes ihat species differ 
in their com petitive abilities, and that species that are 
better com petitors are also more productive. Given 
ihese assum ptions, com m unities that have greater di- 
versity should, on average, be m ore productive because 
they are more likely lo contain  one or more species 
ihat are m ore productive.

A form al m athem atical treatm enl o f the sampling 
effect, provides som e deeper insighi into the way that 
íuncúonal diversity can im pact ecosystem  processes. 
For this trealm ent, let R * be the level to vvhich a lim iting 
resource is reduced by a species w hen growing alone. As 
show n both  theoretically and in num erous com petition 
experim ents (G rover 1 9 9 7 ), the besl com petitor would 
be the species with the lowest R * . The R * value o f the 
species can be used to rank them from good to poor 
com petitive ability (i.e ., from the lowest to the highest 
R * value). Assume that the species coraposition of a 
com m unity is determ ined by random  clraws (sam pling) 
from the iníinite pool of species w ith all possible R *  
vaỉues betw een a m inim um  (Rmin) and m axim um  
(Rmas). O n average, the íunctional diversity of a com m u- 
nity w ould depencl on the num ber of species dravvn, 
N, w hich  is the initial diversity. The num ber of species 
in a com m unity, N, is a good m easure of functional 
diversity in this model because ihe range in the values of 
the relevant species trait (R * )  is higher in com m unities 
contain ing  more species. These assum ptions of sam- 
pling effect yield a sim ple equation that relates the long- 
term average biom ass of a plant com m unilv. B,v,, 10 its 
original plani species diversity, N:

Bm  =  aQ  +  (1 )

Here a  is the rate o f resource raineralization, Q the 
coeffìcient of resource conversion into biomass, and 5 
is the rate o f resource supply in the habitat.

The sam pling effect model predicts that total com - 
m unity biom ass, a measure of primary productivity, 
increases with plani diversity, as shown in Fig. la. The 
trend predicted is one in which added diversity leads 
to large increases in productivity when diversity is lo\v, 
but has progressively sm aller impacts when diversity is 
higher. This simple model dem onstrates that the magni- 
tude of the effect of functional diversity, as measured 
by N, on ecosystem  functioning depends on the range 
of interspeciíìc differences in the species pool— thai is, 
on the term ( R *ax -  R ,tnn) in Equation 1. This gives 
basis to the intuitive concept that diversity effects eco- 
sysiem  processes because ecosystem s w ith greater di- 
versity liave a greatcr range in those species traits thai 
in íluencc lunclioning.

The sam pling eíĩect model also predicts ihat the 
average quantity of unconsum ed resource should de- 
crease as diversity increases (Fig. lb ) . Indeed, in the 
sam pling effect model, ihe increased biom ass at highcr 
diversily is caused solely by the more com plete utiliza- 
tion of the lim iting resource ihal occurs, on average, 
at higher diversity.

The model also illuslrates the im portance of specics 
com position. Each poinl in the two graphs of Figure 1 
rcprcscnts the response of a community wiih a different 
random ly determined species com position. Thus, the 
variability am ong plots with the same diversity mea- 
sures the im pact of com position, and the variabilily 
am ong diversity levels represents the impact of diver- 
sity. Bolh diversity and com position are strong determ i- 
nanls o f productivity and resource levels in the sani- 
pling effect model.

The other m ạjor type of models that have been pro- 
posed to relate productivity to diversity are niche differ- 
entiation models. In essence, such models assume ihat 
a habitat is spalially or tem porally heterogeneous, thai 
species differ in the traits thai determ ine their response 
to this heterogeneity, and thai each species is a superior 
com petitor, and thus is m ore productive, for some sub- 
set o f the heterogeneous habitat conditions. These as- 
sum ptions can allow a large number ol species to eóexist 
and assure that ecosystem productivity increases, on 
averagc, as diversitv increases. For instance, two íactors, 
such as soil pH and tem perature, might limit plant 
abunclance. Each species could have some com bination 
of these Pactors at vvhich it períormed best. Such niche



A

Original species richness

B

Original species richness

PIGURE 1 (A) The sampling cffect model predicts ihal productìvity should be greater at grealer íunctional
divcrsity, here measured by the nutnbcr of spccics prescnl. The varíation within a given level of spedes 
richness is caused by different spccies compositions. (B) Productivity is higher in plots with grealcr 
íunctional diversitv because of grcatcr capturc oi the limiling rcsource. The concenưation of unulilized 
rcsourcc is prcđicled to decline as divcrsitv increases.



d ifferentiaúon would mean that each species did best 
in a part o f the habitat, but that no species could fully 
exp loit the entire range of conditions.

T he essence o f such niche models can be capiured 
by m aking the sim ple assum ptions that each species 
has a cireu lar area of radius r in w hich it can live and 
be a good com petitor (Fig. 2a), that all species attain 
com parable abundances per unit habitat occupied, and 
that com petition sìm ilarly reduces abundances o f all 
overlapping species. If the values for one lim iúng ĩactor 
range from  0 to a  r and the other from 0 to b r, where 
a  and b m easure habitat heterogeneity for íactors 1 and
2, and if species are drawn ai random from all those 
that could  live at som e point in the habitat, then total 
com m unity  biom ass (i.e., the proporúon of environ- 
m ental cond itions “covered” by one or more species) 
would be

(2)
Here N is species diversity. B, v, is an increasing func- 

tion o f species diversity (Fig . 2b ). The am ount of un- 
used habitat decreases as diversity increases, m uch as 
the concentration  of unutilized resource was decreased 
for the sam pling effect model. As íor the sam pling effect 
m odel, the variance within a given level of diversity 
is caused by differences in species com position, and 
d ifferences betw een diversity levels is caused by di- 
versity.

In addition, the niche model predicts that greater 
habitat heterogeneity (i.e ., greater values of 0 and bì 
requires greater diversity in order 10 achieve a given 
level o f productivity. In general, heterogeneity should 
increase w ith habitat size, leading to the prediction thai 
greater biodiversity is required to attain a given level of 
productivity in larger habitats. For instance, lor small, 
relatively hom ogeneous habitats (a  =  /5 = 1 ), only six 
species are needed to attain 95%  of maxim al productiv- 
ity. H ow ever for spatially heterogeneous habitats (a  =  
b  =  1 0 ), a diversity of 135 plant species is needed to 
achieve this level.

A com parison of the sam pling effect model vvith the 
n iche differentiation model reveals a m ajor difference 
in the expected pattern of the dependence of productiv- 
ity on diversity. For the sam pling effect m odel, there 
are no higher diversity plots that are m ore productive 
than the raost productive m onoculture. In contrast, for 
the n iche model, there are tw o-species plols that are 
m ore productive than the m ost productive' m onocul- 
ture, three-species plots that are better than the best 
tw o-species plot, and so on. For ecosystem s ihat meet 
the assum ptions of the sam pling effect m odel, whieh

m ighl occur for highly productive agricultural íìelds, 
ihere might be situations in w hich ju d iciou s choice of 
ihe right species and variety could lead to as greai 
productivúy from a m onoculture as would be possible 
for a highly diverse m ixture of species. In contrast, for 
habitats with spatial or temporal heterogeneity, w hich 
should occu r for almost all natural ecosystem s and for 
all but the m ost intensively managed ecosystem s, niche 
differentiation models are more likely to hold. In such 
cases, increased diversity is expected to lead to greater 
productivity and to more com plete use of lim iting re- 
sources.

Although these models, and the models of M ichel 
Loreau, have predicted that greater diversity can lead 
to greaier ecosystem  productivity, this need not always 
be the case. F or instance, if  the assum ptions o f the 
sam pling effect model were mođified to have progres- 
sively better com petitors be progressively less produc- 
tive, productivity would be a decreasing lunction ol 
diversity. This suggests a more general principle: if spe- 
cies differ in their com petitive abilities, and if higher 
com petitive ability is correlated vvith som e other trails, 
ihen these traits wiĩl, on average, be better represented 
in more diverse com m unities, thus biasing the íunction- 
ing of these com m unities in the direction determined 
by these correlated traits.

2. Experim ental Studies

Darwin suggested that it was com m on knowledgc 
am ong [armers that a greater diversity of pasture plants 
wuuld lead 10 a grealer production of herbage in pas- 
tures. In his 1993  chapter, M cN aughton cited this and 
presented m ore recent exam ples in  vvhich greater planl 
diversity led to greater productivity, as did Swift and 
Anderson. Indeed, earlier work reviewed in Harper’s 
1977  book showed that pairs of coexisling  species often 
yield mo re than either species did w hen living by iisell. 
As reviewed in the 1993 chapter by Vitousek and 
Hooper, som e o f the first evidence linking higher plant 
diversity to greater retention of soil nutrients came from 
a íĩelcl experim ent in Costa Rica by Ewel as collabo- 
rators. They found thai com m unities planted to many 
tropical species generally retained m ore soil íertility 
than those planted to m onocultures.

The íìrst published direct tesl o f ihe diversity-pro- 
ducúvity hypothesis cam e from a greenhouse experi- 
ment by Naeem ct aì. (1 9 9 5 ). By grovving various ran- 
domly chosen com binations of 16 plant species 1, 2,
4, 8, or 16 at a time in a greenhouse, thev found thai 
com m unity biom ass was greater at higher plant diver- 
sity (Fig. 3a). This leam períormed another experim enl 
in a series o f growth cham bers and also had results
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FIGURE 2 (A) A graphical illustration of a niche diíĩerentỉation model. Herc each circlc represents the 
rangc of environmental conditions in which a given species can live, and the íull rcctangle shows the range 
ol environmenlal conditions ihat occur in a given habitat. This model and similar nichc differcnúation 
models predict ihat productivity should be an increasing [unction of diversiíy. (B) The predicted effects of 
diversity on productivity for the model illustrated in part (A).
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FIGURE 3 (A) The oliservcd cffcct of plant diversiiy 011 (he productiv- 
ity of plant communities in the greenhouse cxperim ent oí Naecni 
and collaborators. (B) Effccts of diversity on produtliviiy for thc 
Minnesota field expcriraent in which grassland diversity was cxpcri- 
mentally conlrolled in 147 ploLs. (C ) EITecls of diversily on the 
concentration of unutilized soil nitrate for ihe Minnesota cxperim cnl.

suggesting thai greater diversity leads to higher produc- 
livity (N aeem  ct a i ,  1 9 9 4 ). N ext cam e results from a 
large-scale fĩeld experim entbegu n in M innesota in 1993 
(Fig. 4 ). Its 147 plots, each 3  m X  3 m , were plantcd 
to contain 1, 2, 4, 6, 8 , 12 , or 24 plant species randomly 
and independem ly chosen from  a set o f 24  prairie- 
grassland species (reviewed in T ilm an, 1 9 9 9 ). Ít found 
highly sign iíkan t effects o f plant diversity on both pro- 
ductivity (Fig. 3b) and on  the soil concentration o f the 
lim iting resource, nitrate (Fig. 3 c). By the fifth year of 
this experim ent, its results supported n iche differentia- 
tion models m ore than the sam pling effect model as the 
m ajor cause of the effects o f diversity on the measured 
ecosystem  processes. Indeed, the m ost produclive plot 
in 1998  was a 24-species plot thai had 65%  greater 
total biom ass than the m ost productive m onoculture. 
A second experim ent, ad jacent to this M innesota exper-

FIGƯRE 4 The smailer of ihe Minnesota biodiversitv expcriments, 
shovvn herc, has demonstrated thai plant diversity has a strong cHccl 
on ccosvstcm  productivity and nutricnl dynamics. The experimcni 
has 147 plols, each being 3 m X 3 111 (about 10 fcet bv ;0  fcci) in 
size. Seẹ also color insert, Volume I



im ent (reviewed by Tilm an, 1 9 9 9 ), controlled  for both 
species diversity and íunctional group diversity (Fig. 
5). Its results were sim ilar to those o f the íĩrst experi- 
m cnt and shovved highly signifĩcant effects o f species 
diversity, functional group diversity, and funcúonal 
group com posiúon on primary productivity and nutri- 
enl dynam ics. In both  of the M innesota grassland diver- 
sity experim ents, the vast m ajority of species coexisted 
in all plots to vvhich they had been added, further sup- 
porling niche differentiation models.

Knops et aỉ. (2 0 0 0 )  recorded the num ber of non- 
planted species that invaded the M innesota diversity 
experim ent plots, and their biom ass at the time when 
they were rem oved from the plots. They found that 
signiHcantly fewer species invaded higher diversity 
plots and that the total biom ass of invading species 
was low er in higher diversity plots. Further analyses 
suggesled that the effect o f diversity on invasions was 
caused by the low er levels o f soil nitrate in higher diver- 
sity plots. This provides one sim ple m echanism  
Nvhereby diversity may iníluence the extern to which 
an ecosystem  is invaded by other species and suggests 
that levels o f unconsum ed lim iting resources may, in 
general, be an im portanl determ inant o f the success of 
an invading species.

For native, unđisturbed grasslands close to the two 
M innesota biodiversity experim ents, p lanl abundances 
were greater and soil nilrate was low er in more diverse

plots (see Tilm an, 1999 ), which is consistent with the 
experim ental results and with the prediclions of theory. 
Hovvever, correlational patterns m ust be interpreted 
careíully because they could be coníounđed by other 
correlated variables. M ichcl Loreau used a model that 
linked environm ental factors, biodiversity, and ecosys- 
tem functioning to explore this point. The model illus- 
trated that correlational íìeld data could be m isinter- 
preted easily because of a coníusion of cause-and-effect 
relationships. Ju st such issues cloud the interpretation 
o f the possible effects o f island diversity on ecosystem  
processes for a study of 50 Swedish islands. In  an in- 
triguing study that shovved links between island size 
and the ĩrequency of wildfire, David W ardle and collab- 
orators found that a suite o f ecosystem  traits were corre- 
lated w ith both island size and plant diversity. Hovvever, 
it is unclear if diversity caused the observed differences 
in ecosystem  processes or if  both these processes and 
diversity were controlled by fire frequency.

Hooper and V itousek (1 9 9 8 ) perform ed a field ex- 
perim ent, planted in 1992, in w hich ihey controlled 
plant functional group diversity and com position using 
plants com m on 10 Caliíornia grasslands. After a year 
of grovvth, they found ihat íunctional group com posi- 
tion had a m uch greater effect on plant com m unity 
biom ass than [unctional group diversity, but thai the 
utilizaiion of soil nutrients increased signiíicantly as 
diversity increased.

FIGURE 5 The larger of ihe Minnesota biodivcrsity experiments uses about 270  of thc 342  
plols shown. It has shown strong effects of plant spccies richness, plam íuncúonal group richness, 
and plant functional group composition on ecosystem processes. Each plol is 13 m X  Ị3  m 
(about 40  feet by 4 0  feet). See also color insert, Volumc 1.



In a 4-m onth greenhouse expcrim cnt, Symstad ct al.
(1 9 9 8 ) found that total plant biom ass was signitìcantly 
hìgher at higher diversity and thai inost o f this effeci 
was attributable to the presence o f legumes. They also 
determ ined the effects o f the deletion o f individual spe- 
cies on to t a l  biom ass and f o u n d  t h a t  th e  S l r e n g t h  a n d  

direction of these effects depended on which species 
were present and w hich was deleted.

In an experim ent that was replicated at eight differ- 
ent sites across Europe, ranging from Scotland and Ire
land to Portugal and G reece, H eclor ct a i  (1 9 9 9 ) found 
that greater plant diversity led to greater primary pro- 
ductivity. An im portant Hnding of ihis unique experi- 
m ent was that the quantitative effecl of diversity on 
primary productivity was the same across all eight sites. 
In com bination with the other field and laboratory ex- 
perim ents, the European experim ent suggesls that there 
is a general, repeatable effect o f grassland diversity on 
primary productivity.

In total, these stuđies show ihal plant productivity 
is greater at greater diversity and thai ihis also corre- 
sponds with greater utilization of lim iting soil re- 
sources. In general, short-term  experim enis showed 
w eaker effects o f diversity on productivity and soil nu- 
trients ihan longer-term  experim ents. This is expected 
because diversity should im pact ecosystem  processes 
via changes in plant abundances mediated hy com peti- 
tion, and such interactions can require several years to 
occur. Further work is needed on other trophic levels 
and in other coram unities to determ ine the extent to 
which the patterns observed U) dilte apply 10 olhet' 
t r o p h ic  le v e ls  (e.g., h e r b iv o r e s , p re d a to rs )  o r  to O lh er 

com m unities (e.g., m arine fisheries, forest ccosystem s, 
coral reefs).

B. Functional Diversity and Stability
1. Theory and C oncepts

A large nuraber of authors, including Charles Elton, 
Robert May, Stuart Pim m , and Sam M cN aughton have 
ecmtributed considerable insights into the effects o f di- 
versity o n  s ta b il ity . May (1 9 7 2 ) , for instance, shoYved 

that the abundances o f individual species becom e pro- 
gressively less stable as ihe diversity of the com m unity 
in w hich they live increases. Several recent papers have 
explored the effects o f diversity on the stability of com - 
m unities of com peting species (D oak cl ai., 1998 ; Ives 
et a i ,  1999 ; Tilm an, 1 999 ). The first tvvo of these papers 
show ed that ihe tem poral variability o f an ecosystem  
process, such as ecosystem  productivitv, is expected to

hc lower when ihe ecosystem s contain  more species. 
This can occur for the sam e reason that a pcrtlolio 
com posed of many different types o f stock  tends to 
be more stable than one contain ing sto ck  of a single 
com pany. An additional factor that can cause ecosy.stem 
íunctioning to be more stable íor m ore diverse tcosys- 
tems is com petition. W hen som e disturbance harms 
one species, the species with vvhich it interacts experi- 
ence less com petition. This allow s these competitors to 
increase in abundance. T heir greater abundance par- 
tially com pensates for the decreased abundance of the 
íìrsi species, thus stabilizing the íunction ing  oí the eco- 
system . lves et aỉ. (1 9 9 9 ) show ed that increased diver- 
sity only led to increased stability  w hen the species 
differed in their responses to habitat íluctuations and 
disturbances. Because such differences are a direct mea- 
sure of íunctional diversity, the w ork of Ives et a i
(1 9 9 9 ) shovved that increases in  functional diversity 
lead to greater stability. For a thorough treatư.ent of 
theory relaling diversily and stability , see "Subility, 
C oncept of.”

2. E x p e rim e n ta l and O b se rv a tio n a l Stu dies 

The evìdence thai led Elton to propose the diversity- 
stability hypothesis was anecdotal. In his 19l)3  chapier, 
and in earlier papers, M cN aughton deíended the diver- 
sity-stability hypothesis by citing  several obsenations 
and experim ents in w hich greaier diversity was isso ci- 
ated wilh greater stabilily. A variety o f other studies, 
sum m arized in Tilm an (1 9 9 9 ) , also have found effects 
ơí diversiLy on stability. For insiance, a study b) Frank 
and M cNaughton of eight grassland sites wúhm Yel- 
low stone National Park found that those v\ith greater 
plant species diversity had sm aller sh iíls  in plar.t com - 
m unity com positions during a severe drough:. Tvvo 
British ecologists, Taylor and W oiw od, períormed a 
long-term  project in w hich they m onitored the abun- 
dances of hundreds of insect species at a large r.umber 
of sites. The data they co llected  provide eviden:e that 
supports the hypothesis that m ore diverse insecl com - 
m unities should be more stable. The greater siability is 
expected because of the statistical averaging (or portCo- 
lio) effect pointed out by D oak et a ỉ. (1 9 9 8 ) . Spec.fically, 
because the temporal variances in  the abimdances o f 
individual species in this com m unity scales as their 
abuncỉance 10 a power of about 1.6, the portfolio effect 
should cause more diverse insect com m unities :o have 
lower temporal variability.

Several authors have found that greater oak rce di- 
versity stabilizes the population density of an animal, 
ihe acorn w oodpecker, ihat feeds on the seedí of the



trees (see Koenig and Haydock, 1999). Acorn wood- 
peckers are highly dependcnt on acorns as a source oi 
lood, but oaks produce acorns as a masl seed crop. 
M asúng means that there is great year-to-year variability 
in the rate of acorn production. There is a stríking 
decrease in the year-to-ycar variability o f acorn wood- 
pecker abundances for woodpeckers living in habitats 
containing a greater diversity of oaks. Thus, greater oak 
diversity led to m ore stable acorn w oodpecker popula- 
tions. M oreover, acorn woodpecker densities were 
m uch low er for areas w ith a single oak species than for 
those w ith several.

A long-term  experim enl in  M innesota provides addi- 
tional evidence suggesting that greater plant diversity 
leads to grealer stability (reviewed in Tilm an, 1999). 
In a series o f 207 plots annually m onitored from 1982 
to 1999 , lotal plant com m unity biom ass was found to 
be m ore stable in plots coniaining more species. Both 
in response to a m ajor disturbance, a severe drought 
(Fig. 6 ) , and in response lo normal year-to-year varia- 
tion in clim ate (T ilm an, 1999 ), plots with greater diver- 
sity had lower year-to-year variability in their total plant 
biom ass. In particular, the severe droughl caused plant 
biom ass to fall lo half of its predrought level in plots 
with about 15 or m ore species, but caused it to fall to

Plant sp e cies  richness

F1GURE 6 The resisiance of Minnesota grassland ecosystems to 
drought was higlily dependent on thcir planl biodiversity. Ecosystems 
coniaining a large number of plant species had their produclivity fall 
lo about hair of iis predrought levels during a severe droughi. but 
ihose Goniaining only OI1C or two plant spccics had il fall lo about 
1 /8  to 1 /12  of tho predroughl level.

1/8  to 1/12 of its predroughl levels in plots containing 
one or two plant species (Fig. 6). Sim ilarly, year-to- 
year variation in lotal biom ass (luctuated about twice as 
m uch in low diversity as in high diversity plots (Tilm an, 
1999). Although toial com m unity biom ass was more 
stable at higher diversity, analyses of the stability of 
individual species showed thai these declined slightly 
but cletectably, at higher diversity. Thus, diversity stabi- 
lized total com m unity biom ass at the same tirne that it 
destabilized the abundances of individual plant species. 
Plant diversity and com position were coníbunded in 
this experim ent because both changed in response to 
nitrogen addition. M ultiple regression, used to control 
for this coníounding, found highly significant effects 
of diversity on stability for both cases. These analyses 
also showed that species com position and lunctíonal 
group com position also had significant eííects on sta- 
bility.

M cGrady-Steed, Harris, and M orin (1 9 9 7 ) íound, in 
a laboratory study ol ihe eĩlects o f diversity in m icrobial 
com m unities, thai the lem poral variability was signiíì- 
cantly sm aller at higher diversity. Indeed, a four-fold 
increase in diversity led to about a three-íolđ decrease 
in the temporal variability of w hole-com m unity net 
respiration, a m easure of ecosystem activily. The rate 
oi m icrobial decom position of particulate organic mat- 
ter also increased with diversity in ihis stuđy. Finally, 
ihey íound that greater diversity led to lovver sus- 
ceplibilily to invasion by another species, but that 
invader success was highly dependent on com m unity 
com position. Naeem and Li (1 9 9 7 ) sim ilarly found that 
greater diversity led to greater reliability, which was 
measured as the lower variability in lotal com m unity 
biom ass am ong com m unities o f ideniical cliversity. 
This effect was also apparent in the greenhouse experi- 
m enl that Naeem  and collaborators had períorm ed 
earlier.

In total, these studies provide slrong evidence that 
com m unities w ith greater diversity are moi'e stable and 
suggest that individual species in such com m unities 
may be less stable. Theory, experim ent, and observation 
are in general agreem enl, but this topic m erits addi- 
tional exploration.

V. CONCLUSIONS

The research perform ed to date illustrates that a variety 
of different ecosystem  processes are im pacted by the 
num ber and kinds of species living in the ecosystem .



T his w ork illustrates that species differ in trails ihal 
in fluence ecosyslem  funcúoning and suggests that eco- 
system  processes depend on the range in those traits 
represented in the ecosystem . However, there are, as 
yet, no clear dem onstrations of ihe speciBc traits 
that are relevant to particular ecosystein processes 
and no sim ple ways to directly m easure functional di- 
versity. Rather, correlates of functional diversity, such 
as species richness or functional group richness, remain 
the b est, albeit indirect, way to measure íunctional di- 
versity.
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GLOSSARY

convergent evolution  D istant or unrelated organisms 
evolve ihe same anatom ical, m orphological body 
plan characteristics, or ecological function. 

ecosystem  The com bined plant and anim al com m uni- 
ties plus their physical environm ent. 

ecosystem  íunction  The energy flow, productivity, ele- 
m ent cycling, and resilience of ecosystem  structure; 
synonym ous w ith “behavior of ecological system s” 
and “ecological processes.” 

ecosystem  stru ctu re  The organism s, their com m uni- 
ties, biodiversity, and habitats that com prise an eco- 
system.

ĩunctional groups Polyphyletic suites of species that 
share ecological characteristics and play equivalent 
roles in  natural com m unities and ecosystem s. Com- 
m only, organism s with convergent anatom ical, m or-

phological, physiological, behavioral, b iochem ical, 
or trophic characteristics are grouped together. 

guilds O rganism s thai use sim ilar resources in sim ilar 
ways. Depending on ihe application, guilds can be 
synonym ous w ilh íunctional groups.

EA R TH ’S BIOD1VERSÌTY I s  D ISTR IBƯ TED  am ong a 
surprisingly few íim ctionally different organism s. These 
“(unctional groups” are suites of species that play equiv- 
alent roles in natural com m unities and ecosystem s. 
They result from convergent evolution w hich is chan- 
neled by phyletic constraints that lim it the variations 
possible on a given body plan relative to the b iom echan- 
ical lim its im posed on organisms by their environm ent. 
The diversity and ecological function of these groups 
are independent of regional species diversity. Large- 
scale changes in íunctional groups can alter the struc- 
ture and functioning of ecosystem s. Such alterations 
have occurred over evolutionary time and are occurring 
today in ecosystem s under strong hum an iníluences. In 
highly diverse ecosystem s there are redundant species 
w ithin íunctional groups. These tedundancies provide 
a buffer against ecosystem  collapse should individual 
species w ithin the group becom e rare or extinct. De- 
scribing com m unities and ecosystem s at the functional 
group level conveys inĩorm ation that transcends taxo- 
nom ic and evolutionary boundaries. Ultim ately, func- 
tional groups may provide a low -resolution tool for 
accurately predicting ecosystem  change.
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I. FUNCTIONAL GROUPINGS AND 
THEIR UTILITY

M ore than 4 0  years ago, ecologist and evolutionary 
biologist G. E. H utchinson wondered why there were 
so m any kinds of species. This question engaged many 
o f the m ost powerful m inds in ecology and the natural 
sciences. Ít launched decades of research, brought us 
the concept of ecological niche and considerable ecolog- 
ical and evolutionary theory, and is the focus of many 
articles in this encyclopedia. M uch less has been wrítten 
about an equally com pelling queslion: why are there 
so few kinds of m orphologies or physiologies, and what 
m ight the ecological consequences of such lim its be? 
It also raises new questions, such as the following: Are 
there lim its to the possible num ber of variations on 
any given body plan? Are there sim ilar limits to the 
functional attributes of species and suites ol species? 
Can functional attributes o f species be abstracted such 
that their ecological roles can be iníerred? Can several 
species fulfi.ll the same lunctional roles? In other words, 
are species replaceable such that there are ecologically 
equivalent or redundant species? The answers to these 
questions have profound im plications to how we view 
the natural world and possibly how we can conserve 
it. For exam ple, does the extinction  or extirpaúon of 
any given species degrade natural ecosystem s in tangi- 
ble ways?

Biodiversity includes ihe diversity of organic life 011 

Earth and how it íunclions. How organisms “make their 
liv ing,” how they interact and contribute to the ecosys- 
tem , relates to the functional properties o f biodiversity. 
Functional groupings are polyphyletic suites of species 
that share ecological characteristics. Com m only, organ- 
ism s with convergent anatom ical, m orphological, phys- 
iological, behavioral, b iochem ical, or trophic character- 
istics are grouped together. Functional properties may 
correspond to different ecological characteristics de- 
pending on the question being asked. They can include 
the habìtats in w hich they live, the biom ass or structure 
they im part to a com m unity, the rates at w hich they 
grow (their productivity), the rates ai w hich they lose 
biom ass (i.e ., d isturbance), the organism s they con- 
sum e, the organism s that consum e them , and their nu- 
m erical or m ass-specific im portance to thcir com m uni- 
ties or ecosystem s. A íunctional group analysis can be 
applied more broadly in space for m aking biogeographic 
com parisons and in time for reconstructing paleocom - 
m unities than is possible at the level of species or of 
related taxa.

I explore íuncúonal groupings íìrst from the perspec-

Iive o í the evoluúon of functional sim ilarities, and then 
1 discuss what lunctional groupings might mean :o the 
structure and function of com m unities and ecosystems.
1 draw heavily, but not exđ usively , on examples from 
the m arine realm, in w hich there is the greatest phyletic 
diversity, longest evolutionary h istory , and clearest fos- 
sil record of how organism s and assemblages have 
evolved. O ther extensive w orks on the topic of func- 
tional groups, such as that by Schluze and V boney 
(1 9 9 4 a ), are exđusively terrestríal in their apprcach.

Punctional distinctions can be based on any charac- 
teristic shared among organism s, such as morphology, 
physiology, or behavior. These are not independent 
íeatures of organisms. An organism ’s m orphobgy can 
iníluence íts behavior and its physiology. Funcdonal 
groupings would be unnecessary if organisms’ taxo- 
nom ic relationships corresponded well with theiríu nc- 
tional roles. However, lunctional characterisúcs ére of- 
ten decoupled from even closely related species, and 
thus the relationship belw een taxonom ic relatedness 
and funcũonal groupings warrants consideratior..

II. DECOUPLING RELATEDNESS FR0M 
FUNCTIONAL SIMILARITIES

Species thai are closely related evolutionarily aie not 
necessarily m orphologically or íunctionally  súnilar. 
C onversely, ju s l because o r g a n is m s  are distanllv related 
does noi niean they are m orphologically or ecologically 
different. There are exam ples of unrelated, or distantly 
related, organism s having sim ilar m orphologies, analo- 
m ies, behaviors, physiologies, and íunctional rcles in 
natural com m unities. Such convergent íunctional prop- 
erúes are w ell-know n and operate at many levels. Obvi- 
ously, bats are tlying mam mals that exploit some of the 
same habitats and íbods as some birds and moths. Squid 
are svvimming mollusks that exploit som e of the same 
habitats and foods as fish. Although bats are no: je r fe c t 
substitutes for birds, nor are squid identical to fish, 
their phyletic relationships tell us little about :he eco- 
logical roles or íunctional characteristics they posses.

Although most closely related organism s shỉre traits 
vvith the clade frorn \vhich they evolved, and thus will 
tend to be functionally sim ilar, this is not alv/a/s the 
case. For example, herm it crabs are relativelv small, 
anom uran decapods with an exposed, asym m etricabdo- 
men that requires protection from  unoccupied snail 
shells. They differ m orphologically from true crabs, the 
brachyurans that have abdom ens protected by a shield- 
like cephalothorax or carapace that also cover5 their



Pagurus bernhardus Litỉịodes niaja

Anomuran Brachyuran

HGURE 1 Phylogcneticallỵ related anomuran hermit crab (Pagiirus) 
and king crab (Lilhodes) arc morphologically dissimilar. The distantly 
relatcd brachyuran crab (M ithrax ) is morphologicallv similar 10 the 
king crab (after Cunningbam ct a i ,  1992).

walking legs (Fig. 1). True crabs can attain large size. 
However, herm it crabs are very closely related to the 
m orphologically d istinct anom uran king crab (Fig. 1). 
Kíng crabs convergently evolved many of the character- 
isũcs of true brachyuran crabs; they are large and iheir 
abdomen is protected by a broad shield-like cephalotho- 
rax. Thereíore, phyletically relaied king and herm it 
crabs are m orphologically different, whereas phyleti- 
cally distant king and true crabs are m orphologically 
sim ilar.

M orphological sim ilarities can translate lo íunctional 
s im ilarities . In shallovv Coastal habitats o f  the G ulf of 
M aine, there are four species oí large, clawed, decapods 
that live together and feed on the edible blue mussel, 
M ỵtilus edulis (Fig. 2). The two mosl closely related 
species are C an cer irroratus  and C ancer borea ìis . Both

Phylogenetic vs Functional Characteristics

Small bođy &  Chelae 
Behaviorally ílexible 
Quick 
Dexterous

Large body &  Chelae 
Behaviorally constrained 
Slow 
Strong

FIGURE 2 Phylogeneticallv related C am er  specics are functionally 
different. The phvlogenctically disiant C an ca  borea lis  and Hom arus  
am cricdnus arc íunctionally similar (after Moodv and Stencck, 1993).

are brachyuran crabs in the íamily Cancridae. The ihird 
brachỵuran crab, C arcím ts m acn as , is in the Portunidae 
familỵ. Hovvever, the two distantly related crabs, C arci-  
IÌUS m acnas  and c .  irroratus, share functional character- 
istics of small body and chelae (“claws”) size w hile 
being behaviorally ílexible, quick, and dexterous. They 
characteristically chip the perim eter of mussel shells at 
many locations to gain access to the food. Conversely,
c .  borea lis  and the lobster H om arus am ericanus  share 
functional characteristics of large body and chelae size 
while being behaviorally constrained, slow, and strong 
(Fig. 2). These two decapods characteristically crush 
mussel shells in the middle of the shell by applying 
brute force to the center of the shell. Therefore, the 
two most closely related crabs are íunctionally dissim i- 
lar and the two sets of most dislantly related crabs 
(Carcinus m aenas  and c. in o ra tu s)  and olher decapod 
groups (C. borea lis  and H. am erican u s) are both func- 
tionally simílar.

Even vvithin species, large functional differences ex- 
ist. Am phibians such as frogs begin life as tadpoles w úh 
diets and habitats different from those of adults. Ferns 
and algae have ecologically distinct haploid and diploid 
phases. The heterom orphic range in som e marine algae 
is striking. For exam ple, the brow n (Phaeophyta) algal 
kelp M acrocystis pyri/era  can exceed 40  m in length 
and forms ỉorests in its sporophyte (2n) phase but is a 
m icroscopic filame.nl in its gam etophyie ( ln )  phase. 
Som e red algae (Rhodophyta) alternate belvveen en- 
crusúng and erect phases; som e green algae (C hlo- 
rophyta) aliernate bctw een endolithic m icroscopic and 
filam entous phases. Some habúats only support one 
phase. Each of these different ontogenetic and ploidy 
phases has strikingly different ecological properties, and 
differences within species can be greater than som e 
differences am ong species. Thereíore, know ing the spe- 
cies does not always provide insight into how t.he organ- 
ism functions ecologically.

There are distinct lim its to varieiy in m orphology or 
im portant ecological (unction that are independent o f 
biodiversity. Som e characterìstics, such as body size, 
are biom echanically lim ited; therefore, depending on 
the biom aterials available to an organism  (i.e., cellulose, 
chitin , calcium  carbonate, or bone), their m orphology 
and the environm ent in vvhich they live may limit their 
ecological functions. These relationships are well de- 
scribed in works such as Thom pson’s (1 9 6 6 ) On G row th  
and Form , P eters  (1 9 8 3 ) The Ecữlogical Im plications o f  
Body s iz e , or N iklas’s (1 9 9 4 ) Pìant A ìlom etry. Arguably, 
size and shape are prime determ inants of many func- 
tional groupings of both plants and animals. Predators 
generally scale with, or are larger than, their prey. Thus,



organisms constrained to small size are likely to be 
ĩĩiore vulnerable to predators and rarely if ever are “apex 
predators" in an ecosystem  or com m unity. Insects are 
a good example. They also illustrate the disconnect 
betvveen species diversity and m orphological variety. 
Insects account for m ost o f E arth’s biodiversity, but 
they are all relatively sm all. In contrast, most vertebrates 
are m uch larger (especially m am m als and dinosaurs) 
and their biom ass distribution does not overlap that of 
insects. Despite their long evolutionary history, there 
are no cow -sized insects, nor are there insecl-sized 
cows. Body size constraints am ong insects occur be- 
cause, am ong other reasons, their respiration is rela- 
tively ineffìcient and lim ited by their open circulatory 
system and trachea. O ther factors, sucb as the com posi- 
tion of their exoskeleton, íurther constrain m orphologi- 
cal evolution and the habitats into w hich they can and 
have radiated. Although insects have radiated impres- 
sively into terrestrial system s, they are virtually nonex- 
istent in the marine realm . Thus, three-ỉourlhs of all 
species are insects, but three-fourths of the habitable 
space is devoìd of them. There are m orphological and 
funclional lim its to diversity.

III. FUNCTIONAL CHANGES 
IN ASSEMBLAGES 

OVER EVOLUTIONARY TIME

ultim ately, the environm ent coiurols llìt d islribulion, 
abundance, and body plans that li ve in it. Evolution at 
several levels generates diversity of form and function, 
but the environm ent íìlters it. Constraints to diversiíì- 
cation are m any and relate to the environm ent as it 
changes and how organism s deal with it.

The history of life on Earth is punciualed with sig- 
n iíĩcant íunctionally  novel additions to biotic assem- 
blages. An excellent exam ple of a funcúonal group effect 
on global-scale ecosystem  function is the cyanobacteria 
that began oxygenating the atm osphere m ore than 3 
billion years ago. Biologically available oxygen began 
increasing approxim ately 1.4 b illion years ago and is 
coincident with (and possibly necessary for) the evolu- 
tion of the íìrst m etazoans. Still higher levels o f oxygen 
may have been necessary for the Cam brian “explosion” 
of small shelly fauna. The sudden polyphyletic and 
global appearance of hard skeletal m aterial (ch itin  and 
calcium  carbonate) allowed for the evolution of large 
body sizes, efficient m obility, teeth, and deĩenses against 
predators. T h estru ctu re  and fu n ction in goflife  on Earth 
changed at this time. O rganism s functionally sim ilar lo 
those alive today first appeared. Since then, during the

past 600  m illion years, there have been several biotic 
revolutions.

D ecoupling phylelic evolution from íunctional 
group evolution is im portant. All but One of the m ajor 
phyla may have evolved at or near the Precam brian- 
Cam brian boundary in as few as 25 m illion years. Alter- 
natively, som e argue that phyla evolution may have 
occurred m uch earlier (1 b illion  years ago) as m inute 
and em bryonic or larval-like organism s and thus nol 
recognizable by today’s criteria. If this latter theory is 
correct, it would be a clear case of phyletic evolution 
being disconnected from the functionaiymorphological 
(phenetic) evolution that occurred 4 0 0  millicn years 
later. Despite the Cam brian (or earlier) origin of mosi 
m ajor phyla, functional evolution and the íìlling of un- 
exploited habitats (“ecospace” sensu  Bambach, 1985) 
took considerably rnore time. Throughout the Paleo- 
zoic, m orphological evolution and the íìlling of unoccu- 
pied habitats occurred episodically and polyphyleti- 
cally, beginning with small surface deposit feeders and 
low-profìle suspension feeders, progressing to greater 
deplhs into sedim ent and new epiíaunal heights. The 
P r o g r e s s iv e  utilizaúon o f three-dim ensional space 
called “tiering” is thought to have conlributed substan- 
tially to the global diversification in the early Paleozoic 
(Fig. 3 ). The diversifying continued into the pelagic 
realm  and into the sedim ent habitats (infaunalization) 
and recently included the radiation of large-bodied 
predators.

This pattern of diversification is com posed of three 
relatively d isiincl íaunas, each characterized by its own 
characteristic dom inant taxa (Fig. 3A ), initial rates of 
diversiíìcation, and “equilibrium ” diversity. Each fauna 
was íunctionally different. Surface deposit feeders such 
as trilobites and m onoplacophorans dominated the 
Cam brian fauna, whereas the Paleozoic fauna radiated 
into and relied heavily on the pelagic realm. For exam - 
ple, the taller suspension-feeding crinoids of the Paleo- 
zoic fauna jo in ed  near-benthos suspension-feeding 
brachiopods, anthozoans, and stenolom ate brvozoans 
and pelagic groups such as cephalopods and graptolites 
as dom inants o f this fauna. There were no known m ac- 
roalgal grazers in the Paleozoic, and large stands ol 
m acroalgae were probably com m on. Sand habitats were 
virtually devoid of iníauna. In contrast, the modern 
fauna included the rise to dom inance of large inverle- 
brate and vertebrate predators and herbivores. Thesc 
included predatory neogasiropod snails, malacostracan 
crab and lobsters, and at least four groups of svamming 
vertebrate predators among the bony fishes (Osteich- 
thves), dinosaurs (R eptilia), sharks (Chondrichthyes), 
and cetaceans (M ammalia, i.e., dolphins and vvhales). 
Most rnodern groups ol fish (e.g., most modern reel
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F1GURE 3 paunal changes during thc past 6 0 0  million ycars. (A) Threc faunas with rcpresenialivt' dominanL animals. (B) 
Cumulativc pattcrn of divcrsification of the three faunas. Arrows identiíy mass extinctiun evenls (afler Sepkoski, 1984). Each 
fauna represenls dominance bv a íunclionally distincl group. The Cambrian fauna werc suríace deposit fecders, the Paleozoic 
íauna vvcre dominated bv suspension ĩeeders, and ihe modcrn fauna were dominatcd by largc prcdalors and protected prey. Note 
ihat the Paleozoic launa was particularly susceptible to mass extinctions resulting from disruptions of the water column.

fìsh) evolved at this tim e. Explanations for why large- 
scale changes occurred  at the family level are com plex. 
Organism s such as sm all deposit feeders may have suf- 
fered higher extin ction  rates as more m obile and more 
pelagic organisms w ith larger gene pools replaced them. 
A global crisis in the w ater colum n contributed  to the 
m ost severe extin ction  event at the end of the Perm ian. 
Thereĩore, suspension feeders, pelagic organism s, and 
organism s with pelagic larvae suffered the highest ex- 
tinction  rates. T his extin ction  caused a sharp decline 
in several of the dom inant íam ilies o f the Paleozoic 
fauna and m arked the transition to the dom inance of 
the m odern fauna (Fig. 3B ). Prior to the dom inance of 
the modern ílora there were virtually no shell-crushing 
carnivores. Several groups of shell crushers, such as

true brachyuran crabs, evolved in the Creiaceous and 
becam e im portant predators. Deep-grazíng herbivores 
also evolved among the modern fauna. They created a 
uniquely intense level o f grazing pressure w hich may 
have denuded many shallovv m arine habitats of mac- 
roalgae.

A. The Sudden Origin of Functionally 
Distinct Organisms and Then 

Functional Stasis
Functional evolution in the m arine realm is striking. 
The transitions from surface-dw elling deposit feeders 
to a range of suspension feeders, to organisms using



vertical space, and to big predaiors and hcrbivores rep- 
resent signiíĩcant functional changcs over evolutionary 
time. There were also terrestrial rcvolulions in organism 
function. Angiosperm s displacecỉ functionally sim ilar 
conifers and evolved íunctionallv unique vveeds. Polli- 
nating insects and angiosperm s coevolved and diversi- 
íìed. Obviously, the history of life is punctuated with 
the sudden appearance of functionallv unique organ- 
ism s that often change the biotic world.

Often, funcúonally unique groups change little over 
evolutionary time. Am ong m arine invertebrate herbi- 
vores, there are only a few capable of biting into lime- 
stone or calcium  carbonate. These herbivores leave a 
grazing trace fossil that allows for ĩunctional interpreta- 
tions to be made over evolutionary time. Three groups 
know n to excavate calcium  carbonatc are regular echi- 
noids (sea urch in s), true lim pets (Paiellogastropoda), 
and chitons (Polyplacophora). Tracc fossils from the 
Cretaceous (approxim ately 70  m illion years ago) reveal 
that each of these groups grazes distinctively with the 
same graze m arks and 10 about the same deplhs into 
calcium  carbonate as their modern counterparts (Fig. 
4 ) . Although considerable variation exists within 
groups of herbivores, the differences am ong groups are 
m uch greater. E ch in oid sea  urchins have a characteristic 
intensity  of grazing ihat is m uch deeper than that oi 
ch itons and lim pets w hich are very disiantly related but 
have sim ilar shallow bites into calcium  carbonate. In 
all cases, the íìrst trace fossils known show these inver- 
tebrates biting the surĩace of calcium  carbonate wiih 
the pattcrn and thc dcpth into ihe substratc as thcy 
produce today. There appears to be little or no func- 
tional change in how they graze alter the group first

FIGURE 4 Comparison of modern and anciem limpci grazc marks 011 

calcium  carbonate substnues. (A) Modcrn limpci. TccnuỊịtcsiudiualis. 
grazin g  ca lcareo u s algae (s ta le  b ar =  (V> 111111 Ị. ( B ) C .relaccous ím oiT  

t h a n  6 5  m i l l i o n  v c a r s  a g o )  l i m p e t ,  R ááìdií htìm sp. ( s c a l c  is i h c  s a m c  

as in A) [rcproduccd vvilh permission [rom (A) S ie n c c k  (1 9 8 2 ) and 
(B) Crimcs and Harpcr (1 9 7 7 )].

cvplvcd. There are other exam ples. Predatory gastro- 
pocls thai drill their shelled prey have not changed their 
modc of attack since they íirst evolved in the Triassic 
niore than 200  tnillion years ago. M any lim b ar.d run- 
ning characteristics betw een terrestrial vertebrate pred- 
a to r-p rey  interactions have also been shov/n to be 
rem arkablv stable over evolutionary time. Th-.s sug- 
gests that among these consum ers and within estab- 
lished clades, ihere is functional stasis over evolution- 
ary time.

IV. FUNCTIONAL CONVERGENCES

Convergent evolution results in distantly related organ- 
isms converging on the same body plan or ecclogical 
lunction. Charles Darwin noted in his Origin j f  Specics 
(1 8 5 9 ) that

ỉor anim als belonging to lwo m ost distan: lines 
may have becom e adapted to sim ílar conditions, 
and thus have assumed a close external resem- 
blance; but such resem blances will not reve.ứ—  
will rather lencl to conceal— their blood re.alion- 
ship (page 463 ).

Relaúvely few convergently evolved anitom ical, 
m orphological, or physiological characteristics are the 
cornerstones of [unctional groupings.

A. Groupings among Mobile Organisms
Convergent evoluúon is w ell-know n and documented 
in the terrestrial realm. M arsupial and placenta' m am - 
mals have converged to sim ilar m orphologies and eco- 
logical íuncúon (Fig. 5 ). The lim ited  variations on  the 
m am m alian body plan are evident in the wolf and cal- 
like carnivores, the arboreal gliders, fossorial herbi- 
vorcs, anteaters, and subterranean insectivores that 
evolved independently in Australia for the marsupials 
and on the olher continents for the placentals.

Convergenl íunctions can be found among cissim i- 
lar-looking organisras. Distantly related marine m ollus- 
kan herbivores, chitons and lim pets, provide ar. excel- 
lent example. Chitons (class Polvplacophora) and snails 
(class Gastropoda) evolved in the Cam brian at the be- 
ginning of the m olluskan d iversiíication. The true lim - 
pets, Patellogastropoda, evolved from  the Archaeogas- 
tropoda. m uch later in the Triassic. However, tne radula 
(the icelh ) o f these two groups are functional'y sim ilar 
(Fig. 6). Boih groups have relaiively few lee:h ihat 
coniact ihe substrale, and those that do are hardened
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FIGURE 5 Convergent evokuion among placental (left) and marsupúil (right) mammals (rcproduced vvith permis- 
sion from Begon £'( a i ,  1986).

by m ineralizatioa of iron or silica com pounds (note the 
black tecth  in Fig. 6 ). Both groups have strong buccal 
m usculature for applying dovvnward forces. W ithin  the 
m olluskan body plan, only chitons and lim pets have

such a large foot area-to-m ass relationship and an exca- 
vating-type radula. These m orphological and anatom i- 
cal characteristics, along with their size and m obility, 
allow species of these groups to specialize on large and
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expansive m acrophytes such as sea grasses, kelp, and 
encrustíng coralline algae. A lthough species diversity 
is m uch higher in other groups ot m ollusks such as 
nonlim pet gastropods, it is the íunctional characteris- 
tics of these two groups that make them  capable of 
consum ing and even trophically specializing on the 
tough or lim estone-im bedded cells o f kelp or coralline 
algae, respectively.

Convergent íunctions are numcrous among terres- 
trial organisms. For exam ple, a diversity of flowering 
plants and their pollinators possess sim ilar m orphologi- 
cal and anatom ical characteristics despite signiíìcant 
phyletic separation am ong the plants and the pollina- 
tors. The geom etry of the flowers, such as the length 
and width of the Aoral tube, as well as the placem ent 
of nectaries are com m on íeatures am ong the plants. The 
ílying characteristics and m outhparts are convergent 
am ong the pollinating insects, butterílies, m oths, bats, 
and birds. It is surprisingly easy to fmd functional sim i- 
larities am ong distantly related organisms.

B. Groupings among Sessile Organisms
Convergent m orphology and anatom y is com m on 
am ong sessile organism s on land and in the sea. I brieíly 
consider terrestrial plant com m unities that have many 
of the same convergences described previously for ani- 
mals. Fam ilies o f cactus-Iike plants in ihe Old W orld 
(Euphorbiacea) and Nevv W orld (C actaceae) dominate 
arid environm ents but are unrelated. M uch has been

w riiten about the rem arkably convergent íbrtsi and 
biom es that develop under sim ilar environm enul con- 
dilions (H uslon, 1 9 9 4 ). There appear to be re.atively 
few adaptive solutions to com m on environm enul con- 
dilions. O ften, the suite o f ch aracteristics that inprove 
ecological íunction  under speciíìc conditions deíìne 
functional groupings.

Functional groupings am ong sessile organisrcs were 
Sludied by terrestrial ecologists, who groupcd plants 
according to their size and the location  o f their grovvth 
and regenerative structures. Raunkiaer (1 9 3 4 1 showed 
that particular íunctional groups (called  “life-brm s”) 
persisted and dom inated the vegetation under ỉim ilar 
environm ental conditions. U sing this scheme, Arctic 
regions were clearly distinguished from arid o : tropical 
regions. Sim ilar Horas, defmed at the ỉunctional group 
level, dom inated under sim ilar cond itions in d lĩcren t 
regions even though there were often no species in 
com m on. This early focus on ihe size and placement 
o f growth and regenerative structures was based on the 
realization that gradients in  environm ental sưess and 
productivity relative to disturbances are critical to the 
success of speciRc life-form s. Plants with protected mer- 
istem s and perenniating structures persisted in siressful 
or highly disturbed habitats. W here environinen.al lim - 
itations were relaxed, plani size and competitive ability 
werc m ore im portant to the flora.

R ecently, the íìeld has becom e popular a á o ig  m a- 
rine ecologists and paleontologists who stucy scssile 
m arine organism s. Again, m orphological and funjtional



convergences are viewed more as the rule than the 
exception. Several grow lh forms have evolved conver- 
gcntly among widely disparate groups, such as marine 
algae, Cnidaria, and Brvozoa (Fig. 7). M ost extant and 
extin ct species w ithin those higher taxa can be placed 
vvìthin the groups illuslraled in Fig. 7. The growth forms 
TTpresent a m orphological progression. The simplesL 
growth form is soliiary and can bc a single cell as is 
the case oí a diatom  or a solitary organism . This group 
is often ccm posed of sm all organism s. The next step 
in a m orphological progression o f grow th forms simply 
involves a linear series o f the single cells or modules, 
creating simple íilam ents. These can grow prostrate 
along the substrate as recum bent algal íìlam ents or as 
runners or vines am ong sessile invertebrates. Similar 
m orphologies grovving verticallv escape the benthic 
boundary layer. They experience greater water flow, 
and most of the cells of these groups are in contact 
vvith iheir aqueous environm ent. The m ore massive 
m ultiserial or m ultiseriate organism s a!low three-di-

m ensional space to be exploited. Several ecological pro- 
cesses, such as productivity and com petition, vary pre- 
dictably as sessilc organism s becom e larger and more 
massive. W ith increasing mass, fcwer cells directly con- 
tacl the m arine environm ent. Fewer still are in conlact 
w ith ihe environm ent am ong the encrusting forms be- 
cause halí o f their suríace area is affìxed to primary 
substrate. The growth forms in Fig. 7 exhibit progres- 
sively increasing size and generally decreasing suríace 
area to volume ratio.

For benthic marine algae of all three m ajor divisions 
( =  phyla), the progression from single-celled m icroal- 
gae to filam entous, folio.se, larger erect forms and finally 
to crustose algae (Fig. 7) corresponds to a reduction 
in productivity per unit biom ass (Fig. 8A; Steneck and 
D ethier, 1994 ). In general, m icroalgae and íìlam entous 
form s with a high suríace area to volume ratio are 
capable of the highest m ass-speciíĩc productivúy. This 
decreases progressively from íìlam entous forms to the 
m ore massive erect forms including kelp and is lovvest

Growth
Forms

Construction & 
Characteristics Algal

Examples
Coral Bryozoans

Solitary indiviđual or 
Singlc cell (high SAA^) 
Small size

M icroalgae
Diatoms

Solìtary
Flabellum

Fungia

uniserial colony or 
uniseriate prostratc 
rứament

uniserial colony or 
uniseriate or oligoseriate 
erect filament

Recumbant 
rdaments (turf) 
lỉerposiphonia

Cladophora,
Sphacelaria,

Polysiphonia

“Runncrs & Vines”
Pyripora

Madrepora Scruparia

Multíserial colony or 
multiseriate, corticated 

erect, large size 
(exploits vertical space)

Corticated and 
Leathery macroalgae 
Gracilaria, Sagassum 

kelp (Lammariales)

Branchers
Pociỉopora,
Acropora

Cystisella

Multiserial or 
multiseriate encrusting 
(Lowcst SA/V), expansive 
but low proíile (exploits 
horizontaI space)

Crustose
Lithothamnion

Petrocelis
Montipora Stylopoma

FIGl)RE 7 Growth forms of sessile niarine organisms. Examples include several divisions of marine algac and 
Cnidaria and Bryozoa phyla. Other groups having som e of the same growth íorms include the cxtinct tabulaie 
and rugose corals and modern sponges (aíicr Coates and Jackson, 1985).
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am ong the crustose íorm s. Thallus longevity (Fìg. 8B) 
increases along the same continuum  of grovvth forms. 
Canopy height, hovvever, show s som ew hat of a bell- 
shaped curve, witb the tallest algal íorm s such as kelp 
and fucoid algae having interm ediate levels o f produc- 
tivity and longevity (Fig. 8C ). These em ergent ecologi- 
cal properties were show n íor cold-w ater íloras of the 
Atlantic and PaciRc as well as for tropical íloras o f the 
Carìbbean (Fig. 8).

M orphologically and functionally sim ilar organisms 
have evolved sim ilar vvays to overcom e sim ilar prob- 
lems. For exam ple, as organism s becom e more massive, 
fewer cells are in direct contact with the marine environ- 
inent. That is, they have a plum bing problem . Sessile 
organism s such as planls, algae, and invertebrates 
evolved phvsiological integration or a degree of interde- 
pendence and cooperation am ong cells within an organ- 
ism or m odules within a colony. O ften this involves 
sharing cytoplasm  or photoassim ilates within the or- 
ganism s and am ong modules o f a colony.

Physiologically integrated colonial organism s have

an advantage over physiologically isolated aclonal or- 
ganism s by sharing cytoplasm  among members of the 
colony. Sessile organism s can respond from a stim ulus 
by growing at a place dislant from the stimulus. W ound 
healing can be íacilitaled and m ortality of the genei 
reduced by physiologícal integralion. Phỵsiological in- 
tegration evolved iteratively am ong sessile organism s 
on land and in ihe sea. T his allows land plants such as 
vines to colonize the inhospitable habitats of sand dunes 
or tree canopies by being physiologically integratcd. 
The most abundant m arine algae, ihe red encrusting 
coralline algae, are integraled and this is ihought to 
have coniributed to their ecological and evolutionary 
success over unintegrated or poorly integrated algae. 
Arguably, physiological integration in algae is essential 
for their m orphological diversity. The least physiologi- 
cally integrated group, Chlorophyta orgreen algac, havc 
the lovvest m orphological diversitv despite having thc 
same long periođ of evolutionary history dating back 
to the Precambrian.

Physiological integration may be a prerequisite lor



the developm enl o f coral reef ecosvstem s. Ít evolved 
independently am ong cnidarian reef builders: the tabu- 
latí\ rugose, and íinally the scleraclinian corals. In each 
case, the proportion of species wiih a high degree of 
phvsiological integration increased during tim es o f sig- 
nificant réef-building activity. Coral reef ecosystem s re- 
quire high rates of coral growth to keep up or catch 
up with rising sea level. Reef-building corals today are 
phvsiologically plants, with endosym biotic algae pro- 
ducing carbohydrates necessary for grovvth. Transport 
of photosynthetic produ cis throughout the coral colony 
requires a high degree of physiological integration. 
W iihout high rates o f coral growth translating to high 
ratcs of reel growth, coral reef ecosystem s would stand 
liitle chance of rem aining in the shallovv turbulent zone 
in vvhich they thrive. In fact, it is likely that many coral 
ree! ecosystem s that have dominaied shallow seas for 
mu ch of the past 60 0  m illion years require the írame- 
work-building corals to be physiologically iniegrated.

rhysiological integration must be functionally im- 
portant to sessile organism s because it evolved indepen- 
dcntlv many tim es. Ít is necessary for the sim ilar lunc- 
tional groups found am ong the corals, algae, and 
bryi)zoans (Fig. 7 ) . Colonial integration, or the degree 
o! interdependence and cooperation am ong modules 
vvithin a colony, is im portant for all these groups be- 
cause it increases colonial ĩunction. It also allovvs the 
dcvelopmem of nonĩeeđing defensive or reproductive 
lunt lions w iihin ihe colony or clone, and il allows 
greatcr struclural inlegrity and m orphological diversity. 
rhe important iunctional advantages ot physiological 
integration may accou nt for why it has persisted and 
b eau n e ubiquitous am ong so raany unrelated sessile, 
colonial, and clonal organisms.

V. THE STRUCTƯRE AND 
FUNCTIONING 0 F  NATƯRAL 

COMMƯNITIES AND ECOSYSTEMS

There exists a broad spectrum  of ways to describe pat- 
lerns. Historically, the em phasis in ecology has been 
on species. As Naeem (1 9 9 8 ) pointed out, species are 
otìen viewed as being phyletically “singular” and likely
10 be “autecologically singular.” This was the basis of 
the im portant works by H utchinson and M acArthur 
(1 9 5 9 ) , who stressed the uniqueness of species. That 
no two species can occupy the same ecological nichc 
vvas the foundation of decades of studies on the struc- 
lure and ỉuaction of natural com m unities and ecosys- 
tems. Functional group approaches are differenl. They

stress sim ilariúcs am ong unrelated species thai share 
critical organismal lealures. Convergent evolution in 
many cases resulls in phyleticallv distant organisms 
sharingecological properties. The utilily  of usingshared 
species characteristics for describing com m unities rests 
on the idea thai in any given cnvironm ent there are 
relativel)' few species attributes im portant to the struc- 
ture and funcúoning of natural com m unities and eco- 
system s. These attributes are largely independent o f the 
biodiversity of the ecosyslem .

The im portance of any species or group can relate 
to its abundance (m easured as population densities, 
biom ass, arcal cover, or structural height) or its impact 
on other species. w h ittak er (1 9 6 5 ) argucd that species’ 
im portance should be measured by its productivity or 
effect on productivily. O bviously, ihe produclion of 
biom ass must be approxìm ately matched to its degrada- 
tion or "disturbance” (sensu G rim e, 1981). In some 
system s, species im portance depends m ore on the role 
of disturbance (e.g., predation) than on productivity. 
For both dislurbance and productivúy, properties of 
the organism s and properúes of the environm ent must 
be considered sim ultaneously and independently. 
Holdridge s (1 9 4 7 ) classic “life zone system ” for classiíy- 
ing terrestrial vegetaiion considered only precipitation 
and lem perature as driving productivity and ihus creat- 
ing discreie vcgetative com m unities and ecosysiem s. 
O thers have shown how disturbances such as storm s 
and íìres addilionally shape terrestrial plant com m uni- 
ties. Although debatcs continue regarding the primacy 
ol bottom -up or prođuctivity-dnven vs top-down or 
disturbance-driven structure ol natural com m unities, 
in most system s both com ponenis are vievved as impor- 
tant. Thereỉore, the debate is largely over relative impor- 
tance.

Produciivily and disturbance are the two variables 
most often identified as environm ental structuring 
agents o f natural com m unities and ecosystem s. Huston
(1 9 9 4 ) reviewed the vvork of others to develop a model 
that compared the frequency of disturbance (defined 
as patch or gap form ation) as a íunction of “potential 
planl productivity.” Relative to these two axes, he 
show ed consistent pauerns in  the terrestrial realm in 
species diversity, patch íorm ation , dom inance, and 
com peútive ability. General m odels o f com m unity dom- 
inants have been advanced by Grim e (1 9 8 1 ) , South- 
wood (1 9 8 8 ) , and Steneck and D ethier (1 9 9 4 ) (Fig. 9). 
Speciíìcally, Grime (1 9 8 1 ) suggested that, in  environ- 
m ents with a high productivity potential (low stress) 
and low disturbance potential, large, canopy-form ing 
trees will dominate the system  (ealled a “com petitive 
stralegy”). Under conditions that íavor high productiv-
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FIGURE 9 Generalized modcl oí community doniinants that conipares G rim cs ( Ic)81 ) model 
for terrestrial planls (A) with that of Sleneck and Dethier (1 9 9 4 ) for marine algae (B). (C ) A
symhesis of A and B. Grimc's primary “strategics" or groupings of “competitive,” "ruderal," 
and “stress tolerance” are denoted by tlie letters c , R. and s, respectivelv.

ity with increasing productivitv, perennial herbs and 
íìnally weedy annual herbs will com e to dom inate the 
system (caìled a “ruderal strategy”). Under low distur- 
bance and low productivity potem ial environm enis, 
stress-resistant groups such as lichens will dominate 
the syslem (Fig. 9A).

Several studies applied G rim ếs (1 9 8 1 ) model to the 
m arine realm (Fig. 9 C ) . Strong sim ilarities betvveen ihe 
two realms suríaced, including that thc highest biom ass 
and largest canopy-íorm ing organisms (trees and kelp) 
grow under high productivity and low disturbancc po- 
tentials (Fig. 9C ). Furtherm ore, low biom ass and can-



opy height dom inated by encrusting growth forms are 
characterisúc oỉ' stress-tolerant assem blages in both 
realms. A difference might occur am ong the organisms 
that dom inate under conditions of chronically high lev- 
els of d isturbance. Grim e (1 9 8 1 ) assum ed that it is 
impossible to w ithstand such conditions and thus 
wcedy, “ruderal strategies” vvould persist, whereas Sten- 
eck and D ethier (1 9 9 4 )  argued that an additional group 
of organism s tolerant o f such disturbances (the coralline 
algae) predictably dom inate such system s. Although it 
is com m on to find disturbance-resistant plants under 
conditions of high stress in the terrestrial realm, they 
can be found under conditions of low stress (high pro- 
ductivity potential) in the marine realm , It is unclear 
w hether this functional difference betvveen the marine 
and terrestrial realm s is real or perceived. Nevertheless, 
one value to a functional group approach is that this 
clialog can occu r at all.

VI. ECOSYSTEM DIVERSITY, 
STABILITY, AND REDUNDANCỈES: 
EXAMPLES FROM CORAL REEFS

Much has been w ritten on this topic, bui most o f the 
litcrature draws from terrestrial studies such as 
C)’Ncill et a i  (1 9 8 6 ) , Schulze and M ooney (1 9 9 4 a ), and 
llu sto n  (1 9 9 4 ) . However, rather than reiterating these 
studies and their inyriad exam ples, 1 will use coral reef 
ccosystenis as exam ples in this seclion. Coral reefs pro- 
vide excellen t, albeil often overlooked, exam ples. They 
are spatially d iscrete and sm aller in vertícal and hori- 
zontal structure than most o f their terrestrial counter- 
parts. M ost o f their ĩunctional com ponenis are readily 
visible (th ere  are few below -surface íunctions), and ma- 
jo r  alterations and resilience can be measured in years 
and decades raiher than centuries for observing ecosys- 
tem changes. Biogeographically, they vary widely in 
spccies diversity and thus are ideal for com paring eco- 
system  structure and íunction relative to their biodi- 
versity.

[f relatively few environm ental factors can structure 
coinm unities and ecosystem s at the functional group 
lcvel, then what role does species diversity play? 
Here, I consid er biodiversity and its role in the stabil- 
ity, structure, and íunctioning of coral reef ecosystem s.
II íunctional groups are com posed of ecologically equiv- 
alent species, then perhaps diversity w ithin these 
groups contributes to the redundancy of im portant 
íiinctions and thus may be ecosystem  insurance for sta- 
bility.

A. Diversity and Stability
Ecosystem  and com m unity stability was once thought 
to correspond directly with species diversity. Mac- 
Arthur (1 9 5 5 ) theorized that the stability o f a com m u- 
nity will increase as the num ber of links in its íood wcb 
increases. It followed that with the loss o f each species 
“ihe integrity of the biosphere will degrade in a small 
but signiíìcant way” (Lawton and Brown, 1994 , page 
2 55 ). Alternatively, species richness may be relatively 
unim portant as long as structuring processes controlled 
by primary producers, consum ers, and decom posers are 
m aintained and function well with very few species. In 
fact, it is now wide]y believed that “ecosystem  processes 
oíten have considerable redundancy built into them ” 
(Lawton and Brow n, 1994, page 2 6 6 ). Functional 
groups can be com posed of the redundant species that 
períorm  essential ecosystem  processes.

There is good em pirical evidence that diverse ecosys- 
tems are not stable. Coral reefs are am ong the most 
diverse and most productive ecosystem s in the world, 
but they are not characierisúcally stable. In the Carib- 
bean and Indo-Paciíìc reef coral cover, abundance and 
dom inance suddenly changed as the resuh o f changes 
in abundance o f a single echinoderm  species in each 
o f the two regions. In 1983, the mass mortality of the 
Caribbean sea urchin , D iadem a an tiỉlaru m , caused a 
rapid “phase sh iít” that increased m acroalgal biom ass 
and contributecl to the decline of live coral cover in 
Curacao, St. Jo h n , Jam aica, and St. Croix. In all cases, 
algal assem blage dom inance shifted from turf algae (Fig. 
8A, Nos. 1 - 3 )  to macroalgae (Fig. 8A, Nos. 4 - 6 ) ,  and 
this caused a decline in m ass-specific primary produc- 
tivity. lt also precipitated changes in the abundance of 
other herbivores. The abundance of all reef-building 
organism s (corals, hydroids, and coralline algae) de- 
clined sharply in shallow zones where carbonate pro- 
duction is norm ally bighest.

In the Tndo-Pacific, periodic, localized outbreaks of 
the predatory sea star A can thaster p ỉan ci caused coral 
cover declines of all species of betw een 85  and 94%  as 
revievved by Connell (1 9 9 7 ) . O ther disturbances, such 
as storm s, sedim entation, toxins, and íìshing, have also 
been show n to cause signiiìcant reductions in coral 
cover. In the cases of very rapid (“acute or pulse”) 
m ortality from sea star predation, rapid recovery at 
decadal tim escales was observed. O ther longer lasting 
(“chronic or press”) m ortality events had slovver rates 
o f recovery. Hovvever, in the scale of years to decades 
these highly diverse ecosystem s were dem onstrably 
unstable.

Ecosystem  resilience is som etim es considered a cor-



relate o f stability. Rapid recovery from disturbances was 
m ore com m only observed in reefs of the Indo-Pacific 
than in reefs of the Caribbean, vvhere no recoveries 
have been docum ented. R eef recovery relates more to 
the nature and duration o f the disturbances than to the 
biodiversity of the system. One of the besl examples 
of recovery from collapse is in som e reefs o f Hawaii, 
although the species diversity there was as low as that 
íound throughoui the Caribbean (Table I).

B. Diversity and Ecosystem Structure
The basic structure o f coral reef ecosystem s does not 
vary w ith biodiversity. Coral reefs throughout the Indo- 
Pacific, Caribbean, and at C lipperton Atoll (eastern Pa- 
cific) have sim ilar m orphological zonation of corals 
despile a two orders of m agnitude difference in coral 
species richness (Table I). Branching corals dominate 
shallow  zones, mound-shaped forms al grealer depths, 
and platy corals at still greater depth. At Clipperton 
Atoll, one of the most species-depauperate reefs in the 
w orld, G lynn and cow orkers (1 9 9 6 ) measured vertical 
grow th rates of coral sim ilar 10  ihose found for sim ilar 
m orphologies al sim ilar depths elsewhere in the Indo- 
P aciíìc. Steneck (1 9 8 8 ) found sim ilar patterns of zona- 
tion, d istribution, and abundance am ong marine algae 
and herbivores at the íunctional group level in most 
sludied reef system s of the lndo-Pacific and Caribbean. 
O lh ers showed that functional characteristics o f reeí 
íish, su ch  as size, activity rhythm s, and relative abun- 
dances am ong ecological and trophic categories, were 
sim ilar regardless of the species richness of the fish 
fauna.

c. Diversity and Ecosystem Function
Species diversity is alvvays low at high trophic levels. 
O ften a single, “apex” predator is critical to the structure

of som e system s. However, al lovver trophic levels, di- 
versity increases, and it is at these levels (am ong herbi- 
vores and primary producers) that the relationship be- 
tween ecosystem  diversity and íunction is besl 
exam ined at the level o f íunctional groups.

1. H erb iv o res

Reef-dw elling herbivores have been grouped according 
to their grazing abilities on algal com m unities (Table 
11). Deep grazing (i.e ., carbonate scraping herbivores), 
parrotfishes, and certain sea urchins (e.g., D íad cm a) 
have the greatest im pact on algal abundance. O ther 
íìshes, such as surgeoníish (acanthurids), certain dam- 
selfishes and blennies, and som e gastropods, are “de- 
nuding” herbivores in thai they can signiRcanlly reduce 
ỉleshy algal biom ass when at sufficiently high densities. 
This group does nol bite into lim eslone siructures of 
reefs. They cannoi feed on crustose corallines and have 
a lim ited ability to consum e arliculated algae and large 
leathery macroalgae. Nondenuding herbivores have lit- 
tle or no ability to reduce algal biom ass and include 
territorial damselfishes and sm aller herbivores, such as 
am phipods and polychaetes. Each of these herbivore 
functional groups períorm s distinctly different ecologi- 
cal roles in  the ecosystem , and all were found on the 
species-depauperate Clipperton Atoll. The abundance 
oi' species vvithin a íunctional group com pensaies for 
low diversity w ithin the group. For exam plc, high ratcs 
of scraping herbivory were evident at Clipperton, bui 
all such grazing resulicd from a singlc parrotíìsh species 
and several species of diadematid urchins. The abun- 
dant crustose coralline algae, w hich are often found on 
reefs e x p e r ie n c in g  h ig h  ra te s  o f  g ra z in g , w ere  c o v e re d  

with graze m arks from scraping herbivores (Table II). 
High rates o f grazing, low fleshy algal biom ass, and a 
high abundance of hoth corals and coralline algae are 
characteristics of relatively pristine reefs. That these 
condúions were found in as species depauperate a sys- 
tem as Clipperton Atoll suggests that ecological rolcs

TABLE 1

Com parison of Coral Reef Biodivcrsity"

Region Coral specics Reĩerence Fish specics Refercncc

lndo-Pacifìc 350 Karlson and Cornell (1 9 9 8 ) 3000 Lieske and Mvers (1994)

Caribbean 50 Karlson and Corncll (1 9 9 8 ) 750 Licske and Mvcrs (1994)

Havvaii 50 Hoover (] 998) 680 Hoover (1993)

clipperton (Eastcrn Pacitìc) 7 Glynn cl al. 11996) 101 Robcrlson and Allcn (1 9 9 6 )

“ Species richncss of sderaclinian corals and rccf Bshcs.



TABLE II

Punctional Groups of Herbivores Cummun on Coral Rcels"

Functional group Speciíic group Common rccf-dwelling gcnera

Scraping Parrotíish S caivs, Sparisom a
Sea urchins Diudcma, E chin om elra, Echinotlìríx, Lvtechinus
Limpets, chitons A cm aea, A canthopleura, A canthochitona, C honcplax

Denuding SurgeonRsh, signids. Acanthurus, N aso, Zebrusom a, Siganus
Few pomacenlrids M icrospathodon
Blennies, kyphosids O phioblennius

Nondcnuding Damsclíĩsh Stegastes, Pom acentrus, Eupom accnlrus
Snails (excluding 

limpets)
N erita, CiUarium, Tectarius, A slraea, ĩis su rc lia

Amphipods A m phithoe, tanaids
Polychaetes Eunicids, sỵllids.

“ Based 011 more than 30 published studies (afier Steneck, 1988).

of functional groups can be independent of species 
diversity.

2. Prim ary Producers

Primary productivity is a signilìcant com ponent o f eco- 
system  íunctioning. A [unctional approach to ecosystem 
study often “im plies that energy flow and nutrient cy- 
cling are som ehow  m ore im portant or more fundamen- 
tal than the biotic entities períbrm ing the íunction” 
(O  Neill et a i ,  1986 , page 10). Although there may be 
no species in com m on, the same (unctional groups of 
m arine algae are found on virtually all coral reefs. Since 
the productive componenLs of reefs (algal turfs, corals, 
and m acroalgae) all occu r in  approxim ately sim ilar pro- 
portions, ecosystem -level productivity is fairly consis- 
tent. Thus, Caribbean reefs with only a ừaction of the 
species richness of the w estern Indo-Pacific reefs have 
sim ilar rates o f gross prim ary productivity. O ther fac- 
tors, su ch  as the geological history o f the reefs and 
their proxim ity to land, have m uch greater impacts on 
ecosystem  production than do reef biogeograpby or 
species diversity per se. Note that these patterns oí 
consistent rates o f productivity am ong unstressed reefs 
do not negate the w ell-know n pattern o f low diversity 
in stressed habitats.

D. Equivalent Species and 
Ecosystem Redundancy

Species vvithin a íunction group, by definition, are eco- 
logically  equivalent and as such provide a degree of 
redundancy to the ecosystem . One test o f functionally 
equivalent species is if  their abundance com pensates 
as other species w ithin the (unctional group change.

M orphological and [unctional equivalency is evident 
w ithin turf algae on coral reels. Many genera of different 
divisions look sim ilar. They often grow as prostrate 
branching íìlam ents, with relatively few laterally di- 
vided “pericentral” cells. Many species am ong these 
genera (Fig. 10A) have about the same high rates of 
productivity (Fig. 8A) and they respond sim ilarly to 
irýuries. In the fore reef of St. C roix, dom inance and 
abundance of algal species changed dram aúcally from 
season to season at the species level bul very little at the 
tuncúonal group level (Fig. 10B). That algal com m unity 
biom ass rem ained relatively constant ihroughout the 
year, as species com position íluciualed greatly, suggests 
ihat species w ithin íunctional groups com pensate for 
species {luctuations.

It is necessary to sorl out functionally im portant 
changes from redundant species “noise.” O n the fore 
reef of St. C roix (Fig. 10), seasonal changes am ong 
species were so great that it was im possible to describe 
it as having a characteristic dom inant species. However, 
at the íunctional group level, a clear pattern of íìlam en- 
tous and m icroalgal (i.e ., turf algal assem blage) dom i- 
nance was evident. These algae readily coexist with 
reef-building corals. In conlrast, m acroalgae com prised 
a m inor com ponent of this ílora and appeared only in 
w inler and spring. The ĩunctional d istinction betw een 
m acroalgae and the dom inant m icro- and Rlam entous 
algae is im portant. The algal turf assem blage was com - 
posed of species w hich have the 1 m ass-specific
productivity (i.e ., algal íunctiona' .s . I a n d 2 i n
Fig. 8A). Trophically, these alj’í! • = :icssupport 
very high levels o f grazing. Tli ■ i ' S  fìsh and
u rch in s ca n n o t d istin gu ish  SỊH V 'h e  d iverse
algal turfs, and thus no specics , possible
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SPECIES

1  Polysiphonia sphaerocarpa 
H Sphacelaria sp.
ẸH Herposiphonia secunda 
Ẹ2 Ostreobrium sp.
□  Polysiphonia subtilissima 
EỊỊ Peyssonnelia sp.
IU Taenioma macrourum 
n  Gelidium pusillum 
n Lophosiphonia crìstata
□  Ceramium nitens

FUNCTIONAL GROUPS 
AND ASSEMBLAGES

WINTER SPRING SUMMER FALL

SEASONS

FIGURE 10 Seasonal stabilitv of ihe 10 mosi abundant algal species (A) and ĩunctional groups (B) 011 a 
fore reef of St. Croix. Differences in ilic toial perceniage rcprcsenLed among seasons for species (A) and 
functional groups (B) resulted from ihe differení proponions of unidentitĩable components whcn samplcs 
were analyzcd al species vs lunctional group levels. Functional group numbers correspond to thc ones 
plotted in Fig. 8. Funciional groups were lurther combined into conimon tropical algal assemblages (i.c., 
crustose algae, turf algae, and macroalgac) (aíter Sleneck and Dcthier, 1994).

and there are no know chem ical deterrents wúhin 
this assem blage. Any of the Rlam entous algal species 
could have gone locally extinct (m an)' did seasonally) 
w ithout ĩunctionally changing the svstem. As such, 
many of the species within these functional groups 
are redundant.

Com pensatìon is also evident am ong ecologically 
equivalent functional groups of herbivores. In shallovv 
reef zones, the grazing effects from parrotfish and sea 
urchins are íunclionally sim ilar (Tahle II). They are 
both capable of grazing deeply into lim estone substrates 
and can control the structure of algal com m unities on 
reefs. Several studies have reported that deep-grazing

sea urchins and fish com pete and show com pensatory 
changes in relative abundance when one group is cx- 
cluded or removed. Hay (1984 ) found that reefs where 
íishing was important were dominated by sea urchin 
grazing, whereas with little fishing pressure reefs were 
dom inated by herbivorous fishes (e .g ., scraping and 
denuding Rshes in Table II). Subsequent studies at sev- 
eral locations in the Caribbean and Indian O ccan found 
that when urchins were removed experim entally or na(- 
urally due to a disease-induced mass m ortality, íish 
abundance and grazing increased as urchín abundance 
declined. In regions of the Caribbean traditionally hav- 
ing a relatively low abundance of Dictdema antillarum ,



another urchin , E ch in om ctra  viridis, was abundant and 
Bllcd D iad em as  functional role.

E. Ecosystem Insurance
Species diversity w ithin functional groups buffers eco- 
system s against species loss, but oíten there is “a thresh- 
old of change that will overwhelm  the damping effect 
o f biodiversity, w ith an associated break point of ecosvs- 
tem function to quite different levels” (Schulze and 
M ooney, 1994b , page 501 ). U níished reefs contain high 
w ithin-functional group diversity at several levels. 
There are several species of large carnivores (e.g., grou- 
pers and snappers), denuding herbivores (e.g., sur- 
geonRsh), and scraping herbivores (e.g., parrotíĩsh) 
thai, when abundant on reefs, control the reePs overall 
siructure and ỉunctioning. Fishing affects reefs by íĩrst 
rcm oving large-bodied carnivores and then herbivores. 
Recfs under particularly intense íìshing, such as in Ja- 
m aica, are left w ith few or very sm all [ishes. Com pensa- 
tory population increases in the sea urchin D. antilìarum  
probably occurred (Fig. 11), causing it to become hyper- 
abundant and the prime grazer of the reefs of Jam aica 
and elsew here in the Caribbean. Levitan (1 9 9 2 ) showed 
that D ia d em a ’s increasing role as a grazer throughout 
the Caribbean corresponded with increasìng human 
populations and associated fishing pressure. On many

Fishes
Several species within 
scraping and denuding 

herbivore íunctional gioups

Caribbean reefs this herbivore became the primary 
grazer w ithin the íunctional group of scraping herbi- 
vores (Table II). Arguably, the diversity within this 
functional group had decreased to One species (Fig. 
11). w h en  D. antilỉaru m  suffered a mass mortality in 
1983 , the “break po in t” had been exceeded and reef 
ecosystem s throughout the Caribbean collapsed.

F. Keystone Species to Functional Groups: 
Some Species Are More Equal 

Than Others
Som e species have a disproportionatelv great im pact 
on ecosystem s. H urlbert (1 9 9 7 ) noted, “The general 
íunctional im portance of a species [can be] detìned as 
ihe sum , over all species, o f the changes (sign ignored) 
in productivity w hich would occur on removal of the 
particular species from the [svstem ]” (page 3 6 9 ). Most 
com m unities and ecosystem s are dom inated by a few 
species that are both  abundant and im portant to that 
system (Fig. 12). The few tree species that dominate 
given ỉorests, corals that dom inate zones of reefs, and 
speciíìc grasses that com prise speciíìc prairies need not 
be functionally grouped to be easily understood. The 
loss of com m unity or ecosystem  dom inants has a large 
impact on natural system s. Diseases can elim inate dom-

C oral: Macroalgae
Highcoral abundance 

Low macroalgal abundance

Pristine Reef (<1492) 1980 1983 1990s
Time (years)

PIGURE 11 Temporal changes in Jam aica’s coral reeĩ ccosystem in coral to m acroalgal abundance relative 
lo herbivorous fish and sea urchin, D iaảem a antiỉỉarum . Aíter herbivorous íĩshes were extirpated by overfishing, 
grazing remained high due LO com pensatory increases in D iadem a  abundance. The reef ecosystein collapsed 
soon aíter the mass mortality of the urchin (see text) (adapted with perm ission from Done, Ecological 
criteria for evaluating coral reefs and their implications for managers and researchers, 1 8 3 -1 9 2 . ©  1995  
Springer-Verlag).



Dominants &

Functional Importance (impact on system productivity)

FIGURE 12 Functional im portance and abundance of species. The 
relatively low diversity of dọminant/íoundaiion and kevstonc species 
as well as the relatively low ecosystem importance oỉ rare organisms 
make these groups poorercandidates for funciional groupings (modi- 
fied from Hurlbert, 1997).

the ecosystem  will not change unless the ecological 
lunclion changes signiRcantly. In the end, the ecological 
íunclion , independent o f the diversity, mav be m ost 
im portant to the structure o f ecosystem s.

The utility of íunctional groupings relates directlv 
to the diversity of the system , com m unity , or trophic 
level of interest. It will be m ost useful in sorting out 
ihe íunctional im portance in  diverse system s am ong 
m oderate to very abundant organism (i.e ., the center 
o f Fig. 12). Functional groups lose their utility am ong 
the rare, dom inani, and keystone species (i.e ., the pe- 
riphery of Fig. 12). Not only is species diversity low at 
high trophic levels but also it is characteristically  low 
in certain stressed habitats, such as deserts, the rocky 
intertidal zone, estuaries, and high-altitude or high- 
latitude habitais. Functional group ulility  is likely to 
be greatest in diverse system s in w hich many species 
períorm  sim ilar ecological functions.

inant organism with im pacts registering throughout the 
system. American chestnut blight eliminated chestnuts 
from forests in eastern North Am erica. w h ite-band  dis- 
ease killed most o f the dom inant elkhorn and staghorn 
corals and a pathogen caused the D iadem a  decline in 
shallow Caribbean reeís. Rinderpest decimated wilde- 
beest populations in Aírica, and param oebae caused a 
mass m ortality of the green sea urchin in Nova Scotia. 
Each oi these dom inani or “foundation” (sensu  Dayton, 
1972) species underw ent a radical decrease in abun- 
dance, causing thcir respectivc ccosysiems to changc. In 
these cases, the functional im portance of these species is 
unquestioned.

Keystone species have been redetìned by Paine
(1 9 9 5 ) and Power et a l. (1 9 9 6 ) to include organisms 
that are íunctionally im portant but in relatively low 
abundance in  the system . Pathogens aside, this limits 
keystone species to apex predators. Classic keystone 
predators such as sea otters or the predatory sea star, 
Pisaster, are the only species in their system and thus 
deíine their ecological function. However, many sys- 
tems do not have an obvious apex predator. In conlrast 
with the marine system s of the eastern North PaciHc 
in w hich sea otters and P isaster  roam , the vvestern North 
Atlantic has n o  single a p e x  p r e d a t o r .  Top Coastal p re d a -  

tors include cod, haddock, hake, and wolffish. W hen 
all these top predators were extirpated sim ultaneously 
by overfishing, the system changcd. Thereforc, w hetber 
there is a single apex predator (i.e., a keystone species) 
or a functional group Rlling ihe same role matters litile. 
In other words, the ecological [unclion can be carried 
out by a single species or by a suite of species, but

VII. CONCLƯSIONS

Despite E arth s rem arkable biodiversity, the range of 
Punctionally different organism s is surprisingly low. 
Phyletic constraints on evolution relative to biom echan- 
ical litnits of what works in nature lim it the num ber of 
iunctional groups in any system to a m anagem ent level. 
In highly diverse ecosystem s there arc m any redundani 
species within [unctional groups. These redundancies 
provide a buffer against ecosystem  collapse should indi- 
vidual species within the group becom e rare or extincl. 
Ultim aiely, íunctional groups may provide a lovv-reso- 
lulion tool for accurately predicúng ecosystem  change. 
Research to improve how we identify and define func- 
tional groups is likely to increase our understanding of 
the structure and functioning of natural com m unities 
and ecosystem s.
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GLOSSARY

ectom ycorrh iza (pl. ectom ycorrhizae; adj., ectom ycor- 
rhizal) Part o f a m utualistic relaúonship betw een a 
fungus (usually a basìdiom ycete, bu t som etim es an 
ascom ycete) and a host plant in w hich hyphae aggre- 
gate as an extra surĩace around roots of the plant, 
aiding nutrient transíer betvveen the plant and 
fungus.

end om ycorrhiza (pl. endom ycorrhizae; adj. endomy- 
corrhizal) Part o f a m utualistic relationship between 
a ỉungus (a zygom ycete) and a host plant in which 
no sheath is formed. N utrient transfer occurs with 
the aid of highly branched  arbuscules. 

exoen zy m es D igestive enzym es excreted by íungi into 
the environm ent to digest m aterials externally. 

íru itin g  body Sexual reproductive structure of a 
fungus.

1 \vww. wisc.edu/boianv/fungi/volkmyco.html

fungus A m em ber of the kingdom Fungi. M em bers of 
this kingdom  are heterotrophic (requiring a pre- 
íormed organic source, i.e., not able to make their 
own food), eukaryotic, have walls o f chitin , and re- 
produce by m eans of spores. 

karyogam y Fusion  of nuclei.
m ushroom  V ernacular word for a large, fleshy íruiting 

body consisting of a cap with gills or pores on the 
undersurface (or som etim es flat or with teeth or 
folds), usually on a stalk, and producing sexual 
spores. The term  is usually reserved for m em bers of 
the Basidiom ycota. 

m utualism  Two organism s living together for the mu- 
tual beneíĩt o f both. 

m ycelium  (pl. m ycelia) Vegetaúve tUamentous body 
of a fungus; mass of hyphae from  a single individual. 

parasite O rganism  that obtains its nutrition from  a 
living host, and in so doing harm s the host. 

plasm ogam y Fusion  of the cytoplasm  of two cells. 
spore O ne- to several-celled propagule of totipotent 

cytoplasm  with cell walls, produced by cell division 
w ith concom itant m eiosis or m itosis, that may serve 
for dispersal or overseasoning, but that does not 
contain an embryo. 

substrate M aterial or host from  w hich a fungus derives 
its nutrition.

toadstool vernacular nam e for a poisonous m ushroom .

w H EN  SOM EO NE M EN TIO N S “FƯ N G I” ỵ ou  may 
think im m ediately of m ushroom s on pizza or maybe

Encveỉoprdiạ o f  Biociiversity , V’olum.t' .3
G opvnght. ©  2001 bv A cadem ic Press. All rights o f reprocluciion in any form reserved.



moldy food in your reírigerator. But in  fact fungi are 
everywhere and affect our lives every day, from edible 
m ushroom s to industrially im portant products to plant 
helpers, plant pathogens, and hum an diseases.

I. INTRODƯCTION

M any fungi are detrim ental in causing a large num ber 
of plant diseases that result in the loss o f b illions of 
dollars worth of econom ic crops each year. They also 
cause a num ber of animal diseases, including many 
hum an maladies. On the other hand, there is a long 
and rapidly growing list o f useful fungi. Fungi have 
been used in the preparation of foods and beverages 
for thousands of years, and there are many m ushroom s 
that are edible. Industry has used other fungi in the 
m anufacture of many valuable organic com pounds, in- 
cluding organic acids, vitam ins, antibiotics, and hor- 
m ones. They have been used in the research laboratory 
to study m etabolic pathways, m ineral nutrition, genet- 
ics, and a variety of other problem s. But perhaps their 
greatest contribution has been, and continues to be, 
their role in recycling carbon and other essential ele- 
m ents in the ecosystem . Because all íungi are heterotro- 
phic (see Section V ), they rely on organic m alerial, 
either living or dead, as a source of energy. Thus, many 
are excellent scavengers in nature, breaking down dead 
anim al and vegetable m aterial into sim pler com pounds 
that becom e available to other m em bers of the eco- 
system.

“M ycology” com es from the Greek words m y h os , 
w hich means “fungi,” and “-logy,” w hich m eans “the 
study of.” M ycologists study m any aspects o f the biology 
o f fungi, usually starting with their system atics, taxon- 
omy, and classiíìcation, and continuing on to their phys- 
iology, ecology, pathology, evolution, genetics, and m o- 
lecular biology. There are quite a few aspects o f applied 
m ycology, such as plant pathology, hum an pathology, 
ferm entation, m ushroom  cultivation, and many other 
fields.

II. WHAT ARE FƯNGI?

A. Characteristics of Fungi That Separate 
Them from the Other Kingdoms

The m ost signiíìcant characteristics o f fungi that place 
them  apart from  the plant, anim al, and other kingdom s 
are the following:

• Fungi are eukaryotìc.

• They are nonvascular organism s, m eaning they 
have no specialized transport tissues.

• M ost reproduce by m eans of spores, usually wind- 
dissem inated, and occasionally by insects in som e 
species.

• Both sexual (m eio tic) and asexual (m ito tic) sporcs 
may be produced, depending on the species and 
conditions.

• Fungi are typically not m otile, although a few le.g ., 
chytrids) have a m otile phase.

• Like plants, sexually  reproducing fungi have an al- 
ternation of generations, although the generations 
may be different from  those of plants.

• The fungal vegetative body may be unicellular 
(yeasís) or, m ore ofien , composed of m icroscopic 
threads called hyphae.

• Fungal cell w alls are sim ilar in structure to those of 
plants but differ in chem ical com posiúon— tungi 
cell walls are com posed mostly of ch ilin , which arc 
/3-1,4 linkages of n-acetylglucosam ine. In contrast, 
plant cell walls are com posed m osily of cellulose, 
w hich are /3-1,4  linkages of glucose. Many plants 
also contain lignin in their secondary wa]ls.

• Pungal cytoplasm ic ultrastructure is broadly sim ìlar 
to that o f plant cells, b u l differs signiíìcantly in thc 
kinds of organelles and their structures.

• Fungi are heterotrophic (i.e., “other feeding” in 
that they m ust feed on preíormed organic rnate- 
ria l), not autotrophic ( i.e., “self-feeding” in that 
they make their ow n food by photosynthesis, like 
m ost plants and algae).

• Unlike anim als (w hich  are also heterotrophic), 
w hich ingest and then digest, íungi firsl digest and 
then ingest. Fungi produce exoenzym es to accom - 
plish this.

• M ost fungi store their food as glvcogen (like ani- 
m als)— plants store [ood as starch.

• Fungal cell m em branes have a unique sterol, ergos- 
terol, w hich replaces the cholesterol found in mam- 
m alian cell m em branes.

• The lysine b iosynthesis pathway in íungi is dif- 
ferent.

• The m icrotubule protein  formed during nuclear di- 
vision is different from  that of all other organism s.

• M ost fungi have very small nuclei, with little repeti- 
tive DNA, usually w ith few chrom osom es.

• M itosis and m eiosis are generally accom plished 
w ithout d issolution o f the nuclear envelope.

There are about 7 0 ,0 0 0  named species of fungi and
this is believed to be about 5% of the total num ber of
species that exist in nature. If this is the case, 95%  of



all fungal species are unknow n to S c ie n c e  and do not 
yei have names!

In the outdated tw o-kingdom  system , fungi were 
included in the plant kingdom , as were alm ost all walled 
organisms that are not motile. ĩn alm ost all system atic 
schem es today, the heterotrophic and eukaryotic íungi 
are placed in their own kingdom , cleverly called ihe 
kíngdom Fungi.

The eukaryotes, organism s w ith nuclei and m em - 
brane-bound organelles, can be divided into five king- 
doms: Fungi, Plantae, Anim alia, Protista, and Stram eno- 
pila. Recent DNA evidence suggests ihat fungi are m ore 
closely related to the anim als than to plants. Prokary- 
otes, w ithout nuclei and m em brane-bound organelles, 
include the Bacteria and the Archaea.

As with all taxonom y, the nam es o f various taxa of 
fungi each have a speciíic ending that refers to their 
taxonom ic level. The fungal kingdom  has its ow n end- 
ings for many taxa; these include the suĩíĩx  -m yc. It 
is of considerable advantage to be íam iliar w ith these 
endings so that one know s im m ediately what taxonom ic 
level is being referred to when confronted  with a partic- 
ular name. The nam es of íungi are “regulated” by the 
International Code of Botanical N om enđ atu re, and thus 
endings for the order and family levels are the same as 
tliose of plants (Table 1).

B. Fungal Roles in the Ecosystem
L.ack of chlorophyll proloundly affecls the liĩeslyle o f 
fungi. Sincc ihey are not dependent on light, ihcy can 
occupy dark habitats and can grow in any direction, 
The exoenzym es allow them to invade the in terior o f 
a substrate w ith absorptive Rlaments. Fungi may gain 
thcir nutrition from dead organism s, in w hich case they 
are called saprophytes. Som e fungi derive their nu trition  
from living organisrns; these are callecl syrnbionts. Sym - 
b ionts can be further divided on the basis o f w hether

TABLE I

Taxonom ic Endings for the Fungi

Taxonom ic
level

Taxonom ic
ending

w h ite button 
pizza mushroom The morel

Do ma in Eukarya Eukarya Eukarya

Kingdom Fungi Fungi Fungi

phy lum -m ycota Basìdiomycota Ascomỹcota

Class -m ycetes Hvmenomycetes Discomycctes

Order -ales Agaricales Pezizales

Family -aceae Agaricaceae Morchellaceae

Genus — Agaricus M orcheỉỉa

Species — Aịịaricus bisporus M orcheỉĩa  escu ỉen ta

or not they harm  their hosi. Parasites cause harm to 
the host, whereas m utualists engage in a reciprocally 
beneficial associatìon with their host. These categories 
are further descrihed in Section V.

c. Importance of Studying 
Fungal Biodiversity

Fungi affect hum an lives in many and varìed ways, so 
it is im portant to know som ething about the fungi to 
be able to control or exploit them  for our own purposes. 
F o r exam ple, more than 90%  of know n fungal species 
have never been screened for antibiotics or other useful 
com pounds. However, even more im portant is the role 
that fungi play in the ecosystem . They are a vital part 
o f the links in the food web as decom posers and patho- 
gens and are im portant in grassland and forest ecosys- 
terns alike. Fungi have many different kinds of associa- 
tions w ilh other organism s, both living and dead. To 
learn m ore aboul the im pact that fungi have 011 our 
lives, we m ust learn a lot more about them.

Many fungi are harm íul to human interests. They 
can cause hum an disease, either directly or through 
their toxins, including m ycotoxins and m ushroom  poi- 
sons. They can also cause diseases o f plants and animals 
(e .g ., crops, fruit trees, farm anim als). Very often fungi 
cause rol and contam ination o f foods— most o f us prob- 
ably have som ething green and moldy in the back of 
our refrigerator right now. They can destroy almost 
every kind o f m anufactured good, w ith the exception 
of som e plastics and som e pesticides.

On the other hand, many fungi are very useful to 
hum ans. O f course, there are many edible mushroom s. 
Yeasts have been used for baking and brew ing for many 
m illennia. A ntibiotics such as penicillin  and cephalo- 
sporin are produced by fungi. The immunosuppressive 
a n t i r e je c t i o n  t r a n s p la n t  d r u g  c y c l o s p o r i n  is  p r o d u c e d  

by the ascom ycete T oỉypoclad ium  inỊlatum. Steroids and 
horm ones— and even birth control pills— are com m er- 
cially produced by various fungi. Many organic acids 
are also com m ercially  produced with fungi, for exam- 
ple, c itric  acid in  cola and other soda pop products 
is produced by an A spergiìlus species. Some gourmet 
cheeses such  as Roquefort and other blue cheeses, brie, 
and cam em bert are ỉerm ented w ith certain Penicillium  
species. Stone-w ashed jean s, strange as it sounds, are 
soĩtened by T richoderm a  species. There are likely many 
more potential uses that have not yet been explored.

Fungi are also im portant experim ental organisms. 
They are easily cultured, occupy little space, multiply 
rapidly, and have a short life cycle. Since they are eu- 
karyotes and m ore closely related to animals, their study 
is more applicable to hum an problem s than is the study



of bacteria. Fungi are used to study raetabolite path- 
ways, to study growth, developm ent, and differentia- 
tion, for determ ining m echanism s of cell division and 
developm ent, and for m icrobial assays o f vitam ins and 
am ino acids. Fungi are also im portant genetic tools; 
the “one gene one enzyme” theory in N eu rospora  won 
George w. Beadle and Edward L. Tatum  the N obel 
Prize for Physiology or M edicine in  1958. The íìrst 
eukaryotic genom e to have its DNA sequenced was that 
o f the bakers’ and brew ers’ yeast, S accharom yces cere- 
visiae.

B. Exoenzymes and the 
Heterotrophic Liỉestyle

Exoenzym es are the m ost im portant reason why fungi 
are so successful. Fungi excrete exoenzym es at the tips 
o f the growing hyphae into their surrounding environ- 
m ent, where they play a m ạjor role in  breaking down 
the substrate. Sim pler m olecules can then m ove in to 
the hyphae by diffusion.

III. HOW FUNGI GROW

A. Biology of Hyphae and Yeast Forms
A íungus is m ore than ju st the visible m ushroom  struc- 
ture. In fact the m ushroom , m ore properly called a 
íruiting body, is a very small portion of the individual 
life cycle and is mainly used for reproduction. The 
m ajor portion of the life cycle, or the vegetative growth 
form , in the great m ajority of fungi consists o f a system  
of threadlike, walled, more or less cylindrica] hyphae 
(singular, hypha) m aking up w hat is called a m ycelium  
(plural, m ycelia) (Fig. 1). The Ascoinycota and Basidio- 
m ycota have crossw alls called septa (singular, septum ) 
separating com partm ents o f the m ycelium . An excep- 
tional group is the yeasts, vvhich consist o f about 8 0 0  
species that have a single-celled vegetative form. Note 
that yeast is a m orphological term and has no taxonom ic 
signiíìcance; yeasts and yeastlike form s can be found 
in all o f the fungal phyla.

IV. REPRODƯCTIVE BIODIVERSITY 
OF FUNGI

A. Fungal Life Cycles
The m ajor events o f any sexual life cycle are plasmog- 
amy (cell and protoplast fusion), karyogamy (nuclear 
fusion), and m eiosis (Fig . 2). In m ost other familiar 
types of organism s, such as plants and anim als, plas- 
rnogamy and karyogam y occur in rapid succession and 
are usually reíerred to as the single event o f fertilization. 
In the lungi, hovvever, plasmogamy and karyogamy may 
be separaied in tim e by several m inutes, several hours, 
several days, several years, or even several centuries! 
Thus the dikaryon, the n +  nstage, is a m ajor com ponent 
of the life cycle o f fungi, especially in the Basidiom ycota 
and Ascom ycola. N uclear cycles o f all the m em bers of 
the various phyla can be placed w ithin this generalizetl 
nuclear cycle, differing mainly in the am ount of time 
spent in each o f the phases.



Generaỉized Nuclear Cycle o f Fungi

Gametes or
gametic _____

n (haploid) nucièi (n) ^  n (monokaryon)

M eiosis Plasmogamy

............ \  ]  „
2n (diploid) ẳ j f ^  n+n (dikary ° n)

Zygote <(Ịr Karyogamy 
or zygotic nucleus

“ (2n)

FIGURE 2 Generalized nuclear cycle íor íungi.

Besides this sexual cycle, many fungi, com m only 
ealled m olds, can also reproduce asexually (m itotically) 
in the absence o f m eiosis and karyogamy. M any of them 
produce specialized structures thai bear the asexual 
spores. As in m uch of biology, there is som e “com pet- 
ing” term inology h e r e — th e  a s e x u a l  S tate  is also know n 
as the anam orph or m itosporic Sta te . A sexual reproduc- 
lion can take place at any point in the life cycle (haploid, 
diploid, or dikaryon), depending on the species and 
conditions. The sexual S ta te  is also know n as the tel- 
e o m o r p h  or m eiosporic State.

B. Phyla of Fungi
Based prim arily on variation in their sexual reproduc- 
tive structures, the kingdom  Fungi is usually divided 
into four m ajor phyla.

• Chytridiom ycota— sexual and asexual spores are 
m otile, w ith posterior ílagella.

• Zygom ycola— sexual spores are thick-w alled rest- 
ing spores called zygospores, and asexual spores 
called sporangiospores (w hen present) are borne in- 
ternally in structures called sporangia.

FIGƯRE 3 Rhizopus sporangia.



• A scom ycota— sexual spores (ascospores) are borne 
internally in a sac called an ascus, and asexual 
spores called conidia (w hen present) are borne ex- 
ternally on structures called conidiophores.

• Basidiom ycota— sexual spores (basidiospores) are 
borne externally OĨ1 a club-shaped structure called 
a basidium ; m ost species do n ot have asexual 
spores, but w hen present they often take the form 
of conidia.

There is an additional group, the deuterom ycetes, 
or “Fungi Im períecti,” for which there is no know n 
sexu al State. Its  m em b ers have affin ities  to m em b ers o f 
at least three of the phyla, especially the Ascom ycota.

1. C hytridiom ycota

The Chytridiom ycota, com m only called the chytrids, 
are a group of m ostly w ater-inhabiting organism s, al- 
though some are plant pathogens. In aquatic environ- 
m ents they m ostly form scanty íilam enis with sporan- 
gia. Som e exam ples of the Chytridiom ycota are 
A llom yces, a water m old, Synchytrium  endobioticum , a 
pathogen of potato, and N eocallim astix , a chytrid ihat 
lives sym biotically in the gui of herbivores, such as 
cattle. B atrachochytriu m  den drobatid is  and possibly 
other chytrids have been im plicaleđ as an iníection  
associated with the worldwide decline in frog popula- 
tions.

2. Zygom ycota

Com m only called the bread m olds, the Zygomycota are 
terrestrial fungi whose íruiting bodies are m ostly m icro- 
scopic in nature, although their asexually produced spo- 
rangia can reach greater than 5 cm tall in som e species

FIGURE 5 M orcheìla escu lenta, the morel, a prime edible mushroim. 
See also color insert, Volume 1.

(Fig. 3 ). Under certain conditions they m ay sexually p o - 
duce thick-w alled resting spores called zygospores (ĩig. 
4 ). Som e, such as R hízopus, M ucor, and Phycom yces, tan 
grow on a wide variety of substrates, and a few can ac as 
hum an pathogens. M ost im portantly, m em bers ot cne 
order, the Glom ales, are responsible for form ing m utial- 
istic associations called endom ycorrhizae w ilh the rcots 
of about 70%  of the w orld’s plants. Ectom ycorrhúac 
(from  Basidiom ycota and A scom ycota) form with in- 
other 20%  of plani species. See Section V ,D ,1 for furtier 
d iscussion of mycorrhizae.

3. A scom ycota

The Ascom ycota bear their sexual spores (ascospons) 
in sacs called asci, vvhich are usually cylindrícal. M;ny



m cm bers also form conidia as asexual spores. Fam iliar 
m cm bers of this phylum  include the m orels and other 
cup and saddle fungi, powdery mildews, the industrial 
yeust S acch arom y ces c erev is ia e , the incitant o f chestnut 
hlight (C ryphon ectria  p a ra s it ic a ,) the cause o f D ulch 
(,'hn disease (O phiostom a u lm i), and a variety of oiher 
plant pathogens (Figs. 5 and 6 ).

4 . B a s id io m y co ta

The Basidiom ycota bear their sexual spores externally 
on a usually club-shaped structure called a basidium, 
vvhich is oíten borne on or in a ừuúing body called a 
basidiocarp or basidiom e (Fig. 7). This phylum  inđud es

KKÌURE 7 Basidium showing two of the four basidiospores produceđ 
hv meiosis and pinching off of ihc spores from the basidium.

the w ell-know n m ushroom s, both edible and poison- 
ous, as well as puffballs, shelf fungi, je lly  fungi, and 
coral íungi (Fig. 8 ). These species that produce fruiting 
bodies exhibit various m eihods of increasing their sur- 
íace area, as discussed in Section IV ,c .

The Basidiom ycota also contain perhaps ihe most 
im portant plant pathogens, the rusls and the smuts. 
These lungi do not produce m acroscopic íruiting bod- 
ies, but instead bear their spores on the stem s, leaves, 
and flowers of host plants. Hovvever, rem em ber that 
the m ycelium  is internal and “sucks” the nutrients out 
of the plant. Effects on the plant range from a reduced 
yield to death. Rusts in parúcular have very com plicated 
life cycles, often requiring two unrelated host species 
to com plete their growth stages.

5. “D euterom ycetes,” the Fungi Im períecti

The deuterom ycetes, com m only called molds, are “sec- 
o n d -c la ss” íu n g i that have n o  k n o w n  sexu al Slate in  
their life cycle, and thus reproduce only by producing 
spores Via m itosis. About 90%  o f these have affìniLies to 
the Ascom ycota. Most food spoilage and fungal human 
diseases are caused by m em bers of this group (Figs. 9 
and 10). They are also know n as the fungi im períecti, 
because of their “im perfect” lack of sex. W hen the “per- 
fect State” o f  o n e o f  these  o rg an ism s is d iscov ered , as 
happens every year, the fungus is m ore properly classi- 
fied with the teleom orph name. N otice that this group 
is not classiíìed  as one o f the phyla. lt  is ju s t a loose 
assem blage of organism s that we are not sure where to 
place accurately  in the taxonom ic order.
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F1GURE 9 Ạ spergillus  conidia. See also color insert, Volume 1.

6. E xclu d ed  T axa: Form er Members of the 
K ingdom  Fungì 

The organism s included here were once considered to 
be true fungi, but havc been excluded because they do 
not exactly fìt our m odern classiBcation schem e of the 
true fungi. They are now considered to belong in other 
kingdom s, such as Protista or Stram enopila.

a. Oornycota: W ater Molds 
and Downy Mildews

The O om ycota have been excluded from the kingdorn 
Fungi prim arily because their cell walls are made of 
cellulose rather than chitin . They also have swimming 
zoospores, large nuclei, large. egglike oospores, and vari- 
ous other unfungal-like íeatures. They are closely re- 
latcd to the algae, sim ply lacking chloroplasts, and are

now placed in ihc kingdom Stram enopila (or Proústa 
according to SOI11C authors). Ecologically many of its 
members act like íungi, especially the plant pathogens. 
P hytophthora inỊcstans causes a disease called late blight 
o f potato, which was the cause of the Irish potato fam ine 
in the 1840s, in vvhich m ore than a m illion Irish  people 
perished and another m illion emigrated. The dow ny 
mildevvs P enm ospora p aras itica  and P ỉasm op ara  v itico ỉa  
cause diseases of m em bers of the cabbage fam ily and 
of grapes, respectively. Pythium  species cause dam ping- 
off disease of seedlings in agricultural practice. How- 
ever, many other species are innocuous saprophytes 
that decompose debris in water. A few of these so-called  
\vater molds (some species o f S apro legn ia  and A ch ly a ) 
are opportunistic fish parasites, especially in  aquarium s 
and fish hatcheries (Figs. 11 and 12). They are a particu- 
lar problem in trout and salm on hatcheries.

b. Myxomycota: True Slim e Molds

The M yxom ycola are the true slime m olds, also knovvn 
as the plasmodial slime m olds, and are considered m em - 
bers of the kingdom Protista. They exist in  nature as a 
plasm odium — a blob of protoplasm  w ithout cell walls 
and only a ccll membrane to keep everything in (Fig. 
13). It is really nolhing but a large am oeba and feeds 
m uch the same waỵ, by engulRng its food (m ostly  bacte- 
ria) w ith pseudopodia, in a process called phagocytosis. 
So the slime mold ingests its food, then digests it. True 
fungi have a cell wall and digest their food w ith exoen- 
zymes before ingcsting it. w h e n  the plasm odium  runs 
out of food ii can lorm fruiting bodies. M ost slim e m old 
fruiting bodies are quite sm all, 1 - 4  mm in height, but



FIGURE 13 Plasmodium of a slime mold. See also color insert, Volume 1



so me can be up to 25 cm in diam eter (Fig. 14). In such 
cases a large plasm odium  may be seen cravvling along 
ihe  g r o u n d ,  i n s p ir in g  S c ie n c e  í ì c t i o n  m o v i e s  s u c h  as 

“The B lob.” These slim e molds have been traditionally 
studied by m ycologisls because their sm all, delicate 
íruiting bodies lend to be fungal in appearance. M ost 
slime m old ừuiting bodies are quite beautiíul.

c. Dictyosteliomycota: Cellular Slime Molds

The D ictyosteliom ycota are the cellular slim e molds or 
“social am oebae” and are am ong the m ost bizarre of 
m icroorganism s. These m em bers of the Protista are free- 
living am oebae wíth no cell walls, indistinguishable 
from garden-variety am oebae until ihey begin to run 
out of food. At that point they signal to one another 
using cyclic AMP (a sm all nucleotide m olecule) and 
bcgin to aggregate to form a “slug” or pseudoplasm o- 
dium. This slug, com posed of hundreds of am oebae, 
acts as a single organism  and can actually migrate along 
a light or temperature gradient. Eventually the slug 
stops m igrating, rounds up, and lorm s a sorus, a kind 
oí sporangium  containing spores on a stalk. Not all
oi the cells becom e spores; som e of them  “sacriíìce” 
them selves to becom e stalk cells to raise the spores up 
into the air íor a better position for wind dispersal. So 
formerly free-living organism s act like a single organism 
lor the good of the species. Very strange indeed!

d. Plasmodiophoromycota: Endoparasilic 
Slime Molds

The Plasm odiophorom ycota are an odd group of endo- 
parasites that live alm ost their entire life cycle inside a

cell of another organism. They lack cell walls in ihe 
assim ilaúve  State and re p ro d u c e  b y  means o f  sw im m ing 
spores, the only part of their liíe cvcle that does not 
occu r inside a cell. P lasm od iophora  brassicae  causes club 
ro o t in  c ru c iĩe rs , and  Spongospora su b te r ra n e a  cau ses 
powdery scab of potatoes. Scientists really do n ot know 
where to place these organism s taxonom ically; they 
have been allied with the O om ycota, the M yxom ycota, 
or various other protists, but in reality they are not 
closely related to any other know n group o f organ- 
ism s. No one is even sure what kingdom  to place 
them  in!

c. Suríace Area 
and Reproduction

Many íungi have very specialized habitats. For exam ple, 
the basidiom ycete Suiỉỉus am erican us  can grow only in 
association with the eastern white pine, Pinus strobus. 
To infect a new white pine, the im m obile m ycelium  of 
the íungus m ust produce spores to move to a new host. 
These spores are carried hy the winđ, not by some 
speciíìc insect or other anim al vector. Thus the íungus 
m ust produce enorm ous num bers of spores so that a 
few of them will land on the “correct” substrate. The 
underside of the Suilỉus m ushroom  has small pores that 
are lined with m icroscopic spores. This increases the 
suríace area for bearing spores by more than 100 times. 
More com m only, m ushroom s have gills underneath ihe 
cap to increase suríace area. O ther fungi increase their 
suríace area by form ing upright coral-like branches, 
vvhereas others form dow nward-pointing teeth or spines

P1GURE 14 (A) L ycogaìa  cpidcndrum , (B) C om atricha  typhoides, (C ) B adham ia  
u trícu laría , (D) Diclydium caiưcììatum .
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ÍFig. 15). O thers (not shovvn) have blunt ridges and 
some have folds, and some increase ihe time of sporula- 
tion rather than the spore-bearing physical space. Anal- 
ogous suríace area m odiíìcations are made by m em bers 
of other phyla of íungi.

V. FƯNGI IN THE ENVIRONMENT

Fungi occupy m any different niches in  the environ- 
mcnt, although any one species usually occupies only 
a single niche. M any niches have not yet been explored 
íor fungi, w hich is the m ajor reason why m ycologists 
believe there are high num ber of íungi yet to be discov- 
ered. Fungi can be divided into groups based on their 
m itritional status and the nature of their relationship 
with their host. Saprophytes use nonliving organic ma- 
terial and are im portant scavengers in ecosystem s. 
Along with bacteria, fungi are im portant in recycling 
carbon, nitrogen, and essential m ineral nutrients. Para- 
sites use organic m aterial from living organism s, harm - 
ing them in som e way. Theìr hosts range from single- 
celled diatom s to other fungi, plants, anim als, and 
hum ans. Fungi are the m ạịor parasites (pathogens) o f 
plants. M utualisis are fungi that have a reciprocally 
heneficial relaúonship  with other living organism s, in 
vvhich boih  organism s beneíìt. The two m ain types of 
m utualistic associations involving fungi are m ycorrhi- 
zae, w hich are associations of fungi with plants roots, 
and lichens, w hich are associations o f íungi with algae 
or cyanobacteria There are also a few com m ensal lungi 
that use Olher organism s as merely a place to live; these 
fungi derive no nutrition  from their host.

A. Fungi as Saprophytes
Along with bacteria, fungi are the m ajor decom posers 
and recyclers in  the environm ent. For every sort of dead 
material present, ihere is usually at least one fungus 
that can degrađe that maierial. A few exceptions include 
som e pesticides and som e types o f plastics; no fungi 
have yet developed exoenzym es capable o f digesting 
thcse synthetic m aterials. Fungi are im portant in  break- 
ing down carbon- and nitrogen-containing com pounds 
in to com ponents that they and other organism s can 
use. Fungi are especially im portant in the breakdow n 
o f the wood com ponents cellulose and lignin (discussed 
in Section V I,F ).

B. Fungi as Plant Parasites
A bout 90%  of plant diseases are caused by fungi, re- 
sulting in b illions of dollars in crop and forest losses

each year. A parasite is reĩerred to as a pathogen if it 
elicits a recognizable and persistent disease. The most 
severe pathogens are those that are imported acciden- 
tally from other continents and that cause severe prob- 
lem s vvith the naiive populations and cultivated plants. 
The severily of anv plant disease is determined by three 
íactors, knovvn as the disease triangle, consisting of the 
interaction of the host (conditions íavoring susceptibil- 
ity), pathogens (conditions affecting virulence), and the 
environm cnt (conditions favoring disease)(Fig. 16). All 
three factors must work in conjunction to produce a 
disease and determine its harshness.

1. Fungi in Crop Pathology

The Science of plant pathology deals mostly with organ- 
ism s, especially fungi, that cause plani disease. Plant 
diseases are generally classiíĩed on the basis o f what 
kinds of symptoms occur in whìch part(s) of the plant 
(Table II). Some im portant fungal pathogens of crop 
plants include Puccinia gram in is  (black stem rust of 
w heat), E rysiphegram in is  (powdery mildew of grasses), 
C lav iceps purpurca  (ergot), and U stilago m aydis  (corn 
sm ul).

2. Fungi in Porest Pathology

There have been a num ber of fungal diseases o f forest 
trees that. have caused great problem s in North America 
(Table III). Forest pathogens often need a longer time 
to kill their larger, perennial hosts, som etim es living 
inside the iree for several decades beíore the host fi- 
nally succum bs.

C ryphonectria paras itica , O phiostom a ulmi, and Dis- 
cu la  destructiva  are introduced pathogens that have dev-

H O S T
FIGURE16 The disease triangle, showing the three ĩactors that deter- 
tnine the disease sevcrity.



TABLE II 

Typ.es nf Planl Diseases

Typc of disease Syinpioms

Blight Extensive necrosis and rapid dcath

Dicback Dead branches protruding from apparcntlv heallhy tissue

Lesion Localized cell dcalh

Canker Lesion on a woody slem

Rot Exlensive decay of tissue

Vascular will Blockagc oi the vascular iransport sysiem, resulting in starvation or disiccation

Gall Localized lumorlike growth

Stunting Reduction in overall growth size

Rusts Rusi-colored lesions OI1 various parts of ihe plani

Smuts Drastic malíormalions, usually ot reproductive parls

astated iheir hosts in North Am erica. In their native 
Asia, these pathogens coevolved vvith their hosts and 
caused them  only m inor annoyance. However, when 
they w ere accidentally introduced into North America, 
either on live plants or on logs for sawing, the fungus 
escaped and subsequently devastated the North Am eri
can tree species because ihere was not enough time 
for the host to develop resistance. C ronartium  ribicola, 
C era to cy stis Ịa g a cea ru m ,  and A rm illaria  species are na- 
tive Am erican íungi, but ihey cause severe diseases 
nonetheless. A good pathogen does not kill its hosl 
right away, but keeps it alive as long as possible lo 
continu e deriving nutrients from it.

c. Fungi as Animal Parasites
1. Fu ngi Affect H um ans

Fungal effects on humans are classiíìed by vvhether they 
can  grow  on ihe body (m ycoses) or vvhether they cause 
problem s by their ingeslion. M ycetism us reíers to the

eating of poisonous m ushroom s, and m ycotoxicosis rc- 
fers to the ingestion of toxins produced by the íungus, 
not involving eating ihe fungus itselí. M ycoallergies 
may be a separate category.

a. M ycosis: Fungi G row ing D irectly  
on Human T issu es

There are a num ber of fungi that can grow directly on 
hum an tissue. M osl ol them require som e debilitation 
of host deĩenses, especially the im m une system. Pungal 
diseases have gained in im portance over the last couple 
of decades because of increases in the num bers of such 
patients, including ihose with AIDS, people on corlico- 
steroid therapy or im m unosuppressive drugs (such as 
the iransplant drug cyclosporin), diabetics, and people 
undergoing chem otherapy treatm ent ior cancers.

A bout 175 hum an palhogens are recognized am ong 
the approxim ately 70 ,0 0 0  know n species o f fungi. 
Around 20  are regularly isolated from cutaneous inlec- 
tions (derm atophytes and yeasts), a dozen are associ- 
atecl w ith severe subcutaneous localized disease, and

TABLE 111 

Some lmporlant Forest Pathogcns

Pathogen Disease

C ryphon ecư ia  parasitica chestnut blight

O phinoslom a  ulmi Dulch clm cliscase

Discula ílcstmclivci Dogvvood anlhracnose

Crontirilnm rihicoỉa vvhitc pine blister rusi

C era locv it is  /agacccimm Oak vvilt

A rm iììarici spp., espccially A. mcUea and A. ostoyac Anniỉlaria rooi rot



about 20  may cause system ic in íections (Table IV). In 
acUlition, there are m any opportunistic pathogens that 
cause disease in debilitated or immunosuppressed 
palients.

Probably the most com m on fungal iníection in North 
Am erica is yeasi infection, causeđ by C andida alb icans. 
This yeast can grow on outside portions of the skin or 
in any area of the body that is moist and warm. It is 
espeđally prevalent in  the genital area of women. Oddly 
enough C an dida  is part of the norm al flora of the body 
and can be isolated from alm ost everyone at any time. 
Only w hen conditions get oul o f balance does the yeast 
ílourish and cause disease. However, the system ic true 
palhogens are the m ost feared, since they do not require 
a debilitation of the host defenses to becom e patho- 
genic. These dim orphic íungi get around host defenses 
by changing their form from a m ycelium  to a yeast 
upon change in tem perature, thus evading even the 
healthiest o f im m une systems. Fortunately they are all 
geographically restricted. (see also Rippon, 1988.)

b. Mycetismus: Eating Poisonous Mushrooms

O f the 7 0 ,0 0 0  species o f fungi, there are about 250 
species o f delicious edible m ushroom s and about 250 
species that will kill you. M ost of the other species 
are innocuous or unpleasanl lasting. Some people call 
poisonous m ushroom s “toadstools,” a word probably 
derived from  the o!d G erm an Todstuhle  for deaih chair. 
But how can you tell the difference? There is no easy

way to tell íf a m ushroom  is poisonous. Old wives’ or 
old husbands' lales ahout silver spoons or vvhelher il 
grows on wood or w hether anim als eat the m ushroom s 
do not work! The only way to be sure if a m ushroom  
is edible is to id e n tiĩy  it to species by C o n su ltin g  books 
or knowledgeable persons. The old saying is “there are 
old m ushroom  hunters, and there are bold m ushroom s 
hunlers, but there are no old, bold m ushroom  h u nters.” 
The best way to learn about edible m ushroom s is 10 

jo in  a local m ushroom  club. Do an internet web search 
for the North Am erican M ycological A ssociaúon for a 
list o f these clubs. (N O TE: The pictures and descríp- 
tions in this article are NOT adequate to identify m ush- 
rooms for ealing. W e have a report of a woman who 
nearly died from eating wild m ushroom s that she identi- 
fied only from an encyclopedia drawing. D on’t let this 
be you! Be absolulely sure of your identiíĩcations!)

As shown in Table V, unrelated species in various 
genera may contain the same toxin, and one or m ore 
toxin groups may be found in the same genus. To com - 
plicate things further, many genera contain both poi- 
sonous and nonpoisonous species, although several 
genera are m ore or less hom ogeneous with respect to 
poisoning ability. Most species o f fungi have nol yet 
been analyzed íor toxins. Evidence suggests that m ush- 
room toxins have not evolved for protection. For exam - 
ple, \vhat good does it do a m ushroom  such as A m anita  
v irosa , knovvn as the death angel, if an animal eats the 
m ushroom  and ihen dies two days later? The loxins

TABLE IV

Mycoscs Can Be Characterized by Thcir Location on the Body

Type of mycosis Localion Some discascs Some fungi causing diseasc

SupcrRcial mycoses Iníections oí the hair shaít or dead Pityriasis versicolor, tinca nigra pal- Maiíisscĩiu ỊurỊur, Trichosporon
ouler laycr of skin (stratum maris, picdra beigelii, C ladosporìum , P iedraia
corneum ) hortae

Cuuncous raycoscs Dermatophylcs— infections of Ringworm, jock iich, alhleles fool. M icrosporum , Trichophỵton, and
skin, hair, and nails tinea corporis, tinea capitis, and E pìderm ophyton  spp., occasion-

many others ally a C andida  sp.

Subiulaneous mycoses Chronic localized inỉections of the Sporotrichosis, chrom oblaslomyco- S porothríx  schenckii, P h ialophora ,
skin and subcutaneous tissues sis, phacohvphomycosis Claclosporium

Sysicinic mvcoses Fungal iníections of the body Histoplasmosis H istoplasm a capsulatum
(cleep m ycoses). caused by dimorphic íungal Blastomycosis B lastom vces derm atilidis
true human pathogens, usuallv entering Coccidiodomycosis C occid iodes immitis
palhogens through the lungs Paracoccidioidomycosis P aracoccid io ides brusilicnsis

Systcmic mvcoses. op- Fungal iníections of the body Aspergillosis A spergiìlus spp.
portunisúc causeđ by com mon fungi bccom - Cryptococcosis C ryptococcus ncoỊonncms
palhogens ing pathogenic owĩng to patient Candidiasis C an dida  spp.

debilitalion Zygomycosis M ucor, Rhiĩopus
Phcum ocystis pneunionia Pneumocyslis carinii
Penicillosis Penicillium  marncỊỊei



TABLE V

Seven M ajor Classes of Mushrọom Toxins

class of toxin Fungi wherc found Main svmptoms Modt' of action

Cvclopeptides (ama- Am anita  vim sa  (Death angel). A. Violeni cramps, diarrhea, nausea. Alíacks RNA polvmerase in the
Loxins and phallo- 
loxins)

phallo id es  desiroyíng angcl), A. 
verna, A. ocreata , G aìerín a  autum- 
llíllis

jaundice, com a, death; it nor- 
mally lakes aboui 1 2 -3 6  hours 
for symptoms to appear

liver, eveniually dcstroys liver

Monomelhyl hydra- 
zine (gỵromitrin)

G yrom itra  species (false morels) Nausea, vomiting, diarrhea, cramps, 
jaundice, convulsions, coma. 
cleath; cancers produced in mice

Similar in structure to solid rockei 
fuel, destroys red blood cells, at- 
tacks Central nervous system

Coprine (tippler’s 
bane)

Coprinus atram entarìus Hot. flushcd, metallic taste, palpita- 
tion. vertigo, vomiting headache 
like a bad hangover

Blocks alcobol dehydrogenase so al- 
cohol tannot be completely nie- 
íabolized; similar in structuve and 
íunction to Aniabuse

Muscarinc Inocybe  spp., C litocybe d ea lb ata  (the 
“sweater")

Induccs PSL (perspiraúon, saliva- 
lion, lacrimaúon) sympioms, 
cramps, blurred Vision; contrac- 
tion ot pupils, hvpolension

Anticholinergit— antagonist to ac- 
tion oí parasympathetic ncrvc 
fibers

Ibolenic acid, mus- 
cimol

Amanita  miisairiíi and A. panthcrina Rusulis in "cxpandcd perceplion," 
talkinj> to God, macropsia (per- 
ceiving obịects as enlarged), 
rapid hcarlbeat, dry mouth

Hallucinogenic, psychoactive, aclion 
on nervous syslem, acts as a neu- 
ropcptidc recepior

Psilocybin, psilocin. 
psychcdclic 
mushrooms

Many P silocybe  spp., somc Panaco- 
/us spp.

Trancclike State induced, hallucina- 
tions

Scrotonin (neurotransnútter) analog

Gastromtcstinal irri- Many differenl kinds, lound in hun- Nausca, vomiting, no effecl on Various, depending 011 ihc species
tants dreds of specics olhcr organs, most ju si causc dis- 

comfort or dislress to varying de- 
grecs

of mushroom

appear to be m erely waste products, usually from nitro- 
gen m etabolism , that happen to be poisonous to animals 
or humans.

c. Mycotoxicosis: Eating Toxins Produced 
by Fungi, not Necessarily from Eating the 
Fungi Themselves

M ycotoxins are usually produced by m olds growing on 
íoods. As the molds grow, they m etabolize the tood 
product and excrete their waste products back into the 
substrate. Some of these waste products happen to be 
highly toxic, and when a person eats the toxin (even 
after cutting the mold off), there is usually some harm 
to the person. The com m on contam inants A spergillus 
ịìavus  and A. parasiticu s  can produce aílatoxins, espe- 
cially in peanuts. If you have ever eaten a whole peanut 
that tastes so b itter that you spat it out, it vvas probably 
contam inaied vvith aflatoxin. This com pound is highly 
carcinogenic al about 1 0 -2 0  parts per billion, and kills 
very rapidly at higher concentrations. There are legal 
lim its for the am ount of aílatoxin  allowed in peanut 
butter sold in the United States.

2. Fungi Affect O ther Anitnals 

N onhum an anim als are affected by íungi in m uch the 
same way that humans are, with som e differences in 
certain  species. For exam ple, dogs are susceptible to 
cyclopeptide poisoning vvhile cats apparently are not. 
There are num erous other exam ples o f this discrep- 
ancy— so do not pick and eat a m ushroom  ịust because 
you see an animal eat it. Another im portant point to 
consider is that you do not know  what happened to 
that squirrel after it ate that niushroom .

Animals are also affected by many of the same fungal 
diseases as are humans. For exam ple, dogs are particu- 
larly susceptible to blastom ycosis and are often used as 
a w arning sentinel, like a canary in a mine, for alerting 
hum ans to possible risk.

D. Fungi as Mutualists 
with Other Organisms

Rather than being harm íul, som e íungi beneíìt their 
host in som e way while receiving nutrients from them.



The tw o m ost com m on m utualistic associations are my- 
corrhizae, an association betw een a fungus and the roots 
of a plant, and lichens, an association betw een a fungus 
and e ith er an alga or a cyanobacterium  or both.

1. M y co rrh iz a e

A ccording to Harley and Sm ith (1 9 8 3 ) , a m ycorrhiza 
is deíìned  as “an association betw een a fungus and a 
host p lan t in w hich  destructive disintegration o f the 
host does not occu r and w hich is a prevalent and usual 
cond ition  of the host plant in natural habitats and as 
such is very com m on and widespread.” M yco, o f course, 
m eans “íungus,” and rh iza  is “root,” so m ycorrhiza liter- 
ally m eans “íungus root.” More than 90%  of plants in 
nature have a m ycorrhizal sym biont. The only groups 
o f  p lants that regularly lack m ycorrhizae are som e cruci- 
fers, sedges, and som e legumes.

T h ere  are several types of m ycorrhizae. In  ectom y- 
corrhizae, the íungus, usually a Basidiom ycota or som e- 
tim es an  Ascom ycota, íorm s a sheath outside the root 
(Fig . 1 7 ). Exchange o f nutrients takes place in transíer 
cells called  a Hartig net, w hich penetrates betw een the 
cells o f the root cortex , but does not penetrate the cells 
them selves. In endom ycorrhizae, also callecl vesicular- 
arbuscu lar m ycorrhizae (VAM ) or som etim es sim ply 
arbuscu lar m ycorrhizae, no sheath is íormecl. T h is fun- 
gus is always a m em ber of the Zygom ycoia. N utrient 
exchange takes place in highly branched hyphae called 
arbuscu les, w hich penetrate into the cortical cells, but 
do not penetrate the cell m em brane. O rchid  m ycorrhi- 
zae and ericoid m ycorrhizae are special types that are 
found w ith  plants in the O rchidaceae and the Ericaceae,

respectively, and they diíTcr signiRcantly in iheir struc- 
ture and life strategies.

In all types of m ycorrhizae, hyphae extend írom  the 
root into the surrounding soil, greatly increasing the 
suríace area for absorption of nutrients, particularly 
phosphate, nitrogen, and potassium . In return for 
shunting som e of these nutrients into the plant, the 
íungus receives som e sugars from  plant photosynthesis. 
T hus both organism s beneíìt. M ycorrhizal íungi are 
abundantly represented in íossils from the Devonian 
and later periods and apparently coevolved with their 
hosts. It has been hypothesized that these íungi were 
necessary for the m ovem ent o f water plants onto land.

As an interesting sidelight, there are also several 
hundred species o f nonphotosynthetic plants (such as 
M onotropa u n i/ỉora , the Indian pipe) that get their en- 
ergy as parasites o f fungi that are m ycorrhizal with 
photosynthetic plants. Radioactive carbon has been 
used to trace nutrient Qow from  the host plant through 
the m ycorrhizal íungus and into the achlorophyllous 
plant.

2. L ic h e n s

A lichen  is a dual organism  that consists o f a m ulualistic 
relationship betw een a íungus (the m ycobiont) and an 
alga or cyanobacterium  (the p hotobiont). ưsually nei- 
ther can survive on its own. M ost o f the íungi involved 
are A scom ycota, though a few are Basidiom ycota. There 
are about 16 ,0 0 0  species o f lichens, many of w hich 
can grow in very inhospitable environm ents— on rocks, 
sides and branches o f trees, and gravestones, from  the 
tropics to deserts to the A rctic (Fig . 18). L ichens are



F1GURE 18 Som c ioliose lichens.

very sensitive to air pollution, especially sulíur and 
nitrogen, and so they are natural indicators o f air qual- 
ity. However, even under optimal conditions, lichens 
grow extrem ely slowly, usually 1 - 2  m m  per year. The 
m ain ecological im poriance o f lich en s is their capacity 
to break down rocks into soil. They are an important 
food source íor caribou and reindeer on  the tundra. 
O ne o f the íìrst indications to the outside world that 
there had been a nuclear accident at Chernobyl, then in 
the Soviet U nion , was the accu m u lation  o f radioactivity 
first in the lichens in Scandinavia, then in  the m ilk 
given by the reindeer. There is sign iíìcan t evidence that 
the m anna reíerred  to in the B ib le  was actually  a lichen , 
L ecan ora  escu ỉen ta , a loosely attached  lichen  that was 
blow n dow n from the m ountains into the lowlands. 
Som e lich en s have been used as natural dyes, such as 
tweed. In less enlightened tim es, a bright yellow  lichen 
called L eth a r ia  vulpina  was used  by “pioneers” as a 
w olf poison.

VI. INDUSTRIAL ƯSES FOR FƯNGI

A. Mushroom Cultivation
The m ost w idely available m ushroom  produced in the 
U nited States is the vvhite b u tto n  m u shroom , A garicus

bisporus  (Table V I). Com m only used on pizza and at 
salad bars, this m ushroom  is a secondary decom poser 
that is grown on com posied cow  or horse m anure. 
Som e brow n form s o f A. bisporus  are cu rrently  being 
cultivated; brow n buttons are sold as crim in i and 
opened m ushroom s are sold as portabella m ushroom .

There are a num ber of steps in the com m ercial pro- 
duction o f A garicus bỉsporus:

• M anure is placed in large concrete “rum vays.”
• Com posting (breakdow n of the substrate into sim - 

pler com ponents) occurs with the bacteria and 
fungi naturally present in  the m anure.

• Large m achines turn the compost w eekly, other- 
wise the center o f the pile gets too hot because of 
m etabolic heat and kills the com posting bactcria 
and fungi. This also ensures even com posting. The 
different species present naturally shift as com post- 
ing progresses.

• After a couple weeks, the odorless com post is ready 
and is placed into large trays, 6 ft. X 6 ft. X 2 ft.

• M ycelium  of A garicus  is inoculated into the com - 
posted substrate and allowed to grow for a few 
weeks.

• W hen thc substrate is colonized, a sterile layer of



Som e Com m only C u ltivated Ediblc M ushroom s

Com m on name Scien iiíìc  nam

W hite button pizza m ushroom , crim ini, portabclla

Shiitakc, shiang-gu

Oyster m ushroom s

Enoki, velvet stem , w inter m ushroom

M aitakc, hen-of-thc-w oods, sheepshead

Cloud ear, wood car, black m ushroom

Chinese paddy straw m ushroom

Pom -pon or L ion’s Mane

Reishi

Wine cap

Moreỉs

Agaricus bisporus (a .k .a . A. i nivìcscemss) 
Len ti tì li la edodcs 
Pleurotus spp.

Flamỉnulincỉ veỉutipcs 
Gri/oỉa f  rondosa
Auricularia auriculơ, availablr L-nlv dỉriecd 

Voỉvariella voỉvacea, availabli L nl\ camnnecl 

Herícium erinaceus 

Ganodermci ìucidum 
Sírophctria rugoso-antìulíiiiỉ 
Morcheỉla spp.

nutrient-poor casing soil is placed over the top of 
ihe substrate.

A few vveeks later, the m ycelia send up rhizom orphs 
(hyphal aggregations) through the casing layer and 
form  m ushroom s. Contrary to popular belief, m ost 
m u shroonis require light to in itiate  íruiting body íorm a- 
tion. L ight is often used as a signal to the m ycelium  
that it is outside the substrate and that íruiting bodies 
can  be íorm ed. Som e íungi íorm  íruiting bodies in re- 
sponse to reaching outside air, w here the concentration  
o f carbon dioxide is lower. A few íungi fruit onlv w hen 
they run out o f available nu trien ts. A garicus bisporus  
has been bred so that it requires no light for íruiting.

There are a num ber o f other speciaỉty  m ushroom s 
being grow n throughout the w orld that are ju s t  becom - 
ing available in  N orth A m erican superm arkets. Alm ost 
all the others are prim ary d ecom posers o f wood or other 
cellu lose-contain ing  substrates. These have gained in 
popularity  in the past 10 to 2 0  years as consum ers 
discover that these specialty m ushroom s have great fla- 
vor and other interesting qualities. In Jap an , China, 
and K orea, very little A garicus  is being grow n; growers 
con cen trate  on m ushroom s w ith m ore robust ílavor and 
in teresting  texture, such  as sh iitake (Fig. 19). M ost o f 
these specialty m ushroom s are now  grown on artiíìcial 
saw dust logs by the follow ing m ethod:

• Place sawdust or wood chips w ith supplementary 
bran and m illet and the appropriate am ount o f wa- 
ter in to  clear polypropylene bags. Autoclave or ster- 
ilize the filled bags, then allow  to cool.

• Inocu late  spawn (usually grain or sawdust w ith my-

celium  o f the íungus growing on iit)) im;o medium. 
M ix thoroughly by hand or mechaimically.

• Place bags in growth room. Allcw sppi:u\'n to grow 
rapidly through ihe subslratc. Fumgius eolonizes bag 
in 3 0 - 6 0  days; saw dust is easier tlhaan solicl wood to 
colonize becau se o f increasciỉ suríiacce area-to-vol- 
um e ratio, abundance o f air spaces, ancl uniíorm  
d istribution o f  nu trien ts.

• During this period  the loosc mediiunm is jo in ed  to- 
gether into a coh eren t synthcĩic lo)g...

• D epending on the species, ai this Itinmc the plastic is 
rem oved, and the synthetic logcamlbt? handled like 

a natural log. Fruiting usually occiunrs vvithin 9 0 -  
120 days after inocu lation .

B. Antibiotics and OtheilDriigs
Penicillin  is the íìrst an tib iotic that w?as» ciiscovered to 
fight the bacteria  that cause hu man difỉseafie. Ít is natu- 
rally produced by P en icillium  chrỵsogernuirĩ and related 
species as way o f k illing  bacterial comipetitors in  their 
environm ent. C ephalosporins areanotlhí 1 class o f anti- 
b io tics produced by A crem onium  and related species. 
F o r a íungal in íectio n  o f the fingernails?and toenails, One 
prescribed drug is griseofulvin, producced by P enicilỉium  
griseo/u ỉvum . E rgotam ine, produced b y  C ỉav iceps pur- 
p u re a , is used to facilitate  the cleliverry o f  babies and 
can also be used to relieve migraine headdaches. A nother 
chem ical found in  C lav icep s  is a precursbơr 10  the hallu ci- 
nogen LSD (lysergic acid diethvlamidle) that has the 
sam e effects as that illegal clrưg. The ístcroids in birth  
control pills are produced industrialhy bv the fungus 
R hizopus n ig r ican s , as are the steroidis cortisone and



FIGURE 19 Shiitake mushrooms ừuiting on an artiíĩcial log.

prednisone. People who have had an organ iransplant 
usually take the antirejection drug cyđ osporin , which 
is produced by the íungus T oìypocladium  injỉatum. The 
pharm aceutical industry is constantly searching for new 
antib iotics and drugs to counteract m icrobes that be- 
com e resistant to Irequently used m edications.

c. Wine and Beer Making
Yeasts, especially Saccharom yces cerev is iae, have played 
an im portant role in the developm ent of hum an culture. 
Since brevving is an ancient art going back for m illennia, 
yeasts have been our allies for many years. Virtually 
anything that contains simple sugars is íerm entable by 
yeasts. In  w ine making, the grapes are pressed and yeast 
is added. Ferm entation breaks the sugars down into 
carbon dioxide and ethvl alcohol. Since barley is the 
m ain carbohydrate source in beer m aking, there is an 
added step beíore íerm entation, that of allowing the 
barley to germ inate to produce sugar from its starch. 
V arious other ingredienls, such as hops, oatmeal, and 
ílavorings, are added to make the wide variety of beers 
that are available. The aging process in alcoholic bever- 
ages also adds to their distinct ílavors.

D. Bread Baking
Bread m akìng also uses S accharom yces cerev is ia e  to fer- 
m ent sugars inlo carbon dioxide and ethyl alcohol.

However, bakers are only in teresied  in the carbon d iox- 
ide, w hich m akes the bread rise. The alcoh ol evaporates 
rapidly on baking.

E. Fermentation Products for Food Use
Fungi are oíten used in the large-scale ferm entation of 
liquid or solid substrates. Ferm entation  vats can som e- 
times be several hundred thousand liters in size. For 
exam ple, citric acid in cola drinks is produced by large- 
scale vat íerm entation of the d euterom ycete A spergiỉlus 
niger. Yeasts are som etim es grow n in large íerm enters 
and used directly as food supplem ents. V itam in B2 (ribo- 
ílavin) in enriched flour is produced by the ascom ycete 
A shbya gossypii. Cocoa beans are processed  by a “fer- 
m entation” (sensu food scientists) o f C an dida  krusei 
and G eotríchum . A uthentic soy sauce is íerm ented in a 
three-step process w ith the íungi A sperg ilỉu s o ry z a e  and 
Z ygosaccharom ỵces rouxii, as w ell as the bacterium  Pedí- 
ococcus haloph iỉu s. Tem peh, a soybean product popular 
in  Indonesia, is partially íerm ented  w ith a species of 
R hizopus. Many good cheeses, such  as b lue cheese, cam- 
em bert, and brie, are ripened through the action of 
fungi to obtain their d istinctive Aavors. Blue cheeses 
such as Roquefort, G orgonzola, and S tilton  are ripened 
by Penicillium  roqu e/ortii— the blue co lor is caused by 
sporulation of the fungus! The vvhite crust on the out- 
side o f brie and cam em bert is the m ycelium  of Penicil- 
ỉium cam em bertii.



F. Biopulping and Bioremediation
Several im portant inđustrial process, w hich have the 
potential to be great boons to ecosystem  health, are in 
the p ilo t stage: b iop ulp ing and biorem ediation. The 
lignin-degrading enzym e system  of P han erochaete  
ch ry sosp oriu m  is special for these two uses. O ne of the 
biggest energy and pollution expenditures in paper 
m aking com es from  rem oval o f the brown lignin from 
w ood so that the w hite cellu lose is all that is left to 
m ake paper. W h at if paper com panies could use the 
enzym es o f  a fungus to rem ove the lignin? This could 
result in  a savings in  both  energy and time and avoid

ihe polluúng wastes that are com m only dumped out 
o f the mills. This process is known as biopulping. There 
are several products in the pilot stage, but no large- 
scale biopulping is yet being done.

To understand this system , you must know  that 
wood consists primarìly of cellulose, which is w hite, 
and lignin, which is brown. P han erochaetc  species cause 
a white rot of wood. That is, the fungus decays the 
lignin and leaves the cellulose behind. There are also 
íưngi that cause a brown rot, digesting the cellulose 
and leaving the lignin behind. Many kinds of íungì 
cause a whúe rot, but p. chrysosporium  has several fea- 
tures that m ight make it very useful. First of all, unlike

FIGURE 20 The author with Bridgeoporus nobilissimus on a large host irce o( Abies procera.



som e vvhite rotters, it leaves the cellulose o f the wood 
virtually untouched. Second, it has a high optim um  
temperature (about 40°C ), w hich m eans it can grow 
on wood chips in com post piles, w hich attain a high 
temperature. These characteristics point to som e possi- 
ble roles for this ỉungus in b iotechnology applications.

Som e of the lignin-degrading enzym es o f p. 
chrỵsosporium  will also degrade toxic wastes, such as 
PCBs (polychlorinated b iphenyls), PCPs (phencycli- 
d ines), and TN T (trin itro toluene). The structure o f 
these chem icals is sim ilar to that of lignin, and the 
ligninase enzymes will work on them. The fungus per- 
íorm s well on the laboratory bench , but as w ith many 
industrial b ioprocesses, the re are difficulties in scaling 
up the process. N onetheless, this procedure has the 
potential to clean up som e industrial and toxic waste 
sites.

VII. THREATENED OR 
ENDANGERED FUNGI

Like the proverbial canary in the coal m ine, fungi may 
be the first indicators o f things going wrong in ecosys- 
lenis. Rem em ber that íủngi are the thread that tie the 
whole food web together, sin ce they are the primary 
decom posers and aid m ost plants as m ycorrhizae in the 
absorption of m inerals and water. Thus if som ething 
goes wrong with the fungi— if they disappear— there 
may be dire consequences for any plants and anim als 
that are dependent on them. L ichens have already been 
proven to be accurate indicators of air quality, in both 
their quantity and diversity.

Several European countries m aintain “red lists” o f 
threatened or endangered fungi. O ne fungus that may 
be a candidate for the endangered species list in the 
United States is B rid g eop om s n obiỉissim u s , a polypore 
íungus with a very large, perennial íruiting body (Fig. 
2 0 ). F or a long time this fungus was in  the G uinness 
B ook o f  W orỉd R ecords  as the largest know n íruiting 
body of a ĩungus, at over 160 kg (3 0 0  pounds)! There 
are ju s t six  know n sites in  W ashington and O regon at 
w hich B. nobiỉissim us  is now know n to occur. It is 
considered by m any to be a rare and probably endan- 
gered fungus. The m ain reason for this designation is 
that it is restricted to very large specim ens o f noble fir 
(A bies p ro cera ) and occasionally Paciíìc silver fir (A bies 
am ab iìỉs ) with a diam eter at breast height (dbh) of 1 - 2  
m cters. Trees o f this diam eter are not very com m on. 
This fungus is considered endangered because its habi- 
tat is endangered. ư níortunately , it is not clear w hether

the U.S. Endangered Species Aci applies to fungi. In 
this zoocentric world, m ost people are m ore interested 
in the “charism atic m egaíauna” than in som e lowly fun- 
gus. However, the fungi have many im portant ro les to 
play in  the ecosystem  and should not be ignored. No 
ecosystem  could exist for long w ithout fungi!

Tw o states have thus far recognized the im portance 
of fungi by nam ing a State m ushroom . M innesota was 
the íìrst, nam ing the m orel (M orcheỉla  species) as their 
State m ushroom . Som e ten years later, O regon declared 
the Pacific golden chanterelle ( C an th are llu s ịo rm osu s ) as 
th e ir  State m u sh ro o m . Su rp risin g ly , som e ío re sts  y ie ld  
more incom e annually from  wild m ushroom  harvesting 
than from  lum ber harvesting. M oreover, in tact íorests 
continue to produce edible m ushroom s yearly, w hereas 
lum ber harvesting can occu r only once ever)^ 50  years 
or so. M ushroom s for hum an food is only one o f ihe 
many contributions that fungi m ake to our lives, for 
their fundam ental decom poser role supports alm ost alì 
ecosystem s and so helps to provide the essential ecologi- 
cal services that we take for granted, as w ell as the 
recreational opportunities o f en joying nature. Fungi 
have co n trib u te d  a great deal to o u r S tandard  o f  liv in g  
by m aking m ost o f the living world possible.

See Also the Following Articles
EUKARYOTES, ORIGIN O F • PARAS1TISM
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GENE BANKS

Simon H. Linington and Hugh w. Pritchard
R oỵaì B otan ic G ardens

1. Role within Conservation Strategies
II. Sccd Banks

III. Other Types of Gene Bank

GLOSSARY

accession ưsually a sample (e.g., seed lot) but may be 
a set of genctically related samples. 

collection One or more accessions. 
gene pool The genetic diversity conlained within a 

popuLation, species, or crop. The primary gene pool 
o f a crop represents the biological species, the sec- 
ondary gene pool includes species that can be crossed 
vvith it, aìlowing at least some transíer of genes, and 
the tertiary gene pool includes related wild species 
where such gene transíer involvcs specialized tech- 
niques.

genotype The genetic makeup of an individual. 
seed lot A sample of seeds with a common harvest and 

post-harvest history. 
wild or nondomesticated species Those species that 

have not been brought into regular cultivation. Many 
may, however, have well-known uses.

A G EN E BANK  is an ex si tu (or off site) collection of 
genetic material held for long-term security or for ease 
of access. The genetic material is usually in the form

of live propagules or gametes though, ìncreasingly, pure 
DNA is held. A bank can also be a collection of full- 
grown pỉants representing ihe diversity of certain spe- 
cies (a field gene bank) or a set of cultures (cell, tissue, 
embryo, or microorganism). The widest definition 
might also embrace collections of plants grown primar- 
ily for purposes of education and horticulture in botanic 
gardens and animals represented in zoological garclens 
or parks.

I. ROLE WITHIN
CONSERVATION STRATEGIES

Ex situ (or off site) conservation undervvriles conserva- 
tion m easures in situ (o n  site or in the natural State) 
and provides centers from w hich genetic material 
(germ plasm ) can be accessed for research, breeding, or 
(re -) introduction. Nearly any ex  situ  collection  might 
be included under the loose definition o f a “gene bank.” 
As with a íìnancial bank, deposits are made with the 
in tention o f laler withdrawal. Furtherm ore, while in 
the gene bank, safety and integrity will be param ount 
and value vvill be added through study. However, the 
em phasis placed on withdrawal varies considerably be- 
tw een gene banks. F or som e collections, short-term  
utilization is the sole m otivation, though inevitably con- 
servation will be served to som e extent. In others, long- 
term  insurance against loss in situ  is the stronger driving 
íbrce. Given the increasing risks of genetíc erosion (i.e., 
a narrowing of the gene pool leading to species being
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condem ned to exú nction) as a result o f human develop- 
ment pressures and the not inconsiderable diffìculties 
o f managing in situ populations, the likelihood is that 
many such collections will be called on in the future.

W hile in siíu conservation should be seen as the 
primary goal of all conservationists, having a second 
line of defense is a prudent measure particularly if it 
assists in other vvays. For exam ple, by acting as a supply 
source, ex si tu collections reduce the pressure of re- 
peated sampling of wild populations. Im portantly, 
tbrough the use o f such collections, access to national 
genetic resources can also be controlled. Furtherm ore, 
because research is íacilitated by such collections, 
knowledge about both the conservation biology and 
socioeconom ic value of wild populations is improved, 
thereby increasing the likelihood of survival in situ. Il 
is som etim es asseried that exsitu  conservation of certain 
species reduces political will to conserve the habitats 
in which they occur. Should this be true, it would seern 
essential to ensure against the loss of, at the very least, 
ílagship species within the habitats so that they can be 
reintroduced. Additionally, it should be apparenl thai 
habiiat com plexity may limit reconstruction opportuni- 
ties from  ex situ  collections. In sum mary and as oíten 
stated, ex situ  conservation is com plem entary to that 
carried out in situ (see also the entry for “Ex situ, in 
situ conservation”).

The main types of animal ex si tu collections are zoo- 
logical gardens and parks, sperm and ova banks, and 
DNA banks. Due to controlled breeding programs, ge- 
netic resource databanks also play a m ore prom inent 
role in the management of such collections ihan is 
perhaps the case with those for plants and particularly 
those in botanical garden collections. M icrobe collec- 
tions are mainly cultures though the possibility exists 
for fungal spore banks.

W hen considering plant species, the main types of 
ex si tu collections are botanic gardens specim en collec- 
tions (each norm ally com prising many species and few 
individuals per species); field gene banks (usually few 
species, many individuals); seed, pollen, and spore gerte 
banks (potentially many species, many individuals); in 
vitro cultures (relatively few species, many individuals); 
and DNA banks (potentially many species, many indi- 
viduals— though the latter are rarely held separately). 
The collections varỵ in the degree of technical input 
required, their ability to effectively conserve ìnter- and 
intraspecilìc variation, their longevity, and the ease with 
w hich gene products can be obtained. Seed gene banks 
(in this entry abbreviated to “seed banks”) nicely bal- 
ance these factors and offer a very effective form o f ex  
situ conservation for many plant species. F or this reason

and ihe fact thai m ost reỉerences to gene banks relate 
to seed banks, this chapter will Rrstly consid er this type 
of gene banking and in particular the technology.

II. SEED BANKS

A. Seed Banks Are an Effective Form of 
ex Situ Conservation

W hat m akes seed banks such an effective cx  si tu conser- 
vation technique is that the m ethodology can be applied 
to a wide range of species in a universal and straightfor- 
ward way and that large am ounts of intraspecific diver- 
sity can be conserved and for long periods of time 
vvithout intervention.

The ĩecundity of most plants means that a small seed 
sample can be removed from the armual seed rain \vith 
limited effect either on that population’s survival or on 
the seed yield. One seed lot, if caretully sampled, can 
hold the m ajority of alleles found w ithin that popula- 
tion. M oreover, if careíully germ inated and then grovvn 
up under the same conditions, a seed lot has the poten- 
tial to recreate the original population. In the meantime 
it can be held w ithin a relatively sm all volume. For 
instance, a m illion tobacco seeds, each  one with the 
potential to grow into a genetically distinct plant, oc- 
cupy about a fifth of a liter.

Addiúonally, germ inating seeds to obtain fully 
grown plants is relatively simple com pared vvith ob- 
taining planis from in vitrosiored m aterial. P lanisrecov- 
ered from banked seeds can also be com pared wúh 
natural populations from whieh the m aterial was har- 
vested years before and w hich may have been subjected 
subsequently to environm ental change (e .g ., as a result 
of global warm ing).

B. The Historical Context
Seed banks might be seen as an invention of the 20th  
century, though the exploitation of crop  seeds’ ability 
to s t o r e  in  a d r y  State  h a s  alm ost c e r t a i n l y  p layed  a 

signiíìcant role in  early hum an civilization. Early íorm s 
o f seed storage probably included burying the seeds in 
ash or sealing them in adobe huts for the íollovving 
season. By com parison, m odern seed banks use con- 
trolled drying íacilities and deep freeze stores and aim 
for storage lives of decades, centuries, or more. Modern 
seed banks have a lineage built on plant exploration 
and the developm ent of botanic gardens that dates back 
nearly 5 m illennia.

A collection  of m edicinal plants was established in



Chi na in 2 8 0 0  B . c .  Three buncìred years later, the Su- 
m arians were co llectin g  vine germplasm from  Asia Mi- 
nor. During the M iddle Ages, the Islam ic world made 
great strides forward in the study o f plants and their 
properiies. T here followed a proliíeration o í gardens 
of m edicinal p lants during the late M iddlc Ages and 
Renaissance o f Europe. A cquisition and exchange of 
crop plants gaihered pace with the colonial activities 
o f the European powers. For instance, Colum bus took 
wheat and other seeds to the New W orld (P lu cknett et 
a i ,  1 9 8 7 ). Follow ing such relocation o f crops and their 
subsequent adaptation and diversiíication, the current 
patterns o f  food species use were established. Curreni 
co llcctio n s of crop  genetic resourccs reílect a strong 
degree of interdependence across the world on genetic 
diversity born  ou t o f  this era o f colonization. F or exam - 
ple, one study suggests that North A m erica now relies 
nearly totally on , and tw o-thirds of developing coun- 
Lries now obiain  m ore than 50%  of their crop produc- 
tion from , crops dom esticated external to their region 
(FA O , 199 6 ).

European colonizatỉon  spurred on the deveỉopm ent 
o f  many o f the w orld ’s botanic gardens. F or instance, 
the F ren ch  established  the íìrst tropical botanic garden 
ai Pam plem ousses in  1735  to act as a staging post for 
germ plasm  m ovem ent and lo screen for use. The Royal 
B otanic G ardens, Kew , was established in 1759  and in 
turn helped develop botanic gardens elsew here in the 
vvorld (e.g ., S ingapore). These subsequently acted as 
cond uits for d istribution  o í germ plasm  around the 
vvorld. M any íam ous plant collectors date [rom ihis 
period o f E uropean colonial expansion and include Sir 
Jo sep h  Banks, R ichard Spruce, and George Forest (see 
Plưcknett et a i ,  1 9 8 7 ). Not surprisingly, many botanic 
gardens now  hold im portant collections o f both  en- 
dem ic and exo tic  nondom eslicated species including 
those know n to be used locally  for m edicines and tim ber 
plus many ornam entals.

Changed agricultural practice and increased pressure 
on the natural w orld during the 20th  century has ỉed 
to increased erosion  of genetic diversity both  in crops 
and wild species. C urrently , the m ost im portant causes 
o f genetic erosion  are considered to be replacem ent of 
local varieties, land đ earan ce  (e.g ., fuel-w ood collec- 
tio n ), and overexploitation ; som e o f the greatest con- 
cern  relates to diversity found in the arid and sem iarid 
regions (FA O , 1 9 9 6 ). In 1949  there were about 10 
thousand w heat varieties in China; in  the 1970s the 
num ber hacl reduced to a thousand. E rosion  o f the 
genetic base o f crops is not new. F or instance cultivated 
carrot co lor w as in íìn itely  more diverse in Meclieval 
Europe than it is now . Hoxvever, the rate o f erosion has

accelerated in the 20th century vvith the drive toward 
greater genetic uniíorm ity of crop varicties. Som e highlv 
unilbrm  varieties have bcen sown across huge areas. In 
1983  a single variety was sown across tvvo-ihirds o f the 
vvheat íìelds in Bangladesh and the follow ing year across 
nearly a third of all those in India. This uniíorm ity has 
prođuctivity advantages within agricultural system s but 
is not w ithout risk. For instance, there was a severe 
shortĩall in w inter wheat production in the Soviet Union 
w hen a variety grown over 15 m illion ha did not have 
sufficient cold tolerance to survive the w inter o f 1972. 
Less dram atic was the abandonm ent in 1975  of all of 
the United Kingdom  s white clover varieties due to sus- 
ceptibility to the disease S cìerotin ỉa  tri/oliorum  (FA O ,
199 6 ).

The more m odern uniíorm  varieties have been se- 
lected from genetically helerogeneous old varieties and 
landraces (prim itive varieties) that they have then dis- 
placed. Therein  lies the conundrum . For these new 
varieties to be developed íurther they nced to draw on 
the genetic diversity that they have displaced. Half of 
the production increases o f the Green Revolution were 
brought about by the use of plant genetic resources for 
plant breeding.

c. The Current Status of Seed Banks for 
Food and Agriculture

Although the outstanding Russian genetic resourcc sci- 
entisi Nikolai Vavilov had assem bled a collection oí
5 0 ,0 0 0  cereal and pulses during the 1920s and 1930s, 
w hich were m aintained by an annual grow -out, the íirst 
im petus lo develop m odern seed banks occurred in the 
United States. Here it was noied in  the late 1940s that 
less than 10%  of 1 6 0 ,0 0 0  plant accessions in the na- 
tional system  since .1898 could still be found (Plucknett 
et a í., 1 9 8 7 ). Follow ing the establishm ent o f U.S. re- 
gional genetic resource facilities to address this prob- 
lem , thc National Seed Storage Laboratory (N SSL) was 
established at Fort Collins, Colorado, in 1958 . W ith 
about 3 6 0 ,0 0 0  accessions, it and the Institute of Crop 
Germ plasm  in B eijing  with about 3 1 6 ,0 0 0  accessions 
are the world’s largest seed banks.

A signiíỉcant proportion o f the accessions held in 
crop genetic resource collections (including seecl 
banks) da te from the 1960s onward w hen the extern 
of loss of diverse landraces was becom ing apparent. 
Catalyzed by the Food and Agriculture O rganization of 
the United N ations (FA O ) and subsequently by the 
International Board for Plant G enetic Resources 
(IBPG R, now the International Plant G enetic Resources 
Institute, IP G R I), a great am ount of crop genetic diver-



sity was saved in the 1970s and 1980s through the 
organization of collecting m issions. Not surprisingly, 
conservation efforts have concentrated on the 30  crop 
species that provide 95%  of dietary energy or protein. 
O f these species, rice, vvheat, and maize provide 26 , 23, 
and 7% , respectively. Consequently, about 40%  of the 
estim ated 6  m illion accessions conserved in the 1308  
national and regional collections are cereals (o f which 
14%  are w heat). A further 15%  are food legumes. O ther 
foods such  as roots/tubers, vegetables, and íruits each 
com prise less than 10% of the total. Because many of 
the species ín the collections are harvested for their 
seeds, it is not surprising that m ost accessions (about 
90% ) are held within seed banks. The rem ainder are 
held in v itro  or vvithin field gene banks (see later). Of 
ihe accessions for w hich there are data, perhaps half 
are advanced cultivars or breeders’ lines and a third are 
landraces an-i old cultivars. The tertiary (plus m uch of 
the secondary) gene pool w ithin wild and weedy species 
com prise only 15% of the accessions (FA O , 1 996 ). The 
narrovv range of species is indicated by the fact that 
forages and íorest species are considered to have m ini- 
mal coverage. There is no good estim ate of the num ber 
of wild species held under im ernationally acceptahle 
gene bank condilions. There are probably more than
1 0 ,0 0 0  species, but alm ost certainly less than 2 0 ,0 0 0  
species, held. The National Plant Germ plasm  System 
in the U nited States accounts for som e 8 7 2 0  species 
(see ten  Kate and Laird, 1999). This should be set 
against a background of about a quarter o f a m illion 
scientiíìcally  described higher plants. Obviously, the ex  
si tu conservation of wild plant diversity rem ains a m ajor 
gap that needs to be filled w ithin the geneúc re- 
source system .

The international institutes w ithin the Consultative 
G roup on International Agricultural Research (CGIA R) 
system  account for 10% of the 6 m illion accessìons. 
These institutes include the follo\ving (w ith num ber of 
accessions, m ost o f w hich are held in seed banks, shown 
in brackets; see FAO, 1996):

• T he C entro International de M ejoram iento de Mais 
y Trigo (CIM M YT) in M exico (1 3 6 ,6 3 7 )

• The International Crops Research Institute for the 
Sem i-A rid Tropics (IC RISA T) in India (1 1 0 ,4 7 8 )

• The International Centre for Agricultural Research 
in the Dry Areas (1CARDA) in Syria (1 0 9 ,0 2 9 )

• The International Rice Research Institute (IR RI) in 
the Philippines (8 0 ,6 4 6 )

• The C entro Internacional de Agricultura Tropical 
(C IA T ) in Colom bia (7 0 ,9 4 0 )

Ju st under half o f the 6 m illion accessions are held 
in 12 national collections. To som e degree this is a 
function of the early establishm ent of their genetic re- 
source collections. The collections include those in Rus- 
sia and the United States (noted earlier), Jap an  (estab- 
lished in 1 9 6 6 ), Germ any (1 9 7 0 ) , Canada (1 9 7 0 ) , and 
Brazil (1 9 7 4 ) . O f the 1308  national or regional co llec- 
tions currently noted by FAO (1 9 9 6 ) , only 3 9 7  w ith in  
75 countries are held in long- or m edium -term  seed 
banks. M edium -term  storage might be assumed to be 
in the order of 10 or m ore years.

W hilst 4 9 6  collections are w ithin Europe and 2 9 3  
are w ithin Asia, some areas of the world have very few 
such íacilities. FAO (1 9 9 6 ) notecl ihat there is only one 
long-term  store w ithin the Caribbean and this is in 
Cuba. Relatively few o f ihe collections covered by the 
FAO survey are held by privaie com panies, though 
m any breeders hold sm aller svorking collections.

The rem its for crop banks are very varied. Som e 
cover wide ranges of ihe crops that are im portant at 
the national or regional level, others cover very specitìc 
m aterial. For instance, facililies at H orticulture Re
search International in W ellesbourne (United King- 
dom ) and the Asian Vegetable Research and Develop- 
m ent Centre (Taiw an) have rem its for vegetable 
germ plasm .

w h ile  the Science and technology underpinning 
these seed banks is generally well íounded (discussed 
later), problem s such as unreliable electricity supply 
mean that only ihe nine CGIAR banks, those in  35  
countries and four regional centcrs, mect international 
standards as eslablished by FAO and 1PGRI (1 9 9 4 ) . To 
som e extern this problem  is obviated by the high level 
o f duplication within the world’s 6  m illion accessions. 
It is estim ated that perhaps 1 to 2 m illion of these are 
genetically unìque.

The way in which seed bank and associated genelic 
resource vvork is organized both at a regional and na- 
tional level varies considerably. In Europe, the Euro- 
pean Cooperalive Program me for Crop G enetic R e
sources (E C P /G R ) works through crop netw orks to 
coordinate effort. In Southern Africa, work is coordi- 
nated through a network set up through the Southern 
Africa D evelopm ent Corporation (SADC). At a naúonal 
level, in India, genelic resources activities are íorm ally 
centered around the National Bureau for Plant G enetic 
Resources. W ith in  the United Kingdom , genetic re- 
sources activities are less centralized with responsibilìty 
residing with a num ber of institutes and their respective 
m inistries. Advice lo governm ent is provided through 
the U.K. Plant G enetic Resources Group, w hich dravvs 
m em bers from all of the relevant organizations.



D. Seed Banks for Wild Species
Increasingly, botanic gardens are adopting seed banking 
technology. A lthough FAO (1 9 9 6 ) note that 150  bo- 
tanic gardens (about 10% o f the world total) have seed 
banks, relatively few of these have em braced interna- 
tional standards (discussed later). Those that ha ve in- 
clude the ones at the Berry Botanic G arden, O regon 
(U nited States), the National Botanic Garden o f Bel- 
gium , the Royal Botanic Gardens, Kew (W akehurst 
P lace), and the netw ork o f seed banks w ithin the Span- 
ish botanic gardens (notably C ordoba). M ost botanic 
garden seed banks were born out o f a need to m ore 
effectively manage the annual seed exchange. Hovvevcr, 
many now concentrate on the conservation o f undo- 
m esticated species and interspecific variation. Addition- 
ally, several banks not in botanic gardens concentrate 
on wild species. These include the Threatened Flora 
Seed Centre established by the D epartm ent o f Conserva- 
tion and Land M anagem ent in W estern Australia, the 
forest tree seed banks (e.g ., the N ational Tree Seed 
Program m e in T arư ania), and the seed bank of the 
Universidad Politecnica de Madrid. The latter bank was 
established in 196 6  to conserve C ruciíers and species 
from  around the M editerranean. Together w ith the 
Royal Botanic G ardens, Kew Seed Bank that has concen- 
trated 011 wild species from  the world’s drylands, it has 
helped pioneer the application of seecl bank technology 
for the conservation of wild species. Faced w ith the 
acceleration in wild pỉant genetic erosion and extin c- 
tion, the Kew Seed Bank has taken on the am bitious 
ob jective o f íacilitating the conservation o f seed from  
10%  of the h igher plant species by the year 2 0 1 0 . 
Term ed the M illennium  Seed Bank P ro ject, the w ork 
is a collaborative exercise involving botanical organiza- 
tions from  around the world. O ne o f the aim s o f  the 
P ro ject is to m axim ize the efficiency o f the banking 
w ork through an active seed research and technology 
transíer program . O ther than the N SSL at Fort C ollins, 
the pro ject will have one o f the largest seed research 
groups associated directly w ith a seed bank. Certain 
oth er botanic gardens, such  as that in  Rio de Jan e iro , 
also carry out seed research w ork applicable to seed 
banking.

E. Community Seed Banks
A valuable role in  seed banking is played by nongovern- 
m ental organizations (N G O s) at the com m unity level. 
T here is an increasing use o f com m unity seed banks 
w ith in  the developing world that involve donation, stor- 
age (usually on a short-term  basis), and use o f seeds at

the local level. Exam ples include a set o f com m unity  
seed banks set ưp in N orth Eastern Brazil. The Plant 
G enetic Research Centre in Ethiopia is an exam ple of 
a national program integrating with a com m unity-based 
system  (Heywood, 1995 ). Seecỉ Savers in the United 
States and the Henry Doubleday Research A ssociation 
in the United Kingdom  are exam ples o f N GO s active 
at the national level in the conservation o f traditional 
vegetable varieties through their heritage seeci libraries.

F. Collection Value
A financiaì value can be placed on biodiversity in one 
o f two ways (see FAO, 1996 ):

• D irect value, or a w illingness o f the m arket to pay 
for it

• Indirect value, including its value as an insurance 
policy, the value to a product derived from the in- 
put o f speciRc genetic m aterial or the travel costs 
people would accept to co llect ít or to visit it for 
tourism

O bviously, there are other ways o f considering the 
value o f biodiversity such as its “Service” value to b iosys- 
tems and its value as a heritage to each hum an genera- 
tion. However, debate has not surprisingly concentrated  
on its econom ic value and consequently the issue o f 
access to the genetic w ealth contained w ithin seed 
banks is an increasingly controversial sub ject. Behind 
this debate is an attem pt to reconcile  the financial con- 
tribution o f sam ples collected  in one country to the 
econom y o f other countries. A íundam ental co n cern  
that is o íten  expressed is the degree of contro l over 
agricultural system s, particularly w ithin the developing 
w orld, by m ultinational agrochem ical/seed  com panies. 
C oncern  revolves around the use o f the follow ing:

• Ư niíorm  F1 hybrid varieties (w here the seed, if har- 
vested from  the crop by the íarm er, subsequently 
produces a heterogeneous crop o f low er yield)

• Varieties t h a t  w ork best w ith in  system s when 
treated w ith certain  agrochem icals

• T he use o f genetically m odiíìed organism s (G M O s)
• Plant breeders’ rights and, increasingly, patents

Set against a backdrop of a $ 1 5  b iilion estim ated 
annual turnover for the seed industry in O rganization 
for E conom ic C ooperation and D evelopm ent (O E C D ) 
countries, the debate has polarized on an “Industrial



N orth -D evelo p in g  South” divide. This has led to a use- 
ful reassessm ent of the sharing of beneíìts, though inevi- 
tably there has been som e over expectalion of the value 
o f individual germ plasm  collections. Undoubtedly, 
there are exam ples of large financial contributions to 
the com m ercial world from  plant germ plasm . The value 
o f genes for high sugar content from L ycopersicon  chm ie- 
ỉew skii have been estim aied to contribute $5  to 8 m illion 
annually  to the tom ato industry (see FAO, 1 996 ). How- 
ever, it is w orth bearing in m ind that these are the 
excep tions to the rule. Relatively few advances in plant 
breeding have been spectacular and few have resulted 
from  the incorporation of single genes. M ost have oc- 
curred from  the gradual im provem ent of characteristics 
governed by many genes (polygenic characters). O f 
cou rse, advanced genetic m anipulation techniques may 
change this picture and, indeed, may have an impact 
on ihe perceived value o f traditional crop genetic 
resources.

In contrast to the seed industry, the pharm aceutical 
sector is eslim ated to be valued at $ 2 3 5  billion (FA O ,
1 9 9 6 ). Included w ilhin ihis turnover are plant-derived 
drugs, m any of w hich relate back to plants collected 
from  developing countries. However, large Rnancial re- 
tu m s from  plant-derived drugs are unusual because 
m ajor breakthroughs in ihe idenúíĩcation of new bioac- 
tive com pounds from planis are inírequent. It is true 
that 3 4  out of the top 150 prescription drugs in the 
U nited States have a plani-based origin. This aside, 
despite the estim ated tens of thousands o f species inves- 
tigated in bioprospecting programs, only 90  plant spe- 
cies have yielded 119 com pounds considered to be im- 
portant drugs (see ten Kate and Laird, 1999).

T he debate has driven the establishm enl of 
agreem ents covering the access to and the sharing of 
beneR ts derived from plant genetic resources. Conse- 
quently , seed bank curation needs to accom m odate not 
only national and international legislation but com pli- 
arice w ith  increasingty strict conditions attached to the 
m aterial by the country or organization originally pro- 
viding the m aterial to the seed bank.

The Convention on Biological Diversity (C BD ) came 
into ĩorce  on D ecem ber 29 , 1993 , follow ing its opening 
for signature at the Rio Earth Sum m it in 1992 . It has 
provided party governm ents w ith a fram ew ork within 
vvhich access to genetic resources and ihe sharing of 
b en eíìts arising from their utilization can be negotiated. 
M any cou ntries have either developed, or are preparing 
national legislation to im plem ent, access and benefit- 
sharing provisions of the CBD. Fundam ental concepts 
that are often incorporated into national access legisla- 
tion are as follows:

• The need to obtain p rio r  in ịorm ed conaenl for acqui- 
sition of geneúc resources from the appropriate 
national authority

• The need to reach m utuaìỉy ag reed  tcrms, w hich im - 
plies a negotiation leading to a form  of bilateralm a- 
terial transfer agreem ent specifying the terms and 
cond itions under which m aterial is transíerred

In addition to the provisions of the CBD and im ple- 
m enting legislation at the national or regional level, 
certain seed bank collections may fall w ithin the am bit 
o f the International Undertaking (IU ) on Plant G enetic 
Resources for Food and A griculture (PG RFA ). This is 
currently being revised in order to establish a m uỉtilat- 
e ra l access and beneíìt-sharing system  ior PGRFA that 
is com patible with regimes established under the CBD. 
It also recognizes ihe contribution made by indigenous 
Tarmers, in particular, to the developm ent of plant vari- 
eties.

Seed banks, particularly the larger ones such as those 
w ithin the CG1AR system  (discussed previously), have 
responded to the em erging legal fram ework on access 
to genetic resources and beneíu-sharing by reviewing 
the term s under w hich they acquire genetic resources 
and supply them to third parties. In many cases, seed 
b a n k s  h a v e  a d o p te d  th e  u se  o f  S ta n d a rd  m a te r ia l  t r a n s íc r  

agreem enls that entitle the providing organization (or 
the couniry of origin of the m aterial) to a share of any 
beneíìts arising from the utilízation of the material. 
They may also restrict the subsequeni transfer and use 
o f the m alerial. A pioneering worldwide projecl by 16 
botanic gardens, w hich like the agricultural seed banks 
have traditionally supplied geneúc resources to a wiđe 
range o f users, has also attem pted to find broadly Stan
dard term s under vvhich m aterial may be transĩerred to 
third parties.

Particular challenges faced by seed banks include 
the follow ing:

• The acquisition of new m aterial on terms that en- 
able its subsequent distribution and use, so far as 
possible, on a com m on basis

• The developm ent of a supply policy [lex ib le  

enough to ensure that terms and conditions of any 
bilateral agreem ent (e.g., with the country of ori- 
g in) are m et, while enabling plant genetic resources 
to be also made available for food and agriculture 
under any m ultilateral system  to be adopted in ihe 
revised IU

• The developm ent of procedures that enable cura- 
tors to clearly identiíy whether a proposal to ac- 
quire or supply m aterial should be dealt with on a



m ultilateral or bilateral basis. For instanee, due to 
the single source nature o f many successfuỉ pharina- 
ceutical “h its,” such work may fall .into the latter 
category

Finally, it is im portant to note that the beneíìt o f the 
annual investm ent in PGFRA conservation and utiliza- 
tion com pared with íts estím ated total annual cost of 
$1 b ilỉion (FA O , 19 9 6 ) is considered to be very high. 
For this reason it is essential that the íuture operations 
o f seed banks are not threatened by financiaì insecurity.

G. The Scientiíỉc Principles ưnderlying 
Seed Banking

Viable seeds o f m any species w hen m aintained in a dry 
and co ld  State are  cap ab le  of b ein g  g erm in ated  m an y  
years later. This capability means that the long-term  ex  
si tu conservation o f m any higher plants is a realistic pos- 
sibility.

1. Seed Storage C onditions

The Science o f seed storage is not a new one and dates 
back, at least, to China in the 6th  century. Advances 
in the quantiíìcation o f seed longevity under different 
storage cond itions were made in the second half o f the 
20th  century through the w ork o f H arrington in the 
United States and Ellis and Roberts in the United King- 
dom (see rcview in  Hong, Jen k in s , et. a ỉ .y 199 8 ). Critical 
íactors that determ ine seed longevity are the seecTs 
m oisture content, tem perature, and gaseous environ- 
m ent; its initial viability; and its genetic background. 
W ith  respect to the ỉatter, cỉifferences betw een species 
wouìd appear to be m uch greater than those w ithin. 
G enetics pạrticularly influenc.es the relationship be- 
tween seed longevity and seed m oisture content. M ost 
species produce seeds that can be dried to Iow m oisture 
contents (e.g., w here less than 5%  o f the seeds’ íresh 
weight is water) w ithout loss o f viability. The seeds 
o f such species are termed “orthod ox.” Furtherm ore, 
orthodox seed longevity increases in a predictable fash- 
ion as the m oisture content is reduced. W ith in  lim its, 
there is a straight-line relationship o f negative slope 
betw een longevity and seed m oisture content (up  to 
about 15 to 25% ) when both are expressed on a logarith- 
m ic scale. M ore sim ply, H am n gton ’s rule o f thum b 
states that a 1% reduction in m oisture content roughly 
doubles seed longevity. Ellis et a l. in  1989  found that 
drying seeds below  a certain m oisture content (equating 
to that in equilibrium  w ith air at about 11%  relative 
hum idity at room  tem perature) did not increase longev-

ity in m ost species studied. Hovvever, in a few species, 
a decrease in longevity was noted.

Tem perature also has a predictable eíĩect on  seed 
longevity over the range — 13°c tơ 90°c (D ick ie  et 
a i ,  1990 ) such thai there is a quadratic relationsh ip  
betw een longevity on a logarithm ic scale and tem pera- 
ture— although an Arrhenius relationship also íìtted 
the data well. Im portantly, the relative effect o f tem pera- 
ture on the seed longevity o f eight species was identical. 
In its sim plest form , H arringtons rule of th u m b  states 
that a 5°c reduction in tem perature doubles seed lon- 
gevity.

In 1980 , E llis and Roberts developed a predictive 
model for orthodox seed storage thai incorporated the 
determ inants oflongevity  (except gaseous environm ent 
that has m inim al effect at the low m oisture contents 
over w hich the model is applicable). Based on accelera- 
tion of the aging process in seed lots by increasing their 
m oisture content and tem perature, the m odel allow s 
extrapolation of longevity at cooler and drier concli- 
tions. For instance, rice seeds at 5%  m oisture con ten t 
and — 20°c (fairly typical seed bank cond itions) have 
a theoretical potential to survive at least 1 900  years 
(see Hong et a l , 199 8 ). Such data lend w eight to occa- 
síonal press reports o f the germ ination o f seeds o f great 
antiquity, m any o f w hich cannot be confirm ed due to 
the lack o f supporting archaeoĩogical evidence. N one- 
theless, there is, for exam ple, evidence o f longevity 
greater than 100  years at roorn tem perature for dry 
wheat seeds (Steiner and R uckenbauer, 199 5 ). T h e seed 
storage raodel indicates the independence ot tem pera- 
ture and m oisture con ten t on longevity over a wide 
range o f conditions (E llis  et a i . , 199 5 ). It has been 
suggested that this m ay not necessarily be the case, 
particularly at very low m oisture contents (V ertucci and 
Roos, 199 0 ). The m odel also appears to be iníluenced by 
developm ental stage (Hay et a l ,  199 7 ). These delibera- 
tions do not, how ever, a lter the current seed bank stor- 
age recom m endations (details o f w hich are given later).

Even if  these longevity predictions prove to be unat- 
tainable for all species, they do imply that, for som e at 
least, storage in  seed banks may be suỉíìciently  long to 
carry the current heritage o f  genetic m aterial to new  eras 
w hen other technologies will be available. Predicted 
longevities o f this magnitude also imply that the am ount 
o f regeneration o f seed stocks inherent in m any gene 
bank program s currently may be m ore a íunction  of 
preíerred w orking practice (e.g ., regitlar study o f co llec- 
tions), or poor application o f the technology, rather 
than a íailure of the technology itselí.

In a study of the seed storage behavior o f 6 7 0 0  spe- 
cies, Hong et al. (1 9 9 8 ) , found that 91%  had orthod ox



(desiccation tolerant) seed. The rem aìnder had either 
desiccation susceptible or “recalcitrant” seed or had 
characteristics interm ediate betw een ihe recalcitrant 
and orthodox types. Also certaín g e n e r a  (e.g., A cer) 
contain both orthodox and recalcitrant species. There is 
little evidence, how ever, that individual species produce 
both orthodox and recalcitrant m ature seeds. It should, 
though, be noted that orthodox seed passes through a 
desiccation susceptible phase during developm ent. The 
true percentage of species with orthodox seed within 
t h e  p la n t  k i n g d o m  is p r o b a b l y  s ig n i í ì c a n t l y  le ss  t h a n  

91%  as the sample was biased toward species in trade. 
Although recalcitrant seed behavior is loosely associ- 
ated with long-lived perennial species producing large 
íleshy fruits, there is great uncertainty of the num ber 
of wet tropical forest species producing such seeds. 
Seed storage behavior is usually assessed by quantifying 
the survival of seed lots of a species after drying to 
different m oisture conlents. A m ore rapid biochem ical 
diagnosis of potential survival o f drying is clearly of 
interest. M ost recalcitrant seeds, including oaks and 
rubber, die below a value of about 40%  m oisture con- 
tent. Because they need to be kept m oist (and aerated) 
they have short life spans, generally of a few m onths, 
and are not suitable candidales for seed banking. Other 
form s of genetic conservation must be employed. The 
same is true for species, such as coffee, which produce 
“interm ediate” seeds that cannoi be dried m uch below 
about 10% m oisture content. They also tend to he sus- 
ceptible to storage at cold tem peratures ( - 2 0  and 0°C ). 
W ork on other species, such as orchids, suggcsts the 
use of other subzero tem peratures may be appropriate 
for the conservation of species som etim es included in 
this storage category (Pritchard  et a i ,  1999).

2. G e n e tic  C o n s id e ra tio n s

The genetics o f seed bank siorage is an im portant issue. 
A criticism  occasionally leveled at seed banks is that 
there is selection in storage. Selection  can occur during 
collection through a biased sample (e.g., for early or 
late flowering genotypes). It can also occur when sam- 
ples are grown out under conditions that differ dramati- 
cally from those where the seeds were harvested. There 
is, however, little evidence to show that, com pared with, 
say, room conditions, the seed bank environm ent does 
other than slow down the (nonnally  distributed) times 
for individuals to die. In other words there is no greater 
risk of selection out of any individual bv the conditions 
applied than under natural conditions.

A nother criticism  is that seed lots in a seed bank are 
protected from evolutionary pressures that maintain 
Htness. The extent o f this problem  will depend on the

generation time of the species involved and the severity 
of ihe selecúon pressures (at the site from w hich it was 
collected) during the time the seed lot was in storage. 
It rnight be argued that those species w ith short genera- 
tion times will quickly adapt to all but the m ost ex- 
trem ely changed environm ents (i.e., the gene írequen- 
cies in ihe seed lot will quickly be selected  to m eet the 
new needs). O f course, m aintaining the original genes 
sampled from w ithin the populaúon m ay have longer- 
term benelĩts of íìtness for the species if pathogen attack 
has altered the natural population in the intervening 
period. An additional consideration is the prospect of 
genetic coniam ination of natural populations by chance 
hydridizalion with exotic m aterial including genetically 
m odiíìed organism s. This concern  is also partially allevi- 
ated by the existence of long-term  stored germ plasm  
in its o r ig in a l Sta te .

H. Seed Bank Management
1. P ro ce d u re

The basic elem ents of the seed banking procedure (m ore 
or less in order) are as follows:

• C ollection planning and perm ission seeking
• Seed (and pressed specim en) co llecting  and íĩeld 

daia recording
• Shipm ent o f the seeds
• Creation o f a data record about the accession
• Seed cleaning (som etim es preceded by initial dry- 

ing and som etim es accom panied by X -ray analysis 
and quantity determ ination)

• Main drying
• Seed m oisture determ ination
• Initial germ ination test (som etim es left until after 

banking)
• Packaging and banking and security  duplication
• Characterization (including veriEcation of identity 

in ihe case of wild species) and evaluation (w here 
appropriate)

• D istribution of stocks to users (ihrough tim e)
• G erm ination retests (through tim e)
• R egeneration/m ulúplication (as required)

Although many of the w ell-established seed banks 
broadly follow these procedures, most m odify them  to 
meet theír own specific needs. Som e banks carry out 
very little field collecting and som e m ultiply the seed 
sample on arrival. Costs for each stage vary considerably 
beivveen seed banks. The RBG Kew Seed Bank, which



has an in ternational co llectin g  program , estim ated, in 
l c)9 7 , that Lhe ratio o f costs betw een collecting, P r o 

cessing, and annual m aintenance for a collection  was 
in the order o f 100  : 5 0 :  1.

2. Seed C ollectin g

Set against the backgrounđ o f the CBD and the lư , 
co llectin g  shou ld  only be carried out w ith thc perm is- 
sion o f the n ational and local authorities. Foreign collec- 
tors shou ld  w ork co llaboratively  with local scientists 
and clear agreem ents on  b en eíìt sharing should be in 
place. O ne im m ediately  tangible benefit is the sharing 
oí co llectio n s and the in íorm ation  relating to them. 
O ther in ternational regulations nced to be adhered to. 
T hese inclu de ihe C onvention  011 International Trade 
in Endangered  Species (C IT E S ) and national quaran- 
tìne laws.

Seed co llectin g  m ethodology and genetic resource 
exp loration  have been thoroughly covered by Guarino 
et a ỉ. (1 9 9 5 ) . In m ost in stan ces, random  and even sam - 
pling o f  wild plant or crop  populations is recom m ended, 
inclu ding caretul note taking o f the sam ple m cthod 
(in  often  less than  p erỉect cond itions). O bjective da ta 
record ing is  essential as is accurate recording o f loca- 
tion. T h is  latter aspect is now  íacilitated  by the use 
o f G lobal P osition ing  System  receivers that help fix 
laũtudc, longitude, and even altitude using satellites.

H arvesting seed that is close  to m aturity and keeping 
the seed alive in  the field should be param ount. Also 
it is essential that harvested seed is returned to the 
seecl bank íacility  as secu rely  and rapidly as possible. 
Prestorage con d ition s in ílu ence seecỉ viability at the 
start o f storage. B ecau se the longevity of a species stored 
under sp eciíic  seed bank cond itions is substantially 
fixed, the only o lh e r key longevity factor that can be 
varied is in itia l seed storage viability. Delay in  drying 
the seed properly or unduly  harsh cleaning m ethods 
can  severely red uce in itia l viability; in  turn, th is can 
dram atically  red uce both  seed  longevity and seed bank 
eííìciency . w h e re  space is not lim iting w ithin a cold 
store and the longer seed lots can be kept alive, the less 
ihe unit fuel cost per species.

It is w orth n otin g  that seed lots o f the sam e species 
should  not be m ixed  e ith er w ithin or betw een years. 
Such  action  cou ld  dim inish both the unique genetic 
m akeup and reduce the longevity (throu gh low er initial 
seed quality) o f  a seed lot.

3. Seed C leaning

Seed lots harvested from  som e populations of wild spe- 
cies in p articu lar con tain  large num bers o f “em pty” 
(or aborted) and in sect-in íested  seeds. They may be

outwardly sim ilar to the “com petent” seed and ohen 
arc thus not rem oved during the cleaning process. Their 
presence can be detected by X-ray analysis or a sim ple 
cu t-test applied to a subsample. O nce detected, sưch 
incom petent seeds need to be allowecl for when distrib- 
uting seed to users and when carrying out germ ination 
tests. A lthough the insects may not be removed at this 
stage, nearly all adult and m ost larval form s o f insects 
are killed  by Standard  seed bank practice. However, 
insect eggs along with fungal and viral contam inants 
can survive seed banking. Thus, appropriate quarantine 
procedures need to be in place when the seed is removecl 
from store.

4 . Seed  B a n k  S to ra g e  S tan d ard s

No two banks are the same. Traditionally, seed banks
have been classified into the follow ing categories:

• B ase  collections that are for the long-term  storage 
o f seed lots and from w hich seeds are not norm ally 
sent to ưsers (though this is not always the case).

• A ctive collections from  w h ich  seecls are m ade avail- 
able to users. O íten such stores are m aintained un- 
der less optim al storagc conditions com pared to 
those holding base collections though this need not 
be the case. FA O /IP G R I (1 9 9 4 ) recom m ends that 
storage lives o f 10 to 20  years m ight be appro- 
priate.

Base and active collections can occu r at the same or 
different genetic resources centers or, as is the case in 
the SADC genetic resources netw ork, the active íacilities 
in d iíĩerent countries are linked to a regional base facil- 
ity. In theory, the collections held w ithin the active 
store need occasionally to be reĩreshed by the sam e 
sam ples held in the base store. Because active stores 
are likely to m ore írequently regenerate (discussed 
later) their sam ples, selection and genetic drift could 
cause a genetic divergence from the sam e sarnples held 
in  the base store.

The FA O /IP G R l standards (1 9 9 4 ) for base collection  
storage requires fresh seed to be dried w ithin the range 
o f 3  to 7% m oisture content, packaged in a m oisture- 
proof way, and placed at subzero (and preíerably 
— 18°C) tem peratures. Although m any o f the world,s 
seed banks aspire to such conditions, as has been noted, 
relatively few are able to em ulate them . N onetheless, 
the robust nature o f seed bank technology m eans that 
substantial longevities are achievable even with partial 
fulfillm ent of the standards that have been discussed 
and using a low technology approach.

The standards set out in 1994  are im portant as they



s e t  th e  b e n c h m a r k  for S ta n d a r d  o p c r a t in g  p r o c e d u r e s  

by seed banks. C onsolidation of these standards and 
increased use of a com m on íorm at for data would facili- 
tate exchange of inform ation betw een faciliúes. Such 
unification  of data standards could ulúm ately em bracc 
all specim en banks including those specializing in the 
storage o f samples for environm ental m onitoring.

5. S e ed  D ry in g

Drying is perhaps the key to success in seed banking 
of orthodox-seeded species. Not only is storage pro- 
longed in orthodox-seeded species but germ ination is 
prevented, the risks of insect and mite attack are re- 
duced, and the seeds are protected from freezing dam- 
age. FAO (1 9 9 6 ) found good drying ĩacilities to be a 
lim iúng íactor in a num ber of seed banks. Drying in- 
volves the m anipulation of the water potential gradient 
betw een the inside and the outside of the seed. To all 
in tents, the water potential is the difference belween 
the activity of water m olecules in any system compared 
with pure water. W hen the water potential of the air 
is low er (m ore negaiive) than that of the seed, there is 
a net m ovem ent of water out o f the seed and drying 
occurs. As the water poiential gradient reduces, drying 
slow s down. w h e n  no gradienl exists, the seed m oisture 
con ten t is said to be in equilibrium  with the sur- 
rounding air conditions. C onsequently, íactors that in- 
ílu ence the water potential o f ihe air surrounding the 
seed are im portant to drying. Low ering the relative 
hum idity or increasing the tem perature of the air lowers 
its w ater potential. By kceping air moving ovcr thc sccd, 
low hum idity can be m aintained by preventing moist 
air from  accum ulating around the surface of the seed. 
Seed size and seed depth affect rate of drying. M igration 
of m oisture from the center o f a large seed to the outside 
will take longer than from the center of a small seed. 
The sam e principles apply to large and small seed sacks. 
Shape, affecting surface to volum e ratios, and seed 
stru cture will also have an effect on drying rate as can 
seed m aturity.

It is worth noting that at any particular water poten- 
tial, the seed m oisture content will depcnd on its chem i-
c.al com position. Seeds with a higher oil content will 
have a lower m oisture conient.

M ost seed banks are located vvhere the am bient rela- 
tive hum idúy is not sufficiently low to allow the seeds 
to dry to the m oisture content levels set out in the 
previous standards. High tem perature gives rapid drv- 
ing. H ow ever: although shade and oven drying can be 
used for drying, there are seed aging dangers of placing 
wet seeds at high lem peraiures and of leaving dried 
seeds too long under such regim es. Similarly, sun drying

has risks associated with radiant heal gain. A degree of 
caution needs to be exerđ sed  if ihese m ethods are used. 
Consequently, seeds are usually placed in a drying envi- 
ronm eni where the relative hum idity has been artiíì- 
ciallv lowered. Most often, this is achieved by sorption 
or occasionally by reírigeration drying system s. At their 
s im p le s t ,  s o r p t i o n  s y s te m s  c a n  c o n s is t  o f  a c l o s e d  Con

t a in e r  i n t o  w h i c h  th e  w e t  se e d s  are p l a c e d  and th e  air 

dried by a quantity of silica gel or dried rice. Such 
m ethods require a degree of experim entation to achieve 
the desired results. Greater control over the extern of 
drying can be achieved by use of a suitable saturated 
salt solulion  (e.g., that of lithium  chlorid e) that will 
m aintain a set relative humidity (about 11%  at room 
temperature) within a closed Container. However, many 
of the larger seed banks have now adopted controlled 
drying room s that allow for large sam ples to be dried 
in thin layers. Air from the cham ber is dried using 
dryers containing lithium  chloride or silica gel, cooled, 
and then returned. In effect, this is a closed system 
though most facilities allow for som e fresh air intake. 
D ucting the air to and from the dryer on opposite sides 
of the cham ber encourages air m ovem eni. Conditions 
vvithin the cham ber are those necessary to achieve the 
desired m oisture contents at equilibrium  for long-term  
storage. Such conditions may be 10 to 15%  relative 
humidity at 10 to 2 5 ° c , and equilibrium  is usuatly 
achieved in about one month.

6 . P a ck a g in g

M axim izing orthodox sced longevity dcpcnds on drying 
and freezing. Cooling ambient air increases its relative 
hum idity and hence its water potential. Placing the 
dried seeds directly inside a reĩrigerator w ill cause the 
seeds to absorb m oisiure. Therefore seed banks need 
to caretully package the dried sam ples. In 1 9 96 , 1PGRI 
r e v i e w e d  t h e  l y p e s  o f  C ont ai ner  u s e d  i n  c o n v e n t i o n a l  

long-term  seed  stores. T yp es of C on tainer u sed  b y  banks 
i n c lu d e  la m i n a te d  a l u m i n u m  foil  b a g s ,  s e a le d  Steel  ca n s ,  

sealed glass tubes, screw-top glass bottles, and lever- 
top fruit preserving jars. All containers have som e limi- 
tations but, carefully managed, risks of m oisture ingress 
can be minimized especially if som e m onitoring system 
is in place. The tvpe of Container chosen  will partly 
dcpend on the ỉrequency of access rcquired. The ma in 
concern wúh all is that the seal though ingress o f mois- 
ture through the íabric of the m aterial over long periods 
is a risk vvhere foil is puncturcd or cans have poor 
seams. Glass offers ihe advaniage ihat the contents are 
visible bnt is o f course at risk [rom brcakage. A num ter 
of banks double-pack for added security and others acld 
a desiccant. A num ber of ĩacilities drv the air in the



cold store and store the collections in paper or cloth 
bags. Consequently , these íacilities m ust have adequate 
gcnerator backup. T h is is less o f a problem  where seeds 
are held in m oistu re-p roof coniainers and there is a 
loss o f elecirical power. In such circum stances ihere is 
little evidence to suggest that more than a few days 
storage li íe is lost per disruption.

7. S to ra g e  T e m p e ra tu re

Many long-term  seed banks store seed under deep freeze 
conditions using eith er purpose-built preĩabricated cold 
room s or dom estic deep freezers. To reduce staff time 
at subzero tem peratures, a few seed bank cold room s, 
such as one at the N ational Institute of Agrobiological 
Resources (N1AR), Jap an , have m echanized banking/ 
retrieval system s. The use of such system s have im plica- 
tions to energy consu m pù on by the bank.

Use oí perm aírost has been considered for long-term  
duplicate storage o f seecl in places such as Svalbard. 
Althoưgh the dependence on electricity  is cut, such 
stores are usually unable to m atch the lowering of tem - 
pcratures possible in conventional base storage condi- 
tions. In 1997  the Japanese-based  Biological and Envi- 
ronm ental Specim en Tim e (BE ST) Capsule 2001  Proịect 
discussed the possibilities o f long-term  storage of ílag- 
ship sam ples under A ntarctic ice at — 58°c (w hich inci- 
dcntally is not sufficiently  low 1'or animal tissue preser- 
vation) or even on the dark side of the rnoon at — 230°c.

More usually, seed storage at ultra-low  tem peratures 
( c r y o p r e s e r v a ú o n )  is a c h ie v e d  u s in g  l iq u id  n i t r o g e n .  

Sced sam ples are norm ally held in polypropylene (or 
sim ilar) screw -cap containers placed in the vapor phase 
above liquid nitrogen (about — 160°C ). Preferably sam - 
ples o f dry seed should  be c o o le d  and rewarmed at 
a relatively slow  rate (about 1 0 °c  min ') to reduce 
problem s o f rapid therm al contraction and expansion 
tbat can cause physical irýury to the seeds, such as 
cracking o f the em bryo tissue. The largest cryogenic 
seed bank is operatcd by the National Seed Storage 
Laboratory (U nited  States) where there are m ore than
3 7 ,0 0 0  accessions stored over liquid nitrogen. M ore 
than 1 1 ,0 0 0  of these are also stored under conventional 
seed bank con d ition s at — 1 8 °c . The National Bureau 
for Plant G enetic R esources in New Delhi also conserves 
seeds under conventional and cryogenic storage condi- 
tions. M oreover, seeds of a signiíicant num ber of North 
A m erican and Australian wild species have been tested 
successtully  for their tolerance of cryopreservation 
(P ence, 1 9 9 1 ; T o u ch ell and D ixon, 1993). Il is w orth 
bearing in m ind w hen considering setting up a cryo- 
genic íacility for seed m aterial that such low tem pera- 
tures are not necessary to achieve practical periods of

long-term  storage (Priichard, 1 995 ), that the Setup costs 
are relatively expensive, and the storage volume is less 
efficient than a conventional seed bank. However, these 
additional cosls may be acceptable when creating the 
ultim ate “base co llection” for material that is in short 
supply, is inherently short-lived, or is o f particular com - 
m ercial value (unique genotypes).

8 . M o n ito r in g  Seed  L o t V ia b ility

Perhaps one of the m ost im portant param eters o f seed 
bank effectiveness is the result of germ ination m onitor- 
ing. G erm ination is the preferred test for seed lot viabil- 
ity. Providing such iníorm ation to those using the seed 
is helpíul. Additionally, other viability tests such as 
vital staining using tetrazolium  solution have a greater 
elem ent of subjectivity  about them. This staining test 
is, however, som etim es used to help distinguish be- 
tween dead and dorm ani seeds am ong those that did 
not germ inale under a given lest regim e. Two problem s 
relate to the germ ination m onitoring of seed bank acces- 
sions. First, because seeds are tested soon aĩter arrival 
at the bank and then at regular intervals (often every 
5 to 10 years) during their storage life, the tests need 
to be repeatable and operator independent. Second, in 
order to recover as many genotypes as possible repre- 
sented within a seed lot, it is necessary to break seed 
dorm ancy. T h is can be a particular problem  in seed of 
wild species and where the seed is íreshly harvested. 
Key techniques include scariíìcation o f hard seed coats 
to ĩacilitate w ater or oxygen perm eation, im bibed chill- 
ing at 5 to 10°c, and later incubation at diurnal alternat- 
ing tem peratures vvith íluorescent light (i.e., rich  in red 
light) provided only in the higher tem perature phase. 
Tests have to be seed lot speciíìc as m ost seed dorm ancy 
is not strongly genetically inherited and the form  it 
takes depends on the conditions under w hich the seed 
matured. O nce determ ined, the same treatm ents can  be 
used during the m onitoring o f that seed lot through 
time.

Seed banks use a variety of media for germ inating 
the seeds, such as ĩilter paper and sterilized sand. How- 
ever, 1% (w /v) plain water agar is increasingly popular 
especially as it reduces the risk of im bibition damage 
to dry seeds.

O bviously through tim e these m onitoring tests can 
consum e a signiíìcant proportion of each seed lol. Ide- 
ally, when the seed viability has fallen to a level where 
regeneration needs to take place, sufficient seeds should 
rem ain in the collection  to m ake several attem pts at 
growing out the collection. Because base collections 
may have a projected storage life of as m uch as 200  
years, collection  size needs to be large. The international



standards (discussed earlier) recommenđ SI lcast 1000 
seeds per seed loi.

W here seed banks handle seed with unknovvn stor- 
age behavior, the initial germ inalion could be delayed 
until after drying and banking. Survival will indicate 
orthodox characteristics. Few  banks vvill have sufficient 
staff time to do more than brief tests prior to this on 
suspected recalcitrani or interm ediate seeded species.

9. D uplication

One of the main advantages of seed banks is that they 
centralize collections of genetic material making them 
m ore easily accessed and studied. Indecd, S o n i c  seed 
banks might be seen as som e of the worlcĩs greaiest 
plant diversity hot spots with more individuals and, 
in some banks, more species per square meter than 
anywhere else on the planet. This ccm ralizaúon poses a 
risk to all but the m ost careíully located and constructed 
íacilities. Potential catastrophic loss, which of course 
threatens plants conserved both cxsilu  and in sít 11, mean 
that duplication of co lleclions and thcir associated data 
is an im porlant elem eni of seed bank safety. The FAO 
report (1 9 9 6 ) indicates that the lcvcl ol security dupli- 
cation of plant genetic resources for food and agricul- 
ture still needs to be improved and is at best unceriain.

10. C h a ra c te r iz a tio n  an d  E v a lu a tio n  

Characterization can vary from accuratc nam ing ol the 
species or subspecies representeđ by the collection 
through to m ore detailed recording ()f charactẹrs gov- 
erned by genes that are liltle  modiíìed bỵ environm ental 
factors (m ajor genes). Such iníorm ation, published in 
the form of descriptor lists, is o f great valuc to plant 
breeders wishing to narrow their choice of material 
from, often, vast collections. Similarly, the concept of 
core collections has been established to íacilitate use 
by breeders. A core collection  geneticallv represents a 
lim íted set of accessions of a crop gcne pool vvith the 
m inim um  of repetilion.

Increasingly, characterization is taking the form of 
more detailed m olecular techniques such as screening 
by Ampliíied Fragm ent Length Polymorphísm. By con- 
trast to characterization, evaluation rccords data on 
traits such as yield that are strongly in[luenced by the 
environm ent in vvhich the planis arc grown. Su ch daia 
are thus site and year speciRc and are perhaps ol less 
use to breeders.

11 . D is tr ib u tio n  to U sers

A very im portant elem ent of seecl bank \vork is to makc 
the seed available w herever possible. In evidcnce ol thc

scale o f such  dispatch, ten Kate and Laird (1 9 9 9 )  quote 
an annual d istribution  of nearly 120 ,000  sam ples hy 
the U.S. N ational P lant G erm plasm  System  o( w hich 
65%  are sen i abroad, m any requested by reference to the 
Germ plasm  R esources Inform ation N etw ork (GR1N) 
available o n  the Internet. Furtherm ore, the usage raie 
of crop banks by p lani breeders is probably less than 
the rate o f request from  banks holding broader p lam  
diversity co llection s w here uses include a wide array 
of pure and applied research  in addition to field trials. 
D uring 1 9 9 4 - 1 9 9 6 , there was a 50%  request rate for 
seeds offered through an extensive list offered by the 
Kew Seed Bank.

Several elem ents need to be considered concern ing  
the d istribution  o f seed to users. The recip ient should be 
provided w ith accurate in form ation  about the collecú on  
and how to germ inate the seeds. It should also be re- 
m em bered that certain  species require a sym biont for 
elTeclive grovvth (e .g ., legum es and R hizob iu m ), and that 
the user may need lo draw on germ plasm  lor both  plant 
and sym biont. The seed sam ple must be dispatched 
having fulfilled all necessary plant health  and, where 
appropriate, C ĨT E S requirem ents. Finally, to meet the 
needs o f the CBD and to clarify the cond itions under 
w hich the m aterial can be used, all germ plasm  sam ples 
are increasingly  dispatched under m aterial supply 
agreem ents.

1 2 . R e g e n e ra tio n

Seed bank accessions are grow n out for the purposes 
oT regeneration o f seed stock  (c ith cr w hcn seed num bers 
are low or w hen viability has red u ced ), for characteriza- 
tion and for evaluaúon. M any banks have a regeneration 
Stand ard  below  w hich ihe germ ination of a seed lot 
should n o i fall. T h is is usually set at 85% . This high 
value lim its the risk of accum ulated genetic damage 
that is associated  w ith seed aging. Even though falling 
levels o f seed  germ ination  are correlated with íalling 
levels o f lĩeld establishm ent, many banks have adopted 
low er standards. T his may in part be due to ihe backlog 
of regeneration w ork that in som e national ĩacilities 
h ighlighted  by FAO  (1 9 9 6 )  is nearlv 100%  o f the collec- 
tion. By co llectin g  h igh-quality  seed lots in good quan- 
tity, other banks have reduced the necessity for regener- 
alion that can be tim e and labor consum ing and that can 
have adverse effects on the genetics o f the collection. 
Sam ples regenerated under cond itions d ilĩerent íroin 
where they orig inaled  can expericnce selection . If too 
small a sam ple is regenerated, geneúc drift may occur 
in w hich rarer alleles are lost through chance. Under 
som e circu m stan ces, reco llection , if possible, mav the 
m ore desirable opticm.



Having considered the aspects o f seecl bank m anage- 
m ent, a brief consid eration  of seed bank design is appro- 
priate (also see C rom arty ct a l 1 9 8 5 ). The location  
o! the bank is im portant írom  p olitical, practical, and 
sccurity aspects. Potential risks have lo  be considered 
be they earthquake, Aooding, or radiation fallout. Som e 
facilities are placed underground su ch  as the seed bank 
al Krasnodar in Russia and the M illenniu m  Seed Bank 
in the United Kingdom . O thers such  as the N SSL are 
located on the íìrst floor to lim it possible im pact from 
structures above resưltant [rom  seism ic activity. The 
size of m osl banks should  be d ictated  by peak annual 
intake (seed drying and cleaning facilities), pro jected  
capacity beíore a rebuild is practical (seed storage), and 
annual co llection  m aintenance (germ ination , field, and 
greenhouse ía c ilitie s). Cold storage íacilities vary from 
a few dom estic deep-freezers up to large room s such 
as one of 140 m 2 (w ith capacity  for 1 5 0 ,0 0 0  sam ples) 
at NIAR in Ịapan.

III. OTHER TYPES OF GENE BANK

This section provides sum m aries o f the current status 
oí nonseed gene banks, starting w ith dry propagules 
(pollen and spores), w hich can be stored under condi- 
tions sim ilar to those used for seeds, and covering nor- 
mally hydrated tissues that can also be preserved under 
a different set o f controlled  cond itions. P inally, field 
gcne banks are covered and the role of botan ical and 
zoological gardens is brieíly  m entioned.

A. Pollen
There are m any practical reasons for siorin g  pollen: to 
support w ork on allergenic responses, plant hybridiza- 
tion, and fertility; haploid  planl produ ction ; and genetic 
transform ation system s w ith isolated  pollen  (o r ga- 
m etes). O ptim al storage con d ilion s for pollen  are sim i- 
lar to those for seeds (i.e ., at low m oisture con ten t 
and subzero tem peratures). In addition, there is som e 
e v id e n c e  (e .g ., in  m aize and Im p a tien s ) that longevity 
in dry storage is enhanced  in an oxic  atm ospheres. M ore- 
over, pollen has also been  stored  in a vacuum -dried 
State.  The ease o f storage though relates in part to the 
cellular and physiological nature o f the pollen. B icellu - 
lar pollen, as found in L iliaceae, O rchidaceae, Solana- 
ceae, and R osaceae, generally to lerates d esiccation  to 
about 10% m oisture con ten t and is relatively long-lived.

By com parison, iricellu lar pollen, as [ound in Graminae 
and Com positac, is relatively short-lived and is much 
more sensitive to desiccation. M osl work on the long- 
term storage of pollen has iocuseđ on fruit tree or for- 
estry species, for vvhich 10 years storage at conventional 
gene bank Lemperatures ( —20°C ) is easily attainable. 
Pollen of at least 30  species are knovvn to survive liquid 
nitrogen tem peratures. Although pollen banking is evi- 
dently possible for many species, there does not appear 
to be any large-scale gene bank operation using such 
material.

B. Spores
Spores of many species o f both pteridophytes and bryo- 
phytes are stable for m onths or years w hen dried, and 
this time can be extendeđ with storage at cold or freez- 
ing tem peratures. The longevity of short-lived (chloro- 
phyllous) spores oỉ soine species can be extended sig- 
niíìcanlly by drying and freezing in liquid nitrogen 
(Pence, 2 0 0 0 ). Although there are data on fungal spore 
storage (e.g., w ork by Hong cl a i ,  in 1998 ), the m ajority 
of íungal germ plasm  appears lo be conserved in culture 
or through cryopreservation ol hyphae (see later).

c. Somatic and Zygotic Embryos of Plants 
with Nonbankable Seeds

N onbankable seeds can nonetheless be stored using 
aliernative approaches. Usually, these revolve around 
the use of rapid, partial desiccation of embryos or em- 
bryonic axes to about 20%  m oisture content and subse- 
quent transíeral to liquid nitrogen tem perature or the 
use of other subzero storage temperatures. Recovery 
levels may be im proved by pretreatm ent of embryos 
with cryoprotectants, encapsulation of the m aterial in 
alginate beads, or careíul raanipulation of the in vi tro 
recovery environm ent. The em bryos of more than 50 
species have been successfully cryopreserved. Other 
parts of ihe plant can also be used to establish ex  si tu 
gene banks for species with nonbankable seeds, as de- 
scribed in the follow ing section.

D. Vegetative Parts of Plants
Vegetative tissues of both pteridophytes and bryophytes 
can be banked for germ plasm  preservation (Pence, 
20 0 0 ). Gam etophytes of many bryophyte species are 
naturally adapted to desiccation stress and can be cryo- 
preserved after su ííìcien t drying. Gam etophytes o f pteri-



dophyles and som e desiccatìon-into lerant bryophytes 
can also be frozen when provided w ith som e cryoprotec- 
tion, such as encapsulation in alginate beads followed 
by dehydration or the use of abscisic acid and the amino 
acid, proline, as a pre-treatm ent. Shoot tip freezing of 
sporophytes o f pteridophytes has also been dem on- 
strated. It is estim ated that fewer than 200  taxa ol bryo- 
phytes and pteridophytes com bined are currently 
banked worldwide using vegetative tissues, primarily 
at the C incinnati Zoo and Botanical Garden and the 
University of Kansas in the United States, but there is 
signiíìcant potential for increasing this number.

The National Seed Storage Laboratory of ihe U.S. 
Departm ent of Agriculture (USDA) also cryopreserves 
about 1700 apple lines using dorm ant scion sections, 
w hich are retrieved by grafting (i.e ., no culture of meri- 
stem s). The lines are m ainly from  M alus X dom estíca , 
plus 10 to 15 other apple species. Som e pear and cherry 
species (Tow ill and F orslin e, 1999) are also banked in 
this way.

Apical shoot tips and other m eristem s/buds are the 
most popular vegetative m aterials for cryopreservaiion. 
Lines írom about 50  species are now routinely cryopre- 
served. Initial studies used shoot tips Irom cold hardy, 
temperale zone species (apple, pear), but cryoprcserva- 
tion m elhods have been extended lo tropical zone spe- 
cies (banana, pineapple). Successíul cryopreservaúon 
depends on deíìning the physiological adapiation oi the 
stock plant, the explant size and type, and its water 
content, the steps in the preservation process (cryopro- 
tectant concentrations and rales of adtlilion/rem oval; 
cooling/w arm ing rates), and the recovery system . Tvvo- 
step cooling procedures have been useful for som e spe- 
cies, but vitrification procedures (solution-based sys- 
tems and encapsulation/dehydration system s) are more 
favored because of the technical sim plicity (Sakai,
1 993 ). All m ethods are designed to reduce ice crystal 
growth in the specim en. O ther vegetative material thai 
has been cryopreserved using sim ilar m ethodological 
approaches include cell suspensions and callus (m ore 
than 4 0  species), protoplasts (m ore than 10 species), 
and root cultures (5  species).

It should be noted that cryoprcservation of vegetative 
germplasm overcom es the problem  of genetic instability 
during storage as all cellular divisions and m etabolic 
processes are stopped. In contrast, two other methods 
of in vitrơ  preservation, norm al and slow grovvth lech- 
niques, run the risk o f genetic changes (som aclonal 
variation) in the conserved germplasm that may resuli 
in the loss of d istinct genotypes.

Species are stored under norm al grovvlh condilions 
(e.g., C oỊỊca  at 27°C ) for short-term  purposes only. The

explant (usually m eristem  or nodal cutting) is fre- 
quently transferred (subcultured) to fresh nutrient m e- 
dium with the risk of m icrobial contam ination, or loss 
ihrough human error. To retard growth and hence ex- 
tend the subculture interval, tem perature and light in- 
tensity are reduced. For exam ple, 0 to 5°c and 1000  
Lux are generally used for cold tolerant species, and 15 
to 22°c and reduced light intensity for tropical species. 
Alternatively, growth can be slowed down by the addi- 
tion to the m edium  of chem icals to induce mild osm otic 
stress (e.g., m anniiol) orh orm o n al retardants (paclobu- 
trazol, abscisic acid). Also, m aintenance of tissue under 
reduced oxygen (e.g., under m ineral oil or liquid m e- 
dium) slows growth. Under the appropriate conditions 
subculture intervals can be exlended to one year or 
longer. The slow grovvth technique is now roulinely 
used for ihe m edium -term  conservation of a num ber 
of species such as banana, potato, yam, cassava, and 
strawberry.

Although in vi tro  culture w ithout cryopreservation 
poses considerable threat o f genetic drift, the propaga- 
tion of planl m aterial in an aseptic environm ent ensures 
the produclion of disease-Iree stock  material, w hich is 
readily accessible internationally because it satisíies 
most couniry quarantine requirem ents. Undoubtedly, 
in vitro  culture is a valuable com plem entary approach 
to íìelcl conservaúon and is particularly useful w hcn 
applied to species thai are predom inately propagaled 
vegctatively (banana, poiato, and pear), produce non- 
bankable or highly heterozygous seeds, and have a par- 
ticular gene com bination (i.e., elile genotypes; see Ash- 
m ore, 1997). The im pacl o f these positive features of 
the technique is such ihat FAO estim ates that 3 7 ,6 0 0  
accessions of plant material (vegetative and em bryos) 
are conserved in vilro  (including cryopreservation) 
worldwide.

E. Animal Germplasm Samples
A m ajority of ex situ animal germplasm is m aintained 
in zoological gardens and insútutes around the world. 
The N1AR in Japan holds 621 accessions of anim al 
germ plasm , including silk vvorms in the living State. 
More than 100 of these accessions, m ostly sperm , are 
crvopreserved (for a general m ethodology, see the dis- 
cussion presented later). Sim ilarly, the rnain gene bank 
m ethodology íor ova is crvopreservation. At present, 
however, procedures for sperm and ova preservation 
are not well developed for vvild species, evcn though a 
num ber of reporied successes with artiíĩcial insem ina- 
tion and frozen sem en can be iound in the literature, 
especialìy for ungulates such as deer and antelopes. The



concept o( gam ete rescue from  tissues has considerable 
value for sperm atozoa, where epididym al sperm atozoa 
are readily obtainable post raortem  and can be frozen 
u sin g  g lycero l as a reasonably Stand ard  c ry o p ro te c ta n i. 
O ocyte cryopreservation has only been achieved in the 
ham ster, rat, rabbit, and cow and is thereíore not a 
practical proposition at present. Interest in freezing 
ovarian tissue, and then cu lturing ío llicles and oocytes 
by various m ethods after thawing, has recently  been 
resurrected and progress has included the b irth  o f a 
lam b originating from  ovarian tissưe autotransplanted 
in to the donor-recip ient after freezing and thavving. In 
another recent study, isolated rat spem atogenic cells 
were transferred to a m ouse testis, w here they displayed 
the ability to develop into sperm atozoa. The lesticular 
cells were frozen-thaw ed prior to transplantatiọn and 
dcvelopm ent, and thus there may be som e m erit in 
exploring the cryopreservation o f testicular cell suspen- 
sions as an alternative or ad junct to the preservation 
oí sperm atozoa. Cell suspension from  genetically im- 
portant anim als could be used to populale the testes o f 
com m on species, thus perm itting the eventual harvest- 
ing o f sperm atozoa. It shoulcl be stressed that ihis tech- 
nique is still only in its iníancy.

U nlike anim al species in w hich reproductive cells 
and tissues are stored to conserve the genc pool, in 
h u m a n s they  a re  Slored  for th e  use o f the couple/w om an 
electing to have them  cryopreserved. Som e em bryos 
are subscquently donated for the treatm ent o f others. 
Storage is lim ited by law in som e countries.

T he siorage o f em bryos is com m on practice in  in 
vitro  fertilization (IV F) clin ics worldw ide, with about 
7 0  offering the Service in the United Kingdom  alone. 
O ocyte cryopreservation is poorly developed and few 
clin ics siore them  other than for research. An increasing 
nurnber are oíĩering tissue storage.

Despite sporadic reports o f cryopreservation using 
nonequilibriu m  ra te cooling, the vast m ạịority o f clin ics 
prefer conventional slow  cooling rate procedures with 
the sam ples loaded into “straw s” (em bryos and oocytes) 
or plastie vials (ovary). T he first step involves the addi- 
tion  o f the cryoprotectant [about 1.5 M; 1 - 2  propane- 
cliol ±  sucrose (pronucleate and early cleavage stage 
em bryos), dim ethyl sulíoxide ( 4 - 8  cell em bryos, and 
ovary) or glycerol (blastocyst stage em bryos)]. Ice for- 
m ation is then induced at —5 to — 7°c and the sam ples 
are cooled íurther at rates o f about 0 .3  10 0 .5 ° c  per 
m inute to various subzero tem peratures beíore storage 
in liquid nitrogen. After warm ing at appropriate rates 
(o f  about 20  to m ore than 3 0 0 ° c  per m inute), the sam - 
ples are returned to isotonic conditions stepw ise, with 
or vvithout the additỉon o f sucrose to the diluent.

F. Microorganisms
T he most widely applicable preservation m ethod for 
the preservation o f m icroorganism s that retains viability 
and stability is cryopreservation. However, íor conve- 
nience and ease o f transport freeze-drying is preferred 
for raost bacteria, viruses, and sporulating fungi (see 
Hunter-Cevera and Belt, 1996 ).

There are currently  4 9 7  collections from  60  coun- 
iries m aintaining m icroorganism s registered with the 
W orld  Data Centre for M icroorganism s in Jap an  (see 
Sugawara and M iyazaki, 1 9 9 9 ). Their on-line database 
lists species held and the expertise and services pro- 
vided by the collections along w ith contact addresses 
and links to collection  w ebsites. There are about 11 ,500  
species held. O ver 25%  o f the strains are held by 5 of 
the 4 9 7  collections (see Table I).

G. DNA Banks
DNA banks have been estabìished in several places 
worldwide (Adams, 1 9 9 7 ), the largest (m ore than
1 4 0 ,0 0 0  clones) being for plant and anim al material at 
the NIAR in Japan . This collection  is m ainly constituted 
o f rice cl.ones (about 3 6 ,0 0 0  com prising Random  Frag- 
m ent Length Polym orphism s, cDNA, YAC) and pig 
clones (about 1 0 6 ,0 0 0  com prising cosm ids, BAC, 
cDNA). The m ost diverse DNA bank for plants is at 
ihe Royal Botanic Gardens (R BG ) Kew, w hich currently 
holds mo re than 1 0 ,0 0 0  DNA sam ples from a wide 
range o f species. Slandards o f quality o f preservation 
differ betw een banks and som e, such  as those at the 
M issouri Botanical Gardens (St. Louis, M issouri, in  the 
U nited States) and several zoos, store only frozen tissue. 
O thers extract DNA and purify it to varying degrees. 
Purposes for these banks differ as well, w ith som e estab- 
lished to hold sam ples o f a particular country or region 
with the in tent o f using these in conservation genetic 
studies, whereas others focus m ore on taxonom ic and 
system atic studies, such as that at RBG Kew. M ost banks 
are prepared to consider sharing aliquots o f DNA or 
sm all sam ples o f tissue w ith researchers at other institu- 
tions.

H. Field Gene Banks
Field  gene banks are ex  situ  co llections o f mainly ag- 
ricultural or íorest species. They should be contrasted 
w ith w hat m ight be term ed “farm gene banks” where 
crop germ plasm  is, in effect, conserved in si tu by the 
farmer. Field  gene banks norm ally  com prise consider- 
ably m ore individuals per accession than is the case in



TABLE 1

Collections Mainiaining Microorganisms

Cóllection Location
Number of 

strains Typc ol ma le ria 1

Agricultural Research Service 
Culture Collection, ƯSDA

Peoria, IL (US) 7 8 ,0 1 0 Algae, hacteria, íungi, yeasis, actio- 
mycetes

American Type Culture Col- 
lection (ATCC)

Rockville, MA (US) 5 3 ,615 Algae, bacteria, fungi, veasts. pro- 
tozoa, celỉ lines, hvbridomas, vi- 
ruses, veciors, plasmicls, phages

CABI Bioscience UK Centre 
(formerly (IMl)

Egham, UK 2 1 ,000 Fungi, bacieria, vcasis

Centraalbureau voor Schim- 
melcultures (CBS)

Baarn, The 
Nctherlands

4 1 ,3 0 0 Fungi, yeasts, lĩchens, plasmids

Culture Collection, University 
of Goteborg (CCU G )

Goteburg, Swcden 2 8 .1 0 0 Bactcria, fungi, veasts

botanic gardens. Their particular use is íor the conserva- 
tion and utilization of species with the follow ing traits:

• Have nonbankable seeds
• Have long life cycles where growing up m aterial for 

regular study from a seed collection  is im practical
• Are norm ally vegetatively propagated

Essentially, they are not a new idea as the Kayapo 
people o f Brazil m aintain germplasrn collections o f tu- 
berous plants in hillside gardens protected trotn ílood 
(see P lucknett et a i ,  1987). M ost countries have at leasl 
one íìeld gene bank and FAO (1 9 9 6 ) estim ate some
5 2 7 ,0 0 0  accessions are conserved in this way world- 
wide. Exam ples of field gene banks include the National 
Fru it C o llection  in the U nited Kindgom , one for cassava 
at CIA T, Colom bia, one for sugarcane at the Centro 
N acional de Pesquisa de Recursos G eneticos e Biotecno- 
logia (C EN A RG EN ), Brazil, and the potato collection 
at the Centro Internacional de la Papa (C1P) in Peru. 
Such íacilities are considered by FAO to be particularly 
im portant in small island developing states. It should 
also be noted that the Nordic Gene Bank, w hich oper- 
ates on a regional basis, unlike many seed banks, in- 
cludes w ithin its rem ii ihe in situ conservation of wild 
crop relatives.

W h ile  they offer the opportunity for characterization 
and evaluation, such collections are labor intensive and 
are susceplible to catastrophic events. For exam ple, a 
íìeld co llection  of yaras was lost in St. Lucia during 
1 9 9 4  as the result o f cyclonc damage. This is one of 
the reasons that a num ber o f field gene bank collections 
are now  backcd  up in vi tro.

I. Botanical and Zoological Gardens
Botanical and zoological gardens may be seen as types of 
gene bank with relatively few individuals per accession. 
W hile zoos have em braced careíul breeding programs 
that help m axim ize the genelic valuc o f the limited 
collections across the world, this is m uch less true of 
collections in botanical gardens. Hcre species may be 
represented w ithin the “botanical gardens ílora” by a 
single genotype such is the clonal exchange o f material. 
See also “The Role of Bolanical G ardens” and “Zoos and 
Zoological Parks."
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I. Introd uction
II. Structure o f DNA and RNA

III. Genes
IV. Prokaryoúc G enom es
V. Eukaryoùc G enom es— C hrom osom es 

VI. O rganelles and T h eir DNA
VII. M utation

GLOSSARY

a l le le  Variant o f a gene that can vary at the nucleotide 
level with or w ithout affecting phenotypic ex- 
pression.

ch ro m atin  C om plex o f DNA and associated  proteins 
that m ake up chrom osom es of eukaryotes.

ch ro m osom e Thread like stru cture that includes DNA 
and proteins (co n tain in g  genes arranged in  a linear 
sequence along the thread ), w hich  can be visualized 
w hen condensed  during cell dìvision.

DNA D eoxyribonu cleic acid, the m olecule o f inheri- 
tance that stores genetic in form ation  that is passed 
from  one cell to an oth er and írom  one generation 
to succeeding generations; it is com posed  o f four 
nucleotides: adenine (A ), cytosine (C ), guanine (G ), 
and thym ine (T ).

e u k a r y o t e s  O rganism s w ith genetic m aterial organized 
into chrom osom es that are contained  vvithin a m em - 
brane-bound  nu cleu s in the cell; eukaryotic cells

undergo m itosis and m eiosis during cell division, 
ensuring the equal division ol chrom osom es am ong 
daughter cells. 

exo n s Set o f segm ents of interrupted genes that rem ain 
aíter cu tting and splicing of m essenger RNA, and 
that include the parts of the gene thai are translated 
into proteins.

gen etic  code Language that speciíìes how DNA w ill be 
ư anslated  into protein sequences by means of three- 
nucleotide “words” (codons) that speciíy the 20 
am ino acids and regulators o f transcription (start 
and stop cođons). 

h etero ch ro m atin  Regions of chrom osom es that do not 
include coding DNA, generally make up the struc- 
ture of chrom osom es, and always rem ain condensed 
during a ce lls  life cycle. 

in tro n s Segm ents o f interrupted genes that are re- 
moved after transcription and before translation of 
m essenger RNA to proteins. 

locu s A precise location in ihe genome, w hether a gene 
is found there or not; ỉorm erly this term was used 
interchangeably w ith gene, but the deíìnition has 
becom e m ore speciíìc in the era of m olecular ge- 
netics.

n u cleo tid e  Subunit of DNA and RNA com posed of a 
ringed five-carbon sugar, a ringed nitrogen-rich base, 
and phosphates; nucleotides are often reĩerred to as 
base pairs because individual types form com ple- 
m entary hydrogen bonds (G -C  and A-T in DNA, 
G -C  and A-U in RNA) to make double-stranded DNA 
and RNA m olecules.
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organelles M em brane-bound structures vvithin eukar- 
yotic cells that carry out speciíìc functions and that 
may contain their ow n DNA; typical organelles are 
raitochondria and chloroplasts. 

post-transcrip tional m od iíìcation  Cutting and splic- 
ing of mRNA in eukaryotic cells, in som e cases to 
produce alternative proteins with different structural 
or regulatory properties (e.g ., sex determ ination in 
D rosoph ila).

prokaryotes Single-celled  organism s deíined by having 
their DNA arranged as a circular m olecule not con- 
tained w ithin a nucleus, and which reproduce by 
sim ple íĩssion. 

repetitive DNA Regions of DNA that include the same 
DNA sequence repeated up to several hundred or 
thousand tim es; regions with repeateđ segm enls that 
involve only 2 - 5  base pairs o f DNA are called m icro- 
satellites.

RNA Ribonucleic acid, com posed of nucleotides like 
DNA, but differing from DNA in that the base uracil 
(U ) in RNA replaces thym ine (T ) and single-stranded 
RNA m olecules form  im portant structural and regu- 
latory paris o f cells. 

transposable e lem ents Fragm ents of DNA containing 
genes that provide the ability for the DNA íragment 
to change ils location  in the genom e.

UN DERSTAN DIN G TH E M ECH AN ISM S O F HERED- 
ITYIS Ấ KEY TO THE STƯDY o r  BIOD1VERSITY rOR 
A T  LEA ST THREE REASON S. P ir s l  heritable genetic 
variation provides the m aterial for evolution— descent 
with m odiíìcation— including adaptation w ithin popu- 
lations, diversiíìcation of lineages, and the ['ormation of 
new species. Second, standing genelic variaúon vvithin 
populations may reílect the recent history of popula- 
tions and indicate prospects for change in the future. 
Third, the variation in m olecular genetic m arkers can 
be used lo track the relationships am ong living groups 
of organism s and the taxonom ic siatus oí individual 
populations. Genes are deíĩned as sequences of DNA 
that speciíy cell structure, including proteins and sev- 
eral types of RNA. G enes also code for enzymes and 
proteins that bind lo DNA or RNA in order to control 
gene expression and other physiological processes in 
cells. In former tim es, the term “locus" vvas used inter- 
changeably with “gene.” Today, locus sim ply m eans a 
particular place in the genom e, vvhether the DNA at 
that location codes for a gene product or not. Locus 
may still be used to dcscribe neutral m olecular markers; 
allelic variation at the DNA level is used 10 study popu-

lation gcnetics, relatcdness vviihin populations, pareni- 
age, and genom e mapping.

I. INTRODUCTION

Genes and genom es are both com plex and continually  
modiíìed. Organism s share a com m on biochem ical 
m echanism  of heredity, but at the sam e úm e display 
characteristic differences that allow us to m ake hypoth- 
eses about the history o flife . G enetic variation is perva- 
sive in Nature and continually arises by the inevitable 
and inexorable process of m utation, both on the level 
of individual nucleotides w ithin DNA m olecules and 
on the level o f chrom osom al gene rearrangem ents. O ne 
of the m ost signiíìcant (and initially unappreciated) 
discoveries in genetics in this century is that genom es 
can be altered by transposable elem ents. The original 
discovery of transposable elem ents was in m aize by 
Barbara M cC lintock, who in the 1930s correlated regu- 
lar breaks in chrom osom es with the deactivation ol 
purple pigment genes in corn seeds. Reactivation of 
pigment genes was also associated with the same breaks 
appearing ai other places in the genom e. W e now know  
these as “jum ping genes,” which carry w iih them  the 
genes that control thcir ability to duplicate and reinsert 
thernselves into m ultiple places w ithin genom es, som e- 
times carrying other genes with them , som eúm es dis- 
rupting genes at their insertion sites. D ozens of trans- 
posable elem ents are now know n, and m ore conlinue 
to bc d isco v crcd  in  an  cv cr-w id cn in g  sam p le  o f organ- 
isms (Li, 1997). As a consequence, it is no longer possi- 
ble to view genom es as static entities in w hich genes 
are aligned in precise locations that rem ain stable over 
long periods of time.

This article considers genes in the con text o f the 
entire genom es of diverse organism s. In prokaryolic 
organism s (bacteria, blue-green algae), genom es are or- 
ganized as naked circular DNA m olecules w ithin the 
cytoplasm . In eukaryotic organism s, m ost genetic mate- 
rial is arranged into chrom osom es— long, linear arrays 
o f DNA bound with proieins— found w ithin a mem- 
brane-enveloped nucleus. Eukaryotic organism s also 
have genes in separate prokaryotelike genom es inside 
cell organelles such as m itochondria (plants and ani- 
m als) and chloroplasts (the photosynthetic organelles 
of plants). All genom es contain regions of noncoding 
single-copy DNA and repetitive DNA. Population ge- 
netic and phylogenetic studies depend on a variety of 
m olecular m arkers derived from noncoding parts of 
gcnom cs that are presum ablv neutral (i.e .. not under 
selection), and Avise (1 9 9 4 ) provides an in-depth over-



vicw o f thc use o f  m olecular m arkers in the study o f evo- 
lution.

II. STRUCTURE OF DNA AND RNA
W hat follow s shou ld  serve as a review for biologists who 
do not regularly converse with the world o f m olecular 
gcnetics. A full d escrip tion  o f genes is not possible in 
the space o f  a few pages; those seeking more detail 
should consu lt o th er sources (e.g., Hartl and Jo n es, 
1998 ; Lew in, 1 9 9 7 ). M olecular genetics is a m ush- 
room ing ỉìeld, b u t the salient íeatures o f genes are uni- 
vcrsal, and genes and the genetic code can be under- 
stood on an intu itive level w ithout extensive know ledge 
o f b iochem istry . In general, genes are carriers o f infor- 
m ation w orking in  a nested series from  individual nu- 
cleotid es, to relalively  large RNA m olecules and en- 
zym es com p osed  o f hundreds o f nucleotides or am ino 
acids, to enorm ou s cell-structure proteins com prising 
thousands oi' am ino acids íblded into com plex three- 
d im ensional shapes.

F irst and ío rem o st in this hierarchy o f inform ation

are nucleic acids, DNA and RNA, w hich are the m ole- 
cules o f heredity for most life-form s (one notable excep- 
tion being prions, w hich cause the famed umad-cow 
disease” and a num ber o f neurological disorders in hu- 
mans: see the review by Prusiner and Scott, 199 7 ). Bolh 
DNA and RNA are made up of four nucleotide subunits 
linked together to form long chains (Fig . 1). N ucleo- 
tides them selves are made up o f three parts: ringed 
sugars, phosphates, and ringed nitrogen-and-carbon 
bases. N ucleotides are jo in ed  to each other to form 
chains by bonds betw een phosphates and sugars. Nucle- 
otides are com plem entary to each other in term s of 
the num bers o f hydrogen bonds they form betvveen 
nitrogenous bases: A (adenine) and T (thym ine) make 
two bonds, G (guanine) and c  (cytosine) make three 
bonds. Two com plem entary chains intertw ine to form 
double-stranded DNA or RNA by hydrogen bonding 
betw een bases. D ouble-stranded DNA m olecules take 
on the classic “d ouble-helix” shape, where two chains 
of nucleotides jo in ed  by hydrogen bonds spontaneously 
form  twísts o f ~ 3 6 °  so that ' - l o  base pairs make a 
com plete turn o f 360°. DNA can take on a num ber o f

3 ‘

FIGURE 1 DNA (and RNA) are composed of four nucleotide subunits— A, c, G, and T (U replaces T in RNA)— each 
covalently bonded to a sugar, with sugars linked to cach other by a phosphate bond (circled P) between the 3 ' and 5' 
carbon atom s of the adjacent sugars. Com plcm entary strands of DNA are helcl togcther bv hydrogen bonds (shown as 
broken lines). Of the two strands, the lowcr is in ihe 5 ' to 3 ' direction, showing how nucleic acid sequences are usually 
w ritten (G TCA ).



other forms, such as supercoiling structures, depending 
on conditions such as tem perature, pH, and the exact 
sequence of nucleotides w ithin the m olecule.

RNA also can form a double helix, but one with a 
broader diameter. An additional íeature of RNA is that 
single-stranded m olecules include com plem entary se- 
quences that allow the single-stranded RNAs to fold 
back on them selves, íorm ing double-stranded helical 
stem s and other three-dim ensional grooves, knobs, and 
loops (G utell, 1996 ). Three-dim ensional structure is a 
vital characteristic of the long ribosom al RNA (rRNA) 
that make up subunits o f ribosoraes and the shorter 
transfer RNA (tRNA) m olecules thai are part o f ihe 
m echanism s o f translation of m essenger RNA (mRNA) 
into protein.

III. GENES

The num ber of genes w ithin organism s varies tremen- 
dously among viruses, bacteria, and m uhicellu lar euk- 
aryotic organism s. For inslance, it is estim ated ihat 
hum ans have approxim ately 5 0 ,0 0 0  genes, the fruit fly 
D rosophila m elan ogaster  has 13 ,600 , the nematode 
worm C aen orhabd itis elegans  has 19 ,000 , the mustard 
A rabidopsis tha lian a  has 2 5 ,0 0 0 , the yeast S accharo-  
m yces cerev is iae  has 6 0 0 0 , the bacterium  Ẹ scherich ia  
coli has 4 2 8 6 , and the HIV (hum an im m unodeíìciency 
virus) RNA retrovirus has only 9. For the organisms 
whose enlire genom es and all nucleotide sequences 
have been characterized (yeast, w orm , E. cơ li, H1V), the 
num ber of genes is knovvn with accuracy. For others, 
the num bers represent estim ates based on incom plete 
mapping studies. For exam ple, som e estim ates o f the 
num ber of genes in hum ans are as high as 140 ,000  
genes, but the upper limit is usually given as 8 0 ,0 0 0  
genes.

The flow of inform aúon within a cell generally fol- 
lows a pathway, with genes coded in DNA transcribed 
into three types of RNA, followed by translation of ihe 
nucleotide sequence in m essenger RNA into chains of 
am ino acids (proteins and erưym es). This process of 
in fo rm atio n  tran sfer, w h ich  has b een  called  the “Central 
dogma of m olecular biology,” is d ep icted  in Fig. 2. Two 
kinds of genes result from the transfer o f inform ation 
from DNA to proteins. First, genes may encode enzymes 
such as DNA polymerases and protein iranscription 
factors that c o n tro l the p h y sio lo g ica l and b io ch em ica l 
processes w ithin a cell. The second type of gene encodes 
ihe physical structures o f the cell, including cytoskeletal 
proteins like tubulin and actin thai affect cell shape,

rRNA 1 mRNA tRNA
(ribosomal) 1 (messenger) (transfer)

Protein

FIGURE 2 The flow of information l'rom DNA to proteins. DNA is 
ưanscribcd inio tliree lypes ol RNA, which ihen combinc to rcađ the 
gcnelic code and translalc ihc inforraation into proteins (or enzymes).

and subunits of ribosom al RNA that make up the ma- 
chinery of protein translaúon. The m ajority o f genes 
are expressed as proteins and enzym es, and m ost of 
these are involved in cđ lu lar regulation rather than 
cell structure.

Protein and enzyme coding is speciRed by the genetic 
code (Table I), which contains ihe language ol protein 
synthesis. The genetic code has a series of ihree-base 
codons thai speciíy 20 amino acids as well as codons 
for “start” and “stop .” This code is alm ost universal, 
although there are a num ber of d ifferences betw een 
nuclear and m itochondrial DNA in eukaryotes and 
there are unique codons in a few bacteria and Protista 
(Li, 1997). The code functions by specifying three- 
base-pair codons of mRNA that m atch three-base-pair 
anticodons found on a loop o f ihe transĩer RNA. Each 
tRNA is specific to a particular am ino acid. The com plex 
dynamic m olecular structure involved in translation of 
ihe genetic code contains mRNA, ribosom es (rRNA plus 
p roteins), and tRNAs.

Because DNA contains specific inform ation, iran- 
scription and translation must proceed in only one di-



TABLEí

The Geneiic Codc That Shovvs Hovv Twenty Amino Acids Are Specified by Thrce-Base-Pair Codons"

First Position (5' end) Second position Third position (3' end)

u c A G

l uuu u cu UAU UGU ư
ư u c  PHE u c c UAC TYR UGC CYS c
UUA UCA SER UAA UGA STOP A
UUG LEU UCG UAG STOP UGG TRP G

c c u u c c u CAU CCiU u

c u c c c c CAC H1S CGC c
CUA LEU CCA PRO CAA CGA ARC A
CUG CCG CAG GLN CGG G

A AUU ACU AAU AGU u

AUC ILE ACC AAC ASN AGC SER c
AUA ACA THR AAA AGA A
AUCt MET ACG AAG LYS AGG ARG G

G GUU GCU GAU GGU u
Gưc GCC GAC ASP GGC c
GUA VAL GCA ALA GAA GGA GLY A
GUG GCG GAG GLU GGG G

“ The ihree stop condons (UAA, UAG, UGA) and ihe start condon for methionine (AUG) are shown in bolíl. Most amino acids are speciíied 
by more than a single codon, with several (argininc, lcucinc, scrine) specified by six codons. Thcre is a weakly positive gcneral relationship 
betwccn the ừequency of incorporation of an amino acid into proteins and ihe number of codons specilying the amino aeid. In raosỉ cases, 
a chaiige in the third posỉiỉon in a codon docs noi resuh in a change in the atnino acid because most tRNA anticodons will siill bind to 
mRNA codons ií the íirst two positions on the mRNA maich the tRNA. This is the so-called vvoohle effect and redundancy in the genetic code.

rection  for the in íorm ation  to be com m unicated accu- 
rately. This is analogous to the convention in m ost 
vvritten Indo-European languages, in  w hich words íorm  
sentences that are read on  a page from  left to right. The 
d irection along any strand o f DNA or RNA can be 
identified by w hich  carbon atom s o f the ringed-sugar- 
and-phosphate b ackbon e arc bonded together. C arbons 
in the ribose sugar are num bered 1 to 5, and bonds 
occu r betw een a phosphate attached to the 5 ' earbon 
o f one sugar w ith  a hydroxyl group attachecl to the 3 ' 
carbon o f the next. C onsequently, a directionality  can 
be speciíìed along each nu cleic acid m olecule, and the 
genetic code m ust follow  this d irection for the language 
o f transcription and translation to be faithfully transm it- 
ted. For instance, RNA polym erases transcribe by add- 
ing new nucleotid es to the 3 ' end o f a grow ing RNA 
m olecule, and so create the RNA in the 5 ' to 3 ' direc- 
tion. However, the transcription is from  a com plem en- 
tary DNA chain  that is read in the 3 ' to 5 ' d irection. 
In general, reading íram es o f DNA are w ritten by placing

the 5 ' end at the lefi, and protein sequences are vvritten 
in  the same left-to-right d irection specified by the nucle- 
otide sequence (T ab lc II).

IV. PROKARYOTIC GENOMES

The genom es o f m ost prokaryotes (bacteria and blue- 
green algae) are com posed o f one double-stranded cir- 
cular DNA m o le cu le  a ttach ed  to a Central co re  o f  p ro- 
teins in  a series o f supercoiled loops em anating from 
the center like the cotton  fibers o f a dust mop. Although 
the nucleoid uchrom osom e” is not enclosed w ithin a 
nuclear m em brane, it tends to be íound in a particular 
part o f the cytoplasm . An additional íeature o f prokary- 
otes is their ability to acquire sm aller circular DNA 
m olecules, called plasm ids, in their cytoplasm . Plasmids 
may contain  num erous genes, including genes found 
in  the nucleoid. Transíer o f plasm ids into and out of 
bacterial cells is the m ajor íeature that m akes them  vital



Types of chromosomal and Gene Mutations“

A, Chromosomal Mutations

Original sequence 
Mutant sequences

B. Gcne Mulations

Original gcnc

Muianl genes

DNA sequence (of a chromosome)
A GTTCGTAGGGTACCTGATCGACG

AGTT CGTACCT GATCGACG
AGTT CGTAGGGTACCT GATCAT GAGCGACG
AGTTCGTAGGTCCATGGA TCG ACG

GACGGTAGGGTACCTGATCAG TTC

A GTTCG T A G G G TA CC TG A CCTG A TCG A CG

Three-basc-pair codons (lop line), and 
the proteins spt'cified (lower line)

AUG UGG UGU GAG UAC AUU CGA GAG AAG UAG
mct-trip-cys-glu-ivr-ile-arg-glu-lys-stop
Mulations al the third codon
AUG UGC UGC GAG UAC AUU CGA GAG AAG UAG
raet-trp-cys-glu-Iyr-ile-arg-glu-lys-stop
AUG UGG ucu CiAG UAC AUU CGA GAG AAG UAG
met-trp-ser-glu-lyr-ile-arg-glu-lys-slop
AUG UGG UGA CiAG UAA AUU CGA GAG AAG UAG 
mel-trp-slop
AUG UGG UUG AGA GUA AAU UCG AGA GAA GUA G
met-lrp-leu-arg-val-asn-ser-arg-glu-val-
AUG UGG GAG AGU AAA uuc GAG AGA AGU AG
mei-lrp-glu-ser-lys-phe-glu-arg-scr-

Type of mutaúon

Dcleúon of AGGGT 
Insertion of CATGAG 
lnversion of GTACCT 
Translocation of AGTTC and GACG 
Duplication of CCTGA

Tvpe of mulalion

Synonymous (no amino acid changc)

Mis-sensc (amino acid change)

Non-sense (mulaúon to a stop codon)

Non-sense (insertion and shiít of reading írame) 

Non-sense (dclelion and shiíl ol reading framc)

“ Vcry smal! íragmenls are illustrated; chromosoinal mutation usually affect largc ừagmenls. Altcr Li (1997).

10 DNA-based biotechnology and is respotisible Toi the 
rapid transfer o f genes for traits like antihiotic resistance 
between bacterial strains.

Genes in prokaryotes are collinear and uninter- 
rupted, in that one to several genes are expressed in the 
order in w hich they follow a prom oler. Transcription of 
mRNA leads directly to translation w ith lilile  m odiíka- 
tion (Fig. 3 ). This arrangem em  of several genes being 
expressed as a group is som etim es reíerred to as polycis- 
tronic, and it is restricted to prokaryotic and related 
genom es (e.g ., organelles; see Section  VI). The control 
of gene expression in prokaryotes is through either 
positive or negative regulation. Under negative regula- 
tion, like thai found in the tryptophan operon o f E.

Loli, a repressor p ro lein  com bines with a tryptophan 
m olecule and then b inds to the repressor region o f 
ihe gene, turning off transcription  w hen tryptophan 
becom es com m on w ithin the cell. U nder positive con- 
trol, a tran scrip tion  factor m ust bind w ith the regulatory 
site to initiate transcription. This is part of the lac  op- 
eron o f E. co li, o n e  o f the earliest m etabolic pathw ays 
described at the m olecular level by Jacq u es M onod and 
colleagues at the U niversity of Paris. The ìac  operon is 
m ainly under negaúve control o f a repressor that is 
rem oved w hen lactose is preseni in  the cell. However, 
transcrip tion  also depends on a second  positive contro l 
on the prom oter, w here a second protein  must bind  for 
transcription  of RNA. T h is double control allow s the

Repressor Promoter Operator Gene 1 Gene 2 Gene 3
— I

F1GURE .3 General structuvc of a prokaryotic gene, in which a repressor, prom oter, and operaior act 
togcther to control expression oí ihrce gcnes. Rcpressors. operators, and promolers are binding sites 
on ihe DNA vvhcre cnzymcs atiach lo bcgin or prcvent transcription.



bacterial cells to turn o ff ihe lac  operon w hen glucose, 
a preferred íoocl sou rce to lactose, is present in the cell.

y. EUKARYOTIC 
GENOMES—CHROMOSOMES

The genom es of eukaryotic organism s are characterized 
by DNA in linear m olecules w ith associated proteins 
in a com plex stru cture know n as chrom atin , w h ich  is 
coniained vvithin a m em brane-bound  nucleus. C hrom a- 
tin is lo c a te d  in a d if f u s e d  S ta te  d u r i n g  i n t e r p h a s e  o f  

the cell cycle w hen transcrip tion  and tran slalion  occu r. 
w h e n  the chrom atin  condenses during cell division 
and b ecom es v is ib le , the  h eav ily  s ta in in g  s tru c tu re s  are 
called chrom osom es. The num ber of chrom osom es 
íounđ in different eukaryotic groups vary consiclerably, 
but each group displays a characteristic range o f chro- 
m osom e num bers. F o r  exam ple, hum ans and greal apes 
have haploid chrom osom e num bers o f N  =  23  and 
N =  25, respectively, w hereas d iiíerent groups o f para- 
sitic Hym enoptera (w asps) have N = 5  and N =  10.

Eukaryoúc genes contrast sharply w ith prokaryotic 
genes in boih stru ctu re  and regulation o f gene expres- 
sion (Fig. 4 ). F irst, w hereas several prokaryotic genes 
are grouped together under contro l o f a single prom oter, 
each eukaryotic gene is expressed individually under 
contro l o f a prom oter thai is speciíic to that gene. Sec- 
ond, eukaryolic genes are often inlerrupted , w ith non- 
translatecỉ in trons interspersed  betw een the exons ihat 
are translated into proteins. The result is that after 
mRNA is transcribed in eukaryotes, in tron s are excised  
from  the mRNA, w hich  is then spliced back  together 
as a mature mRNA for translation in to  proteins. O ne 
consequence o f this post-iranscrip tional m odiíìcation  
is that the same gene can be spliced in to several d ifferent 
m ature mRNAs by the in clu sion  or exclu sion  o f dìffer- 
ent exons. A classic exam ple o f how alternative sp licing 
C ontrols d ev e lo p m en t in  anim als is  th ro u g h  th e  ca s-

cades of gene expression that determ ine sex and control 
sexual differentiation in anim als (Hodgkin, 1990 ; Marin 
and Baker, 1998 ). In D rosophila m clan ogasier , for in- 
stance, the male and íemale ĩorm s of the gene D oublescx  
both  have their fưst three exons in com m on, but differ 
in w hich 3 ' exons are included in the transcript after 
splicing.

Because m ost eukaryotes are m ulticellular, they face 
three other challenges that do not apply lo prokaryotes. 
F irst, developm ent from a single-celled egg to an adult 
requires regulated and coordinated changes in gene 
expression throughout the life span of an organism. 
Second , after tissues differentiate, they have unique 
suites o f genes expressed v/ithin them. T h ink  of the 
differences betw een a heart m uscle cell and a secretory 
cell in the pancreas. Third, cells Iĩiust com m unicate 
w ith each other, so that m uch of the control o f expres- 
sion  of genes w úhìn a cell may com e from horm ones 
or other signaling m olecules that diffuse or are actively 
taken up into ihe cell.

M ost regulation of gene expression in eukaryotes is 
through positive control. A transcription íactor must 
bind  with the prom oter to in iliale transcription of the 
m essage by RNA polymerase. However, the ability of 
ihe transcription factor to bind 10 the prom oter will 
be iníluenced by other proteins that bind to both the 
enhancer sequences on the DNA and the transcripúon 
ĩactor. Enhancer sites are usually sequences of DNA 
less than 20 nucleotides long. Prom oter binding regions 
w ill often includc a speciíic sequence recognized by a 
iranscrip tion factor. A com m on prom oter site consisls 
o f a TATA nucleotide sequence, thus the name “tata 
b o x .”

Another com m on íeature of eukaryoles is gene dupli- 
cation . Some genes ihal are im portant for basic 
housekeeping, like rRNA, may have hundreds or ihou- 
sands of copies o f the gene w ithin the genome, w hich 
results in functional redundancy. Another form of du- 
plication is represented by genes coding for blood pro- 
teins (globins) in  vertebrates. These gene íam ilies in-

Exons

Promoter TerminatorsEnhancers

Introns

F1GURE 4 General struciure of a eukaryotic gcne, including the upstream prom otcr and enhancer sequences 
where protein iranscriplion rcgulators can bind and the downstream terminator where transcription ends. 
tiukaryotic gencs arc interrupted by exons, which are translated or transcribed, as wcll as nontranslated introns, 
w hich are rem oved during the process of post-ưanscriptional modificaiion.



clude several kinds oi đuplications, where gene clusters 
code for a diversified set o f proteins that are part of 
fetal b lood versus adult blood on the one hand, and a 
series of noníunctional pseudogenes on the olher hand.

A. Noncoding Repetitive DNA Sequences
A large proportion of the genom es of eukaryotes and 
som e prokaryotes consists of repetitive DNA, w hich 
is com pletely  untranscribed and consists o f tandemly 
arranged sequences with identical nucleotide com posi- 
tion thai can be repeated up to several m illion times 
w ithin the genome. Some repetitive DNA is tied up in 
the heterochrom atic parts o f the genom e that make 
up stru ctural elem ents o f chrom osom elike centrom eres 
(w here sister chrom atids bind during cell division) and 
telom eres (the ends of chrom osom es). O therw ise, re- 
petitive DNA may he inlerspersed throughout the ge- 
nom e. Repelitive elem ents can be very large ( > 1 0 ,0 0 0  
nu cleotid es) or o f moderate size ( 1 0 0 - 8 0 0  nucleo- 
tides), b u i the m ạjority o í highly repetitive sequences 
consist o f repeats sm aller than 100 nucleolides. Gener- 
ally speaking, repeútive DNA m akes up more than half 
o f eukaryotic genom es, and m uch of the repetitive DNA 
is now  thought to arise as a by-product of transposable 
elem ents m oving w ithin genom es (L i, 1997).

R epetitive DNAs are highly variable am ong individu- 
als in  a populaúon and are generally classiRed according 
to the size of the repeat unit, the num ber of repeat 
units per array, and ihe genom ic location of ihe tandem 
arrays. There is presently no consensus in the classilica- 
tion o f sim ple tandem repeats and the term inology used 
varies am ong authors. The lerm  “m icrosatellite” denotes 
any tandem  array of repeats with a unit length of 2 - 5  
base pairs. The m osl com m on hum an m icrosatellites 
are dinucleotide arrays of (CA),„ w hich m eans n repeats 
of CA. There are approxim ately 5 0 ,0 0 0  (CA)„ arrays 
in the hum an genome or one array for every 3 0 ,0 0 0  
nucleoúdes. It has been estim ated that there are 3 0 0 ,0 0 0  
trinucleotide and tetranucleotide m icrosatellites in the 
hum an genom e or, on average, One array in every
1 0 ,0 0 0  nucleotides of genom ic DNA.

M icrosatellites are used extensively in population 
genetics, DNA Engerprinting for íorensics or paternity 
analysis, and genorne mapping. Because a large num ber 
of alleles are usuallv found at each m icrosatellite locus, 
a co llection  of several m icrosatellite loci can lead to a 
huge num ber of possible com binations or DNA proíĩles, 
m aking these loci extrem ely powerfụl for identity analy- 
sis and forensic use. For exam ple, in the investigation 
of a crim e vvhere a biological specim en has been ob- 
tained from  ihe crim e scene. DNA from the specim en

and from the suspect are typed for size at several un- 
linked m icrosatellile  loci. If the profiles do not m atch, 
the suspect is excluded. If they m atch , the probability 
of this m atch occurring by chance can be calculated 
from ihe írequencies of alleles in the population. This 
probability is usually extrem ely low because of high 
polym orphism  at m icrosatellite loci. W hen prim ers for 
m icrosatellites are well designed, and w hen each pair 
o f m icrosatellite prim ers am pliíìes only a single locus 
(e.g ., it is possible to have sim ilar m icrosatellites em bed- 
ded w ithin repeated íragm ents o f large size, so that a 
single prim er pair amplified two or m ore loci), the high 
polym orphism  and the ease of typing of m icrosatellite 
loci m ake them  very useíul for genetic m apping, studies 
of population structure, d ctecting loss of heterozygos- 
ìty, and studies o f behavior.

VI. ORGANELLES AND THEIR DNA

The m ost likely origin of organelles within the cells of 
eukaryotic organism s is ancient bacieria or blue-green 
algae taken up as endosym bionts into ihe cells o f early 
eukaryoies. The strongest line o f evidence for an endo- 
sym biotic origin is that organelle genom es m ost closely 
resem ble those of prokaryotes, both in general charac- 
teristics and in the details o f DNA sequences w ithin 
genes. Like prokaryotic genom es, organelle genom es 
are circular double-slranded m olecules with very small 
am ounis of repetitive DNA. In addition, organelle genes 
do n ot contain  introns, are transcribed polycistron- 
ically, and have relatively sim ple prokaryotelike pro- 
m oters (MayReld et a i ,  1 9 95 ). Although organelles 
carry oul their own transcription and translation, gene 
expression and regulation in organclles depend on  regu- 
latory proteins that originate from nuclear genes.

A. Mitochondrial DNA in Animals
The anim al m itochondrial genom e (m tDN A) is a single 
circular, double-stranded DNA m olecule that ranges 
in size from  1 4 ,000  to 4 2 ,0 0 0  nucleotides. W ith  few 
exceptions the animal m itochondrial genom e contains 
37  genes that encode 13 protein subunits, 22  tRNAs, 
and a small and a large ribosom al subunit RNA. Several 
com pilations of prim ers that are useíul ỉor polvm erase 
chain reaction (PC R ) am pliíication of segm ents o f the 
m itochondrial genom es of anim als are currently avail- 
able (Avise, 1994 ; Simon ct a l ,  1994 ; Palum bi, 1996 ; 
Roehrdanz and Degrugellier, 1998).

The analysis o f m itochondrial DNA has becom e One 
of the m ost powerful tools for studying anim al popula-



tions. The m ilochonclrial genom e is prim ariỉv m aler- 
nally inherited as a haploid genom e. It does not recom - 
bine and it m utates at a íaster rate than the nuclear 
gcnom e in m ost anim al groups. For these reasons m ito- 
chondrial DNA can be used to estim ate phylogenetic 
rclationships am ong m aternal lineages. Sequence differ- 
ences arising from m utations in mtDNA haplotypes 
record the phylogenetic histories o f íem ale lineages 
w ithin and am ong species. V ariation in the írequencies 
oỉ different m itochondrial haplotypes can be used to 
estim ate effective m igration rates am ong populations 
and genetic diversity w ithin and am ong populations. 
T h is level o f variation is also used for estim ating phylo- 
gcnetic relationships am ong recently evolved taxa. 
There are a num ber o í unique perspectives on evolution 
that have been prom pted by genetic íìndings on anim al 
m itochondrial DNA. These include the usual pattern 
oí vvithin-individual hom oplasm y (predom inance o f a 
single mtDNA sequence) despite betw een-individual se- 
quence d iíĩerences, and the rapid pace o f nucleotide 
substitution.

B. Mitochondrial DNA in Plants
Plant mtDNA is extrem ely different from  anim al 
m tDNA, and tlìis fact has prom pted several investiga- 
tors to suggest independent sym biotic origins. The 
mlDNA genom e in plants ranges [rom 2 0 0 ,0 0 0  to
2 ,4 0 0 ,0 0 0  nucleotides in circuraíerence, and typically 
exists as a co llection  oí different-sized circles arising 
from  extensive recom binational processes w ithin indi- 
viduals that convert betw cen a “m aster” m olecule and 
subgenom ic circles. Inheritance is usually (but not al- 
ways) m aternal. Although plant and anim al mtDNAs 
are sim ilar w ith  regard to gene content and general 
íu n cũ on , their evoluiionary patterns are diam etrically 
different. Plant mtDNA appcars to evolve rapidly with 
respect to gene order, but slowly in  nucleotide sequence 
(perhaps 100-fold  slow er than anim al m tD N A ). Rea- 
sons for the slow  accum ulation o f poirit m utations are 
n o t understood, but plant mtDNA may possess rela- 
tively error-free DNA replication system s, or perhaps 
highly efficient enzym es for repair of DNA damage. The 
lack  of nucleotide-level variation and regular recom bi- 
nation have lim ited the utility o f plant mtDNA in popu- 
la iio n  genetics.

c. Chloroplast DNA (cpDNA)
T h e cpDNA m olecule varies in  size from  about 1 2 0 ,0 0 0  
to 2 4 7 ,0 0 0  nucleotides in circum ference in  photosyn- 
th etic  land plants, due largely to reiteration of a large

inverted repcat that includes genes for the ribosom al 
RNA subunits. There are from 22  lo 9 0 0  copies of 
the genom e in each chloroplast and each encodes 123 
genes. These include 4 genes that encode rRNA, 20 
genes for the ribosom al proteins, 30  genes íor the 
tRN As, many proteins that are im portant ĩor phoiosyn- 
thesis, 6  o f the 9 genes for the synthesis o f A TPase, 
and chloroplast RN Apolym erase. U nlike m itochondrial 
DNA, 15 o í  the cpDNA genes contain  introns. M ost 
chloroplast proteins are encoded by the nucleus. F o r 
exam ple, chloroplast ribosom es consist o f 52  proteins, 
only 19 o f w hich are encoded by the plastid genom e.

C hloroplast DNA is transm itted m aternally in m ost 
flow ering p la n ts ,  biparentally in a few, and p a tern a ỉỉỵ  
in gym nosperm s. These cpDNA genes have been show n 
to transpose to the nucleus and there is good evidence 
that m tDNA, cpDNA, and nuclear genom es exchange 
genes. The rate of cpDNA evolution generally appears 
to be slow in  tcrm s o f both  prim ary nucleotide sequ en ce 
and gene rearrangem ent. Because o f the large size of 
the cpDNA genom e, m ost system atic treatm ents have 
involved restriction site or sequence determ inations for 
parlicular genes or have m onitored the taxonom ic dis- 
tributions of uniqưe cpDNA structural features across 
higher-level plant taxa. N onetheless, som e studies ha ve 
uncovered considerable intraspeciíìc cpDNA variation 
as well, and this suggests that portions o f the cpDNA 
should be useíul in population genetics. Several primers 
for am plifying cpDNA genes in a num ber o f plant spe- 
cies are available (e.g ., ndhF: Olmsteacl and Sw eere, 
1994 ; rbcL: Palum bi, 1996 ).

VII. MUTATION

M utation is the ultim ate source of genetic variation and 
is generally deíìned as any change in  genetic m aierial, 
w hether phenotypic effects caused by the m utation are 
large, sm all, or nondetectable. The causes o f m u tation  
include direct insults from environm ental effects like 
ultraviolet light, chem ical solvents, X rays, and o th er 
atom ic particles, but many m utations arise from  errors 
in DN A replication and DNA repair during cell division.

O ne class o í m utations arises from gross changes at 
the level of chrom osom es, w here chrom osom es break 
and are then modified by deletions, insertions, inver- 
sions, translocations, and duplications (see Table II). 
Although the term  “chrom osom e” is used here, sim ilar 
m utations affect the genom es o f prokaryotes as well. 
Chrom osom al m utations can result in changes in  the 
total am ount of DNA found in different species and, in 
the case of gene duplications or deletions, m utations



can change the num ber of genes. M utations like these 
can have drastic phenotypic effects. [ndividual genes 
can be disrupted if insertions occur vvithin thern, or if 
parts o f a gene are lost in a deletion. Transposable 
elem ents cause deleterious m utations by inserting 
them selves into genes.

Inversions of chrom osom al íragm ents, where a ừag- 
m ent is ílipped 180° from its original orieniation and 
reinserted  at the same place, will cause ballooning oT 
the chrom osom es when they pair during m eiosis and 
will prevent recom bination. Inversions are com m on in 
som e organism s, like the Diptera (especially D rosoph- 
ila ). The lack of crossing-over and recom bination 
m eans that genes w ithin an inversion will be inherited 
in iact as a “supergene.”

T ranslocation of pieces o f chrom osom es from one 
place to another within the genom e will result in change 
in the size or num ber of chrom osom es. The effecls of 
translocations can be dram atic, oíten  resulling in steril- 
ity because of ihe inability o f ihe alterecỉ chrom osom es 
to pair during m eiosis. Thus, translocations are a poten- 
tial m echanism  of isolation of a single species into in- 
com paúble breeding groups, leading eventually to the 
iorm aiion  of new species.

The m agnitude of phenotypic effecls o f duplications 
depends on the size of ihe affected chrom osom al frag- 
m ent, and thus the num ber oi genes that are duplicated. 
An exam ple is trisomy 21, w hich results in Down syn- 
drom e (m ental relardation, flat íacial íeatures, heari 
d eíects). Trisom y resulls from a íailure of proper segre- 
gation o f chrom osom es during m eiosis so that one ga- 
m ete conlributes two com plete copies o f chrom osom e 
2 1 , resulúng in three copies in the zygole. On the other 
hand, duplications are an iniegral part o f the evolution 
o f m ultigene íam ilies, like the various globin genes and 
n on ỉu nctional pseudogenes in vertebrates. Duplication 
is the m ain m echanism  by w hich entirely new genes 
arise (L i, 1997).

M utalions can also occur at ihe level of single-nucle- 
otide changes, including som e that affect the reading 
of the genetic code (see Table II). Single-nucleotide 
substitu tions are classilìed as transitions if they occur 
betw een sim ilar nucleotides, that is, betw een purines 
(A ị  G ) or pyrimidines (C ị  T ), and as transversions 
if m utations substitute purines for pyrim idines and vice 
versa (A, G ị  T, C). This distinction is im portant 
becau se iransitions are m uch more com m on than trans- 
versions, som etim es occurring 20  lim es more fre- 
quently. Purther exam ination of the geneúc code (see 
Table 1) reveals that where a substitution occurs within 
a cod on  vvill determ ine the severity of the m utation. 
M ost m utations in first nucleotide position will result

in an am ino acid change (m is-sense) or a m uiaùon 
to a stop codon (non-sense). M utations at the second 
position always resull in a change (m is-sense and non- 
sense). Third-position m utations are usually synony- 
mous (“silent”), resulting in no change of am ino acid. 
Nucleotide insertions and deletions w ill result in  a shift 
o f the “reading fram e,” so that all am ino acids after the 
m utation are changed.

M utaúons occur at very low rates, and are usually 
m easured as the num ber per m eiosis in eukaryotes, or 
as ihe num ber per cell division for prokaryotes. The 
num bers of new m utations are com m only less than 1 
in 10 ,000  c 10 4) for nucleolíde substitutions and are 
as low as 1 in 1 0 0 ,0 0 0 ,0 0 0  (1 0 -8) for som e visible 
m u tatio n s  lik e  co a i co lo rs . In an ev o lu tio n a ry  sen se , 

m utation is considered a verv slovv process. Hovvever, 
m utation still can produce considerable variation 
w ithin populations because the num bers oí’ new muta- 
tions produced in each generalion in a population will 
be a lunclion of population size. In addition, if the 
num ber of genes in a genome is taken into account, 
even low rautation rates can generate high num bers of 
new m utalions in each individual within a populaúon.
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GENETIC DIVERSITY

Eviatar Nevo
U niversỉty o f  H aiịa

l. The Problem
II. M ethodologies

III. Evidence: G enetic Diversity vvithin and am ong 
Species

IV. Theory

GLOSSARY

electrophoresis Separating charged m oleculcs (such as 
polypeptides or polynư deotides) betw een the two 
poles o f  an electric field. 

genome A com plete single set o f genes o f an organism  
or organelle; also ihe basic haploid chrom osom e set. 

g en om ics The study o f the m oìecular organization of 
genom ic DNA and physical mapping. 

heterozygosity The average num ber o f different het- 
erozygotes across loci divided by all loci studied. 

p olym orphism  Different alleles at a gene locus w ithin 
a population.

G E N E T IC  D ĨV ER SITY  (i.e ., m olecular hereditary differ- 
ences w ithin  or betw een populations) is the basis of 
evolutionary change. The nature o f genetic diversity 
am ong organism s has always been the basic problem  of 
evoiutionary genetics (D anviĩi, 18 5 9 ; Lew ontin, 1974 ; 
K im ura, 1983 ) as well as o f dom estication, agriculture, 
and m edicine. However, despite its C ard in a l role in evo-
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lutionary theory and application, the m aintenance of 
genelic diversity rem ains largely enigm atic, notvviih- 
standing the dram atic discoveries of m olecular biology, 
w hich revealed abunclant genetic diversity in nature.

I. THE PROBLEM

A. Historical Background
The era of molecular evolution was ushered in by three 
m ajor discoveries in the late I9 5 0 s  and 1960s: (i) recog- 
nition by M arkert and M oller in .1959 o f m olecular 
diversity oí enzym es and their im poriance in genetics, 
physiology, developm ent, and evoỉution; (ii)  Identiíì- 
cation by Zuckerkandl and Pauling in 1965 o f protein 
sequence variation between species and the resulting 
postuỉate o f the m olecưlar clock ; ancỉ (iii) evaluation 
in 1966 of enzyme variation (isozymes and allozymes) 
in D rosoph iỉa  by Lew ontin and Hubby and Jo h n son  et 
aỉ. and in hum ans by Harris. M olecular biology permit- 
ted the characterization o f genetic diversity atnong indi- 
viduals, populations, and species— the three corner- 
stones o f evolution. It did so íirst by unraveling 
relationships betw een genes and proteins (Lew ontin, 
19 7 4 ). Second, it clid so by elucidating, at the extranu- 
clear and nuclear coding and noncod ing DNA regions, 
the stru cture, expression, íunction , m echanism , and 
evolution o f genes, intergenic spacers, and m ultigene 
íam ilies by em ploying recom binant DNA m ethodolo- 
gies (W atson et a i ,  1987 ; Avise, 1994 ).

Advancem ents in m olecular evolution have íollowed



the introducúon of new laboratory techniques (Avise,
1 9 9 4 ). Am ong the m ost iníluential m ethods have been 
protein  electrophoresis in the late 1960s and 1970s, 
restriction  íragm ent length polym orphism  (RFLP) anal- 
yses of nuclear and mtDNA in the late 197ŨS and 1980s, 
DNA Rngerprinùng in the mid to late 1980s, and poly- 
m erase chain reaction (PCR)-m ediated DNA sequenc- 
ing in the 1990s. Comparative genom ics and genome 
prospecting (S cieiìcc  2 8 6 , O ctober 15, 1999) promise 
to highlight the genetic basis o f evolutionary change 
and the nature, expression, m eaning, transfer, and regu- 
lation o f inform ation in biological system s, thus unrav- 
eling the blueprint and evolutionary íorces driving life.

B. The Enigma of the Maintenance of 
Genetic Diversity

Early and later m o lecu lar-g en etic  studies revealed mas- 
sive levels o f genom ic diversity, surpassing any pre- 
d iction . In addition, a com prehensive com pilation of 
dense genetic maps was published of viruses, bacteria, 
p lants, anim als, and hum ans. In 1998 , Deloukas et al. 
physically mapped 3 0 ,0 0 0  encoded hum an genes for 
proteins of known functions. The ongoing human ge- 
nom e pro ject (H G P), the largest biological project ever 
(Bodm er and M cKie, 1 9 9 4 ), ushered in a new era in the 
life sciences in vvhich com plele genom es of prokaryotes 
(C asịens, 1998) and eukaryotes becam e available. Ge- 
netic m aps, current com pleie genom e sequences and 
those expecled in the near ỉuiure, and tens lo hundred 
o f thousands of protein and DNA sequences have con- 
tributed dram atically to elucidating genom e diversity, 
organization, expression, dynam ics, and evolution 
(K arlin  et ah , 1 9 9 8 ). They form the basis for future 
studies o f genetic diversity, w hen more genom es wúhin 
species will be analyzed.

However, despite the ease of m easuring and deci- 
phering genetic diversity and the dram alic advances 
in  com parative genom ics, the evolulìonary íorces that 
generate and m aintain segregating genetic diversity, 
preventing allele íìxation or random  elim ination in na- 
ture, rem ain elusive.

c. Theories of Molecular Evolution: 
Selection versus Neutrality

T heoretically , balancing selection could account for 
protein  polym orphism  (G illespie, 1 991 ). In contrast, 
the neutral theory of m olecular evolution (Kim ura,
1 9 8 3 ) suggests that m ost o f the m o lecu lar-gen eú c di- 
versity within and betw een species is neutral (i.e ., non-

selective) or “non-D arw inian.” T h e n e u tra lis i-  
selectionist debate has been one o f the m ajor 
controversies in evolutionary biology sin ce  the late 
1960s. How m uch of the genetic diversity at single and 
m ultilocus structures is adapúve, processed by natural 
selection  and contributing to differences in  íitness? The 
problem  of distinguishing betw een d eterm inistic and 
stochastic ỉorces in evolution has pervaded evolutionary 
biology at all levels, genotypic and phenotypic, and is 
now íocused on DNA polym orphism s. I recognìze the 
contribution of the neutral and nearly neutral theories 
o f m olecular evoluúon, prim arily by representing a null 
hypothesis to selection. N evertheless, by ignoring the 
ecological heterogeneity and stress in evoluúon, neutral 
and nearly neulral theories have Slripped genetic diver- 
sity from nature. I believe that in-depth undersianding 
of genetic diversity in nature is intim ately linked to 
ihe interíace betw een ecology and genelics; hence, to 
ecological genetics and now to ecological genom ics. I 
subm it that only this essential in teriace can m eaning- 
íully highlight the dynam ic evolution o f genetic diver- 
sity in nature.

D. The Structure of This Review
This review com prises three unequal perspectives ol 
m olecu lar-g en etic  diversity of protein  and DNA in na- 
lure: m ethodology, evidence, and theory. The m ain fo- 
cus is on the huge am ount of protein and DNA evidence 
from nature in diverse groups o f organism s across phy- 
logeny from bacteria to hum ans and across dim inishing 
geographical scales (global, regional, and local). The 
evidence naturally leans heavily on results o f genetic 
diversity in plants and anim als obtained during the past 
25 years at the Institute of E volu tion , University oí 
Haita, Israel, thai dem onstrate the pervasiveness of eco- 
logical determ inants in genetic differentiation. In theory 
too, I focus on theoretical results obtained  during the 
past decade at the Institute o f Evolution that show  how 
selection in cyclical environm ents can m ainiain  genetic 
polym orphism  in nature, thus prevenúng drift. I mainly 
refer to books vvhich cite the prim ary literature.

II. METHODOLOGIES

The m ethodologies analyzing protein  and DNA diver- 
sity have been extensively described (Lew ontin , 1974; 
Avise, 1994 ; M itton, 1 9 9 7 ), so theỵ are only brieíly 
reviewed here.



A. Protein Polymorphism

1. Technical Innovation
New techniques at the protein level perm it an increas- 
ingly subtle resolution  of allelic variation at a locus. 
These techniqu es include isoelectric íocusing in various 
m edia; h igh-resolution , tw o-dim ensional electrophore- 
sis; therm al and urea denaturation analysis; and sequen- 
tial gel e lectrophoresis (SA G E), in  w hich electrom or- 
phic classes w ere retested with other pHs, buffer 
system s, and gel pore sizes (Ram shaw  et a l ,  1979 ).

2. Hidden Variation
“A lleles'’ detected  by routine gel electrophoresis are es- 
sentiallv phenotypes or “electrom orphs” (i.e ., internally 
heterogeneous, genetically involving “hidden varia- 
tion”). For exam p le, xanthine dehydrogenase has many 
m ore alleles than are visible routinely (Ram shaw  et 
aì.y 1979 ). R ecent pulsed-fìeld gel electrophoresis for 
separating large DNA íragm ents, recom binant DNA 
techniques, m ethods of genom ic “hopping,” and new 
DNA sequ encing  strategies and genom ic analysis rein- 
íorce the pow erful fìeld of m olecular evolution, clim ax- 
ing in  the H GP (Bodm er and M cK ie, 1 9 9 4 ). Extensive 
comparative analyses across gcnomes of model organ- 
ism s (K arlin  et a l ,  1 9 9 8 ) becam e the focus o f genom ic 
and proteom ic studies, highlighting diversity in nature 
(A vise, 1 9 9 4 ). T hese new horizons partly unraveled 
the m olecu lar stru cture, íunction , and evolution o flife . 
B io inform atics becam e increasingly im portant as many 
genes and genom es becam e analyzable. Com parative 
genom ics, using  dense genetic maps based on coding 
genes and on  m icrosatellite and single nucleotide poly- 
m orphism s (SN P s), perm it precise gene hom olog align- 
m ent across taxa, the unraveling of gene íunction  and 
regulation, h ighlighting o f genom e organization and 
evolution , and the determ ination o f the genetic basis 
o f  speciation  and adaptation.

B. DNA Polymorphism

1. RFLP, PCR, and Mini- 
and Microsatellites

M any assays reveal DNA diversity (Avise, 199 4 ). Beíore 
the revolutionary PCR was established, DNA íinger- 
printing technology had been revolutionized by RFLP 
analysis, a very efficient technique b u t quite laborious 
and not suitable for high-throughput applications. Hun- 
dreds o f restrictio n  enzym es, originating in bacteria, 
cleave duplex DNA at particular oligonucleotide se-

quences, usually 4 - 6  base pairs (bp) in length. Since 
its developm ent, PCR has been a powerful tool íor DNA 
íìngerprinting and for effectively m easuring genetic di- 
versity w ithin and betw een populations. These m olecu- 
lar m arkers include m inisatellite, also called variable 
num ber of tandem repeats (V N TR ), consisting o f core 
sequences 10- to 15-bp long and extending from 16 to 
6 4  bp, and m icrosatellites ( 2 - 6  bp ), also called sim ple 
sequence repeats (SSRs) (G oldstein and Schlotterer, 
1 9 9 9 ). M icrosatellites and m inisatellites differ in size, 
m utation processes, and chrom osom al distribution, but 
the boundary betw een the two classes is not defined.

2. Random Polymorphic DNA
A novel PCR-based strategy involving the use o f  arbi- 
trary prim ers (A P-PCR) to am pliíy random  polym or- 
phic DNA (RAPD) fragm ents has been developed using 
short prim ers ( — 10 bp). RAPDs generate polym orphic 
m arkers using very sm alỉ am ounts o f starting DNA or 
RNA, independently of any prior know ledge of the tar- 
get DNA sequence. This íeaturc makes RAPD a useíul 
tool in genetic analysis. Com pared with protein poly- 
m orphism s, DNA m arkers reveal m ore genetic diversity 
and perm it choice am ong sets o f loci with different 
íunctions and patterns of inheritance (M itton , 1 997 ; 
Avise, 199 4 ). Use of m olecular inarkers dram atically 
widened the perspectives of evolutionary biology 
(Avise, 1994).

3. AmpliRed Fragment Length 
Polymorphism: A New, Powerful 
Technique for DNA Fingerprinting

A m ajor novel DNA fingerprinting technique called am - 
plified íragment length polym orphism  (A FLP) was re- 
cently described. AFLP is based on the selective PCR 
am pliRcation o f restriction fragm ents from a total digest 
of genom ic DNA. AFLP can analyze genetic diversity in 
m any hundreds o f genes in both coding and noncoding 
regions across the genom e if several enzym e com bina- 
tions are applied, allowing high-resolution genotyping 
o f fingerprinting quality. The time and cost efficiency, 
replicability, and resolution of AFLPs are superior or 
equal to those o f other m arkers (allozym es, RAPD, 
RFLP, and m icrosatellites), except that AFLP m ethods 
prim arily generate dom inant rather than codom inant 
m arkers.

4. Nucleotide Polymorphism
Studies o f nucleotide polym orphism  have three d istinct 
advantages: (i) detection of all types of sequence 
changes (single nucleotide substitutions, insertion / 
deletions, and copy num ber variation in nucleotide re-



peat m otifs), o f which SNPs are the most com m on; 
(ii) variant detection in coding (cSN Ps and noncoding 
DNA; and (iii) com bined detection and genotyping 
using a single method.

5. Sum raary

DNA techniques revealing DNA diversity include RFLP, 
RAPD and AFLP, m ini- and m icrosatellites, SNP and 
sequencing; all are relevant for analyzing DNA diversity. 
PCR is currently the m ethod of choice for ampliíying 
DNA segm ents for detecting polym orphism . Generally, 
DNA diversity is higher than protein diversity (see 
Fig. 4 ).

c. Comparative DNA Analysis across 
Diverse Genomes

The era of com parative genom ics is dram atically ad- 
vancing (C asjens, 1998 ; Karlin et a l ,  1998 ; Science, 
O ctober 15, 1 9 9 9 ), including the analysis of com plete 
genom es for various organisms and im m inent com ple- 
tion of the HGP. Genes, individuals, and species are 
becom ing com parable. Sequence polym orphism  will 
highlight the generation, m aintenance, and íunction 
of geneúc diversity responsible for controlling norm al 
developm ent, physiologic hom eostasis, and disease pro- 
cesses. This inform ation explosion will revolutionize 
m olecular evoluúonary studies. Comparaúve analysis 
o f com plete genom es includes assessm ents of genom ic 
com posìtional contrasts based on di-, tri-, and tetranu- 
cleotides relative abundance values; identification of 
rare and írequent oligonucleotides; evaluations and in- 
terpretations of codon biases in several large prokary- 
otic genom es; and characterizations of com positional 
asymmetry betw een the two DNA strands in certain 
bacterial genonies. Comparative analysis also allovvs 
identiíìcation of alien (e.g., laterally transíerred) genes 
and detection of potential specialization islands in bac- 
terial genom es and the assessm ent of DNA curvature. 
It can com pare genom es within species and across life 
and cluster organism s according to linguistics based on 
many vvords in large DNA stretches.

D. Microarrays: Biotechnology’s Discovery 
Platíorm for Functional Genomics

Advances in m icroarray technology make possible mas- 
sive parallel m ining of biological data, based on PCR, 
with biological chips providing hybridization-based ex- 
pression, m onitoring, polym orphism  detecúon, and 
genotyping on a genom ic scale, as reported by Schena 
et aỉ. (1 9 9 8 ) . M ieroarrays containing sequence repre-

sentative of all the gencs of an organism  may soon 
permit the expression analysis o f the entire hum an ge- 
nom e in a single reaction. These "genom e chips” will 
provide unprecedented access to genom ic diversity of 
many thousands of genes to large-scale gene discovcry 
as well as polym orphism  screening and m apping of 
genom ic DNA clones on a massive scale— critical for 
Science and application in agricuhure and m edicine. 
O ligonucleotide m icroarray (DNA chip)-based  hybrid- 
ization analysis is a prom ising new technology which 
potentially allows rapid and cost-effective screens for all 
possible m utations and sequence variations in genom ic 
DNA. C urrently, it is pertorm ed in hum ans, m ice, and 
A rabidopsis, but use in addiúonal species has been re- 
ported. The increasing use of relatively inexpensive mi- 
croarrays is expected to revolutionize genom ic, proteo- 
m ic, and other biological research projects.

E. Encyclopedia of Genes
Extensive ongoing programs in plants and anim als are 
generating a large database of expressed sequence tags 
(E ST s) that can provide rapid access to num erous genes 
and their diversity. The developm ent of a com prehen- 
sive daiabase of ESTs for A rabidopsis, corn , soybean, 
rice, barley, vvheat, m ouse, and hum an has been re- 
ported. As of O clober 23 , 1998 , 3 5 2 ,0 4 0  sequences 
had been generated in the mouse and annotated and 
deposited in dbEST, in which they com prised, ac- 
cording to Marra et al. (1 9 9 9 ) , 93%  of the total ESTs 
available l'or the m ousc. CST data arc versatile and have 
been applied to gene identiH caùon, com paralive se- 
quence analysis, com parative gene m apping and candi- 
date disease gene identiíìcation, genom e sequence 
annotation, m icroarray developm ent, and the develop- 
m ent o f gene-based map resources. Large-scale ex- 
ploration of the genic diversity o f the genom e is 
becom ìng possible through the U niG ene database 
(http ://w w w .n cb i.n im .n ih .gov /U n G en e).

III. EVIDENCE: GENETIC DIVERSITY 
WITHIN AND AMONG SPECIES

A. Protein Diversity
Electrophoretic results have revealed large am ounts of 
genic polym orphism  in nalural populations (Lew ontin, 
1974; Nevo, 1978 , 1988, 1998; H am rick et a i ,  1979; 
Nevo ct a i ,  1984; Avise, 1994; M itton, 19 9 7 ). This is 
true for both  eukaryotes and prokarvotes. Currentlv, 
theory appears to lag behind evidence. The review and 
reanalysis o f approxim ately 11 0 0  plam  and animal

http://www.ncbi.nim.nih.gov/UnGene


spccies (N evo et a i ,  19 8 4 ) revealed an average heterozy- 
gosity, H, o f 0 .0 7 3  (SD  0 .0 7 6 )  and an average proportion 
o f  loci polym orphic, p , o f 0 .2 8 4  (SD 0 .1 9 7 ). Across 
species, the coeĩíìc ien t o f correlation betvveen H and p 
was r =  0 .7 9 3 , p  <  0 .0 0 1 . These estim ates are based 
on  the average oí' 23  electrom orphically  detectable 
gene loci (m in im u m  14 loci) and an average o f 199 
individuals per species (m inim um  10 individuals) (Fig.
1). This set o f data was assem bled up to 1983 , and 
m any hundreds o f species have since been tested (sec 
Fig. 2 .2  in Avise, 1 9 9 4 , that sum m arizes heterozygosity 
estim ates o f 1803  species: 6 4 8  vertebrate, 3 7 0  inverte- 
brates, and 7 8 5  plant sp ecies), all dem onstrating diverse 
levels o f polym orphism s (M itton, 199 7 ). G enetic diver- 
sity varies dram aticaily  am ong species. Fru it ílies, ma- 
rine m ussels, and con iíers have m uch genetic diversity, 
vvhereas large vertebrates have m uch less (M itton,
199 7 ).

The a íorem entioned  genetic indices appear to be 
low er than the real on es since routine horizontal gel 
electrophorcsis underestim ates diversity and protein 
cotling gencs represent only a sm all portion  of the ge- 
nom e. Regarding levels o í  diversity, protein diversity 
does not represent the noncoding genom e, w hich 
am ounts to 9 0 -9 8 % , involving invariant and variant 
portions w hose general diversity levels in natural popu- 
lations appear to be high. Studies of “hidden variation” 
indicate that rnost pro lein  diversity is detectable (Ram - 
shaw  et a i ,  1 9 7 9 ) , thus increasing H o f enzym atic loci. 
M oreover, at the DNA sequence level o f  individuals,

m ost loci may provc heterozygous. N cvertheless, there 
are signiíicant m erits to the eslim ates of H and p, dcrived 
from  routine protein electrophoresis. F irst, although 
relative, low, and lim ited genom ically, they are com - 
m ensurate estim ates o f genetic diversity am ong num cr- 
ous populations and species living in varied ecologies. 
Second, H and p are highly correlated in  global (N evo 
ct CIỈ., 1984 ) and regional (N evo, 1988 , 1998 ) analyses. 
Thu s, although hidden variation is regrettably lacking 
in studies o f routine protein electrophoresis, in m ost 
species the high correlation of H and p m akes for a 
protuable analysis since p is largely independent o f the 
high resolution achievable by SAGE and other new 
techniques. Third , the relatively large num ber of elec- 
tromorphic protein loci currently available in D rosoph- 
Ỉỉa and the many species analyzed perm it a sound statis- 
tical analysis o f isozym e phenotypes in an ecological 
context rather than only in genetic term s (Nevo ct aỉ 
1 984 ; Ne vo, 1978 , 1988 , 1998).

1. T h e Adaptive Evolu tion  o f Enzym e 
K inetic D iversity

Kinetic studies o f hem oglobin, haptoglobin, and trans- 
ferin proteins and at least a dozen enzyme polym or- 
phism s typically reveal biochem ical k inetic differences 
am ong the gene products of alternative genotypes at a 
ỉocus (M iiton , 1997 ). These include single gene effects 
such as laciate dchydrogenase in killiíish, leucine 
am inopcptidase in blue m ussel, and phosphoglucose 
isom erase (P G l) in C ollias  butterílies. In the laiter, W att
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and colleagues discovered in the 80s  that PGI hetero- 
zygotes fly over a greater range of tem peratures and 
produce 33%  m ore eggs. Additional exam ples are alco- 
hol dehydrogenase (ADH) in fruit ílies, salam anders, 
and barley; glutam ate pyruvate transam inase in cope- 
pods; and esterase, glucose-6-phosphate, 6-phospho- 
gluconaie dehydrogenase, and superoxide dism utase in 
fruit tlies. In all these cases, b io ch em ica l-k in etic  studies 
reveal differences am ong phenotypes, either w ithin or 
betw een species, that have m easurable eííects o f alterna- 
tive genotypes on  the physiology o f w hole individuals. 
They result in íìtness differences distinguished by natu- 
ral selection in accord with their alternative spatiotem - 
poral environm ents (M itton, 199 7 ). ư sually , the hetero- 
zygotes are interm ediate betw een hom ozygotes, but 
som etim es m olecular overdom inance for enzyme kinet- 
ics is found.

2. Patterns o f V ariation  am ong L oci

Proteins vary genetically. Regulatory enzym es appear 
to be more variable than nonregulatory enzymes, and 
enzymes thai work on many substrates appear to be 
more variable than enzym es that utilize a single sub- 
strate. G enetic diversity tends to decrease from m ono- 
m er to climer lo tetram er as the steric restrictions on 
the m olecule increase. The num ber o í alleles at a locus 
and the heterozygosity at a locus tend to increasc with 
the subunit size o f the prolein.

3. G en etic Pop u lation  S tru ctu re

Geographical clines may reílect the action of natural 
selection on genetic polym orphism  at local, regional, 
and global scales. In D rosoph ila  m eỉan ogaster, several 
latitudinal clines occu r for many characters such as 
allozym es1 inversions, and quantitative traits. The iden- 
tical nature o f these clines on the various continents, in 
both the N orthern and Southern H em ispheres, strongly 
suggests adaptation to speciíìc stress íactors, primarily 
clim atic selection. Polym orphism  for stress-resistance 
genes abounds in natural populations. The ADH poly- 
m orphism  show s high ĩrequencies o f the s  allele in 
tropical regions and this d eđ in es w ith latitude. The 
reasons for this cline are difficult to detennine because 
of the entanglem ent with other polym orphism s varying 
with latilude. In 1977 , Van Delden and Kam ping re- 
viewed the tentative conn ections w ith other polym or- 
phism s such as a-G P D H , in (2 L )t inversion, body size, 
and developm ent tim e w ith respect to the possible envi- 
ronm ental stress íactors involved. They concluded from 
these results, and also from recent experim ents, that 
the (2L )t plays a dom inant role in resistance to high 
tem perature and is partly responsible for the ADH cline. 
They are currently studying the speciíìc selective ĩorces

acting on ADH, íocusing on the physiological and lifc 
history aspects. M any plant and anim al species d istrib- 
uted in several clim atic zones— tropical, tem perate, and 
arctic— display a decline in  gene diversity, b o th  allo- 
zyme and DNA, towards the A rctic (Nevo et a l., 1 9 8 4 ). 
T h is is highlighted by postglacial colonizing popu- 
lations. Regional and local clines also abound in 
nature.

4 . P artition  o f G en etic  D iversity

An im portant analysis is that o f genetic partition w ithin 
and betw een populations. In m ost analyzed ou tcrossers, 
genetic diversity is chieíly  vvithin populations (e .g ., 85%  
in hum ans). In contrast, in som e selíers (e .g ., wild 
em m er w heat) only 40%  of genetic diversity is w ithin 
and 60%  is betvveen populations. This partition  is 
shaped by both  external (gene flow and selectio n  at 
the population level) and internal (genom ic and genic) 
evolutionary iorces.

B. DNA Diversity
DNA technologies revolutionized population genetics 
by providing an unprecedented am ount o f genetic di- 
versity for critical analysis ancl hypothesis testing. I 
briefly review these dram atic developm ents, from  mo- 
lecular (extranuclear, m itochondrial, ch loroplast, and 
nuclear) DNA m arkers to sequence polym orphism .

1. MtDNA Diversity
MtDNA is largely m aternally nonrccom biningly  inher- 
ited and dem onstrates a rapid pace o f evolưtion and an 
extensive high level of intraspecific restriction . PCR 
and sequence polym orphism  derive prim arily from  base 
substitution w ith a preponderance o f transitions, length 
variation, sequence rearrangem ents, and duplications 
o f coding sequences (Avise, 1 9 9 4 ). H ence, its relevance 
is not only to large-scalc phylogenies but also to m icro- 
geographic divergence, i.e ., to intraspeciíìc phylogeog- 
raphy, the recently  established bridge betw een popula- 
tion genetics and system atics. The am ount o f mtDNA 
polym orphism  w ithin species and sequence heterogene- 
ity is striking. Rem arkably, a different scenario emerged 
for plant mtDNA from that in anim als. W hereas animal 
mtDNA ranges in size írom  14 to 26  kb in length, that 
of plants (e.g ., m aize) is approxim ately 30 tim es larger. 
M ost polym orphism  in plant mtDNA is attributable to 
m ajor reorganizations o f sequence. The level o f mtDNA 
polym orphism  in higher anim als is several-fold higher 
than that o f single-copy nuclear DNA. The m aternal 
inheritance and high polym orphism  of mtDNA and the 
assay o f w hole mtDNA by long PCR provide unique 
opportunities for population evolutionary studies of



anim als and planis on both m icro- and m acrogeo- 
graphic scales. Thev contribm e 10 natural hislory, 
population structure and signature, gene flow, hybrid- 
ization, biogeographv, phylogeny, and biological con- 
servation.

M itochondrial genom es are increasingỉy being usecl 
to studv ancient divergences am ong anim al groups. Re- 
ccnt studies by Curde and Koder (1 9 9 9 ) o f com plete 
m itochondrial DNA sequences and reached som ew hat 
hcretical conclusions, raising questions about the use 
o f m itochondrial gene sequ cnces for studying the rela- 
tionships am ong highly divergent lineages. O ther stucl- 
ies have docum ented convergent evolution o í m ito- 
chondrial gene order, casting cioubt on the use o f these 
characters for phylogenetic analysis. The use o f m ito- 
chondrial genom es for studying such deep divergences 
is Corning u n d er in crea sed  scru tin y , and  these novel 
results need to be coníỉrm ecl w ith data from nuclear 
genes.

2. Comparative Summary of Genetic
Distances in the Vertebrates from the 
Mitochondrial Cytochrome b Gene

M itochondrial cytochrom e b is am ong the m ost exien- 
sively sequcnced genes to date across the veriebrales. 
Johns and Avise (1 9 9 8 ) em ployed approxim ately 2 0 0 0  
cytochrom e b gene sequences from G enBank lo calcu- 
laie and com pare levels of genetic d istance belw cen 
sister species, congeneric species, and confam ilial gen- 
era vvithin and across the m ạịor vertebraie taxonom ic 
classes. The results o f these analyses parallel and rein- 
íorce som e oí ihe principal trends in genetic d isiance 
estim ates derived from  m ultilocus allozym es. In  parúc- 
u lar, surveyed avian taxa on average show  signiíicantly 
less genetic divergence than do sam e-rank taxa sur- 
veyed in other vertebrate groups, notably am phibians 
and reptiles.

3. Chloroplastid Genome Comparisons
C hloroplast genom e (cpD N A ) evolution is also very 
dynam ic, ỉndicating gene transíer to the nucleus. 
A m ong the 2 1 0  different protein-cod ing genes con- 
tained in the com pletely sequenced chloroplast ge- 
nom es from  a glaucocystophyte, a rhodophyte, a dia- 
tom , an euglenophyte, and five land plants, M artin and 
colleagues identiíìed in 1998  the set o f 4 5  genes com - 
m on to each and to a cyanobacterial outgroup genom e. 
Phylogenetic in íluence, w ith an alignm ent o f 1 1 ,0 3 9  
am ino acid positions per genom e, surprisingly indicates 
that independent parallel gene losses in m ultiple lin- 
eages outnum ber phylogenetically unique losses by 
m ore than four to One. They identiRed hom ologs o f 4 4

different plaslid-encoded p ro te in sas íunciional nuclear 
genes o f chloroplast origin, providing evidence íor en- 
dosym biotic gene transĩer to the nucleus in plants. 
cpDNA diversity in lodgepole pine was high w ithin 
populations, w ith liu le  ( > 5 % )  differentiation am ong 
populations, in contrast to thc mtDNA pattern as shown 
by Ham rick and Godt in 1990  (as cited in M itton, 1997 , 
p. 71 ). Extensive intraspeciíìe cpDNA diversity may 
som etim e exceed interspeciRc diversity, reílecting dv- 
nam ic ecologies and seriously affecting phylogenetic 
conclu sions, as in the pine D raba  species.

4. Simple Sequence Repeats (SSRs)
SSRs consist o f tandern repeats o f relatively short nucle- 
otide m otiís, su ch  as T C C T C C T C C T C C . M icrosatellite 
repeat num ber can rangc from  two (T A )2 or three (GA )Ị 
to a few dozen (G C A A )n, vvhereas m inisatellites often 
consisi of m any dozens or even hundreds o f repeated 
m otifs. Signiíicantly, SSRs experience m utatịon at nota- 
bly higher rates than do nonrepetitive sequences: 10 2 
to 1 0 " 3 per locus, per garnete, per generation, w hich 
leads to their high polym orphism . R epỉication slippage, 
sister chrom atid  exchange, unequal crossing-over, and 
genc conversion may cause m icrosatellite diversity. 
Replication slippage seem s to play a m ajor role in pro- 
ducing new alleles al m icrosatellite loci (G oldstcin  and 
Sch lou ercr, 1 9 9 9 ). SSRs are characterized by high site- 
speciRc and revcrsible raies o f gain or loss in the num ber 
o f landem  repetitions of a short DNA m otií. Im por- 
tantly, recen l critical population genetics and speciRc 
chrom osom e data derived from Li and colleagues in 
1999 at our laboratory indicate massive genom ic non- 
random chrom osom al and environm ental d istributions 
o f m icrosatellites, suggesting that they are subjectecl 
to natural selection , generating adaptive com plexes in 
contrast lo neutral theory expectations.

The lunctional properlies of SSRs suggest evolution’s 
effect on m utability, as recently  concluded by King 
and Soller (as cited in W asser, 1 999 ). Many SSRs are 
íunctionally  integrated in to  the genom e and exert a 
quantitative regulatory effect on  gene transcription ac- 
tivity affecting phenotype and Rtness. G enes associated 
with SSRs may be íavored by indirect selection when- 
ever quantitative variation in the affected traits can pro- 
vide a population with genetic resilience for adaptation, 
especially in  stressíu l, íluctuating, or heterogeneous en- 
vironm ents. Such Uadjustable genes” may provide a pro- 
liíìc  and evolutionarily signiBcant source o f quantitative 
genetic variation.

N ucleotide diversity o f the hum an nuclear genom e 
has been estim ated to be approxim ately 0.1% . For two 
random ly selected sequences, this num ber translates 
in to one polym orphic site for 1000  nucleotides (or,



in a large sequence sample, one polym orphic site is 
expected for every 2 0 0 -5 0 0 ) .  Since the hum an nuclear 
genom e contains approxim ately 3 billion nucleotides, 
several m illion polym orphic sítes are expected to 
exist.

5 . S in g le  N u cle o tid e  P o ly m o rp h ism

SNPs are the m ost írequently found DNA sequence 
variations in animal and plant genom es, usually fol- 
lowed by SSRs, RAPDs, and allozym es. Recent SNP 
surveys in humans reported different rates of polym or- 
phism  among classes of sites w ithin genes (noncoding, 
degenerate, and nondegenerate) as well as betw een 
genes. O f all coding SNPs, 54%  lead to predicted change 
in the protein sequence. As expected, the coding SNPs 
that alter amino acid sequence of the encoded protein 
are found at a lower rate and with lower allele ữequen- 
cies than silent substitutions. This was interpreted as a 
reílection  of selection against deleterious alleles during 
hum an evolulion. D eterm ination of ancestral alleles 
from  hum an SNP polym orphism s becam e available us- 
ing high-density oligonucleotide arrays. A densely 
packed map of human SNP sítes could effĩciently iden- 
tify disease-associated genes by linkage disequilibrium  
betw een sets o f ad jacent m arkers and highlight human 
history. In plants, SNP polym orphism  has been associ- 
ated w ith transcript eííìciency, nonconcensus splice 
sites, and gene expression. The follow ing sections dis- 
cuss the results o f genetic diversity and divergence at 
global, regional, and local scales based primarily on 
results derived at the Institute of Evolulion since 
1979.

c. Global Analysis of 
Genetic Polymorphisms

1. G lo b a l A llo zy m e D iv ersity  
a c ro ss  P h y lo g en y  

W e used the entire globe as a large-scale ecological 
genetic laboratory. W e analyzed the correlates o f biotic 
factors involving ecological, dem ographic, and life his- 
tory variables with the level of genetic diversity in natu- 
ral populations of anim als and plants (Nevo et a l . ,
19 8 4 ). This review involved 1111 species studied for 
allozym ic variation with an average of 23 gene loci in 
each species and a biotic profile characterized by 21 
variables (7 ecological, 5 dem ographic, and 9 life history 
and other biological characteristics). W e then (i) esti- 
m ated the levels of genetic diversity, indexed by hetero- 
zygosity and polym orphism , for all species, three m ajor 
taxa (vertebrates, invertebrates, and plants), 10 differ-

enl b igher taxa, and the categorized 21 b iotic íactors; 
(ii) correlated the levels of genetic diversity with the 
biotic factors; and (iii) m atched some o f the evídence 
obtained with theoretical predictions.

The follow ing results were obtained:

1. The levels of genetic diversity vary nonrandom ly 
am ong populations, species, and higher taxa and also 
am ong ecological param eters (life zone, geographical 
range, habitat type and range, and đ im atic  region) (Fig.
2 ), dem ographic param eters (species size and popula- 
tion structure, gene flow, and sociality ), and life history 
characteristics (longevity, generation length, fecundity, 
origin, and param eters related to the m ating system and 
mode of reproduction).

2. Generally, genetic diversity is h igher (i) in species 
living in broader environm ental spectra; (ii) in large 
species w ith a patchy population structure and lim ited 
m igration as well as in solitary or social species; (iii) 
in species w ith small body size, annuals or long-lived 
perennials, older in tim e, with sm aller diploid chrom o- 
some num bers; and (iv) in plant species primarily out- 
crossed, reproducing sexually, and pollinated by vvind. 
Diversity am ong species has also been sum marized by 
M itton (1 9 9 7 ) . Higher genetic diversity characterizes 
species with high íecundity, large populations, broad 
geographic ranges, and a high speciation rate. In con- 
trast, low genetic diversity characterizes endem ic spc- 
cies w ilh low Tecundity and low speciation rate.

3. G enetic diversity is partly correlated and predict- 
able by a thrce- or four-variablc com binaúon of ecologi- 
cal, dem ographic, and life history variables, largely in 
that order. Ecological tactors account for the highesl 
proportion of the 20%  explained genetic variance o í all 
species com pared with dem ographìc and life history 
íactors (9 0 , 39 , and 3 .5% , respectively). W ith in  individ- 
ual higher taxa, the explained pcm ion of genetic diver- 
sity increases considerably (m ean of 44%  and maxim um 
of 74%  in  m ollusks). Neutrality theory would be sub- 
stantiated if dem ographic variables, rather than ecologi- 
cal variables, could better explain the variation in ge- 
netic diversity. The opposite, how evcr, was often found, 
substantiating selection as an evolutionary driving force 
o f genetic diversity in nature. A m ore detailed global 
analysis o f genetic differentiation in am phibians was 
perform ed in 1991 by Nevo and Beiles and in small 
m am m als across the globe (Nevo, 19 9 9 ). In both cases, 
genetic diversity, and in am phibians also genome size, 
is predictable by ecological factors: The higher the envi- 
ronm ental heterogeneity and stress, the higher the het- 
erozygosity. Sim ilar conclusions were drawn for 4 8 0  
species of plants in  1990  by Ham rick and Godt and for



Ecologic vaiables All species Vetebrata Invertebrata Mammalia

Life zone N N N N
***■ — , NS *

— , NSArctic 331 281 5 I m .Tem perate 457 1 2551 170 1 761
Tropicạl 137 I 61 1 71 1 19 ị
Tem perate + tropical 66 I 33 ị 33 1 10 1
Cosm opolitan 29 I 10 1 21 1 6 1

G eographical range
* * NS * *

Endemíc 1101 651 31 I 291
Narrovv 108 I 59 1 38 I 241
Regional 285 I 144 1 123 I 41 I
W iđespread 221 I 1211 90 I 34 I

Habitat type * * * ★ * NS *+*
Underground T ĩẽ l ẽ ĩ l 35 I 66]
Overground 108 I 86 1 22 I 40 I
Arboreal 57 I 40 1 17 1 z ĩ
Terrestria! + air 88 I 20 1 68 ! a
Aquatic-ỉittoral 91 1 15 1 76 1
Aquatic 1701 1121 58 1 7 }
Aquatic + terrestrial 34 1 19 1 15 1

Habitat range
NS ử ử ★ ★**

Specialist 280 1 ũ ã l 125 I 7Ĩ|
G eneralist 389 1 210 1 159 I 51 I

Arid ity *  * * NS *** ★★★
Arid 441 331 11... I 23]
Subarid 63 1 47 1 8 I 35 Ị
Subhumid 77 ] 34 1 31 I 24 l
M esic 210 I 107 1 73 I 27]
Extra-mesic 9 I 7  1 1 1 1
M esic + arid 22 I 14 1 8 ] 8 I

Territoria lity * * -dr ★ *** NS
Territorial 2891 2421 47H ÌÕ 7Ì
Non-terriỉorial 350 1

1 1
116 I

ỉ I
234 1

1 ỉ
J0 |

I ■■■■!'■■
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2 0 0.1 0.2 

Heterozygosity (H)

FIGURE 2 Global analysis of genetic diversity: levels of heierozygosity of ecological íactors. Numbers in 
the bars indicate species. SigniBcance ns =  p >  0 .0 5 ; * =  p <  0 .0 5 ; **  =  p <  0 .0 1 ; * * *  =  p <  0 .001  
(reproduced with permission from Nevo et a i ,  1984 ).

diverse anim al species (M itton , 1 9 9 7 ). As expected , 
theoretically the g lobal evidence exhibits a positive rela- 
tionship betw een environm ental diversity and genetic 
diversity, as w as also show n in cage experim ents. 
Cĩearlỵ, environm ental diversity enhances genetic di- 
versity. Levins (1 9 6 8 )  predicted that environm ental 
grain determ ines the level o f polym orphism . F ine- 
grained species (h ighly  m obile) would evolve a m ono- 
m orphic strategy, w hereas coarse-grained species 
(highly sedentary) w ould m aintain polym orphism . T h is 
theoretical pred iction  is largely supported by evidence 
(Nevo et a l., 1 9 8 4 ).

The patterns and correlates o f genetic diversity re- 
vealed in the global analysis for many unrelated species, 
subdivided into different abiotic and b iotic regim es, 
strongly im plicate selection  in the genetic d ifferentia- 
tion o f species. Natural selection  in several form s, but 
m ost likely through the m echanism s o f spatiotem po- 
rally varying environm ents at the various life cycle 
stages o f organism s, appears to be an im portant evolu- 
tionary force causing change at the m olecular level. 
O ther evolutionary íorces, including m utation, m igra- 
tion, and genetic drift, certainly in teract w ith natural 
selection , either directly or indirectly, and thereby con-



tribute differentially, according to circum stances, to 
population genetic d ifferentiation at the m olecular 
leveì. However, the final orientation of the cvolution- 
ary process is determ ined by natural selection (Bell,
1997).

D. Regional Analysis of 
Genetic Polymorphisms

1. R eg io n a l: A llo zy m e D iv ersity  a c ro ss  
P h y lo g en y  in Israe l an d  th e  N e a r E a st

a. Israel as an Ecological Genetic Laboratory 
of Increasing Aridity Southwards

O ur regional analyses o f genetic diversity extended over 
Israel and the Near Easl. W e used Israel, with its re- 
m arkable physical and b iotic diversities, as a m edium -

10 large-scale ecological genetic laboratory (N evo, 1988 ,
1 9 9 8 ). In 1 988 , Nevo and Beiles conducted an ecologi- 
cal test o f protein polvm orphism  in 13 unrelated taxa 
o f plants, invertebrates, and vertebrates involving 21 
species, 142  populations, and 5 4 7 4  individuals (F ig .
3 ) , follow ing the extensive studies o f allozym e diversity 
in 3 8  species in Israel.

Each individưal, population, and species vvcre tested, 
on average, for 27  enzym atic gene loci. These species 
varied in population size and Slructure, life h istories, 
and biogeographical origins, bui they iargely shared 
geographically short and ecologically  stressíu l gradients 
o f increasing aridity in Israel, both eastward (7 0  kn i) 
loward the Syrian and Jorclanian deserts and (m ainly) 
southw ard (2 6 0  kin) towards the Negev deseri. W e 
found gcnetic parallelism  across most taxa and m ost 
loci. O bserved average heterozygosity, H, and gene cli-
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vcrsily, H ,, vvere positively and ovcrall signiíìcanllv cor- 
rclated vvith rainíall variation, vvhich is lowesl in the 
n o rth w e s t  a n d  highesl in S o u th e rn  descrts (i.e ., with a 

\vider, (luctuating, clim atic temporal niche in the de- 
scri) (Fig. 3 ). Sim ilar ircncls were found for several 
DNA system s in  subterranean mole rats in Israel (N evo, 
N 9 9 ) . This result corroborales the environm ental the- 
ory o f genetic diversity, w hich rcgards ecological heter- 
OiỊeneity and stress as m ạịor determ inants enhancing 
gcnetic divergence.

Notably, in the regional Israeli studies, heterozygos- 
ity, H, is negatively correlatcd with etĩective populalion 
size, Nc; H increases, whereas Nt. declines drastically 
toward the deserts. T h is contrad icts a basic postulate 
oí neutrality theory, w lìich predicts positive correlation 
bctw een H and Nc (K im ura, 1 9 8 3 ). O ur results are 
clearly inconsistent with the genetic driít theory postu- 
lated in 1931 by Sewall W right or the neutral theory 
o f rnolecular evolution, even in its m ilder íorm  of near 
neutrality (O hta and G illespie, 1 9 9 6 ). O ur results sug- 
gcst that natural selection , through environm ental 
range and stress, in space or time or both appears to 
be an im portant genetic d ilĩerentialing evolutionary 
force at the protein and DNA levels (i.e ., driving m olec- 
ular evolution) (N evo, 1 9 9 8 ). Sim ilar results were ob- 
tained in extensive ecological genctic studies in wild 
wheat in 1989  by Nevo and Beiles and in subterranean 
mo le rats across the Near East and Asia M inor (N evo,
19 9 9 ). G enetic diversity either in the inbreeding wild 
ccreals aboveground or in outbreeding m ole rats under- 
ground is prim arily determ ined by clim alic selection . 
Sim ilar con clu sion s— thai is, that natural selection on 
allozym e polym orphism  may be intense with selection 
coefficients in the range o f 0 .1 - 0 .8 — have also been 
reached for m any m odel organism s (M itton , 1 9 9 7 ). Re- 
m arkably, the abundant genetic diversity found in natu- 
ral populations o f plants and anim als provides im m ense 
genetic resources for crop improvement in agriculture, 
biotechnology, and gene therapy in m edicine.

b. Genetic Parallelism and Ecological Stress in
Subterraneati Mammals

Parallel genelic patterns o f increasing diversities (pri- 
marily southw arđ and secondarily eastward) were 
show n in 19 9 6  by Nevo and colleagues in Israeli subter- 
ranean m ole rats for diploid chrom osom e num bers, 
nu clear allozym e, miDNA, RAPDs, m inisatellites, chi- 
asm a írequency, and organism al traits and also íor ap- 
proxim ately 2 0 0  genes by AFLP (in preparation). 
C learly , genom ic m olecular evolution o ĩ nuclear and 
extranuclear diversities o f proteins and DNA, coding 
and noncod ing sequences, in subterranean m ole rats, 
generally assumecl to bc neutral by proponents o f  the

neulral theory o f m olecular evolution, is nơnrandơni 
and correlated positively w ith increasing aridity stress 
and clim atic unpredictability. The increase in heierozy- 
g o sity  is  p rim arily  tovvard the S o u th ern  and eastern  
deserts, where tem poral stressíul clim atic íluctuations 
and unpredictability clim ax. Adaptive clim atic selection 
appears to bc the prime driving force in both m olecular 
and organism al cvolution o f m ole rats. Natural seìection 
through riuctuating environm enlal stress (i.e ., wider 
clim atic n iche) appears to be a m ajor cause o f m oỉecular 
evolution and genom e organization in subterranean 
m ole rats, sim ilar to the pattern ĩouncl in aboveground 
organism s íacing stressíul unpredictable clim ates, 
across the sam c transect o f increasing aridity stress 
(N e vo, 1 9 9 9 ).

E. Local Population Genetics Studies 
across Sharp Ecological Contrasts

1. Past Microgeographic Studies in Plants 
and Animals 

M icrogeographical studies in nature, particularly those 
involving sharp contrasts (clim atic, therm al, edaphic, 
geologic, topographic, and chem ical), provicle rem ark- 
able long-term  experim ents, representing sm all-scale 
natural laboratories, lor analyzing ecologic geneiic pop- 
u lation dynam ics. Since 1 9 75 , we have conducied  scv- 
eral m icrogeographic studies in nature (N evo, 1998). 
W e employed therinal (high vs low tem perature) and 
chcm ical (polluied vs cìean arcas) stresses in marine 
balanids and conducted an cxtensive research program 
on inorganic and organic pollution and its effecl on 
allozym e diversity in m arine organism s. Likew ise, we 
exam ined edaphic (terra rossa vs basall soil and rock 
vs d eep  so il)  and m icroclÌTnatic (su n  vs shad e and  h igh  
vs low solar radiation) stresses in wild barley (H ordeum  
spon taneum ), wild em m er wheat ( T rilicum  d icocco id es ) , 
and A egilops peregrin a . The conclu sions o f these studies 
all point inĩerentially to natural selection  as a m ajor 
differentiating ĩactor o f qualitalive and quantitative pat- 
terns o f geneiic diversity at single loci, but prim arily at 
m ultilocus structures and genom e organization (Nevo, 
1998 , 1999 ).

The follow ing is the sum m ary o f our extensive stud- 
ies in  wild cereals (w ild barley and wild em m er wheat) 
that have been studied spatiotem porally since 1975 at 
the Institute o f Evolution at the protein and DNA levels 
on m icro- and m acrogeographical scales. W e found sig- 
nifìcant clim atic and soil divergence at four m icrosites 
as well as in our m acrogeographic studies in Israel and 
the N ear East (N evo, 1 9 9 8 ). All the ĩoregoing studies 
illustrate massive genetic nonran dom  divergence at sin-



0.6

Allozyme Microsatellite RAPD

FIGURE 4 Genelic diversity, H,., of wild emmer wheal, Trìtìcum dicocoides, in four habitats (N, norlh: V, valley; R, ridge; K, 
Karsl) divided into 11 m icrohabitais in the Ammiad m icrosite, Uppcr Galilee, as rellected in allozymcs, microsaiellites, and RAPDs 
(Li et a l.,  20 0 0 a ). Nolc the m uch higher levels of II, in m icrosatelliles and RAPDs compared with allozvmes; likevvise, nole iht' 
similarúy of all systems, bul primarily nole ihe high and signiRcant correlation between microsatcllitcs and RAPDs (r, =  0 .8 5 , 
p  =  0 .0 0 3 ; sec tcxt). v c , main valley center; VM, main vallcy m argins; VN, narrow valley; N|, uppcr nonh-facing (m oderaic) 
slope; N;, middle north-íacing (slecp) slopc; RE, ridgc, east-facing slope; RP], ridge, shoulder of plateau; RPị, ridge, top of plateau; 
RS, ridge, south-íacing slope; Kị, upper karst; Kj, lower karsi (from Li ct a l., 2000a).

gle-locus, tw o-locus, and m uhilocus structures of ge- 
nom e organixation, with speciíic and unique alleles and 
levels o f genetic điversity correlated with ecological 
heterogeneity, n iche breadth, stress, and the largely 
parallel patterns of allozym es, RAPDs, and m icrosatel- 
lites despite increasing ditĩerences in levels of genetic 
diversity in this order (Fig. 4 ). Recently, we have show n 
the operation o f edaphic selection on m icrosatellítes 
across the m icrosites o f Yehudiyya, Tabigha, and Am- 
miad (Fig. 5 ). N either random drift nor gene flow can 
explain the levels and divergence of genetic diversity 
at the protein  level or at the coding and noncoding 
DNA regions. The data strongly suggest that natural 
selection overrides the hom ogenizing effect o f gene 
flow, m aintains m olecular polym orphism s in accor- 
dance w ith divergent ecologies, and orients m olecular 
evolution. How general is this genetic divergence pat- 
tern of wild cereals, w hich are predom inantly selfers, 
across life as a vvhole, prim arily in outcrosser plants 
and nonsedentary animals?

In 1992 , we em barked upon a long-term  m ultidisci- 
plinary p ro ject at the “Evolution Canyon” m icrosite. It 
aim s to elucidate the causes of bìodiversity and genom e 
evolution at the m olecular and organismal levels in 
diverse groups of organisrns across phylogeny from cy- 
anobacteria to mam m als, representing a m icrocosm  
of life.

2. E v o lu tion  in  A ction  across Phylogcny 
C aused by C lim atic Stresses:
“E v o lu tio n  C a n y o n ”

Biodiversity and genom e evolution, and the relative 
im portance o f forces driving evolution, are critically 
tested at the "Evolution Canyon” m icrosite (Low er 
Nahal O ren, M ount Carm el), a dynamic ongoing mi- 
croscale research program (Nevo, 1997 ). O ur aim is to 
draw generalizations across life in genotyes and pheno- 
types and to highlight controversial and unresolved 
problem s of biological evolution. The opposed slopes 
o f “Evolution Canyon” displav dramatic physical and
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biotic contrasts on a m icroscale (Fig. 6). Higher solar 
radiation (up to 600%  m ore) on the south-lacing slope 
(SFS) m akes it warmer, drier, and spaúotem porally 
m ore helerogeneous and íluctuating than the north- 
facing slope (N FS). The two slopes are separated by 
only 100  m (at bottom ) and 4 0 0  m (at top). The SFS 
represents an Aíroasian savanna park forest, whereas 
the N FS represents a dense Euroasian live oak ma- 
quis forest.

T he tropical Aíroasian warm and xeric SFS savanna 
displays wider ecological heterogeneity and higher 
stress for temperate terrestrial organism s. As predicled, 
genetic diversity was higher on the ecologically more 
heterogeneous (wider n iche) and stressíul SFS in 9 of

11 tesled tem perate model species (lich en , wild barley,
2 species oí land snails, earlhw orm , diplopod, 3 beelles, 
and 2 rodents) (Fig. 7). In 6 species, heterozygosity 
was negatively correlated with population size, i.e ., pop- 
ulation abundance was lower, w hereas genetic diversily 
was higher on the SFS. T h is negales the positive correla- 
tion expectcd  betw een H and N, by neutrality theory 
(Kim ura, 1983). W e have shown in wild barley, H. 
spontancum , that RAPD and sequence-tagged site PCR 
analysis m irror allozym e intcrslope patterns.

Rem arkably, heritable m utation and recom bination 
rates were several-fold higher in the soil fungus S ord aria  
íĩm ico la  and in the fruit íly D. m clan u gasícr  on the more 
stressful SFS. Im portantly, in terreslrial taxa specics

Air view
FIGURE 6 "E v o lu l io n  C a n v on ,"  Low cr Nahal  O r c n .  M o u m  C a rm c l ,  lsracl.  Notc  the p lant ĩọrm a-  

lion on o pposcd  slopcs. T h e  lush. g rcc n  " E u r o p c a n ” livc oak  m aquis  lorcsl  011 ihé te m p cra ie .  

co o l-m cs ic , n o n h -ía c in g  slo p c sh arp ly  co n ira sts  vviih ih c  o p cn  park ío rcst o f  w arm -xertc . iro p ical 
"Afroasian"  savanna on th c  sou lh - la c in g  s lopc (S F S ) .  ( T o p )  Cross  s c c i io n ;  (b o t io m )  niI vic\v tt i th  

t h c  SCVCI1 cx p e rim cn ta l s la t io n s— thrce (111 i h e  S F S  ( 1 - 3 ) .  OI1C al  the v a l l c y  b o t l o m  ( 4 ) ,  a n d  ih rce  

on thc N F S  ( 5 - 7 )  (vcproduccd wilh pcrm ission  irom N cvo,  199 7 ) .
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HIGURE 7 Gcnetic (alìozvm e) clivcrsỉty in major plani and animal 
laxa on the opposed slơpes of “Hvoliuion CanyorT— ihe m csic, icra- 
pẹraie, and mild norih-íacing slope (N FS) and thc xeric, tropical, 
and sircssíuỉ sơ u tlì-íad n g  slope ( s r s ) .  CídơpỉacLỉ au icm lia  (lich cn ), 
H ordeum  spontaneum  (vvild barlcy), Bimastos syrìacus (earihw orm ), 
Bu/iỉmnus labrosus, P om atias  o liv ieri, and Levạntina c a esarcan a  (land 
snails), T etrcirthrosom a syriacơ  (diplopođ), C arabus h em prich i and 
O xythỵrca noem i (b cetles), and A com ys ccihirinus and A podem us mys- 
túrinus (rodents) are presenlecl. The genetic diversities represeni allo- 
zym e hetcrozygosiiy observed (H ) or expected (Hc). *Comparison  
between the highest stations (H,.); # ,  T elrar lh rọsom a  syriacum  (repro- 
d u ccd with permissỉon from Nevo, 1997).

richness was h igh er on the SFS, and interslope adap- 
tive com plexes w ere dem onstrated in land snails, 
D rosop h ila , wild barley, and m ice, contributing to dií- 
ferential Btness in m orphology, physiology, behavior, 
and liíe history. Transplant experim ents show ed inter- 
and intraslope-speciíìc Rtness com ponents m atching 
the differential ecological stresses (all studies men- 
tioned in this sectio n  are cited  in Nevo, 1 9 9 7 ). Sim ilar 
results abound in  local genctic d ifferentiation in plants 
(L inhart and G rant, 199 6 ).

W e hỵpothesized that m icrođ im atic  diversiíying 
natural selection , overricling m igration and stochas- 
ticity, appears here as a m ajor evolutionary driving íorce

of genotvpic and phenotvpic evolution. The "Evolution 
C anyon’’ m icrosite provides a ícrtile m icrogeographic 
critical testing moclel o f biodiversity evolution due to 
its sharp m icroscale ecological slope contrasts, both  in 
n iche width and in clim atic stress.

F. The Nature of Allozyme and 
DNA Diversities

C rilical laboraiory experim ents on m arine m odel organ- 
ism s ha ve show n that alỉozym ic diversity is adaptive 
and responds rapidly to environm ental inorganic and 
organic pollutiơn stresses (N evo, 1 9 9 8 ); a large am oưnt 
o f allozym ic diversity can be gained or lost rapidly. O ur 
experim ents dem onslrated unequivocally that ecologi- 
cal stresses o f therm al and chẹm ical pollution affect ihe 
level and pattern of aIlozyme allele írequencies and 
heterozygosity o f m arine organism s, thereby corrobo- 
rating the environm ental theory o f genetic diversity. 
T he survivorship values of heterozygotes and hom ozy- 
gote allozym e genotypes vary in accordance w ith the 
pollutani concentraiion . The broader the ecological 
n iche, the higher ihe heterozygosity. Furtherm ore, het- 
erozygoie sites m utate more írequently than equivalent 
hom ozygous sites, possibly because m ism atch repair 
betvveen hom ologous chrom osom es during m eiosis 
provicles extra opportunities to m utale. At m edium  lev- 
els o f pollution, heterozygoies seem  to be superior, 
whereas ai high pollution levels specilìc hom ozygoies 
becom e superior. O ur laboratory resulls OI1 m ercury 
pollution were coníìrm ed in  the sea. Rem arkably, dy- 
nam ic and rapid changes in genom e size m ediated by 
an increase or decrease in copy num ber o f the retro- 
transposon BARE-1 in wild barley, tì. spon taneum , both  
regionally and locally in Israel were described in 1999  
by Schulm an and colleagues.

G. Evolutionary Significance of Molecular 
Polymorphisms: Summary and Evidence

The íoregoing m acro- and m icroscale field and labora- 
tory evidence across phylogeny displays massive genetic 
parallelism s to environm enial heterogeneity and di- 
verse stresses, physical (therm al, clim atic, and edaphic) 
and b iotic (pathogens, com petitors, vegetation, and 
habitats). In general, higher levels o f genetic polym or- 
phism s, at both  the protein and the DNA levels, occu r 
under more stressỉul and variable environm ents. T h is 
is highlighted by the enorm ous diversity recorded in the 
vertebrate m ajor histocom patibility com plex (Bodm er 
and Bodrner as cited in Wassei% 19 9 9 ) and im m unoglob-



ulin gene fam ilies, resistance genes in plants, against 
the im m ense pathogen diversity, and in the regulation 
of clock genes. Linkage disequilibria and genom e orga- 
nization (Nevo, 1998 ) are correlated with higher envi- 
ronm ental heterogeneity (also called the niche width 
variation hypothesis by Van Valen, which predicts posi- 
tive correlation betw een niche width and m orphologic 
variation) and stress (Figs. 3 and 7). Sim ilarly, m ulation 
and recom bination rates in the soil fungus S ord aria  
f im ico ỉa  and in male D rosoph ila  m elan ogastcr  at “Evolu- 
tion Canyon” were both higher on the ecologically more 
heterogeneous and stressíul SFS. Ecological heteroge- 
neity and stress appear to be m ajor determ inants of the 
le v e l o f  g e n e t ic  d iv e r s ity  in  n a tu r e , as  w as d e m o n s tra te d  

in num erous organism s (M itlon , 1997). Physical and 
biotic ecological variables are better predictors of ge- 
netic diversity than dem ographic variables of popula- 
tion and species size. In fact, the levels o f genetic diver- 
sity are often negatively correlated with effective 
populaúon size, negating neutrality theory predictions. 
Generally, genetic polym orphism  is posiúvely corre- 
lated with niche width, or the level o f ecological helero- 
geneity and stress, as emerged [rom our global, regional, 
and local analyses and from critical laboralory experi- 
ments. A brief iheoretical discussion follows.

IV. THEORY

A. Mechanisms of Generating 
Genetic Diversity

It is beyond the scope of this article to describe the 
m utation m echanism s that generate diversity. Suffice it 
to say that a host o f m echanism s provide a perm anent 
input of diversity into natural populations, including 
point m utations, deletions, additions, recom bination, 
gene conversion, and m ism atch repair. M utation rates 
also vary dram atically am ong organism s and genes and 
under diverse ecological stresses. Evidence from bacte- 
rial genetics (C asjens, 1998 ) suggests that organism s 
can resist stress through m utational changes or acquisi- 
tion of pre-evolved íunctions via horizontal transfer. 
Acúvating m utagenic response and inhibiting antim uta- 
genic activities (e.g., m ism atch repair) could be im por- 
tant in recruiting genetic diversity as an adaptation to 
stress. Stress-induced increases in m utation rates en- 
hance genetic polym orphism , prim arily in genom ic 
“hot spots."

B. Signiíìcance of Genetic Diversity
The íunctional value of genetic diversity w ithin popula- 
tions has been coníìrm ed in a series of studies. Clearly,

this rich  pool o f diversity provides the resource for 
continu ou s selection of adapted genotypes. Reduced 
genetic diversity may not only com prom ise the capacity 
of an im pacted populalion for genetic adaptation in the 
face o f further environm entaỉ challenge but also may 
result in  increased energy requirem ents, lower produc- 
tion efficiency, and reduced hom eostasis and reproduc- 
tive output. These m etabolic consequences of reduced 
genetic polym orphism  would further lower that popula- 
tio n s  potenlial for survival under lethal conditions of 
contam inant exposure and also affect the geneũc 
m akeup of populations through differential reproduc- 
tion under conditions o f sublethal stress. In laboratory 
studies with population cages, higher levels of allozym e 
and additive genetic diversity are generally m aintained 
in cages with greater heterogeneity, as is also generally 
true in nature (M itton, 1 9 9 7 ). G enetic diversity m akes 
it possible to establish genetic distances vvithin and 
betw een species, identiíy species and strains by unique 
and speciíìc genetic proíìles, establish phylogenetic 
trees, reinforce conservalion biology and m anagem ent 
program s, and have proíound im plications for plant 
and anim al husbandry in agriculture and m edicine.

c. Maintenance of Genetic Diversity 
in Nature

Explaining the m aintenance oí genetic diversity in natu- 
ral populations has been a Central  problem of evolution- 
ary genetics since ihe discơvery C)[ abundani protein 
polym orphism s in nalure (Levvontin, 1974 ; Nevo, 1978 , 
1 9 8 8 ,1 9 9 8 ; Kim ura, 1983 ; Gillespie, 1991; Avise, 19 94 ; 
M itton, 1 997 ). Il is now clear that stochastic and bottle- 
n eck  explanations, relating heterozygosity prim arily to 
population size effects, are not realistic. Populations are 
rarely at equilibrium  because environm ental conditions 
Auctuate w ith abiotic (e.g., clim ate and seasons) and a 
host o f b iotic (e.g., parasites, pathogens, and com peti- 
tors) factors. Correspondingly, genelic diversity can be 
gained or lost rapidly in dynam ically changing natural 
populations due to ecological stresses. The m ajor mod- 
els explaining genetic diversity in nature relate prim ar- 
ily to the levels o f ecological heterogeneity (niche 
breadth) and stress, or m ultiniches, and to environm en- 
tal grain (Levins, 196 8 ) rather than to effective popula- 
tion size or gene flow. Environm ental variability en- 
hances genetic diversity. Natural selection appears to be 
a m ajor driving evolutionarỵ íorce m aintaining genetic 
diversity in nature (Bell, 1997). Hovvever, heterosis (i.c ., 
overdom inance or heterozygote advantage) alone is not 
a m echanism  for m aintaining many alleles segregating 
at a locus, as argued in 1978  by Lew onún, Ginzburg,



and Tuliapurkar; hence the resorl to spatiotemporal 
driving forces at multilocus structures.

D. Natural Selection
Theoretically, spatial and temporal variations of selec- 
tion (“diversiíying selectiorO  coưlđ maintain and en- 
hance genetic polymorphisms, although the conditions 
oí their applicability are strongly limited [see cited pa- 
pers by Levene, Haldane, Karlin, Lande, Felsenstein, 
Hedrick, Hoekstra, Maynard Smith in Ewens (1979) 
and Nevo (1998)]. Spatial variation appeared more ef- 
íective than temporal variation, although their jo int 
action could reinĩorce the maintenance of polymor- 
phism. Most results related to selection of variation in 
time were derived from the one-locus case. Polymor- 
phism maintenance may be reiníorced in the case of 
t\vo-locus or multilocus structures (Gillespie, 1991; 
Kirzhner et aỉ., 1998). Fitness components (viability, 
growth ra te, íecundity, rnating success, and develop- 
mental stability) increase with heterozygosity, sug- 
gcsting that selection balances diversity al protein poly- 
morphisms (Mitton, 1997). Some of the correlations 
bctween heterozygosity and fitness components can be 
altributed to allozyme ỉoci or loci in strong linkage 
disequilibrium with ihem. This positive relationship 
between heterozygosity and íìtness is not only expected 
theoretically but also abimđantly documented empiri- 
cally (Mitton, 1997). The selective mechanism is much 
more effective in promoting genetic diversity if carriers 
oĩ the aliernative alleles are able to select the niche in 
which their íitness is greatest as argued in 1977 by 
Taylor and Powell and by Nevo and colleagues in 2000 
for mole crickets. For selection theories of molecular 
evoluúon and polymorphism based on the combined 
íorces of natural selection, genetic drift, and mutation, 
see Gillespie (1991). For a discussion on the develop- 
ment of neutral and nearly neutral theories, see Ohta 
and Gillespie (1996). A series of articles dealing with 
natural selection and Darwinian íitness in nature appear 
in Wasser (1999).

In a series of articles and books dưring the period 
1 9 3 1 -1 9 7 8 , Sewall W right developed his “adaptive 
landscape” theory. In this model, populations are imag- 
ined to spend most of their time on selective peaks, 
with genetic driít providing the push when a population 
jum ps from one peak to another. In contrast, Fisher’s 
(1958) model on the nature of adaptation assumes that 
a population is never exactly at its optimal phenotype. 
Likewise, in Gillespie’s (1991 , pp. 2 9 1 -3 0 5 )  random 
environment selection theories, there are no analogs 
to adaptive peaks because the adaptive landscape is 
changing faster than the genetic system: “The popula-

tion is alvvays running uphill, but the peak is always 
two steps ahead. All the population ever sees, in effect, 
is the side of the mountain. Should it stop evolving, it 
will face extinction.” This view is related to Fisher’s 
model and to the red queen hypothesis of Van Valen 
(1973), which assumes that if a population does not 
continue to adapt at the same rate as its competitors 
or environmental deterioration it may become extinct.

E. Stabilizing Selection in 
Cyclical Environments

Stabilizing selection for an intermediate optimum is 
generally considered to rapidly deplete genetic diversity 
in quantitative traits, with increased number o floci. In 
contrast to previous conclusions, we found in both 
haploids and diploids, in the case of an additive two- 
locus model, that stabilizing selection with cyclically 
moving optimum may be an effìcient íactor in pro- 
tecting polyraorphisms for linked loci additively affect- 
ing the selected trait (Korol tí a ỉ., 1994; Kirzhner et 
a i ,  1998). W e proved that within the same class of 
Htness íunctions, nonequal gene action and/or domi- 
nance effect for one or botlì loci may lead to local 
polymorphism stability with substantial polymor- 
phism-attracting domain. A higher intensity of selection 
could result in two íorms of polymorphic limiting be- 
havior: (i) the usually expected íorced cycles with a 
period equal to that of environmental changes and (ii) 
“supercycles,” which are nondamping autooscillations 
with a period composed of hundreds of forced oscilla- 
tions.

W e have demonstrated (Kirzhner et a l ,  1998) that 
a multilocus system subjected to stabilizing selection 
with cyclically moving optimum can generate ubiqui- 
tous complex limiting behavior, including supercycles, 
T cycles, and chaotic-like phenomena. This mode of 
multilocus dynamics far exceeds the potential of com- 
plex dynamics attainable under ordinary selection mod- 
els resulting in simple behavior. It may represent a 
novel evolutionary mechanism increasing genetic poly- 
morphism over long-term periods (Kirzhner et a i ,
1998).

F. Selection versus Genetic Drift in Small 
Isolated Populations

Remarkably, our Endings of high-level heterozygosity 
in small (several dozen or 100 individuals) desert iso- 
lates of the subterranean mole rats, Spaỉax ehrenbergi 
superspecies (2n =  60), in the northern Negev (Nevo,



1999) contradict both the Wrightian notion of genelic 
drift in small populations that was elaborated in 1931 
and the extreme version of genetic drift, i.e., the neutral 
theory of molecular evolulion (Kimura, 1983). The lat- 
ter predicts positive correlation between effective popu- 
lation size (N c) and heterozygosity H, whereas our fmd- 
ing demonstrated ihe opposite (i.e., the highest level of 
H  in the smallest populations, or a negative correlation 
between H and Nc). A negative correlation betvveen 
population size and heterozygosity was also íound in 
several species lested at the “Evolution Canyon” micro- 
site (Nevo, 1997). Current theoretical models predict 
fast gene íixalion in small panmictic populations with- 
out selection, mutalion, or gene inflow. Using simple 
multilocus models, we demonstrated that moderate sta- 
bilizing selection (with stable or íluctuating optimum) 
for traits controlled by additive genes could oppose 
random íìxation in such isolates during thousands of 
generations (Nevo et al. 1997a, as cited in Nevo, 1999). 
We also shovved that in selection-ĩree models polymor- 
phism persists only for a few hundred generations cven 
under high mutation rates. Our multichromosome 
models challenge the hitchhiking hypothesis of poly- 
morphism maintenance íbr many neutral loci due to 
close linkage with a few selected loci.

G. Genetic Ecological Diversity and Stress
T h e  íoregoing  d iscu ssio n  suggests several exp lan atio n s  
í o r  th e  m a in t e n a n c e  o f  g e n e t i c  d iv e r s i ty  s u b je c t e d  to 

ecological diversily and environmenlal stress. Spaúal 
a n d  te m p o ra l e c o lo g ic a l  v a r ia t io n , w h ic h  p r e d o m in a te s  

in  n a tu r e ,  is o f  p r im e  i m p o r t a n c e  in m a in t a i n in g  an d  

en h a n cin g  g en etic  d iversity  in n atu ral p o p u la tio n s. T h is  
m a y  b e  t ru e  b e c a u s e  d i f fe r e n t  g e n o ty p e s  d is p la y  v a r y in g  

íìtn esses  in variab le  en v iro n m en ts  and s t r e s s e s .  R eco m - 
bination frequencies and mutation rates tend to increase 
under stressíul conditions (Hoffmann and Parsons, 
1991; Korol et a i ,  1994; Nevo, 1997). Rates of evolu- 
tion ary  change are lherefo re  en h an ced  in adverse envi- 
ro n m e n ts , as w as d em on strated  u n d er co n tro lled  lab o- 
rato ry  exp erim en ts  in  ihe case o f m ercu ry  p o llu tio n  
(Baker et al. as cited in Nevo, 1998), under regional 
arid ity  slress acro ss the p hy sica lly  s lressfu l Israeli envi- 
ronment, and locally at “Evolution Canyon” because of 
high solar radiation on the SFS (Nevo, 1997).

Developmental instability may be enhanced under 
both environmental stress and genomic strcss. This 
could ịncrease genetic divẹrsity under stresslul concli- 
ũons (Hoffmann and Parsons, 1991). Heterozygote ad- 
vantage tends to increase diversity with stress up to 
extreme points. However, heterosis alone is not a mech-

anism for maintaining many alleles segregaling at a 
lo c u s .  u  is m u c h  m o r e  l ik e ly  th a t  s ta b le  e q u i l ib r ia  fo r  

multiple alleles will be best explained by multiple-niche 
selecúon. Models of sexual reproduction as an aclapta- 
tíon to resist parasites proposed by Hamilton and col- 
leagues in 1990 may also contribute to sex cvolution, 
recombination, and polymorphism. Finally, the simple 
model advanced by Kirzhner and colleagues in 1999 of 
genetic interaction betvveen multiple species on a trait 
for trait basis governed by abiotic and biotic selection 
for multilocus quantitative traits opens wide horizons 
for the evolution of genetic diversitv clue to species 
dynamic interactions in nature.

Ecological heterogeneity and stress appear lo en- 
hance genetic polymorphisms, particularly in dynami- 
cally cycling environments (vvhich can generate com- 
plex dynamic-like supercycles and chaotic-like 
behavior). This mode of multilocus dynamics far ex- 
cceds the potential for maintaining geneúc polymor- 
p h is m  a l t a i n a b l e  in o r d in a r y  s e l e c t i o n  m o d e ls .  l t  m ay  

represenl a novcl evolutionary mechanism increasing 
genetic polymorphism over long-term periods. This 
novel mechanism could contribute to ihe observaùon 
ihal biological diversity has increascd over geological 
time despiie the well-known massivc extinclions, pro- 
viding ever-increasing geneúc diversity and thus en- 
hancing ihe cvolution of biodiversity.
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I. Biodiversity in the Fossil Record
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III. Capluring Fossil Biocliversities
IV. Microbial Diversity of the Archaean and Proiero- 

zoic Eras
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VI. Phanerozoic Terrestrial Biodiversity
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GLOSSARY

alpha diversity Diversity of species within a single 
habitat.

beta diversity Measure of the rate and extent of change 
in species along a given habitat or physiographic gra- 
dient.

disparity Range of diverse morphological architectures 
present in higher taxa such as classes, phyla, and 
kingdoms; it is used to explain the origins and main- 
tenance of this diversity oflife-form s and body plans.

taxonom ic richness Number of species, genera, and 
íamilies from a gi ven time period or ĩossil excavation.

LEARNING TH E PATTERNS OF PAST BIO D IVERSITY  
C H A N G E  is íundamental to understanding the causes 
and consequences of processes that generate and de-

plete the diversity of liíe on earth. Allhough the íossil 
record is incomplete and biased, methods have been 
developed to correct íor these problems in large mea- 
sure, thus permitting the stucly of biodiversities of thc 
geologic past.

I. BIODIVERSITY IN THE 
FOSSIL RECORD

There are two distinctive though related aspects to pa- 
ìeobiodiversity studies. One approach íocuses on the 
number of taxa present during a certain geologic time, 
or over a certain geologic time span. The taxonomic 
categories involved are usually species, genera, or fami- 
lies, and this sort of diversity is commonly termed taxo- 
nomic rỉchness. The ultimate aim of most such studies 
is to understand and explain the origin and maintenance 
of patterns of species richness in space and time; when 
genera or íamilies are used it is usually as proxies for 
species. The evolution of species richness has been stud- 
ied since Darwins time and continues to be a highly 
productive area of research. The second aspect deals 
with diversity, not of numbers of species, but of differ- 
ent types of organisms. The taxonomic categories in- 
volved are the higher ones, such as kingdoms, phyla, 
and classes, and the aim is to understand and explain 
the origins and maintenance of dìsparity— the range of 
diverse morphological architectures that is present. The 
major patterns of disparity over geologic time have been
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described, chieíly using taxonomic categories, as prox- 
ies for morphological distance. However, ihe evolution 
of that disparity has received much less atlention than 
ihe evolution of richness, partly because it was thought 
that dìsparity could be explained by extrapolation from 
the processes that create richness. With the rise of mo- 
lecular developmental studies, however, the genetic ba- 
sis for disparity is becoming understood, and it has 
become possible to decouple studies of the origin of 
disparity from ihose of richness.

The ecological regulation of local biodiversity is not 
well understood, but empirical patterns of species dis- 
tributions and richnesses indicate some of the factors 
governing species accommodaiion on regional and 
global scales. These large scales are of particular impor- 
tance to tracing biodiversity through time. A basic mea- 
sure of species richness is alpha diversity, the number 
of species found at a given locality or in a single sample. 
A second sort of species richness, beta diversity, is a 
measure of the additional species thai are lound at a 
second locality or in a second sample. Alpha diversity 
was taken to indicate the amount of species packing 
(reíleciing ecological niche partitioning) at a locality, 
and beta diversity to indicate the extent of habitat differ- 
ences between localities. In practice, however, different 
species are found at a given locality at different limes, 
varying with season, vveather, or other íactors that affect 
successĩul reproduction or colonization at the localily. 
Alpha diversity can thereĩore vary significantly from 
time to time, in which case beta diversity is affected 
as vvell.

The global environment is quite heterogeneous, a 
mosaic of habitats separated by gentle gradients in 
some places and by sharp boundaries in others and 
ĩuriher broken inlo disjunct regions, such as differenl 
C o n t in e n ta l  masses or r e in o t e  i s la n d s .  Beta d iv e r s i ty  

will vary according to whether two samples are from 
adjoíning areas within the same general habitat type 
(i.e., represent the same biotic community), or are 
from distinctive habiiat types (represent different com- 
munities), or are from distìnctive climatic or physically 
disjunct regions (represent differeni biotic provinces). 
Though beta diversity is sensitive to differences among 
samples within a community, it is noi as useĩul a 
measure between communities; rather, a more appro- 
priate measure is the number of species added as 
entire communities are combined— a son of super 
heta diversity. To capture global biodiversíty patterns, 
a hierarchy of beta-type measures is required; differ- 
ences betvveen bioprovinces can be evaluated by the 
numbers of species added when combining one entire 
bioprovince with ihe next, or similar evaluaiions

can be made belween entire realms. The pattern of 
environmental heterogeneity in the world has varied 
continuously over geologic time, thus affecting the 
pattern of accommodation of bíodiversity.

II. EVOLUTION AND BIODIVERSITY

A. Richness
Speciation is produced by isolation of populaúons, 
severing the flow of genes between them and permit- 
ting the evolution of differences in their íeatures, 
underlain by differences in genes, gene ừequencies, 
and gene organizations that arise belween ihe popula- 
tions. Once sister population crosses are unable to 
produce ĩertile oíĩspring, specialion is complete. Envi- 
ronmenis favoring more isolation among populations 
are therefore more likely to produce rich biotas, 
oiher things being equal. A vvorld broken into many 
continents ĩavors global species richness, with a nearly 
separate biota on each continent. A Continental land- 
scape consLsting of a great variety of climates and 
habitat types [avors more species richness than does 
a monotonous landscape, for species tend 10 become 
well adapied to particular habitats, and the mo re 
habitat types available, the more species. A landscape 
in vvhich any given habitat type is scattered among 
other types, which thereíore provide barriers 10 gene 
flow, favors more species richness than a landscape 
where each habitat type occurs in a large tract. In 
short, environmental heterogeneity clearly promotes 
isolation and therefore species richness through speci- 
ation. Other factors also protnoie speciation, bul ihcy 
are not so clear nor so well understood. For example, 
low-latitucle, tropical regions hold many more species 
than midlatitude temperate regions, and thesc laller 
holcl more than high-latitude arctic/antarctic regions, 
but the mechanisms ihat link the obvious climalic 
differences to this laútudinal gradient in species rich- 
ness are not yet understood. It is clear ihat the 
reducúon of environmental heterogeneity by human 
activities is lowering the capacity of the globe to 
support species.

B. Disparity
The gcnetic differences producing morphological dis- 
parity are not basecl so much on differenccs in genes and 
gene ừequencies as on gene organization. Individuals 
belonging to different higher taxa, such as phyla, difler 
from their very early stages, producing different adult



body plans as they develop. In animals, the clevelop- 
mental regulatory genes that are responsible for or- 
ganizing the many disparate body plans are surprisingly 
similar. The anỉmal phyla originated over haỉí a billion 
years ago, so similarities in those developmental con troi 
gcnes have been conscrved since that time. Even mem- 
bcrs of other kingdoms, such as fungi and plants, share 
some similarities with animals in their developmental 
con troi genes, which thereíore have been conserved for 
over a billion years. Some key developmental genes 
have been íound in all phyla that have been investigated, 
though they may play a variety of roles. These genes 
are responsible for regulating still other genes. The reg- 
ulatory genes govern cascades of gene expression that 
mediate cellular differentiation and organogenesis, the 
hallmarks of multicellular body plans, and control the 
íìnal body architecture. The evolution of disparity has 
involved the evolution of these basic developmental 
control systems. Thus, although ihe genes are similar 
among phyla, many of the gene expression pathways are 
different vvithin each phylum and class and so produce 
distinctive body plans.

In animals, the use of genes that mediate the develop- 
ment of numbers of cell types and morphologies seems 
lo have originated in a spongelike organism. Animal 
genomes contain two to three times as many genes as 
most unỉcellular protists, suggesting that one or more 
early, massive gene duplication event(s) provided the 
genetic resources that were necessary to regulate the 
development of complex morphologies. Vertebrates 
have approximately four times as many genes as an 
average invertebrate, suggesting that some massive gene 
duplication events in early chordate lineages provided 
a genome oí the requisite size to permit the evolution of 
the very complex vertebrate bodies. Regulatory genelic 
systems have evolved in land plants as well, quite inde- 
pendently, medialing the disparity íound in plant anat- 
omy, but as yet these systems are not as well known 
as those of animals.

III. CAPTƯRING FOSSIL 
BIODIVERSITIES

A. Problems of Sampling 
Fossil Biodiversity

It is not easy to become a fossil; the remains of only 
an cxceedingly small fraction of all the organisms that 
have lived have survived to provide iníormation on the 
nature of life through geologic time. Thereíore we must 
treat the ỉossil record of biodiversity as a huge sampling

problem. One approach would be to estimate how manv 
samples from how many places it wouìd take to ade- 
quately represent present biodiversity, and then to com- 
pare this ideal sampling pattern with the sorts of íossil 
samples with which nature has presented us. To esti- 
mate today’s biodiversity we would need to sample each 
community in each province on each continent in each 
m ajor realm, such as terrestrial plains and moutains, 
C o n tin e n ta l  shelves, and each major oceanic water mass 
and deep-sea region. We would not have to find every 
iast species, but we would have to understand the pat- 
terns of species1 distributions well enough to calculate 
biodiversity from our samples. Although valiant at- 
tempts have been made, the problem is so large that 
estimates of modern biodiversity are not closely con- 
strained. Assessing fossìl samples is not easy either. We 
need to know how densely the biota has been sampled 
regionally and ecologically by nature in presenting us 
with the íbssil assemblages. And for a given íossil assem- 
blage, we must estimate how completely the living biota 
was sampled, without knowing how diverse it was in 
ihe íìrst place. We also need to know how different 
ancient biotas were froĩn region to region, for it is not 
uncommon for large regions to lack íossils for given 
time periods, and their diversities raust ihen be esti- 
mated from assuinptions about global patterns. Finally, 
we must be able to estimate the temporal density of the 
fossil record and make allowances for iniervals of time 
that lack records.

B. Completeness of the Rock Record
The rocks from which íossils have been recovered are 
nearly all exposed on land and have thereĩore been 
subjected to erosion, and many fossiliferous íormations 
have been stripped away and lost. The first question to 
ask when reconstructing fossil biodiversities is how 
much of the original rock record remains. The com- 
pleteness of a sequence of rocks is independent of its 
age, relating rather to its depositional history. In gen- 
eral, sedimentary sequences contain many small gaps 
but increasingly fewer gaps of longer durations. For a 
given sedimentary sequence, then, íossil taxa with very 
short geologic ranges may have been present only dur- 
ing a gap, whereas longer-ranging forms can “jum p” 
most gaps and may be captured as fossils. Fortunately, 
the gaps in one region are commonly represented by 
sediments elsewhere, though a few periods of time are 
poorly represented in most regions. For example, few 
marine sediments are preserved on continents from 
times when sea levels were particularly low, such as at



the end of the Permian and beginning of the Triassic 
periods.

Terrestrial sedimentary rocks, deposited as they are 
above sea level, are subjected to very active processes 
of erosion, which remove much of the sediment in 
rivers or in winds and deliver it to the sea. Preservation 
of terrestrial íormations is thus restricted chieíly to 
downwarped epicontinental basins or interior Continen
tal platíorms, where there is some protection from the 
main erosional forces. Such settings tend to be more 
localized and geologically shorter-lived than nearshore 
marine sites. Furthermore, terrestrial animaỉ remains 
are also exposed to decay and erosion in the subaerial 
environment and tend to be destroyed more easily than 
the shells of marine íorms. Thus, terrestrial rock se- 
quences are less complete than marine ones, and terres- 
trial animals are not as well sampled by the fossil recorcl 
as marine animals.

c. Incompleteness of the Fossil Record
Organisms differ greatly in their poteniial lor preserva- 
tion as íossils. In general, entirely soft-bodied, or small, 
or rare, or geographically restricted species of short 
clurations have fewer opportunities íor preservation 
than their opposites: a large, abundant, widespread spe- 
cies that lived for many millions of years and has a very 
durable skeleton is most likely 10 be represented by 
íbssils. Some phyla, such as Mollusca (clams and snails, 
etc.) are well represented in marine sediments, whereas 
others, such as Platyhelminthes (flatworms), though at 
least as old as the Mollusca and quite rich in species, 
ha ve left 110 recognized body ỉossils. The biodiversity 
of the living biotas from which fossil assemblages are 
recruited must usually have been considerably greater 
than the numbers of íossil taxa that are found. However, 
it seems that most species with durable skeletons are 
in fact originally captured in sediments. For example, a 
study of fossilization of livirig species of marine bivalves 
(Mollusca) of the Caliíornian bioprovince found that 
about 80% of the species, 84% of the genera, and 90% 
of the families were represented by íossils in sediments 
of Pleistocene age (the last 1.6 million years). As ex- 
pected, the missing species were small, thin-shelled, 
and rare íorms, and the missing genera and families 
were made ưp of such species.

In richness studies of taxa with high preservation 
potentials, such as shelled mollusks, íossil assemblages 
actually have an advantage over samples of the ìiving 
biota. The íossils are usually time-averaged, that is, they 
represent the accumulation at a given locality oi many 
generations and may include individuals of species that

have occupied the region for only some fraction of the 
time represented. Thus, a fossil assemblage can sampie 
the species richness that was found in a given area 
far better than a sample of alpha diversity in a living 
community. The íossils represent a sampling through 
time, often over hundreds to thousands of years.

Foote and Sepkoski (1999) devised a method that 
estimates the probability of preservation of fossil higher 
taxa from a sort of írequency distribution of the ob- 
served geologic range lengths of their members. When 
such an estimate is made for marine bivalves (clams), 
the probability of preservatìon of a genus within a strati- 
graphic interval representing about 5 milLion years is 
around 50% (Fig. 1). The bivalve faunas preserved in 
the sediments have been significantly degracỉed. Al- 
though soine elements of the fossil faunas may have 
been destroyed by dissolution within the sediments, 
it seems likely that most of the missing genera were 
originally present in sediments that were then either 
removed during intervals of erosion or are not now 
exposed 1'or collection and study. In other words, al- 
though fossils commonly represent a good sample of 
living associaiions of easily preservable taxa, not 
enough such associations are preserved to clirectly 
count ancient diversities over lengthy intervals of geo- 
logic time.

The completeness of ihe recorcl of a number of 
other higher taxa is given in Fig. 1, where the 
probability of their generic preservation is plotted 
against the proportion of ihe living íamilies that have 
a fossil record. The re are two groups that deviatc 
from the general trend. The Cephalopoda (Mollusca) 
fall well above the trend because they are represented 
by rich íossil assemblages of extinct higher taxa and 
ha ve few living representatives. By contrast, Chon- 
drichthyes (Chordata) fall well below the trend be- 
cause their living íamilies have a good íossil record, 
chiefly of teeth found in relatively young sediments, 
but the earlier fossil genera, represented by bodies, 
are mostly known only from single localìties and thus 
have low preservation potentials. Thus the two outliers 
are readily explainecỊ and the correlation othenvise 
evident between these totally independent data sets 
suggests that they are reasonably accurate. Because 
the marine sedimentary rocks of Continental shelves 
combine high completeness and availability, the ma* 
rine invertebrates with the highest preservation poten- 
tials provide the longest, most complete íossil record 
of any major groups of organisms.

In establishing the geologic range of a íossil taxon, 
it is almost certain that we have not íound the earliest 
members to evolve or the last individuals to become
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extinct, because the fossil record is so incomplete. It is 
possible, however, to judge the probable exient of a 
taxoiVs range beyond its actual record by how com- 
monly it is found between its íìrst and last occurrences: 
if it occurs rather continuously within iis known range, 
then vvhen it disappears it is likely to be absent; if  it 
occurs rarely, then it may have existed well beíore we 
see it and continued lo exist well after our last record. 
The number of a taxon’s occurrences in a given time 
interval thus permits a statistical estimate of the likely 
extern of its true geologic range. By taking account the 
observed preservation potentials of a taxon, estimates 
of the numbers of that taxon present in a given interval 
can be augmented by granting range extensions beyond 
the íossil occurrences. Corrections of this sort will pro- 
duce better approximations of the richness within geo-

logic intervals than the raw numbers of íossil taxa in col- 
lections.

D. Partial Remedies for the Spotty Fossil 
Biodiversity Record

The taxonomic hierarchy, based on Linnaean princi- 
ples, produces many paraphyletic taxa, but it is useful 
for purposes of biodiversity reconstruction. Even within 
taxa with the highest preservation potentials, a large 
proportion have been lost to erosion and other ĩactors. 
Genera, on the other hand, contain on the average sev- 
eral species, so that a genus is usually more vvidespread, 
occurs in more environments, and contains many more 
individuals than any one of its species. As a conse- 
quence, the íossil representation of genera is more com-



plete ihan that of species. Families usually include sev- 
eral genera and so are even more completely 
represented as fossils. Thus by compilìng biodiversity 
data on the generic level, one produces a signiRcantly 
more complete and somewhat more accurate record 
ihan is possible at the species level, and the record al 
the family level is even better.

There is a price for this taxonomic remedy. The 
lower levels of taxonomic biodiversity are the more 
volatile through time, being more sensitive lo the envi- 
ronmental changes that affect biodiversity. For exam- 
ple, a wave of extinction may decimate a biota at the 
species level, bul to be recorded in a compilation of 
íamily diversity an extinction must extirpate every last 
species of a family. A small extinction wave might not 
even be noticed at the íamily level, considering that 
fossil data are rather noisy anyway. Of course the time 
of an extinction, whether recorded at the family, ge- 
neric, or species level, will be registered in precisely the 
same place on the geologic timescale. Because species 
contain reproducing populalions, they are in direct eco- 
logical contact with environmental parameters, and the 
volatility of their richness is ihc most sensitive measure 
of environmental changes. Higher taxa reeord ihe out- 
come of environmental change more indirectly, that is, 
when their species fìrst appear, or when all of them 
disappear from the record. Nevertheless, iheir behavior 
in the face of environmental change presumably reílects 
the broad similarities in physiological and behavioral 
responses of their species, inherited from common an- 
cestral species. While generic and íainily biodiversilies 
can make quite useful proxies for species diversity in 
the íossil record, they are in fact measuring different 
features, and this should be taken into account in inter- 
pretations of fossil richness.

Most individual íossil samples represent a parúcular 
ecoiogical community, perhaps somewhat iniermixed 
with rare species that are chieíly found in olher 
communities, where they are common. In somt’ cases, 
though, the samples represent mixtures of common 
faunal elements that represent different communities 
but that lived in close proximity. It is sometimes 
possible to establish biodiversities for metacommuni- 
ties by taking manv samples of similar, approximately 
contemporaneous fossil assemblages at different locali- 
ties throughout a region, using the rule that species 
thai occur together most often as íossils are most likely 
to have lived together. Because two fossil localities are 
likely to vary in composition even if drawn from the 
same parental bìota, an increasingly full picture of 
regional biodiversity is gained when numbers of locali- 
ties are pooled. Such studies can lead to understanding

the gross diversity patterns among biotic provinces. 
Finally, sampling of approximately conlemporaneons 
localities can be made at the global level, in this way 
providing a sample of global biodiversity for the 
realm(s) involved.

Because most fossil localities are not directly datecl by 
the more accurate radiometric techniques, correlation 
between them can only be approximate, particularly 
when the íossil assemblages represent different commu- 
nities or provinces. This difficuhy can be mitigated hy 
using fairlv coarse time units, wiihin which mosl fossil 
localities can be placed with some confidence. Global 
biodiversity studies using íamilies and genera usually 
employ temporal bins of from 5 to 8 million years in 
duration. Some studies have used geologically bascd 
time subdivisions, such as Stages; in ih e s e  cases the 
diversity must be normalized to the differing Stage 
lengths.

The various approaches to help in overcomìng the 
incompleteness of the íossil recorcl yield binned samplcs 
of adequate size and quality to establish general levels 
and trends of biodiversity wilhĩn well-skeletonizcd 
groups on global scales over long periods of time. The 
times of major diversiRcations or extinctions and peri- 
ods of high and low biodiversities are caplured by such 
data. Changes in ihe relative dominance of different 
mạjor clades are also clearly demonsirated. However, 
the price for binning is that fine details of diversity 
changes are lost. Yet preliminary studies indicate ihai 
the generic record captures the same evenis as the fam- 
ily record and indeed is mo re sensiúve lo diversity 
changes. Furthermore, increasinglv accurate dating 
techniques are permitling the use of ever-shorter time 
intervals. These ongoing refinements have contìrmed 
the general trends described from the coarser data, 
vvhile permitting ihe recovery of more detailed diversity 
iníormation that reílects more closely the hisiory of 
species richness.

IV. MICROBIAL DIVERSITY OF THE 
ARCHAEAN AND PROTEROZOIC ERAS

The earliest rocks known on earth date to aboul 4.6 
billion years ago. The earliest eras in earth history, long 
thought to be barren of indications of life, were namcd 
the Archaean (about 4 .6 -2 .5  billion years ago) and the 
Prolerozoic (about 2.5 b illion -543  million years ago), 
The most recent era was named the Phanerozoic (visible 
life) because it contained a íossil record. However, ini- 
crobial fossils have now been found to date well back



into the Archaean. The earliest are íìlamentous prokarv- 
otic microbes resembling cyanobacteria (“blue-green al- 
gae”), recovered from chert beds thai are over 3.5 billion 
years old. There are a few other Archaean recorcls of 
microbial lossils that may be from othcr bacterial 
groups, representing both benthic and planktonic 
realms. However, bacteria and archaea have such ex- 
tremely low prescrvation potentials that il is impossible 
to reconstruct their history of richness from fossil evi- 
dence. According to molecular phylogenies, a nurnber 
of major bacterial branches, equivalcnt ai least to phyla 
in a hierarchical system, arose beíbre the cyanobacteria. 
It appears likely that there was a rapid early điversiíìca- 
tion vvithin the bacterial and, probably, archaeaỉ do- 
mains that produced a highly disparate microbiota well 
over 3 billion years ago. Considering the way in which 
lineagcs branch during evolutionary diversifications, it 
is likely that the microbiota was qưite rich during much 
of Archaean and Proterozoic times. Recorded fossil cli- 
versity is much greater in the Proterozoic, but sampling 
is much better in rocks oí that age and the recorded 
fossil richness simply tends to correlate with the num- 
ber of íbrmations and samples studied. One exception 
is in the laiesl Proterozoic, when sampling is highest 
but when ihe richness of fossil microbiotas declines, 
suggesiing a real diversity drop at that lime. The íossil

record of richness of the Protcrozoic microbiota is gi ven 
in Fig. 2.

Unicellular íossils belonging to the Eukarya are di f- 
íìcult to separate from ihose of other domains. Rela- 
lively large fossil algal ribbons (1 m long, 2 mm in 
diameler) about 2.1 billion years of age are likely to be 
the íirst known eukaryotes. It is possible that Eukarya 
evolved dưring the Archaean. The best Proterozoic re- 
cords of unicellular Eukarya are of spheroidal plankters 
wiih organic vvalls, sufficiently tough to be preserved 
in some quantity. They increase in number, richness, 
and morphological complexity throughout the Protero- 
zoic. As noted earlier, great bacterial disparity is likely 
to have been achieved in the Archaean, and ihe major 
richness trend may be attributed chieíly to an improving 
íossil record rather than to increased biodiversity.

V. PHANEROZOIC MARINE 
BIODIVERSITY

A. Neoproterozoic Animals
The record of metazoan íossils dates from at least 
570 and possibly 600 million years ago, in the late 
Proterozoic (the “Neoproterozoic’), but it has proven

Number of species 
(two point running average, i.e., ±50 Ma of estimated tormation age )

FIGURE 2 Specics richness of scveral groups o í unicellular microíossils as represented in Protcrozoic 
sedim cnts. The morphologic catcgories to the lcfi of ihe hcavy dashed line are presumptive Bacieria; 
those to the righi are Eukarya. The rccord is unlikely to m irror the historv of either ríchness or 
disparitv, although ihe decline late in Proterozoic time may bc rcal. (From  Schopí and Klein, 1992. 
p. 535 . Reprintccl wiih the permission of Cambridge University Press.



to be very difficult to relate those early íossils to 
living groups, which first appear near the beginning 
of the Phanerozoic. There are two chief modes of 
fossilization: trace fossils, which are trails, burrovvs, 
and similar structures left in sediments by animal 
activities; and body íossils, which register the gross 
morphology of the animals. Most Proterozoic body 
íossils are restricted to body impressions, skeletons 
being absent until latest Neoproterozoic time. The 
early trace tbssils are simple curved trails, and though 
traces become increasingly complex and diverse as 
time passes, they remain small throughout the Neopro- 
terozoic, mostly 1 mm or less in width, though a 
few range to 5 mm. The early body fossil impressions 
(the “Venđian” or “Ediacaran” fauna) are chieíly of 
ĩrondose and discoidal organisms that are large (some 
reach 1 m) and bear a general resemblance to cnid- 
arians, although they differ from living forms in 
important slructural details. Ediacaran íaunas also 
include rarc sponges and a few íorms that resemble 
bilateral animals but that cannot be assigned to any 
living group. Estimating ihe living diversity of Neopro- 
terozoic times from these fossiìs is difficult; body 
íossils of the trace-makers, for example, are not 
known, and many kinds of organisms can leave a 
given type of trace íossil. When body íossils appear 
during the Cambrian (see the following section), 
traces become larger (some are centimeters wide), 
much more varied, and more comrnon. Therefore the 
bcst guess for Neoproterozoic animal diversity is that 
it was lower than that of the Cambrian, beginning 
sometime beíore 570 million years ago (Ma), possibly 
tens to hundreds of millions of years earlier. This 
guess is likely to be correct as íar as body plan 
disparity is concerned, but it remains possible that 
Neoproterozoic seas supported a rather high richness 
of species that had such low preservation potential 
that they have not yet come to light.

B. The Cambrian Explosion Establishes 
Metazoan Disparity

About 543 Ma there was a notable increase in the com- 
plexity, sizes, and abundances of trace fossils, one of 
which ( Triptichnus) marks the basal Cambrian bound- 
ary by international agreement. Rare, minute, mineral- 
ized skeletons of uncertain affinities had appeared just 
prior to the first appearance of Triptichnus, and contin- 
uecl to appear in increasing kinds and numbers, along 
with an increasing trace diversity, in younger rocks. At 
about 530 Ma the earliest undoubted skeletons ofliving 
animal groups appeared and, during the next 10 million

years or so, 11 animal phyla made their íìrst appear- 
ances, a period known as the “Cambrian explosion,, 
because of the geologicallv sudden appearance of di- 
verse, abundant skeletal remains. Invertebrate skeletons 
are then continuously present for the remainder of geo- 
logic time. Among the body plans to appear during 
the explosion are complex representatives of all m ajor 
animal clades, including annelids, arthropods, and 
chordates (Fig. 3 ). Judging from the phylogenetic tree 
of animals, all living phyla had originated by the close 
of this interval, although some living phyla with low 
preservation potentials are still completely unknown 
as íossils.

Many of the explosion animals include features 
ihat are not present in their living allies, and thus 
extend the known morphological ranges of their 
clades. Some of these forms have such distinctive 
body plans that they are considered to be phyla of 
their own, whereas others can be nested wilhin living 
phyla but nol within living classes. These ĩorms 
indicate that the disparity among the body plans of 
Early Cambrian animaỉs was ai least as great as it 
is today. For exampie, the relaliveiy few Cambrian 
arthropod taxa are just as morphologicalỉy disparaie 
as are living arthropods, which have had the beneíỉt 
of over half a billion years of subsequent evoỉution 
and consisi of million of species loday. Thus disparity 
and richness are evolutionarily decoupled. The Early 
Cambrian burst of disparity in thc fossil record sug- 
gests Lhat there was relatively rapid evolution of the 
developmental regulatory gene systems at ihat time.

c. Phanerozoic Diversity Patterns in the 
Marine Environment

1. Standing D iversity  of 
M arine Invertebrates 

The com binaiion of completeness, disparity, richness, 
and duration of the marine fossil record is superior to 
that of other realms, especially for marine invertebrates, 
and thus is best suiled as an introduction to major 
diversity patterns. Figures 4 and 5 depict the overall 
pattern of family richness for marine animals, almost 
en tire ly  shallow-water (C ontinen tal s h e lf  d ep th ) forms. 
It is likely that the range of body plan disparity declined 
somewhat after the Cambrian, and probably showed 
a signiGcant drop and then a recovery following the 
Perm ian-Triassic extinction, but ihere are no data ihat 
incorporate the entire marine fauna. However J a c k  Sep- 
koski has eompLied an excellent data set on íamily rich- 
n ess, w h ich  h a s  cer ta in ly  varied  s ig n ifican tly .
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FIGURE 3 The earlicst appcarance of body íossils of living phyla. The earliesi records of 
small, sofi-bodied forms vviih low fossilizaiion potcntials are scaiteređ through lime, being 
found ai ỉocalỉties with unusual preservaiion, such as in amber, or having no íossil recorcls 
at all. The only phylum vviih well-mineralizecl skclctons that cỉoes noi appear in thc Cambrian 
is the Bryozoa, which, hovvcvcr, has numbers of nonmineralized íorms today and may have 
had no mineralized reprcsentaiives during thc Cambrian. c, Cambrian; o, Ordovician; s, 
Silurian; D, Devonian; c, Carboniícrous; p, Permian; Tr, Triassic; Jr, Jurassic, and K, C.rcia- 
ccous. (Modiíìcd from Valciuinc cl c t l 1999.)

During the Cambrian, íamily richness rose abruptly 
and seemed to be reaching a plateau as the period ended. 
However, the Ordovician witnessed a dramatic increase 
in íamily richness, which reached a plateau near 400  
íamilies by the end of the period (see Fig. 4 ). This 
richness plateau lasted for about 300 million years, 
during which there were two major extinctions that 
lowered family richness for a relatively brieí time, fol- 
lowed by recoveries to the plateau level until the close 
of the Permian period. At that time, the plateau was 
abruptly terminated at about 250 Ma by the greatest 
extinction on recorcl, near the Perm o-Triassic (P/T) 
boundary. About half of the marine families were lost. 
From that low point during the depths of the extinction, 
íamily richness has climbed at a rate quite similar to 
the C am bro-O rdovician rate, and for a far longer time, 
peaking at the present. This last richness rise is inter- 
rupted tvvice by major extinctions, the last of which,

near 65 Ma, is the íamous Cretaceous-Tertiary (K /T ) 
extinction that eliminated the dinosaurs. Despite these 
interruptions, family diversity today far exceeds that of 
the long Paleozoic plateau.

Perhaps as few as one-third of living marine families 
have durabỉe skeletons; the rest have very poor pre- 
servabilities. Nevertheless, there is evidence to suggest 
that the major trends in the fossil record are real, 
and that the ratio of easily to poorly preser\^able 
forms has been similar enough, at least following the 
Cambrian explosion, that the general magnitudes of 
íamily diversities can be reconstructed from the pre- 
served ĩossils. For example, the diversity patterns of 
easily and poorly preservable taxa are similar through- 
out the shallow ocean today, so far as we can tell. 
Further, the ratio of poorly preserved to easily pre- 
served families that are íound (see Fig. 5) holds 
reasonably steady through the Phanerozoic, increasing
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in Valentine, 1*585. Copyrighl ©  1985 by PUP, Rcprimed by Permission of Princelon Univcrsiiy Press.

slightly toward the present, suggesting that the record 
is sampling a íairly consisleni ừaction of the poorly 
preser\'ed clades, and ihe ratio improves slightly in 
younger sediments as vvould be expected. Also, the 
presence of a long richness plateau during the Paleo- 
zoic is unlikely to be a malter of chance, and suggesls 
some stability in sampling success.

2. Stan d in g  D iversity o f M arine C hordates 

The phylum Chordata includes an invertebrate class, 
the Cephalochordata, that is known from the Early 
Cambrian and is represented today by amphioxus, 
(Branchiostoma spp.), but this class is nol known to 
ever have been diverse. There are primitive groups 
w ithin the class Vertebrata, such as lampreys and hag- 
fish, that in fact lack vertebral columns. A groiip of 
marine vertebrates at about this level of organization, 
known as the Conodonta from toothlike teeding struc- 
tures, appeared during the Middle Cambrian and left a 
signiíìcant Paleozoic tossil record. Conodonta became 
extinct during the Triassic. Nonconodont jawless íìshes 
(Agnatha) appeared in the late Upper Cambrian and

radiated into lour distinctive, clisparate clades during 
the Silurian; many agnathans had bony armor (hat has 
provided most of their lossil record, but ihe agnathans 
seem not to have been rich in species. They were ịoined 
by jawed fishes by Devonian lime. The jawed forms 
radiated to produce several disparate types—  
arthrodires and placoderms, with bony head shields 
and plated armor, and several chondrichthian groups 
(sharks and rays), which vvere the richest of fish clades 
in Late Paleozoic seas. Also arising at least by Early 
Devonian time was a clade, the osteichthyes or bony 
fishes, which was of secondary importance duriag the 
Paleozoic but came to be the most richly diversc vertc- 
brates in the sea during the Mesozoic and quite domi- 
nate marine vertebrate faunas today. Thus the history 
of marine íishes can be summed up as beginning mod- 
estly in the Cambrian and finally achieving significant 
disparity during Silurian and perhaps Early Dcvonian 
radiaúons that established rr.ost maịor groups, vvhich 
then waxed and waned in richness, with bony fishes 
finally Corning to dominance. Reptilcs enlered the sea 
during the earliest Mesozoic and mammals early in
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the Cenozoic, but neither group became very rich in 
marine species.

3. T a x o n o m ic  T urnover

Relaúve clade richnesses vary considerably across Pha- 
nerozoic time. In Fig. 4, the changing assemblages of 
dominant clades are classed into three major faunas. 
The Cambrian Fauna (labeled o ,  composed domi- 
nantly of trilobites (Arthropoda), does not diversify 
during the Ordovician and is overtaken by the ex- 
panding clades of the Paleozoic Fauna (labeled Pz), 
dominated by articulates (Brachiopoda) and crinoids 
(Echinodermala). The Paleozoic Fauna is decimated by 
the P/T extinction and does not increase signiíicantly 
thereaíter, and is overtaken by the diversifying Modern 
Fauna (labeled Md), which is dominated by mollusks 
and fishes. Elements of all of the faunas are present 
ihroughout ihe Phanerozoic.

Figure 5 depicts the great variety of íamily richness 
histories rccorded for marine classes and phyla; the 
dominance of ihe characterizing clades during each of 
the three íaunas is clearly evident. There are some gen- 
eral íeatures that link the diversity patterns to evolu- 
tionary rates that seem to be inherent in the clades. 
The dominant clades of ihe Cambrian Fauna have very 
high evolutionary turnover rates— high rates of both 
diversiíìcation and extinction. The dominant clades of 
the Paleozoic Fauna have moderaiely high turnover 
rates, and those of the Modern Fauna have the lowesl 
turnover rates of ihe dominant clades. As a result, the 
extinction rate for all íamilies combined, excluding the 
major extinction events, declines steadily throughout 
the Phanerozoic. Evidently, a slralegy of being resistant 
to extinction is superior to having a high speciation 
rate, perhaps because slight inclement environmental 
íluctuations can force a high-turnover lineage too close 
to extinction to recover. Note that the presently domi- 
nant bivalve and gastropod mollusks, slow-turnover 
clades, increase theirrelative representations inexorably 
throughout the Phanerozoic, and are not greatly af- 
fected even by the P/T extinction. A few clades that 
have fair preservalion potentials can be shown to have 
survived for hundreds of million ofyears despite having 
very low diversities; the inarticulate brachipods and the 
scaphopod mollusks are classic examples (see Fig. 5). 
These are low-turnover clades; if they had high tưrn- 
overs they would presumably have been swept away 
by even a small extincúon event. Both speciaúon and 
extinction rates are probably tied to population parame- 
ters that of course evolved vvithout respect to clade 
longevity or dominance, which in a sense are merely 
side eííects, though they prolounclly iníluence the COIĨ1- 

position of the world’s biotas.

VI. PHANEROZOIC TERRESTRIAL 
BIODIVERSITY

A. Plant Diversity
“Land plants” include two major groupings: forms such 
as mosses and liverworts, collectively termed bryo- 
phytes, which lack a water-transporiing system; and 
the tracheophytes, wbich possess vascular tissues that 
conduct water vertically and permit signiíìcant upward 
growth. It seems likely that tracheophytes arose from 
among the mosses, perhaps more than once. The earliest 
fossil record of plants on land may be furnished by 
spores of Middle Ordovician age thai are possible bryo- 
phytes; tracheophyies probably date from Early Silu- 
rian, but their vegelative elements first appear in the 
Middle Silurian. From then through the Devonian, a 
plexus oí early plant types diversiRed, and from this 
plexus the modern groups oílycopods, horsetails, ferns, 
and gymnosperms evolved by laiest Devonian time; 
there were íorests beíore the close of the Devonian. 
This early burst of disparity is similar to that íound 
among animals, but tbe richest of living plant groups, 
the angiosperms or ílowering planis, appear much later, 
arising perhaps in ihe Late Jurassic but spreading during 
the Late Cretaceous and dominating Cenozoic plant 
associations. There is no animal analog for the late 
origination of a dominant major taxon, except for the 
class Mammalia, also terrestrial of course. However, the 
disparity indicaled in the pollen record of angiosperins 
has been investigated, and it shows an early burst of 
dispariiy increase in the Early Cretaceous thai gradually 
tapers off to a plateau hy late in the Cretaceous. Evi- 
dently angiosperm “body” plans were evolved early in 
the history of the group and the rise of species richness 
followed later, the same pattern thai is found within 
many marine invertebrate groups and in numbers of 
vertebrate groups. Pigure 6 indicates the relative rich- 
ness of major land plant groups through time as judged 
from their íossil records.

B. Animal Diversity
1. Invertebrates

Animals came ashore with the earliest plants, so far as 
can be told. Ít is quiie possible thai early terrestrial 
animals fed on bacteria, fungi, or protistans and were 
ashore before tracheophytes; early arthropod burrows 
are reported in Ordovician soils. Howevcr, the earliest 
undisputed terrestrial animal remains, of arthropods, 
are from the Late Silurian. Because these ĩossils are 
predators (primitive cenlipedes and an arachnid), there



FI
G

UR
E 

6 
Ph

an
er

oz
oi

c 
di

ve
rs

ity
 

in 
th

e 
te

rr
es

tr
ia

l 
ío

ss
il 

re
co

rd
, 

sh
ow

in
g 

pl
an

t 
an

d 
an

im
al

 
ía

m
ily

 
ri

ch
ne

ss
 

by 
ph

yl
um

, 
cl

as
s,

 o
r 

ot
he

r 
hi

gh
er

 
ta

xo
n.

 
G

eo
lo

gi
c 

pe
ri

od
s 

are
 

as 
in 

Fi
g.

 
3. 

(F
ro

m
 

J. 
J. 

Se
pk

os
ki

 
an

d 
M

. 
H

ul
ve

r, 
in 

V
al

en
ti

ne
, 

19
85

. 
C

op
yr

ig
ht

 
© 

19
85

 
bv

 
PƯ

P.
 

R
ep

ri
nt

ed
 

by 
pe

rm
is

si
on

 
of

 
Pr

in
ce

to
n 

U
ni

ve
rs

ity
 

P
re

ss
.)



must have been by ihat lime an extensive fauna of 
primary consumers and a fairly complex ecosystem, 
evolved in previous epochs. There is little evidence to 
judge how quickly and to vvhat levels terrestrial inverte- 
brate diversity rose during those times.

Insects evidently arose in the Early Devonian, and 
they have a relatively rich fossil record for a lerrestrial 
group, being richer than the vertebrale record. The 
same species proportions found among liviug orders 
are also found among Tertiary [ossils, suggesting that 
the insect record, vvhile certainly incompleie, is nol 
heavily biased taxonomically, and thai ai least their 
mạịor ĩossil trends probably reílect actual paleobiologi- 
cal trends. During their earliest, Devonian history, in- 
sects are spoltily represented; most of them are preda- 
tors, vvhereas the primary consumers seem to have been 
chieíly detritus feeders; little herbivory is found. Insects 
underwent a signiRcant expansion in ihe Carboniíer- 
ous, and species richness rose to a high ju sl beíore 
the major Perino-Triassic extinction, which affected 
insecls signiíìcantly (see Fig. 6). However, the insects 
rebounded, rising steadily to their present overwhelm- 
ing richness. Probably the rise was more evenly distrib- 
uted in time ihan indicated in Fig. 6, for there are some 
spectacularly rich insect faunal localities in ihe Late 
Tertiary, vvhile equivalent faunas are noi yet known 
from earlier deposìts. As with marine invertebrates, sig- 
nificant morphologìcal dispariiy was reached very early 
in insect history, preceding the greatest rises in richness. 
Though insect richness seems closely tied with the rich- 
ness of the angiosperm ílora, insect disparily, even in- 
cluding the evolution of the array of moulhparts and 
feeding structures present today, was largely accom- 
plished well before the origin of angiosperms.

2. C hordates

All the primitive groups of jawed fishes are found in 
terrestrial aquatic deposits during the Middle Paleozoic, 
but on land as in the sea it was the bony fishes (Osteich- 
thyes) that radiated to produce rich faunas thai domi- 
nated in fresh waters, from the Devonian onward. The 
richness of terrestrial íossil fish faunas declined signiíĩ- 
canily in ihe Mesozoic, perhaps partly owing to a poor 
aquatic fossil record from that Era.

Tetrapods íìrst appear in the Devonian, possibly 
Early Devonian, in effect as part of the general radiation 
of íishes, but with limbs that eventually permitted loco- 
motion on land and led to the evolution of the Am- 
phibia. The fossil record of this group is very sparse, 
but it is clear that the atnphibians diversified extensivelv 
lo reach a level of family richness comparable to loday s 
by the close of Carboniĩerous time. The early amphibi-

ans were rather diíĩerent from living forms, hovvevcr, 
and included large animals, which were eventually re- 
placed ecologically bv reptiles. Three important groups 
arose from amphibian stocks, one leading to reptilcs, 
one to mainmals, and one to dinosaurs and birds. The 
early histories of these groups are so poorly known that 
their patterns of diversiíìcation cannot be accurately 
reconstructed. It is possible that both repúles and dino- 
saurs gradually increased in richness and diversity 
through most of the Mesozoic era. The richness of these 
clades was reduced drastically during the extinction at 
the close of the Cretaceous.

While mammals must have diversìíìed as well during 
the Mesozoic, it is in ihe early Cenozoic ihat their íòssil 
record is marked by a burst of new appearances and, 
by about 10 million years after the start of the Cenozoic, 
all of the 17 modern orders of placental mammals had 
appeared. Only two of these orders are knovvn from ihe 
Cretaceous, and while it is likely thai most trace their 
roots to a few lens of millions of years earlier, mammals 
were clearly a minor though probably not unimportant 
part of the tetrapod tauna before the Cretaceous- 
Tertiary (K/T) extinction. It is usually assumed thai 
mammals replaced dinosaurs, which became extinct ai 
the K/T boundary, in ecological roles that permitted 
large body sizes. The only dinosaur descendants today 
are birds, vvhich have a poor ĩossil record. Modern bird 
ordcrs arc unknovvn before the Cenozoic, suggesting 
that there was a significant K/T extinction of birds, 
leading to the radiation that produced modern types. 
There musl indeed have been a signiíicant diversiíìca- 
tion of birds during the Cenozoic, but as the roots of 
the modern lineages are uncertain and the bird record 
is poor, ihe pattern of bird diversily increase has not 
been esiablished.

VII. PRINCIPAL BIODIVERSITY 
FACTORS

A. Plate Tectonics and Global 
Heterogeneity

The geographic pattern of land and sea is constantly 
changing due to the processes of plate lectonics, which 
create and destroy the crust of the earth. At present the 
crust is divided into about 6 major and 14 minor crustal 
plates. New crust is added at One plate margin, a rift 
marked by deep-sea ridges, from sources of molten rock 
in ihe eartlVs interior. At the opposite plate margin, ihe 
crust plunges back into ihe interior, íts descent marked 
by deep-sea trenches or “subduction zones”; this crust



then rcmelts. Continents or islands on a crustal plate 
ihereíore move across the earths surĩace, (rom the con- 
structionaỉ margin tovvard the destructional margin, as 
if on a conveyor bclt. Coniinents separated by a rift 
will diverge as they arc carried apart on their respective 
plates, and continents will íragment if a rift cuts across 
them. On the other hand, continents separated by a 
subduction zone vvill converge, and if they meet they 
can weld together. The rates of movement of the plates 
are only several centimeters per year. Nonetheless, be- 
cause plate tectonic processes have been incessant since 
well beíore the origins of animals and plants, the conti- 
nents and oceans have changed their numbers, sizes, 
and geographic eoníìgurations over the many millions 
of years since those organisms íìrst evolved.

As continents drift across the earth’s suríace they 
enter new climaùc zones, and as oceans enlarge or 
shrink or change their shapes, the oceanic circulation 
changes, vvith warm or cool currents directed to differ- 
ent regions. The biota of any given area will evolve to 
adjust to the changing conditions, and may become 
enriched, perhaps iỉ moving into the tropics, or depau- 
perate, perhaps if moving into high latitudes. At the 
sanie time, migration routes arc opened or closed by 
the shiĩting geography, permitling invasions of biotas 
inio some regions while isolating the biotas of other 
regions. The biodiversity patterns both 011 lancl and in 
the sea reílect the environmenlal patterns crealccl by 
plate tectonic processes.

In addition Lo its effects on rearranging regional bio- 
diversity pattcrns, changes in global geography can sig- 
niíicantly aíĩect glohaì biodiversity levels. The most im- 
pressive example is in the rise of biodiversity during 
the last 200 million years or so, from the Middle Meso- 
zoic era through the Cenozic era. At the beginning of 
the Mesozoic, the continents were welded together into 
a supercontinent, called Pangaea. Although Pangaea 
was certainly environmentally heterogeneous, with 
ỉarge climatic and topographic variations, the climatic 
zones tcnded to be occupied by widespread biotas that 
coulcl spread across what are now separate continents. 
In the seas, the shelf encircled the single supercontinent 
in an essentially uninterrupted band. W hile the distri- 
bution of species was limited by climatic zonation and 
perhaps regional habitat peculiarities, even shallow-wa- 
ter species tended to be relatively widespread and of 
course were largely conRned to the one shelf, though 
perhaps some were prcsent on oceanic islands, o í which 
little is known. As thc Mesozoic passed, however, the 
continents vvere traversed by riíts and began to break 
up in to smaller landmasses, bctween which were arms 
of the sea that finally widened into oceanic expanses.

Bv the close of Early Cenozoic time, all o í the present 
continents that are now separated had broken from 
each other.

Species that could once range widely across Pangaea 
became isolated on separate continents. As the conti- 
nents dispersed into different climatic zones and devel- 
oped different topographies, their terrestrial biotas each 
evolved distinctively in response to local conditions 
and events. For example, North America, Eurasia, and 
Australia each developed distinctive temperate biotas, 
and the tropics of the Americas became distinct from 
the Old World tropics and those of the western Paciíìc. 
In the sea, the grovving geographic diííerentiation was 
even more proíound, as new shelves appeared on each 
sidc of the new oceans, signitìcanily raising the number 
of isolated shelf segments. As on land, each continent 
evolved a distinctive biota in response to the unique 
set of environmental conclitions and events that devel- 
oped in each region. The heterogeneity oí world envi- 
ronments thus increased greatly during this period, on 
a global scale. These plate tectonic eíĩecis are responsi- 
ble for a signiíìcant part o í the ỉmporlant rise in stancling 
global marine diversities during the Mesozoic and Ce- 
nozoic as represented at the íamily level in Fig. 4; an 
a c c o m p a n y i n g  rise occurred in th e  C o n t in e n ta l  b io ta .

B. Climate Change
Climate is anoiher major íactor governing global biodi V- 

ersity. For example, earth undenvent a general cooling 
irend during the Cenozoic, although there were shorter 
warming and cooling events superimposed on the gen- 
erally íalling temperature curve. The teraperature 
change was greatest in high latitudes, thus increasing 
the temperature diríerential between the poles and the 
equator. The margins of the tropics were shifted toward 
the equator, the tropics became compressed, and cooler 
climates came into existence in high latitudes, shiĩting 
equatorward themselves as cooling continued, to be 
replaced polevvarcl by still cooler climatic regimes.

In the sea, the increasing temperature gradient made 
for a markedly increased provincialism. Tropical species 
whose biology was related to climate became progres- 
sively more restricted to lower latitudes, with some 
occasional, relatively short-lived reversals in which spe- 
cies tolerant of lower temperatures arose and diversified 
in the more poleward regions. Because the major riíting 
that produced the Cenozoic C o n t in e n ta l  pattern was 
primarily in a north-south direction, most major Conti
nental shelves trend north-south in the Cenozoic, as 
they do today, ancl so there was a rise in species richness 
on each shelf as the latitudinal thermal gradient in-



creased, multiplying the effect on global marine biodiv- 
ersity by the number of isolated shelves. The Cenozoic 
global marine rise in family richness shown in Fig. 4 
is compounded partly of the increase in the number of 
i so la te d  shelves f o l lo w in g  C o n t in e n ta l  r i f t in g  a n d  partly 
of the increased provincialism on each shelf created 
by an increasing thermal gradient; together they have 
formed a powerful engine of global species enrichment.

In terrestrial environments, fami]y richness also in- 
creased during those Cenozoic events, and for the same 
reasons. T h e  C ontinental exp an ses provided  for a th ree- 
dimensional array of habitats (including high moun- 
tains and basins) unlike the rather two-dimensional 
array along the narrow, shallow Continental shelves, 
ancl thereíore the biotic response has been correspond- 
ingly more complicated in terreslrial than in marine 
environments. Not only did high-latitude climate zones 
open up, but high-altitude regions became cooler, in- 
creasing the contrasts between mountain and lowland 
environments. A lowering of ra in ía l l  in sorne Continen
tal interiors produced semiarid plains and steppes. The 
biota responded to these increases in environmental 
heterogeneity by producing, for example, alpine and 
grassland plants and animals, thus enriching both the 
flora and íauna. The species richness of angiosperms 
among plants and of insects among animals proíìted 
the most from these events.

During the Late Cenozoic, as cooling has continued 
in high latitudes, massive ice accumulations on a sub- 
continental scale have produced a series of glacial ages 
interrupted by vvarmer interglacial periods, most pro- 
nounced during the Pleistocene, which began about 1.6 
million years ago. Some regional extinctions occurred 
during the early onset of cold periods, but in general 
there has been little extinction, and thus no signiRcant 
lowering of global biodiversity, associated with these 
climatic swings. Instead, the biotas of both land and 
sea have lended to migrate with their đim atic zones, 
southward during glaciations and northward during 
interglacial times. Thus regional diversities have 
changed as species have migrated, but overall diversity 
has not been signiíicantly affected. Indeed, the Recent 
biosphere may be the richest in species during the entire 
history of animals and plants, at least prior to the delete- 
rious iníluences of human activities on biodiversity.

c. Extinction Events
Changing environments have often provided opportu- 
nities for the origin of species, some of which have 
clearly led to major morphological novelties and en- 
hanced morphological disparity. At the same time,

changing conditions have led to the extinction of spe- 
cies, which has occurred more or less continually over 
Phanerozoic time. As noted earlier, extinction rates vary 
among taxa, whose histories tend to reílect their rates 
of turnover. The species richness of a taxon results 
from an interaction between its rates of speciation and 
extinction. Thus when there has been some unusually 
proíbund disturbance to the global environment, and 
extinction rates have become unusually high, species 
richness has fallen dramatically in events called mass 
extinctions. The most drastic such event, recorded in 
marine íossils, was the Perm ian-Triassic (P/T) extinc- 
tion about 250 million years ago, at the close of the 
Paleozoic era. As many as 90% of marine species may 
have become extinct across the P/T boundary (see Figs. 
5 and 6). This extinction was highly differential; the 
groups that did best in survivíng the extinction and in 
rediversiíying were those that dominate ihe marine 
fauna today. Disparity as well as richness was aílected; 
some entire classes and orders of marine invertebrates 
disappeared. Brachiopods, crinoids, and other groups 
that were dominant before ihe extinction were reduced 
to minor roles. The causes of this extinction, and the 
extent of its effects on the lerrestrial biota, are not 
yet clear.

There have been a number of otber mass extinctions 
(five mạjor events in all) and numerous regional extinc- 
tions that were severe locally. The most famous of ihe 
mass extinctions, the K/T, occurred about 65 million 
years ago at the close of the Mesozoic era, although 
it did not have as proíbund an eỉĩecl on the marine 
environment as the P/T event. The K/T extinction 
strongly affected terrestrial as well as marine life. It 
probably resulted from the impact of an extraterrestrial 
object, such as a meteor, with the earth.

The “background” extinctions that account for the 
general turnover of taxa are accompanied by “back- 
ground” speciations, so that species richness levels do 
not change much during normal turnover and tend 
to be signiíìcantly affected by background effects only 
during trends that last tens of millions of years or more. 
However, the more abrupt, severe regional and mass 
extinctions are not immediately compensated by corre- 
spondingly massive speciations, and indeed the recov- 
ery of species richness usually requires millions of years 
following a mass extinction. For phyla, classes, or or- 
ders that are lost to extinction, there is no recovery at 
all, and the unique gene regulatory systems involved 
in their architectures are gone forever,

Clearly, biodiversity data from the íossil record sup- 
port the notion that species richness is largely associated 
with environmental heterogeneity, and thus the preser-



vaiion of species diversity can be promoted hy preserv- 
ing habitat diversity. There are cntire animal phyla thai 
are represented today by very few species: the phylum 
Phoronida by only 12 or so, and the phylum Priapulida 
by perhaps 17, for example. These phyla harbor 
uniquelv organized genomes that have been present for 
over half a billion years of earth history, and that are 
largely unstudied. Their preservation should be a prior- 
ity, for they represent mạjor elements in the dispariiy 
of ihe present biosphere.
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GLOSSARY

case law lnterpretations of the U.S. Constitution, Slat- 
utes, and regulaùons provided by the judicial 
branches of U.S. íederal or State government. Such 
interpretations are provided when two or more par- 
ties  d isagree as to th e  m ea n in g  o f  a law  in  a sp e cific  
context and bring it to the courts to decide. 

executive order A directive from the U.S. president, 
o r  a State g o v ern o r, sp e c iíy in g  a c tio n s  by  g o v ern m en t 
officials and agencies. State and íederal executive 
orders often describe how to administer a provision 
o f a statute, treaty, or the constitution and usually 
have the force of law. 

regulations Rules and administrative codes required 
b y  statutes and  issu ed  b y  lo ca l, S tate, and  ỉederal 
government agencies. Regulations have the force of 
law since they are adopted under the authoriiy 
granted by statutes. 

s ta tu te s  o r le g is la t io n  Laws passed by the legislative 
branch of U.S. federal or State g o v ern m en ts . The U.S. 
Congress passes federal laws and State legislatures 
pass State laws. Local laws are usually called munici- 
pal ordinances.

tre a tie s  Multilateral agreements between or among na- 
tions. International treaties, often called “conven- 
tions,,, are entered into in thc United States by the 
president but must be ratified by the Senate. Treaties 
supersede íederal, S ta te , and local laws th a t  might 
have contradictoiy goals.

BỈOLOGICAL D IVERSITY, at the genetic, species, and 
ecosystem levels, is inAuenced by legislation and regula- 
tion that is initiated and eníorced at local, national, and 
international levels. Although a great many laws and 
regulations governing human activities have indirect 
impacts on biodiversity, this article will summarize only 
major laws and regulations that directly affect biodiver- 
sity by iniluencing how genes, species, and ecosystems 
are used and conserved. Although the legal measures 
taken by each nation have an impact on global biodiver- 
sity, for brevity this arti.de will focus primarily on 
U.S. laws.

I. INTRODƯCTION

For centuries, customary or traditional laws have gov- 
erned the use of biological resources throughout the 
world. The systems of customary law in traditional cul- 
tures often dictate limits on how much of a speciíìc 
biological resource can be used and in what seasons. 
In many societies an individuars rights to biodiversity
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are not always linked to land tenure. Ạs traditional 
societies are becoming more integrated inio national 
and global markets and political systems, traditional 
knovvledge and laws are being lost. As human popula- 
tion levels increase in all societies, voluntary actions 
governed by cultural pracúces are sometimes insuffi- 
cient to protect biodiversity, leading to an increasing 
reliance on the creation and eníorcement of government 
legislation and regulation to protect biodiversity.

A variety of motivations have led to creation oflegis- 
lation intended to help conserve biodiversity. Early leg- 
islation was primarily aimed ai protecting biodiversity 
as an econom ic resource for humans (e.g., íor hunting 
or agriculture). Recent laws, and amendments to earlier 
laws, have included other reasons, such as the value of 
biological diversity to overall ecosystem health and the 
intrinsic value oí species. Although U.S. national parks 
were originally created prìmarily for scenic and recre- 
ational values, the 1916 National Park Act identiíìed 
conservation of wildlife as an imporiaru goal of parks.

Laws and regulalions can aim to inlluence actions 
undertaken by a range of actors (government agencies, 
private corporations, and individual citizens) and to 
affect a range of resource types (animals, planis, water, 
land, and speciíìc habúats) with differing ownership 
and resource control (public and private). The success 
and evolulion of legislation and regulation in the United 
Slales are in pari due to the actions of nongovernmenial 
organizations that lobby for new or amended legisla- 
tion, oversee how agencies implement legislation, and 
use ihe judicíal system to Help ensure thai laws are 
enforced and interpreted appropriately.

All laws and regulations in the United States are 
based on rights found in the U.S. Constitution. The 
íederal government derives its authority to regulate 
wildlife from ils constilutional authority to regulate 
commerce, to protect its own property (federal lands), 
and to make treaties. When ĩederal laws conílict with 
State law s, the federal law s gen erally  take p reced en ce .

Many advocates of ihe right to private property, also 
supported by the U.S. Consútution, view legislation to 
protect biodiversity as sometimes contlicling with their 
right to private property. The Fiflh Amenclment to the 
Constitution requires that when private property is 
taken for public use (whether to beneíìt public safety , 
creale roads, protect wildlife, or for any other purpose) 
th ere  m u sl be “just c o m p e n sa tio n .” Most State and  fed- 
eral case law indicates that restrictions on killing wild- 
life are not a suffìcient taking of private property to 
require compensation bv the government (Bean and 
Rovvland, 1997).

Despite the large number of environmental laws and

regulations th a t  now exist, and the many posiúve im- 
pacts that they have had, these positive steps have been 
insufficient to prevent the loss of biodiversity. Some 
argue th a t  ĩed eral and State g o v ern m en ts  give g rea ter 
weighi to protecting current economic growth and pri- 
vate property rights than to protecting biodiversity be- 
cause of a lack of constitutional authority to protcct 
future generations. Some conservationists advocate an 
amendment to the U.S. Constitution that obligates the 
government to protect biodiversity for íuture genera- 
tions. Many other nations and at least 12 of the United 
States require conservation of nature in their constitu- 
tions. For example, the Constitution of the Common- 
wealth of Pennsylvania (Art 1, Sec 27) states that people 
have a right to preservation of natural values and that 
“natural resources are the common propertv of all peo- 
ple, including generations yet to come. As trusiee of 
ihese resources, the Commonwealth shall conserve and 
mainiain them for the beneíìl of all the people."

One of the controversial issues confronting the agen- 
cies and courts in implementing all the legislatìon de- 
scribed in this article is determining how the laws apply 
to American Indian reservations, w h ic h  are covered 
under separale treaties, and to traditional subsistence 
use of biodiversity by Alaskan natives. Balancing the 
needs of people who depend on biological resources 
for food and shelter with the need to protecl wildlife 
is an issue with bolh legal and ethical challenges.

This arlicle will summarize only legislaúon and regu- 
lations that aim lo directly conserve biodiversity. Table 
I presents a summary of selected laws intcnded lo hclp 
conserve biodiversity. Many other environmental laws 
have indirect positive impacts on biodiversity, for exam- 
ple, by controlling air pollulion (Clean Air Act), water 
pollution (Clean Water Act), hazardous waste (Re- 
source Conservation and Recovery Act), global climate 
(Global Climate Change Convention), trade (General 
Agreement on Tariffs and Trade) or by creating conser- 
vaúon incentives through tax policies (Internal Reve- 
nue Code). This article will also not address the federal, 
State, an d  lo ca l p ro g ram s (o íte n  re su ltin g  from  legisla- 
tion) thai help to conserve biodiversity.

II. INTERNATIONAL TREATIES

International agreemenls are important for conserving 
biodiversity because many species have very large natu- 
ral ranges or migrate between couniries. most habilats 
do not follow national boundaries, and ihe earth ís 
increasingly globalized in irade and movements of pco- 
ple. Under international treaties, the ratiĩying countries



TABLE 1

Selected Lcgislation Iníluencing Biological Diversity

Law (year)" Purpo.se

M ultilateral international agreem ents

International Convcntion for the Rcgulation of 
W haling (1 9 4 6 )

Convention on Iniernational Tradc in Endangcred 
Specics of Wild Fauna and Flora (1 9 7 3 )  

Convention on Biological Diversity (CBD, 1993)

Designates protected vvhale species and hunting 
limits

Lacey Act (1 9 9 0 )

National Park Service Act (1 9 1 6 )

Migratory Bird Treaty Act (1 9 1 8 )

Bald Eaglc Proiection Act (1 9 4 0 )

U.S. Agricultural Research and Marketing Act 
(1 9 4 6 )

Foreign Assistance Aci (1 9 6 2 )

National Environm ental Policy Acl (1 9 6 9 ) (sỉgned 
by the president in jan u ary  1970)

Marine Manimal Proiection Act (1 9 7 2 )

Endangcred Species Act (1 9 7 3 )

Fishery Conservaùon and Managemem Act (1 9 7 6 )

National Forest Management Act (1 9 7 6 )

Wild Bird Conservation Acỉ (1 9 9 2 )

National Wildlife Reíưge System Improvement Aci 
(1 9 9 7 )

Prohibits and regulates iniernational tradc of speci- 
fied plants and animals 

Encourages nations to conscrve, use, and share the 
beneRis from conscrvation oí genctic, specics, 
and ecosystem lcvels of biodiversity; thc Uniiecl 
States is noi yet a pariy to CBD 

U.S. íederal laws

Prohibits rom m erce in vvildliíe injurious to agricul- 
ture and in vvilcl animals and some plants taken 
in violation of U.S. and íoreỉgn lavvs.

Requircs conservaiion of scenery, natural and his- 
toric objects, and wildlife in naũonal parks and 
other proiecied areas for puhlic beneíìt 

Implements treaties with Canada, M exico, Japan, 
and the Soviei Union to establish hunting sea- 
sons and proieci habiiat for migratory birds 

Prohibits killing or possessing hald and golden ca- 
glcs, their nesis, or parts 

Requires colleciing, prcserving, and disscminating 
genciic material important to U.S. agriculture 

Requires ihai U.S. íorcign aid to developing na- 
tions helps to proteci bỉodiversity and tropical 
ĩorests, and thai developmeni projects generally 
avoid adversc irnpacts on biodiversỉiy 

Rcquircs Environmental Impaci Siatements for fed- 
eral programmaiic and site-speciíìc actions 

Creaies a m oratorium  on importing marine mam- 
mals and limiis taking of U.S. marine mammals 

Prohibiis or restricts taking of endangcred or 
ihreatened specics, requires íederal agencies to 
protecl iheir critical habìtat, and regulaies their 
trade; requires evalưation of the impact of fed- 
eral prọịects on endangered and ihreatened 
species.

Requires plans ừom  state/ỉederal councils to man- 
age Ễsheries in a 200-m ile oft'shore exclusive 
econom ic zone to ensure a m axim um  sustain- 
able yield

Requires managem cnt plans lor aĩl national íorests, 
includiTìg conservatỉon of a diversity of plani 
and animal communiiies 

Limits im ports of exotic birds to proiect wild popu- 
lations in country of origin and reduce inhu- 
mane treatm cnt of birds 

Requires that National Wildlife Reíuge System con- 
serve fish. wildlife, plants, and their habítat 
vvhile maintaining the biological integrity, diver- 
sity, and environmental health of the systeni

a This is the year legỉslation was íìrst passecl. All laws shown have been amended subsequent to passage. 
The staied purpose m ay include objectives added in the subsequem am endments and/or may not include 
all the purposes of the law.



agree to take specific actions at the national level. Al- 
though the earliest international treaties reílected con- 
cerns that one nation might overexploit a species that 
many nations found economically important, recent 
treaties have acknowledged the importance of conserv- 
ing all levels of biodiversity, whether or not there is an 
immediate economic value. RatiRcation of a treaty by 
each country is voluntary, and eníbrcement is oíten 
difficult. The United States is signatory to many interna- 
tional treaties relating to biodiversity, some dating back 
to the early 1900s.

A. International Convention for the 
Regulation of Whaling (1946)

The major nations then involved in whaling (including 
the United States, Japan, and the Soviet Union) were 
party to the 1946 Convention to Regulate w haling, 
which prohibits killing calves, immature vvhales, or fe- 
males accompanied by calves and encourages using as 
much of the killed whales as possible. The convention 
created the International w haling Commission and 
gave it the authority to designate protected species and 
to establish hunting methods and seasons, size limits, 
and take limits. The convention had the conílicting 
goals of both conserving whale stocks and further devel- 
oping the whaling industry. Most. species of whales 
continued to decline dramaticaìly until a 10-year mora- 
torium on commercial whaling was agreed to by signa- 
tory countries in 1986. By that time, only Japan, the 
Soviet Union, and Norvvay vvere still whaling. The mora- 
torium is still in effect, although it is not adhered to 
by Norvvay, and many countries continue to take whales 
for the “research purposes” allowed for under the con- 
vention.

B. The Convention on International Trade 
in Endangered Species of Wild Fauna 

and Flora (1973)
The Convention on International Trade in Endangered 
Species (C ITES), which was introduced in 1973 and 
entered into force in 1975, prohibits international trade 
in endangered species by assigning each protected spe- 
cies to one of three lists. Appendix I lists “all species 
thrcatened with extinction vvhich are or may be affected 
by trade.” They cannot be traded primarily for commer- 
cial purposes, and trade in the species cannot be detri- 
rnental to the species survival. Trade in Appendix I 
species requires both import and export permits ap- 
proved by the “management authority and scientiíìc

authority” of the nations involved (the secretary of inte- 
rior in the case of the United States). The permit has 
to certiĩy that the specimen was obtained legally, that 
it can be shipped without risk of cruel treatment or 
harming the health of the specimen, and that the trade 
is not detrimental to survival of the species.

Species listed in Appendix II are not necessarily cur- 
rently threatened, but unregulated trade could jeopar- 
dize their survival. Two-thirds of the parties to CITES 
must agree in order to add or remove a species from 
Appendix I and II lists. Any nation can unilaterally add 
or remove a species from Appendix III if it believes that 
cooperation from other nations is needed to control 
trade in a vulnerable species under their jurisdiction. 
Only export permits are required for Appendix II and 
III species. By 1999, more than 140 countries had rati- 
fied the treaty.

c. Convention on 
Biological Diversity (1993)

The International Union for the Conservation of Nature 
began encouraging the creation of a global biodiversity 
treaty in the early 1980s. The United Nations Environ- 
ment Program led the process of creating the conven- 
tion, which was agreed to in 1992 and entered into 
force in 1993. By 1998, 174 countries hacl ratiíìed the 
treaty. The United States signed the Convention on 
Biological Diversity (CBD) in 1993, but it has not yet 
been ratiíìed by two-thirds of the Senaie. Until raliíìca- 
tion, íederal executive agencies are expected 10 coníorm 
with the treaty to the extern possible, but it is not 
reco g n iz ed  as law in  federal and  State cou rts .

The CBD outlines objectives for the conservation, 
sustainable use, and equitable sharing of the benefits 
írotn biodiversity. Signatory countries are called on to 
develop national strategies for protection of biodiver- 
sity, establish a system of protected areas, conduct envi- 
ronmental assessments of projects in order to prevent 
adverse impacts on biodiversity, enact laws regulating 
conditions of access to genetic resources, and support a 
financial mechanism for developing countries to obtain 
grants to assist in rneeting the terms of the treaty. The 
convention supports conservation of agrobiodiversitv 
(the plants and animals that contribute to food securitv 
for humans) as well as wild biodiversity. The impor- 
tance of habitat conservation and of controlling alien 
species is acknowledged in the treaty.

Some of the most discussed provisions of the treatv 
(and the basis for the U.S. reluctance to ratiíy it as of
1999) are those concerning access to genetic resources 
and the “intellectual property rights” resulting from



commercial use of genelic resources. Counlries with 
large biotechnoỉogy industries (e.g., pharmaceutical 
and agribusiness) supported continued open access to 
genetic resources, whereas countries supplying biodi- 
versity to industry wanted to share the proíìts to help 
ensure continued protection of biodiversity. The treaty 
both acknowledges each nations sovereign control of 
its biodiversity and encourages access to genetic re- 
sources by other contracting parties.

III. NATIONAL LEGISLATION

Most national laws discussed here are primarily con- 
cerned with actions iníluencing biociiversity in the 
United States. A few, including the Foreign Assistance 
Act, legislate how actions of the U.S. government relate 
to conservation in other countries. The U.S. states were 
solely responsible for conserving wildlife until states 
urged the íederal government to pass the Lacey Act 
in 1900. States still retain primary responsibility for 
biodiversỉty. The role of the federal government is lim- 
ited to managing íederal lands; conserving economically 
important genetic resources; protecting migratory wa- 
lerfowl, marine species, bircls of prey, and endangered 
and threatened species; and eníorcing international 
treaties. The following discussion describes U.S. ỉaws 
supporting conservation at the genetic, species, and 
ecosyslem levels according to their primary purpose. 
Such divisions are arbitrary to a degree since genes are 
best conserved in the organisms in which they exist, 
and species depend on their habitats for survival.

A. Conservation of Genetic Resources
Federal laws regarding genetic resources are primarily 
concerned with conservation of varieties of economi- 
cally imporlant domesticated plants and animals, with 
some attention to “wild genetic resources,” e.g., wild 
relatives o f plants or animals known to be economically 
important. For wild species, legislation is more con- 
cerned with access to genetic resources and sharing of 
beneíits if those resources end up being economically 
valuable. In 1990, an amendment to the 1946 U.S. Ag- 
ricultural Research and Marketing Act modified the 
National Genetic Resources Program in the Agricultural 
Research Service in the Department of Agriculture. The 
purpose of this program is to collect, preserve, and 
disseminate genetic material that is important to Ameri
can agricultural production. This amendment expanded 
the types of genetic resources in the program to include 
silvicultúral species, animals, and aquatic and microbio-

logical organisms. Congress authorized creation of the 
National Seed Storage Laboratory in Colorado by the 
U.S. Department of Agriculture. Although this gene 
bank is world renowned for the variety of agricultural 
species il contains, it has been criticized for inade- 
quately maintaining seed from wild relatives of impor- 
tant crops.

B. Conservation of Species
The earliest íederal wildlife legislation in the United 
States was concerned with species, both migratory and 
n o n m ig ra to ry , w ith  ranges th a t w en t beyoncl State 
boundaries. Most early legislation emphasized regula- 
tion oí consumptive uses of species, such as hunting 
and Gshing. By the 1970s, Congress was aware that 
habitat degradation is a signiíicant threat to biodiver- 
sity; this is reAected in the habitat conservation provi- 
sions of the Endangered Species Act and in ihe incrcase 
in laws concerning habitats described in Section II I ,c .

1. Lacey A ct of 1 9 0 0

The Lacey Act was created to strengthen the ability of 
states to protect vvildliíe by regulating interstate com- 
merce in game birds and wild birds. The Lacey Act now 
also prohibits importing all wildlife and some plants 
that were taken contrary to the laws of another country. 
The original act also aimed to prolect U.S. agricultural 
and horticulturaỉ interests by prohibiting the import of 
injurious foreign wildlife, including mongooses, En- 
glish sparrows, and other birds and animals. Later 
amendments broadened the definition of injurious wild- 
life to include wild birds, wild mammals, fish, amphibi- 
ans, and reptiles and their eggs, and the protected inter- 
ests were also expanded to include hurnans, forestry, 
and U.S. wildlife resources. The 1981 amendments also 
in creased  th e maximum penalties and  lo w ered  th e  S tan 
dard  of prooí for a violation, making the Lacey Act 
one of the Iaws most ữequently used by ỉederai law 
enforcenient oíRcials to protect wildlife (Bean and Row- 
land, 1997).

2. Law s C on tro llin g  the In tro d u ctio n  of 
N onnative Species

One of the major threats to biodiversity is the introduc- 
tion of nonnative species to new habitats, intentionally 
or by accident. The íederal authority to regulate Inter
state commerce led to creation of the Federal Noxious 
W eed Act of 1974 and the Nonincligenous Aquatic Nui- 
sance Prevention and Control Act of 1990. The Noxious 
Weed Act gives the secretary of agriculture authority 
to regulate both íbreign imports and Interstate com-



merce in potentially harmíul plants, deíìned as plants 
of íòreign origin that can directly or indirectly irỷure 
agriculture, natural fish and wildlife resources, or public 
health. Amendments in 1990 gi ve authority to the Fish 
and W ildlife Service, the National Park Service, and the 
Bureau of Land Management to control undesirable 
pìants on their lands.

The accidental introduction of the economically de- 
strúctive zebra mussel into U.S. waters when a ship’s 
ballast water was released led Congress to create the 
Nonindigenous Aquatic Nuisance Prevention and Con- 
trol Act in 1990. This act covers any plant, animal, or 
other “viable biological material,” such as a virus, that 
disperses to an aquatic ecosystem in which it is not 
historically found. In contrast to the Lacey Act provi- 
sions, a nonindigenous species does not have to be 
from a íoreign country. To be termed a nuisance, a 
nonindigenous species must threalen the abundance or 
diversity of native species or the ecological stability or 
commercial productivity of the iníested waters. The 
acl mandates creation of a task force to implement a 
program to prevent the introduction and dispersal of 
aquatic nuisance species, but it does not speciíy who 
determines which species are a nuisance (Bean and 
Rowland, 1997).

3. B irds

a. M igratory Bird Treaty Acl of 1918

This act was passed to implement a treaty signecl in 
1916 betvveen the United States and Great Britain with 
the aim of conserving birds that migrate betvveen the 
United States and Canada. The treaty establishes closed 
seasons for hunting and prohibits taking of nests or 
eggs (except for scientiíìc purposes) for three groups of 
migratory birds (game, insectivorous, and nongame— a 
classification that includes almost all birds). The act 
also implements treaties signed with Mexico in 1936, 
Japan in 1972, and the Soviet Union in 1976. The latter 
two treaties include provisions for protecting bird habi- 
tat, for example, from pollution. Numerous cases have 
resulted in judicial interpretations that “taking” under 
the treaty act does not include habitat destruction. The 
act was successíul in supporting the 1991 requừement 
that migratory waterfowl not be hunted with lead shot. 
The courts have rejected landowner claims that the 
hunting prohibitions under this act are unlawful “tak- 
ings” of their private property (Bean and Rowland, 
1997).

b. Bald Eagle Protection Act of 1940

The Bald Eagle Protection Act prohibits killing or pos- 
sessing bald eagles, their nests, or any part of the eagle.

The secretary of interior could approve exceptions for 
scientiiìc and educational purposes. A 1962 amendment 
added the same protections for golden eagles and au- 
thorized the secretary to permit taking of bald and 
golden eagles by Indian tribes only for religious pur- 
poses. A 1972 amendment of the act expanded the 
definition of prohibited taking to include poisoning.

c. W ild Bird Conservation Act of 1992

The United States is the largest importer of wild birds 
in the world. It is estimated that as many as 50% of 
captured exotic wild birds die beíore they even ỉeave 
the country of origin, and another 15% die in transit 
lo the United States (Bean and Rovvland, 1997). The 
goal of the Wild Bird Conservation Act is to promote 
conservation of birds not indigenous to the United 
States by (i) limiting or prohibiting imports of nonindig- 
enous birds in order to reduce dcpletion of wild popula- 
tions and reduce inhumane treatment of birds in transit,
(ii) ensuring that trade is biologically sustainable, and
(iii) assisting in wilđ bircl conservation programs in the 
country of origin. Congress found that CỈTES was not 
effective in decreasing the rate o ĩloss of wild bird popu- 
lations because many signatory exporting countries 
were unable to implement it adequately. The act allows 
the secretary of interior to declare a moratorium on 
iraporting any exotic bird listed on any CITES appendix 
and to permit exceptions for scientific purposes.

4 . M arine M am m al P rotection  A ct o f  197 2

The Marine Mammal Protection Act (MMPA) replaced 
in d iv id u al State a u th o ritie s  and  program s co n ce rn in g  
marine mammals and created a moratorium on im- 
porting marine mammals to the United States and on 
taking of U.S. raarine mammals. Taking was deRned to 
inđude attempts to harass, hưnl, capture, kill, and (after 
later amendments) feed marine mammals in the wild. 
Responsibility for implementing the act rests with the 
secretary of commerce for (i) incidental lake of mam- 
mals during commercial íìshing, (ii) all Cetacea (whales 
and porpoises), and (iii) all Pinnipedia (seals) except 
for walruses. The secretar)r o í interior implements the 
MMPA for all other marine mammals, including mana- 
tees, polar bears, sea otters, and walruses. Li ke most 
environmental legislation, the MMPA reílects a compro- 
mise between many interest groups: commercial inter- 
ests wanting to protect an economic product, scientists 
who valued marine species and their role in marine 
ecosystems, and animal welfare groups wanting to pro- 
tecl marine mammals for their individual and in tri n- 
sic value.

The MMPA outlines management principỉes that in-



clude maintaining the health and stability oí marine 
ecosystems and the “optimum sustainable population” 
for all marine mammals as well as the “maximum sus- 
tainable yielcT for commercially exploited species. The 
taking prohibitions allow many exceptions; one that 
reccived the most attention was the controversial allow- 
ance for “incidental taking” đuring commercial íìshing 
operations. At the time the act was passed, more that
5 million dolphins had died accidentally by drowning 
in purse seining nets used to catch tuna (Bean and 
Rovvland, 1997). Beginning in 1976, a series of regula- 
tions set quotas on how manv dolphins could be killed 
incidentally by U.S. tuna fishing boats. In 1984, amend- 
ments sought to ensure that countries exporting tuna 
to the United States had kept incidental dolphin kills 
as low as those by the U.S. fleet; otherwise, a rnorato- 
rium could be imposeđ on importing tuna from that 
country.

The 1992 International Dolphin Conservation Act 
required no imporl to the United States aíter 1994 of 
any tuna caught in association with incidental dolphin 
mortality (Bean and Rowland, 1997). This and similar 
laws have becn challenged hy other nations for inhib- 
iting the free trade agreecl to under the General 
Agreement on Tariffs and Trade.

5. End angered  Sp ecies A ct o f  1973

The 1973 Endangered Species Act (ESA) has a broacl 
ĩĩiandate to restrict the taking of species that are at risk 
of becoming extinct, protect and acquire the habital 
uecessary for those species to survive, regulate their 
trade, and force all ỉederal agencies to evaluate the 
impacts of their activities on endangered species and 
to avoid jeopardizing a species’ continued existence. 
This act was intended to enable the recovery of the 
populations of species it protects.

An endangered species is deíìned by the act as one 
that is in danger of extinction throughout all or a sig- 
niRcant portion of its range. A threatened species is 
considered likely to become endangered in the íoresee- 
able íuture throughout all or a signiíicant portion of 
its range. The act outlines detailed procedures for the 
secretary of interior or commerce to follow in listing 
or delisting a species as threatened or endangered. The 
decisìon must be based on objective, scientiRc informa- 
tion on the biological statưs of the species and not on 
its econom ic or other value. Unt.il a species is listed, it 
does not receive most of the protections of the act and 
the Department of Interior has a large backlog of species 
in the listing process.

The ESA outlines many duties and prohibitions that 
apply to all people subject to U.S. laws (in Section 9)

and other duties that apply only to íederal agencies 
(in Section 7). It is illegal to take any endangered or 
threatened animal species; take means to harm, harass, 
pursue, hunt, shoot, wound, kill, trap, or capture. Regu- 
lations íurther deíìne harm to include habitat degrada- 
tion to the point that wildlife is injured or killed. Al- 
though the original act did not prohibit taking of plants, 
later amendments prohibited taking plants on ĩederal 
lands and prohibited removing or destroỵing plants on 
noníederal lands where such action violated other laws.

Federal agencies are prohibited by Section 7 from 
approving, íunding, or directly undertaking actions that 
are likely to jeopardize the continued existence of an 
endangered or threatened species or result in the đe- 
struclion or adverse modiíìcation of its designated criti- 
cal habitat. These agencies must consult with the De
partment of lnterior or Commerce to determine the 
potential for jeopardy to the species or harm to its 
critical habitat and reasonable ways to avoid such harm. 
There is no direct legal obligation uncỉer ESA for non- 
ỉederal agencies or persons to avoid adverse modiíìca- 
tion o í critical habitat. After the Supreme Court ruled 
thai the Tellico Dam could not be completed due to the 
threat Lo the endangered snail darter (a fish), Congress 
amended ESA to allow a process for seeking exemption 
from the acts  restriction on íederal agencies.

Section 7 also requires designation of critical habitat 
for species listed as endangered or threatened. Critical 
habitat is defined as an area critical to the survival of 
the species; this coulcl include a portion of the area 
a listed species occupies or an area beyond currenily 
occupied habitat. Although the requirement to protect 
critical habitat has been applauded by many, it has 
been difficult to implement and designations of critical 
habitat by the Department of Interior or Commerce 
have been rare. The requirement has resulted in a great 
deal of litigation brought both by those challenging 
critical habitat designations and by those challenging 
the agencies for íailing to make them.

The ESA can be enĩorcecl by the govcrnment through 
civil and criminal penalties and by citizens through 
citizen suits provided for in the act. Those who know- 
ingly violate the ESA for an endangered species can be 
fined up to $50 ,000 and put in prison for up to 1 year. 
For a threatened species, a violation can result in a 
$25 ,000  fine and prison for 6 months. Additional civil 
penalties can be imposed. States can participate in en- 
íorcement of ESA by signing cooperative agreements 
with the secretary of interior and are also eligíble for 
íederal Rnancial assistance for eníorcement.

An international mandate is also included in the 
ESA. The act directs the secretary of interior to encour-



age other countries to protect endangered species and 
authorizes íìnancial support and assistance from U.S. 
wildlife officers for such programs. Implementation of 
CITES is aỉso authorized by ESA.

The ESA is one of the rnost controversial federal envi- 
ronmental laws passed during the past century. Its very 
speciíìc, substantive, and legally binding provisions 
make it a target for continuous challenge from a variety 
of perspectives. Challenges have come from those who 
argue about whether ESA really helps protect species, 
inhibits use of private land, or applies to speciíic íederal 
and private actions. The act íorces attention to solving 
the problem of threatened and endangered species, with 
its wider attention to habitat conservation. This focus 
on solutions has íorced điscussion of how humans de- 
velop and use broad landscapes for economic produo 
tion in areas with important biodiversity. More proce- 
durally oriented laws are able to avoicỉ controversy by 
not requiring that threats to biodiversity be addressed.

6. F ish ery  Conservation and M anagem ent 
A ct (M agnuson A ct) of 1 9 7 6

Beginning in ihe early 1900s, international agreements 
between nations íishing in ihe same waters attempted 
to establish conlrol of exploitation of ocean fish; by the 
1970s the United States was a party to approximalcly 
20 such agreements (Bean and RoNvland, 1997). While 
waiting for agreement on a single International conven- 
tion on íìshing, the United States passecl the Fishery 
Conservation and Management Act in 1976. The act 
established a 3-mile-wide territorial sea off the coast ol 
the United States and a 200-mile-wide exclusive eco- 
nom ic zone (EEZ). W ithin the EEZ the United States 
claimed exclusive management authority over fìsh and 
all other forms of marine animal and plant life except 
birds, mammals, and tuna. Tuna was added to this 
authority in 1990 amendraents. The United States also 
claimed authority to manage certain sedentary species 
íound in places where the C o n tin e n ta l shelí extends 
beyond 200  miles from shore.

The act required eight Regional Fishery Management 
Councils, which in c lu d e  State and ĩederal officials, to 
develop comprehensive plans for conserving and man- 
aging the íìsheries off their coasts. These plans have to 
comply with standards that include preventing over- 
íìshing and ensuring a maximum sustainable yield. The 
1996 reauthorization of the act created new standards 
for minimizing “bycatch” (the accidental Harvest of íish 
species not intended for harvest) and required that man- 
agement plans try to minimize adverse impacts on fìsh 
habitats. Implementation authority for the act lies with 
the National Marine Fisheries Service in the Commerce

Department. An important and controversial issue is the 
extent to which international trade agreements, such as 
the General Agreement on Tariffs and Trade or the 
North American Free Trade Agreement, have the poten- 
tial to conílict with, and undermine, national laws 
aimed at protecting biodiversity.

c. Conservation of Habitats 
and Ecosystems

During the past 30 years, legislators, adrainistrators and 
the general public have corae to understand that species 
are not conserved without their habitats and ecosys- 
tems. The ESA reílected this by requiring conservation 
of critical habital. lmplementation of ESA has increas- 
ingly íocused on habitat conservation plans as a way 
to conserve species. Many recent laws ha ve íocused on 
conserving lands and ecosystems in their entirety. These 
laws are not meant to replace species-oriented laws but 
rather to complement them, One of the challenges in 
dealing with ecosystem conservation is that ecosystems 
are naturally unstable and change continually; it can be 
difficult to separate natural background rates of change 
from changes that result from human disturbance.

One important and threatened habitat type, wet- 
lands, received protection through the Clean W ater Act 
oí 1972. The dredge and fi.ll permit program in Section 
404  of the act is a signiíìcant force in protecting aquatic 
ecosystems by regulating the physical alteration of uwa- 
ters of the U.S.,” including wetlancls, estuaries, and 
streams.

1. Federal Lands

Legislation and regulations addressing conservation of 
habitats and ecosystems in most countries íocus primar- 
ily on creation of protected areas on publicly owned 
lands. On average, less than 5% of a country becomes 
lcgally designated as protected, and eníorceraent of that 
limitcd area of protection is oíten weak. Many protected 
areas allow some consumptive use oí pĩant and animal 
species. An increasing number of countries have legisla- 
tion that requires special permits to clear native vegeta- 
tion or special habitat types outsidc of protected areas.

In the United States, approximatelỵ 30% of the land 
area (more than 700 million acres) is owned by the 
ícderal government and managed primarily by íour 
agencies. Congress has enacted separate laws outlining 
how each ạgency should manage its lands. Historicalỉy, 
public land management agencies ha ve gỉ ven high pri- 
ority to production of a commodity, such as timber, 
grazing land, or waterfowl production, and put lcss



einphasis on maíntaining the health of an ecosystem and 
its biodiversíty. The 1964 VVilderness Act authorized 
Congress to designate portions of any íederal land as 
wilderness areas, in which new commercial enterprises 
and permanent roads are prohibiled and natural ecolog- 
ical processes are supposed to be allovved to occur 
without interíerence. During the early 1990s, lederal 
agencĩes were directed to begin using “ecosystem man- 
ạgeraent” to administer their lands. A level of produc- 
tion of a particular biological resource is to be consid- 
ered in light of the health of the entire ecosystem.

Only the National Wildlife Reíuge System (created 
in 1966) and the National Marine Sanctuary System 
(created in 1972) have as primary goals ihe conserva- 
tion of wildlife and marine resoưrces, respectivcly. The 
National Marine Sanctuary Act of 1972 authorizes the 
secretary of commercc to designate sanctuary areas to 
“maintain, restore, and enhance living resources” by 
providing critical habitat for endangered species and 
areas where ecosystem structure and íunction are niain- 
tained. The National W ildlife Refuge System Improve- 
ment Act of 1997 Consolidated reíuge-related authori- 
ties and stated the mission of the National Wildlife 
Reíuge System. The systerns mission is to adminisler 
a national netvvork of land and waler ‘Tor the conserva- 
tion, management, and restoralíon of fish, wildlife, and 
plant resources and their habitats” and to maintain the 
System s biological in iegrity  and diversity.

a. National Park Service Act (1 9 1 6 )

The National Park Service Act oullines the goals and 
administrative guidelines lor conserving ihe scenery, 
natural and historic objects, and wildlife in the national 
park system (which includes parks, monuments, pre- 
serves, wild rivers, ancl lakeshores) in a manner that 
does not impair those resources for íuture generations. 
There have been many instances in which the National 
Park Service has had 10 balance the (occasionally) con- 
flicting goals of wildlife management and hưman recre- 
ation. Amendments to thc act in 1978 provided the 
secretary of interior wilh some authority to protect park 
resources from outside threats, such as logging on pri- 
vate lands adjacent to parks. Courts have also upheld 
National Park Service authority to prohibit or regulate 
íìshing, trapping, and hunting within park lands.

b. National Forest Management Act of 1976

National forest lands began to be set aside in the late 
1800s, with the purpose of protecting water supplies 
and timber production. The 1960 Multiple-Ưse Sus- 
tained-Yield Act indicated that the purpose of national 
forests is to provide for outdoor recreation, grazing,

timber, walersheds, fish, and wildlife. The 1976 Na
tional Forest Management Act (NFMA) required the 
creation of management plans for each national forest. 
The plans are requirecl to integrate physical, biological, 
and economic issues in order to provide for a diversity 
of plant and animal communities, including viable pop- 
ulations of native vertebrates. The plans are supposed 
to outline how timber harvests will mitigate impacts 
on biological diversity.

One of the raost íamous ecosystem management 
plans resulting from this legislation was for the old- 
growth íbrest in the PaciRc Northwest. The Forest Ser
vice, after several court cases, was ĩorced to develop a 
plan íor old-growth íorest that managed for a diversity 
of plant and animal species, including the spotted owl. 
Once the spottecì owl was listed uncler ihe ESA, the 
management plan had to comply with both ESA and 
NMFA.

2. Private Land

Individuals and institutions privately own approxi- 
mately 60% of the U.S. land area. Many o í the previously 
discussed laws, such as the ESA and Section 4 04  of the 
Clean W ater Act, aim to regulate actions with adverse 
impacts on biodivcrsity on private lands. Other íederal 
laws aim to create positive íinancial incentives for con- 
scrvation on private lands.

The 1985 Food Security Act included creation of a 
Conservation Reserve Program with the goal of encour- 
aging íarmers to voluntarily remove marginal lands 
from intensive agricultural production and plant them 
in perennial grass or tree cover for at least 10 years. A 
íarmer enters into a contract to keep lancl in the reserve 
program for 1 0 -1 5  years in exchange for cash or cora- 
modities. In addition, the tarmer might receive up to 
50% of the cost of certain conservation practices, such 
as creating wildlife corridors.

Biodiversity on private lands can aỉso be conserved 
through donation or purchase of conservation ease- 
ments. An easement is an interest in land that restricts 
the owner’s use of the property in some way. The ease- 
ment holder, usụally a private interest or a government, 
has the right to eníorce the restriction in perpetuity or 
for an agreed on ti m e period. Since the 1970s, the Fish 
and Wildlife Service has been negotiating easements on 
wetlands as waterfowl production areas. The 1990 
Food, Agriculture, Conservation and Trade Act created 
a Wetlands Reserve Program through which the govern- 
ment purchases easements on wetlands from íarmers, 
who then restore and protect the íunctional values of 
the wetland. The farmer is eligible to receive a share 
of the costs of implementing the land management plan



for the easement. A similar Environmenlal Easement 
Program was created at the same time. Under this pro- 
gram the government purchases easements on areas 
critical for wildlife on farms and ranches. The Forest 
Legacy Program, created in 1990, allows the secretary 
of agrìculture to purchase conservation easements on 
íorest areas that are threatened with development for 
other uses.

The 1969 U.S. Internal Revenue Code began permit- 
ting landowners to take a charitable tax deduction for 
qualified conservation easements, thus creating an in- 
centive for private landowners to protect their lands. 
Protection of natural habilat for plants and animals is 
one conservation purpose that qualiíìes an easement 
for tax deduction. This legislation has led to a dramatic 
increase in donation of conservation easements on pri- 
vate land to nonprofit land conservation organizations.

The 1985 and 1990 Farm Bills coniained a strong 
incentive, in the “swampbuster” provisions, for ĩarmers 
to maintain wetlands and not convert them to agricul- 
tural production. Anyone who drained, dredged, íìlled, 
or altered a wetland in order to produce an agricultural 
product would lose their eligibility for federal price 
supports, crop In s u r a n c e , the Conservation Reserve 
Program, and all other íederal beneíìts for all of their 
land and agricultural products. The 1996 Farm Bill 
weakened this incentive, but swampbuster still serves 
to discourage conversion of wetlands to agricultural 
production.

D. Other National Laws
1. N ation al E n vironm ental Policy  A ct 

o f 1 9 6 9

The most signiíìcant provision of the National Environ- 
mental Policy Act (NEPA) for biodiversity is the re- 
quirement that federal agencies prepare an Environ- 
mental Impact Statement (EIS) for every federal action 
or maịor legislative proposal that can have a signiíìcant 
impact on the environment. The EIS is expected to 
address potential impacts of proposed programmatic 
or site-specifìc actions on the environment, including 
biodiversity. An important feature of NEPA is the re- 
quirement that there be a public comment period on 
the draft EIS, and that public concerns be addressed in 
the íìnal EIS. Most íederal agencies evaluate the effects 
of their programs and projects on threatened and endan- 
gered species and sensitive habitats. However, many 
EISs have given inadequate attention to impacts on less 
threatened species, to overall habitat impacts, and to 
cumulative impacts on biodiversity.

2. F oreig n  A ssislance A ct o f 1962

The 1962 Foreign Assistance Acl (FAA) authorized the 
creation of the U.S. Agency for International Develop- 
ment (USA1D) and had little to say about environmental 
issues. Many of the areas of highest species diversitv are 
located in developing tropical nations with insufficient 
economic resources 10 adequately protect biodiversity. 
As scientists and U.S. citizens became aware of the 
global loss of biodiversity in the late 1970s, they began 
to lobby the U.S. Congress to amend the FAA to ensure 
that U.S. ĩoreign aid to other countries helped to con- 
serve biological diversity and tropical forests. Beginning 
in 1982, amendments to the FAA have required that 
the United States assist developing nations with protec- 
tion of habitats in protecled areas, antipoaching mea- 
sures for species, and research on biodiversity. Many 
of the most important and threatened national parks 
in developing countries now receive a signiRcant por- 
tion of their operating budgets from bilateral assistance 
provided by developed natíons.

Beginning in 1979, Seclion 216 ol the FAA requircd 
that all u.s.-funded development projects conduct envi- 
ronmental impact assessments to ensure that tropical 
rain forests and other biologically important habitats 
were not adversely impacted. USAID is also required 
to monitor the impacts of other multilaleral donor proj- 
ects, particularly those funded by the World Bank, and 
to provide input to the U.S. representative to the World 
Bank about prọjects of environmental concern.

IV. STATE AND LOCAL LEGISLATION

The brevity of the following description of S tate  and local 
la w s does not im p ly  th a t  S ta te  a n d  lo c a l le g is la t io n  and 
regulations are unimportant to conservation of biodiver- 
sity. In fact, the opposite is true. The tollovving brieí sec- 
tions merely skim the surface of the laws for 50 states 
and thousands of municipalities in the United States.

A. State Laws
All of the international and national laws and regula- 
tions outlined previously have their impacts at local 
levels. Primary responsibility for stewardship of biologi- 
cal resources is reserved to states by the LOth Amend- 
ment to the U.S. Constitution, which states that all 
powers not given to the íederal government by the 
Constitution are retained by the states. Fedcral laws, 
such as those described prevìously, defme minimum



standards for the states to follow. States can, and some- 
times do, pass laws that are inore restrictive than federal 
laws in protecting plant and animal species, wetlands, 
íorests, and other ecosystems.

States own their wildlife resources and generally at- 
teinpt to manage them to beneíìt all citizens. Histori- 
cally, most states have íocused their wilcllife conserva- 
tion activities OT1 a relatively small number of hunted 
01' Rshed species. States retaín authority to regulate and 
legislate many issues related directly to conservation of 
biodiversity; for example, managing the natural re- 
sources on state-owned lands, setting hunting limits 
on deer and other resident, nonmigratory species, and 
approving nermits for development and other projects 
that affect many habitats and species. Perhaps the 
largest im p a ct o f  S tate law s and lo ca l o rd in a n ces  on  
biodiversity relates to how well the laws regulate the 
approval of econom ic development plans so as to pro- 
tect natural habitats and mitigate the impacts of devel- 
opment. Many states also require that municipalities 
develop comprehensive plans, which might address 
conservation of biological resources along with land 
use and dévelopment issues.

Only a small number of states have passed laws and 
regulations specifically addressing conservation oi 
genes, species, and ecosystems, although the number 
is increasing. In 1992, the State of Michigan passed 
a Biological Diversity Conservation Act that required 
ereation of a S tate biodiversity conservation strategy. A 
1993 statute in New York State established a Biodiver- 
sity Research Institute with a mandate to coordinate 
State and private efforts to co llect inform ation about 
the state’s biodiversity. The law also directed the New 
York Department of Environmental Conservation to 
implement programs to conserve rare and endangered 
species on S ta te  lands. In 1996, the State of W isconsin 
passed a bill that revised the state’s ĩorest statute to 
en su re  th a t m a n a g e m e n t o f  State ío re sts  is  co n s is te n t 
w ith  m a in ta in in g  n ativ e  b io d iv ersity  and  su sta in ab le  
ecosystems. Many states have statutes that authorize 
creation of consẹrvation easements on private lands. 
Hawaii created a statutory tax incentive that provides 
owners of forest or water reserve lands with relief from 
all p ro p e rty  ta x e s  in e x ch a n g e  fo r a llo w in g  th e  State to 
manage their lands (Deíenders of Wildlife, 1996). 
Hawaii also has strong statutes to control the introduc- 
tíon of exotic species.

Many states, including Caliỉornia and Tennessee, 
have created executive orders and memoranda of under- 
standing regarding conserving biodiversity, but these 
do not have the force of law. Many other states have 
policies aimed at conserving biodiversity by creating

land acquisition programs for areas with important bio- 
diversity, prohibiting introduction of exotic plant and 
animal species, and requiring environmental impact as- 
sessments in order to minirnize and mitigate the impacts 
of development proịects on biodiversity.

Many states are involved in legislatively mandated, 
regional initiatives to conserve ecosystems that cross 
State boundaries. The 1987 Chesapeake Bay Agreement 
was signed bv Virginia, Pennsylvania, Delaware, Mary- 
land, the District of Columbia, the Chesapeake Bay 
Commission, and the U.S. Environmental Protection 
Agency. The signatories agreed to work on a program 
to conserve the biological resources and water quality 
of the Chesapeake Bay system.

B. Local Ordinances
Local laws can be enactcd by municipalities, towns, 
cities, counties, townships, or boroughs, depending on 
their regưlatory authority and on what local govern- 
ment units are called in diííerent parts of the United 
States. Although ultimately all biodiversity is conserved 
or lost at a local level, rarely are local Iaws primarily 
concerned with biodiversity per se; rather, they tend to 
focus on biological resources that indirectly iníluence 
public health, saíety, or welfare (e.g., protecting wet- 
lands or wooded slopes to con troi íloods or regulating 
hunting for safety or to maintain economic benefits). 
Increasingly, however, concerned citizens have been 
working to ensure that local laws do consider conserva- 
tion at some scale. Local governments can address bio~ 
diversity through broad municipal comprehensive plan- 
ning and through municipal ordinances that address 
speciíìc human activities that affect biodiversity on a 
more site-specific level.

W hether required by State law or not, many munici- 
palities create comprehensive plans that address ỉuture 
land uses in the context of econom ic growth and quality 
of life, including conservation of biological resources. 
Many comprehensive plans include sections on natural 
or environmental resources. Some municipalities are 
beginning to prepare separate plans for “open space”—  
undeveloped land that often contains natural habitats. 
Most open space plans identiỉy speciíìc environmentally 
important habitats and recommend speciíìc conserva- 
tion strategies for those habitats.

Municipalities have adopted a variety of ordinances 
intended to minimize impacts on species and natural 
habitats; often, these ordinances support the resource 
conservation goals established through comprehensive 
and/or open space plans. An increasing number of mu- 
nicipalities are enacting ordinances that offer stronger



proiection to stream and wetland ecosystems than the 
r e q u ir e m e n ts  o f  S ta te  an d  íe d e ra l law , Some m u n ic ip a l 

ordinances focus on integrating protecúon and restora- 
tion of habitats with land development project approv- 
als. For example, some local ordinances have required 
that development projects maintain or create natural 
vegetated buffers of more than 25 ft along wetland 
boundaries and more than 75 ft along each side of 
a stream.

An increasing number of municipalities have passed 
íorest conservation ordinances that limit development 
in woodlands and penalize developers who harm those 
habitats. Some municipalities will not approve logging 
permits for sensitive woodlands without implementa- 
tion of a forest management plan that demonstrates 
sustainable practices such as leaving buffers along 
streams, reslricting logging to seasons when birds are 
not nesling, or leaving dead trees standing for wildlife 
habitat. Forest conservalion ordinances have required 
developers to demonslrate that their plans will mini- 
mize unnecessary íorest fragmentation and will not ex- 
ceed the percentage of any woodland allowed to be cut. 
Plans that exceed the legal cutting percenlage might 
only be approved if the developer mitigates the impact 
through reĩorestation or off-site forest conservation. 
Some ordinances seek to minimize trec removal by set- 
ting a limit on clearing around buildings and roads 
(e.g., 25 ft).

Many local municipalities in agricultural areas have 
ordinances that prohibit growing of introduced “weeds” 
that might decrease ihe produclivity of agricultural 
crops. ĩn some residential municipalities, weed laws 
have been replaced with natural landscaping ordinances 
that promote and govern natural alternaúves to lawn 
grasses, such as wildflower meadows and reforestation.

V. CONCLƯSIONS

The evolution of government legislation and regulation 
ol biodiversity during the past 100 years reOects both 
the dramatic increases in human impacts on biodiver- 
sity in every part of the earth and the increased under- 
standing of the structure and function of the natural 
world. Legislation has evolved from individual nations 
focusing on single species of economic value to multina- 
tional agreements aimed at protecting entire habitats 
and ecosystems. The three greatest current threats lo 
biodiversity are habitat alteration and (lestruction, over- 
exploitation of species, and introduction of exotic spe- 
cies; the laws summarized previously address these 
threats to varying degrees. Despite continuous signiíì-

cant improvements in legislation and regulations aimcd 
at conserving biodiversity in the face of economic devel- 
opment, genes, species, and habitats continue to be lost 
at an increasing rate.

There are many challenges to the effectiveness of the 
laws and regulations described in this article. Perhaps 
the greatest challenge is ensuring that existing laws are 
implemented as intended and then eníorced, Many laws 
require scientiíìc information on the status of species 
and ecosystems; such information is often unavailable 
or extremely costly to obtain. In the United States, the 
federal agencies implementing laws such as the ESA 
are frequently so underíunded by Congress that thcy 
cannot achieve their conservation goals. It is also a 
challenge to ensure that State and local agencies receive 
the íunding required to implement conservation laws. 
Federal, S ta te , a n d  lo c a l  im p le m e n t in g  a g e n c ie s  a re  o f-  

ten pressured by special-interest groups to compromise 
conservation mandates in favor of short-term economic 
gains. The laws in many countries go uneníorced due 
to lack of oversight from private cilizens and advocacy 
groups. Finally, most laws are based on prohibiling 
actions that harm biodiversity; ihere is still a need ior 
more legislation that creates positive incentives for con- 
serving and enhancing biodiversity. The neecl íor posi- 
tive incentives is particularly acute for privaie landovvn- 
ers, who control 60% of the land in the United States.

Although the laws and regulations regarding conser- 
vation of biodiversity have generally improved signiíì- 
cantly during the past 30 years, it is important lo ac- 
knowledge that they can be amended and weakened 
whenever the various levels of government, from inter- 
national to local, choose to do so. In addition, many 
laws and regulations in other sectors create incentives 
10 destroy biodiversity, such as logging subsidies, un- 
derpriced grazing rights, subsiđies for economic devel- 
opment, and international trade policies.
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GRASSHOPPERS AND 
THEIR RELATIVES
Piotr Naskrecki
ưmversity o f Connecticul

I. Overview of Orthoplera
II. Tettigonioidea (Haglìds and Katyclids)

III. Grylloidea (Crickeis and Mole Crickets)
IV. Gryllacridoidea (Camel Crickeis, Cave Crickets,

Jerusalem  Crickets, Raspy Crickets)
V. Eumastacoidea (Monkey Grasshoppers or

Eumastacids)
VI. Pneumoroidea (Bladder Hoppers or

Pneumorids)
VII. Acridoidea (Grasshoppers and Locusts)

VIII. Tetrigoidea (pygmy Grasshoppers or Grouse
Locusts)

IX. Tridactyloidea (False Mole Crickets and
Sandgropers)

GLOSSARY

b ra c h y p te r o u s  Having tegmina and wings shorter than 
the abdomen but overlapping or touching each other 
on the dorsum. 

cerci Paired, usually not segmented structures at the 
end of the abdomen, sometimes used by males during 
mating to grasp the female’s abdomen. 

h e m im e ta b o lo u s  Having incomplete metamorphosis, 
that is, showing gradual change from molt to molt, 
with externally developing wing pads, and lacking 
any larval and pupal stages.

hypognathous Position of the head when the mouth 
is directed toward the ventral side of the body. 

kHz A unit of ĩrequency equal to 1000 hertz; the num- 
ber oí hertz (abbreviated Hz) equals the number of 
cycles per second (e.g., sound waves). 

macropterous Having wings that are fully developed, 
reaching or exceeding the end of the abdomen. 

micropterous Having wings that are greatly shortened, 
not overlapping or touching on the dorsum. 

prognathous Position of the head when the mouth 
opening is directed forward, 

spermatophore A membranous package containing 
sperm that is transíerred from the male to the íemale 
during copulation. 

stridulatory apparatus An organ of sound production 
based on the mechanism of rubbing one part of the 
body againsl another. 

tegmina (singular: tegmen) Thickened forewings.

ORTHOPTERA IS THE ORDER OF ỈN SEC TS  that in- 
cludes grasshoppers, locusts, crickets, katydids, and 
their relatives. The name of the order is derived from 
the Latin word orthọs (straight or rigid) and the Greek 
word pteron (wing), reíerring to the simple venation 
and position of their wings, which are always held 
straight and parallel to the main axis of the body. Most 
orthopterans are large or medium-sized insects. Body
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lengths of less than 10 mm are uncommon, while many 
exceed 50 mm in length, wìth some having bodies over 
100 mm long and a wingspan of 200 mm or more.

I. 0VERVIEW 0F ORTHOPTERA

A. Introduction
Orthoptera are hemimetabolous insects, with nymphs 
resembling adult forms in their general appearance but 
lacking fully developed wings and reproductive organs. 
Mouthparts of orthopterans are of the chewing/biting 
type ( =  mandibulate). The head is hypognalhous, 
rarely prognathous; the antennae are usually long and 
threadlike, consisting of fewer than ten to several hun- 
dred segments. The part of the body immediately behind 
the head, or the pronotum, is usually large, often 
shieldlike, and in extreme cases covers a large part 
(many katydids) or the entire body of the insect (pygmy 
grasshoppers).

The front and middle legs are cursorial (i.e. adapted 
for walking), yet in some cases the íront pair of legs 
may be modiíied for digging (mole crickets, pygmy 
mole crickets, false mole crickets), or both the front 
and middle pairs may be modified for grasping (preda- 
tory katydids). In sorne orthopterans (most katydids 
and crickets) the fronl legs have tibial auditory organs 
(the ear). The hind legs of most orthopterans are 
saltatorial, (i.e. modiEed for leaping), with large, 
muscular ĩemora and long, slender tibiae. Some grass- 
hoppers can períorm repeated leaps of 2.6 m without 
any obvious signs of fatigue. This is possible primarily 
because of the presence in their back legs a protein 
called resilin. Resilin has superb elastic properties, 
with 97%  eííìciency in returning stored energy. This 
allows for explosive release of energy that catapults 
the insect, a task impossible with muscle power 
alone. Certain groups of orthopterans, especially those 
leading a subterranean life, have lost their ability to 
jum p and their hind legs resemble typical cursorial 
legs. In some grasshoppers and certain Ensifera the 
inner surface of the hind femur is modiíìed for sound 
production (stridulation).

The vvings of orthopterans are either fully developed 
or reduced to various degrees. Wing polymorphism, or 
the occurrence of individuals with well-developed and 
reduced wings within the same species, is not uncom- 
mon. The forewings are somewhat thickened, forming 
leathery tegmina. In most katydids and crìckets parts 
of the tegmina are modified for stridulation. The hìnd-

wings, when present, are íanlike, hidden under the íìrst 
pair in the resting position. Often the hindwings are 
longer than the tegmina and protrude behind their api- 
ces. W ing buds of nymphal stages are alvvays positioncd 
in such a way that the second pair of wings overlaps 
the íìrst one, whereas in adult individuals of micro- and 
brachypterous species, the íìrst pair of wings always 
overlaps the second pair, despite their nymphal appear- 
ance. The base of the abdomen in grasshoppers has 
lateral auditory organs known as abdominal tympana. 
Pemales of most orthopterans have a prominent ovipos- 
ilor at the end of the abdomen, derived from the eight 
and ninth abdominal segments. Katydids and crickets 
usually have a well-developed ovipositor— sword-, 
sickle-, or needle-shaped— vvhereas females of grass- 
hoppers and their relatives usually lack a long, exter- 
nal ovipositor.

The number of described species of Orthoptera is 
approximately 25,000. This number, however, proba- 
bly represents only a half or less of the actual number 
ol species of Orthoptera present on earth today. 
Tropical regions of South America, Africa, and Asia 
still remain virtually unexplored in Lerms oi their 
grasshopper and katydid fauna, and many thousands 
of species are expected to be described in the Cuture. 
The Australian orthopteran fauna is the best studicd 
of all tropical regions of the world, yet more than 
1500 Australian species still remain to be [ormally 
described despite being already recognized as new 
to S c ie n c e .

Members of the ordcr Orthoptcra inhabit virtually 
all terrestrial habitats of the world, (rom rock crevices 
of the littoral zone of the oceans, subterranean burrows, 
and caves, to treetops and peaks of the alpine zones of 
mountain ranges. Both deserts and grasslands as well as 
dense (orests have rích and unique orthopteran faunas. 
There are few purely aquatic forms, but many are associ- 
ated with marshes and other semiaquatic habitats. Or- 
tbopterans are important members of nearly all terres- 
trial ecosystems, both in the role of consumers and 
prey. Massive outbreaks of some species of grasshoppers 
(and less írequently katydids and crickets) can cause 
enormous losses for the food industry and íorestry. 
Locusts (a vernacular name for certain grasshopper spe- 
cies that tend to produce large seasonal outbreaks, and 
not a taxonomic en ti ty) have been a part of human 
history from the very beginning of our agricultural tra- 
dition. They still pose a great risk for agriculture in 
manv parts of the world. although thev pose less of a 
problem now than a few hundreds vears ago, thanks 
mostly to better understanding of their population dy-



namics and application of various chemical and biologi- 
cal control measures.

B. Sound Production
The single characteristic most írequently associated 
with grasshoppers and their relatives is their ability to 
produce sounds. Although less widespread than gener- 
ally believed, this ability is nonetheless quite common 
in some groups o í orthopterans. The role of sound 
production is three-fold and similar in some respects 
to that of birdcalls: (a) attraction of mates, (b) territori- 
ality, and (c) disbursement of release calls (alarm calls 
produced when seized by a predator). The calls of or- 
thopterans are usually species-speciRc and play a very 
important role in species recognition. The iníormation 
in the call may be coded in the form of írequency 
modulation (the pitch of the call changes through time, 
a mechanism besl known in birds), time modulalion 
(the pitch of ihe call remains ihe same throughout 
its duration but its temporal pattern is unique to the 
species), or both modes combined.

The dominant ĩĩiechanism of sound production in 
Orthoptera is stridulation, which involves rubbing one 
modiEed area of the body against anothcr. Contrary to 
popular beiief, no orthopterans (nor any insect for that 
matter) produce sound by rubbing their hind legs 
against each other. Katydids (Tettigoniidae) and crick- 
ets (Grylloidea) produce sound by rubbing a modiíỉed 
vein (the stridulaiory vein) of one tegmen against a 
hardened edge of ihe second tegmen (the scraper). The 
stridulatory vein is equipped with a íìlelike row of teeth, 
the number of which varies from a few to a few hundred. 
In most katydids, the stridulatory area is situated at the 
base of the tegmina, except in brachypterous species 
vvhere it covers their entire suríace. In crickets virtually 
the entire surface of the tegmina is modiíìed for stridula- 
tion. As a rule, in katydids the stridulatory íìle is situated 
on the left tegmen and the scraper on the right one, 
while in crickets ihe situation is reversed. A membra- 
nous area at the base of the tegmen, the mirror, ampliíìes 
the sound. In addition, some katydids (e.g. Thoracistus) 
use their enlarged, shieldlike pronotum as an additional 
sound amplifier. Crickets, lacking the enlarged prono- 
tum, use other methods of sound amplification, such 
as singing from burrows, the shape and size of which 
is attuned to boost certain írequencies (Gryỉlotaỉpa), 
or using the surĩace of a leaf for the same purpose 
(O ecanthus). The ability to stridulate is restricted alm ost 
exclusively to males, although in a few groups of katy- 
dids (Phaneropterinae, Ephippigerinae), íemales re-

spond to the m ales calls by stridulating as vvell. Their 
sound aỊ3paratus is not homologous lo that of the males 
and is usually quite simple, lacking the sophisticated 
mechanism for sound ampliíìcation. In addition to teg- 
minal sound apparatus, a few groups of katydids have 
developed other mechanisms of stridulation. For exam- 
ple, all members of the Australasian subíamily Phyllo- 
phorinae lack the typical wing stridulation and produce 
sound, instead, by rubbing their hind coxae against 
modiíied thoracic sterna. Mandibular sound production 
occurs in some members of Mecopodinae.

Grasshoppers use the same principle of stridulation, 
but instead of rubbing iheir tegmina against each other, 
these insects produce sound by rubbing the inner sur- 
face of the hind femur against one of the veins of the 
tegmen. In the slant-faced grasshoppers (Gomphoceri- 
nae), the inner suríace of the femur possesses a íìle of 
small knobs while the vein on the tegmen acts as the 
scraper. In band-winged grasshoppers (Oedipodinae), 
the vein has a row of pegs and the femur plays the 
role of the scraper. In addition to these two principal 
mechanisms, some grasshoppers stridulate by rubbing 
thcir hind legs againsi ihe sides of the abdomen (Pam- 
phagidae) or by kicking their legs feet against a modified 
area at the apex of the tegmen (Stethophỵma). Australian 
false mole crickets (Cylindrachetidae) have a stridula- 
tory íìle al the base of their maxillary palps, and some 
species of pygmy mole crickets (Tridactylidae) produce 
sound by rubbing a modified vein on the dorsal side 
of the tegmen against another vein at the base o f the 
hindvving.

The sound ừequencies produced by orthopterans 
during stridulation vary from a few kHz (most crickets 
and grasshoppers) to well above 100 kHz (some 
katydids). Crickets’ calls are characterized by their 
tonal purity, with most energy of the call allocated 
within a narrow range of írequencies. Katydid calls 
vary from tonally pure (although often well above 
the human hearing range) to broad, noiselike signals. 
Grasshoppers produce mostly broad spectrum, noise- 
like calls. Unlike many vertebrate calls, many orthop- 
terans produce time modulated rather than írequency 
modulated signals. Crickets are a notable exception 
and most species produce melodious, birdlike, fre- 
quency-modulated chirps.

In addition to stridulation, sorae grasshoppers crepi- 
tate in ílight. In this case the sound is produced by 
hitting certain veins of the wings against other veins. 
This behavior is especially common among band- 
winged grasshoppers (Oedipodinae) and plays an im- 
portant role in courtship and territorial displays.



A few members of normally acoustic orthopterans 
have lost their ability to produce airborne signals and 
instead have developed a number of substitute rnecha- 
nisms of substrale-borne comraunication. Males of the 
oak katydids (Meconema) lack the typical tegminal 
sound apparatus and instead produce sound by drum- 
ming with their h in d  legs against the bark of trees. 
Similar drumming behavior, although still accompanied 
by typical stridulation, is a component of the courtship 
behavior of the pilbull katydid (Lirometopum). Males 
of the cricket Phaeophilacris spectrum  have lost their 
ability to stridulate and inslead signal by rapidly ílicking 
their tegmina back and forth while holding them in 
vertical position. The near-fìeld motion is detected by 
female’s cerci, rather than her ears. Despite having a 
fully developed stridulatory apparatus, many neotropi- 
cal members of the kalydid subfamilies Pseudophyllinae 
and Conocephalinae spend litlle or no time stridulaling, 
relying instead on substrate-borne tremulations. In this 
case, a male stands rigidly on a leaf or stem of a plant 
and violently shakes his entire body. The low trequency 
waves are iransmitted along the branches of the planl. 
The reason for this behavior is unclear, allhough a few 
hypotheses trying to explain it have been proposed. 
The most widely accepled one is the avoidance of preda- 
tion by Ibliage-gleaning bats that are known to use 
insect sounds to locate their prey. Others include elud- 
ing satellite males (nonsinging males of the same species 
trying to intercept a ĩemale), avoidance of parasiloid 
ílies, and helping females locate males on multi- 
branched plants. Thanks lo the rapid development ol 
recording techniques in receni years, it is novv knovvn 
that many groups of orthopterans previously believed 
to be silent appear to employ a number of techniques 
of substrate communication.

c. Reproduction and Growth
The courtship and mating behavior of orthopterans pro- 
vide some of the most complex and fascinating specta- 
cles of the insect world. In addition to sound produc- 
tion, as dìscussed earlier, many species employ visual, 
tactile, and olíactory signals in their mating strategies. 
Visual communication is especially well developed in 
grasshoppers, where males often have bright, species- 
speciíic markings on different parls of their bođies, 
displayed in carefully choreographed sequences during 
courtship. Grasshoppers of the genus Syrbula are defi- 
nite champions in this respect, and males of sorae spc- 
cies, in addition to calling, períorm a dance consisting 
of 18 distinct movements. Visual signals employed by 
rnany diurnal grasshoppers include [lighi displays,

where males ílash their coloríul hindwings (this is 
sometimes accompanied by crepitation), ílagging with 
distinctly colored hind legs, and displays involving 
brightly colored, and often enlarged antennae. Court- 
ship of katydids and crickets relies less on visual signals 
and more on sound and chemical cues, which are more 
appropriate for these mostly nocturnal animals. In both 
groups, males sometimes produce two different types 
of calls, a long-range advertisement call and a quieter, 
courtship song, performed only in the presence of a 
female. Pemale in some species may reply using either 
airborne signals or tremulation.

Chemical communicaúon in Orthoptera is little 
studied, but there is evidence that at least some species 
employ it during courtship. Females of the New Zealand 
giant weta Dánacrida  rugosa produce a musky sub- 
stance that males use to locate íemales, while males of 
camel crickets of the genus Ceuthophilus posses ihoracic 
glands thai may also play a role in courtship. Field 
crickets Teỉeogrỵỉlus comodus use pheromones covering 
the íemale anlennae to initiate courtship. Some other 
crickets use airborne pheromones in locating membcrs 
of ihe opposite sex.

Copulation in orthopterans involves transíer of a 
sperm sac (spermalophore), which in some groups is 
accompanied by a large packet ol nutritious proteins, 
the spermatophylax. Males of some orthopterans also 
allow íemales to feed on parts oí iheir own hodies during 
copulation. Males of haglids (Cyphoderris) have their 
hindwings modified into thick, [leshy lobes, the sole 
purpose of which is lo be eaten by ihe feinale during 
copulation. Females of tree crickets (Oecanthus) feed 
on males’ ihoracic glands during copulation, and in 
some crickets of the subiamily Nemobiinae the íemales 
feed on enlarged spines on males’ hind tibia. Males of 
other orthopterans, lacking such tasty incentives, must 
rely on their strong grasp or modiíìed cerci al the end 
of the abdomen to hold the female during copulation.

Oviposition takes place in a variety of substrates, 
such as soil, plant tissues, or rock crevices. In some 
cases, eggs are proiected from desiccation by a íoamy 
mass produced by the female. Nymphs usually haich 
within a few weeks or months, hut sometimes the eggs 
undergo a year long, or longer, diapause. Few orthop- 
terans displav any kind of parental behavior, although 
some crickets (Anurogtỵlhis) lay eggs in burrows 
guarded by the female. Female mole crickets (Gryllo- 
taìpa) not only lay eggs in special egg chambers under- 
ground, but also activelv care for the eggs bv licking 
and removing íungal spores from iheir suríaces. The 
hatchlings stay with their mother for a few weeks be- 
fore dispersing.



D. Food and Feeding
Orthopterans are extremely diverse in their food prcíer- 
ences and feeding techniques. Virtually all Caelifera 
(grasshoppers and their allies) are strictly herbivorous, 
very rarely engaging in cannibalistic behavior, and do- 
ing so only under crovvded conditions. Most grasshop- 
per species seem to be polyphagous (feeding on a wide 
varicty of plant species), but some are oligophagous 
(íceding on a narrow spectrum of plant species) or 
monophagous (íeeding on only one species of plants). 
The last are often associated with toxic, alkaloid-rich 
plant species, and these substances rnake the insect 
themselves inedible to many potential predators. Pygmy 
grasshoppers (Tetrigidae) are some o í the few insects 
that feed on mosses and lichens.

Ensiíera (katydids, crickets, and their relatives) 
range from herbivorous to omnivorous to strictly preda- 
ceous. So me katydids specialize on rather unusual food 
sources. The members of the Australian genus Zapro- 
chilus feed exclusively on the pollen and nectar of 
flowers. Most katydids, however, feed on a wide range 
of organic material. For example, the Central American 
Rhinoceros katydid (Copiphora rhinoceros) is known to 
feed on flowers, íruits, hard seeds, caterpillars, other 
katydids, snails, frog eggs, and even small lizards. 
Sưictly predaceous katydids employ both the “sit-and- 
wait” strategy (Saginae) or actively íorage and hum 
living insects (Listroscelidinae). Some raspy crickets 
(Gryllacrididae) also actively search for insect prey by 
rapidly running along branches and grasping any sitting 
insect their encounter. Crickets and cave crickets tend 
to be generalists in their dietary preĩerences but rarely 
exhibit tendencies to íeed on live prey. Soine mole 
crickets have a behavior unique among orthopterans, 
and insects in general, of gathering and storing germi- 
naiing seeds in circular chambers below ground for 
later consumption.

E. Phylogeny and Taxonomy
Despite a long history of taxonomic research on orthop- 
teroid insects and despite their economic importance, 
there is little agreement as to the taxonomic position 
of many groups of the Orthoptera. Uníortunately, the 
current classification system is still based mostly on 
19,h-century works. Older classiíìcations also included 
in this order such groups as cockroaches (Blattodea), 
praying mantises (Mantodea), walking sticks (Phasmo- 
dea), and earwigs (Dermaptera), each of which is now 
considered a separate, albeit closely related order. For 
the purpose of this review, the classiRcation system

proposed hy Rentz (1996) will bc adopted. This sysiem 
divides the ordcr Orthoptera into two suborcỉers: Ensif- 
era, with superíamilies Tcttigonioidea (katydids), Gryl- 
loidea (crickets), and Gryllacridoidea (cave crickets and 
relatives); and Caeliíera, with superíamilies Eumasta- 
coidea (monkey grasshoppers), Acridoidea (grasshop- 
pers and locusts), Tetrigoidea (pygmy grasshoppers), 
and Tridactyloidea (pygmy mole crickets and relatives). 
The following differences generally allow Ensiíera and 
Caeliíera to be distinguished (note that there are numer- 
ous exceptions):

Ensiĩera (katydids, crickeis and Caeliíera (grasshoppers and rel-
relatives) atives)

Antennae long and thin. with Aniennae short, vvith lcss than
over 30  segmcnts 3 0  scgments

Anterior tibiae usually vvith Anierior tibiae vvithout tvmpa-
lympanal organs nal organs

Oviposilor long, svvord' or Ovipositor very short
necdlelike

Sound produccd by tegminal Sound producecl by rubbing
slriduiation hind ỉegs againsi lcgmina

The monumental task of describing all living species 
oí Orthoptera is far íroin complete. As the exploration 
of iropỉcal regions of the world progrcsses, more and 
more species awaiting to be íormally described accumu- 
late in museum collections worldwide. Uníortunately, 
at the same time the number ol specialists capahle of 
such work is dwindling rapidly.

F. Paleontology
The Orthoptera is an old group, dating back to the 
Carboniĩerous period. Along with Titanoptera and 
Phasmodea ( =  Phasmatoptera), they represent the su- 
perorder Orthopterodea. Both Titanoptera and Phasmo- 
dea branched off of the main stock of Orthopterodea 
in the early Permian. Titanoplera disappeared at the 
end of the Triassic while Phasmodea (walking sticks 
and their relatives) and Orthoptera still ílourish today. 
The two main lineages of Orthoptera, Ensiíera and Cae- 
liíera, probably separated in the late Carboniíerous. 
Most modern íamilies of Ensiĩera appeared between the 
early Jurassic and the early Triassic periods. The oldest, 
still extant family of Ensiíera, the Prophalangopsidae, 
appeared in the early Jurassic. The oldest íainily of 
Caeliíera, the Eumastaciđae, appeared in the middle 
Jurassic, followed by the Tetrigidae and the Tridactyli- 
dae at the beginning of the Cretaceous.



II. TETTIGONIOIDEA 
(HAGLIDS AND KATYDIDS)

A. Introduction
The supertamily Tettigonioidea includes two families: 
the Prophalangopsidae (haglids or hump-vvinged crick- 
ets) and the Tettigoniidae (katydids or bush-crickets) 
(Fig. 1). It is the second largest group of Orthoptera 
(grasshoppers being more speciose), with nearly 6300 
described species assigned to nearly 1100 genera and 
20 subfamilies. Tettigonioidea are characterized by the 
presence in the males of well-developed tegminal strid- 
ulatory apparatus; long, threadlike antennae, usually 
longer than the body; four-segmented tarsi; short, non- 
articulated cerci in the males; and a large external ovi- 
positor in the íemales. The wings, when present, are 
usually held in a roof-like íashion over the abdomen. 
Virtually all members of the superĩamily have bilateral 
tympanal organs on the front tibia as well as an addi- 
tional acoustic irachea on the thorax behind the pro- 
notum.

The Tettigonioidea are distributed throughoul ihe 
world, but like most other orthopterans, they show 
their greatest diversity in the iropical and subtropical 
regions. Although many groups of kalydids are quite 
diverse in temperate regions of ihe world, they are 
less common in areas with long, cold winters. A large 
proportion of the Tettigonioidea are arboreal but many 
also inhabit grasslands, savannas, deserts or rocky 
mountain tops. Most species are noctumal or crepuscu- 
lar, though several major groups consist almosl exclu- 
sively of diurnal species.

FIGURE 1 Tettigonioidea. P ycnopalpa b icordata  from Costa Rica 
(Tcltigoniidac, Phaneropterinac). Sec atso color insert. Volume 1.

B. Major Lineages
1. Prophalangopsidae (H aglids or 

H u m p-W inged  C rick ets)

This ancient family, dating back to the early Jurassic 
period, ís represented by only six extant species. They 
are characterized by a rather primitive stridulatory ap- 
paratus lacking a proper mirror, head with antennae 
inserted near the lower margin of the eyes, and the 
metatarsus with a well-developed pulvillus. The rarest 
of these living fossils, Prophalangopsis obscura, is known 
from a single specimen collected over a hundred years 
ago at an unknovvn location in India, and is the sole 
member of the subfamily Prophalangopsinae. Naturally, 
little is known about ihis insect other then its strong 
resemblance to forms extinct millions of years ago. The 
remaining five species belong to two genera of the sub- 
family Cyphoderrinae and are distributed in western 
North America (Cyphoderris) and northeastern Asia 
(Paracyphoderris). The biology of Cyphoclerrís is quite 
well known and some species of the genus are often 
used in studies on mating behavior and parental invest- 
ment in offspring. These insects are unique among the 
Tetligonioidea in the fact that the male’s stridulatory 
apparatus is almost períectly symmetrical— that is, 
males have lully functional íiles and scrapers on both 
tegmina and can produce sound with either the left or 
right tegmen (hence the name “ambidextrous crickets,” 
sometimes applied to these insects). The hindwings are 
reduced lo [leshy lobes, which are devoured by ihe 
íemale during copulation. Males who had already maled 
once and are missing these courtship “snacks” must 
resort to other methods of holding the female’s attention 
and instead use the “gin trap,” a complex system oi 
cuticular modiíìcations whose rolc is 10 hold the fe- 
male’s abdomen íĩrmly in place during copulalion. 
These insects are also unique in their ability of beìng 
active, and even call during winter, from snow-covered 
bushes, when the temperature oscillates around 0°c.

2. T ettigoniid ae (K alydids or 
B u sh -C rick ets)

Katydids are a large and diverse group of orthopterans, 
elevated by some authors to the rank of a superfamily 
with numerous families. Nearly 6300 species have been 
described, placed innearly 1100 genera and 18 subĩami- 
lies. Most katydids are medium sized or large insects. 
The largest katydid, Siliquo/era grandis, from New 
Guinea, has a wingspan of uver 250 mm. On the other 
hand, members of the Australian subfamily Microtetti- 
goniinae are less than 10 mm long.



Males oí almost all species have a well-developcd 
stridulatory apparatus at the base of the tegmina. The 
exceptions are the subfamilies Phyllophorinae, Phas- 
modinae, and some members of Meconematinae and 
Mecopodinae. Males of the Australasian subíamily Phyl- 
lophorinae, despite having fully developed wings, lack 
the stridulatory apparatus and instead produce sound 
by rubbing their hind coxa against specially modiRed 
ihoracic sterna. Australian Phasmodinae lack wings al- 
together and are presumably totally silent. This is also 
the only subíamily of katydids having greatly reduced 
tympanal tibial structures (“the ear”) and lacking the 
thoracic auditory spiracle. All katydids have long, thin 
aniennae, often longer than the body, in extremc cases 
exceeding its length three to four times. The head of 
katydids is hypognathus, rarely prognathous (Phas- 
modinae, Zaprochilinae), and sometimes bears distinct, 
cuticular, hornlike processes between the antennae. 
Their íunction is uncertain but is likely related to the 
fact that many predators (especially bats and birds) 
tend to seize their katydid victims by the head. The 
pronotum is enlarged, saddle shaped, and in some forms 
greatly expanded, covering part o í the wings and the 
abdomen. In the male, the enlarged pronotum often 
acts as a call ampliíìer. Curiously, the group with a 
partieularly enormous, boxlike pronotum, the Phyllo- 
phorinae, lacks the ability to produce sounds with their 
wings. The pronotum is also sometimes armed with 
Sharp spines and processes. The wings of katydids can 
be íully developed or reduced to a varying extent, in 
some lineages (Tettigoniinae) showing signiíicant intra- 
speciíìc polymorphism in the degree of their develop- 
meni. The tegmina are sometimes reduced to scalelike 
organs, the only function of which is sound production. 
Hindwings in such taxa are either totally missing or 
greatly reduced. Many katydids use their wings to en- 
hance their remarkable mimicry of leaves, twigs, or 
bark to a degree that can fool proíessional biologists. 
Members of the neotropical tribe Pterochrozini are par- 
ticularly excellent mimics of both live and dead leaves, 
perĩectly imitating the look and feel of leaves, including 
simulated traces of herbivory, wiih simulated lichens 
and mosses "grovving" on them. A few katydids are 
Batesian mimics o f wasps.

The legs of katydids are usually long and slender. 
Predaceous species frequently have rows of long spines 
along the ventral edges of the front and middle legs, 
using them for grasping and holding prey. In some 
Listroscelidinae the spines are particularly long, íorm- 
ing a kind of a net, used for scooping small ílies and 
other insect prey. The hind legs are saltatorial, except

for the members of some groups living in burrovvs or 
under rocks (Hetrodinae, Bradyporinae). The abdomen 
of males has a pair of cerci, in some groups developed 
to grasp the end of female’s abdomen during mating. 
The ovipositor of ĩemales is usually long and sickle or 
sable shaped. The reduction of the ovipositor to short 
processes appears independently in ground-dwelling 
íorms (Hetrodinae) and some arboreal ones (Phaner- 
opterinae), apparently related to the íact that the eggs 
are laid on the suríace of the soil or lcaves, rather than 
inserted into them, as most katydids do.

The signiíìcant male investment in offspring is one 
of the characteristics of katydids that attracts many 
researchers lo study their behavior and evolution. Dur- 
ing copulation, males of many katydids produce. a large, 
protein-rich spermatophylax, which is eaten by the fe- 
male after copulation. The size of the spermatophylax 
can approach 60% of the male’s body mass, making it 
an extremely costly and signiBcant contribution to egg 
production. This causes the males of many species lo 
be quite choosy in selecting their mating partners, and 
under certain circumstances, the ĩemales may compete 
for males, a role reversal remarkably rare in the ani- 
mal worlđ.

The geographic distribution of katydids reveals 
several large centers ol endemism, the largest being 
Australia, where 5 oul of the 13 subíamilies known 
from the continent are unique to it. The neotropics 
have the lìighest niunber of described species (approxi- 
mately 1800) but no endemic subíamilies, followed 
by Eurasia (approximately 1350 species), the Indo- 
Malaysian region (approximately 1150), and Aírica 
(approximately 850 species, 2 endemic subíamilies). 
These numbers, however, are very likely to be 
multiplied in the íuture if taxonomic work in these 
regions is intensiGed.

a. M ajor Subíam ilies

Bradyporinae. Most likely the most basal subíamily of 
katydids, it is characterized by having a large, stout 
body, greatly reduced vvings, and the tarsus with a meta- 
tarsal pulvillus. Members of this íamily are reslricted 
in their dislribution to southwestern Palaearctic. Often 
grouped with several other subfamilies (Hetrodinae, 
Ephippigerinae), they nonetheless appear to be a sepa- 
rate clade of their own. Only about 50 species have 
been described. All species of the subíamily are dark 
colored, often black, and resemble giant crickets rather 
than typical, graceíul katydids. Most live on the ground 
or low vegetation. Some species are known to produce 
deíensive autohemorrhage and squirt their hemolymph



írom oríìces on their body if the insect is seized by 
a predalor.

Phaneropterinae. This is the largest subíamily of Tet- 
tigoniidae, with more than 2100 species described from 
all continents of the world (other than the polar re- 
gions). Members of this subfamily are medium size to 
large, usually green and leaílike katydids, characterized 
by a lack of lateral grooves on the larsi, and rather 
primitive venation of the wings. Wing recluction is 
widespread in several lineages of the subfamily but the 
stridulatory apparatus is always presenl. Female stridu- 
lation is known in a few genera. Virtually all species 
are phytophagous, although opportunistic cannibalism 
has been observed in a few species. Many species are 
exclusively arboreal. Eggs are laid in the soil, plant 
tissues, or on the suríaces oĩleaves and bark. Immature 
stages of many species mimic anls, tiger beetles, and 
even spiders, while adults of the same species usually 
mimic leaves or blades of grass. Several South American 
genera are superb mimics of pompilid wasps.

Acridoxeninae. This is a small, aberrant subíamily 
of large Cenlral African katydids, with only one species, 
A cridoxena hcxvaniana. Its relationship to other kaiydids 
is uncerlain as it displays a mixture of very advanced 
and very primitive characters. The most interesting fea- 
ture of Acridoxena is its astonishìng mimicry of a dried, 
spiny planl. A11 parts of the hody look like shrivelecl, 
twisted, dry leaves or tvvigs. Nothing is known ol its 
biology or behavior.

Ephippigerinae. This is a small Palaearctic subíamily, 
with about 130 described species. All species have 
greatly reduced, scalelike wings, usually hidden under 
an enlarged, saddle-shaped pronotum. Females of many 
species stridulate and certain species have long been 
model organisms for studies on acoustic communica- 
tion and courtship in insects. Some species occasionally 
cause m inor agriculiural damage.

Pseudophyllinae. This is ihe second largest subíam- 
ily of Tettigoniidae, with more (han 1100 described 
species, distributed in tropical and subtropical regions 
of the globe. A notable exception is ihe true katydid 
(Pterophylla camellựolia) of the eastern United States, 
which is both the northermost member of the subíamily 
and the source of the name “katydid.” Its characterislic, 
loud call resembles (although some listeners disagree) 
ihe syllables “ka-ty-did.” Most pseudophyline katydids 
are íound in the tropical areas of South America and 
Southeast Asia. Many are spectacular mimics of leaves 
(tribes Pterochrozini and Pseudophyllini) and bark 
(tribes Plaminini and Cymatomerini). Secondary loss 
of stridulation and widespread presence of tremulation 
is characteristic of most neotropical members of the

subfamily. On the other hand, Old World members of 
the subíamily belong to the loudest night síngers of 
marty forests. This disparity in their acoustic behavior 
has been explained by different hunting strategies of 
insectivorous bats in the New and the Old W orld, which 
in turn, shaped different deíensive strategies among 
acoustic insects. Nearly all species of the Pseudophylli- 
nae are arboreal or at least associated with tall vegeta- 
tion. A notable exception is the genus Calỉimenellus, 
which is known to inhabit marine littoral rock crevices 
in Hong Kong. All species seem to be phytophagous 
although opportunistic insectivory has been observed 
in a few Central American species. Virtually all species 
are nocturnal.

Teltigoniinae. A large subíamily, with nearly 1000 
described species. Most of the species of this subfamily 
occur in the temperate regions of the world, and only 
a handỉủl of species are present in the tropics. Tettigoni- 
inae achieved the greatesl diversity in the regions of 
Europe, western North America, Sou thern  Africa, and 
Australia characterized by the Mediterranean type of 
vegetation. Many species have a large, shieldlike prono- 
tum, hence the common name “shield-backed katy- 
dids.” Females always have a long, svvordlike ovipositor 
and lay eggs in soil or the stems of herbaceous plants. 
Males striclulate loudly and many species are active 
during the day. A few species of shield-backed katydids 
are agricultural pests, the best known being the Mor- 
mon cricket (Anabrus simplex) o í the western Uniled 
States. Hovvever, some species in China and Japan have 
been kept as pets lor hundreds ol years, and iheir pleas- 
ing calls have mađe a remarkable impact on the poetry 
and other arts of these countries.

Conocephalinae. The conehead katydids are a large, 
poorly deíìned, and possibly polyphyletic subíamily of 
Tettigoniidae, with more ihan 1100 described species 
worldvvide. Many are charactem ed by a prominent fas- 
tigium of the vertex, íbrming a characteristic “hom ” on 
the head. The diet of many of these katydiđs is restricted 
to grasses and their seeds, although quite a few species 
are predaceous. The conehead katydids are quite corn- 
mon in temperate regions of North America and Eu- 
rope, although they reach their greatest diversity in 
the tropical areas of South America. Some species of 
Conocephalinae may become agricultural pests and a 
few have been known to form large, locust-like swarms 
(Ruspolia). Male investment in olĩspring can be signiíì- 
cant in some neotropical conehead katydids, and an 
elaborate courtship behavior is common in such 
species.

Phasmodinae and Zaprochilinae. These two, closely 
related subíamilies are restricted to Australia. Phasmod-



inae contains only one genus, Phasmodes, with three 
spccies restricted in iheir distribution to W estern Aus- 
tralia. These insects are a goocl example of convergent 
evolution, resenibling walking sticks (Phasmodea) to 
an extraordinary degree. Both scxes are completely 
\vingless, and íemales lack tibial tympana as well as 
thoracic auditory spiracles. The entire body is extremely 
elongate and thin, and the head is prọgnathous. A sim- 
plc way of telling these insects apart from walking sticks 
is ỉooking at the proportions of thoracic segments. In 
real walking sticks the prothorax is extremely elon- 
gated, whereas in Phasmodes it is the mesothorax that 
undervvent such modiíication. These interesting katy- 
dicls feed on both leavcs and flowers of the heath hab- 
itats.

Zaprochilinae have similarly elongated bodies and 
the prognathous head, but all species have wings. They 
arc strongly reduced in the genus Kaxvanaphiìa bui íully 
developed in the remaining three genera of the subíam- 
ily. Males of all 28 described species produce short, 
ulirasonic calls. Several species of the subfamily have 
been extensivelỵ studied with regards to the parental 
investment of malcs, which is significa.nl and may lead 
to courtship role reversal. AU members of the subíamily 
feed primarily on pollen and nectar, and ihey play some 
role in pollination of the flowers on which they feed.

In addition to the above-described subíamilies, the 
íamily Tettigoniidae also includes the following sub- 
íamilies: Austrosaginae, Hetrodinae, Lipotactinae, 
Listroscelidinae, Mcconeinatinae, Mecopodinae, Micro- 
tettigoniinae, Phyllophorinae, Saginae, and Tympano- 
phorinae.

III. GRYLLOIDEA (CRICKETS AND 
MOLE CRICKETS)

A. Introduction
The superĩamily Grylloidea includes more than 3700 
described species placed in more than 520 genera and 
three íamilies (Fig. 2). Crickets are small to medium 
size insects, the sraallest species being only aboul 1.5 
mm long (Myrmecophilidae) and the largest about 60 
mni (Gryllotalpidae). The family is cosmopolitan in its 
distribution and some species occur even within the 
polar regions, albeit usually only in association with 
hum an dwellings. Most members of the subíamily are 
brown or black, very rarely green. The antennae are 
usually thin, threadlike and longer than the body (with 
the exception of certain burrowing forms). The head 
is usually large and almost globular, although it may be

FIGURE 2 Grvlloidea. A clodes  sp. from Costa Rica (Gryỉlidac, Phalan- 
gopsinae).

somewhat elongale and prognathous in some lineages 
(Oecanthinae, Gryllotalpinae). The pronotum is usually 
quadrate, rarely produced backward as to cover the 
wings (a condition common in katydids). The tarsi oí 
the legs are three-segmented (superíicially ĩour-seg- 
mented in Oecanthinae), and the íront legs are somc- 
tiraes strongly modiãed íor digging. The front tibia 
typically have well-developed bilateral tympanal or- 
gans. Hind legs are usually sallatorial bul arc occasion- 
ally short and not adapted for leaping. Wings arc usually 
prescnt but may be reduced to various degrecs or totally 
absent (Myrmecophilidae). The tegmina are held flat 
on the dorsum and their anterior (laieral, in the resting 
position) margins are bent downward at an angle, form- 
ing a boxlike structure. The stridulatory apparatus of 
males is wcll-developed in most groups although it 
may be absent even in some fully winged taxa (some 
Pentacentrinae, Trigonidiinae, Eneopterinae). The left 
and right tegmina of males have similar venation, but 
strỉdulation is performed virtually alvvays with the right 
tegmen over the left. The hindwings, vvhen íblded, oíten 
project far beyond the tegmina. Many taxa lack the 
hindwings and wing polymorphism is common. Male 
cerci are usually long, ilexible, often superíìcially 
annulated, and never grasping. The ovipositor is usually 
long and needle-like, although it may be reduced or 
even absent in some crickets (Gryllotalpidae).

Most species of crickets are nocturnal or crepuscular. 
They occur in almost all terrestrial habitats, from tree- 
tops to underground burrows, and many species are 
associated with aquatic and semiaquatic environments 
(such íorms are usually very good swimmers). The great 
majority of crickets are opportunistic íeeders and few 
seem to be exclusively predaceous.



B. Mạjor Lineages
1. G ryllo talp id ae (M ole C rick ets)

This interesting family includes five genera and 77 de- 
scribed species of usually large, robust crickets, disirib- 
uted worldwide. All species of the íamily spend their 
l iv e s  in u n d e r g r o u n d  tunnels, e x c a v a te d  with th e ir  e x -  

tremely modiíìed, shovel-like ừont legs. The head is 
prognathous and somewhat elongated, and so is the 
pronotum. The antennae are short and somevvhat thick- 
ened, an apparent adaptation for their sublerranean 
liíestyle. The wings are usually fully developed, rarely 
absent. The stridulatory apparatus of males is simple, 
lacking the mirror. The Temales’ tegminal venaúon re- 
sembles that of the males but lacks proper stridulalory 
organs. Cerci in both sexes are long and ílexible, acting 
as an extra pair of antennae while ihe insects are moving 
backward in iheir underground corridors. Pemalcs lack 
an exlernal ovipositor.

Mole crickets emerge from their tunnels only during 
courtship, although calling takes place underground. 
In order to broadcast their signals as lar as possible, 
males build Y-shaped tunnels, the lenglh and diameter 
of which are perĩectly suiied to amplity the dominanl 
trequencies of their call. Females stridulate as well, but 
their call seems to have a lerritorial ralher than court- 
ship role. Eggs are oílen laid in special brooding cham- 
bers and actively cared forby the female. Newly hatched 
nymphs stay in ihe chamber for a few weeks, íeeding on 
humus and tender rooilets protruding into the burrow.

Several species oí mole crickets are serious crop 
pests, not only because they feed on roots of plants but 
also because they damage entire root systems vvhile 
digging tunnels. A specíes of Gryllotalpa recently iniro- 
duced accidentally to Australia has quickly become one 
of the mạjor threats to the Australìan golting industry 
by damaging carefully cared for putting greens.

2. G ryllid ae (T ru e C rickets 
and  T ree C rickets)

The family Gryllidae is the largest lineage of the super- 
family, with nearly 3600 species, assigned to more ihan 
500  genera in 17 subfamilies (there are several altcrna- 
tive systems of classiíìcaúon of crickets, and the number 
and status oí higher categories varies among clifferent 
authors). The body size of true crickets ranges from 
small (under 5 mm) to large (about 50 mm). Mosi 
members of the family are rather stoul insects. wilh 
short, thick legs. Phalangopsinae are a noiable exccp- 
tion, having extremely long and slender legs and other 
appendages, making ihem resemble large spiders rather 
than typical crickets. Delicate bodies vviih slender legs

also characterize most tree crickcis (Oecanthinae). The 
head is generally globular, except in iree crickels, which 
have an elongated, prognathous heacl. The pronotum 
is generally quadrate. The wings and stridulatory appa- 
ratus may be fully developed, reduced, or totally absent. 
Often, ĩully winged ĩorms lack the stridulatory appara- 
tus, while forms with greatly reduced tegmina can have 
a ĩully developed one. Species with well-developed 
stridulatory apparạtus usually produce melodious, fre- 
quency and time-modulated calls, and many species 
have been kept as singing p ets  in Asia and Europe for 
many centuries. Rarely, the call is sliort and clicklike 
(Encoptera). Couriship behavior is oflen complex and 
involves acoustic, tactile, and olíaclory signals. The 
courtship song, produced onlv in the close proximity 
of the female, is CỊUÌeter and of a different structure 
ihan the advertisement call. It is usually produced by 
rubbing only a parl of ihe stridulatory file againsi the 
scraper. Some spider crickets (Phalangopsinae) adcli- 
tionally drum wilh their legs. During copulation, males 
produce spermatophores, which in some species con- 
tain a large spermatophylax. Males of some species 
allow the íemale to feed on đifferent parts of their bod- 
ies. Males of tree crickets have thoracic glands, which 
ihe female licks during copulation, and íemales of some 
pygmy íield crickets (Nemobiinae) leed on males tibial 
spines duríng copulation.

The ovipositor ÌI1 true crickets is usually long, nee- 
dle-like, sometimes lalerally flatiened and swordlike 
(Trigonidiinae) or reduced (Brachytrupes). Oviposition 
lakes place in soil 01 planl ússiies. Maiernal care is 
rare bul sometimes quite well developed. Females of 
Anurogryllus muticus excavate cxtensive subterranean 
burrows as a nursery for their oggs, which are aggres- 
sively protected against all intruders. Newly hatched 
nymphs stay with their mother, who feeds ihem with 
unferlilized eggs, produced by her for the sole purpose 
of ĩeeding her nymphs.

a. Major Subíam ilies

Gryllinae. This subíamily includes ihe true crickets, 
placed in more than 850 species and more than 100 
genera. They are distributed worldwide, and a few spe- 
cies closely associated with human habitats are virtually 
cosmopolitan. Morphologically, Gryllinae are rather 
uniíorm, having stocky bodies, with a globular head 
and thick legs. Mosi have well-devcloped wings and a 
siridulatory apparatus. True crickets are sorae of the 
first singing insects lo be hearcl in the spring in ibe 
temperate areas of Europe and North America, as they 
oflen overwinter as late nymphal instars and mature as 
soon as the temperature allows them to become active. 
North America has a particularlv interesting fauna of



true crickeis, with several complexes of morphologi- 
cally ncarly identical, so called “cryptic spccics.” Some 
of the species appear 10 be chronospecies, that is, very 
closely relaied species that avoid interbreeding by being 
sexually mature during different limes of the year.

Most true crickets are ground chvellers and many 
arc quite territorial, vigorously deíencling their burrovvs. 
In some species a certain percentage of the males (satel- 
litc males) consistently exhibit a kind of sexual parasit- 
ism by intercepting íemales attracted to the call of an- 
other male. Several species form large swarms, and some 
(e.g., Gryllus bimaculatus in Aĩrica) can become serious 
agricultural pests. The house cricket (Acheta domes- 
ticus) is a cosmopolitan insect associateđ witb hu man 
dwellings and vvhen occurring in large numbers can 
cause damage to stored food and other material.

Brachytrupinae. This subfamily, oíien treated as a 
subset of the true crickets, includes about 20 genera 
and more than 220 species distributed mostly in the 
tropical and subtropical regions of the Olcl World, wiih 
relatively few species in ihe New World. The vvings in 
some species are greally reduced or absent and the 
fcmale’s ovipositor is reduced. Some of ihese crickets 
are very large and produce calls of an intcnsity dircctiy 
proportional to their size. Some species are gregarious 
ancl live in small underground colonies consisting of 
adults and nymphs of different ages. Sonic species of 
the subíamily exhibit extraordinary maternal care of 
eggs and nymphs.

Phalangopsinae. The spider crickets are character- 
ized by having a rather robust body supported, in most 
cases, by very long, thin legs. The antennae and palps 
in such forms are also extreraely long and slender. 
W ings are frequently reduced or absent, and some 
winged species lack the stridulatory apparatus in the 
male. On the other hand, some species are loud singers, 
with a pìeasing call, and males of several Asian species 
are greatly prized for their songs and are kept in special 
littỉe cages as pets. The subĩamily includes about 380 
species in nearỉy 100 genera, achieving the greatest 
diversity in the tropics of Central and South America. 
Many species inhabit caves and rock crevices as welỉ 
as spaces between buttress roots of trees in tropical 
íorests. Others prefer tree trunks, leaf litter, and de- 
caying wood.

Mogoplistinae. The scaly crickets are small, rarely 
exceeding 15 mm in length. Their name is derived from 
the fact that their entire body is covered with minute 
scales, reminiscent of the scales on the wings of butter- 
ílies and moths. Similar to these insects, the scales on 
the body of scaly crickets often form beautiíul color 
patterns. Unlike butteríly wings, however> the wings of 
scaly crickets are not covered with scales, and are

strongly reduced, oíten entirelv concealed under a 
somewhat elongated pronotum. About 270 species have 
been described, placed in 26 genera. They are distrib- 
uted worldwide but Australia and thc Indo-Malaysian 
region seem to have the largest share of known spccies.

Oecanthinae. The tree crickets are ralher unusual 
members of the family Gryllidae, having a somewhat 
elongated, prognathous head and a rather long prono- 
tum. The wings can be either fully developed or com - 
pletely absent. Winged forms have a very well developed 
stridulatory apparatus, capable of producing loud, pure 
sounds. Males of the genus Oecanthus enhance the range 
of their call by positioning ihemselves in a hole chewed 
out in a leaf, with their tegmina aligned during singing 
with the surĩace of the leaf. By doing this, they signiíì- 
cantly increase thc area from which the sound radiates, 
using the same principìe on vvhich speakers in radios 
and other musical appliances are buill. Thanks to this 
technique, these smali insects are capable of becoming 
the dominant singers in many environments.

Pemales of tree crickets lay eggs in the stems of 
plants, and by doing so may clamage young trees in 
nurseries and orchards, thus becoming pests. On the 
other hand, many species íeed on aphids, thus balancing 
the negative effect of iheir reproductive behavior.

Olher subíamilies included in the ỉamily Gryllidae 
are Cachoplistinae, Encopterinae, Euscyrtinae, Gryl- 
lomiminae, Itarinae, Malgasiinae, Nemobiinae, Pcnta- 
centrinae, Podoscirtinae, Pteroplistinae, Sclerogrylli- 
nae, and Trigoniidinae.

3. M yrm ecophilid ae (A nt-L oving  C rick ets)

This small íamily seems to be closely related to Mo- 
goplistinae and probably does not deserve the status of 
a separate family. Only about 10 genera and less than 70 
species are knovvn, and all of these are closely associated 
with colonies of social insects, mostly ants, and less 
írequently termites. All species are minute, sometimes 
less than 1.5 mm, with an oval, wingless body and a 
small head with greatly reduced eyes. The hind íemora 
are short and enormously enlarged.

Ant-loving crickets seem unable to live without a 
close association with ants or termiies. Some species 
have a wide range of host species while others are re- 
stricted to only one host species. The nature of this 
association is unclear. At least one myrmecophilous 
species, Mỵrmecophỉla manni from North America, ap- 
pears to be able to mimic ant behavior to an extern that 
allovvs it to be fed by workers of its host, Form ỉca  
obscuripes. Another species, M. oregonensis, feeds on 
residues of the substance that lubricates ants’ bodies, 
left on the walls of passageways. A few species of these 
crickets appear to be parthenogenetic. Their eggs are



relatively large and their embryonic development is 
quite long, sometimes lasting over a year.

IV. GRYLLACRIDOIDEA (CAMEL 
CRICKETS, CAVE CRICKETS, 

JERƯSALEM CRICKETS,
RASPY CRICKETS)

A. Introduction
The taxonomy and phylogeny of this group of the Or- 
thoptera seems to be in greater disarray than any other 
lineage of the order. Many different names have been 
applied to this group of insects, and írequentlv various 
subgroups have been elevaled lo the levels of superfami- 
lies or even infraorders. As no modern phylogenetic 
study has yet been done on the Gryllacridoidea, for the 
sake of taxonotnic stability this revievv follows classiíĩ- 
cation proposed by Rentz (1996).

The superlamily Gryllacridoidea includes about 
1500 species and more ihan 200 genera assigned 10 
four families: ihe Cooloolidae (Cooloola monsters), ihe 
Stenopelmaúdae (Jerusalem crickets and vvetas), ihc 
Gryllacrididae (raspy crickets), and the Rhaphidophori- 
dae (the cave and camel crickets) (Fig. 3). Members of 
this superfamily are characterized by the lack of the 
tegminal stridulaiory apparatus even in fully winged 
species. Tegmina, if preseni, are soft and characleristi- 
cally curved around the abdomcn. The head is usually 
large and bullet-like, and some Ibrms have greatly en- 
larged mandibles. The antennae tend to be very long 
and threadlike but in some subterranean forms (Coo- 
loolidae) may be extremely shortened. Tibial auđitory 
structures are usually absent, and the thoracic auditory

FIGURE 3 Gryllacridoidea. Gryllacris sp. ừom Cosia Rica (Grylla- 
cridỉdae). Sec also color inseri, Volurnc 1.

spiracle is small and simple. Acoustic communication 
in this group is not as common as in other orlhopterans 
and is restricted to femoral stridulation (Gryllacrididae) 
and abdoininal drumming (Stenopelmaúdae).

Body size varies from about 10 mm to about 100 
mm, and some species of New Zealand wetas are consid- 
ered the heaviest insects in the world, reaching the 
weight of 70 g— nearly three times as much as an aver- 
age house mouse. Coloration of species of Gryllacri- 
doidea is rather drab, usually brown, black. or yellow, 
but never green.

The distribuúon of the superíamily is worldwide, 
with the exception of the Cooloola monsters, which 
are known only from norlheastern Auslralia. At least 
one species, Tachycínes asynamorus, has become virtu- 
ally cosmopolitan thanks to its associalion with green- 
h o u s e s  a n d  O lh er h u m a n  environments.

Nearly all species of Gryllacridoidea are nocturnal or 
crepuscular. Their habitats inclucie treetops in tropical 
íorests, savannas, and deserts, but a great proportion 
of species dwells in caves or underground burrovvs. 
Many species have a tendency to form large aggrega- 
tions.

B. Major Lineages
1. C ooloolid ae (C o o lo o la  M onsters)

Some ol the most peculiar insects belong to this small 
family, consisting of only one genus and four species. 
They a re  r e s tr ic te d  in  th e ir  d is lr ih u l io n  lo  C en tra l a n d  

northern Queensland in Auslralia and were discovered 
only about 20 years ago. Their appearance is so unusual 
that the Rrsi specimens ever collected were suspected 
of being 1'abricated as an entomological joke. The body 
of Cooloola monsters is so bulky that these insects, and 
especially the females, are almost incapable of walking 
on the surĩace of the ground. They spend their entire 
líves underground, digging through sand with their 
extremely thick and powerful legs. They are virtually 
blind and their very short antennae consist of only nine 
segments. Their mandibles are elongate and sharp, and 
the maxillae (the second part of mouthparts) bear two 
dagger-like processes, vvhich probably act as piercing 
organs, a situatìon absolutely unique wíthin Orthop- 
tera. The wings are vestigial in males and usually com- 
pletely absent in females. The internal anatomy of 
these insecls is also unusual in the fact that the foregut 
extends backward into the posterior part of the ab- 
domen.

Little is known about biology of Cooloola monsters. 
They appear to “sand swim” through sand and do nol 
conslruct burrows. They feed probably on body (luids 
of other subterranean animals.



2. Stenopelm atidae Oerusalem C rickets 
and W etas)

Tliis familỵ includes about 230 described species, 
placed in more than 50 genera and six subĩamilies. They 
are known primarily from North and South America, 
S o u th ern  AÍYica, Madagascar, India, Auslralia, and New 
Zcaland. The body of these insects is usually fairly large 
and bulky, and New Zealand wetas are among the 
largest living insects. The head is large and globular, 
with relatively short antennae. Legs are thick, powerful, 
and írequemly well adapted for digging. In some spe- 
cics, the powerful hind legs can serve as a vveapon, 
and these species are capable of delivering strong ancl 
painíul kicks. W ings are usually absent and are rarely 
developed well enough for the insects to be able to fly. 
They do not have stridulatory organs on the tegmina, 
bưt niany species communicate with elaborate percus- 
sive signals produced by drumming their abdomcn 
against the substratum. The courtship behavior ofJeru- 
salem crickets is a violent spectacle, involving a battle 
between the male and the íemale. If the íemale does 
nol recognize the male as an acceptable partner, she 
devours him, thus preventing copulaiion. If the male 
is íound to be acceptable, she allows him to mate and 
deliver to her a large spermatophore, and she attempts 
to eat him only afterward. This behavior may account 
for the rarity of male specimens of Jerusalem crickets 
in entomological collections. On ihe opposite end of the 
spectrum, maies of some New Zealand wetas maintain 
harems of ícmales in their reluges in holes and cracks 
in trees. Other males írequently try to take over the 
harems, and (ỉghts involving head-on clashing and gap- 
ing of their jaws are quite common among males.

Mosi species o f Stenopelmatidae spend their lives 
on or close to ihe groưnd, with ihe exception of some 
Central and South American species (Anabropsis), 
vvhich are often found in the canopy of the rain forest. 
Some North American species (Cnemotettix) produce 
silk with their mouthparts, which is used to line their 
burrovvs in C o asta l sancl dunes. Many species are precla- 
ceous, but most seem to be opportunistic generalists. 
Jerusalem crickets have been reported to cause minor 
injuries to crops by gnawing on roots ancl parts of the 
plants close to the ground.

3. G ryllacrididae (Raspy C rickets 
and Leaf-Rolling C rickets)

This large íamily includes nearly 800  described species 
placed in almost 90  genera. It is quite likely, hovvever, 
that these numbers represent only a fraction of the 
actual number of species, as the faunas of Gryllacrididae 
of Central and South America are virtually unknown.

Mosi species of the íamily have been described from 
soulheast Asia and Australia, bui they are also knovvn 
íroni Africa and the neotropics. North American fauna 
of Gryllacrididac is limitcd to only one species, Campto- 
notas ccirolinensis, and they are absent from Europe.

Species of Gryllacrididae are characterized by the 
globular head with often extremely long antennae, 
vvhich in some species may exceed the body length íour 
to five times. The wings are usually present but may 
be reduced or absent in some species. The ovipositor 
of íemales is long and thin, and in nymphs held curved 
backwarđ over the body. This morphological modiRca- 
tion may allow them to Bt more easily into their burrovvs 
or rolled leaves. Leaf-rolling behavior is CỊUÌte common 
in this íamily. All stages of some species, from the tiniest 
nymphs to adults, are capable of producing silk, which 
they use to bind shelters made of leaves, twigs, sand, 
and other material. Burrowing species living in hot, 
arid zones are known to insulate themselves from the 
heat by sewing shut the entrances lo iheir burrows. The 
unusual subĩamily Schizodactylinae (by some authors 
considered a separate íamily or even an iníraorder) is 
unique in the peculiar modiíìcations of their hindwings, 
which are coiled inlo light, vertical spirals. Their íect 
possess long, lobelike processes, which help thcm run 
on loose sand.

Tegminal slridulation is absent in species of Gryĩla- 
crididae but many species produce raspy souncl (hence 
thc common namc) by rubbing the inner side oí the 
femora against the sides of the abdomen. This behavior 
does not seem to play any role in courtship bui is raiher 
a deíensive strategy, since all life stages of both scxes 
are knovvn to dispỉay it. All species of Gryllacrididae 
are nocturnal. They are prơbably unique in the insect 
world in possessing individually recognizable phero- 
mones, which allows a cricket to return to its own 
burrovv, distinct from one of its conspeciíìcs, aíter a 
night of íoraging. Most members of the family are preda- 
tors and feed on small insects. Some are extremely agile 
and activcly hunt for prey by rapidly running along 
branches, searching for insects.

4. Rhaphidophoridae (C ave C rickets
and Cam el C rickets)

Cave and camel crickets are represented by about 470 
described species assigned to over 70 genera in seven 
subỉamilies. They are distributed worldwide and at least 
one species is cosmopolitan. Species of this íamily are 
rather uniíorm in their appearance. AU are completely 
wingless and have smooth, dorsally convex bodies. 
Most have long, spidery legs and similarly long and 
slender antennae and palps. The ovipositor is laterally 
ílattened and often has distinctly serrated edges.



Virtually all species are associaied with dark and 
humid habitats, such as caves and holes in the ground. 
Several species sometimes invade cellars and basements 
of houses, and one species ( Tachycines asynamorus) 
is cosmopolitan in greenhouses and other manmade 
environments. Most species appear to be gregarious, 
and many individuals of different ages are found in a 
single colony. Many species are associated with burrows 
of larger animals, mostly rodents or foxes. They feed 
o n  a g r e a t  v a r ie iy  o f  o r g a n ic  m a te r ia l , a n d  s o m e  s p e c ie s  

are associated with bat colonies, ỉeeding on guano and 
the bodies of dead bats. At least one species, Pallidotetlix 
nullarborensis from Australía is known to cause death 
of unprotected chicks of nesting birds by swarming 
them and íeecling on their tissues.

V. EƯMASTACOIDEA (MONKEY 
GRASSHOPPERS OR EUMASTACIDS)

A. Introduction
The majority of members of this large superfamily 
occur in the tropics, although a few are íound in 
temperate regions (Fig. 4). Nearly 1300 species have 
been descrìbed, and placed in about 300 genera in 
two families. As in all Caelifera, the antennae o[ 
eumastacids are very short, but unlike other members 
of the suborder, one of ihe last few segments of the 
antennae always bears a small tubercle of unknown 
ĩunction. The thorax can be short (Eumastacidae) to 
extremely long (Proscopidae), and in some groups it 
can have a distinct cuticular crest. The hind femora

F1GURE 4 Eumaslacoiđea. Homeomastax robertsi from Costa Rica 
(Eumastacidae, Eumastacinae).

lypically are long and slender, although in some forms 
may be greatly shortened and not adapted for leaping. 
In forms with long, leaping hind legs, they are charac- 
teristically splayed outward from the body when the 
insect is at rest. Wings are (requently reduced or 
absent, but when present they are very long, and 
characteristìcally widened toward the end of the body. 
The tegmina are Irequently transparent or semitrans- 
parent. The abdominal auditory organ is absent in 
most species of the superíamily.

Little is known about the biology of members of this 
superfamily. None of the species appears to stridulate. 
Many species are arboreal, but some live on grasses in 
savanna-like environments and ừequently have ex- 
tremely elongated bodies, perfectly mimicking blades 
of grass (Australian Morabinae). Eggs are laid in batches 
in soil but, unlike those of other grasshoppers, they are 
never bound togelher by a foamy mass.

B. Major Lineages
1. E um astacidae (M onkey  G rasshop p ers)

The larger of the two families in this superfamily, the 
Eumastacidae includes more than 1000 species in nearly 
270 genera, distributed worldwide. Body size in ihis 
family is small (10 mm) to medium (45 mrn). The 
pronotum is always shori, and the fronl and middle 
legs are relatively short. Hind legs are usually saltatorial 
bul in some grass-tnimicking forms may be shortened 
and lacking the abilily to leap. The male genitalic struc- 
tures are very complex and of great value in taxonomic 
research. The ovipositor of females is short, with 
strongly serrated edges.

2. P roscopidae (False  W alk in g  S tick s  
or P roscopids)

Proscopids are restricted in their distribution to South 
America, barely reaching the southernmost part of 
ihe isthmus of Panama. About 300  species are known, 
placed in 29  genera. This fami]y is readily distinguish- 
able from other grasshoppers by their greatly elongale, 
tvviglike appearance. Some species may reach a length 
of 165 mm, while the smallest are about 25 mm 
long. The head of these insects is unusually long and 
pear-shaped, with large eyes situated near its narrovv 
tip. The thorax is extremely long and slender, and 
the front and middle legs are well separated. Femora 
of the hind legs are characteristically thickened at 
their bases and are nol adapied for jumping. Virtually 
all species are completely wingless. Most species live 
on bushes and trees, and a few in savanna-type



habitats. One species has occasionally been injurious 
to crops.

VI. PNEUMOROIDEA (BLADDER 
HOPPERS OR PNEUMORIDS)

This small group of grasshoppers includes sorae of 
the raost unusual orthopterans living today (Fig. 5). 
The superíamily includes only 25 described species, 
placed in 13 genera of three families. The íamily 
Pneumoridae is restricted in its distribution to So u th 
ern and eastern Aírica, while íamilies Tanaoceridae and 
Xvronotidae occur only in Mexico and southeastern 
United States.

The principal family, the Pneumoridae, includes 
large (5 0 -1 0 0  mm) grasshoppers, with the wings either 
íully developed or somewhat reduced. The pronotum 
is greatly enlarged, ỉorming a triangular helmet covering 
a large part of the body. The most unusual feature of 
the members of the family is the shape and size of 
the male^ abdomen, which in most species is grossly 
inllated, creating a balloon-like, semitransparent reso- 
nator. The stridulatory apparatus consists of a dozen 
or so cuticular ridges on the third abdominal segment. 
Thanks to the abdominal resonating chamber, the 
sound made by the mal.es is among the loudest sounds 
produced by any insect. Females are capable of produc- 
ing sound as well but ỉack the abdominal stridulatory 
apparaius. Long winged species are sometimes called 
“ílying gooseberries ’ as they are ừequently attracted to 
lights. Males who have the misfortune of being attracted 
to campíìres explode li ke balloons if ihey fall into the 
fưe.

FIGURE 5 Pneumoroidea. M ohavacris  sp. from the southvvestern 
United States (Tanaoceridae).

The remaining two íamilies of Pneumoroidea inclucỉe 
only eight species of small grasshoppers, living on 
shrubby vegetation in deserts of North America.

VII. ACRIDOIDEA (GRASSHOPPERS 
AND LOCƯSTS)

A. Introduction
Grasshoppers and locusts form the largest lineage of 
Orthoptera, with more than 8500 species in nearly 1800 
genera assigned to 10 íamiỉies (Fig. 6). They are distrib- 
uted worldwide, and although they are most diverse in 
iropical and subtropical regions of the world, they also 
occur in cold, subpolar regions and high in the alpine 
zones of the mountains. The body size of these insects 
ranges from less than 10 mm to over 120 mm, with a 
wingspan of 250 mm. The body form and the head 
shape are very diverse, ranging from short and bulky 
to extremely elongate and slender. The antennae are 
always short and relatively thick, but oíten modified to 
form comb- or clublike structures. The hind legs are 
always distinctly thickened tovvard the base and alvvays 
adapted for leaping. The wings vary from fully devel- 
oped to completely lacking. Fully winged forms have 
relatively very narrow tegmina that are not widened 
toward their apices. Stridulatory organs are present only 
in some families and usually consisl of a modiíied vein 
on the tegmen, against which the inner side of the 
hind femur is rubbed. The abdomen usually has lateral 
auditory strưctures, even in silent and wingless species. 
The female’s ovipositor is always very short, with the 
upper and lower portions (valves) distinctly divergent

FIGƯRE 6 Acridoidea. C hortoicetes term iniỊera  from Australia 
(Acrididae, Oedipodinae). See also color insert, Volume 1.



at the apex. Eggs are laid primarily in the soil, and are 
alvvays protected with a foamy mass produced with 
special glands in female’s abdomen.

Most grasshoppers are diurnal, although nocturnal 
species are also known. They inhabii nearly all terres- 
trial habitats and a few species are aquatic (Paulinidae). 
Open steppes and savannas of warmer regions of the 
world have particularly rich ĩaunas of grasshoppers, but 
tropical rain íorests have their share oí unique íorras 
too. Grasshoppers are also relatively diverse in temper- 
ate zones, vvith some species Crossing the polar circles. 
A number of alpine species are adaptecl to activity in 
very low temperaiures. Some of these forms exhibit 
the interesting behavior of changing their body color 
dependìng on air temperature. In cold weather, they 
become much darker, and thus more likely lo absorb 
sun rays (Kosciuscola).

Virtually all species of grasshoppers are exclusively 
phytophagous. Opporlunistic cannibalism has been ob- 
served in few rare instances, bul only under crowded 
conditions. Most grasshoppers are polyphagous, feed- 
ing on a number of different plant species, although 
most tend to have preferences toward cerlain species 
oí' plants. Some grasshopper species are monophagous, 
ĩeeding on only one species of plant throughout iheir 
life. Such species tend to feed on plants rich in toxic 
secondary compounds, and in doing so become unpal- 
aiable lo poiential predalors themselves. They oflen 
advertise iheir toxicity with bright, aposematic color- 
ation. Some grasshoppers (African Pyrgomorphidae) 
can cven bc harmíul lo humans, if ingcstcd.

A few grasshopper species, mostly of the subíamilies 
Cyrtacathacridinae, Oedipodinae, Calliptaminae, and 
Melanoplinae, are very serious agricultural pests and 
cause enormous losses to crops every year. They form 
unbelievably huge swarms, which upon descending on 
f ie ld s c a n  d e v o u r  th e  e n tire  a n n u a l c ro p  w ith in  m in u te s . 

Single swarms of the Aírican plague locust Schistocerca 
gregaria  may fan out over hundreds of square miles 
and consist of 50 billion (50 ,000,000,000) individuals, 
weighing about 70,000 tons. Densities may reach 200 
million locusts per square mile ( =  500 million/km2). 
In most species of locusts, this kind of behavior is 
seasonal, and some have two distinct morphological 
forms, the so-called solitary and gregarious phases. 
Sometimes the differences between the solitary and gre- 
garious phases are so dramatic that they have been 
described as different species. The solitary ĩorms occur 
in low densities, and usually have shorter wings and 
crvptic coloration. Under certain conditions, especially 
following rains, the densities of these grasshoppers in- 
crease dramatically, prompúng great physiological, 
morphological, and behavioral transformations. Their

coloration changes, usually to black and yellow, and 
they exhibit a strong tendency to form tightly packed 
groups that start marching across ihe land. Upon reach- 
ing the adulthood and the ability to fly, they take off 
in huge swarms, usually following the prevailing vvinds 
of a cold front that could lead them to areas of fresh veg- 
etation.

Controlling massive outbreaks of grasshoppers is dif- 
íìcult and many different chemical and biological agents 
have been used. As one can imagine, controlling a cloud 
of insects stretching across hundreds of miles is a nearly 
impossible task. Therefore, the most effort is directed 
loward controlling the young, ĩreshly emerged bands 
of hoppers or destroying eggs laid in areas that are 
likely to originate massive outbreaks. Fungal pathogens 
have been quite successíul in combating locusts, but 
the survival of iungal spores in arid condilions, where 
many locust species live, is limited.

B. Mạịor Lineages
1. Pam phagidae (E arth  H oppers

or Pam phagids)

Members of this family are large, robust grasshoppers, 
seldom smaller than 30 mm and often up to 90 mm 
long. More than 560 species in m ore than 90 genera 
have been described, mostly from arid regions of Asia 
and Africa, with a few representatives in S o u th e rn  Eu- 
rope. Sexual dimorphism is oíten marked, with males 
in general being significantly smaller and often fully 
winged, as opposed to completely wingless íemales. 
The surface of the body is often very rough, and many 
species blend superbly among rocks and pebbles. Some 
So u th ern  African species (T r a c h y p e t r e ỉ la )  have been 
sometimes dubbed “living rocks.”

Defensive stridulation is common in both nymphs 
and adults of many species, and it is achieved by various 
mechanisms (often more than one stridulatory mecha- 
nism is found in a single species). The typical advertise- 
ment stridulation is rare but, if present, the sound pro- 
duced by males by rubbing their hind legs against the 
tegmina is exceptionally loud (Lobosccỉiana).

2. Pyrgom orphidae (Bush H oppers)

More than 550 species are known in this íamily, placed 
in more than 150 genera. They are distributed mostly 
in the tropics of the Old World, with only a few species 
known írom Mexico and Central American countries.

The body is usually large, often reaching 90 mm. 
The pronotum is exiremely variable in form, sometimes 
aclorned with granules or spinelike processes. Pyrgo- 
morphidae have no stridulatory organs but some make



rustling noises with their wings when alarmed. Many 
mcmbers of this íamily have warning (aposematic) col- 
oration, a characteristic írequently associated with their 
toxic properties. Some species eject protective froth or 
irritating íluids as deíense mechanisms. Quite a few 
species are poisonous. Some species are gregarious, es- 
pecially during their early nymphal stages. A few have 
been known to cause serious damage to crops in Af- 
rica (Zonocerus).

3. Rom aleidae (Lubber G rasshoppers)

This íamily includes more than 470  species in more 
than 100 genera, distrĩbuled mostly in North and South 
America, with very few species in Asia and easlern 
Aírica. In thc United States the best-known representa- 
tive of this group is the Florida grasshopper (Romalca 
microptera) , a large and coloríul grasshopper ừequently 
used to study insect internal anatomy and external mor- 
phology.

Romaleidae are large grasshoppers, usually strikingly 
colored. Species of Tropidacrỉs and Titanacris are some 
of the largest orthopterans, with wingspan reaching 250 
mm. The pronotum in the members of this family is 
often strongly keeled or crested. W ings, if present, have 
dense venation, and the hindwings oíten have a unique 
stridulatory mechanism íormed by numerous fine teeth 
on one of the veins. Sound is produced by rubbing this 
vein against the underside o í the legmen. In addition 
to stridulation, some species produce a hissing souncl 
by expelling air through their thoracic spiracles. Species 
of this íamily have little economic signiíìcance, al- 
though a few species can deioliate trees on tropical plan- 
tations.

4 . Paulinidae (A quatic G rasshoppers)

Members of this small íamily are unique among other 
grasshoppers in their nearly fully aquatic liíestyle. They 
are capable of skating on the surface of the water, diving, 
and swimming, and their eggs are laid on stems of 
submerged aquatic plants. The hind tibiae are ílattened 
and vvidened at their apices, íorming effective swim- 
ming paddles. Only two genera with fìve species belong 
lo this family, and their original distribution was re- 
stricted to South America. Recenily, one species (Pau- 
linia cicuminata) has been deliberately imroduced to 
Afrỉca ìn an effort to control the noxious aquatic plant 
Salvinia. This is probably the only example thus far of 
a truly beneíicial species of grasshopper.

5. Acrididae (T ru e G rasshoppers
and L ocusts)

This is the largest family of Acridoidea, with nearly 
6760  species in more than 1350 genera and 27 subíamil-

ies. They occur in all regions of the world, and in nearly 
all terrestrial or semiaquatic habitats. The body sizc 
ranges from less than 5 mm to about 100 mm. Body 
form and shape are extremely variable, from robust and 
stocky to extremely slender and elongate. Wings can 
be íully developed, reduced, or entirely absent. Wing 
polymorphism is cornmon in some groups (Gompho- 
cerinae). Abdominal tympanal organs are generally 
present, absent only in some wingless íorms. Many 
species stridulate by rubbing their hind íemora agaìnsl 
modiíìed veins on the tegmina. Sometimes an expanded 
area on the tegmen íorms a “speculum,” which acts as 
a resonaior.

All species of locusts and most other economically 
important grasshoppers belong in this íamily. Aỉso, 
most grasshoppers common in temperate zones of thc 
world belong here, and nearly the entire grasshoppcr 
ĩauna of Ausiralia is the result of a massive adaptive 
radiation wilhin one of the lineages of this íamily (Ca- 
tantopinae).

VIII. TETRIGOIDEA (PYGMY 
GRASSHOPPERS OR 
GROƯSE LOCƯSTS)

This interesting lineage of the Orthoptera includes 
nearly 1200 species in about 230 genera, placed in one 
family, Tetrigidae (some authors divide this superorder 
into two íamilies: Tetrigidac and Batrachideidae) (Fig. 
7). Most species of pygmy grasshoppers are tropical but 
quite a few occur in temperate zones, often at very high 
elevations. Their body size is generally small, seldotn 
exceeding 20 mm. The pronotum is always very large,

FIGURE 7 Tctrigoidca. An unidentificd spccics írom Costa Rica (Te- 
trigidae).



covering the entire body and often extending far beyond 
the end of the abdomen. Sometimes the pronotum is 
vertically expanded, forming a large crest or a leaílike 
lobe. A few species display a polymorphism in the devel- 
opment of the pronotum. Wings are usually present 
but may be reduced or absent in some forms. The teg- 
mina are always reduced to small, oval lobes, with 
greatly reduced venation. The hindwings are well-devel- 
oped, fanlike, usually completely concealed under the 
pronotum. The hind femora are very stout and all tarsi 
lack the arolium between claws. Members of Tetri- 
goidea have neither stridulatory organs nor the abdomi- 
nal auditory tympana.

Most species are associated with moist or semi- 
aquatic habitats. Many can swim very well and dive 
when threatened. Some species are arboreal and many 
live on bark of trees in tropical ĩorests. Pygmy grasshop- 
pers feed on a variety of small plants, such as mosses, as 
well as on lichens and algae. They have little economic 
importance although some may cause some damage in 
rice plantations.

IX. Tridactyloidea (False Mole Crickets 
and Sandgropers)

This superíamily includes about 230 species in 18 gen- 
era divided among three families (Fig. 8). Most species 
are small, 4  to 15 mm in length, allhough some sand- 
gropers (Cylindrachetidae) can reach the length of 
about 40  mm. Families Tridactylidae and Ripipterigidae 
have characteristically modified hind tibiae, which bear 
a pair of long, apical flaps, while the tarsi are strongly 
reduced. Their tegmina, if present, are short and leath- 
ery and sometimes have a row of stridulatory pegs. The 
Tridactylidae are distributed worldwide whereas the 
Ripipterigidae are restricted to Central and South 
America. They inhabit wet and semiaquatic habitats, 
and some of them make dense networks of shallow 
burrows in the mud.

The Cylìndrachetidae are restricted to Australia and 
New Guinea, and one species is known from Patagonia. 
The body is strongly elongated and completely wing- 
less. The pronotum is greatly elongated and cylindrical, 
with its lateral edges strongly curved downward, nearly 
meeting on the underside of the thorax. The front legs 
are modified for digging, and the second and third 
pairs are shortened. Sandgropers spend their entire lives 
underground in sandy soils. They are sometimes con-

FIGURE 8 Trìdactyloiđea. N eotridactyhis apicaìis  ỉrom ihe northeast-
ern United States (Tridactylidae).

fused with the larvae of click beetles (Elateridae) as
they occasionally tunnel into stem s of planls.

See Also the Following Articles
1NSECTS, OVERV1EVV
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GLOSSARY

associational reluge W hen a potential prey escapes or 
deters a consumer by associatìng with another organ- 
ism that interferes with the ability of the consum er 
to locate or attack the prey. 

bottom-up effects W hen physical parameters (such as 
n u tr ien ts)  a llow increased  p rim ary  productiv ity  and 
the effects of this cascade up through higher trophic 
levels. A simple example involves nutrient addiúons 
to a lake resulting in increased phytoplankton 
growth, this increasing resource of food allowing 
increased  num bers of herbivorous zooplankton, and 
the abundance of zooplankton leading to increased 
d en sities  o f z o o p la n k to n -e a tin g  íishes. 

co-evolution Jo in t evolution o f two (or mo re) inter- 
a c t in g  s p e c ie s , e a c h  o f  w h ic h  e v o lv e s  in  r e s p o n s e  to 

selecúon imposed by ihe other.

competilive release The expansion oí a species-real- 
ízed niche that is associated with the absence or 
removal of competition from olher species. 

grazer A consumer that removes only a part of each 
prey it attacks and thus rarely kills a prey in the 
short term. The term is commonly applied to animals 
that eat plants (herbivores) but can also be argued 
to apply to nonlethal microbial pathogens and to 
animals that cause tissue loss, but not death, when 
they feed from colonial animals such as sponges. 

resource p a r l i t io n in g  when o r g a n is m s  d if fe r e n t ia l ly  

utilize resources such as food, space, or nulrients. 
secondary m etabolite  An unusual compound that does 

not play a role in primary metabolism (e.g., produc- 
tion and storage of energy). These metabolites were 
initially argued to be waste products but have often 
been shown to defend the producer from consumers, 
pathogens, or competitors. 

top-dow n effects When íeeding by higher trophic-level 
organisms has cascading effects on lower trophic 
levels. A simple example is when fishes (predators) 
consume zooplankton (herbivores) and, by lowering 
the numbers of these herbivores, allow increased 
densiúes of photosynthetic phytoplankton (pri- 
mary producers).

GRAZING  in the traditional sense of the term describes 
the actions of animals that consume parts of plants 
vvithout causing the death of the plant; e.g., the con-
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sum ption of grass plants by dom estic cattle. By exten- 
sion, the term applies more generally to any feeding 
process that involves the partial consum ption of the 
prey organism so as to bring about tissue loss but not 
death; e.g., the consum ption of coral reef organism s by 
sea urchins and certain íìshes. In either sense of the 
term, the processs o f grazing has profound im plications 
for the structure and dynamics of the given com m unity.

I. INTRODUCTION

Herbivores plav a m ajor role in determ ining plant bio- 
diversity by strongly affecting distribution, abundance, 
and com m unity organization. Because plants are the 
m ajor primary producers and oílen constitute the m ạjor 
biogenic structural com plexiiy around w hich other 
com m unity m em bers are organìzed, effects o f herbi- 
vores on plants often have strong indirect effects on 
other trophic Ievels and on the biodiversity of the eco- 
system as a whole.

Because almost all energy on Earth is fixed via plant 
photosynthesis, it is an evolutionary mandate that 
higher trophic levels will need to consume plants and 
that successtul plants will need to resist, tolerate, or 
escape herbivores, pathogens, and other natural ene- 
mies. Humans are dependent on plants for food, clolh- 
ing, shelier, ĩuels, pharmaceuticals, and other necessi- 
ties; thus, we often complete witb other consumers 
(e.g., insecl herbivores and pathogens of crop plants) 
for desirable plant resources. Duc to this continuing 
Slruggle to grow  and harvest p lant reso u rces, p la n t -  
herbivore interactions are one of the more intensively 
studied areas in ecology, evolution, and agriculture. 
Research on this topic provides a rích resource for eval- 
uating the effects of grazing on biodiversity. In numer- 
ous instances, examples from both marine and terres- 
trial sludies show sim ilar patterns. However, because 
of the more rapid growth of m arine plants, the more 
intense grazing by marine herbivores, and the greater 
ease of m anipulating seaweeds versus trees or shrubs, 
some of the clearest exam ples ínvestigating the m echa- 
nisms of how herbivores affect plants are from ma- 
rine com m unities.

In subtidal marine com m unities such as coral reefs 
or kelp beds, il is nol uncom m on for herbivores to be 
one of the prìmary forces deterinining the distribution 
and abundance of plants and often the species com posi- 
tion and diversity of the entire com m unity. For exam - 
ple, herbivory by íĩshes or sea urchins on coral reefs 
keeps reefs largely đevoid of macroalgae and allows 
corals to ílourish by reducing com petition from the 
more rapidly grovving seavveeds. w h e n  these herbivores

severely declined on the Caribbean island of Jam aica 
due to a com bination of overíĩshing and urchin disease, 
coral reefs suffered severe overgrovvth by seaweeds, and 
coral cover declined from m ore ihan 50%  to less than 
5% throughout this entire island nation (Fig. 1). Thus, 
rem oving herbivores from  these habitats converted spe- 
cies-rich  coral reefs into a com pletely different com m u- 
nity dom inated by a lim ited num ber of seaweeds.

Equally dram atic changes occur in temperate sys- 
tems. Num erous ecological and paleontological studies 
have show n thai subúdal com m unities in the temperate 
eastern Paciíic shift from  sea urchin-grazed barrens to 
lush kelp beds depending on the presence or absence 
of sea otters, which selectively forage on herbivorous 
sea urchins, reducing grazer biom ass and allow ing kelps 
to Aourish. If otters are removed from kelp com m unities 
due to hunting or predation, urchin densities increase, 
urchins drive kelps to local extincú on, and íishes, kelp- 
associated invertebrates, and seals or sea lions thai fecd 
on kelp bed íìshes also decline dram atically. Thus, in the 
tropical exam ple, grazers increase diversity by removing 
seaweeds and allovving corals to produce the biogenic 
structure ihat enhances reef biodiversity, whereas in 
the tem perale syslem  grazers directly remove the m ajor 
biogenic structure (kelp s) and cause a decline in over- 
all biodiversity.

Herbivores can also cause m ajor alterations in terres- 
trial com m unities. w h en  m yxom atosis clim inated rab- 
bits in Britain, many grasslands reverted to scrub wood- 
lands. Similarly, it is argued that grazing elephanis

Discovery Bay

FIGƯRE 1 Largc-scale changes in percentage cover oí live coral ai 
fore-reef siies along > 3 0 0  km of the Jamaican coastline betvveen 1977 
(haichecỉ bars) and 1993 (solid bars). For the island as a vvhole, coral 
cover decreased from 50% to < 5 %  (reproduced vviih permission from 
Hughes, 1994, Catastrophies, phase shiíls. andlargc-scalcdegradation 
of a caribbean coral recl. Sciencr 265, 1547-1550. Copyright 1994 
American Ắssociation for ihe Aclvanceraem oí Science).



dnmage trees and change closed woodlands or thickets 
inio grassy savannas.

The previously mentioned instances are among the 
most dramatic examples of herbivore eitects, bul they 
scrve to show the effects that grazing can have on bio- 
diversity and community slructure and to poinl out 
ihat there should be strong selection for plant traits 
tliat deter feeding by herbivores.

II. GRAZERS AS 
DISTURBANCE REGIMES

Charles Darwin noted that one grass species tended to 
dominate and exclude other species in unmown areas 
of his lawn, but that numerous species coexisted in 
areas that were periodically mown. He recognized thai 
grazers might play a similar role in diversifying plant 
communities by preventing a íew rapidly growing spe- 
cies from competitively excluding others. In the late 
1970s, Joe Connell formalized this relationship when 
he demonstrated for both tropical rain forests and coral 
rcefs that intermediate írequencies or intensities ot dis- 
turbance could lead to coexistence of a larger number 
of species. When disturbances were severe and ĩrequent, 
only a limited number of hardy species could occupy 
a habitat. When dislurbances were too inírequent or 
weak to remove competitive dominants, superior com- 
petitors tended to dominate. However, when distur- 
bances occurred at intermediate levels, ihey removed 
enough of the competitively superior species to allow 
invasions by others but were not so severe as to preveni 
the occurrence of less hardy species. Thus, these inter- 
mediate levels of disturbance promoted the mainie- 
nance of greater biodiversity within a given community 
type. One of the most omnipresent forms of disturbance 
to planl communities is grazing, and it can play the 
diversifying role suggested by Connell. However, the 
effects that grazers have on plant biodiversity may also 
depend on the productivity potential of the environ- 
ment. A recent review of how grazing affected plant 
diversity used data from a diverse range of marine, 
terrestrial, and fresh-water communities and found that 
grazing almost always increased plant diversity in envi- 
ronments characterized as having high nutrients (and 
presumably high potential growth rates), but that graz- 
ing oĩten decreased diversity or had no effec.t on diver- 
sity when the environment was nutrient poor. These 
Hndings can be argued to mean that there are important 
grazer—nutrient interactions that need to be factored 
into the intermediate disturbance model. Alternatively, 
these [ìndings simply mean that a given level of distur- 
bance is “high" if it occurs in a habitat in which grovvth

rates (and thus the ability to recover from the distur- 
bance) are low, but it is “intermediate” if it occurs in 
a habitat in which rapid growth allows quick recovery.

As an example of intermediate grazing diversiĩying 
plant communities, work by Hixon and Brostott (Fig. 
2) demonstrated that Fish grazing rates on open areas 
of coral reefs were so intense that only the most resistant 
(coralline algae, which are red algae that resemble a 
thin calcified paint applied to a rock) or most tolerant 
(small íìlamentous algae that have basal sections embed- 
ded in the coral and that grow very rapidly) seaweeds 
could persist. In contrast, when íĩshes were excluded 
by cages, substrates were dominaled by a few species 
of competitively superior macroalgae. However, in de- 
fended territories in which damselfishes drove most 
other herbivores awav, bite rates on the substrate were 
íntermediale between ihose experiencecl on open versus 
caged substrates, and at these intermediate rates oí her- 
bivory there were many more species of seaweeds. Simi- 
lar patterns have been documented in Mediterranean 
grasslands in which plant species diversity is maximized 
if livestock densities are inaintained at intermediate 
levels.

III. DIRECT VERSUS 
INDIRECT EFFECTS

Grazers may indireclly affect biodiversity vía irampling, 
lunneling, seed dispersal, nutrient regeneration, and 
seleclion for plant irails ihat have cascading eỉĩecis on 
other processes. As herbivorous prairie dogs dig their 
burrows, they create palches of newly disturbed ground 
thai can be colonized by plant species that are rare in 
undisturbed habitats. Their activities also create mosa- 
ics of vegetation structure and nutrieni status that result 
in both buffalo and antelope differentially using centers 
or edges of prairie dog colonies versus areas remote 
from colonies. Prairie dogs also clip inedible bushes to 
low heights so that the bushes do not provide ambush 
sites for predators or obscure the prairie dog’s íìeld 
of view. Lowering bush height decreases competitive 
effects and allows increased coexistence of other plants. 
As animals graze, they release nutrient-rich urine and 
feces back into the environment; this release affects 
nutrient dynamics, the spatial patchiness of plant pro- 
duction, and thus plant cliversity, Such effects occur 
in habitats ranging ữom open-ocean gyres to Aĩrican 
savannas and livestock rangelands.

Initial feeding on plants can also produce a cascade 
of indirect effects on habilat parameters that then affect 
use by other species. For example, when inĩestations 
of beetles feed on goldenrod, they not only affect their
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FĨGURE 2 (A) Diversiiy, as measured bv ihe Shannon-W einer index 
H \ o ĩ algae ort settiìng plates as a function of exposure time 10 

three treatments: caged, inside damselfish lerriiories (In), and outside 
territories (O ut). (B) Diversitv after 1 year (same daia as in A) as a 
íunction of the intensitv oĩíìsh grazing. (C ) Graph o ĩth e  intermediate 
disturbance hypothesis showing ihat consumers can enhance local 
diversity bv increasing predation iniensity írom poini 1 10 point 2 
or by decreasing overall predation intensitv ĩrom point 3 to point 2 
(reproduced with permission írom Hixon and BrostolT, 1983, Dam- 
selíìsh as keystone species ìn re-verse: iniermediate disturbance and 
diversity of reef algae. Science  2 2 0 , 5 1 1 -5 1 3 .  Copyright 1983 Ameri
can Association for the Advancement of Science).

target plant but also their activities aiter light penetra- 
tion to the ground, soil water content, and soil nilrate 
content. Following these changes in the physical habi- 
tat, areas near attacked goldenrod are invaded by other 
plant species, increasing local biodiversity.

IV. THE R0LES 0F SPATIAL AND 
TEMP0RAL SCALES 0F GRAZING

Many investigalions of herbivore clíecls on diversity 
have concentrated on the maintenance oí wiihin-habitat 
diversity due to selective ĩeeding on dominant plants 
or on the effects of small-scale disturbances that create 
palches and produce numerous successional states 
within a single community. In contrast to these studies, 
several invesúgations (rom inarine systems show ihal 
species richness of seaweeds is oíten maintained by 
mosaics of herbivore impact that are relativel)’ predict- 
able in space and persistent in time. Manv seavveeds are 
predictably found only within certain physical habitats. 
This restricted distribution was initially assumed to be 
due lo physiological limitations or 10 fìne-scale resource 
parúúoning along physical gradients; however, experi- 
mental studies demonstrated that many of these restric- 
lions were herbivore induced and did not result from 
habitat parútioning based on competiúve interactions 
or differing physiological requirements. W hen spatial 
variations in herbivory are experimentally reduced, 
hahitats ihai diíĩer dramalically in seavveeđ composilion 
often become more uniíorin, usually resulting in a lovv- 
ering of total species richness due to the loss of belween- 
habitat diversity. In most cases, species that dominate 
following herbivore removal are palatable species that 
exclude, or signiíìcantly reduce the abundance of, herbi- 
vore-resistant plants. This is consistent with the hy- 
pothesis that the evolution of anti-herbivore deíenses 
can be achieved only by diverting energy and nutrients 
from other needs. Thus, defenses appear to be costly, 
and in the absence of herbivorv less defended individu- 
als or species witl have highcr íìtness than more heavily 
deíended individuals or species. This relationship is 
depicted graphicallv in Fig. 3. vvhen herbivores are 
rare, plant communities are dominated by competitively 
superior, but palatable, plants. When hcrbivores are 
common, defense is favored over rapid growth and com- 
petitive ability. Under thcse: condiúons, communities 
become dominated bv unpalatablc plants thai depend 
on the herbivores to remove better compciitors. I[ herbi- 
vores selectively graze compeútivc dominants, they 
tend to free resources for othcr species and increase 
biodiversity. Hovvever, if herbivores selectively graze
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FIGURE 3 The hvpothesized relaiionship between plant abundance 
and herbivore effectiveness for palatable and unpalatable plants. a, 
Inedible or deíended plants; b, palatable plants wiih a reíuge; c, 
palatable plants Yvithoui a reíủge. Spaũal patchiness of herbivorv 
wiihin a habitat allovvs muhiplé poỉnts on the x-axis lo cxisi vvithin 
the sáme habitat, thus increasing local biodiversitv (reproduced with 
permission from Anniuiì Rcvinv ọ/ Ecology and  System atics, Volume 
12, © 1981, bv Annual Reviews w w w .annualreview s.orỉ()Ị

com petitively in ferior species, they may hasten local 
extinction  o f poorer com petitors and lower biodiversity. 
This lattcr scenario  appears to be relatively uncom m on.

In the follow ing sections, we discuss how berbivores 
alĩect plant diversity over a range of spatial scales. Pal- 
terns occurring over a scale ol hundreds ol kilom eters 
are called geographic patterns. Patterns that occur over 
a scale o f several m eiers to many kilom eters and involve 
habitats that clearly differ in physical traits are called 
betw een-habitat patterns. Patterns occurring over only 
a few m eters and vvithin areas that appear relatively 
hom ogeneous are called w ithin-habitat patterns. Pat- 
terns on a scale o f centim eters or m illim eters are called 
m icrohabitat patterns.

A. Geographic Patterns
Large-scale patterns in plani distribution are usually 
assum ed to be due to physical param eters such as tem- 
perature. How ever, num erous correlative studies sug- 
gest that som e portion of geographic constraints on 
both  speciRc species (or phenotypes within species) 
and m orphological types may be due to geographic 
variance in herbivory. Because rates o f herbivory are 
h igher on tropical than on temperate reefs, one might 
predict that tropical plants would be better deíended 
than tem perate plants. There are few direct tests, but 
a recen t study dem onstrated that seaweeds from tropical 
reefs were signiRcantly less palatable and significantly 
b etter defended chem ically than were sim ilar seaweeds

írom lem peraie reefs. Similarly, sludies of many species 
of sầlt-m arsh plants along the coast ol the eastern 
United States show that  i n d i v id u al s  from S o u t h e r n  re- 
gions are less palatable to a range of com m on herbivores 
than are individuals of the same species Irom northern 
regions. These patterns suggest that herbivore-gener- 
ated processes shovvn in Fig. 3 could function on geo- 
graphic and local scales and could enhance global bio- 
diversity by creating differing selective regimes across 
these latitudinal scales.

Because tropical herbivores encounter more chem i- 
cally defended prey than do temperate herbivores, one 
rnight expect that tropical herbivores would be tnore 
tolerant of plant chem ical deienses than would tem per- 
ate herbivores. This contention has not been adequately 
tested, but initial tests o f a few tropical versus lemperate 
fishes and sea urchins are supportive of this hypothesis.

B. Between-Habitat Patterns
Near-shore reefs often suppori m ore seaweed biom ass 
and a diíĩerent community of seaweeds ihan oHshore 
reeís. Although bolh physical parameters and herbi- 
vores differ between these habitats, field experimenls 
demonstrate that these differences in seaweed commu- 
nity structure are determined to a significant degree 
by differential herbivore activity. Earlv studies in the 
Caribbean demonstrated that seagrass beds, unstruc- 
tured  sand plains, and shallovv u n stru ctu red  reef ílats 
supported different plant communities than did imme- 
diately adịacent reefs. Although the differenl physical 
regimes of these habitats appeared to be an adequate 
explanalion for the differing seaweed communities, cag- 
ing and transplant studies demonstrated that removal 
of herbivores allowed a more homogeneous distribution  
o f seaweeds across these different habitats and resulted 
in lowered biodiversity of the reef system as a whole. 
In several studies, seaweed species typical of shallow 
reef ílats invaded and dom inated deeper areas on the 
reef once herbivores were removed. For exam ple, when 
large Hshes were excluded from parts of a coral reef in 
Belize, large m acrophytes that were typical of nearby 
reef flats (but norm ally absent from the subtidal reeí) 
invaded in large num bers and signiíìcantly decreased 
the abundance of corals and herbivore-resistant sea- 
weeds during a 10-w eek period. O nce barriers were 
removed, this 10 weeks of algal growth was totally 
consum ed in less than 48  hr. A com m on response in 
herbivore exclusion experim ents has been for palatable 
seaweeds to com petitively suppress or exclude less pal- 
atable (and presum ably better deĩended) seaweeds, 
again suggesting a tradeoff betw een deíense and com - 
petitive ability.



c. Within-Habitat Patterns
By aggressively excluding other herbivores from their 
algal mats, territorial damselíìshes generate patches of 
intermediate grazing intensity in which algal species 
richness, evenness, and diversity are increased relative 
to either areas that are available to all grazers or areas 
from which grazers are excluded by cages. Several spe- 
cies that are normally excluded from unprotected areas 
due to grazing are found only within these mats. Thus, 
these territorial herbivores create distinct biotic patches 
crn an otherwise more homogeneous background, rai- 
sing species richness of the community as a whole.

In a similar manner, predators can strongly impact 
the spatial patterns of habitat use by herbivores and 
indirectly create mosaics of grazing intensity. In 
streams, algal-eating minnows avoid both shallovv areas 
where they are susceptible to terrestrial predators and 
areas near larger predatory íĩshes. In boih cases, these 
behaviors creale palches of increased algal mass sepa- 
rated by heavily grazed habilats with minimal algal 
mass. Similar mosaics are created in terrestrial habitats 
when desert rodents forage more heavily under bushes 
than they do in more open areas where they are more 
exposed to predators. Within grasslands, excavating 
mammals, such as badgers, prairie dogs, and pocket 
gophers, provide newly bared soils for fugitive plants 
that are unable to successfully invade undisiurbed plots. 
These microhabitat mosaics produce a series of succes- 
sional states vvithin the community and enhance 
plant diversity.

D. Microhabitat Patterns
In marine hard-substrate communities, small cracks 
and crevices serve as microhabitat escapes from some 
herbivores. Under these conditions, herbivory on ex- 
posed surỉaces may select for defended seaweeds, 
whereas selection íavors competitive ability in cracks 
and indentations. Work in experimental microcosms 
has shown that algal diversity decreases with increasing 
numbers of herbivorous íìshes when substrate is 
smooth, but that species number changes little with 
grazer densities if the substrate is more topographically 
complex. Thus, the presence of microhabitat escapes 
provided spatial reíuges for palatable species and pre- 
vented their exclusion from the system.

Some types of plants can generate microhabitat es- 
capes. There are many instances in agriculture and in 
the p lant-insect literature in which interspersion of 
host plants with non-host species interíeres with the 
ability of insect herbivores to find or effectively uúlize

their host. Spiny desert plants sometimes lunction as 
“nurse plants” where less well-defended juvenile plants 
escape grazing vertebrates until they become large 
enough to escape because of their size. Plankton com- 
munities also exhibit these associational reíuges; hcr- 
bivorous copepods may quit íeeding on palatable spe- 
cies of phytoplankton when they are mixed wúh 
adequate densities of chemically noxious species.

The effects of associational refuges on species rich- 
n e s s  have been addressed experimentally in several ma- 
rine com m unities. Num erous seaweeds that are coin- 
monly driven to local extinction by grazers persist in 
herbivore-rich communities by growing on or beneath 
their herbivore-resistant competitors. The brown sea- 
weed Stypopodium zonaìe produces cytotoxìc coin- 
pounds that deter feeding by Caribbean reef fishes and 
urchins. Numerous species of seaweeds are significantly 
more common near the base of Stypopodium plants ihan 
several centimeters away. When the chemically deter- 
rent plant is removed, these less deíended species are 
rapidly removed by herbivores, decreasing local species 
diversity. w hen  plastic mimics of Stvpopodium are 
placed in the field, they provide a partial reíuge for 
palatable species but they are less effective than the 
real plants, suggesting that associational rcĩuges are 
generated in part by the physíeal presence of a non- 
food plant but that the plants chemical repugnance 
makes the associational reíuge more effective.

In temperate communities, palatable seaweeds can 
reduce losses 10 herbivores by growing on or near un- 
palatable seaweeds. Growing in close associíUion with 
these unpalatable competitors drastically depresses the 
growth of palatable species, but the associational bene- 
fits, in terms of reduced herbivory, can more than offset 
this competitive cost. Thus, palatable species can be 
dependent on their unpalatable competitors to produce 
spatial refuges from herbivory and prevcnt their exclu- 
sion from the community. Both íìeld and mesocosra 
studies indicate that removal of common unpalatable 
competitors can cause extinction, rather than competi- 
tive release., of associated competitors that are more 
palatable. These associational reíuges were initially in- 
terpreted as arising from simple visual crypsis, but more 
detailed investigations suggest that chemistry plays a 
signiíicant role.

As a íìnal example, sulfuric acid can constìtute up 
to 18% of the dry mass of the brovvn alga Dcsmarcstia; 
this concentration is sufficient to dissolve barnacles 
from Coastal rocks when this alga is deposited in the 
intertidal by waves. In Chilean kelp beds heavily grazed 
by sea urchins, the palatable kelp Macvocystis cannot 
successfully colonize unless it invades an area encircled



b\ Dcsmcircstiu plants, which appear lo act as acid 
brooms that prevent urchins from entering the area.

The associational escapes discussed previously are 
opporlunistic rather than coevolved. As such, they may 
bc usecl by many organisms in a wide variety o í situa- 
tions. There are, however, more intimate associational 
reíuges or deíenses that may be coevolved. Many mi- 
crobes are precỉictabìy associatecỉ with speciGc species 
of macro-organisms. Because of the broacỉ ability of 
microbes to produce bioactive secondary metabolites, 
many host organisms could be coevolved with certain 
microbes because the microbes produce compounds 
ihat defend the host from natural enemies. For example, 
certain fungi iníect host grasses, produce toxins, and 
bv doing so make the grasses much more resistant to 
hcrbivores. Símilarly, marine cyanobacteria grow in 
host sponges and produce bioactive secondary metabo- 
lites that can protect the host. Therc are also instances 
in vvhich marỉne bacteria that arc specialized lo certain 
host suríaces produce metabolites that chemically de- 
fend their host from microbial pathogens. In such cases, 
pathogens or consumers may be selecting for special- 
ized microbial associates that deíend their host. Such 
associations could increase microbial diversity and the 
diversity of macro-organisms by allowing hosts to per- 
sist in new habitats, thus ĩacilitating both the evolution 
and the retention of increased species diversity.

V. HOST CHEMISTRY AS A PROMOTER 
0 F  CONSƯMER DIVERSITY

On sorae tropical reefs, fishes have been reported to 
bite the bottom in excess of 150,000 times/m2/day. 
In these areas, sm all herbivores such as amphipods, 
polychaetes, and crabs (collectively called raesograzers 
because of their size) woulcỉ live short lives if they 
occupied plants that were preíerred by fishes. Selection 
should thereíore favor seđentary mesograzers that live 
on and eat seavveeds that are chemically repellent to 
Rshes. Patterns supporting this notion have been docu- 
mented for divergent types of mesograzers in several 
of the worlcTs oceans. In the temperate Atlantic, some 
hcrbivorous amphipods and polychaetes live in tubes 
which they attach to the seaweeds they consume. These 
mesograzers selectively live 011 and feed from brown 
algae that are chexnically deíended from íìshes. By living 
in association with these seaweeds, which are seldom 
visited by íìshes, they lower their susceptibility to pre- 
dation.

The hypothesis that sedentary mesograzers minimize

predation by specializing on toxic hosts has been tesied 
more broaclly using (i) a specialist Caribbean amphipod 
that eats, and builds a mobile domicile from, a chemi- 
cally deíended alga; (ii) several species of crabs and sea 
slugs from both the Caribbean and tropical Paciíìc that 
each li ve on and feed from only one species of chemi- 
cally deíended alga; (iii) non-herbivorous amphipods 
that live on and build homes from only one species of 
chemically noxious seaweed; (iv) a decorator crab that 
minimizes prcdation by selectively decorating with a 
seaweed that ís chemically repellent to Rshes; and (v) 
contrasts between the palatability and susceptibility to 
predation or parasitism of specialist versus generalist 
herbivorous insccts. In alỉ these cases, predation on, 
or palatability of, the mesograzers was reduced as a 
consequence of their association with chemically nox- 
ious hosts. Aclditionally, mesograzers were generally 
stimulated or unaffected by plant compounds that de- 
terred ỉeeding by larger herbivores or predaiors.

There are numerous examples indicaling that sea- 
weeds or sessile invertebrates that evolve effective de- 
íenses against reef íishes may become evolutionary tar- 
gets for specialízed mesograzers that can escape or deter 
their own consumers by evolving a resistance to these 
compounds and living on, feeding from, and in some 
cases morphologically mimicking or sequestering de- 
íensive compounds from their toxic hosts. Thus, once 
hosts effectively deter common íìsh predators, these 
hosts can serve as valuable spatial escapes from prcda- 
tion for small consumers ihat specialize on these nox- 
ious hosts. As in many of the earlier examples, ihis 
creates spatial mosaics of selection within othcrwise 
more uniform habitats and allows for the evolution and 
retention of more species within the system.

VI. THE POTENTIAL IMPORTANCE 
0 F  PALEO-PATTERNS

Plant-herbivore interactions occurring today are the 
result of both modern ecological íorces and an evolu- 
tionary hístory that has been operating for many mil- 
lions of years. Major changes in plants or in herbivores 
can select for íundamental and oíten cascading changes 
in piant-herbivore interactions. For example, in mod- 
ern Aírican communities, grazing by elephants causes 
repeated deforestation of savannas, prevents larger 
plants from replacing grasses, and íacilitates retention 
of other herbivore species that require open-grazing 
habitats. It has been hypothesized that loss of elephants 
and other megaherbivores from Europe and the Ameri-



cas at the end of the Pleistocene may explain the dra- 
matic loss of other grazing mamtnals in these rcgions. 
It can be argued that elephant grazing prevented open 
savannas from converting to woodlands and ihat graz- 
ing by rhinoceros and hippopotamus prevented short 
grasslands from converting to less nutritious tall grass- 
lands. The loss of these large grazers would have caused 
mosaics of parklike woodlands and grasslands to con- 
vert to more homogeneous forests and less productive 
tall grasslands. The loss of the mosaic vegetation struc- 
ture is predicted to have caused the loss of numerous 
smaller herbivores that depended on spatial patchiness 
and the availability of nutrient-rich vegetation. This 
hypothesis is consistent with ihe variability in extinc- 
tion seen among Africa, Eurasìa, and the Americas and 
with the absence of extinctions at previous glacial- 
inierglacíal transiíions.

The mass extinction of megaherbivores at the end 
of the Cretaceous also coincided with a dramaiic change 
in the structure and species composition of the plant 
community. Most of the dominam íerns and cycads 
went extinct, but angiosperms and gymnosperms ílour- 
ished. The decreased herbivory following the mass ex- 
tinction should have allowcd vegetation to become 
much denser, potemially increasing competition among 
plants. This change is hypothesized to have lead to the 
evolution oí larger seeds as a way o( better provisioning 
ịuvenile planis. These larger seeds and the need for 
dispersal may have led to fruits for attracting animal 
dispersers. These abundant fruits and seeds are thouglit 
lo have [avored the evolution of small, ừuil-cating birds 
and mammals that aided seed dispcrsal.

The cause-effect relationships hypothesized 10 have 
driven the paleo-changes discussed previously must be 
viewed with caution, given the general inability to rigor- 
ously test hypotheses associated vviih evolutionary time. 
However, it is clear that maịor changes in vegelational 
structure often coincide with extinctions of large herbi- 
vores and visa versa. There is also broadly accepted 
support for the notion that there has been an evolution- 
ary arms race between vascular plants and their insect 
herbivores— the plants evolving chemical defenses 
against the insects, the insects responding by evolving 
resistance to some of these deíenses and then tending 
to specialize on plants with those chemical signatures, 
and the cycle then repeating. lt is hypothesized that 
this diverse range of plant chemical delenses serves as 
a rich and heterogeneous resource gradient that has 
promoted the dramatic diversiíìcaiion of herbivorous 
insects.

It is tempting to assume that coincident changes

in hcrbivores and plants are caused by ređprocal and 
evolved responses. However, such “co-cvolved” re- 
sponses may be difficult to differentiate írom ĩortuitous 
preadaptations. One marine studv with an especially 
complete fossil record provides an example. Encrusíng 
coralline algae are highly calciRed crusts that cover 
harcl substrates and fossilize so well that grazing scars 
attributable to specific types of herbivores (i.e., gastro- 
pods, sea urchins, or (ìshes) are clearly preserved on 
iheir surỉaces. These algae have left a long and abundant 
fossil record. Using fossilized corallines and informa- 
lion on present-day interactions between corallines and 
reef herbivores, one can convincingly argue that the 
evolution of herbivorous íishes (especially parrotíishes) 
dramatically increased herbivory on coral recfs and fun- 
damentally changed the selectivc regimes aííecting sea- 
weeds on reeis and reef community organization in 
general. Coincident wìth these changes in grazing pres- 
sure, coralline crusts with numerous trails thai mini- 
mized the effects of herbivorous fishes radiated dramati- 
cally while iheir assumed parent laxon (the 
soleno p o res ,  w hich  lacked these traits) d im in ish ed  in 
importance and eventually went extinci. From these 
coincident changes, it seems reasonable to assume that 
the escalation of grazing drove the evolution of 
corallines and selected for the numerous morphological 
iraits ihat minimized the etĩects of herbivores on 
corallines. Howevcr, the exceptionally complete fossil 
record lor the corallines allows this assumption to be 
tes ted .  Virtually all Lht’ m o r p h o l o g i c a l  t ra i ts  th a t  a p p e a r

1.0 be “adaptaúons” to grazing vvere present in ihe 
corallines before the evolution of macroherbivores and 
hundreds of milHons of years beíore the evolution of 
parrotRshes. Thus, grazing fishes may well have drivcn 
the solenopores extinct and may have changed reef 
ecology to favor the expansion of the corallines, but 
the corallines wcre. íortuitously preadapied for these 
changes— they did not adapt in responsc to them. Such 
examples should encourage caution in ecological inter- 
pretation of the íossil record.

VII. ƯSING GRAZERS TO MANAGE 
AND RESTORE ECOSYSTEMS

There is a long history of using grazcrs to maintain or 
restorc ecosystem structure, íunction, or diversity. Both 
productivity and plant species composition can be af- 
fectcd by manipulating the duration, intcnsitv, and tim- 
ingol grazing. Hcrbivore manipulations have been uscd



lo increase species diversity, to increase the aesthetic 
value of habitats, and to preserve endangered species. 
Most grazers being used as management tools come 
from terrestrial grasslands, but thcre are indications 
thai this practice might also be useful in a wide variety 
of habitats ranging from foresls and heaihlands to coral 
reefs and lakes. In the following sections, we discuss 
some examples by habitat type.

A. Grasslands
Grazers are crucial to the maintenance of grasslands 
because without them there is an accumulation of plant 
litter that sequesters nutrients, physically limits vegeta- 
tive growlh, and interĩeres with seedling establishment. 
In a 10-year experiment ỉocused on chalk grasslands in 
The Netherlands, sheep grazing helped rebuild speeies- 
rich grasslands that had been degraded due to agricul- 
tural use and heavy fertilization. W hen grazed and un- 
grazed plots were compared, the grazed plots had about 
50% more species and the relative mass of torbes was 
increased threeíold. Studies of other grassland systems 
and grazers have produced similar results. For example, 
sheep grazing can be used to reclaim heathland from 
woodland by opening up vegetation, repressing grovvth 
of scrub, promoting low-growing plants, and encourag- 
ing growth of dwarf shrubs. Experimenis with rabbits 
and bison show similar results. In both cases, when the 
grazers were removed trom grasslands, plant diversity 
declined.

Although grazing increased biodiversity in the pre- 
viously mentioned studies, several of ihese management 
elĩorts were designed to have this result, thus potentially 
providing a hiased impression of how grazing will affect 
plant species richness. Under some conditions, grazers 
decrease biodiversity. Effects are likely to vary as a 
íunction of the evolutionary history of the plants and 
herbivores, the types of habitats investigated, the levels 
of grazing employed, and when and for how long these 
grazing regimes are maintained. As an example of the 
variable effects that grazing can have on producer diver- 
sity, a recent study reviewed 44 comparisons of plant 
species richness under low versus high grazìng pressure 
in nutrient-rich versus nutrient-poor ecosystems. High 
rates of grazing reduced plant species richness in 100% 
of the nuưient-poor situations. In contrast, high rates 
of grazing increased plant diversity in 56% of the high- 
nutrient contrasts; diversity was unaffected by grazing 
in 36% of these contrasts and decreased by grazing in 
8% of the contrasts.

Manipulation of herbivores can also be used to alter

habitat traits, such as producúvity, ratcs of nutrient 
cycling, and nutrient, water, and organic levels in the 
soil. In general, herbivores often increase organic break- 
down and the mineralization of potentially limiting nu- 
trients such as nitrogen and phosphorous. In the Ser- 
engeti, the aboveground productivity of moderately 
grazed plots is stimulated to about twofold greater than 
the productivitv of ungrazed plots. In addition, un- 
grazed grass stands are senescent, whereas those grazed 
by large herbivores produce younger and more palat- 
able shoots.

Although raowing can crudely substitute for some 
grazer effects, grazing will generally produce greater 
diversity due to spatial mosaics produced by patchy 
grazing (versus even deíoliation by mowing) and local- 
ized trampling. Selectivity and patchiness of grazing 
will also be affected by herbivore morphology and be- 
havior. For example, leeth size and mouthpart mor- 
phology are important in determining the degree of 
selectively exhibited by grazers. For example, cattle are 
less able to graze individual plants or planl parts than 
are sheep, goats, or horses.

Fire has also been used as a surrogate for grazing 
or, in conjunction with grazing, to manage plant com- 
munity structure and species composition. This is espe- 
cially true in attempts to prevent exotics and woody 
species from altering grasslands. Although fire may be a 
necessary disturbance in some systems, such as tallgrass 
prairie, fire alone is oiten not suffìcient for restoration of 
biodiversity. After 9 years, in annually burned tallgrass 
prairie with nitrogen- addition, species diversity was 
48% lower than it was 5 years beíore burning started 
and 66% lower than in unburned plots. In contrast, 
mowed, annually burned, nitrogen-addition plots had 
more than twice the species diversity than similar un- 
mowed plots. Thereíore, mowing prevented a decrease 
in species diversity that vvould have occurred with only 
fire and nutrient addition. When bison grazing replaced 
mowing, plots that were grazed and burned had the 
highest species diversity of all plots. Similarly, in a 
Mediterranean grassland study, cattle grazing led to an 
increase in species diversity, vvhereas burning resulted 
in no signilĩcant difference.

B. Forests
Many tropical forest trees produce large fruits that ei- 
ther fall near the parent tree or are dispersed by birds, 
primates, and other large mammals to sites reraote from 
the adult tree. Dispersal is so critical for some of these 
species that their seeds require gut passage through



dispersal agents beỉore they can germinate. Because of 
the reliance on dispersers and the heavy predation on 
seeds near the parent canopy, it has been suggested 
that seed predators and dispersers are critical for main- 
taining tree species diversity in tropical forests. By selec- 
tively preying on seeds that fall near parent trees, spe- 
cialized seed predators may decrease the survivorship 
of seeds near parents, preventing the oecurrence of 
monospeciíìc patches of íorest trees and íacilitating a 
more even and diverse assemblage of species. Because 
larger animals disperse ihe seeds of rnore than half of 
woody plant species, they play a critical role in remov- 
ing seeds from sites of high predaùon and in introduc- 
ing new species into different patches within a forest. 
The hunting, poaching, and habitat modifications thai 
have left many forests depauperate in these animal clis- 
ỊDersers h a v e  b e e n  s u g g e s te d  10 be a cause o f  lo w e r e d  

plant diversily in tropical forests. If this is correct, then 
eíĩective management of tropical forests may require 
the replenishment of large-bodied seed dispersers.

Livestock introcluced lo serve as seed dispersers can 
partially replace native dispersers that disappeared dur- 
ing the Pleistocene megaíaunal extinction. The íeeding 
activities of these introduced species can increase the 
range of some plants that produce large, íleshy íruits. 
In a lowland deciduous forest in Costa Rica, introduced 
horses and catile feed on the íruits of ịicaro (Crescentia 
aỉata) and disperse their seeds. In areas with livestock, 
jicaro  are common. In areas in which livestock are 
absent, jicaro is relatively rare and occurs primarily in 
small, spatially restricted patches.

Many seed dispersers subsist exclusively on íruit for 
at least part of each year. This suggests that removal of 
seed dispersers by anthropogenic activities could have 
several repercussions. First, decreased seed dispersal 
could eventually lead to a decrease. in the number of 
mature seed-producing parent plants. This would in 
lurn lead to a decrease of importani wildlife food re- 
sources, which could then lead to even lower n u m b e r s  

of seed dispersers. This situation can be especially criti- 
cal if a particular tree species is pivotal in mainiaining 
the health of dispersers during food-limiting seasons. 
For example, Casearia in tropical rain íoresls produce 
rich fruit during seasons of relatively low fruit abun- 
dance and likely supply much of the diet of local fruit- 
eating dispersers. In addition, this species supports fru- 
givorous birds that are very importanl dispersers to 
man)' o th e r  tree species  during seasons w h en  fruit is 
more abundant. The dísappearance of animals that feed 
on Casearia  fruits, leading to decreased recruitment of 
Casearía, could have far-reaching effects on the Corest 
community. This scenario is thought to have occurred

with jicaro. Frugivorous bats also leed on jicaro, and 
it is thought that a decrease in ịicaro following the loss 
of Pleistocene seed dispersers led to a decrease in bats 
and then, to a corresponding decrease in other fruit- 
producing plant species on which bals feed.

c. Lakes
Attempts to regulate the community composition of 
lakes have produced a m a tu re  S c ie n c e  in vvhich th e  

separate and Interactive effects of both phvsiochemical 
and biotic interactions are reasonahly well understood 
and usecl in novel ways 10 manage lake ecosystems. 
Success in these systems has been achievcd by fusing 
an understanding of biotic processes such as competi- 
tion and predation (traditionally studied bv population 
and community ecologists) wiih an understanding of 
the role of physiochemical processes (traditionally stud- 
ied by limnologists and ecosystem ecologists). Invesú- 
gations by Steven Carpenter and colleagues have been 
especially imporiant in stimulating this fìeld.

Problems of harmíul algal blooms, fish kills, and 
general eutrophication of lakes have become increas- 
ingly apparent. Inilial attempis to explain ihese prob- 
lems, and lake productiviiy in general, as a íunciion 
of nutrient levels revealed that nutrients could vary 
considerably in lakes with similar bioúc communities 
and ihat nutrient levels (also known as boltom-up ef- 
íecls) explained only approximately 50% of the variabil- 
ity in lake produclivity. This íìnđing prompted lake 
ecologists to investigaic ihc clíccts of irophic cascadcs 
(or top-down effects) in structuring thcse ecosystems. 
By understanding and manipulating both the bottora- 
up effects of nutrients and the top-down effects of con- 
sumers, lake ecologist have been remarkably successful 
at altering biotic communities and ĩundamental pro- 
cesses (e.g., productivity and nutrient cycling) oc- 
curring in lakes.

Because lake communities are structured by ìnterac- 
tions between physiochemical conditions and biotic 
processes, initial attempts to manage lakes by managing 
nutrient inpul met with only variable success. vvhen 
the traditional focus on nutrients was merged with lop- 
down raanipulation of trophic structure, greater success 
vvas achieved in the control oílake phytoplankton pop- 
ulations and productivity. Mechanisms for this are as 
follows: As piscivore biomass increases, iheir feeding 
causes a decline in the biomass of small [ishes that feed 
on herbivorous zooplankton; with the decline of these 
planktivorous íìshes, the biomass of large herbivorous 
zooplankton increases and causes a decline in phyto- 
plankton biomass and an increase in water clarity (Fig.



4). In all these instances, productivitv of each group is 
maximized at intermediate levels of piscivore biomass. 
This system of trophic cascades allows managers to 
affect planktivore, herbivore, or phytoplankton biomass 
and productivity Via manipulation of larger tĩshcs 
(which can be done using fish addiúons, removals, or 
common fisheries management practices).

Whole lake manipulaúons have shown that piscivo- 
rous fish populations can regulate planktivorous fish 
populations in both North American and European 
lakes. For example, in an experiment by Carpenter and 
Kitchell, one lake had a high bass (piscivorous lĩsh) 
population and a small minnow (zooplanktivorous fish) 
population, whereas another had a low bass population 
and a high minnow popưlation. Ninety percent of the 
large bass population was placed in the bass-deíìcient 
lake, and 90% of ihe large minnow population was 
placed in the minnow-deíicient lake. W here bass were 
added and minnovvs removed, ihe size of herbivorous 
zooplankton increased due to decreased predation. This 
led lo decreases in chlorophyll concentration and pri- 
mary production. In ihe opposite experiment, trophic 
interactions ultimately led to increases in chlorophyll 
concentration and primary productivity.

The interaction between irophic cascades and nutri- 
ent addition has also been addresscd. In whole lake 
experiments in which phosphorous was added to lakes 
with a high or low density of piscivorous íìshes, only 
a high density of piscivorous fishes was eíĩective in 
maintaining low levels of palatable phytoplankton. The 
added nutrients increased the biomass of herbivores 
and colonial blue-green (unpalatable) algae but not the 
biomass of palatable algae. Grazers can conlrol chloro- 
phyll levels at phosphate loading signiíicantly higher 
than loads that cause eutrophication. However, grazer 
control of undesirable blue-green algae appears to fail 
at phosphate loading rates lower than those used in 
this manipulalion.

Planktivore Herbivore Phytoplankton
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D. Coral Reefs
Feeding by large generalist herbivores, such as íìshes 
and sea urchins, is critical for maintaining the coral- 
generated topographic complexity that hclps maintain 
biodiversity on tropical coral reefs. lf these herbivores 
are removed, reef corals are competitively excluded by 
seavveeds. For example, overharvesting led to severely 
depleted populations of herbivorous fishes on coral reef 
in Jamaica. However, the effects of overíìshing were nol 
fully realized for decades because the lowered numbers 
of predatory and competing herbivorous fishes allowed 
a build-Lip of herbivorous sea urchins that largely com- 
pensated for the declining fish grazing. w hen the urchin 
population was severely reduced by disease, macroalgal 
cover increased from 4 to 92%, severely overgrowing 
corals and inhibiting coral recruitment. The few grazers 
left on the reef (small parrotíĩshes and surgeonfishes) 
were not enough to control the algal grovvth, vvhich 
has persisted for mo re than a decade. From scenarios 
such as this, it is evident that a higher density and 
diversity oi grazers are required to decrease algal cover 
and allow coral recovery.

Manipulating these herbivores would thereíore be a 
logical way to manage critical biotic processes on coral 
reefs. Because of the open nature of raarine populations 
(i.e., the long-distance larval dispersal typical of most 
reef herbivores means ihat populations must be man- 
aged regionally rather ihan locally), this is a more chal- 
lcngíng proposition than in the lake or grassland 
systems discussed previously. However, ihere is consid- 
erable evidence that degrading reeỉs recover, or degrade 
more sỉowly, when they are protected from íìshing than 
when íĩshing is allowed to continue. The increased 
health of the protected reefs is correlated with an in- 
crease in herbivorous íĩshes. Managing reefs to facilitate 
largeted herbivores that are especìally important in re- 
moving reeí macrophytes is a promising tool ior aiding 
coral reef recovery. This more directed approach is cur- 
rently being initiated but is not yet a proven tool for 
coral reef management.

VIII. SƯMMARY

Coexistence of potential compeútors within diverse 
plant communiúes has often been explained as a result 
of lìne-scale resource partitioning. This is assumed to 
have resulted from an evolutionary history of competi- 
tive encounters and is usually iníerred from shifts in 
abundance that occur between habitats with different 
physical characteristics. Both maríne and terrestrial



plants show predictable patterns of distribution that 
can be interpreted as ihis type of habitat partitioning. 
However, manipulative experiments in marine systems, 
and to a lesser extent some terrestrial communities, 
show that many plants are habitat generalists and that 
both between- and vvithin-habitat patterns of distribu- 
tion are often controlled by herbivores. Spatial patterns 
in herbivore effectiveness create a mosaic of habitats 
that differ in the degree to which they favor poorly 
defended but competitively superior species versus 
well-defended but competitively inferior ones. If herbi- 
vory is decreased, the mosaic nature of the habitat is 
reduced and many well-defended species are excluded 
by competition. This pattern occurs across a large range 
of spatial scales and can explain between-habitat differ- 
ences in plant communities that occur hundreds of 
meiers apart, within-habiiat differences that occur only 
a Iew meters apart, and microhabitat differences that 
occur on a scale of centimeters or millimeters. A portion 
of the microhabitat pattern is created by the plants. 
For example, consumption of palatable plants can be 
significantly reduced when they grow on, or are inter- 
mixed with, unpalatable plants. These associational ref- 
uges increase species richness by allowing palatable 
forms to invade grazed areas after unpalatable íorms 
establish and create microsites of reduced herbivory. 
At all of the scales examined, herbivore activities that 
promote spatial mosaics of herbivore eíĩectiveness, or 
that differentially affect dominant plants, help to main- 
tain higher biodiversity.

Poraging by herbivores is oiten conslrained by fac- 
tors (e.g., predaúon) that do not directly affect the 
physiological perĩormance of primary producers. For 
plants, this dìílerential use of space by hcrbivores often 
produces a spatial mosaic of selective regimes in an 
area that would othenvise be treated as one uniíorm 
habitat; this inieraclion commonly results in elevated 
species richness. The strong eítecls ot herbivores on

plants, and the strong effects of plants on communúy 
structure in general, mean that manípulations of p lant- 
herbivore interactions can oíten be used as an effective 
management tool for promoting the maintenance of 
biodiversity or ecosystem function.
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GLOSSARY

aerosols Microscopic airborne particles.
albedo The íraction of light hilting a suríace thai is re-

ílected.
anthropogcnic Resuliing írom human activities. 
clim ate sensitivity Long-term change in global mean 

suríace temperature following a doubling of equiva- 
lent carbon dioxide ( C 0 2) concentration in the atmo- 
sphere.

Earth energy balance Average balancing of incomỉng 
solar energy by outgoing terreslrial radiation for 
Earth as a whole. 

equivalent CO2 concentration Concentration of car- 
bon dioxicle that would cause the same amount of 
radiative íorcing as a mixture of carbon dioxide and 
other greenhouse gases. 

fecdback Change in a system component that triggers 
effects that eventually change the original compo- 
nent again. Feedbacks can be positive (self-reinforc- 
ing) or ncgative (self-dampening).

greenhouse gases Atmospheric gases that can absorb 
and reradiate inừarecỉ radiation. 

radiative íorcing Measure used to express and compare 
the potential of climate change íactors to perturb ihe 
Earth energy balance, reported in watts per square 
meter (w m “2). A positive radiative íorcing tends to 
warm the Earths suríace and a negative radiative 
íorcing tends to cool the suríace.

THE “GREENHOƯSE E F F E C T ” REFERS TO THE PRO- 
C ESS  by which inírared radiation-absorbing gases in 
Earth’s atmosphere trap heat and thus iníluence climate. 
This article gives an overview of the anthropogenic 
loacling of greenhouse gases into the atmosphere and 
associated effects on recent and íuture climate change, 
summarizes íeedback effects, and describes potcntial 
and current impacts of climate change 011 biodiversity.

I. INTRODUCTION

Earths climate, from daily weather events to glacial and 
interglacial cycles, is driven by the amount of radiation 
received from the sun and how that radiation is distrib- 
uted throughout the global Earth-atm osphere system. 
The atmosphẹric greenhouse effect acts as an important 
íactor in establishing a temperature that is hospitable 
íor life. The basic mechanism is simple and was fìrst
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detailed by the Swedish physicist Svante August Arrhe- 
nius in 1896. Light [rom ihe sun largely penetrates the 
atmosphere and is absorbed at the planetary suríace. 
There, it is converted from energy in the form of lighi 
to energy in the form of heat (longwave inírared radia- 
tion). As the surface temperature rises because of this 
heat, Earth radiates more and more heat back out to 
space, thereby maintaining an energy balance. Several 
gases in the atmosphere, reíerred to as “greenhouse 
gases," absorb some of the heat emitted from Earth's 
surĩace and reradiale it back tovvard ihe surface, caus- 
ing the temperature to rise. Without this naturally oc- 
curring greenhouse effect, Earth’s average suríace tem- 
perature would be — 19°c, about 33°c colder than il is 
today. The term “greenhouse effect,” though popular, 
is a misnomer because the warming efíect ol glass green- 
houses is due primarily to suppression of convection, 
not trapping of infrared radiation.

II. ENHANCED GREENHOUSE EFFECT

The most important naturally occurring greenhouse 
gases are vvater vapor, carbon dioxide (CO ị), methane 
(CH4), nitrous oxide (NiO), and ozone ( O j ) .  Although 
water vapor plays the biggest role in generaúng the 
natural greenhouse effect, anthropogenic emission of 
the other gases, along with artiíìcially produced chloro- 
fluorocarbons (CFCs), are most important ingenerating 
an enhanced greenhouse effecl. Detailed instrument 
data show that conccntrations of ihese gases have been 
increasing since preindustrial times (~ 1 7 5 0 )  (Table 1), 
particularly in recent decades, largely due to human 
industrial, agricultural, and urbanization activities. As 
the concentrations of greenhouse gases increase in the 
atmosphere, they conlinue to trap and reradiate more 
and more heat, resulting in rising suríace temperature 
and olher climatic changes.

Incrcases in COị account for about 65% of the cur- 
rent direct positive radiative forcing due to anthropo- 
genic loading of greenhouse gases (Fig. 1). The atmo- 
spheric COi concentration has increased 30% since 
preindustrial times, as a result of increasing emissions 
from fossil fuel combustion, land conversion, and ce- 
ment production, and is continuing to increase by 0.4% 
per year (Fig. 2). If future emissions of COị are main- 
tained al 1994 Ievels, its atmospheric concentration will 
be close to double the preindustrial level by the end 
of the twenty-(ìrst centurv. In ihe absence of strong 
emissions C o n tro ls , given increasing global energỵ and 
resource consumption. COi concentrations may double 
by 2040 and vvill continue to increase dramatically (Fig.

3). Concenirations of other greenhouse gases, particu- 
larly methane and nitrous oxide, are also expected lo 
rise, resulting in an earlier doubling of the equivalent 
CO) concentration. Greenhouse gases tend to remain 
in the atmosphere for many years (see Table I) and 
consequently are well mixed. They continue to affect 
the climate long after initial emissions and later stabili- 
zation of atmospheric concentrations.

Aerosols can alter the climate by changing atmo- 
spheric albedo. These fine particles absorb and reílect 
solar radiation and alter cloud properties. Sulĩate aero- 
sols from fossil fuel emissions and smelting tend 10 
have a negative effect on radiative íorcing and thus cool 
the climate. Curreni estimates of direct radiative forcing 
are —0.5 w m 2 due to aerosols compared to 2.45 
w m due to greenhouse gases (see Fig. 1). Unlike 
greenhouse gases, aerosols are very short-lived in the 
atmosphere and thereíore are not well mixed and re- 
spond rapidly to changes in emissions.

III. CLIMATIC C0NSEQƯENCES: 
GLOBAL NVARMING

A. Past Climate Change
Scientists use deep ice cores drilled from glaciers in 
Antarctica, Greenland, and South America to examine 
ancienl climate and atmospheric irends over the last 
several hundrcd ihousand years. The data Irom these 
ice cores reveal a strong correlation helween tempera- 
ture and COị concentrations (see Fig. 3) and suggest 
that a doubling of COị has been historically associated 
with a 3 to 4° c  tetnperature increase (Lorius ct a i , 
1990). However, it is uncertain whether (1) the ob- 
served increases in COị drove the wanning or whether 
(2) warming due to planetary orbital changes drove 
increases in C 0 2. If the (ìrst hypothcsis is correct, the 
historic temperature sensitivity to natural c o 2 increases 
is comparable to thai expected from anthropogenic 
loading of greenhouse gases (see Section 1II,C). lf the 
second hypothesis is correct, current climate models 
may underestimate how much lemperature will in- 
crease in response to anthropogenic additions of green- 
house gases to the atmosphere. If an inilial vvarming 
(whether from orbital changes, greenhouse gases, or 
some other factor) resuks in more almospheric CO ị 
and other greenhouse gases, the increased gases would 
lencl to drive additional vvarming. This vvould represent 
a positive ĩeedback effect thai is currently noi included 
in climale models (see Section IV).



TABLE I

A S a m p lc  o f  G rc c n h o u s e  G a se s  A ffe c lcd  bv  H um an A c tiv it ie s1'

C O , c h 4 N ;0 C.PC -l 1 H C P C -22

P re-in d u stria l — 2 8 0  ppm v — 7 0 0  ppbv ~ 2 7 5  pphv 0 0
co n c e n ư a tio n

] ') l)4  c o n c e n - 3 5 8  ppm v 1 7 2 0  ppbv ? 121’ ppbv 2 6 8 ' ppb\' 110 pptv

tra tion

Raic o f  ch an g c ' 1.5 p p in v /y r 1 0  pp b v/v r 0 .8  p p b v/y r 0  p p tv /y r 1.2 p ptv/yr

%  rate  o f  ch an ge' 0 .4 % /y r 0 .6 % /y r 0 .2 5 % /y r 0 % /y r 5 % /y r

A lm o sp h cric 5 0 - 2 0 0 '' 12 ' 120 50 12
lifcLim e (y ca rs )

D irc t l  rad iative 1 .5 6 0 .4 7 0 .1 4 0 .2 5 Í
ío r c in g  (W m  ! )

" A d aptcd  froni H ou gh io n  ct III. (1 9 9 6 )  hv p erm issio n  Irom  llie  S ecre tary  o f the 1PCC.

p pn iv , p arts  p cr m illio n  by v olu m e; ppbv, parts p cr b illio n  bv v o lu m e; pp iv , p arts  pt-r ir illio n  by volu m e.
h E s tim a le  from  1 9 9 2 - 1 9 9 3  dala.

' N o s in g le  liícù n ic  for C O ; can  b e  d ctin ed  b e cau se  o f  d iffercn t raies o f  u p take bv d iffe rcm  s in k  p rocesses.

J ThLs has b ecn  d e íìn cd  as an  a d ju stm em  lim e  w h ich  tak es in to  a cco u n t the in d irect c lĩe c t  o f  m ethan e 
0 1 1  ils  o w n  lifetim c.

■' T h is  is ih e  dirccL rad iative lo rc in g  due 1 0  C F C s  and  HCPC.S co m b in ed . Hovvevcr, ih c ir  n c i rađ iative 

Ib rc in g  is red u ced  bv ab o u t 0 .1  W m  - b c ca u se  they have cau seđ  s tra to sp h er ĩc  o z o n c  d cp lctio n  vvhith gives 
rise to  a n egative rad ialiye íorcin g .

1 T h e  g ro w lh  rates o f  C O ị , CH.I and  N jO  arc avcraged  o v cr the d ecad e b cg in n in g  1 9 8 4 ; h ak tcarb o n  grovvth 
ra lcs  a re  b ascd  o n  1 9 9 0 - 1 9 9 4  data.

B. Recent Climate Change
Rcceni observalional data not only documenl increaseđ 
atmospheric concentrations of greenhouse gases, but 
also reveal the íìrst “íìngerprint" of human-induced 
global warming. Global average surface temperature 
trends reveal a 0.3 to 0 .6 °c  temperaiure increase during 
the twentieth century, with the ten hottest years on 
instrument record occurring after 1980. Models that 
take into account both the positive effects of greenhouse 
gases and the negative effects of aerosols predict the 
observed upward trend of lemperature quite closely 
(Fig. 4 ), inđuding perturbations like the temporary 
decrease in global average temperature due to strato- 
spheric aerosol loading from ihe 1991 Mt. Pinatubo 
volcano eruption. The current consensus among scien- 
tists is that “the balance of evidence suggests a discern- 
ible human iníluence on global climate” (Houghton et 
a i ,  1996 ) (see Box 1).

How do the recent temperature increases compare 
to natural climate variability? The long-term climatic 
record is quite variable, vvith changes of up to l°c per 
decade during the most volatile periods of transition 
from the last glacial to the current interglacial period. 
However, in the last 10,000 years of the current intergla- 
cial period, íluciuations have generally not exceeded

l°c  per century, making it unlikely thai the recent 
observed irends and expected increases in temperature 
over the next 100 years are merely due to natural cli- 
rnaie variability.

c. Future Climate Change
w hat will the future bring? General circulation models 
(GCMs) integrale the physics of radiative íorcing, ocean 
dynamics, and other complex Earth-atm osphere pro- 
cesses in order to simulate and predict climate trends. 
The current consensus, based on multiple GCM fore- 
casts, is ihat a doubling of equivalent COị concentration 
(reíerred to as “2 X COị”) in the atmosphere over 
preindustrial concentrations will result in a global mean 
average temperature increase of 1 to 3.5°c (Houghton 
ct a l ,  1996). A 2 X  C 0 2 atmosphere is used as a bench- 
mark by climate change scientists to establish climate 
sensitivity and lo compare scenarios and predictions, 
but greenhouse gas concenlrations will contínue lo in- 
crease beyonci a doubling, resulting in even greater 
temperature increases.

GCM and associated simulation studies point to 
many climatic impacts of increases in greenhouse gases 
and aerosols that will be of particular importance to 
ecosystems and biodiversity. First, surface warming will
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ran ge, based  largely  on th e spread o f  p u b lish ed  valư es. T h e  “co n fid e n c c  lev e l” in d ica tes  su b ịectiv e 

co n fid en ce  th ai ih e  actu al ío rc in g  lies vvithin th e e rro r bar. (R ep rin iec l fro m  S ch im cl et ul-, R adiaiive 

íb rc in g  o f c lim a ie  ch a n g e , in  H ọ u gh to n  cl a i ,  1.996, by p e rm iss io n  fro m  the S e c rc ta ry  o f the IP C C .)

not be uniỉorm. Under a 2 X C 0 2 atmosphere, average 
temperature increases are predicted to be greatest at 
the poles (S5510°C) and leạst at the equator (^ 1 °C ). 
W inter temperatures will increase more than summer 
temperatures, and nighttime rnore than daytime tem- 
peratures. The incidence of record-breaking hot days 
will tend to increase in the summer, and fewer frost 
days are likely to occur in the winter. Second, warming 
is predicted to increase evaporation and global mean 
precipitation, and may increase cloud cover. High and 
middle latitudes and elevations are predicted to experi- 
ence increases in winter precipitation, more winter pre- 
cipitation íalling as rain, earlier snowmelt, and reduc- 
tions of summer soil moisture in noncoastal areas. 
Tropical precipitation is likely to change, but how it 
vvill change is uncertain. Third, the ừequency and inten- 
sity of extreme weather and disturbance evcnts (e.g., 
drought, deluge, summer heat waves, hurricanes, fires) 
are expected to increase. Fourth, gìaciers are predicted 
to retreat and melt, sea levels may ri se up to 95 cm as 
a result of a 2 X C 0 2 atmosphere, and suríace waters 
are likely to warm.

Sonic of these trcnds havc alrcady bccn observcd in 
recent climate da ta. For example, more warming has 
occurred toward the poles, nightlime temperatures have 
increased raore than daytíme temperaiures, warming 
has been greatest over the midlatitude continents in 
winter and spring, snowpack is decreasing and snow- 
melt is occurring earlier at high latítudes and elevatìons, 
glaciers are retreating, and sea levels have risen 1 0 -2 5  
cm during the last 100 years.

IV. FEEDBACKS

A. Geophysical Feedbacks
Recent general circulation models include not only 
mechanisms underlying clirect greenhouse gas and aero- 
sol radiative ĩorcing, but also mechanisms underlying 
three large íeedback processcs: water vapor, snovv/ice 
albcdo, and cloud cover. Because the capacity of the 
atmosphere to holđ water vapor increases as il vvarms, 
and because water vapor acts as a greenhouse gas to
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FiGU RE 2 C O . c o n c e n ir a t io n s  o v cr th e  p ast 1 0 0 0  y ears írom  fou r A n ta rctic  ice  co re  re co rd s  (D 4 7 , D 5 7 , 
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íurther increase temperature, a positive íeedback to the 
climate is created that ampliỉìes warming. The snow/ 
ice albedo effect is also a positive íeedback— as vvarmer 
tempcratures melt highly reíleclive snovv and ice at the 
poles and high elevations, thus lovvering suríace albedo, 
Earth will absorb and radiate more inírared radiation, 
which vvill augment vvarming. Cloud íormation adds 
much of the uncertainty to GCM estimates because the 
impacts of warming and other changes to the atmo- 
sphere on cloud íbrmation are myriad and diííìcult to 
predict. In addition, because clouds can form at many 
heights, over land or water suríaces with differing albe- 
clos, and with many shapes, clouds can have multiple 
negative and posítive íeecìback effects.

B. Biogeochemical Feedbacks
As complex as GCMs are, thcy fail to incorporate many 
potentially important aspects of chemical and ecological 
processes that are likely to produce additional íeedback 
effects. Though it is likely that none of these íeedbacks 
is indívidually as strong as the geophysical íeedbacks 
already incorporated in to GCMs, together they repre- 
sent a potentially significant perturbation to the climate 
system. Biogeochemical íeedbacks could greatly in-

crease climate sensitivity to a 2 X CO) almosphere (up 
to 8 -1 0 °C ; Lashof, 1989) compared to current model 
predictions ( 1 - 3 .5°C). Many biogeochemical ĩeedbacks 
clue to global warming will also inieract with other 
anthropogenic stresses, such as dcĩorestation and pollu- 
tion, to íurther exacerbate or reduce cỉimate change 
effects at local, regional, and global scales.

1. M arine Feedbacks

Global warming is likely to drive many complex marine- 
based feedback processes, of which only a few are men- 
tioned here. W ith regard to geochemistry, the warming 
of ocean suríace waters expected under climate change 
will redưce the capacity of those waters to hold đis- 
solved C 0 2, resulting in a positive íeedback since less 
C 0 2 will be removed ỈTom the atmosphere. lf the addi- 
tional suríace water warmth travels down the water 
colurnn, methane could be released from temperatare- 
and pressure-sensitive hydrates that are present in some 
ocean íloor sediments. This would also result in a posi- 
tive íeedback since the released methane, a ?,reenhouse' o
gas, would cause more warming.

W ith regard to biology, more than a third of annual 
global primary production occurs in ocean suríace wa- 
ters, primarily by microscopic single-celled organisms
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B o x  1

Critical Viewpoints and Responses

Although scienlists currently have reached a 
strong consensus regarding the relationship be- 
tween atmospheric loading of greenhouse gases 
and recent and projected global warming trends, 
a few critics express alternative viewpoints about 
climate change. Responses to some skeptical 
views follow:

1. The gìobal warming trend ovcrthe past 100 vcars 
is the resuỉt of an increasingỉy bríghtcr sun. No 
mechanism is known that could convert the 
observed very slight changes in solar output 
into a warming trend consisteni with observa- 
tions.

2. S a te l l i t e  d a ta  d isp ro v e  thí' h y p o th e s i s  ih a t  rcccnt  
xvarming is duc to grcenhouse gascs. Satellite 
data cover too short ol a period to disprove 
climate models, but the available satellite data 
(mostly on upper atmosphcre temperatures) 
are reasonably consistent with model projec- 
lions.

3. Mnst oj thc recent warming o ccu m d  carlicr in 
the century but the atmospherc has onìy clramatí- 
caìlỵ changed more recentìy. The vvarming trend 
since .1970 has been even more dramaiic than 
that early in the century, consisteni vvith the 
increasing rate of atmosplieric greenhouse 
gas buildup.

4. A cooling trencỉ during the pcriod 1 9 4 0 -1 9 7 0  
contradicts our climate models. The observeđ 
cooling trend resulted frotn measured increas- 
ing levels of aerosols and dust in the atmo- 
sphere during that period. Although climate 
modelers initially failed to include atmo- 
spheric particulales in their analyses, when 
particles are included, the model predictions 
are consistent with observation.

5. W e  wiII w d c o m e  g l o b a l  w u rm in g  b c a m s e  an ice  
a g c  is Corning. The timescale at vvhich Eartb 
will cool is over several thousand years and will 
not be counieracted by anthropogenic climate 
change. Over millennia, the current anthropo- 
genic warming episode vvill slowly dissipate as 
humans siop loading grccnhouse gases into 
the atmosphere and as most of the exccss COị 
is naturallỵ sequestered in the deep oceans.



callecl phvtoplankton, vvhicb form thc base oT the oce- 
anic food web. Through the process of photosynthesis, 
CO) is íixed by the phytoplankton and thus transíerred 
from the atmospherc to ocean surface walers. Some of 
ihat íi.xed carbon, in the form oi dead bodies and fecal 
matter of phytoplankton and other organisms, sinks 
inio deep ocean layers and sediments and is sequestcrcd 
thcre, whcre it can no longer be exchanged with the 
atmosphere on short timescales. This process is referred 
to as the “biological carbon pump" and has been impor- 
tant in maintaining a level of CO ị in the atmosphere 
that is currently about 40% lower than it would be in 
thc absence of marine organisms. Because the amount 
of marine primary production is dependent on the sup- 
plv o í nutrients and sunlight to ocean surface layers, 
any way in vvhich global warming akers those inputs 
can create ĩecdbacks to warming. One of many hypolhe- 
sized íeedbacks, in this case positive, is that global 
warming will tend to điminish the iniensity of the oce- 
anic circulation of nutrients, leading to more homoge- 
neous, diffuse ocean productivity and hence a decrease 
in the amount of carbon “pumped” into deep ocean 
layers (Rowc and Baldauf, in Woodwell and Macken- 
zie, 1995).

2. T errestria l Feed backs

About three tirnes as much carbon is stored in terrestrial 
vegctation and soils than is stored in thc atmosphere. 
Through photosynthesis and respiration, morc than 
one-eighth of atmospheric COị ìs exchanged each year 
with terrestrial ccosystems. Changes- lo terrestrial- 
atmospheric carbon cycling thus have the potential to 
produce significant feedbacks to climate change. The 
ĩecdback pathways for carbon in terrestrial ecosystems 
arc complex, representing both positive and negaúve 
ĩeedbacks. Perhaps the most well-known polential car- 
bon cycle íeedback is the “COi fertilization effect,” 
which refers to the stimulation of photosynthesis by 
increased levels of C.O j, which in turn can result in 
increased plant growth and greater storage of carbon 
in vegetation. This represents a negative íeedback to 
global warming. Hovvever, ecosystem-level experiments 
appear to indicate that fertilization effects may tend to 
disappear aíter a few years, and the magnitude of effects 
may he strongly impacted by water and nutrieni avail- 
ability (Lashof et a i ,  1997).

Climatic changes that will  accompany higher con- 
centrations of C 0 2 make it even more complicated to 
predict the net effect of global warming on the storage 
of carbon in vegetation and soil versus the atmosphere. 
For example, under global vvarming, changes in water 
availabilitv and  Lemperature will reduce the C 0 2 uptake

and growth of some plants while íavoring others. Re- 
suhing changes in plant community composition can 
alter the quantity and qualitv of litter that enters the 
soil, which can lead to changes in soi] carbon storage. 
Soil microorganisms will noi only respond to changes 
in litter inputs, but will also be directly affected by 
changes in climate. Microbes and (ungi tend to respire 
m ore C O ị to the atm o sp here  as tem peratu res  increase .  
However, rates of respiration depend on levels of soil 
moisture, and different extremes of water availability 
(both too much and too little) will tend to decrease 
respiration. The effects of clứnate change on microor- 
ganisms will also alter íluxes of other greenhouse gases 
such as methane in wetlands (e.g., northern peatlands, 
which store large amounts of carbon and may be a 
source of strong positive íeedback to warming) and 
nitrous oxide in moist tropical soils.

In addition to the more direct effects of changes in 
temperature and moisture on the terrestrial carbon cy- 
cle, indirect elĩects such as ihe alteration of fưe regimes 
due to climate change may produce signiíìcant feed- 
backs. In general, predicted increases in fire írequency 
for many ecosystems as a result of global warming 
may alter the structure of plant communities and result 
in reductions of terrestrial carbon storage, a positive 
feedback.

Another set of global warming íeedbacks related lo 
changes in albedo may result from climate-ìnduced 
shifts in land cover and vegetation. The drying of soils 
and increased desertification expected from global 
warming will add dust 10 the atmosphere that, like 
aerosols, can reduce warming through increases in al- 
mospheric albedo. Suríace albedo is also expected to 
change as the boundaries of biomes shift, since different 
vegetation types can have different reílectivity. For ex- 
ample, the predicted northward expansion of boreal 
forest into tundra could decrease surface albedo, re- 
sulting in increased surface warming. This mechanism 
may have acted as a strong positive feedback 6000 years 
ago when an initial warming at high latitudes as a result 
of orbital variations appears to have doubled ìn magni- 
tude owing to changes in surĩace albedo from boreal 
forest expansion (Foley et a l ,  1994).

V. CLIMATE CHANGE 
AND BI0DIVERSITY

A. Introduction
Currently, the largest reductions in biodiversity result 
from massive deiorestation in the tropics, in corýunc-



tion with other sources of worldwide habitat destruc- 
tion. Even as the razing of vast tracts of tropical íorests 
leads to immediate direct losses of hundreds to many 
thousands ofspecies peryear, the carbon that is released 
to the atmosphere through deíorestation is ampliíying 
the anthropogenic greenhouse effecl. Global warming 
could lead to losses in biodiversity over the next several 
hundred years that are similar to or greater in magnitude 
than losses from direct habitat destruction. Dramatic 
c hanges in global climate have the potential to disrupl 
every ecosystem on Earth, leading to a pervasive trend 
()f biodiversity loss due to climate-related habitat alter- 
ation, reorganizaúon, and destruction.

Why does anthropogenic climate change present 
such a threat to biodiversity? There are two main rea- 
sons. First, the rate and magnitude of climate change 
cxpected over the next several decades to centuries are 
greater than any changes that current organisms have 
cxperienced. Over the last 18,000 years, starting during 
ihe last full glacial period and continuing through the 
current interglacial period that began about 10,000 
years ago, average global suríace  tem perature  has gradu- 
iilly increased by about 5 ±  l ° c  (T. Webb, in Peters 
and Lovejoy, 1992). If we assume conservatively ihal 
i;lobal warming will increase mean temperature by 5 °c  
over the next 200 years, this represents a 90-fold in- 
c re a s e  o v e r  th e  re c e n t  n a tu ra l ra te  o f  c h a n g e . In  te rm s  o f  

magnitude, a 3 ° c  increase would result in the warmest 
world in 100,000 years, and a 4°c increase would result 
in the vvarmest world in 40 million or more years. 
Second, global warming will interact syncrgistically 
with other anthropogenic stresses such as habitat de- 
struction, pollution, ozone depỉetion, and alien species 
introduclion lo reduce biodiversity by more than just 
the sum of losses ihat would occur if each lactor oc- 
curred independently.

Scienústs’ ability to speciRcally predici how biodiver- 
sity will be affecled by climate change is constrained 
by large uncerlainties associated with local and regional 
climate change predictions. Much of the following dis- 
cussion is baseđ noi so much on how scientìsts speciíì- 
cally think biodiversity will change under global warm- 
ing, but on generic ways in which biota will be affecled 
by global warming that can lead to changes in biodiver- 
sity. The term “biota” is used as shorthand to refer 
collectively to individual organisms, groups of the same 
types of organisms (populaúons, species, ĩụnctional 
types), and ecological complexes of multiple popula- 
tions and species (communities, ecosystems). This sec- 
lion summarizes how scientists study the effects of cli- 
mate change on biota, the types of rcsponses biota can 
have to climate change, the kinds of biota likely to be

harmed by and to beneíìt from climate change, and 
evidence íor biotic responses to current anlhropogenic 
climate change.

B. How Scientists Study the Effects of 
Climate Change on Biota

1. M odels

Clim ate-vegetaúon classiíĩcation systems are types of 
statlc models that are basecl on the hypothesis that 
climate patterns are the primary determinant of the 
broad-scale distribution of vegetation types. In 1947, 
L. Holdridge developed a “life-zone” concept that used 
ihree variables based on lemperature and precipitạtion 
to predici under vvhal climates 20 vegctalion types 
should occur. Later researchers reíined and added detail 
to this basic concept by using a wider variety of vegela- 
tion lypes and bioclimatic variables ihaL explicitly incor- 
porate droughi stress and seasonality (Table II). These 
types of static models can be compared to current vege- 
tation and climale maps to determine their accuracy 
and then used in conjunction with maps of simulatcd 
future climate 10 predict shihs in distribution of vegeta- 
tion types due lo global warming. The Holdridge lile- 
zone classification hasbeen used lo predict the conver- 
sion ol much of today’s boreal íoresi into lemperate 
deciduous forest (Emanuel ct al., 1985). while classiTi- 
cation systems provide ways lo look at potcniial global- 
scale impacts of climate change on vegetation, they are 
limited by the faci thai climaie will change cominuously 
and with considerable interannual variation, rather than 
shifúng abruptly to a new plateau. In additiọn, many 
other factors besides climate can iníluence the move- 
ment and distribuiion of biota, and this greatly reduces 
ihe poiential accuracy of such models.

TABLE II

Bioclim atic V ariablcs Used by E. o. Box to Prcdict Distrihution 
Lim its of Plant T y p cs“
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p M can  to la l an n u al p recip ita tio n  (m in )

p,„.„ M can  to la l p recip ita iio n  o f th e \vcttcst m on th  (m m )

p1 min M ean to tal p rccip iia tio n  o f th c d riest in o n th  (m m )

P ln u x M ean total p rccip ila tio n  of th c vvarmesi m on th  (m n i)

MI M o istu rc  in d cx : th c ra lio  o f p to  an n u al pou-m ial ev ap o -
iran sp ira iio n

" Prom  1 9 8 1 . M acro clim ate  and Plant F o rm . Ju n k  P u b lish crs , 
T h e  H ague.



Simulation models incorporate and link multiple íac- 
tors such as life-history traits, physiological constraints, 
biotic interactions, resource availability, and climaie in 
order to prcdict dynamic changes in biota over the 
course of time. By using characteristics of individuals, 
populations, species, or íunctional types in corỳunction 
vvith predicted changes in climate, modelers can simu- 
laie continuous vegetation responscs to global vvarming 
at scales thai vary from changes within a stand of plants 
10 changes at landscape, regional, and global levels. 
Vegelation models can be used in turn to look at 
changes in habitat and đynamics o f other types of organ- 
isms. Simulation models not only attempt to predict 
patterns o í change, but also provide a means 10 explore 
how and why such change might occur. Howcver, these 
analyses are often constrained by data requirements. 
Detailed and accurate iníbrmation may not be available 
about ihe biota and environment of interest, and as 
simulations are scaled up to look at global impacts, 
speciíìcity is lost. No matter how well models appear 
to fit observcd dynamics, some íactor not included in 
ihe model may be important for future dynamics, or 
the model may fìt observed dynamics for the wrong 
reasons, rendering modeỉ predictions inaccurate.

2. P aleobiology

Paỉeobiologists combine historical ciimatc and biologi- 
cal data to reconstruct pasl relationships between 
changes in climate and species distribuúons. Paleobio- 
logical data sources range from ice and soil cores to 
plant and animal (ossìls to tree rings and slow-growing 
corals. Such studies reveal the ỉong-term and integrated 
direct and indirecl effects of past clim aiic and atmo- 
spheric change on past biota and thus íacilitate proịec- 
tions about how present-day bỉota might respond in 
the long term to anthropogenic climate change. Many 
crucial insights about previous and potenlial effects of 
climate change have emerged from this type of work 
(see Seciion V ,C). However, the generality of these types 
of studies is limited by the lack of goocì tbssil records 
for many organisms, by the lack of strict climatic paral- 
lels in the past to both the rate and magnitude of anthro- 
pogenic climate change, and by difíerences in the biol- 
ogy and geology of ancient times compared to the 
present. In addition, the interactions of global vvarming 
with other anthropogenic stresses such as pollution, 
development, agriculture, and deíorestation are novel 
and nol represented in the paleorecord.

3. N atural Clim ate Variability

W hereas paleobiologists look to the ancient past for 
insight inlo the future, many (ìeld biologists interested

in global vvarming look to the present to examine how 
bioia arc regulated by and respond to natural clim ate 
variability of a magnitude similar to that expected í rom  
global warming. Two approaches are used in this tvpe 
of research. First, scientists can conduct “space-for~ 
time" analyses along elevational or latitudinal gradients. 
This approach suggests that the effects o f clim ate 
change over time on particular biota may be representecỉ 
by current differences between the biota of interest and 
the same type of biota found at warmer, lower elevations 
or latitudes. Second, researchers who conduct multiyear 
studies at particular sites can monitor thc response 
of biota to the natural interannual variability of eli- 
mate. In particular, biotic responses to climate in more 
“norm ar years can be compared to biolic responses to 
very warm years, droughts, early snowmelts, and other 
climatic evenls that fit predicted changes due to global 
warming. In some cases, researchers have access to 
records of climate and biota from several decades ago 
and can compare them to current records for the 
same sites.

This type of research has the advantage of actually 
studying current biota in the field in relation to climate, 
bul it also has several disadvantagcs. For example, from 
one year to the next and from one place to another, 
siles vary noi only in their climaie but also in many 
other íactors (e.g., land use hisiory, species cornposi- 
tion, topography), making it difficult to establish 
whether particular cliraate íactors ancl/or other noncli- 
maiic íactors underlie observed patierns. Even if siies 
appear lo diííer p ri ma ri ly in climaie, they may diíĩer by 
predicted amounts of temperature but not by predicted 
changes in precipitation and soil moisture. Addition- 
ally, biota havc had longer time periods to adjust and 
adapt to current climate variation at particular sites 
ihan they will have to adjust to climate change ĩrom 
global warming. Finally, this approach is unable to cx- 
plore the effects of increased atmospheric C 0 2, with 
ihe exception of some research on natural c o ,  gradients 
near hot springs.

4. M anipu lations

Manipulations are one of scientists’ most potent re- 
search tools. By conducting controlled manipulations of 
various climate, atmosphere, and other resource íactors 
expected to change as a result of global warming, cli- 
mate change researchers can vvork toward understanđ- 
ing the role of single or multiple íactors and their inter- 
actions in changing ecosystem structure and (unction. 
This type of research is used to predict both how speciíìc 
anthropogenic climate change scenarios might impact 
biota and how resulting ecosystem changes may pro-



duce íeedbacks to the climate system. In climate change 
ecology, manipulative research falls into two types of 
approaches: microcosm experiments and íìeld experi- 
ments. Microcosms, which generally take the form of 
laboratory growth chambers of various sizes, can be 
used to careíully manipulate particular global warming 
íactors (e.g., temperature, moisture, light, nutrients, 
atmospheric composition) and to monitor the response 
of soils, single or multiple organisms, assembled simple 
ecosystems, or intact ecosystem cores taken from the 
íìeld. Field experiments also manipulate global warming 
factors in order to look at interactions between climate 
change and biota, but do so in intact natural ecosystems 
õ-ig. 5).
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The strengths and vveaknesses of ihcse two ap- 
proaches are interrelated. Although it is rclatively easy 
to manipulate, control, and replicate microcosms, fìeld 
experiments may be coníounded by ecosystem variabil- 
ity and complexity. In íield experiraents, tvpically only 
a very few experimental variables can be manipulated, 
Controls can be difficult to establish, and adequate repli- 
cation is often expensive and time-consuming. How- 
ever, íìeld experiments have the advantage of being 
conducted in a natural setting at broader scales that may 
be more useíul for drawing conclusions aboui complex, 
“real-world” ecosystem dynamics, compared to highly 
simplified and small-scale microcosm experiments. In 
both lypes of experiments, the relalively abrupt, short- 
lerm manipulation of climate may not be a good analog 
of anthropogenic climale change, which is occurring 
more gradually over decades and centuries. In addition, 
changes to disturbances such as fires and hurricanes 
may prove to be more important in determining ihe 
abundance and distribution of biota in many ecosystems 
than the usual experimenlal focus on “average” changes 
in variables such as temperature, moisture, and co,.

5. In iegrated  R esearch

Given the limitations of each lype of research, ihe mosl 
productive strategies for exploring interactions between 
ecosystems and anthropogenic climate change integrate 
multiple research approaches. For example, responses 
of biota to natural climate variation can be compared 
to responses of the same biota to manipulaied climate 
change to see how responses differ or stay the same 
over multiple spatial and temporal scales. Results from 
íìeld experiments and gradient sludies often suggest 
mechanísms thai can be more thoroughly tested in mi- 
crocosm experiments. Gradient, field experiment, and 
paleobiological data sets can be used to parameterize, 
calibrate, and validate models of biotic response. In 
general, the thoughtíul integration of approaches can 
build on the strengths and avoid some of ihe limitations 
of each type of research, thus helping scieniists to de- 
velop more rigorous hypotheses about global warming 
impacts and ecosvstem feedbacks.

c. Impacts of Climate Change on Biota
1. Types o f R esponses of O rganism s, 

Pop u lations, and Species

a. Adjustinent

The first level, short-term response of an)’ organism to 
changes in their environment is adịustment, also re- 
íerred to as acclimatization. All organisms have some



des;ree of phvsiological, lifc-historv, 01' behavioral plas- 
ticity that enables them to li ve in a variable environ- 
mcnt. The degree ol plasticứy with regard to climatic 
and aimospheric conditions varies widely among diíĩer- 
eni kinds of organisms. Thereíore, some types of organ- 
isms will be able to acljust to relatively large changcs 
in climate, whcreas oihers will be unable to adjust to 
evcn apparently minor increases in temperaiure 01' 
slight variations in precipitation.

An example of climatic adịustment ìn animals in- 
volves thermoregulation in vertebrates. Endoiherms 
such as mammals have built-in physiological mecha- 
nisms to cope with body temperature changes. Ecto- 
therms such as reptiles have behavioral traits that help 
regulate body temperature. Because of traits such as 
thcse, initial increases in environmental temperature 
should be well within the tolerances of many verie- 
brates. In plants, the concurrent increase of atmospheric 
CO) with surface lemperature may augment the ability 
of some individuals, populations, and species to adjusl 
to and ílourish under anihropogenic climate change. 
Increases in CO), especially for plants with the com- 
mon C j photosynthesis pathway (e.g., tnost trees and 
shrubs), can resull, at least initially, in the CO: fertiliza- 
tion eííect menúoned belore. Enhanced COi concentra- 
lions can increase the ability of these types of planis to 
tolcraie water stress, higher temperatures, and lower 
light. Olher kinds of plants, particularly those wiih ihe 
C4 photosynthesis pathway (e.g., many low-latiiude and 
low-elevation grasses), have physiological mechanisms 
thai cnable them to withstand warm temperalures and 
low availability of water. Such mechanisms provide a 
means of adịustment to drought stress that may be 
associated with increased temperatures and evapo- 
ration.

While most bìota will have at least some capacity to 
withstand, and in some cases beneíĩt from, initial 
changes in climate, the rapid rate and large magnitude 
of climate change are likely to quickly surpass their 
capacity to adjust to new climate conditions within 
their pre-warming habitats. Biota that cannot continue 
to adjust will have to respond through evolution, migra- 
lion, or extinction.

b. Evolution

Theoretically, populations and species could develop 
new adaptive traits as a result of evolution in response 
to anthropogenic climate change, thus enhancing the 
long-term survival of current taxa under nevv climate 
conditions. Hovvever, scientists generally agree that evo- 
lutionary responses lo climate change are unlikely for 
most taxa since climate is changing rapìdly compared

to usual ratcs ol evolutionarv change. This vicw is sup- 
ported bv íossil data thai rcveal the morphological stasis 
of many taxa during previous periods of rapid climate 
change.

In the face of strong selectional pressure there is 
cvidencc that some species, especially those with fast 
generation times, can evolve verv rapidly. For example 
grass populations grown on soils polluted by heavv 
metals have shown signs ol signiíìcant, genetic-based 
heavy-metal tolerance vvithin one or two decades. Some 
insects can evolve ìncreased resistance to pesticides over 
the course of a few years. These types of responses 
depend on the presence of appropriate genetíc variabil- 
ity in populations and species relative to a strong selec- 
tive Tactor. As a result of global warming, populations 
and species will be exposed to novel environments re- 
sulting írovn climate change and associated shihs in 
ecosystem structure and íunclion. Since many popula- 
tions and species have climale-related genetic variability 
(e.g., differences in high temperature tolerance, droughl 
tolerance), rapid adaptation is possible.

W ill anthropogenic climate change actually result in 
directed selectional pressures that are strong enough to 
drive microevoluúonary responses? For at least the next 
several hundređ years, climate and species disiributions 
are likely to be in íairly constant ílux, which will tend 
to disrupt any polentially adaptive trends. Also, rapid 
evolutionary responses to anthropogenic climate 
change are unlikely in populations and species that 
have rđaiively long generation times, such as trees and 
many vcrtebrates. An addccl constraini on potential 
microevolutionary responses to global vvarming is the 
ongoing reduction in population size and ihus ge- 
netic diversity of many species as a result of habitat 
destruction and other stresses. For most bioia, other 
types of responses are far more likely to occur than evo- 
lution.

c. Migration

As current habitat becomes inhospitable owing to direct 
and indirect effects of climate change, biota will tend 
to track shiíting climate and suitable habitat through 
dispersal and migration. Consequently, as a resuli of 
global wanning, organisms are predicted to move gener- 
ally poleward in latitude and upward in elevation. A 
rule of thumb is that a 3°c change in temperature is 
approximaiely equivalent to a move of 250 km of lali- 
tude or 500 m of elevation. However, migration will be 
restricted or made impossible to the extern that there are 
inherent (e.g., ]ow mobility, slow reproductive rates) or 
external barriers (e.g., mountain ranges, large lakes) lo 
movement (see Boxes 2 and 3).



B o x  2

Biota Most at Risk from Climate Change

Given our knowledge of climate change and biol- 
ogv, the kinds of biota most likely to be at risk 
from global warming over the next several de- 
cades and centuries can be characterized:

1. T h o s e  at higher latitudes: Scientists know vvith 
a high degree of certainty that temperature 
increases due to global warming will be great- 
est in polar regions. Thereíore, higher-lati- 
tude temperate and Arctic/Antarctic ecosys- 
tems such as boreal ĩorest, tundra, and peat 
bogs wíll experience both rapid and severe 
temperalure increases, resulting in profound 
biotic change and disruption.

2. T h o s e  on mountain-tops: Temperalure in- 
creases will also be greater at higher eleva- 
tions. Monlane biota will tend to move up in 
elevation as cooler, higher elevations warm. 
Biota already limited to mountaintops will 
be at serious risk of local extinction due to 
alteration of summit climate, the lack of po- 
tenúally suitable habitat to migrate to, and 
the encroachment of lower-elevation species.

3. T h o s e  in low -ly in g  Coastal a r e a s  a n d  on is ìan d s :  
Even small increases in sea level (i.e., several 
centim eters) can result in altered Coastal ma- 
rine dynamics and ílooding of low-lying 
areas. Rising sea levels will destroy or cause 
severe damage to ecosystems at the 
terrestrial/marine interface, such as salt 
marshes, estuaries, mangroves, and sand 
d u n e s , a n d  a re  l ik e ly  to  d is ru p t C o asta l m a r in e  

food webs.

4. T h o s e  sensitive to extreme disturbance events: 
Even though disturbances such as fires and 
hurricanes are a natural part of ecosysiem 
dynamics, any increases in írequency and in- 
tensity of such disturbances due to global 
warming are likely to disrupt biota. For exam- 
ple, ecosystems such as tropical montane for- 
ests may have less time to recover betvveen 
hurricanes, limiting the development of slow- 
growing, late-successional species.

5. T h o s c  with  migration problems: Because a 
major potential response of biota to climate 
change is to migrate to new areas, biota that 
lack the ability to readily disperse or move 
will be at a serious disadvantage. Thesc in- 
clude:

(a) plants whose seed or clone dispersal rates 
and animals whose movement rates lag 
behind rates of climate changc;

(b) slow-growing populations and species 
that will nol have time to adjust to 
new conditions;

(c) biota that cannot or are slow to cross 
geographic barriers, for example, fish in 
ìsolated lakes, low-elevation plants 
bounded to the north by mountain 
ranges, and iropical forest birds and in- 
secls that do not cross unforested areas;

(d) organisms that depend on other biota 
for habitat or food, but that have very 
different degrees of mobility;

(e) species such as monarch butterílies and 
migratory shorebirds that have multiple 
habitat requirements; and

( f )  relic biota ihat have been left in small, 
unusual habitats by chance and have no 
nearby poteniial habitat.

6. T h o s e  thai ave ra re: Populalions and species 
with few numbers, low geneúc variability, or 
limited or unusual ranges will bc vulnerable 
to climate íluctuations and will be at in- 
creased risk oỉ extinction. Also. unusual, 
unique ecosystems may break apart as popu- 
lations and species respond in largely individ- 
ualistic ways to climate change.

7. Those depcndcnt on particular hydrologicaỉ re- 
gimcs: Though ii is oltcn uncertain at local 
and regional scales how and to vvhat degree 
precipitation and moisture availability will 
change from global warining, it is quite cer- 
tain that changc will occur. Such changes 
could be critical in ecosystems such as tropi- 
cal foresis where the availability of food re- 
sources for animals is dependent on the 
timing of rainfall. In montane areas, many 
organisms will be verv sensiúve to changes 
to the snowpack and snowmelt.

8. Those dosc  to cr i t ica l  physíological thrcsholds: 
Many organisms are adapted to living vvithin 
a narrovv range ol limits of temperature, mois- 
ture, nutrients, light, and atmospheric com- 
position. Others havc wider tolerances but 
are alreadv operating close to a threshold, 
beyond vvhich iheir ability to live, grovv, and 
reproduce is severelv limited. Climate changẹ 
mav force the environment past such limits 
for some organisms, resulting in severe im-



pacts, especially if dispersal or growth is slow. 
For example, slight increases ( ] -2 ° C )  in sur- 
face water temperature can induce bleaching 
and morlality of coral reefs, vvhich have verv 
slow rates of growth and provide habitat for 
many marine species.

9. Those thai have híghly specíalized relationships 
vviíh othcr organisms: Some species depend 
entirely on just one or a very few other species 
for nourishment or reproduction. lf species 
respond very differently to changes in climate 
than do the species they depend on, and they 
cannoi substitute other organisms to fulfill 
ihose roles, they vvill go extinct.

10. Those ncgatively affectcd by other anthropo- 
genic strcsses: Humans engage in many activi- 
ties that result in deleterious impacts such as 
acid deposition, pollution, ozone depletion, 
and alien species introduction. When organ- 
isms are weakened by one oĩ these stresses, 
they tend 10 become even more vulnerable 
to other stresses such as global warming. For 
example, insect pests can damage vegetation 
more when pollutams reduce plants’ resis- 
tance to herbivory and vvarmer temperatures 
encourage pest populaúon growth. If those 
insect pests happen to be alien, they may 
cause even more damage owing to lack of 
local predators and because local plants may 
lack resistance lo alien pests. Also, changes 
in lancl use such as đeíorestation can reduce 
and isolate populations as well as create barri- 
ers to migration through habitat íragmcnta- 
tion and destruction.

Possil records show that for many types of organ- 
isms, warming during the last deglaciation inducccl sig- 
Ditìcanl changes in latitude and elevation of species’ 
ranges (Fig. 6). Those distributional changes sometimes 
occurred at very rapid rates. For example, peak migra- 
tion rates for some tree species in North America during 
the last deglaciation reached ] 0 0 -5 0 0  m per year, prob- 
ably as a result of haphazard, long-distaace transport 
of seeds by animals, storms, or vvater (Clark et a i ,  
1998). Hovvever, even these very fasi historic migration 
rates only iranslate into 1 0 -5 0  km per century, whereas 
anthropogenic climate change will likely require latitu- 
dinal shiíts of at least 2 0 0 -3 0 0  km over the next cen- 
tury. In some cases, changes in potential range bound-

Bo\ 3

Biota That May Benefit from Climiatí Change

Because of the slow ratc ol nost eV'"llutionary 
responses, including speciation, tlheri are few 
ways that global warming could auigir:u-:nt global 
biodiversity over the next several hmnci.il' ed years. 
However, climate changc will beneliit bioia
through increases in abundanci'and ranií!'e expan- 
sions, often at the expense ol inore at- riisk biota. 
Types of biota likely to benttii fro?m climate 
change include:

1. Those tluit migrate easily: Biotatlnat a.re highly 
mobile and have rapid dispersal ralii 1., such as 
some kinds of vvinged insecls, \villl b;e equipped 
to track changing climatc.

2. Thosc that arc opportunistic: Oppioni11 nistic or- 
ganisms ihat can colonize disiurìbeu! iureas vvill 
be at an advantage because iliev,- W\il | be able 
to migrate through marginal habiital a ad estab- 
lish in climatically disrupted ccosy.si ems. For 
example, global warming is cxpiecMecl lo pro- 
m ole the spread of alread)’ \veeclv in iroduced 
plant species, and may íaciliute ihie tiscape of 
more garden cultivars into nauưail e-í ósystems.

3. Those ihal are ecoỉogical grncmlhsix: Organ- 
isms thai ílourish in a vvide \ arie-iy <í.ii environ- 
ments and have either wide toleriiinc for vari- 
able resource availability and clii.iiaiU' or many 
possible prey items will larc bettpr Ith^n highly 
specialized organisms.

4. Those that have high variabilin and I y . nd repro- 
duction: Populations and sp.:cie>j W'ú h lois of 
phenotypic or genetic variation an.d r. aj->id repro- 
ductive rates have the best ( liances- 4 >f adjust- 
ing and adapting lo rapidly thangiiug climate.

5. Thosefavored by new optima: Alihomsh climate 
and atmospheric conditions \vi 11 slvift away 
from optima for many organisms, m.ore opti- 
mal conditions will be created foroHỈner organ- 
isms. For example, temperaiure imcreases are 
expected to increase parasite and inise ct devel- 
o p m e n t  t im e , a llo w in g  p a ra s iies  to  S ip read  w ith  

migrating insect hosts and pmmotimg pest in- 
festation and parasite infectinn of no'W hosts. 
These types of responses mav ".caid to range 
expansions of agricultural pesii aind disease 
transmissions, as well as mo re IrexỊLient out- 
breaks (Dobson and Carper. in Peters and 
Lovejoy, 1992).
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aries resulting from climate change due to doubled COị 
may exceed 1000 km. For example, suilablc habitat for 
beech trees, vvhich currently grow over mosi of the 
eastern third of the United States, could shiít almost 
completely out of the couniry and into a much smaller 
area of the northeastern United States and Soulheastern 
Canada as a result o! a 2 X co ,  atmosphere (Fig. 7).

The rapid pace of anthropogenic climate change will 
easily outstrip the capacity of some organisms lo move 
or disperse to suitable new habitat. In addition, human 
destruction of habitat will create insurmountable barri- 
ers to migration for biota that have difficulty Crossing 
large areas of urban development or agricultural use. 
In ihe shori run, any migration that does occur may 
tend to increase local levels of biodiversity in some 
ecosystems as new species move in before old species 
completely migrate or die out. This lag effect will tend 
lo disappear with time.

d. Extinction

Biota that are unable to adjust, evolve, or migrate are 
unlikely to survive long in their pre-warming habitats. 
As a result of climate change, organisms may be exposed 
to increasing physiological stress, be abandoned by their 
mutualists and prev, be outcompeted bv more Piexible 
neighbors or incoming species, and be attacked by new 
predators and pests. Although microevolutionary re- 
sponses are possible for some populations, rapid ge-

netic adaptation is likely to occur in very few. Many 
species will be faced with migration problems. Even 
in species that successíully migrale, some populalions 
are likely to go extinct, particularly at S o u th e r n  and 
lower edges of species’ ranges, reducing genetic vari- 
ability. Extinctions attributable primarily lo global 
vvarming will be few over the nexi several decades, 
bui will undoubtcdly increase dramatically as time 
passes, climate change intensiRes, and biotic response 
options narrow.

2. Im pacts on Biotic Assemblages 

A key insight from the fossil record is that species tend 
to respond to climate change individualistically rather 
than as a group. Thus, while the general trend is for 
species to move poleward and to higher elevations as 
climate warms, particular species can vary quite dra- 
matically in how fast and how much their ranges 
contract, expand, or move, what directions they move 
in, and at what rate they move around or ovcr 
barriers such as mountain ranges. Consequently, past 
communities repeatedly disassociated and re-sorted 
into novel combinations. In some cases, although the 
same species still exist, there are no modern examples 
of hístoric species associations. For example. for sev- 
eral ihousand years at the encl of the last glacial 
period, spruce trees grew in open parklands in associa- 
tion with sedges. Today spruce is found in a com- 
pletely different ecosystem type, the closed-canopy



boreal forest, in association with birch, alder, and íir 
(W ebb, in Peters and Loveịov, 1992). Anthropogenic 
climate change is likcly to result in the reconstitution 
of communities and ecosystems in unexpected ways.

Biota tend to move individualistically in responsc 10 
long-term climate change because tolerances 10 climatic 
and atmospheric conditions are often speciíic to the 
organism, population, or species. Individualistic re- 
sponses can lead to apparently counterintuitive shiíts 
in range, especially if temperature is not the primary 
determinant of distribution. For example, the distribu- 
tion of the gopher tortoise during the most recent degla- 
ciation shifted South, rather than north. One hypothesis 
for this pattern is thai seasonal climate extremes in- 
creased with warming, and that these extremes were 
more important for determining tortoise distribution 
than warming (Graham, in Peters and Lovejoy, 1992). 
In addition to climate and aimosphere, other abiotic 
íactors (e.g., soil type, topography, disturbance regime, 
site history) and biotic interactions (e.g., mutualism, 
competition, predation, pollination) can play signiíì- 
canl roles in determining the abundance and distribu- 
tion of biota in both the short and long term. The 
interplay of all o f these íactors over time can result in 
eomplex and oíten unprediciable changes in the distri- 
bution, abundance, and diversity of biota.

Global vvarming will also precỉ pitate* mrtíiny asynchro- 
nies that reduce the ability of bioi. toresspc.mcd effectively 
to climate change. “Asynchronv reíerrs t.o ;a mismatch 
in timing or ratc o í change. One lypee c>í ;asvnchrony 
already discussed is the mismatch betuverni very rapid 
rates of anthropogenic climatc change and s^lower rates 
of dispersal and migration for manv ‘spevúes. Another 
type o f  a sy n c h ro n y  d ue to global \varmiing iíS the  p oten- 
tial mismatch between required rrsourcces amd the avail- 
ability of resources. Organisms are emibecỉcked within a 
network of relationships with other Oỉrganùsms, which 
they may depcnd on íor sustenance amd rcỊproduction. 
However, different types o f organisms. may be affected 
very differently hy climate change, vvìhich can disrupt 
biotic relationships that arc imporianu for community 
and ecosystem dynamics. For example., maniy species of 
flowering plants depend on speciíic amimaỉ pollinators 
such asbutterdies, hummingbirds,and beos íorsuccess- 
ful reproduction, and the pollinators (depend on those 
plants for food. In a hypothetical oxamipk'. i f the timing 
of noweriag in a plant is primarilvdeUermiried by earỉy 
season temperature, while the einerge.’nc(' .and activity 
of its pollinator is primarily determine^d hy the amount 
of daylight, the shifting of ternporatuire bi.At not light 
levels due to global warming could lcaid to the pollina- 
tors being active after the planis ílower l'his type of
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asynchrony can reduce the reproduction and abun- 
dance of the planls, and reduce the availability of food 
for the pollinators. If ihe species involved are highly 
specialized on each other, they are likely to go extinct.

D. Evidence for Current Global Warming 
Impacts on Biota

During the 1990s, researchers started reporting the íìrst 
evìdence that global warining during the tvvemieih cen- 
tury has begun to inriuence populations, species, and 
ecosystems (see Box 4 for a bibliography of the sources 
c ited  in  th i s s e c t io n ) .  S o m e  evidence co m e s  from  Coastal 
marine systems. Roemmich and McGowan (1995) re- 
ported that since 1 9 5 1 ,  zooplankton biomass in  Coastal 
S o u t h e r n  Caliíbrnia w a te r s  h a d  d e c r e a s e d  b y  8 0 %  o v e r  

four decades, at ihe same time that suríace watcr layers 
vvarmed more than 1 .5 °c  in some areas. They suggested 
that the suríace warming resuhed in changes to stratiR- 
cation and the thermocline that led lo a reduction in 
upwelling of nutrients and thus primary production by 
phytoplankton, the ulúmate food source of zooplank-
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lon. Barry and colleagues (1995) comparecl changes 
in a b u n d a n ces  o f  4 5  invertebrate  species  in a Central 
Caliíornia intertidal community from the 1930s 10 the 
1990s. During that period of time, annual mean shore- 
lìne lemperature at the Sludy area increased by 0 .7 5 °c , 
and average summer temperature increased by 2 .2°c . 
Eight o f  n in e  s p e c ie s  w i t h  a S o u t h e r n  g e o g r a p h i c  range 
showed signiíicant increases in abundance, wliereas five 
of eight species with a northern distribution showed 
signiíìcant decreases. Species with wide distributions 
showed no strong patterns of change.

At high elevaúons and laútudes, terrestrial vegeta- 
tion appears to be responding to the warmer climate. 
Grabherr and colleagues (1994) compared 40- to 90- 
year-old records of plant distribution on high-altitude 
mountaintops ( —2900 to 3500 ra) in ihe Alps to 1992 
da ta, given a 0 .7 °c  increase in mean annual temperature 
during ihat time period. They lound upward migration 
raies by nine “typical” species of < 1  to 4 m per decade. 
In addition, species richness increased over time, with 
the increase most pronounced at lower-altitucle sum- 
mits. Myneni and colleagues (1997) presented evidence 
from satellite data from 1981 lo 1991 that suggests thai 
the photosynthetic activity of terrestrial vegelaùon in 
nonhern high laútudes increased by 7 -1 4 %  over ihat 
time period. This increase may indicate an inlensiRca- 
tion of plani grovvth associated with a 12-day increase 
in the grovving season.

Insect species are also displaying sensitivity to recent 
climate change. Parmesan (1996) examined historical 
records and recorded the current status of 151 popula- 
tions of Edith s checkerspot butteríly throughout its 
entire range. She found that net extinctions of popula- 
tions were signiíĩcantly greater at Southern latitudes 
and lovver altitudes, resulting in an observed norlhward 
and upward shift in the species’ range during the last 
several decades. In a later study that examined range 
shifts in 35 nonmigratory European butterOy species 
during the last century, Parmesan and colleagues 
(1999) reported that 63% of the species displayed north- 
ward range shifts of 35  to 240 km, while only 3% 
s h ifte d  S o u th .

Venebrates also appear to bc sensitive to recent cli- 
mate change. Current evidence suggests ihat birds are 
both breeding earlicr and shiíting their ranges north- 
ward in response to vvarming. Brown and collcagues 
(1999) found that from 1971 to 1998, the average tim- 
ing of first clutch in the Mexican jay  in Arizona occurred
10 davs earlier. This change was associaled with sig- 
nificant increases in monthlv minimum temperatures. 
Crick and Sparks (1999) studied 20 United Kingdom



bird species over 25 years and found long-terni irends 
loNvarđ earlicr cgg laying in most species. A data set of 
36 bird species over 57 years suggests that 86% of the 
spccies display signiíìcant relaiionships between timing 
of egg laying and temperature or rainĩall. Furthermore, 
Thomas and Lennon (1999) examined the breeding 
distributions of British birds over a recent 20-year pe- 
riod and found that the northern margins ot the species’ 
ranges moved north by an average of 19 km.

In general, the observations of all of these studies 
arc consistent vvith predictions of impacts of climate 
change on biota, and demonstrate how ju st a small 
amouni ol climate change over brief time pcriods can 
lead lo signiíìcant écological changes.

VI. CONCLUSIONS

The enhanced greenhouse effect, in conjunction with 
other anthropogenic stresses, is likely 10 precipitate 
unprecedented changes to Earth's climate and ecosys- 
tems. Though ihe details of how climate change will 
affect biodiversily are o f te n  hard to preclict, there is 
little doubt ihal biological impacts vvĩll he pervasive 
and olien dramatic. Studying the effects of climate 
change on biota can help in the íormulation ol strategies 
for conserving biodiversity and ecosystem structure and 
íunction in the face of potentially massive change and 
loss. Such knovvledge is also crucial for reRning predic- 
tions of ihc luture rate and magniiude of global vvarm- 
ing, since biological responses are likely to produce 
signiHcant ĩeedbacks that can augment or dampen cli- 
mate change at local, regional, and global scales. Under- 
sianding and addressing the interactions between cli- 
mate change and biodiversity represents one of the 
greatest challenges that scientists and policymakers will 
ỉace in the twenty-first ceniury.

See Also the Following Articles
ATM OSPHER1C GASES • BIO G EO CH EM ICA L CYCLES • CARBON 
C.YCLH • CLIM ATE CHANGE AND ECOLOGY, SYNERGISM  
O F  • CL1MATC, EP H E C T S O F  • D E F 0 R E S T A T 1 0 N  •

M 1 G R A T I0 N  • SO IL  B IO T A , S Y ST E M S A N D  P R O C E SSE S

Bibliography
C lark , |. Fastk\  c . .  H urtl, G ., Ja ck so n . s . T  . Jo h n s o n , c . .  K ìng. 

G. A „ Lcvvis, M .. L ynch, J „  P acala, s ., P ren ticc , c . .  Sch u p p . 
E. w . .  W cb b , T ., 111. and W y ck o ff, p. (1 9 9 8 ) .  ReicTs P arad o x  o f 

rapid p lan t n iigration . B io iá c n c e  4 8 .  13.

E m an u c l. w .  R .. sh u g art. H. H ., and S tẹv en son , M. p. ( 1 9 8 5 ) .  C lim a tic  

ch an g c and ih e b road -sca le  d istrib u tio n  o f te rrestria l eco sy stem  

co m p lex e s . Climưtic c h a n g e  7 , 29.
F o ley , J .  A ., K u iz b a ch , J .  E ., C o e, M. T ., and L cv in s. s . ( 1 9 9 4 ) .  

F ee d b ack s  be tw cen  clim ale  and b o rea l forests d u rin g  th e m id- 

H o lo cen c . N alurc  3 7 1 , 52 .
H ou g h to n , J .  T ., M eira P ilh o , L. G ., C allan d er, B. A ., H arris, N., 

K atten b erg , A „ an d  M ask ell, K. (ed s .) . (1 9 9 6 ) .  C lim ate  C hangc  
ì 9 95— The Scicncc o f  c l im a íe  Clumge. C o n lr ib u lio n  ol \Vorking 
G rou p  I to  th e S eco n d  A ssessm en t R cp ori ()[ the In te rg o v e rn m en - 

tal Pancl o n  c l im a le  C lian g c. C am h rid g c U n iv crsity  P ress. C am - 

h rid g c, U nited  K ingdom .

K areiv a, p ., K in g so lv cr, J . ,  and H uev, R- (e d s .) . ( 1 9 9 3 ) .  B ioiic  in terac- 
tiims and G loba l C hange. S in au er A sso cia tes, S u n d erlan d , M assa- 
th u s e tts .

L ash o í, D. A. ( 1 9 8 9 ) .  T he dy n am ic g reen h ou se : P e e d b a ck  p ro cc ssc s  

ihat m ay in fl» c n c e  fu lu rc  c o n ce n lra tio n s  ()f a tm o sp h c r ic  trace 

gases and c lim a tic  ch an g c. C lim atic c h a n g e  1 4 , 2 1 3 .
L ash o í, D. A ., D cA n gclo , B. ]., Sa lcsk a , s . R ., and H arle , J .  (1 9 9 7 ) .  

T erres iria l eco sy stcm  íced b ack s to global c lim a le  ch an g e . Anrni. 

R(’V. Energy mưl ihc Environmcnt 2 2 , 75 .

L o riu s, C . , J o u z c l , )., R aynaud, D ., H anscn . j . .  and L e T r e u t, H . ( 1 9 9 0 ) .  

T h e  ic e -c o rc  recorcl: C liraa te  scn sitiv iiy  and fu tu re  g reen h o u se  
w arm in g. N ature  3 4 7 , 139 .

M ark h an i, A. ( 1 9 9 6 ) .  Po tentia l im p acts  o f c lin ia tc  ch a n g e  o n  ecosy s- 

lem s: A revievv ol im p lica iio n s  for policy  m akcrs and co n scrv a tio n  

b io lo g isis . C lim ale R esearch 6, 179.
M ark h am , A ., D u d lcy, N ., and S to lio n , s .  (1 9 9 3 ) .  Sonic Li ke  II Hot: 

C lim ale  chan g? , B iadiversily  and the SuiyivaI ự f Species. W o rld  
W ilcllife F u n d  In tcrn a iio n a l, G lan d , Sw ilzcrlan d .

P eters , R. 1... an d  L o v ejo y , T . E. (e d s .) . (1 9 9 2 ) .  G loba l W aim in q  íincì 
Biological Divcrsity. Yale U n iv ersily  P ress, N ew  H aven , C.OI1 - 

n ecticu t.
Sch les in g er , w .  H. ( .1 9 9 1 ). Biogeochem isíry : An A nalvsis <>f G lơbal 

Change. A cad em ic Press, San D icg o. C aliĩorn ia .
S o lo m o n . A. M ., and Sh u g art, H. H. ( 1 9 9 3 ) .  Vegetation D ynam ics and  

Globưl C hangc. c h a p m a n  &  H all, N cw  York.

W a lso n , R. I , Z in yow era, M. C-, an d  M oss, R. H. (e d s .) . ( 1 9 9 6 ) .  

C lim atc C hangc  1 9 9 5 — ìm pacls, A daptations and M itìgation o f  C li- 
m ate C hange: Scicn tự ic-T cchn iad  AnalyseS. C o n lr ib u tio n  o f W o rk - 
ing G rou p  II to  thc S cco n d  A ssessm en t R ep orl o f th e In te rg o v e rn - 

m en tal P an cl on  C lim atc  C h an g e. C am brid ge U n iv ers ity  Press, 
C am brid g e, U n ited  K ingdom .

W o od w ell, G . M ., and M acken zie , F . T . (ed s .) . ( 1 9 9 5 ) .  Biotic Fced- 
bctcks in the G loba l C lim ate System : Wi!l the Wai'ining F eed  the 
VVarming? O xfo rd  U n iversitv  P ress, N ew  York.





GUILDS

Richard B. Root
Cornell Universíty

I. The Delinilion and Properties of Guilds 
U. The ưlility of Guilds in the Search for 

Organization and Patterns
III. The Individualistic Nature of Species and the 

Vague Bounclaries o[ Ecological Categories
IV. Attitudes ConcernLng Vaguely Bounded 

Categories

GLOSSARY

the distributions and abilities oỉ rnost species do not 
exactly coincide because each species is the product 
of a unique evolutionary history. Coevolution and 
convergence may occur, but rarely are ihese pro- 
cesses so complete that groups of species are distrib- 
Uled as a unit or superorganism. 

taxon A general term used to indicate groups of related 
organisms at any level in a taxonomic hierarchy. In 
the classification of evolutionary lineages, the term 
can reíer to species, genera, families, orders, etc.

adaptive syndrome A coordinated set of adaplations. 
community An assemblage of populations that coexist 

in an area.
Eltonian niche The role, or occupation, of a species in 

a community. 
exploitative com petition An adverse inleraction which 

results from organisms depleting their shared re-
sources.

ĩam ily A category, in t h e  classiíìcation of evolutionary 
lineages, of related organisms that ranks above a 
genus and belovv an order. A family usually contains 
many genera.

G rinnellian niche The requirements and behaviors ex- 
pressed by a species wherever ií normally occurs. 

Hutchinsonian niche The set of environmental condi- 
tions, or opportunities, thai will permit a species to 
exist indeíinitely. The set of opportunities that are 
available to a guild can be referred to as a “nook.” 

individualism of species Refers to the observation that

IN VESTIG ATIN G  ENTỈRE  natural communities is a 
íormidable task because one must take a high diversúy 
of species into accounl. To focus on a more manageable 
unit, ecologists usually restrict their attention to sorae 
portion of the larger system, such as the “planl” or 
“bird” community. Su ch “taxon”-defined communities, 
however, are rather unwieldy, and they may contain a 
heterogeneous mix of interactions. Thus, most beetle 
communities contain predators, herbivores, and scaven- 
gers but ignore the bugs, caterpillars, ílies, and gastro- 
pods that share many of the beetles’ resources. The 
guild concept, which groups species according to the 
manner in which they exploit a common resource, pro- 
vides a manageable, íunctional unit for studying pat- 
terns of adaptation and the organization of natural com- 
munities. The existence of species with mixed 
requirements and different evolutionary histories, how-

Ency( b p e d ia  ọ f  B iotlivcrsitv, Volunu' 3
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ever, makes it diffìcuU 10 determine S ta n d a rd  proce- 
dures for deRning guilds. The indeíìnite boundaries ihat 
surround most guilds are a íundamental outcome of 
evolution, which is also at play in all of our attempts 
to group species into cominunities, Lrophic levels, and 
other ecological categories. Discovering hovv to draw 
valid conclusions from entities with vague boundaries 
is a special challenge to ecologists and provides us with 
a quesi of broad significance.

I. THE DEF1NITI0N AND PROPERTIES 
0F GƯILDS

Guilds are groups of species thai exploit the same class 
of resources in a similar way (Root, 1967). This simple 
deíĩnition has several implications that are best cx- 
plained by way of an example. Consider the birds that 
probe for insect prey on the bark of tree trunks (Figs.
1 and 2). In many parts of North America this guild 
is composed of small vvoodpeckers (family Picidae), 
nuthalches (family Sittidae), and treecreepers (family 
Certhiidae). The guild also contains the black-and- 
white warbler (family Parulidae), whose relatives are 
primarily adapted for gleaning insects írom foliage. 
Guilds ihus contain species with very dilTerent phyloge- 
netic histories and, as a consequence, with diíTerent 
propensities for dealing with the special requirements 
associated with exploiiing a particular resource. Thus, 
the woodpeckers and treecreepers have evolved sliff- 
ened tails to act as props in climbing tree irunks, 
vvhereas the nuthatcbes and warbler have evolved modi- 
íìcalions of the foot to assist in moving on vertical sur- 
íaces.

In addition to the core members of the guild which 
take the bulk oí their food by íoraging on trunks and 
limbs, there are many species, such as titmice (family 
Paridae), that occasionally feed by probing bark. The 
presence of these inírequent bark probers illusirates 
that guilds can have a hierarchical structure with niem- 
bers that range from strict specialists to occasional op- 
portunists. As a consequence, the size and makeup of 
the guild will depend on where we draw the line with 
respect to the proportion of a species’ diet that is ob- 
tained while probing bark.

The hierarchical structure of guilds is also reílected 
in hovv broadlv we interpret the “in a similar wav” 
portion of the deíìniúon. For instance, there are ants 
that forage for insect prey on tree trunks. These insects 
have the potential of influencing the food supply avail- 
able 10 the bark probers. Their íoraging style, however,

F1GURE 1 A Few m cm h crs  o f the b ark -p ro b in g  g u ild  in N orth  

A m erica .

is fundamentally different: Ants rely on their small size 
to enter bark crevices, whereas the birds employ their 
relalively large mass to lever out embedded prey and 
to flake bark. In this example, it can he seen that the 
scope of a guilds delimitation needs to be matched to 
ihe question being asked. The broader deíìnilion, which 
includes ants, miglit be most useíul if our primary con- 
cern is competition, and the narrower concept, which 
excludes ants, might be more appropriaie if our primary 
interest is in the evolution of adaptations. Furthermore, 
the birds eat the ants, which introduces furtlier compli- 
cations if the ants are lumped inio the same guild with 
the birds.

During the northern winier, the black-and-white 
warbler migrates to the American tropics, vvhere it ioins 
another representation of the bark-prohing guild which 
includes the tropical woodcreepers (íamily Dendroco- 
laptidae) and barbtails (íamily Furnariidae) shown in



FIGURE 2 B ird s from  d iffe rcn ( rc g io n s  and  liiieag es th at have in d e- 

p e n d cn lly  evolved ih e  h a rk -p ro b in g  h a b it. T h e  d en d ro co lap id s  and 
fu rn an iid s live in  ih e  A m erican  tro p ics  and th e c lim a cte rid s  and 

n eo s ittid s  liv e in  A u stralia . T h e  w o o d p cck er  [incli is o n e  o f  th e D ar- 

w in ’s R n clics  th at in h ab it th e  G a lap ag o s Islands.

Fig. 2. The warbler’s experience illustrates ihat guild 
membership can vary in space and season.

The opportunities provided by the exislence of bark- 
dwelling arthropods, many of which are in a cryptic 
resting stage, has been exploited by bark probers that 
evolved from several phylogenetic lineages throughout 
the world. Thus, the Australian manifestation of the 
bark-probing guild contains Australasian treecreepers 
ựamily Climacteridae) and sittelas (recently placed in 
their own family, the Neosittidae). On Madagascar, the 
bark-probingrole is filled by the nuthatch-vanga (íamily

Vangidae), and on the Galapagos lslands the wood- 
pecker íìnch (family Frìngilliade) uses cactus spines to 
probe for prey under bark.

In classiĩying the ways that organisms cxploit re- 
sources, guilds hold a rank that is similar to genera in 
phylogenetic schemes. One may also think of a guild 
as a group of species that occupy similar niches. Indeed, 
one of the original motivations for introducing the guild 
concept was to clariíy conĩusion regarding the niche 
concept, which was used to describe three quite differ- 
ent entities: (i) the Hutchinsonian niche, vvhich refers 
to the set of conditions that are sufficient for a spccies 
to exist in a particular habitat; (ii) the Grinnellian niche, 
which refers to the requirements and behaviors that are 
expressed vvherever a species normally occurs; and (iii) 
the Eltonian niche, which refers to the role or occupa- 
tion of a species in a community. The Eltonian niche 
was usually viewed as a relatively broad category (e.g., 
sap-feeding insects and predators of small mammals) 
which could contain several species and occur in a 
variety of habitats. In creating ihe guild concept, we 
provide an alternative category which clarifies some of 
the ambiguities associated wiih the Eltonian niche. For 
instance, by subsiituting guild for the Eltonian niche, 
we can avoid the contradicũons that occur when several 
similar species are said to occupy the same “niche,” a 
category that is supposed to be a property of individual 
species according lo the Hutchinsonian and Grinnellian 
concepts. Accordingly, species exploit niches and guilds 
exploit “nooks”— the adaptive space that is presented 
by resources with similar characteristics.

There are many types of guilds in addition to those 
that are based on food resources. For instance, animals 
can be grouped according to their use of tree cavities 
íor nest sites and plants can be grouped according to 
their shared use of agents for pollination (e.g., moths 
or hummingbirds) and seed dispersal (e.g., fruit-eating 
birds or wind). In the case of plant-eating insects, there 
has been a tendency to deíine “mixed” guilds that group 
species according to a combination of overlapping func- 
tions. Frequently, the “feeding guild,” deíined on the 
basis of the insects’ mode of feeding and the plani tissues 
they ingest, is combined with the “sheltering guild,” 
detìned on the basis of the insects’ use of different 
plant structures as lairs for protecúon from enemies 
and adverse conditions. As a result, we often find that 
plant-chewing insects are divided into categories such 
as “leaf-miners,” “leaf-rollers,” “shoot-borers,” and 
“stem galls” that have been shaped by the interaction 
of nutritional and protective íunctions. In searching for 
patterns, it is important lo take all these mixed functions 
into full account.



It should also be kept in mind that species can belong 
to more than one guild. For ínstance, the vvoodpeckers 
mentioned previously are members of both the ỉeeding 
guild that probes bark and the nesting guild that utilizes 
tree cavities. Many insects shift from one guild to an- 
other during the course of developmenl because larvae 
and adults are adapted to períorm such different func- 
tions. Thus, most butteríly species have caterpillars that 
are in the leaf-chewing guild and adults that are in the 
nectar-drinking guild.

II. THE ƯTILITY 0F GƯILDS IN THE 
SEARCH FOR ORGANIZATION 

AND PATTERNS

A. Guilds Provide a Natural Unit of 
Manageable Size for Comparative and 

Evolutionary Studies of 
Species Interactions

Even íairly simple communities, such as old Relds in 
the temperate zone, can harbor more ihan 1500 species 
of insects belonging to more than 175 [amilies. Such 
diversity obscures our view of ĩundamenial processes, 
such as competition, mutualism, and evolulion, because 
most species interact only rarely. This requires that we 
sort out the insigniíìcant interacúons to appreciate the 
true intensity of the critical interactions. For instance, 
most species of plant-eating insecis in an old íìeld rarely 
come into direct contact with one another because they 
are adapted for ĩeeding on different plant species. As a 
consequence, the use of Standard sampling methods, 
such as sweeping vegetation with a nei or collecúng 
the moths that are attracted to lights, which combine 
the insects on different plant species, would blur our 
understanding of competitive interactions between 
planl feeders. Furthermore, the existence of many types 
of species presents technical difficulties. Thus, to mea- 
sure the density of all the plant íeeders in a community 
might involve censusing deer, rabbits, mice, sparrows, 
snails, grasshoppers, caterpìllars, aphids, galls, and tiny 
mites. Clearly, each of these categories of plant ĩeeders 
require somewhat different methods based on different 
assumptions, relating to different spatial scales, and 
having different biases. To avoid these diffìculties, ecol- 
ogists often restrict their attẹntion to some porúon of 
the community. The guild concept is iđeallv suited to 
this purpose.

In deíìning a guild, we create a community detach-

ment whose members sliare resources that are exploited 
in a similar way. In many situations, guilds have an 
advantage over partitioning on the basis of taxonomy 
because the members of a taxon may be utilizing a 
variety of resources in a variety of ways. For instance, 
a bird community may contain rodent-eating owls and 
seed-eating sparrovvs but take no account oí rodent- 
eating weasels and seed-eating mice. This is not to imply 
that guilds are necessarily invalid if all their members 
are drawn from ihe same major taxon; ừequently, cer- 
tain slyles of exploiting resources are onlv “available” 
to organisms with capabilities that evolved in particular 
taxa. As discussed previously, birds possess the beak 
and body mass required to probe tree bark. Focusing 
on a guild has the added advantage of improving our 
ability to conduct accurate censuses on all the guild 
members because by sharing the same resources they 
are likely to be found in the same microhabitats and, 
by behaving in a similar way, they are more likely to 
have similar reactions to being observed or captured. 
Furthermore, the resources, by virtue of belonging to 
the same class, can be more accurately measured and 
compared. As a consequence, we are in a position to 
draw closer comparisons and conduct more realistic 
experiments when we are working with a guild.

By observing how a guild changes alongspatial gradi- 
ents, we can seek palterns in the relationships between 
environmental ĩactors and variations in population den- 
sity, reproductive rate, body size, dispersal ability, in- 
vesiment in predator or herbivore deíenses, and a vari- 
cty of other traits vvithin a group of species that are 
comparable because they use similar resources in a simi- 
lar way. Such comparisons also permit us to examine 
how species are “packed” onto the guilcTs resource base 
in relation to disturbance, elevation, and latitude.

Comparisons of similar guilds can reveal interesting 
patterns. For instance, there is a inuch smaller range 
of sizes of plant-chewing insects that live in abodes, 
such as mines and leaf rolls, compared to ihat of plant 
chewers that feed in exposed locations. This pattern 
reílects the limitations on body size that are imposed 
by the small spaces provided by plant structures that 
are pliani enough to be penetrated or rolled.

Much can be learned by comparing the same guild 
in regions that have been isolated from one another so 
that thẹir biotas have undergone independcnt evolution 
(Figs. 1 and 2). In such comparisons, the discovery of 
close resemblance provides insights into the process ol 
convergent evolution. In particular. we can observe (i) 
if certain types of characters are more responsive to 
evolutionary pressures, 0 i)  if certain combinations of



traits are associaied with each other in dilĩerent regions, 
and (iii) the degree lo vvhich convergence is limited bv 
dcep ancestral traits in thc various phylogenetic lines 
thai make up the guild.

B. Guilds Partition Biotas into Entities 
Appropriate for Detecting 
Community Organization

Ecologists have long debated the signiHcance of exploit- 
ative competition in organizing communities. An im- 
portant line of inquiry in this debate concerns the con- 
stancy of a community’s functional relationships. The 
reasoning is as follows: If communities are competi- 
tivelv organized, wc expecl to find that important func- 
tional relationships are predictable in space and time 
because the waxing and waning of populations of one 
species would be countered by compensatory changes 
in the populations of other species that use the same 
resource. Furthermore, thcse compensatory responses 
arc expected to be niost intense within groups of species 
thai have similar meihods of using the shared resources. 
Finally, we mighi expect to tìnd that similar types of 
cominunities have similar lunctional prolỉles because 
the imperatives associated with using similar resources 
have sorted and shaped species into convergent groups. 
Guilds providt’ a means of pariitioning a community 
into íimctional entities in vvhich these compensations 
might be deiected.

Much oi the search for community organization has 
locused on plant-insect associations. One reason for 
doing this is that the basic resources (the biomass of 
íoliage, stems, roots, fiowers, and seeds produceđ by

a particular plant taxon) are well circumscribed and 
relativelv easv to measure. The constancy of ihe associa- 
tions íuncúonal profilc can be judged by changes in 
ihe guild spectrum— the proporiion of total herbivore 
biomass that is engaged in exploitíng different plant 
parts in various ways. A matrix for sorting inscct herbi- 
vores into guilds is presented in Table I. In all likeli- 
hood, such a scheme will need to be revised to suit the 
needs of a particular investigation.

Evidence íor community organization based on 
guilds has been elusive. For instance, Cornell and Kahn 
found extensive variation in the guild spectra associated 
with 28 tree species in Great Britain and Rool and 
Cappuccino found no evidence lor compensatory 
changes in the densities of species vvithin guilds that 
feed on goldenrods. These íailures draw us to question 
our assumption that the intensity of cotnpetition is 
likely to be most severe within guilds. Different types 
of resources are linked in nature. Thus, in plant-insect 
associations, the consumption ofleaves will reduce the 
íuture availability ol seeds and the sapping of juices 
íroin stems will reduce the nutritional quality of foliage 
eaten by leaf chewers. Similarly, the Caterpillar eaten 
by a loliage-gleaning bird is unavailable as a moth to 
bats that forage in the air. Linked resources link guilds 
and open the possihility for exploitative competition 10 
play out its effects across a diffuse network ol species. 
In other words, the use of a common resource seems 
to be of prirnar>' importance in competitive interactions; 
the manner in which the resource is exploited is of 
liLlle consequence unless differences in a guilds behav- 
ior permit members to use an exclusive subset of re- 
sources. As a consequence, there are many cases of 
competition betvveen guilds. For example, Schluter

TABLE I

A P ro v is io n a l M a rtix  fo r D e íìn in g  G u ild s  o f  In s e c ts  th a t F eed  o n  T e rr c s tr ia l  P lan ts
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íound that Darwin’s finches in the Galapagos Archipel- 
ago consumed more nectar on islands on vvhich nectar- 
feeding carpenter bees were absent.

Of course, competition could be operating in a dií- 
fuse fashion that would be difficu.lt to detect by only 
studying variations in guild spectra. In plant-insect 
associations, however, there is increasing evidence from 
long-term experiments and extensive surveys that 
plants in natural communities are rarely devastated by 
herbivores and that competition between plant-eating 
insects is a sporadic occurrence. These results, consid- 
ered in conjunction with the highly variable guild spec- 
tra that have been reported by Cornell, Root, and 
Strong, suggest that most plants could support more 
herbivore species (i.e., plants provide Hutchinsonian 
niches that have not been íìlled) and that the structure 
of these associations is idiosyncratic, largely determined 
by the characteristics of a few dominani species that 
h a p p e n , fo r  a v a r ie ty  o f  h is to r ic a l  r e a s o n s , to  h av e  

evolved to become members of ihe community. Many 
ecologists have the impression that guilds and commu- 
nities that are dominated by predators or vertebrates 
are more likely to be organized by competition and 
to exhíbit more predictable functional proíìles. This 
impression, however, has not been adequately eval- 
uated.

c. Guilds Provide a Framework for 
Describing and Comparing the Trophic 

Structure of Ecosystems
The trophic structure of ecosystems is oflen described 
in terms of broadly deíìned levels consisting of primary 
producers, primary and secondary consumers, decom- 
posers, and so on. Food webs, on the other hand, are 
described in terms of individual species. Various at- 
tempts have been made to develop a scheme based on 
guilds that can be used to describe trophic structure 
with an intermediate degree of reíìnement; thus, herbi- 
vores might be subdivided into browsers of woody 
plants, grazers of grasses, sap-tappers 011 succulent fo- 
liage, borers in stems, and so on. To accomplish this 
requires that the entire community be partitioned so 
that all its members can be placed into a Standard set 
of feeding guilds that have a widespread occurrence in 
nature. When ordered in this way, it is hoped that 
insights about energy flows can be gained by drawing 
comparisons between systems. In practice, hovvever, 
such schemes have been little used, probably because 
it is almost impossible to develop a “key” to the guilds

of the world that is ílexible enough to accommodate a 
wide array of taxa and yet sufficiently circumscribed 
that different ecologists will assign species to guilds in 
the same manner.

III. THE INDIVIDUALISTIC NATURE 
0F SPECIES AND THE 

VAGƯE BOƯNDARIES 0F 
ECOLOGICAL CATEGORIES

The process of defining guilds raises some lundamental 
questions. Are guilds distinct entities that reílect the 
outcome of natural processes or are they merely arútì- 
cial groupings that we invent to divide diversity into 
more comprehensible units? In other words, are the 
opportunities provided by the environment discontinu- 
ous so that species are sorted into clearly deíĩned groups 
on the basis of their requirements and liíestyles? Fur- 
therraore, are similar openings (or nooks) available in 
different regions? Are organisms constrained from fi.ll- 
ing these opportunities by their evolutìonary histories? 
W e can begin to address these dưíìcult questions by 
comparing the characleristics of the core and marginal 
members of various guilds.

If we census the habìts ol all the species that utilize 
a particular resource, we usually find that there is a 
vvide variation in the level of iheir dependency on the 
resource. The most dependent species— the core us- 
ers— usually possess obvious specializations. Thus, in 
the bark-probing guild (Fig. 1), the treecreepers, wood- 
peckers, and nuthatches, which take the bulk of their 
dìet from bark, have specialized feet and tails for moving 
on vertical suríaces (Richardson, 1942). In our census, 
however, we usually encounter a host of species that 
use the resource only rarely. These marginal users are 
either generalists or they are specialized along other 
lines that compromise their ability to use the resource 
in question. For instance, bark-probing titmice often 
íorage on horizontal surfaces, such as the tops of limbs 
and branches, where they take much of their prey by 
hammering apart acorns, galls, and similar objects that 
they hold against the perch with their foot. These habits 
are reílected in the distinctive foraging maneuvers that 
titmice display during their inữequent forays onto iree 
trunks. Other spccies, such as gnatcatchers, vireos, and 
wood warblers, vvhich are primarily adapted for glean- 
ing insects from tree foliage, make clumsy efforts to 
take insects from bark on rare occasions.

Here we contront the individualistic nature of spe-



cies— a (undamental issue, originally raised by Gleason, 
that complicates all of our efforts to deíìne functional 
groups of species. Thus, the various taxa that can utilize 
a particular resource have evolved “individualistically” 
along independent paths. As a resuỉt of their separate 
histories, these taxa have different constraints and pro- 
clivities, which result in different levels and styles of 
specialization. As a consequence, guilds often have am- 
biguous boundaries consisting of several species of gen- 
eralists and inept opportunists that are specialists on 
other resources. Since the degrees of dependency grade 
into one another, the line One draws to define the mem- 
bership in a guild can be somewhat arbitrary.

The indefinite boundaries of guilds are merely 
one expression of a more general issue contronúng 
ecologists. Community ecology and biogeography are, 
by their very nature, concerned with levels of organiza- 
lion that consist of multiple species. In tbeir efforts 
to discover the processes operating at ihese levels, 
workers have developed several systems for classiĩying 
species into groups on the basis of similarities in 
their (i) response to physical or site conditions to 
deíìne communities; (ii) possession of particular adap- 
tive trails to deíìne life-forms and adaptive syndromes; 
(iii) response to seasonal cues lo define phenological 
aspects; (iv) geographic distributions lo deíìne biogeo- 
graphic provinces, biomes, life zones, and plant forma- 
tions; and (v) diet to define trophic levels. Ecologists 
recognize and discuss these entities because they find 
that several species fall into clusters on the basis of 
thesc various types of classification. As with guilds, 
however, we also encounter species with intermediate 
characteristics that tend to blur the boundaries of 
these various categories. This is because all the traits 
that underlie these classiRcations are subject to the 
satne individualistic evolution that can produce the 
marginal members of a guild. Thus, vague boundaries 
are an inherent property of any species assemblage— a 
fact that requires ecologists to cultivate certain habits 
of mind in forming arguments.

IV. ATTITƯDES CONCERNING 
VAGUELY BOUNDED CATEGORIES

People are generally uneasy about categories, such as 
guilds, that are subjectively defined because the criteria 
one chooses to deíìne the operational boundaries will 
have an impact on our ability to observe patterns. Thus, 
if a guild is deíĩned too broadly, the characteristics of

a miscellaneous collection of marginal species could 
obscure interesting similarities betvveen the core mem- 
bers. On the other hand, if a guild is deíineđ too nar- 
rowly, we could overlook the full range of iníluences 
that stem from extracting a particular resource in simi- 
lar ways. There have been a variety of attempts to ad- 
dress this probỉem hy using quantitative procedures, 
such as cluster analysis and principal components anal- 
ysis, to delimit the membership in guilds. The raw 
material for these analyses comes from “activity cen- 
suses” which measure the relative írequency that species 
utilize different resources in different ways. The group- 
ings that are sorted out by these procedures, however, 
often seem abstract and artiíìcial. Furthermore, they are 
probably no less arbitrary than those that are more 
subịectively deíined because the person who is running 
the analysis must decide how broadly to cluster the 
species’ activities.

Despite these difficulties, the continued and wide- 
spread use of subjectively defined categories attests to 
the need of such concepts in ecology. The best results 
are obtained when we follow some simple guidelines. 
In the case of guilds, the classifications that provide the 
most insights are based on a thorough knowiedge of 
the species’ natural history. Open-minded observations 
and journal keeping are good starting points to form 
an intuition for distinguishing resources with properties 
that require special means for their eíĩicient exploita- 
tion. For instance, insects on bark constitute an appro- 
priate resource for a guild of bird-sized predators be- 
cause the core members musl move on vertical suríaces 
and extract prey from narrow crevices or under bark—  
maneuvers that are difficult for birds that lack the neces- 
sary specializations.

After a guild has been tentatively deiĩned, it helps 
to conduct activity censuses at different sites and in 
different seasons to discipline intuition and provide a 
quantitative basis for determining guild membership. 
(For sedentar)7 organisms such as plants, one would 
count the incidence of the traits that deíìne the guild 
along transects laid out in appropriate habitats.) When 
the investigators are satisíìed that a guild “makes sense” 
with respect to the questions that are being asked, the 
criteria that will be used to delimit the boundaries 
should be clearly described and fully justifìed. At this 
point, it may be useful to assign classes of membership; 
for instance, core species rnight be those that engage 
in the activities that deíìne the guild on at least 50% of 
occasions, and marginal or accidental species might be 
those that engage in such activities on less than 10% 
of occasions. Many of these steps seem obvious, but



they are often left out of guild classiíìcations, especially 
in cases in vvhich the investigators are attempling to 
partition entire communities in such a way that each 
species can be assigned to a single guild. Such classiíi- 
cations are often used to compare the íunctional organi- 
zation of communities in which only the most general 
of categories can accoramodate the great diversity of 
species that must be placed.

Part of the art of becoming an ecologist involves 
developing a set oi attitudes for coping with the compli- 
cations that stem from the individualistic nature of spe- 
cies. One of the most important of these is an ability 
to match the question one is asking with the most 
appropriate grouping of species— the set thai will reveal 
valid patterns that act in nature. Thus, the guild deíini- 
tion thai is most useful for exploring convergent evolu- 
tion may be quite different [rom the one that is best 
for observing compensatory shifis in the densities of 
interspeđíic competitors. In addition, we need to be on 
steady guard against the natural lendency to drift into 
thinking that the entities we have invented are “real.” 
Guilds are not a fixed feature of nature. They are a 
convenience that vve can use to cope with diver.sity, 
reveal patterns, and íacilitate discussion. As a conse- 
quence, guilds can be modiRed as long as they provide 
a valid base for addressing a quesiion and their limits 
are explicilly deíined and justified.
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niche overlap The proportion of available resources 
ihat are shared by two species. Usually used in the 
context of a single resource that limits population 
growth.

GLOSSARY

community An ecological term reterring to a set of 
species that occur in the same location that have the 
potential to affect each other either directly or indi- 
rectly.

community structure The web of potential biological 
interactions among members ol a community that 
may he charactcrized in terms of diversity, complex- 
itv, h ierarchy ,  and stability .  

ecotone A zone of transition between iwo different 
habitats that may conlain a community of organisms 
distinct from either habitat. 

habitat structure Analogous to community structure, 
but limited to the physical structural aspects of a 
habitat. The structure of habitats may be character- 
ized by such measures as complexity, heterogeneity, 
re g u la r i ty ,  s t r a t i í ì c a t i o n ,  a n d  f ra c ta l  d im e n s io n a l i t y .  

m icrohabitat Localions within a habitat where organ- 
isms may carry out important aspects of their lives, 
such as places for harvesting food, nesting, or tak- 
ing shelter.

W H Y ARE SPECIES COMMON  in some places but rare 
or abseni in olher places? Early aitempls to answer this 
fundamental question led to the concept of the habitat. 
A habitat is simply where an organism can be íound in 
nature. Habitats are described in terms of geography, 
geology, climate, as well as by other species commonly 
found within the same habitat. The habitat concept is 
very closely related to another concepi used to charac- 
lerize species, the niche. The niche of an organism 
can best be described as its role in the community of 
organisms around it. Among the many traits that may 
comprise a niche are the physical and climatic charac- 
teristics that an organism can tolerate, and the resources 
required for the species to persist, such as food and 
shelter. The habitat of a species is often treated as a 
subset of its niche, and in practice it has grown diffìcult 
to draw a distinct line between the two concepts, yet 
the study of habitats has a history distinct from that of 
ihe niche. Today, habitat descriptions are commonlv 
used as a practical guide for locating and maintaining 
species, whereas the niche is a more abstract concept 
that forms the conceptual foundation for much ecologi- 
cal and evolutionary theory.
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I. CONTRASTING THE HABITAT WITH 
THE NICHE

As is the case with many ecological concepts, deíìning 
habitats and niches concisely and unambiguously is 
diĩíicult. Habitat deíìnitions are particularly prone to 
problems of scale. At the larger end of the scale is 
the biogeographical term biomc. Some biomes may be 
considered the habitat of larger, well-traveled species 
such as large birds of prey, but usually the habitat is 
deíìned more narrowly. On the smaller end of the scale, 
the lerm microhabitat is used to describe the places 
where an organism spends part of its time. For inslance, 
a fish may íorage in the microhabitat that occurs near 
ihe banks of a river. Thus the concept of the habitat lies 
somewhere in between the biome and the microhabitat.

An ecological community is a suite of species that 
occur in the same location that at least have the poten- 
tial to interact and affect each another eíther directly 
or indirectly. These effects are usually measured in 
terms of population growth or changes in the density 
of individuals. Different communities of organisms will 
generally reside in differem habitats. If most species 
in one community have little chance of affecting the 
populations of other species in a different community, 
then these communities probably occur in different 
habitats. In this way, microhabitats refer to places 
within a communitỵ, and biomes encompass a number 
of differenl habitat lypes. Defmition of habitat and com- 
muniiy boundaries will depend on the exact species 
under consideration. For insiance, it may be reasonable 
to distinguish the small mammal communities of grass- 
land from nearby riparian íorest, though an individual 
jaguar may prey on species in both habitats.

The habitat concept was originally applied to single 
species, but because many species share similar habitals, 
some general habitat descriptions are applied to many 
species. Habitat descriptions used in this fashion often 
incorporate the dominant species commonly found in 
that habitat. In nature, borders between different kinds 
of habitals are oflen not very distinct. Generally, one 
habitat type will gradually give way to another creating 
a zone of transition. Communities in the transition zone 
may be qualitatively different from communities that 
occur within one habitat type or another.

The primary habitat preferences of a species can 
be displayed graphicallv. Ordinalion is the process of 
characterìzing a species with rcgard to habitat gradients. 
Gradients can be displayed as axes on a graph. Usually, 
some measure of density or population growth is plot- 
ted, and the portion of the gradient that is occupied by

the species is referred to as the habitat breadth of the 
species. Figure 1 shows how two species of plankton 
can be compared according to a single habitat dimen- 
sion, depth in the water column. There are potentially 
limitless gradients or factors that may be involved in 
characterizing the habitat of a species. Graphical repre- 
sentation of more than three variables in a single graph 
is difficult, but the concept easily extends into multi- 
ple dimensions.

The niche is a more abstract term than the habitat.
Il encompasses all possible interactions that a species 
has with the environment and other species in the com- 
munity. Conceptually, the niche is richer than the habi- 
tat and forms the foundation for much ecological the- 
ory. Because of the abslract nature of the concept, the 
definiúon is perhaps even more diííicult to formulate 
for all species. There are striking similarities in the way 
niches and habitais are displaved. Like a habitat, a niche 
is often deíìned by axes, and there are multiple axe.s 
that can be compared.

The most common type of axes used to characterize 
a niche include those ihat deíìne environmental toler- 
ances and resource requiremenls. Humidity, sunlight, 
temperature, wind exposure, and pH are examples of 
environmental axes that help to deíìne a niche. Resource 
axes may include food resources (insects, seeds, bacte- 
ria, nutrients), space requirements (breeding sites, ref-

>N
Ỡ5c
Q

Depth

FIGURE 1 T w o  h y p o th e tica l sp ec ies  o f  p la n k to n  co m p ared  alon g  

the h abitat a x is  o f  d ep th  in th e vvater co lu m n  (to p  p a n e l). T h is  sin gle 

h ab ita t ax is  is  co rre la te d  w ith  iw o  d iffe re n i n ich e  ax es , tem p eratu re 
and illu m in a tio n . S p cc ies  B  is íou n d  in shallovver, b r ig h te r, and 

w arm er areas.



uges, foraging zones). Figure 1 also compares the lwo 
plankton species in two nichc dimensions, illumìnation 
and temperature, which are correlated with the habilat 
axis, depth. This highlights the similarity of habitat and 
niche axes, which are oíten diíncult to distinguish 
clearly.

In practice, ecologists focus on a subset of niche 
dimensions that are the most important in deiermining 
ihe role of a species in the community. Among these 
are foođ resources that are essential for survival. These 
íactors limit the population size of the species and there- 
fore determine the distribution and abundance of the 
population.

In spite of the more limited role of the habilat in 
theory, the physical nature of habitat axes make them 
useful tools for practical purposes. Habitats can often 
be adequately described with relativelv few variables, 
whereas to fully document the niche of a species re- 
qnires careful study and a great deal oi time. Yet if the 
habital can be accurately captured, it is likely ihat many 
the complex niche requirements and interconnections 
will be contained within the same habitat. As stated 
e a r l i e r ,  c o m m u n i t i e s  t e n d  to m a p  One to One o n t o  h a b i -  

tats. The uúlity of this relationship is exploiled lor 
managemeni when there is insuĩỉicient time to study 
all aspects oi an organism s ecology before an action 
needs to be taken. To preserve a single species, One must 
also preserve its niche requirements and the complex 
interconnections with the rest of the community. Pre- 
serving adequate habitat will often achieve this goal. 
This principle is important not only for managing target 
species, but for preserving and restoring biodiversity 
in general.

The primary habitat and niche for a number of spe- 
cies is given in Table I. These briel characterizalions 
are typically used as a shorthand way to describe vvhere 
to find species and the basic role played by each in the 
communúy. Habitat descriptions include geographical 
iníormation and often refer to the dominant species 
present (e.g., grassland, coral reef). Niche descriptions 
for a species usually begin with the main food items con- 
sumed.

As one moves through this list ofvery diverse species, 
the differences in the scales and roles are readilv appar- 
ent. Trees may deíìne different successional stages of a 
forest, each of which may be considered a different 
habitat. A jaguar may routinely cross into different suc- 
cessional stages on a daily basis, making it diffĩcult to 
clearly deíìne a jaguar’s habitat. In contrast, certain 
trees, birds, and lichen are limited to only a certain 
successional stage, while specialized insects, parasites, 
and pathogens may even be limíted to a single species

of host. Thesẹ diíĩerences make hroad comparisons: of 
niches and habitats difficult, huL at any single scale, 
thesc conccpts can be applied to facilitate meaningíul 
comparisons among similar species.

II. HISTORY 0F THE HABITAT AND 
THE NICHE

A. Niche Origins
[t is tempting to think of a niche as a physical place. 
This is the common usage of the word, and there are 
examples in ihe early ecological literature that use the 
term nichc in the purely physical sense. However the 
origins of the ecological niche reside in the more general 
observation that no two species are exactly alike.

Many naturalists in the latter part of ihe 19th century 
turned their attention toward documenting the traits 
that distinguish one species from another. When two 
species appeared very similar, it was thought that even- 
tually differences could be found that would distinguish 
the unique role of each in the community. This idea 
was evident even in the vvritings of Darwin, and over 
time it has evolved into a very general principle: the 
principle of competitive exclusion. Exploring the impli- 
cations of this relatively simple notion has dominated 
the study of ecology for much of the 20th century.

The principle of competitive exclusion and the con- 
cept of the niche developed in parallel ihrough the early 
1900s. Theoretical work by Volterra (1926) shovved 
that if certain assumptions are met, only One species 
should be able to survive on a single resource. Gause 
(1934) demonslrated this principle experimentally with 
lwo species of Paramccium  íeeding on a common re- 
source. Two species that consume the same resource 
in the same way simply cannot coexist.

The term niche was íìrst used in ihe context of com- 
petitive exclusion by Grinnell, a superb naturalist of 
the North American west, as early as 1914. Grinnelĩs 
study of the California thrasher represents one of Lhe 
íìrst that specifically set out to characterize the ecologi- 
cal niche of a species, though he laid out the concepts 
of the niche and competitive exclusion 10 years earlier 
in a study on chickadees.

Grinnell’s study oí the California thrasher illustrates 
some of the most basic components of a niche (a) type 
of lood consuraed (mostly insects, berries at some times 
of the year), (b) microhabitat preference (beneath 
shrubby vegetation), (c) physical traits and behaviors 
used in gathering food (a long beak thrashed through 
the top layers of soil and leaves), and (d) resources



TABLEI

T h e  P rim ary  H ab ita t and M ạ ịo r N ich c  C o m p o n cn ts  o f  S o ra e  R e p re s c n ta tiv e  S p e c ie s

Sp ecies H abitat/Biom e. N iche

C a liíb rn ia  th rash er C oastal ch ap arra l; w estern  N orth  A m erica G cn era lis t ĩn se c tiv o re ; te rr ito ria l; som e-

T oxostom a redivivium tim es a ừ u ig iv o re

C u b an  crow n  g ỉan t lizard T ro p ica l íbresl tree crovvns; C arib bean G en era ỉỉst in s e c iiv o re ; sh o r t pu rsư it preda-

A noỉis equestris (C u b a ) to r; te rrito ria l

S p o tted  salam an d er Ep h em eral poncls in  d ccid u o u s Torest; G cn era lis t ca rn iv o re , b ree d s in  ponds

A m bystom a m acuìatum tem p erate  N orth  A m erica vviih few  la rg e  fish

Ja g u a r T ro p ica l ĩo rests  o f all types, sav ann a; C e n  Sm all an im al ca rn iv o re ; so lita rv  s ta lk in g

P an thera  onca tral and So u th  A m erica p red ato r, k ev sto n e  p red ato r

P la in s zeb ra T ro p ica l sav an n a, A írica G ra z cr o í s h o r i g rass: g re g a r io u s; m i-

Equus burcheỉỉi g raiorv

H arv ester an t Sandy reg ỉon s o f  d cse rts ; so u th w est N orth Scav en g er o f  S ín a ll  seecls; m ak es  lerres-

Pogonom yrm ex rugosus A m erica ư ia l, co lo n ia l bu rrow s

Tavvny m in ìn g  bee T em p e ra ie  ficld s, gard en s; E u ro p c N ccta r /p o lle n  h arv e ster; soliLarv so iỉ b u r-

A ndrcna Ịu lva rovver: p o llin a to r

C am el cr ick e t C aves, m o ist en v iro n m en ts ; N orih Scav en g er, d e tr iv o rc

C eu thophiỉus siỉvcstris A m erica

G h o st crab San d y m arin e  b c a c h c s ; tem p crate  and Scav en g cr; tc r r ito r ia l : n o c iu rn a l

O cypode quadrcita trop ical N earctic

M u ssel In te rtid a l, ro ck y  m arin e  sh o res ; w estcrn F ilie r  íced s o n  P lan k to n ; sess ile ; pelagic

M yíiỉus c a ìiỊo m ia m s tem p era ie  N o rih  A m erica larvae

T ard ig rad e (w ater b ear) M o ist íìlm  o n  p ỉan ts , m oss, o r lich cn ; co s- Plani and m o ss  ce ll p red a io r; m eio íau n a l

Echm iscu s spp. m op olitan ( 0 .4 - 1 .0  m m )

G u ạ n a ca ste  tree T ro p ica l sav ann a, dry íoresr, C en tra l Large can o p y  tr c c ;  p io n e er , k ey sto n c

En teroỉobium  cycìocarpum A m erica sp ec ics

F lo w e rin g  dogw ood T erap era te  d ecid u o u s ío rcs i, N orth s h a d e -to le ra n i, u n d ersto ry ; p o llen  and

C om u s / lo r id a A m erica n e c ta r  p ro d u ce r

D eu tero m y co ta  íungi M o ist so il, p o o ls ; co sm o p o litan Sit-an d -w ait p rcd a to r  o f ro u n d w o rm s.

A rthrobotrys spp. h o o p -sn are  s ư u c tu re s

S lim e m old M o ìst so ils , v ario u s h a b iia ts ; co sm o* B a c tcria  co n su m e r , s in g lc  an d  m u lũ cell

A cras iae  spp. p o liian stages

S ch is to so m e H um an s and ừeshvvater B lo ođ  p arasite  in  h u m an s, g u i
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required for shelter and breeding (dense shrubs for 
night roosting and nesting). These four basic factors 
allow one to characterize the basic niche of most ani- 
mals, and most animals differ with respect to one or 
more of these íactors.

An analogous set of core niche dimensions may be 
constructed for plants, which tend to pariition niche 
space along resource axes such as available light, soil 
moisture, and various soil nutrient gradienis. Important 
niche dimensions for marine organisms may include 
temperature, subsưate type, salinity, pH, and exposure 
to waves.

Thirteen years after Grinnell, the publication of El- 
ton's Animal Ecology text (1927) established the term 
niche in the lexicon of ecology. Hovvever it was not 
until the work of Hutchinson (1957) that the concept 
of the niche was fully developecl as a cornerstone of 
ecological theory. H utchinsons niche is an n-dimen- 
sional hypervolume, implying that there are usually 
many íactors, or dimensions, that define the rolc ol a 
species in a given habitat. These included vet extended 
well beyond the basic niche dimensions described bv 
Grinnell.

Other ecological concepts emerged from this founda-



tion. The resources thai a species would use if it vvere 
isolated from all potential competilors is part of its 
[unđamental nichc. The rcalized niche is a subset of the 
[undamental niche thai includes the resources actually 
consumed by the species in nature. The difference be- 
t\veen the realized and fundamental niche can be attrib- 
uted to competition from other species in the com- 
munity.

B. Habitat Origins
Originally, the habitat of a species was not viewed as 
a part of its niche. In the early history of these terms 
they were treated separately. The habitat was seen more 
as a guide lo the kind of community in which the 
organism played its role. For instance, the California 
thrasher occupies C o asta l chaparral of western North 
America, but this habitat description can be vievved as 
disúnct from its niche within that habitat. Also, species 
wcre viewed as possessing suites of traiis and physical 
tolerances thai enabled them to be suitable only for 
speciíìc habitats.

Over timc, habitat axes were compared right along- 
side common niche axes, and the disúnction became 
obscured. This change may be clue in part to parallel 
development in the fìeld of evolution and adaptation 
and increascd knovvledge of ihe processes involved. 
Today ii is not difficull 10 imagine that two species may 
have evolved 10 occupy different habitats, whereas at 
a previous timc only One species may have occupied 
both habitats.

The history of the habitat concept can also be traced 
back to the work of Grinnell and his coniemporaries. 
In one of the earlier studies, Grinnell and Storer charac- 
terized the animals of Yosemite according to the eleva- 
Lions a t  w h i c h  th e y  o c c u r r e d .  In  th is  m o u n t a i n o u s  re-  

gion, species tend to be found in narrow elevational 
zones or bands.

At about ihe same time as ihe Yosemite study, Ra- 
mensky wrote that each species was unique and pos- 
sessed adaptations thai enabled it to tolerate a unique 
set of environmental conditions. This “principle of spe- 
cies individuality” bears strong resemblance to the early 
iníluences on the niche concept, except that in ihe 
habitat context, competitive exclusion was noi at the 
core. Instead, species were seen to be adapted to certain 
conditions and habitats, and they independently sorted 
themselves oul accordingly.

Subsequent work has coníìrmed that habitat bound- 
aries are oíten determined by physical tolerances. How- 
ever there are numerous examples where competition 
and other species interactions play an important role

in determining the habitat breadth of a species in nature. 
This further illustrates how ihe habilat and ihe niche 
have converged over time. Thereíore it is appropriate 
to treat the habitat and the associated gradients and 
axes as a subset of the niche.

III. COMPARING HABITATS 
AND NICHES

A. Multispecies Comparisons
The habitat and niche of anv species can be character- 
ized independently, but the truc value of these concepts 
lies in comparing multiple species. The ability to display 
habitais and niches graphically greatly facilitates com- 
parisons. Figure 2 shows how species can be ordered 
along a habitat gradient. Copepod species show differ- 
e n t  p a t te r n s  o f  a b u n d a n c e  w i th  r e s p c c t  LO th e  g r a d ie n t  

from ocean to land in the intertidal region. vvhile in 
this instance there is a large amount of overlap, each 
species has a characteristic distribulion in this region.

Habitat boundaries are rarely sharply deíìned. Eco- 
tonẹ is the term used to refer to this zone of transition 
between habitats. Because this zone ís somewhat diUer- 
ent from either neighboring habitat, an ecotone may 
contain several unique species. This concept was pro- 
posed to help explain distributions of species that did 
not appear to coincide with habitat boundaries. In a 
unique test of this idea, Terborgh and Weske (1975) 
found liitle evidence ihat subsets of bird species along 
an elevational gradient were responding to ecotones. 
Instead, it appeared that the elevational ranges of many 
specics were independently deiìned by the presence of 
other closely related species. In this case, compeútion 
appeared to be more important than habitat gradients 
for setting the actual limits of species distributions.

The niche framework is typically used to compare 
groups of closely related species that consumed similar 
resources but differed in one OT a few important ways. 
Suiies of species in a community that utilize the same 
general resource were termed guilds by Root (1967). 
Just as a guild of blacksmiths all work with iron yet 
have different specialties, assemblages of animals that 
specialize on seeds, íruits, or insects all have different 
ways of harvestirig these resources.

Early studies íocused on guilds that differed mainly 
with respect to body size. Hutchinson (1959) observed 
that species within a guild often differed by a minimum 
size ratio. Known as Hutchinsonian ratios, these regular 
arrangements of species body sizes occur in a number
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of vastly different communities consuming very differ- 
ent resources.

One example of the kind of pattern Hutchinson was 
attempling to explain is the assemblage of rodents that 
consume seeds in the deserts of North America. Figure 
3 shows how similar assemblages of rodents in different 
communities contain a similar set of rodents. Each spe- 
cies differs from others in the same community mainly 
in terms of body size. Convergence is a term applied 
to organisms or communities that are not closely related 
historically that have members with similar physical 
íeatures because they occupy similar niches. The impli- 
cation is that parallel evolutionary trajectories were fol- 
lowed independently by different species because of 
similar selection pressures.

The underlying mechanisms that create such regular 
patterns can be explained because each species con- 
sumes resources of a size class that is proportional to 
its bodv size. Smaller rodents consume smaller seeds, 
while larger rodents eat larger seeds. In a different com- 
munity, smaller fruit pigeons consume smaller íruits, 
while larger species primarily consume larger íruit. For 
a medium sized bird, small fruits take too long to gather 
and handle, and the bird can not eat them efficiently 
enough to sustain itselí. Larger fruits may be too big 
to handle or crack open.

Many types of food resources such as seeds, íruit, 
or arthropods have a wide, flat distribution along a size 
gradient. These relationships can be displayed graphi- 
cally with a single niche axis, food resource size (Figure

4). One curve represents the available resources, in 
this case seeds, and the narrovver curves underneath 
represent the sizes and amounts of seeds consumed by 
each species. This division of available resources among 
members of a community is termed resource parti- 
tioning.

Utilization curves are often bell shaped (normal, 
Gaussian) to reílecl ihe tapering ability of each species 
to consume seeds away from the “opúmum” size. This 
type of niche representation allows direct comparison 
of the amount of overlap in resource consumption. If 
food is indeed the primary limiting resource, the overlap 
of species resource utilization curves direclly represents 
the amount of competition that each species is experi- 
encing. It is the regular spacing of curves to minimize 
overlap, or competition, that creates the paltern of regu- 
lar size distributions of animals seen in natural commu- 
nities. This simple framework forms the basis of 
niche theory.

The concepts of lundamental and realized niches can 
be clearly visualized within this framework of graphical 
representation of both habitat and niche dimensions. 
Mussels are capable of living in a wide range of eleva- 
tions above the low tide mark, and they will move into 
these spaces in the absence of other species. However 
other animals, such as barnacles, are bctter adapted to 
occupy lower positions and can outcompete mussels in 
sorae zones. That is why in natural communities, the 
realized niche of mussels in terms of this habitat gradi- 
ent is usually narrower ihan the fundamental niche.
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A similar process may be operating in the granivo- Islands usually support fewer species than equivalent
rous rodent example presented earlier. Each rodent may mainland habitats. It has been shown for many kinds of
be capable of consuming a wider range of seeds, albeit species that in these species-poor island communities,
inefficiently. In nature, either there are fewer of these species tend to eat a vvider array of foods and therefore
suboptimal resources available because of competitors, have wider niches. This agrees with the expectation
or each species deliberately chooses a narrower range based on niche theory outlined earlier: there are fewer
oí' seeds to consume to avoid competition. potential competitors on íslands, and therefore there

The effect of competition on realized niches can be is less resource overlap with other species acting to
seen by comparing island and mainland coramunities. constrain their niches.
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Species that have very high overlap in many niche 
dimensions often have little or no overlap in one key 
dimension. This principle, called niche complementar- 
ity, lies at the heart of the guild concept. In prcvious 
examples, similar species consumed the same general 
resource and had high niche overlap, but they showed 
little overlap with respect to a single dimension: body 
size. Typical niche axes where complemeniary species 
can be found include size, light (nocturnal/diurnal), 
benthic/pelagic, and canopy/ground or coniíerous/ 
deciduous microhabitat.

In many instances niche ditĩerences among species 
are clear, but sometimes niche differences are extremely 
suhtle and require careful study to be revealed. For 
instance, five species of Dendroica warblers can all be 
found in the very same tree in temperate zone conifer- 
ous forest habitat. AU glean sìmilar types of prey, pri- 
marily lepidopteran larvae, from the surfaces of the iree. 
Only carelul study by MacArthur (1958) revealed that 
each species favors different parts of the tree, and each 
tends to move about the tree in different ways (Figure
5). Thus it is not only the type of food resource that 
is limiting the population growth of each species, bul 
where and how thai food resource was harvested. There 
are enough subtle differences in microhabitat use and 
behavior to allovv coexistence of species that at íìrst 
glance appear to share equally ihe same limiting re- 
source.

Niches can change through time. For instance, the 
larval íorms of many organisms often have completelv 
different niches from adult forms. Thus, the terin onto- 
genetic niche has been applied to amphibians, arthro- 
pods, and a wide variety of marine organisms. The great 
versatility of the niche concept allows incorporation of 
these temporal changes by simply adding a temporal 
axis to the species niche. The realized niches of species 
in a communitv can also change through time if the 
community undergoes change. Extinctions and inva- 
sions cause rapid community changes that in turn result 
in niche shifts among other community members.

F1GURE 5 N ich c rc la tio n s  am o n g  som e N o rlh  A m erican  vvarblcrs 
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Niche theory is the branch of ecology that has taken 
these informal graphical models and txtencled them 
mathematically to model the process of competilion 
and community organization. The origins of niche the- 
ory can be traced back to the early work of Volterra, and 
has grown and undergone dramaúc changes. Complex 
inleractions among members of a community are very 
difficult to measure, and the approach of sludying theo- 
retical rnodels has greaily enhanced our knowledge of 
ihe íactors that iníluencc communily dynamics.

B. Other Niche Dimensions
The classical conlext of niche comparisons is mainly 
restricted to niche axes characterizing habitat and food
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resources. Some ecologists have even considcred the 
dcfinition of a niche to be limited to the food resources 
consumed. However developments in thc íicld of ecol- 
ogy through the 1900s have made it clear that an ex- 
panded defmition of the niche that encompasses all ihe 
interactions ol a species within a communitv is most 
appropriate. A broad definition of the niche includes 
all potential interactions that ultimately have the effecl 
oí changing the population density of another species 
in the community.

Mutualistic interactions are somewhat differenL from 
íood resources in that they are often not literally con- 
sumed, nor are thev occupied as in a nesting or shelter- 
ing place. Hovvever in niche descriptions, mutualistic 
interactions are treated much the same as other re- 
sources in that they may be limiting and therefore may 
even he competed for. For instance, pollinators interact 
mutualistically with angiosperms, yet from the point of 
view of a plant, they may be regarded as any other re- 
source.

c. Indirect Interactions
Competition for resources has historically played a Cen

tral ro le in niche clescriptions. More recently, studies 
have uncovered processes where two or more species 
coexist because of íactors that have liltle 10 do with 
resource niche axes. For example, predation can act lo 
promote coexistence of potentially competing species 
in the following way: The presence oi a predator may 
reduce ihe numbers ol one prey species and ihereby 
allow other species that have similar resource require- 
ments lo coexist. If lwo or more species are all harvested 
by a predator that doc.s not show preíerences for any 
specific prey lype, then the most common prey will 
experience a disproportionate amount of predation. In 
this way, the presence of a predator can aclually pro- 
rnote coexistence of species and an increase in biodiver- 
sity. Predators that have this effect havc been referred 
to as keystone species because of their disproportional 
affeci on community diversity.

An excellent example of this process can be íound in 
the rockv intertidal communities of the eastern Paciíìc. 
Paine (1980) and colleagues conducted a unique set of 
experiments demonstrating that the presence of a star- 
fish predator (Pisaster) enabled the coexistence of a 
number of species, whereas in the absence of the star- 
íĩsh, the community was dominated by the Caliíbrnia 
mussel. The niche description for a barnacle in this 
community would thereíore be incomplete without in- 
corporating information about not only the presence 
oí the California mussel, but also the relative vulnerabil-

ity of each of these species to staríĩsh predation. This 
implies thai the niche characterization may change de- 
pending on the presence of potential predators and prey 
and their speciíìc traits.

Prcdation certainly can be seen as a direct interac- 
tion, but the example above falls into the class of indi- 
rect interactions. A keystone predator can enhance the 
abundance of a specíes by interacting with a third spe- 
cies. Many interactions may cause ripple effects through 
a community in indirect ways. Elephants change the 
physical structure of their habitats, and many species 
excavate holes and nesls that are used by other species. 
Parasites and pathogens can also have indirect effects 
on entire communities.

Viruses and other pathogens may initially appear to 
occupy a very simple niche, especially those thai are 
confined to live enlirely inside the body of a host spe- 
cies. How can such an organism play an important 
role in the community through indirect interactions? 
Pathogens can signiíìcantly impact the population size 
of the host species. This change in abundance may have 
consequences for other species, such as predators and 
prey of the inĩecteđ species.

Some pathogens have complex life cycles that de- 
pend on more than one host species, and sometimes 
these hosls are very different. For instance, in using 
humans and snails at difí'erent stages of its life cycle, 
Schistosomiasis provides a clear link between humans 
and some snail species that are used as hosts for different 
stages of the life cycle.

Another interaction involving pathogens provides an 
example of apparent competition. One host species may 
be relatively unaffected by a pathogen, vvhereas other 
species may be severely impacted. In this case, the unaf- 
íected species can act as a carrier, spreading the patho- 
gen to other species in the community that are more 
susceplible, causing their decline. On the surface, this 
paltern may resemble competition.

Community ecologists have used various methods 
to incorporate these indirect interactions into model 
representations of communities. It is certainly not as 
straightforward as simple resource utilization graphs. 
Mathematical matrices have been applied to study the 
dynamics of cornmunities. In this format, all painvise 
interactions can be explicitly considered, and broad 
concepts such as the relationship between community 
stability and complexity have been studied vvithin this 
framework. Recently, web theory has been applied to 
this task because complex interactions within commu- 
nities can be more explicitly constructed. All of these 
iheoretical constructs of communities are based on the 
niche concept, thus the utility of the niche concept



has grown even as the fìeld of ecology has undergone 
dramatic changes.

IV. EVOLƯTION 0F THE NICHE

Ecological studies can help us to understand why spe- 
cies occupy unique niches, but hovv did the great diver- 
sity of species arise in the fìrst place? The processes 
underlying the evolution, adaptation, and coexistence 
of species that have unique niches is a íundamental 
aspect of understanding biodiversity.

For many organisms the primary mode of species 
ĩormation, and therefore the primary generating íorce 
for biodiversity, is thought to involve diílerentiation 
of isolated populations. A terrestrial species may have 
p o p u la t io n s  se p a ra te d  b y  water, or C o asta l tn a rin e  p o p u -  

lations may be isolated by unsuitable open ocean. Over 
time, these populations undergo changes and begin to 
accumulate different characteristics. Some of these dif- 
ferences are due lo chance events such as mutation and 
genetic drift. Traits change over time as the organisms 
adapt to the unique ĩeatures of their respective habitats. 
Subtle environmental differences may result in the evo- 
l u t io n  of thicker shells in a population ol crabs, or a 
preíerence for fish over mammals in a populalion of 
killer whales.

This differentiation by adaptation to diíTerent habi- 
tats with diflerent food resouces is in itself one engine 
for generaúng biodiversity, however it cannot explain 
the vast diversity of specics thai occur within a single 
habitat. Eventually, populations that have been isolated 
for a while may reestablish contact, and individuals will 
atiempt to coexist within the same communily. It is at 
this stage of speciation, referred to as secondary contact, 
that one can see how the concept of ihe niche is lunda- 
mentally related to species diversity.

W hen secondary contact occurs, one of three out- 
comes is possible. Firsl, populations may interbreed, 
and speciation is not completed. Second, if populations 
do not interbreed, they may either coexist, or, third, 
one may outcompete the other. W hich of these two 
latter outcomes is realized will depend on the amount 
of niche overlap between these species. If overlap is 
high, then One species is likely to outcompete the other. 
If overlap is low enough, the species may coexist.

In situations where coexistence is possible (or at 
least extinction is not very rapid), and the species in- 
volved still possess similar traits, we would expect evo- 
lutionary changes 10 occur over úme. Inclividuals that 
consume litniting resources that are shared with an-

other species will experience more competition and 
may survive or reproduce ]ess ihan individuals thai do 
not overlap as much. If there is natural variation in 
resource consuinption among individuals in each popu- 
lation, and if the traits thai cause this variation are 
genetically passed to offspring, then the species are 
expected to diverge over time to minimize niche over- 
lap. This process is called ecological character displace- 
ment, and it is a logical extension of the competitive 
exclusion principle into evolutionary time. Figure 6 
illustrates the process of character displacement. Ít is 
the change in a trait of a species, such as body size, 
that leads to a shift along a niche axis and reduction 
of overlap.

The empirical evidence for character displacement 
lies mostly in descriptive, snapshot-likc comparisons 
of species. Typically, closely related communities are 
compared and character displacement is interred if the 
presence or absence of One species is correlated with a 
change in the traits of another species. These studies 
infer that it is niche overlap in the use of a single 
lhniting resource that has led to the observed species 
differences. Lack (1947) was one of the íirst to iníer 
character displacement in this way in his sludy of Dar- 
win’s íìnches Figure 7.

Static character differences constitute indirect evi- 
dence for competitive processes and have thereíore re- 
ceived criticism. To document evolution directly in nat- 
ural populations is a difficult lask because even rapid
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evolmionary changes may require generations to occur. 
Nevertheless, there is solid empirical evidence for niche 
evolution in nature. The Grants and their colleagues 
(see Grant, 1999) have shown the niche of Darwin’s 
íìnches evolvcd over time according to the seeds that 
are available. In unique experimental tesis of character 
displacement, Schluter (1994) has shown that stickle- 
back fìsh populations changed over time in response 
to competition and niche overlap. Nalural selection 
acted against individuals with feeding anatomies thai 
caused them to harvest resources that were shared be- 
tween species.

Ecologists may differ in opinion about the impor- 
tance o f character displacement in speciíìc instances, 
and there are surely other very important forces that 
act to shape community composition and species traits. 
Nevertheless, fevv would doubt that character displace-
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ment is an important ĩundamental process in shaping 
communities of organisms.

V. THE HABITAT AND BIODIVERSITY

We have traced the habitat concept from its indepen- 
deni origin through its incorporation into the concepl 
of the niche. W ith growing awareness of the need to 
conserve biodiversity, the habitat concept has emerged 
again as an important tool for management. Essentially, 
habitats conlain functioning communities of organisms. 
lf the goal is to protect a íocal species, then setting 
aside appropriate habitat will likely result in preserving 
the required niche elements of the species as well.

Assessing appropriate habitat has two great advan- 
tages over attempting to delĩne niches. First, because 
of the physical nature of habitats, ihey are easier to 
recognize and quantiíy. Second, ecological communi- 
ties tend to fall along simiỉar boundaries as habitats, 
thus by preserving a habitat one is mo re likely to pre- 
serve communities with all niche interconneciions in- 
tact. This relationship among spccies, communilies, and 
habitats has become the cenier of the more recent con- 
servation efforts termed habitat conservation plans.

For example, in San Diego county, a number oi en- 
dangered or threaiened species relv on a unique lype 
of habitat: chaparral, or Coastal sage scrub. A major 
goal of habiiat conservation plans in this region is to 
create contiguous regions of appropriate habitat. In this 
way, the needs ol many species can be met al once.

Habitat fragmentation is a major concern because 
small refuges of habitat are essentially islands. Islands 
are prone to a number of processes that degrade biologi- 
cal diversity. Small populations on islands are prone to 
extinction through random íluctuations in numbers. 
The geometry of islands gives them a bigh ratio of edge 
to interior. Because animals may wander across this 
boundary, those ihat rely on the interior island habitat 
experience more competition and predation from those 
outside the island. More isolated islands are also less 
likely to be recolonized in the event that a population 
has gone extinct. Thereíore, natural reserves and habitat 
conservation plans pay particularly close attention to 
íragmentaúon and try to consolidate larger parcels of 
unbroken natural habitat.

Once a habitat has been severely degraded, there 
may be ways to relurn it to its former natural State. 
Habitat restoration is a challenging field, but one that 
has made great strides recently. Wetlands have been 
restored by controlling of the water table and planting



appropriate vegetation. Foresters have been restoríng 
habitat for decades by replanting harvested areas. High- 
way construclion projects aim to restore natural vegeta- 
tion upon completion of a project by spraying a mix 
of grass, flower, and shrub seeds in a fertilizing matrix 
onto the bare ground. Another inieresting example of 
habitat restoration can be seen with the construction 
of artiíìcial reefs. By placing physical structures on the 
seaíloor, a reef community can take hold and ílourish. 
This is an example of how subtle environmenial features 
such as physical structure can have a proíound effect 
on habitat quality and species diversity.

Two general mechanisms act to promote species di- 
versity vvithin structurally diverse habítats. First, bio- 
logical species diversity leads to more species diversity. 
A monoculture such as an orchard allows for relatively 
little niche differentialion of the organisms within. 
There is little opportunity forspecies to adapt to speciíìc 
hosl species, and this applies to insects, birds, mam- 
mals, and parasites. Recỉuced numbers of species limits 
the number of possible niches in an orchard when com- 
pared to a tropical rain íorest.

ArtiAcial reeís belong to a second class of mecha- 
nisms that generate biodiversity by acting over and 
above the biological mechanisms. These are ihe purely 
physical features of the habitat that allow for increased 
niche differentiation. Deacl logs, snags, distincl ground, 
and shrub layers will provide habitat heterogeneily that 
allovv higher trophic levels to differentiate. Just as war- 
blers partition the physical space vvithin a single tree 
species, other competitors that use diíĩerent tactics lo 
forage on similar prey can parútion a structurally di- 
verse habitat to a fìner scale. Behavior plays a key role 
as íoraging tactics and escape strategies of prey are 
honed to speciíĩc raicrohabitats wiihin the larger íorest. 
MacArthur and colleagues (1962) were amortg the íìrst 
to correlate purely physical aspects of a habitat with 
specìes abundances. Sínce then, physical habitat struc- 
ture has been shown to augment species diversity in 
systems as diverse as birds, lizards, stream invertebrates, 
fish in marine reefs, and microorganisms in beakers.

Keystone specíes have a disproportional effect on 
manv other species in the environment, and as such 
are oíten the focus of conservation efforts. Slarfish for- 
aging in the intertidal zone have a positive effect on 
biodiversity. Jaguars prey on a number of small rodents 
and animals, and they tend to capture prey in propor- 
tion to their abundance. The net effect is to prevent 
any single species from becoming very coinraoii and 
outcompeting olher prey species. The niche of ihe jag- 
uar and the starfish includes this community-wide role.

and they are sometimes reíerred to as keystone pred- 
ators.

Management strategies have turned more attention 
toward keystone species in order to preserve communi- 
ties. A similar keystone role is played by tree species 
such as the Guanacaste tree of Central America. In this 
instance the link betvveen the niche, the habitat and 
biodiversity is clear. The Guanacaste tree is vital for 
establishing forest in grassland habitats, and it therefore 
plays a key role in restoring tropical drv forest. The 
niche of this species would include its role in developing 
habitat structure and therefore intersects with the 
nìches of manv other species in the community.

The habitat and the niche can inieract svnergistically 
with human aciivity to cause extinctions and loss of 
biodiversity. Niche complementarity has led to a very 
general patiern whereby species with similar niches are 
spatially segregaled. Increased human movements on 
a global scale has had a dramatỉc effect in bringing ihcse 
species into contact by introducing exotic species into 
new geographic regions. lf these alien species have high 
niche overlap vviih resident species, ihe resident species 
can be driven to extinction by a successíul invader. 
Even though there are many cases wherc introduced 
species can not establish or outcompete residents, many 
threatened and endangered species are at risk because 
oíinvaders. This threat also extends to intToduced pred- 
ators. Resident species that have adapted to a niche in 
one communúy can be driven lo extinction by a preda- 
tor that has evolved in a diffcrenl community.

VI. CONCLUSIONS AND 
NEW FR0NTIERS

The concepts of the habitat and the niche have grown 
mainly through study of the organisms most íamiHar 
to us as humans. Most conceptual advances were de- 
rived in some way from the study of larger animals 
and plants. Even vvithin these groups, there has been 
a disproportionate amount of stuđy of birds. Yet there 
have been signiíìcani contributions from otlier sectors 
of ihe biological world. For instance, Gauses study of 
Paramecium  lies at the heart of the niche concept. It is 
íkting then that more attention is returning toward 
understanding the niches of microorganisms.

Experimental evolution using bacteria is a grovving 
field thai holds greai promise. The shorl generation 
times and relativeh' simple ecologies of bacteria enablc 
evolutionary experimenls on the scale of the commu-



nity. This is one of the few instances where the interac- 
tion o f  eco lo g ica l  and ev olu ú o nary  fac iors  can  be s iu d- 
ied d u rìng  the p rocess  oi c o m m u n ity  íb rm atio n .

There is an enormous number of microscopic, plank- 
tonic and meiofaunal (0 .4 -1  mm) organisms about 
wliich we knovv very little. These organisms are ubiqui- 
tous, speciose, and show an amazing amount of diver- 
siiy in form. Howcver there are signiíìcant obstacles 
encountered in stuđving these smaller organisms that 
even make it diffìcult to quantifỵ the habitats in which 
they can be found. Practical problems arise while trying 
to observe them in nature, while on the other hand, 
many fail to survive the transíer to laboratory environ- 
mcnts. Yet there are compelling reasons to learn more 
about their ecology.

The nichc of a terrestrial vertebrate or marine inver- 
tebrate is often deíìned largely by how it feeds or defends 
itself. In turn, anatomical structures have evolved that 
rellect these niche diííerences. Similar examples can be 
lound in thc nearly invisible world of small creatures 
around us. For instance, ciliates and other protozoans 
possess anatomical structures that suggesi a diversily 
of roles even greater ihan those observed in larger or- 
ganisms, yet there has been comparatively little study 
of their niches in nature.

Some organisms siretch the concepts of the niche 
and habital to their limit. Some plants display an ex- 
treme amount of what is referred to as phenotypic plas- 
ticity: different individuals develop extremely different 
body forms depending on the environmenlal circum- 
stances. Some ciliates have the ability lo radically 
change the form of feeding or defensive appendages 
even vvilhin the lifetime of an individual.

Many bacteria, and even some larger meiofauna like 
thc b ear l ik e  tardigrades, can e nter  a sporelike State to 
vvithsiand extreme environmental conditions. They 
may p ers is t  for long  p eriods  o f  tim e in this  State and 
may be very difficult lo detect. Much like the seed bank 
of desert planl communities, these alternative states 
pose difficult problems in understanding the dynamics 
of their communities.

The habitat and the niche have grown, developed, 
and been applied with great success. Observation and 
theory have played important roles throughout, and 
experimental investigation has undergone a resurgence. 
Yet it is intriguing to ponder that most of this develop- 
ment has included only a subset of the biological world. 
Only time will tell whether the concepts of the habitat 
and niche wìll persist as the complex interactions of

these diverse communities of sinall creatures are re- 
vealed.
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HEMIPARASITISM
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I. The Natural History of Parasitic Plants host plant and forms a íunctional bridge for uptake
II. The Parasitic Plant Clades and Their Relation- of water and nutrients from the host.

ships to Other Plants hcmiparasite A parasite ihat photosynthesizes.
III. Evolulion of ihe Degree of Parasitism holoparasite A parasitic plant thai lacks chlorophyll
IV. Parasitism and Other Phenomena in Plants and cannot pholosynthesize.
V. Seed Dispersal, Germination, and Prehaustorial mistletoe Parasites of the đosely related families Lo-

Events ranthaceae or Viscaceae with haustoria thát originate
VI. The Haustorium as root tissue and penetrate stems or roots (in Loran-

VII. Physiology of the Parasite— Hosl Interac- thaceae) of the host planls.
tion mycotrophic (=m ycop arasitic) planl A plant that ob-

VIII. The Ecological Advantages of Parasitism tains energy through mycorrhizal associations with
IX. Host Speciíìcity saprophytic or other biotrophic fungi.
X. Parasitic Plants as Pests root parasite Parasites that form haustoria on roots of

XI. Conclusions the host plant.
stem parasite Parasitic plants that form haustoria on

stems of the host.

GLOSSARY
AROUND 3 0 0 0  SPECIES o F plants are considered para- 

dodder Viney parasites of the genus Cuscuta that form sites because they obtain water, mineral nutrients, sug-
haustoria on ihe stems of their hosts. The unrelated ars, and sometimes other materials from another plant.
parasitic vine, Cassytha, is often reíerred to as Lau- Parasitism in plants has much in common with other
rel Dodder. plant life-history strategies, but it is distinguished by

endophyte The portion of a parasitic plant that is em- having a direct, physiological connection called a haus- 
bedded inside host tissue. torium. Modern techniques for phylogenetic recon-

endophytic parasite Parasites with vegetative bodies struction have demonstrated that parasitism has origi-
that are entirely endophytic and unobservable un- nated a dozen times within the flowering plants,
less ílovvering. including mistletoes, dodders, and many agriculturally

haustorium (pl. haustoria) The organ found in all par- important species. The ecology of the parasitic plants
asitic plants that penetrales vascular tissue of the and the interaction with the host are brieíly described.
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I. THE NATƯRAL HISTORY OF 
PARASITIC PLANTS

Parasitic plants are strictly defined by the production 
of specialized feeding structures, known as haustoria, 
that form a ĩunctional bridge into their hosts. Through 
the haustorium, parasilic plants obtain water, mineral 
nutrients, sugars, and other host metabolic products. 
Approximately 3000 angiosperm species (1% of named 
species) are haustorial parasites; however, this total 
does not include any plants that feed heterotrophicallv 
on fungi (mycotrophic plants). Most parasitic plant spe- 
cies are hemiparasiles; they photosynthesize and are 
only partially heterotrophic. The degree of heterotrophy 
in parasitic plants varies between autotrophy and the 
complete loss of photosynthesis, a condition known as 
holoparasitism.

Olher than ihe presence of haustoria, there are few 
generalizalions ihat can be made about parasilic plants 
because they display enormous variability in growth 
form and host dependence. In most species, haustoria 
are íbrmed from root lissue of the parasite, but in a 
few species they are initiated from stem tissue. The 
haustorium, in turn, can penetrate the rooi or stem of 
the host plant. The major liíe-histories among parasilic 
plants are distinguished by ihese differences and they 
have important ecological implications.

Raot parasỉtes are extremely v a r ia b le  in growth form, 
occurring as trees, shrubs, and herbaceous pcrennials 
or annuals. Because their haustoria are oíien belovv 
ground, many root parasites do not demonstrate any 
obvious indications of parasitism. Experimental studies 
have compared hemiparasilic plants grown in pots vvith 
and vviihout hosts. They found enormous variability 
among species in their ability lo set seed in ihe absence 
of a host. The degree of parasitism is extremely variable 
in root parasítes and the increase in seed set tor any 
one species is different depending on the host.

Dodders and some mistletoes are both called stem 
parasites because thev attach to the stems of the host; 
however, they have very different life histories. Mistle- 
toes are closely related to root parasites and, in fact, 
their haustoria are derived from root tissue. Upon seed 
germination, their haustoria immediately penetrate the 
hosts stem. Mistletoes most oíten grow on one individ- 
ual, but in some cases they may spravvl along or hang 
d o w n from  ihe s tem s o f  the host plant. In contrast,  
dodders are closelv related to nonparasitic vines. After 
germination, dodder seedlings begin to sprawl and 
twine along the stem of the hosụ lorming haustoria 
írom time to time where the nevv stems of ihe dodder

com act the hosi. The rudimemarv hvpocotyl of the 
dodder eventually dies and it grows extensively beyond 
the original point of germination, often using multi- 
ple hosts.

All parasitic plams are obligate, requiring a host for 
survival, growth, or seed production, except for some 
rooi hemiparasites. The degree of parasitism is a uselul 
concept for comparing the ecologv of related species 
that vary in their dependence on the host. At one ex- 
treme, the ecology of facultalive parasites is similar to 
their fully autotrophic relatives. At ihc other extreme 
are a few highly derived lineages of nonphotosynthetic 
cndophytic parasitcs that have all of their plani body 
within the host tissue emerging only to flower and 
fruit. Among rooi holoparasites, therc are enormous 
diíĩerences in ihe amount of biomass ihat is below 
ground. Some species are almosi exclusively sublerra- 
nean, growing as long-lived underground tubers, pro- 
ducing only ílowers and fruits above ground.

Exiremely derivcd holoparasilic plants are some of 
the great oddities 0,f nature. [n the lOth century, Arabic 
scholars wrote that parasitic planls períormed the ac- 
tions of animals by ĩeeding from the juices of the host 
plani; they have the “sọuls of vvorms." In 1828, a natu- 
ralisl named Trattanick proposed that a separate cate- 
gory should be created to encompass them, the taxo- 
nomic equivaleni of a mental asylum for ihe manic and 
delusional. Certainly the morphology of many holopar- 
asites is nonplani like, and ihis led some early research- 
ers lo call them íungi!

The dissonance experienced on hrst learning about 
parasitism in plants betrays a common prejudice in 
some botanists; plants and parasites are naively re- 
garded as opposites. As a result, parasitic plants have 
been misidentiíĩed and misunderstood. The 'bearded- 
grape” was regarded as a monstrosity and assigned to 
its own genus; hovvever, it was simply a grape infecled 
by Cuscuta! Parasitism in most root hemiparasites was 
unnoticed by naturalists until verv recently making the 
modern view of parasitic plants onlv about a hundred 
years old. In 1969, Job Kuijt's book. The Biology oj 
Parasitic Flowering Plants, abolishcd many of the mys- 
teries surrounding parasites. In this seminal work, Kuijt 
provided a critical analysis of all previous research and 
proposed a conceptual f r a m e w o r k  for understanding 
the evolution, morphology, phvsiology, and ecology of 
parasitic plants. vvhile Kuijt‘s book remains the hest 
authoritative source on the subịect, new molecular evi- 
dence is being used to resolvc the detailed phylogenetic 
history of parasitism, and a wide rangc ol biochemical, 
genetic, and molecular approaches arc now being ap- 
plied to better understand parasiie biology.



II. THE PARASITIC PLANT CLADES 
AND THEIR RELATIONSHIPS TO 

OTHER PLANTS

Phvlogenetic relạtionships betvveen parasitic plant íami- 
lies and their affinities to nonparasitic plants are now 
well known for most species. A few íamilies of root 
holoparasites have been difficult to place in a phylogeny 
because their íloral morphologies are unique and they 
virtually have no vegetative morphology. Molecular 
ph\ logenetic study of many parasitic plant groưps has 
been impaired by the fact that photosynthetic and other 
genes commonly used in plant molecular systematics 
are missing or evolve at greatly accelerated rate. Hovv- 
ever, recent studies of plant mitochondrial DNA se- 
quences have resolved 11 or 12 independent origins of 
haustorial parasitism (Fig. 1) distributed throughout 
angiosperm history.

The Sandalwood orclcr (Santalales) are the largest, 
most diverse clade of parasitỉc plants in terms of growth 
habit, bul all retain at ỉeast some chlorophyll and photo- 
synthetic ability; in fact, sorae members may noi even 
be parasitic. This group includes almost 2000 species 
of trees, shrubs, mistlctoes, and at least one species of 
mainly endophytic mistletoe. Olacaceae and Opiliaceae 
are composed entirely of trees and shrubs that include 
both free-Living as well as root parasitic members. Santa- 
laceae, are aiso trees and shrubs with both root and 
stem parasites. The mistletoes belong to one of two 
large families, Loranihaceae and Viscaceae. The steirì 
and root parasites of Loranthaceae are known as showy 
mistletoes because of their long, coloríul, tubular ílow- 
ers. Viscaceae, including the “dwarf mistletoe,” Arceu- 
thơbium , are all stem parasites. In addition to the two 
mistletoe groups, two other íamilies of Sandahvoods, 
Misodendraceae and Eremolepidaceae, are stem para- 
sites.

About 1700 root parasitic annuals and perennials 
are found in what has traditionally been classiíìeđ as 
two closely related íamilies, Scrophulariaceae ancl Oro- 
banchaceae. As a vvhole, they represent the most diverse 
clade of parasitic plants in terms of variaiion in degree 
of heterotrophy. Traditional Orobanchaceae includes 
only holoparasites, while the large family Scrophularia- 
ceae (ca. 4500 spp.) has nonparasites, hemiparasites 
and even some holoparasites. Molecular phylogenies 
basecl on chloroplast gene sequences have found the 
distinction between the two families to be artiRcial— a 
strongly supported clade contains all known parasites 
from both groups, but most o f the rest of traditional 
Scrophulariaceae are not closely related to this group.

In other worcls, Scrophulariaceae appear to bc polyphv- 
letic, while the parasitic lineages arc quitc clearly mono- 
phyletic, suggesting a single origin íor parasitism in this 
group. For this reason, dePamphilis and collcagues have 
proposed to include all of the parasites (plus a few 
closely related nonparasiùc genera) in an expanded Or- 
obanchaceae. W ithin this large group, holoparasitism 
appears to have evolved not less than fivc times. The 
agriculturally important genera Striga and Aỉectra (both 
mostly hemiparasitic) and Orobanche (holoparasitic) 
are members of this clade, as are the large hemiparasitic 
genera Pediailaris, Euphrasia, and Castiỉỉcỹa.

The remaining parasitic plant families are not nearlỵ 
as large or diverse as Orobanchaceae or Santalales. 
Plants commonly referred to as dodders are found in 
two íamilies Cuscutaceae and Lauraceac. Cuscutaceae 
is a family oí about 150 species of one genus, Cuscuta , 
that are distributed nearly worldwide. Lauraceae is a 
large family comprised of mostly nonparasitic irees thai 
also includes one hemiparasitic genus, the vine Cassy- 
tha. Cassytha has about 20 species, most of which are 
endemic to Australia or Aírica, with one species found 
ihroughout the tropics. Although strikingly similar in 
gross morphology, ihese two parasitic groups originated 
independently. Cuscutơ is relaled to morning glories 
(Convolvulaceae), in the order Solanales, while Cassỵ- 
thci belongs in Laurales, a basal angiosperm orđer. Cus- 
cuta are usualìy considerecl to be holoparasites, but 
very low photosynthetic activity exists in some species; 
whether or not the chlorophyll-coniaining species can 
use their photosynlhetic products is unknown.

Approximately 50 species of endophytic holopara- 
sites are íound in ihe traditionally recognized íamily, 
Rafflesiaceae. Although considered to be closely related, 
molccular phylogenies now indicatc up to four indepen- 
dent origins (polyphyly) íor the genera making up this 
collection of extreme parasites. Molecular evidence is 
in agreement with previous studies of pollen morphol- 
ogy that suggested Rafflesiaceae be divided into four 
families: Rafflesiaceae, Mitrastemonaceae, Apodantha- 
ceae, and Cytinaceae. W hile íloral morphology is di- 
verse for these families, they were previously thought 
to bc related becausc they all are endoparasites.

Raíílesiaceae includes the largest flower in the world, 
RaỊỊlesia arnoldii, which measures 1 m across. RaJJỈesia 
species only parasitize species of Tetrastigma vines (Vi- 
laceae) and have an unusual reproductive biology. 
Emerging buds develop for approximately 1 year before 
they open and become receptive to pollinating flies that 
are attracted to the often íetid scent. Flowers die within 
5 days leaving a narrow window of time for pollination 
to occur. Because of the short flower liíe span, and
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PIGURE 1 P hylogenctic orígins o ị  parasilism  in the Jìow crín g  plants. Sum m ary  tree o f flow erin g  p lan i 
ph vlogen y is based o n  the N e ig h b o r-Jo in in g  an aly sis  o f  m ito ch o n d ria l g en c se q u cn ce s  (c o x l  and 
atpA ) co n serv ed  in  all p arasitic  p lan ts  reg ard less o f  p h o io sy n th e tic  ab ilú v  ( T . J .  B ark m an  an d  c. w. 
d eP am p h ilis , u n p u b lish ed ). N otc that 12  o r  13  in d e p en d e n t o rig in s are resolv ed , w ith  p arasitic  g ro u p s 
co n la in in g  h o lo p arasites  o r o n ly  h em ip arasites  sh o w n  n e a r  th e ir  c lo s e s i resolv ed  n o n p a ra s itic  group . 

M ilrastem o n aceae  +  B a lan o p h o raceae  is  a n n o ta te d  as u n ce rta in  (? )  b ecau se  m on o p h y lv  o f th is  g ro u p  

d ep en d s 0 1 1  ch o ic c  o f g cn c  and m eth o d  o f p h y lo g en e tic  an alv sis.

because íemale and male ílowers are on separate plants, 
sexual reproduction is rare. Raíílesiaceae species are 
all exceptionally rare and endangered throughout their 
range, partly due to their reproductive strategy and 
partly due to habitat loss. As shovvn in Figure 1, recent 
mitochondrial DNA sequence data suggest that the clos- 
est relatives of Rafflesiaceae include the rose order (Ro- 
sales).

In contrast to Rafflesiíỉ, members of Apodanthaceae, 
Piỉostyles and Apodanthes, produce tiny flowers only a 
few millimeters wide. Approximatcly 20 species are 
included in Apodanthaceae, vvhich are distributed from 
the southwestern únited States throughout ihe north- 
western tropics with restricted localities in Aírica, Aus- 
tralia, and the Middle East. Curiously, Apodanthaceae 
appear to be most closely related to the order Fabales,



Nvhich includes their primary hosts; various species 
of legumes.

Cytinaccae include two genera, Cytinus and Bdallơ- 
phvton. Cvtinus, with 6 10 7 species, is distributed in 
the Mediterranean region, South Africa, and Madagas
car and most commonly parasitizes species of Cislus 
(Cistaceae). Bdcillophyton has only 1 to 4 species that are 
found mainly in Mexico and parts of Central America 
usually parasitizing members of the Burseraceae. The 
closest relatives of this family are classifĩed within the 
cotton or hibiscus order, Malvales. Like the previously 
mcntioned íamilies, Rafflesiaceae and Apodanthaceae, 
Cvtinaceae are not known to cause econom ic loss be- 
cause thev do not parasitize crop plams.

Mitrastemonaceae are specialists on trees in the fam- 
ily Fagaceae found in southeast Asia north to Taiwan 
and parts of Central and South America. Mitrastemon is 
the only genus included in ihis íamily that is made up 
of two named species that are totally white. Plants are 
protandrous and may produce large quantities of nectar.

Another small íamily, Hydnoraceae, is composed ol 
about 20 species of root holoparasiles native to tropical 
and Southern  Aírica, Madagascar, and South America. 
Hydnoraceae have traditionally been considered close 
relatives of Rafflesiaceae, based largely on the shared 
holoparasitic habit with a reduced vegetative body and 
highly modilìed íloral structures. However, molecular 
phylogenies now suggest that Hydnoraceae represents 
an independent origin of parasitism within the basal 
angiosperms, and that similarities with other holopara- 
sitic groups have evolved convergently.

Balanophoraceae has about a hundred species in 17 
genera, all of which are extremely reduced root holopar- 
asites thai have some of the smallest flowers in the 
world. Members of Balanophoraceae are found through- 
out the tropics and have broad host ranges but do not 
cause extensive crop damage. Balanophoraceae are 
sorneiimes included with the sandalwoods; however, 
molecular evidence does not support that relationship.

Cynomoríum  (Cynomoriaceae) is a holoparasite in 
ihe Mediterranean region comprised of two species that 
has sometimes been included within Balanophoraceae. 
As shown in Figure 1, Cynomoriaceae is not closely 
related to Balanophoraceae; instead ít appears to be 
related to the order Sapindales, whích includes the cit- 
rus family.

Krameriaceae includes 17 species of root hemipara- 
sitic shrubs and herbs in the single genus Krameria  that 
are often found in dry, open habitats in New World 
deserts and subtropics. Krameria  species are unusual 
in that they produce íloral oils that are used by oil- 
collectingbees. Traditionally, Krameria  has been placed

near the legumes (Fabaceae) or milkworts (Poly- 
galaceae) due to a superíìcial resemblance of their flow- 
ers. Molecular evidence, however, unambiguously sug- 
gests a close relationship of Krameriaceae with Zygo- 
phyllaceae in spite of little morphological similarity 
between the two families.

Lennoaceae has two genera with five species of root 
holoparasiles restricted to New World deserts in the 
southvvestern United States, northwestern Mexico, and 
Columbia. All are herbaceous holoparasites of woody 
plants, including Boraginaceae (their closest known rel- 
atives) and Asteraceae. These strange parasites are 
spread by rhizomes often far beneath the sand or soil 
surface and are difficult to find unless flowering. Pho- 
lisma sonorae, also known as sand food, was tradition- 
ally eaten by indigenous people.

Finally, one gvmnosperm genus, Parasitaxus (Podo- 
carỊiaceae), is parasitic on other free-living Podocarpa- 
ceae in New Caledonia.

III. EVOLUTION 0F THE DEGREE 
0F PARASITISM

The evoluúon of parasilism has been difficult to study 
because intermediale evolutionary stages between non- 
parasitic ancestor and exlremely derived holoparasiles 
are often missing. The variability in the degree of para- 
sitism and the multiple origins of parasitism make these 
plants ideal for studying the evoluliona^ origins of 
parasitism and the ofien rapid canalization of parasitic 
traits. The degree of parasitism refers to increases in 
the dependence that parasitic plants have on their hosts. 
Aspects of the degree of parasitism include the amount 
of carbon, water, or sugar obtained from the host, as 
well as major changes in the way that parasitic plants 
relate to a host. These major shifts include the evolution 
of siem parasitisrn or the evolution of an endophytic life 
history. The evolutionary factors that have inAuenced 
these events remain one of the most important ques- 
tions about parasitic plants.

Changes in the degree of hetrotrophy represents one 
of the most interesting and best-documented cases of 
quantitative evolution of parasitism. Some hemiparasitic 
root parasites and mistletoes are almost entirely autotro- 
phic— that is, they obtain a small fraction of their carbo- 
hydrates from their host whereas holoparasitism (100% 
heterotrophic) occupies a presumably irreversible end- 
point of this quantitative scale. Most clades of parasitic 
plants are entirely hemiparasitic or entirely holopara- 
sitic. Krameriaceae are all hemiparasites, while the



Hydnoraceae, Rafflesiaceae, Apodanthaceae, Mitrastem- 
onaceae, Cytinaceae, Lennoaceae, Cynomoriaceae, and 
Balanophoraceae are entirely holoparasiúc. Cassytha 
and Cuscuta are often called holoparasìtes, although 
these species have very low amounts of chlorophyll. Cas- 
sytha species are yellow-green in color, while Cuscuta 
species are more orange-yellow. In Cuscuta, chloroplasts 
are less than 10% as nuraerous as in autotrophic, plants 
but the green color is masked by yellovv pigments.

Members of the order Santalales are mostly hemipar- 
asitic, but at least one species represents a very advanced 
stage of parasìtism. In Arceuthobium, the endophyte is 
extremely well developed and the leaves are reduced 
lo scales. The most derived parasile in the Sandalwoods 
is íound in the endophytic parasite, Tristerix aphyllus. 
T nstcrix aphyllus is a parasite of columnar desert cacti, 
whose endophylic lile history may allow ihe parasite 
to escape the hot and desiccating desert conditions. 
Curiously, T. aphyìlus and all Arceuthobium  species re- 
tain some chlorophyll, and in spite of these exlrcmc 
advances toward parasitism, true holoparasites are ab- 
sent in the order.

In conirast to the conditions in Santalales, wilhin 
Orobanchaccae, holoparasitism has evolved on several 
occasions. In lact, some species include hemiparasitic 
and holoparasitic populations and the degree of hetero- 
trophy varies substantially. Peter Atsalt (1970) was able 
to produce holoparasites in a few generaiions in artiíì- 
cial selection experiments. This suggests that the com- 
plele evolutionary loss of auiolrophy, as seen repeatedly 
in Orobanchaceae, may be relatively common in nature. 
One obvious conclusion is that holoparasitism is more 
likely to evolve in root parasites ihan in stem parasites. 
Since rool parasites are often found in the dark un- 
derstory, the selective advantage of relaining íunctional 
chloroplasts in root parasites may be much weaker than 
for sunbathed stem parasites. In fact, holoparasitism in 
beech drops (Epựagus virginiana, Orobanchaceae) is 
clearly irreversible because entire sections of the ge- 
nome that contain ihe genetic instructions for photo- 
synthesis have been deleted.

The evolution of the mistletoe life history represetus 
a different kind of innovation in the degree of parasitism 
that is different from the evolutionary loss of chloro- 
phvli. Stem parasitism may have evolved more ihan 
once within the Sandalwoods; two families, Santalaceae 
and Loranlhaceae, have both stem and root parasites. 
It is possible ihat these represent paraphyletic taxa, but 
it is also possible ihat study of intermediaies betwecn 
root and stem parasiles in Sanialales will lead to an 
understanding of the evolutionarv íorces that led to the 
evolution o! stem parasitism from rool parasitism.

IV. PARASITISM AND OTHER 
PHENOMENA IN PLANTS

The utility of the strict botanical đeRnition of parasiúsm 
is most apparent when parasitic-host interactions are 
compared with other plant-plant inleractions. Almost 
all planl-plant interactions are characterized by conílict, 
and many are ecologìcally parasitic because One species 
exploits another. In short, each aspect of parasitism is 
present in anothcr kind of plant-plant interacúon.

Parasitic plants acquire resources directly from an- 
olher plant. Similar phenomena exist in root-grafted 
forest trecs and in inychorrizal associations with lung! 
that indirectỉy connect plants. Root graíting is defined 
by a morphological continuum ol the vascular tissue 
between two individuals ihat occurs in several species 
oí íorest trees. Interestingly, enough materials can be 
transferred through natural root grafts to suslain girdled 
irees. while root grafling is most common belvveen 
closely relaied species, parasitic plants oíten lortn haus- 
toria on a variety of species ihat are nol closely related.

Mycorrhizal associations are very common in nature. 
Some mycorrhizal plants, such as indian pipt' (M0(10- 
tropa, Monotropaceae) have evolved complcte hetero- 
trophy and lost functional chloroplasts, much like holo- 
parasites; actually these myco-heterotrophs are oflen 
confused for parasitic plants. In general, mycorrhizal 
associations are not species speciíìc, and networks ol 
mycelia and roots [rom a number of individuals can 
be interconnectecl ihereby allowing llie exchange of 
resources. In root grafts as well as mycorrhizal associa- 
tions, source-sink relationships may exist between indi- 
viduals; however, the precise relationship depends on 
ecological diiĩerences that may change over time. In 
haustorial parasitism, the parasitic plant is generally 
the sink while the host is the source.

Sometimes plants exploit the habiiat created by an- 
other plant at the expense of the “host.” For example, 
epiphytes use hosts primarily as anchors. Epiphytes 
intercept light, minerals, and vvater that mighl other- 
wise be available to the hosi plant. The reduction ol 
available resources, plus the mechanical stresses on ihc 
supporting structure, may impose fìtness costs on the 
hosi plant. A phenomenon related 10 epiphytism, bui 
potentiallv more harmíul to the “host,” involves nurse- 
plant relationships, in which an eslablisheđ plant LTe- 
ates a microhabitat that ĩacilitates the establishment ol 
another species. For example, vines use ihe structural 
wood oT trees to reach the íorest canopv without in- 
vesting in support ihemselves. In an extreme case, stran- 
gler figs twine around ihe trunk of a host, sending down



adventiúous roots 10 eventuallv support itsell. Oíten 
the fig grovvs into a large tree ihat densely shacles and 
envelops ihc host and may ki 11 it. In contrast, parasìtic 
plunts impose litness costs b)T removing water, mineral, 
and carbon resources from the host plant. They may 
also physicallv damage conđucting lissues and nega- 
tively affect the host’s metabolism through hormonal in- 
teractions.

V. SEED DISPERSAL, GERMINATION, 
AND PREHAƯSTORIAL EVENTS

Belore íorming haustoria, the seeds of a parasilic plant 
must germinatc close to a host plant and make contact. 
Secds have little control over where theỵ are dispersed 
and because seedlings are fragile, encountering a hosi 
is an importani but difficull challenge.

Ncw contacts beiween hosts and root parasites are 
initiated by root grcnvlh; either the host grows near the 
parasite or the parasite grows toward the hosl. Some 
spccies use chemicals exuded hy hosl rools as a cue for 
íinding ihe host such that seedlings grow chemotropi- 
cally up građients. In facultative root parasites, the 
plants can invest in root systems that “search” for hosls. 
In the meantime, these roots can absorb resources and 
thc plants can usually persist until they contact a host. 
In contrast, obligate parasites do not invest in elaborate 
structures; they must make contact immediately or dic.

Secd size and number and the degret' ol parasitism 
are correlated in parasitic plants. Holoparasites gener- 
ally produce large numbers of small seeds. This correla- 
tion is probably driven by different strategies for manag- 
ing the risk of (ìnding a host. Producing larger, more 
provisioned seeds allows the ĩacultative parasite to per- 
sisl until it lìnđs a host, bui the production of inany 
small seeds increases the probabiliiy that at least some 
seeds will land near a susceptible host root. In gcneral 
there is a negative correlation in all plants between seed 
size and number, which is thought to be related to 
resource limitations. Theoretically, resources are un- 
limited for parasites unless the host is killed. Thereĩore 
resource limitations may not be the reason for the seed 
size-number iradeoff in parasites.

In some species of obligate root parasites, seed dor- 
mancy may be prolonged as a way to spread the risks 
associated with Rnding a host over time as well as space. 
In other words, if a seed is dispersed to a suboptimal 
site, dormancy allows germination to occur at later 
times if the site becomes appropriate. Seed dormancy 
is broken when chemical cues indicate the proximily

of a host. The íĩrst root exudate discoveređ to induce 
parasile seed germination was Sirigol. This chemical is 
found in cotton and it stimulates ihe germinaiion of 
Sniqa  seeds. It is noi knovvn how well seeds discrimi- 
nate between chcmical cues of hosts from nonhosts in 
their local environment, but seeds often make mistakes. 
For example, couon has been used as a way of managing 
Striga in agriculture by causing seed germination in the 
absence of a suitable host (see Section X).

Mistletoe stem parasites musl germinate on the stems 
of their hosts, requiring that seeds be dispersed directly 
onto a stem or lcaí. Seeds are dispersed in two ways. 
Ballistic đispersal projects seeds up lo 50 ft from the 
original host at velocities up to 90 ft/s as reported in 
Arccuthobium. Birds also disperse seeds of mistletoes 
over long distances because íruits are the main source of 
energy and protein for some birds. After consumption, 
seeds may be deíecated onto hosts or the sticky seeds 
may attach to the hird’s beak and be carried directly to 
another host. The seed may be vviped onto the host 
plani by the bird as it iries to remove the seeds from 
its beak.

VI. THE HAUSTORIUM

Haustoria are exiremely varied structures amoag para- 
sitic plants. In root parasites, haustoria are easily identi- 
fied on exposed roots. They appcar as swollen tissue at 
a contact poini between parasite and hosl. In dodders, 
haustoria superíìcially resemble pegs or suction cups 
that conneci ihe host and parasite. In general, hauslorial 
cells occupy iniercellular spaces and displace the bost 
tissue, but enzymes also digest the host cell walls. Once 
a parasitic plant has encountered a host, it must pene- 
trate the cambium and establish an interĩace. The inter- 
face is extremely varied. In most cases, the parasite 
forms a continuum with the xylern of the host plant, 
but in others (e.g., Cuscuta), the parasilic plant taps into 
the phloem. Host-derived materials may be transíerred 
through strawlike intrusions into ihe host vascular tis- 
sue, or they are simply absorbed across cell walls. Haus- 
lorial cells near host tissue are usually rich in miiochon- 
dria and rough endoplasmic reticulum suggesting they 
are probably actively producing proteins that are likely 
usecl to produce digestive enzỵmes. After forming the 
initial haustorium, parasites may enhance local root 
grovvth to increase the number of haustoria and strength 
of the connection with the host. In stem parasitic mistle- 
toes, seeds germinale and send out a radicle ihat grows 
into the host through a stomate.



VII. THE PHYSIOLOGY OF 
PARASITE—HOST INTERACTION

Once a haustorium has established, the question re- 
mains: Why do materials move from host to parasite? 
Part of the answer appears to be quite simple for most 
xylem-tapping species: parasitic plants usually transpire 
at higher rates than their hosts to maintain a gradient 
in vvater potential across the haustorial boundary. The 
stomata of most plants close at night to conserve water, 
and theỵ may also constrict during the day to reduce 
rates of transpiration under drought conditions. How- 
ever, in many parasitic plants, stomata remain open at 
night, and they tend to maintain a high of transpiration 
throughout the day, even under drought conditions. 
Parasitic plants are among the least eííìcient plants at 
water use. In extreme cases, some species have glanđs 
to exude extra water. The net effect is that water and 
other dissolved substances move down the water poten- 
tial gradienl Via mass flow from the host to the drier par- 
asite.

If all the transíer of resources was facilítated in this 
manner, the concentration of nutrients should be higher 
in the parasite, but in the same proportion as the host 
plant. These general patterns are not found— instead, 
calcium generally has the same concentration as the 
host, while nitrogen, phosphorous, and potassium are 
enriched. Some evidence suggests that there is a compo- 
nent of active transport in parasitic plants. The hausto- 
rial cells at the interĩace have enhanced concentrations 
of mitochondria and show signs of being able to mobi- 
lize energy. It is possible that ihe main íunction of these 
cells is to pump unwanted materials back to the host. 
The potential beneíìts of reducing calcium concentra- 
tions and the mechanism(s) that make it possible are 
not íully understood.

VIII. THE ECOLOGICAL ADVANTAGES 
0F PARASITISM

In facultative parasites, the advantages of parasilism can 
be demonstrated experimentally. when grown with a 
host, parasitic plants look healthier, grow bigger, have 
more flowering branches, and produce more seeds. 
Compared with a patch of soil, the resources available 
in the vascular tissue of a host are extremely enriched. 
Parasitism allows plants access to a rich, hydroporúc 
nutrient source. The benefit of parasitism can be mim- 
icked experimentally by growing parasites in nutrient- 
rich solution culture.

A genus of annual hemiparasiies, Cordylanthus, 
blooms during the hottest time of the year in an arid 
environment. Few other annual plants bloom at that 
time of year, and it is possible because the parasites use 
roots of perennial plants to gain access to groundwater. 
This unusual flowering time may also permit the para- 
sites to have more exclusive access to pollinators.

In addition to nutrients and vvaler, parasitic plants 
absorb secondary chemicals from hosts. Recent experi- 
ments by Michelle Marvier shovved ihat herbivory is 
slowed and herbivores have lower fitness on parasitic 
plants ihat are atlached to hosts that deter herbivory. 
Parasitic plants use a wide range of hosts, and, as a 
consequence, may accumulate a diverse and changing 
complement of protective secondary compounds. This 
slrategy may effectively make parasites “moving targets” 
that are diffìcult for herbivores to “hit” in ecological or 
evolutionary time.

IX. HOST SPECIFICITY

In general, parasitic plants are considered to be host 
generalists. The advantage of this is quite simple; seeds 
can not choose where they are dispersed. Typically, a 
higher Iraction of mistletoe seeds successíully esiablish 
on the species thai is most abundant locally. In addition, 
dodders preferentially coil ioward good hosts. Measur- 
ing host selectivity is much more dirticull in root para- 
sites than stem parasites. Howcver, careíul measure- 
ments by Gibson and W atkinson have demonstrated 
that root parasites are generally selective.

Some species are only founđ on one species or genus. 
The entire family, Rafflesiaceae, is coinposed of host 
specialists, as discussed earlier. Two closely related spe- 
cies of Orobanchaceae, Epị/agus virginiana and Cono- 
pholis amcricana, are specialized on beech and oak ưees, 
respectively. Striga (Orobanchaceae) tends to utilize 
grasses, and some species are highly host speciíìc, even 
to the extent of requiring a particular subspecies as 
a host.

A tempting generalization is that species that are 
more dependent on their hosts tend to be more host 
speđíìc. Kuijt rejected this hypothesis because most 
species of root holoparasites are host generalists. How- 
ever, the most host speciíic species, including Epijagus 
and Conopholis, Raíílesiaceae, and Tristerix aphỵllus, all 
represent extremely derived parasites. It may be that the 
endophyúc lifestyle or the subterranean habit releases 
these plants from other selective pressures, and not tliat 
they become host speciRc because they are extremely



derived. New phylogenetic evidence ma)’ provide more 
rigorous tcsts of this hypothesis.

X. PARASITIC PLANTS AS PESTS

Many species of parasitic plants are economically im- 
portant because they reduce crop yields. Parasitic plants 
reinove nitrogen, phosphorous, and other mineral nu- 
trients that may reduce the host’s ability to grow. Para- 
sitic plants have nutritional requirements that are very 
similar to their hosts, therefore the damage caused bv 
a parasitic plant is often directly proporúonal to its 
biomass. In addition, parasìtic plants are less effìcient 
at water use than their hosts, so parasitized hosts will 
tend to be more water stressed than unparasitized hosts. 
Dodders do not have the same dramatic effects on water 
balance as mistletoes or root parasites, but their hausto- 
ria removc sugars and stunt developing íruits. In gen- 
eral, crops that are infested with parasitic plants grow 
slower, have lower yields, and are more susceptible to 
disease. In addition to crop plants, parasites are impor- 
tant pests of trees. The invasion of mistletoe haustoria 
imo host trees can distort wood or alter growth patterns, 
thcreby decreasing the value of the timber. Some mistle- 
tocs and dodders damage fruit trees or ornamental 
plants. The damage caused by these parasiles is usually 
measured in lower yields, thc loss of aesthetic value to 
ornamenials, or the increased effort required to control 
ihem. An enormous amount of research has focused on 
the root parasitic weeds, mistletoes, and dodders.

A. Root Parasitic Weeds
The most economically ìmportant root parasites are the 
wilchweeds (Striga, Orobanchaceae). Striga includes 
approxímately 17 species, of which, 11 are known to 
be pests. Most witchweeds have a tendency to parasitize 
grasses including sorghum, pearl millet, íinger milĩet, 
rice, maize, and sugarcane. The most important 
witchweed species is 5. hermonthica, which ranges from 
Ethiopia and Sudan ihrough Sahel, north into Arabia, 
and South to the Ivory Coast, Nigeria, Angola, Namibia, 
and the Lake Victoria basin. Striga asiatica has a much 
wider range that includes much of Africa, parts of India, 
China, and Australia. In addition, Striga asiatica was 
accidentally introduced into North America in the 
1950s. One species, 5. gesneroides, has very different 
host range from the other witchweeds; it uses a diverse 
set of broad-leaved hosts. It is best known for the dam- 
age it causes to covvpeas in W est Africa, but it also 
damages tobacco in East Aírica.

Among root parasites, the holoparasitic broomrapes 
(genus Orobanche, Orobanchaceae) are second to the 
witchweeds in terms of their economic impact. The 
geographical ranges of the economically itnportant spe- 
cies are centered in the Middle East, but they are found 
further west and South into Aĩrica, west and north into 
Europe, east into India, Pakistan, and Nepal, and north 
into Aíghanistan, and several countries that were once 
in the Soviet Union. In general, broomrapes have wide 
host ranges. Orobanche ramosa attacks crops in Solana- 
ceae, Brassicaceae, and Fabaceae. lt sometimes attacks 
onions, but in general it is never found on grains (it 
was once reported on maize). The host range of o. 
cernua  is more restricted; it parasitizes only Asteraceae 
(mainly sunflower) and Solanaceae (tobacco, lomato, 
and eggplant). Orobanche crenata Forsk. has a wide host 
range, but it is most important as a pest of Fabaceae, 
especially faba beans and some Apiaceae (carrots).

The genus Alectia (Orobanchaceae) is closely relaiecl 
to the witchweeds. Of the 30 species, 4 are notable 
pests. Alectra vogelii and A. picta are pesis of cowpeas 
and other pulse crops in semiarid Africa. Alectra oroban- 
chũides occasionally altacks sunflowers or tobacco in 
South Aírica and A. Ịluminensis parasitizes sugarcane in 
Central and South America. Several other genera in 
Orobanchaceae have agriculturally important species, 
but ihey are not nearly as important as the witchweeds, 
broomrapes, or Alectra. Other genera with notable or 
poteniially important pest species include Buchnera, 
Ramphicarpa, Odontites, Rhinanthus, Aeginetía, Melam- 
pyrum , and Chrislonia.

Most control methods for root parasites íocus on 
reducing host damage as well as seed set. Witchweeds 
and broomrapes produce hundreds of thousands of 
small, dust-like seeds per plant. Furthermore, the seeds 
can lie dormant in the soil for several years, and there- 
fore reducing the size of the seed bank involves enor- 
mous effort. The most effective available method ol 
control involves hand pulling the plants beíore they set 
seed. Although most of the damage to the host has been 
clone by the time the parasitic plants emerge, hand 
pulling can reduce some of the damage. More impor- 
tant, early hand pulling prevents reseeding. If reproduc- 
tively mature plants are pulled, care should be taken 
to prevent the seeds from being dispersed, and the adult 
plants should be burned.

More direct chemical methods can be used to reduce 
the seed bank. Ethylene gas, or artificial chemicals that 
mimic germination stimulants, can be applied to break 
dormancy and induce germination at times when no 
appropriate hosts are available. Alternatively, íumigants 
are applied to íĩelds that kill seeds as well as other



soil organisms. Raising the temperature of the soil by 
covering il with black plastic can also kìll seeds.

Trap cropping, catch cropping, and crop rotation are 
other effective ways of managing the land. One option 
is to let the land lie fallow for 10 to 20 years to reduce 
the seed bank. This may not be an option where the 
demands on land use are heavy. Plaming an unsuitable 
host is a more effective alternative that may allovv the 
land to be used. Some ahernative crops, called trap 
crops, induce seed germination but are not suitable 
hosts. A third option involves catch cropping. The land 
is seeded with susceptible hosts to induce germination 
of parasitic plants, but the crops are destroyed before 
the parasite can reproduce. Mixed cropping involves 
planting suitable and unsuitable hosts, and it has heen 
demonstrated to reduce the impact of some witchweeds. 
The mechanisms, however, art' nol well undersiood.

Herbicides can also be used lo control wilchweeds. 
Herbicides applied directly to the soil after planting 
but before crop scedlings emerge can reduce or delay 
witchweed establishment. Systemic herbicides thai are 
applied to ihe crop immediately afier emergence may 
become translocated and concenirated in the parasites, 
killing ihem. The timing of applicaúon ol sysiemic 
berbicides is critical because it must degrade beíore the 
crop begins to fruit. Some herbicides can be applied 
directly to the emerged witchweed to control ihem.

Damage to crops by witchweeds is minimized when 
nitrogen fertilizer is applied to host crops. This method 
has the addcd advantage of helping increase yíelds, but 
the beneíils of using ihis method alone over a long 
period of time have not been demonstrated. The mecha- 
nisms thai allow nitrogen fertilization to decrease the 
impact of the parasitic plants are not fully understood. 
Ít does seem clear, however, that on poor soils, ihe 
witchweed infestations increase in intensity as the qual- 
ity of the soil decreases; the result is a feedback thai 
continues until the land is almost useless and must 
be abandoned.

One of the most promising control opúons is the 
development of resistant varieties of crop plants 
through plant breeding. As new resistant varieties are 
found other methods of control become unnecessary. 
Resistant varieties of many crops have not been discov- 
ered, however, iherciore this is a vcry active area c f  re- 
search.

Parasitic plants mav pose the largest problem to ru- 
ral, subsistence farmers. As pressures on land use in- 
crease, the ability to use crop rotation methods de- 
creases. Furthermore, subsistence farmers often do noi 
have ihe means to buy fertilizers, herbicides, or expen- 
sive resistant seeds. For these íarmers, the feedbacks

between poor soils and parasitic plant iníestation may 
eventually cause the ĩarmers to abandon plots of land 
and move elsevvhere.

B. Mistletoes
Several species of mistletoes are economically important 
pests of fruit trees, ornamental trees, or úmber. Most 
mistletoes have a similar ecology, so the impact and 
control measures are easy to generalize. The exceptions 
are dwarf mistletoes (genus Arceuthobium , Viscaceae) 
that have a much more highly developed endophytic 
component and inconspicuous, scaly leaves. Because of 
the highly developed end op hyte ,  ỊDhysical rem oval of 
dwarf mistletoes is more difficult than othcr mistletoes.

Most species of dwarf mistletoes are extremely host 
speciíìc. Por example, A. douglasii is a parasite of Doug- 
las fìr, and A. tsugense is a parasile of the vvestern hem- 
lock. The dwarf mistletoes are parasites of pine trees 
in North America, the Himalayas of Incỉia, Pakistan, 
and Bhutan, and in southvvestern China. Dwarf misile- 
toes are common ihroughout the Rocky Mountains 
where large regions of íorestsare iníested and the timber 
volume and quality are affecied.

Two other genera in Viscaceae are noiable for their 
economic impact. Phoradendron is a genus of about 
190 species distributed throughout Norih and South 
America. 01 these, the m ost important are p. serotinum , 
found on an extremely wide variety of hosls (but never 
coniíers), and p. piperoides, íound on cocoa in Cosia 
Rica. Viscum is a gcnus of about 60 spccies that include
V. album that has an extremely wide host range includ- 
ing fruit trees, pines, and poplars in Europe and persim- 
mon ÌĨ1 China. Another agricultural pest is V. cruciatum  
that parasitizes olives in the Middle East.

Many species of Loranthaceae cause economically 
signiíĩcant loss. Dendrophthoe jaìcatci is a pest of fruit 
trees in India and teak in Kerala. Dendropthoe pcntandra 
parasitizes rubber and kapok in Indonesia. Hclixanthera 
mannii is a pesi of cilrus and coffee in West Africa, 
and H. parasitica is a pest of citrus in the Himalayas. 
Tapinanthus ban%wensis is an important pest of cocoa 
and cola in Ghana, while T. gìobi/erus grows on coffee, 
citrus, and other fruit trees in Ethiopia. Some other 
genera thai have econcỊtnically important species are 
Amvema, Englerina, Loranthus, Macrosoỉen, Oiỵctanthus, 
Phragmanthrea, Scurrula, and Struthanthus.

Some resistant varieties of poplars, pines, and oaks 
do exist, but very little variability for resistance to mis- 
lletoe infections exists and, ìn general, breeding for 
resistance has not been a viable option. Biological con- 
trol bv insects, pathogens, or other misllctoes remains



a possibility, but none of these methods have been 
successíul. Instead, control of the leafy mistleioes in- 
volves pruning off infected limbs, or chemical control. 
Pruning iníected limbs removes ihe mistletoe, but the 
limb must be cut below the point of the iníection to 
remove the entire endophyte. This practice is extremely 
labor intensive and impractical on a large scale. \Vith 
A neuthobium , the endophyte is ofíen extensivc, and the 
limb must be severed 20 to 30 cm below the lowest 
parasiie shoots. In extreme cases, il mav be more cost- 
effcctive to burn the lorest. In less extreme cases, early 
harvest followed by controlled burns may reduce the 
mistletoes. Some successĩul chemical conirol methods 
have been found. The leaves of mistletoes may be 
sprayed with ethephon once the host drops its leaves. 
Aliernatively, herbicides can be injected into infected 
limbs below the point of iníection, accumulate in mis- 
tleioes, and eventually kill them vvithout severely affect- 
ing ihe hosl.

evolution, ecology, molecular biology, and physiology. 
Haustorial parasitism has evolved independemly at 
least 12 limes within angiosperms and, surprisingly, 
complete loss of photosynthesis has occurred multiple 
limes vvithin some lineages. Most parasilic plants 
exhibit near-normal levels of photosynthesis like their 
autotrophic ancestors, whereas others are incapable 
of photosynthesis such as the derived endophytic 
holoparasites. Study of parasites that photosynthesize 
at intermediate levels will be important to understand 
the evolution of holoparasitism. Development of so- 
phisúcated m olecular melhods will be important for 
understanding the bases of haustorial development 
and should ultimately enhance efforts to control eco- 
nomically important crop pests. Further ecological 
and physiological studies aiined at understanding hosi- 
parasite interactions will also enhance efforts to con- 
trol parasitic weeds.

c. Dodders
The economic impact of C m cuta  species is greatest in 
lorage crops such as alfalfa and clover; however, crops 
like citrus, coffee, peach, litchi, flax, linseed, and other 
crops as well as ornamental plants all suffer from dodder 
attack. The most economically important dodder is Ctis- 
cuia campestris. This s p e c ie s  a t ta c k s  alfalfa and has been 
shown to reduce forage yield by as much as 57% over 
a 2-year period. It also affects Niger seed in India and 
many vegctablc and flower crops. Of thc 20 species 
of Cassytha, the most damaging is c .  fiỉiJormis. ll is 
distribulecl throughout the tropics and parasitizes a 
wkle range of hosts. It is a problem on citrus in India 
and Tanzania and on Pinus massonia in China.

Mechanical control methods for Cuscuta include 
hand pulling, crop rotation, burning, delaying planling 
until after Cuscuta have germinated, or decp ploughing 
to reduce the seed bank. Few resistant varieties of crops 
are known. Chemical control methods include fumi- 
gants to eliminate the seed bank, herbicides applied 
to the soil to prevent seedling growth, and herbicide 
application aíter seeds have germinated to prevent es- 
lablishment. Some methods of biological control have 
becn established with insects and pathogens, but the 
scope of ihese has been limited.

XI. CONCLƯSIONS

Parasitic plants have been understudied, but recent 
studies have improved our undersianding of their
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GLOSSARY

dominant species Spccies that have the greatesl inílu- 
ence on ecosystem structure and íunction by virtue 
of their abundance, biomass, or coverage. 

mass ratio hypothesis Hypothesis stating that ecosys- 
tem processes are largely determined by the domi- 
nanl contributors of the overall plant biomass, thai 
is, dominant species will exert greater iníluence on 
processes than will subordinate species. 

spccies richness Number of species present in a given 
habitat or ecosystem. 

suhordinate species Species thai have a minor inílu- 
ence on ecosystem struciure and function, presum- 
ably because of their lesser abundance and biomass 
compared to dominant species. 

transient species Species that are present as scattered 
seedlings or small immature individuals; many of 
these species occur as dominant or subordinate spe-

cies in neighboring vegetalion associated with differ- 
eni environmental conditions or management re- 
gimes.

JN THE SECO ND HALF  of the lwenlieth century, re- 
ductions in plant diversity have been observed in many 
types of ecosystems. One of the best-known and mosl 
lamented ol these losses has been associated with the 
vvidesprcad disappearancc and dcgradation of ancient 
species-rich meadovvs and pastures in vvestern Europe. 
Hovvever, from census data collected in several coun- 
tries (Ratcliffe, 1984; Thompson, 1994; Thompson and 
Jones, 1999), we have learned not to regard this phe- 
nom enon in isolation from processes taking place in 
landscapes as a whole; the fate of such highly prized 
communúies is merely One conspicuous elemenl in a 
widespread attrition affecting both species-rich and spe- 
cies-poor ecosystems.

I. INTRODƯCTION

Ecological research into losses in plant diversity has a 
long history, but since 1990 the agenda has shiíted 
from a primary concern with its mechanisms to an 
assessment of the extern to which losses impair the 
funetioning of ecosystems and reduce their utility to 
humankind. It ís relatively easy to manipulate the spe-
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cies composition and diversity of herbaceous communi- 
ties in both natural and model ecosystems, and experi- 
menters have applied themselves with vigor to this new 
field of enquiry. The obịectives in this research are 
twofold. First, we need to identify where and how losses 
in diversity affect ecosystem íunctions such as primary 
productivity, carbon storage, mineral nutrient cycling, 
and ecosystem resistance and resilience. Second, we 
require iníormation on the plant constituents necessary 
for successíul ecosystem restorations; we need to estab- 
lish which plant species are irreplaceable and what pop- 
ulation sizes and pools of genetic variaúon are required 
for their persistence.

As a participant in boih the current and the preceding 
phases of research on plant diversity, I have become 
convinced of the value of connecling theory and data 
from the earlier phase of research inlo the causes of 
plant diversity to the current (post-1990) effort to ex- 
amine its consequences for ecosystems. The main objec- 
tíve of this article is to identify these connecúons. An 
additional purpose is to place in perspective a current 
debate in which divergent conclusions have been drawn 
concerning the importance of high plant species rich- 
ness as an immediate controller of ecosystem properties. 
This debate provides a useful iniroduction to ihe issues 
thai will be considered laier.

II. PLANT TRAITS OR SPECIES 
RICHNESS?: THE CƯRRENT DEBATE

A. Effects of Plant Traits on 
Ecosystem Properties

Although the majority of investigations in plant eco- 
physiology have sought to explain how vegetation is 
determined by environment, there has also been wide- 
spread recognition of feedbacks in which plants affeci 
their environments and iníluence ecosystem properties. 
This idea is implicit in the writings of the íounders 
of ecosystem iheory (Odum, 1963, 1969) and more 
recenily has found expression in the search for plant 
íunctional types (Grime, 1979; Chapin, .1980; Smith 
et a i ,  1996), in which speciíìc plani community and 
ecosvstem properties have been attributed directly to 
particular plant traits such as potential growih rate, 
palatability to herbivores, resistance to fire, liiler qual- 
ity, and seed persistence. This approach has been ex- 
tended íurtherby studies in which the predictive value 
of plant irails has been tested by examining ecosystem 
responses to perturbation. An early example is the in- 
vestigation by Leps et aỉ. (1982) in which differences

beiween tvvo neighboring grasslands in their resistance 
and resilience following ihe severe drought of 1975 in 
Czechoslovakia were predicted ừom the life histories 
and potential grovvth rates of the main component plant 
species. More comprehensive tests vvere conducted by 
MacGillivray et al. (1995), in vvhich responses to ừost, 
drought, and fìre in íìve contrasted grasslands were 
successíully predicted from a set of plani traits mea- 
sured in a laboralory screening program (Grime ct 
a i ,  1997 ).

B. The Mass Ratio Hypothesis
Ít is important to note that in lesls such as those con- 
ducted by MacGillivrav et ai. (1995), prcdicúons are 
weighted according to the abundance oí each ịDỈam 
species in the vegetation; ihis is íounded on the assump- 
tion that the extern 10 vvhich the traits of a species affect 
ecosystem properties is likely to be strongly related to 
the contributions of ihe species to processes such as 
pholosynthesis, mineral nutrient capture, transpiration, 
and provision of substrates exploited by herbivores and 
decomposers. There is a clcar implication here that 
ecosystem processes are determined to a very large ex
tern by ihe characteristics of the dominant contributors 
to the plant biomass. As a corollary of this “mass ratio 
hypothesis” (Grime, 1998), wc would not expect minor 
contribulors to the vegetation to exert sirong effecls on 
ecosystem properties.

ls it reasonablc to concludc thai ecosystcm íunctions 
can be sustained by inputs originating from only a few 
dominant plant species? Some of the most extensive 
ecosystems contain very few plant species; this is partic- 
ularly obvious in grasslands and heathlands on acidic 
soils, and here the conclusion is inescapable that Con
trols on ecosyslem processes bv vascular plants are me- 
diated through very few species. In herbaceous vegeta- 
tion on soils of higlier base status, analysis is 
complicated by the presence of more species, and in 
old cakareous grasslands the densities oíherbs can rise 
to 3 0 -4 0  species per nr. Even here, however, it is 
interesting to note that when quantitative studies are 
made by harvest methods (Al-Muftì et aì., 1977) or 
point analysis (Mitchley and Grubb, 1986; see also Fig. 
1), it is evident that in comparison vvith the canopy 
dominants many of thc subordinate species of such 
communities account for a very small proportion of 
the biomass. There must be considerable doubt as to 
wheiher such minor components can, even collectively, 
exercise immediate effects on properties such as produc- 
tivity, carbon storage, and water relations.



a Vertical d istribu tion ìn the canopy o f selected 
dominant species

■ Fesìuca ovina EAgrostis spp ĩăCarex ỉìacca □ Carex panicea

15-19 .9 9cm  []

Number of contacts

b Vertical distribution in the canopy of selected subordinate 
species

■ Carexcarỵophyllea a Campanula rotundifolia m Viola ríviniana □ Carex pulicaris

15-19.99cm 

10-14.99cm

Number o f contacts

FIGURE ] V ertical d is tr ib u tio n  in th e lea f can o p y  o f  fou r d o m in an t and fou r su b o rd in a te  co m p o n en t 

s p e c ie s  in an an cien t lim esto n e pasture a l B u x to n , N orth  D erby sh ire , E ngland. C an op y  d istr ib u tio n  
in Ju n c  w as esù m ated  by  m easu rin g  co n ta c ts  w ith  3 7 5  ran d om ly  d istr ib u ted , vertical pins. (S . H. 
H illicr, u n p u b lish cd  d ata .)



c. Effects Associated with 
High Species Richness

Against a theoretical background in which the traits of 
dominant plants were widely suspected to be acting 
as the overriding controllers of ecosystem properties, 
considerable interest and controversy were generated 
when, in 1994, two papers appeared purporting to dem- 
onstrate the immediate beneíìts to ecosvstem properùes 
arising from high species richness in experimental plani 
assemblages (Naeem ct a ỉ 1994; Tilman and Dovvning, 
1994). In each case it was suggestcd that beneíils arose 
ín the species-rich mixtures from the presence of a 
wider range of morphologics and physiologies, generat- 
ing either complementary and more complete exploita- 
úon of resources (Naeem ct a l 1994) or conferring 
resistance and resilience in the facc of an exireme event 
(Tilm anand Dovvning, 1994). lnteresi in these publica- 
tions extending beyond the realm of ecology was stimu- 
lated by commeniaries (Kareiva, 1994 ,1996) suggesting 
that studies of this kind provided a justifìcation for the 
conservation oí specics-rich ecosystems.

Subsequently, doubts have been casi on ihe validity 
of the conclusions drawn by the authors of the two 
papers and these have been revievved in deiail elsewherc 
(Givnish, 1994; Aarssen, 1997; Garnier cL a i ,  1997; 
Huston, 1997; Grime, 1998; Hodgson et a i ,  1998; 
Holmes, 1998). Ít appears that, in both cases, ecosystem 
properties attributcd to high species richness were in 
reality due to the prcsence in the morc diverse commu- 
nities of dominant specìes with traits aituned, respec- 
tivelv, to high productivity (Naeem et C1Ỉ., 1994) and 
drought (Tilman and Downing, 1994). More recenl ex- 
periments (Wardle et a i ,  1997; Hooper and Viiousek, 
1997; Tilman el al., 1997) have failed to provkle con- 
vincing support for the effects of high species richncss 
on ecosystem íunctions; the most parsimonious expla- 
nation for ihe data presenteđ in all of ihese papers is 
that the ecosystem properties examined were conirolled 
by the íunctional traits of a re la iiv e lv  small number of 
species accounting for a high proportion of the total 
plant biomass.

The alacrity with which some commentators and 
conservation enthusiasts seized upon supposed evi- 
dence of the direct beneRts of species richness to ecosvs- 
tems emphasizes the neecl for cauúon in a complex 
research field. Ít also brings the risk ihat exposure of 
false conclusions mav !ead 10 a sccptical response if 
and when more substantial evidence ol the beneíicial 
effects of species richness ís presented. Perhaps the 
greatest danger arising from the current State oi research

on ihis suhịect is the almost exclusivc emphasis on 
immcclialr beneíits of richness on ecosystcm functions. 
Elsevvhere (Grime, 1998) ú has been proposcd that ihe 
most potent effecis of declining biodivcrsitv arc likcly 
lo become evident onlv in the longcr term. To explore 
this argument ii is neccssary to reíer to much older 
research on plani diversity t-hat has been largely ignored 
in the recent burst of ncw experimental work.

III. COMPONENTS 0F SPECIES 
RICHNESS: DOMINANTS, 

SUBORDINATES AND TRANSIENTS

A. Dominants and Subordinates
Early efforts to describe and interpret herhaceous vege- 
tation (e.g., Clements, 1905; Tansley, 193c); Ramenskii, 
1938) involved listing of the plants present in selecied 
siands of vegctation and cstimaiing the abundance of 
cach species. Evcn before ihe widespread adoption ol 
experimental approachcs there was a kecn awarencss 
of the potential oi certain specics to occupy a high 
proportion of the plant biomass and to control ihe 
abundance and lĩtness of olher minor contributors. A 
classic example is the rapid expansion of tall coarse 
grasses and the coincident suppression ol small herbs 
noted by Tansley and Adamson (1925) in iheir study 
of the consequences of excluding rabbits í rom chalk 
grassland.

A more quantitative approach followcd as plant ecol- 
ogists adopted stricter sampling methods and measured 
tlie relative abundance of plant species by harvesũng, 
sorting, and weighing vegetation samplcs. This allowed 
more formalized attempis to examine ihe íunctional 
relationships between dominant and subordinate mem- 
bers of plant communitics (W hitiaker, 1965; McNaugh- 
ton, 1978). Subsequently, it was recognized that ihc 
potcntial to dominate vegetation could be associaied 
with specific plant traits such as canopy height, latcral 
spread, and the capacitv to proịect shoots torcefully 
through litter and herbaceous cover (Al-Multi ct a i, 
1977; Sydes and Grime, 1981a,b; Grubb ct al., 1982; 
Campbell c! a i , 1992). A íuriher step in defining ihe 
íunctional differences between potenúally dominant 
and subordinate members ol plani communities bccamc 
possible ihrough the application of ĩoraging iheory to 
plams. From a studv ol ihc development o( thc roots 
and shoois of isolated plants exposed 10 standardÍ2cd 
patchv environments (Campbell ct íil., 1991), it becamc 
possiblc to predict ihe dominancc hierarcliv that devcl-



oped when cight herbaceous species were grown to- 
gether in an experim ental assem blage (Fig. 2). ĩn  this 
investigation it was found that dom inance was associ- 
atcd with relatively im precise íoraging both above and

FIGURE 2 An exam ination of the relationship between rooi and 
shoot responses to resource heterogeneũy in eight herbaceous specics 
of contrasied ecologv. A description of the m ethods used to expose 
the planis to resource patchiness is provided in Campbell et a ỉ. (1 9 9 1 ). 
Scales of ĩoragìng by the roots and shoots in the íoraging assays 
are expressed ai the respective increm ents of biomass (m g) to two 
undepleted quadrants, which in both assavs constitute 50%  of the 
available volume. The vertical and horizonLal bars indicate 95%  con- 
íidence limits. The numbers in parentheses refer to the species ranking 
in a conventional com petition experim ent in which all eight species 
were grown together in an equiproportional m ixture on fertile soil 
for 1 6 weeks. Note the consistent tendency for the scale ofleafcanopy  
adịustm ent to excced that of the root system. Thts of course arises 
from ihe íreedom of m ovem ent of leaves in air and the encasement 
of roots in soil. Key to species: Ae, A rrhenathẹrum  cỉcííius; Be, Brom us  
erectus; Cf, C erastiu m /on tan u m ; Cr, C am p am d a  rotundựolia; Hp, Hỵp- 
ericum  p erforatu m ; Km, K oeler ia  m acran th a ; Pt, P oa  triviaỉis; Ud, ư r-  
tica d io ica .

below ground. Such coarse-grained ỉoraging allowed 
the exploitation of a large volume of habitat but was 
associated with an im precise concentration in resource- 
rich sectors. In marked contrast, subordm ate species 
were characterized by precise but local placem ents of 
roots and shoots in resource-rich patches, a íoraging 
pattern perm itting temporary coexistence with dom i- 
nants but apparently com m itting them to a m inor status 
in the com m unity and leaving them  vulnerable to ex- 
tinction in circum stances where the dom inants contin - 
ued to enịoy unrestricted growth.

These íĩndings raise im portant questions concerning 
the ecology and evolution of the very large num bers 
of plant species that consistently occupy subordinate 
positions w ithin the hierarchies of herbaceous com m u- 
nities. Are these plants m erely “also-rans” in the struggle 
for existence or are there fitness beneRts associated with 
playing a m inor part in plant com m unities? W hat is 
the precise role o f subordinates ìn the long-term  func- 
tioning and dynamics of ecosystem s? These are not 
trivial questions in view of ihe fact ihat it is the subordi- 
nates rather than đom inants that account num erically 
for the existence of high species richness in plant com - 
munities. Detailed attem pts have been made to address 
these issues (G rim e, 1987 , 1 998 ); here argum ent will 
be reduced to the follow ing propositions:

1. Many subordinates achieve widespread occurrence 
because they are capable of exploiting sim ilar 
niches associated with different dom inant species. 
For exam ple, Poa triviaỉis, the com m onest vascu- 
lar plant species of Lowland Britain, occupies 
shaded m icrohabitats beneath tall grasses, broad- 
leaved herbs, and a variety of shrubs and trees.

2. In many species-rich com m unities the risks to sub- 
ordinates of com petitive exclusion remain low be- 
cause potential dom inants are restricted in vigor 
by environm ental and b iotic factors (e.g., m ineral 
nutrient stress, drought, grazing, fire).

3. Because they do not experience the costs in sup- 
port raaterials and construction time incurred dur- 
ing the building of robust root and shoot architec- 
tures, subordinates enjoy a temporary advantage 
when com m unities are su b ject to episodes of bio- 
mass removal. W here damage is catastrophic, as 
in tree felling and coppicing or the ploughing and 
burning of grasslands (Skutch, 1929 ; M arks, 1974 ; 
Platt, 1975 ; Borm ann and Likens, 1979 ; P ickett 
and W hite, 1985 ; Pons, 1 9 8 9 ), this can lead to a 
temporary but massive expansion of subordinates 
until such tim e as the dom inants recover.



W e may conctude, thereíore, that many subordinate 
m em bers o f plant com m unities achieve high levels of 
íìtness, particularly where natural or hum an-inspired 
interventions restrict the vigor of potential dom inants 
either continuously or interm ittently. Later in  this arti- 
cle, it w ill be suggested that, in the long term , this 
rather opportunistic ecology displayed by subordinates 
may be suffìcient to allow them  an indirect but crucial 
involvem ent in the determ ination of ecosystem  prop- 
erties.

B. Transients
Many published records of the species com position of 
vegelation are incom plete. This can arise from cursory 
sam pling and recording or from a deliberate policy of 
d iscounting m inor constituents. W here the objective is 
to recognize recurring plant com m unities, data analysis 
oíten involves procedures that exclude species of low 
frequency or inconsistent occurrence in vegetation sam- 
ples. The result o f these various decisions can be a 
divergence betvveen published data and íĩeld reality, 
and it has been suggested (G rim e, 1998) that im portant 
inform ation relevant to the long-term  dynam ics of eco- 
system s may be lost. To exam ine this hypothesis it is 
necessary to refer to surveys in w hich a strenuous at- 
tem pt has been made to include all the plant species 
present in the vegetation.

D uring the period 1 9 6 5 -1 9 7 5 , a series of vegetation 
surveys was conducted to produce an inventory of the 
herbaceous plant com m unities o f the Sheffìeld region 
in north -central England (see Grime et a l ,  1988 , for 
details). In  each of approxim ately 1 0 ,0 0 0 -m 2 quadrats,

a com plete list of species was made and the irequency 
of each species was recorded. W hen the resulting data 
were exam ined it becam e apparent that, in addition to 
dom inants and subordinates, the m ạjority of the sam - 
ples contained species thai were represented only as 
scattered seedlings and small im m ature individuals. 
M ost o f these specìes were present as dom inants or 
subordinates in  neighboring vegetation associated with 
different environm ental conditions or managem ent re- 
gimes. Exam ples of this phenom enon are provided in 
Table I for three contrasted sets o f vegetatíon sam ples; 
in each case it is evidem that the plant com m unities 
exam ined were harboring ju veniles of species that occur 
as persistent, reproductive populations elsevvhere in  the 
landscape in vegetation of a different type.

T hereíore, it seems reasonable to conclude that in 
addition to the dom inant and subordinate m em bers of 
a com m unity, a third coniributor lo species richness 
can be identified in the form of transients originating 
either from the seed rain from the surrounding land- 
scape or from seed banks occurring as a legacy of previ- 
ous vegetation types that occupied the siie.

IV. DECLINING SPECIES RICHNESS 
AND ECOSYSTEM REASSEMBLY

If im m ediate control o f the íunctional properties o f an 
ecosystem  rests wilh dom inant plants and if species- 
richness depends on the num bcrs of subordinates and 
transients, it is pertinent to ask “Does a decline in spe- 
cies richness m atter?” To addrcss this question, it is

TABLE I

Hcological Classilìcation of the Spccics Recorded in Three Distinctive and Highly Contrasted 
Habitats Sampled Widely in an Area of 2400 km2 around sheffield, United Kingdom"

Sampled habitat

Number 
of rrr 

samples
Woodland

species
Grassland

species
Arable
spetíes O thcrs1, Total

W oodland on limestone 51 65 23 1 5 94

Meadovvs 40 7 64 8 0 79

Cereal arable 55 5 38 69 2 114

0 All ihe species encountered within a parũcular habitat were classiRed in lerms ot their primary 
habitai (columns 3 - 6 ) .  Details of the sampling, recording, and habitat dassiRcation procedures are 
provided in Grime et a i  (1 9 8 8 ).

11 Includes species primarily associated with welland or skcletal habitals (cliffs, vvalls, and rock oul- 
crops).



necessary to consider the signìĩicance o ílo sses  of subor- 
dinates and transients in ihe long-term  dynam ics of 
plant com m unities and ecosystem s.

A. Filter Effects of Subordinates?
One m echanism  whereby losses in subordinates could 
aíleci ecosystem s is through alteration of the íilter con- 
trolling the recruitm ent, identity, and relative abun- 
dance of dom inants. To review the opportunities for 
subordinates to control the adm ission of dom inants 
into com m unities it is necessary to consider the long- 
term dynam ics of vegetation and the regenerative 
phases in the life cycles of dom inants. Studies o f vegeta- 
tion succession conducled earlier this century (e.g., 
W att, 1925 , 1947) established that continued dom i- 
nance by particular species is frequently determ ined by 
the success of seedling or vegetative reestablishm ent 
follow ing disturbance events. As already described here, 
oíten the early course of events follow ing a disturbance 
is a lem porary expansion in the cover and vigor of 
subordinates. This is most obvious in forest clearings 
where a dense, low cover of shrubs, herbs, and bryo- 
phytes characterizes the environm ent of regenerating 
trees (W att, L925; Skutch, 1929 ; Marks, 1974 ; Borm ann 
and Likens, 1 979 ), but sim ilar phenom ena have been 
described for grasslands and heathlands (O osting, 1942 ; 
Keever, 1950 ; H illier, 1 990 ). Establishm ent follow ing 
d isturbances involves com plex interactions of seedlings 
and vegetaiive shoots w ith substratum  conditions, and 
contributions to the ground cover by subordinate plants 
may be expected lo have both  positive and negative 
effects (P ickett and W hite, 1 9 8 5 ). Beneĩits to establish- 
m ent have been described in circum stances where seed- 
lings survive in the shelter afforded by low-grow ing 
shrubs, herbs, and bryophytes. D etrim ental effects of 
shrub, herbaceous, and bryophyte cover on the estab- 
lishm ent of grassland and forest dom inants have been 
observed (N iering and G oodw in, 1962 ; W ebb et a i ,  
1972 ; Pons, 1 9 8 9 ), and it is widely recognized that 
m any sm all-seeded herbs, trees, and shrubs are incapa- 
ble of establishm ent in a closed cover of vegetation.

W e may deduce, thereĩore, that there is a potential 
for subordinate m em bers of a plant com m unity to act 
as a íilter in selecting betvveen different potential dom i- 
nants during the early phases of recolonization follow- 
ing a disturbance event. Selection  could operate on the 
basis o f variation in the seed reserves of dom inants and 
on the capacity of their seedlings to penetrate a low 
canopy. The íìlter m ight also discrim inate betvveen 
dom inants that rely on rapid em ergence and those that 
regenerate by persistent ju veniles. Subordinates could

also control regenerating dom inants ihrough more indi- 
rect m echanism s, such as provision ol sites in which 
seed predation is reduced, or through more coraplex 
phenornena such as the m aintenance of critical pests, 
pathogcns, herbivores, or mutualists.

The íìlter roles that subordinates may play during 
ecosystem  reassem bly require coníĩrm ation by careíully 
designed, long-term  experim ents.

B. Founder Effects of Transients?
If, as suggested earlier in this article, the sources of the 
transients are seed banks in the soil and the seed rain 
from the surrounding landscape, it would appear that 
they are an index of the pool o f potential colonizing 
species at each site. On this basis, a diversity of tran- 
sients signifies a high probability that, in the event of 
habitat disturbance or changes in m anagernent, there 
will be a rapid ingress of'different plant íunctional types, 
som e of w hich may be capable o f exploiting the new 
conditions. An obvious example is the beneíìt to wood- 
land developm ent where an abandoned grassland al- 
ready contains a diverse assortm ent of tree seedlings.

Current losses in biodiversity in Europe and in many 
other parts o f the world are taking place in a com plex 
landscape m osaic that is continuously disturbed by nat- 
ural events and by urbanization, arable cu ltivation, for- 
estry, and various íorm s of grassland m anagem ent. Eco- 
system sustainability depends in part on the continuous 
m ovem ent ol populations and the reassem bly of vegeta- 
tion types and ecosystem s. The extent to w hich com m u- 
nities and ecosystem s are rapidly reconstituted is likely 
to be related to the reservoir of colonizers, many of 
w hich should be detectable prior to disturbance as tran- 
sient constituents o f the existing vegetation. As Egler 
(1 9 5 4 ) recognized, we may suspect that the speed and 
com pleteness with which ecosystem  reassem bly occurs 
will depend on early colonization by appropriate dom i- 
nants and subordinates; late arrivals will be delayed in 
their establishm ent and some may be excluded com - 
pletely (Keever, 1950 ; Niering and Goodwin, 1952 ; 
Platt, 1975). Ít is not difficult to envisage how circum - 
stances could then arise whereby eííìciently dispersed 
plant species with “poor fìt” to habitat and m anagem ent 
conditions could assume dom inance with damaging 
consequences for ecosystem  function. There is an ur- 
gent need to discover the extent to which íailure in the 
processes of plant dispersal and ecosystem  reassem bly 
can be predicted from the decline through time in the 
density and species richness of transients in plant com - 
m unities.



V. CONCLƯSIONS

Currently the balance of evidence (H uston, 1997; 
Grim e, 1998) is shiíting toward the m ass ratio hypothe- 
sis and against the proposition that species richness 
itse lf Controls the im m ed iate  fu n ctio n in g  o f  eco system s. 
However, this does not m ean that losses of plant diver- 
sity should be ignored. The priority in the next phase 
of research on declining plant diversity should be to 
consider Ìts long-term  consequences for ecosystem  
structure and function. Losses in species richness may 
be associated wìth less obvious im pacts that operate 
th rou gh  ỉailu res in íìlter and  fo u n d er e ffects . A P ro g res
sive loss o f eco sy stem  íu n c lio n s  may be p red icted  in 
circum slances where vegetation patch dynam ics and 
ecosyslem  reassembly continue against the background 
of a declining pool of colonizing propagules. The effects 
on the recruitm ent of dom inants, rather than the imme- 
diate consequences of declining richness per se, descrve 
our curiosity and attention.
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GLOSSARY

h erb icid e  Chem ical used to suppress or kill plants, or 
to severely interrupt their norm al growth processes.

h erb icid e resistan ce  Inherited ability oí a plant to sur- 
vive and reproduce follow ing exposure to a dose of 
herbicide norm ally lethal to the wild type. In a plant, 
resistance m ay be naturally occu rring or induced by 
lechniques such  as genetic engineering or selection 
of variants produced by tissue culture or m uta- 
genesis.

herb icid e to leran ce Inherent ability o f a species to sur- 
vive and reproduce after herbicide treatm ent. T h is 
im plies that there was no selection  or genetic m anip- 
u lation to m ake the plant tolerant; it is naturally 
tolerant.

in tegrated  w eed m anagem ent A pproach for sup- 
pressing weeds that com bines in íorm ation on the 
biology and ecology o f the weed with all available 
control tecbnologies so that no One m ethod is 
used exclusively.

p o s t e m e r g e n c e  h e r b ic id e  H erbicide applied after the 
em ergence o f  the speciíìed weed or crop.

preem ergence herbicide Herbicide applied to the soil 
prior to the emergence of the speciRed weed or crop. 

selectivity Phenom enon in  w hich som e plants are 
killed  w ith doses of herbicides that havc little or 110 

effect on other plants. 
w eed  Plant that interíeres with the growth of desirable 

plants and is unusually persistent and pernicious. 
W eeds negatively affect hum an activities and as a 
result arc undesirable. 

weed control Reducing or suppressing weeds in a de- 
fined area to an econom ically  acceptable level w ith- 
out necessarily elim inating them.

H ER BIC ID ES ARE USED ỈN A GR IC U LTƯ R A L, 
A Q U A TIC, FO REST, AND W ILD LA N D  ECO SYSTEM S  
to reduce the density o f unw anted vegetation (w eeds) 
and to perm it the grow th of desirable species. Over 
tim e, use o f herbicides in agroecosystem s reduces vveed 
density and may also select species that are adapted to 
the particular chem icals, thereby reducing weed species 
diversity. In w ildland ecosystem s, herbicides are som e- 
tim es used to reduce the density o f exotic or invasive 
weed species and thus indirectly  increase the diversity 
of native or desirable species. W here herbicides inadver- 
tently enter the environm ent as contam inants, detri- 
m entaỉ im pacts on nontarget plants and other organ- 
isms may occur. However, the threat to plant 
biodiversity caused by habitat loss and the spread o f
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exotic species is far greater than that caused by all forms 
of environm ental pollution, including herbicides. This 
article reviews concepts of weeds; principles o f weed 
m anagem ent; and categories, acúon, and fate of herbi- 
cides. Im pacts of herbicides on biodiversity of both 
target (w eeds) and nontarget species and the role of 
weed control in preserving biodiversity are also dis- 
cussed.

I. THE CONCEPT OF A WEED

W eeds are m ost often deíined in hum an or anthropo- 
m orphic terms, that is, as plants growing where they 
are not vvanted or plants out of place. More useful 
detiniũons of weeds are those that describe biological 
iraits or characteristics. A list o f “ideal charactcristics 
o f w eeds,” developed by Baker (1 9 7 4 ) , is widely know n 
and cited for its description of traits that confer weedí- 
ness on plants that possess them (Table 1). These traits 
include germ ination under a broad range of conditions 
and over an extended period; rapid growth and proliíìc 
reproduction by sexual and asexual means; ílexible 
breeding system s, inđu d ing self-pollination, cross-pol- 
lination, and nonspecialized pollinators; effective seecl 
dispersal; plasticity and tolerance of a breadth of envi- 
ronm enial conditions; and adaptations for com petitive-

TABLE1

C haracterislics of the ‘Ideal W eed” “

Germination requirements fulfìỉled in many environments 

Discontinuous germinatlon (intcrnally controlled) and great 
longevity of seed 

Rapid growih through vegetative phase to flowering 

Continuous seed produciion for as long as growing conditions 
permit

Selí-compaúble but noi compỉetely autogamous or apomictic 

W hen cross-pollinated, unspecialized visitors or wind Utili2ed 

Very high seed ouiput in ĩavorable environmental circumstances 

Produees some seed in wide range of environmental conditions;
tolerant and plastic 

Has adaptations for short- and long-distance dispersal 

If a perennial, has vigorous vegetative reproduction or rcgenera- 
Lion from  íragments 

If a perennial, has britdeness, so not easilv drawn from ground 

Has ability to compete interspeciíically by special means (rosetie, 
choking growth. alleìochemicals)

“ Sourcc: Baker (1 9 7 4 ). Reproduced with permission from the 
A nnuaì Rcviov ọ f  Ecology and System atỉcs, Volume 5, ©  1974 , by 
Annual Reviews.

ness. Though no plant species could possess all o f these 
traits, plants considered to be m ạịor weeds are likely 
to possess m any of them. Traits alone do not determ ine 
w hether a plant vvill be a weed, but B akers list is a 
useíul tool for categorizing and studying plants that 
interíere with hum an activities and, thus, are called 
weeds.

A. Impacts of Weeds
By their very deíìnition, weeds affect many activities in 
w hich hum ans are engaged. In agroecosvstem s their 
prim ary effect is to reduce crop yield and qualUy 
through com petilion  for lím ited resources. W eeds also 
increase the time and costs required for crop production 
and interfere with harvesting. Indirectlv, weeds affect 
crops ihrough both positive and negativc im eraclions 
w ith insect herbivores and their natural enemies. In 
rangelands, weeds possessing thorns or barbs pose 
physical hazards lo livestock, and those containing tox- 
ins may cause allergies or poisonings ol animals or 
hum ans. O ther negative im pacts of weeds include ob- 
structing visibility around roadvvays, serving as a fire 
hazard, impeding use of recreation areas, and blocking 
the free flow of water in waterwavs, irrigation canals, 
and drainage ditches. In nonagricultural ecosystem s, 
weeds often com prise the first stage of plant succession 
on land where the native vegetation has becn disiurbed. 
W ith  in cre a sin g  m o v em en t o f  hu m ans acro ss C ontinen
tal b o u n d aries , e x o tic  (n o n n a tiv e ) w eed sp ecies  have 

invaded many wildland ccosystem s whcrc human acúv- 
ities have disrupted the growth oí indigenous (native) 
species. As a result, b iological diversity has been re- 
duced in m any wildland areas that interĩace with urban 
areas. O ther im pacts o f weed invasions in wildlands 
include alteration of ecosystem  processes, support of 
nonnative anim als, íungi, or m icrobes, and hybridiza- 
tion with native species to alter gene pools.

B. Weed Science
Since the beginning of agriculture, hum ans have era- 
ployed various tactics to rem ove weeds from land where 
other uses are desired. In the United States today, bil- 
lions o í dollars are spent annually for weed removal 
using chem ical and m echanical means. W ith  the discov- 
ery o f sy n th etic  org an ic  herb icid es in 1941 , w eed Sci
ence developed as a íormal scientific discipline. W eed 
scientists have been extrem elv successful during this 
century in developing techniques to remove weeds from 
agricultural and other ecosystem s. Over the past 50 
years, weed Science has g r o w n  in to  a m uldisc ip linary



íield of studv encom passing ỉundarnemal rescarch âlong 
with applied aspects oT vveed suppression. Today it en- 
com passes rcsearchcrs Irom num erous scicn tiíic  disci- 
plines, including chcm isiry , ecologv, geneúcs, mor- 
phologv, and phvsiologv, as vvell as applied scientisls 
and pracútioncrs who iocus on sveed suppression. In 
recent vears, increased awareness o f environm ental con- 
cerns has shifted the  em phasis in vvecd Science from a 
primarv focus on herbicides to more integrated, ecologi- 
cal approaches lor dealing with weeds.

II. W EED  MANAGEMENT

In crop, forest, and rangeland production systcm s, as 
wclI as in vvildlands, weed presence inust usually be 
m inimized to achicve a desired land usc goal. Various 
tools and m ethods are used to suppress or remove vveeds 
while not inịuring the crop or desirable species. W ced 
m anagcm cni is a strategy thai includes grovving or los- 
tering desired or beneíìcial vegetation while suppressing 
unwanted plants. For such managem cnt to be success- 
ful, knovvlcdge of the biology, ecology, Li í e history, and 
laxonom v of the weed species is required, as well as 
selection o[ ihe proper tools to use lor iheír suppression.

A. Tools and Methods of 
W eed Management

The sirategy o ĩ weed m anagem eni includes three key 
com ponenls: prevention, eradication, and control. Pre- 
vention is keeping a weed from being introduced into 
an area where it does n ot already occur. Com m on pre- 
ventive m easures include using sanitary practices, elim - 
inating weed spread through seeds and vegetative pro- 
pagules, using quarantines, and follow ing Tederal and 
S tate  vveed laws and regulations. Eradicaiion is the total 
elim ination from a particular area of a weed species 
and anv plant parts capable of reproducing. Although 
eradication is often a stated goal o f weed m anagem ent 
program s, it is seldom  achieved owing lo the presence 
of seecl banks and vegetalive bud reserves in the soil 
o f weed-infested areas. In contrast to eradication, weed 
control is the suppression or reduction of a \veed species 
to an econom ically  acceptable level. Undcr weed control 
program s, com plete elim ination of the weed is not the 
goal; instead, vveeds are reduced to a level at w hich the 
cost of continued suppression does not exceed the value 
of the land or crop grovving on it plus the beneRt af- 
forded by weed control. O nce a weed is cslablished in 
an area, weed control is the approach m ost com m only

used to manage vegeiation in that area over the long 
lerm. Methocls usecl for weed control include biological, 
chem ical, cultural, and m echanical lechniques.

B. Integrated Approaches to 
W eed Management

W ith  the growing recognition and concerns about the 
environm ental im pacts of agricultural practices, partic- 
ularly the use of herbicides, integrated approaches for 
weed m anagem ent have bccom e com m onplace. Inte- 
grated weed m anagem ent (1WM) refers to a strategy 
for weed suppression that com bines inform ation on 
the biology and ecology of the weed w ith all available 
control technologies. Using this strategy, a variety of 
different m ethods are used in wet-d control, including 
no n ch e m ica l  ones ,  as vvell as preventive m easures ,  su ch  
that em phasis on herhiddes is minim ized. An alterna- 
tive approach to crop production that is currentlv re- 
ceivìng widespread atteniion  is sustainable agriculture, 
w hich refers to produclion syslem s in w hich external 
inputs, including synthetic fertilizers and pesticides, are 
minim ized or avoided. However, current knowledge 
aboui the biology and ecology of weeds, their interac- 
tions with crops and wild plants, and nonchcm ical 
m elhods for their control is sùll limited. Thus, in most 
agricullural syslem s today, achieving weed control 
w ithoul herbicides requires extensive m echanical and 
hand labor, w hich ís vcry costly. U ntìl viable and eco- 
nom ical allernatives to herbicides are available, most 
crop production and land m anagcm ent system s in the 
United States will continue to depend on some level o f 
herbicide use for weed control.

c. Chemical W eed Control
H erbicides are chem icals used to suppress or kill plants 
or to interrupt their norm al growth processes. O f all 
groups of pesticides (including insecticides, íungicides, 
and rodenticides), herbicides are the leading group in 
terms of tons produced, dollar value from sales, and 
total acreage treated. Extensive and widespread use of 
herbicides in agriculture conúnues because of their high 
lcvel of effectiveness and low COSI relative to other m eth- 
ods of weed control. Use of herbicides has resulted in 
improved control of weeds that grow w ithin crop rows 
vvhere cultivation is not possible. Herbicides have re- 
placed írequent tillage operations in some system s, 
w hich conserves energy, reduces crop damage, and 
m inim izes damage to soil structure. W ith  herbicides, 
crop production is less dependent on weather and hu-



man labor, such that greater ílexibility in choice of 
crops and m anagement m ethods is possible. In the 
United States today, the abundance of relatively inex- 
pensive food and íĩber is due in large part to the beneíits 
afforded by herbicides for weed control in the last half 
century. However, the use of herbicides also carries 
risks, including injury to crops and nontarget plants, 
herbicide residues in soil or water, toxicity  to nontarget 
organism s, and concerns for hum an health and safety. 
For this reason, the beneíìts and risks of each m ethod 
must be weighed careíully when developing a weed 
contro l program , particularly in wildland ecosystem s. 
In the United States, all pesticide developm ent and use 
is su b ject to strict regulation by the ĩederal governm ent.

1. H e rb ic id e s

There are approxim ately 150 herbicide active ingredi- 
erus, w hich are formulated into hundreds of com m er- 
cial products. M ost are organic com pounds, containing 
carbon, hydrogen, oxygen, and various other chem ical 
elem ents. Each herbicide has a chem ical name that de- 
scribes its structure and a com m on name, w hich is oíten 
a sim pliíìed version of the chem ical name. Form ulated 
herbicides also have a ưade name assigned by the manu- 
facturer for m arketing purposes. M anufacturers íorm u- 
late herbicides to enhance their handling and weed 
control properties. Form ulated C0 m|30unds include the 
herbicide active ingredient plus inert ingredients such 
as solvents, diluents, and various additives. W hen the 
same herbicide active ingredient is formulated in more 
than one way, each is assigned a different irade name. 
H erbicides can be classified in several different ways, 
w hich provide users with a convenient means of select- 
ing herbicides for various purposes.

H erbicides are oíten classified according to sim ilari- 
ties in chem ical structure, w hich oflen, but not alvvays, 
result in sim ilar effects on plants. A more useful classi- 
íìcation  schem e is based on where they may be used. 
In agriculture, herbicides are registered for use in agro- 
nom ic and horticultural crops, turígrass, and landscape 
and ornam ental plantings. In noncrop areas, herbicides 
are used in pastures and rangelands, aquatic habitats, 
rights-of-w ay, utility sites, recreation areas, forests, and 
wildlands. Herbicides are also classiíìed according to 
m ethod and timing of application. Application m ethods 
ìnclude soil and foliage treatm ents, depending on where 
in the plant the chcm ical is most readily absorbed. 
Tim ings o f herbicide application include preplam (prior 
to crop planting), preem ergence (prior to crop or weed 
cm ergence), and postem ergence (after crop or weed 
em ergence). A herbicide classiíìcation schem e devel- 
oped bv Ross and Lembi (1 9 9 9 ) is sum marized in 
T ablc II.

O ther classiíìcation schem es are based on plant re- 
sponses to herbicides. Selecúve herbicidcs are more 
toxic to som e p lantsp ecies than others (e.g., m onocoty- 
ledonous versus dicotyledonous plants), whereas non- 
selective herbicides are toxic to all plant species. Selec- 
tivity is one of the m ost im portant and useiul 
characteristics o f herbicides, for it allows applications 
to be made to weeds w ithout risk of irýury to crops or 
desirable vegetation. Factors related to herbicide chem - 
istry (structure, Ibrm ulation), the plant (age, size, sur- 
face characteristics, m orphology, ph)'siology), and the 
environm ent (hum idity, tem perature, soil m oisture) 
determ ine the selectivity of a particular herbicide. O ther 
categories of plant response used to đassiỉy herbicides 
are the pathway of herbicide movement in plants and 
the m echanism s by w hich herbicides kill plants (see 
Table II). System ic herbicides are those thai move in 
plants; m ovem ent occu rs in the phloem (sym plasi), 
in the xylem (apoplast), or both. Herbicides that do 
not move in planis, but ra the r cxeri their effect at 
the site o f application, are called contact herbicides. 
H erbicides classiíìed by m echanism  of action include 
growth regulators; inhibitors of photosynthesis, pig- 
m ents, lipid synthesis, cell wall synthesis, amino 
acid synthesis, and cell division; and cell m embrane 
destroycrs.

2 . F a te  o f  H e rb ic id e s  in  th e  E n v iro n m en t 

Herbicide fate in the environm ent is an issue of public 
concern  and an im portant considcration when herbi- 
cides are registered for legal usc. I7or hcrbicides 10 be 
effective, they m ust persist long enough to kill the 
weeds for w hich they were intcnded. Persistence be- 
yond that time, how ever, may result in inịury to nontar- 
get plants and other organism s, residues in crops, and 
environm ental contam ination.

H erbicides thai enter plants generally move to a site 
of action  and cause a toxic reaction. Over time, most 
herbicides in plants are transíorm ed into relatively less 
toxic íbrm s by b iochem ical processes. If a herbicide is 
not degraded, it may rem ain in the plant or end up 
in the soil as a contam inanl. Eventually, however, all 
herbicides that enter a plant, the soil, vvater, or atrno- 
sphere will be degraded by the same chem ical and physi- 
cal reactions that act on biologically dcrived com - 
pounds.

O nce a herbìcide reaches the soil, several processcs, 
including adsorption to soil particles, m ovem ent to an- 
other location, and decom posiúon, \vill determ ine its 
persistence. Soil and herbicide characteristics regulate 
adsorption of herbicide m olecules onto particles ol clay 
and organic matter. Herbicides that are tightlv adsorbed 
are not available for plant uptake, movement to other



Herbicidc Classilication According to Mcthod of Application, Movcmenl in Planls, and Mode of Acúon (Exam ples ol H crbicide C lasscs
or Individual Herbicides in Each Category Are Lisled)1' 1,

Methocl of 
application

Movemeni in 
plants Modc of aciion Chemical class or individual herbicide

Foliar T ranslocated Auxin-tvpc growth regulators Phenoxy acid herbicidcs, benzoic acid herbicides, picolinic
in phloem acid herbicides, naptaỉam

Arom aũc amino acid (EPSPS) Glyphosate
inhibiiors

Branched-chain amino acid Suưonylurea herbicides, imidazolinonc herbicides, triazolopyri-
(ALS/AHAS) inhibitors midine sulíonanilide herbicides, pyrimiclinvl

oxybenzoate herbicides

Carotcnoid pigmcnt inhibitors Amitrole, clomazone, íluridone, isoxaflutolc, norllurazon

Lipid bìosynthesis (ACCase) Arvloxyphenoxy propionate herbicides, cyclohexancdionc
inhibitors herbicides

Organic arsenicals DSMA, MSMA

Ưnclassiíied herbicides Asulam, clifenzoquat, fosamine, propanil

Foliar Translocated Photosystem 11 (PSII) S-Triazine herbicidcs, metribuzin, phenylurea herbicides, uracil
in xylem phoLosynihetỉc inhibitors herbicides

Other phoiosynthetic Beniazon, brom oxynil, phenylcarbamaie herbicides, pyrazon,
inhibitors pyridate

Poliar Contact (noi Photosystem 1 (PSI) ccll Bipyridilium berbicides
ưanslo- membrane dcstroycrs
cated)

Proioporphyrinogen oxidase Diphenvlethcr herbicides, oxadiazole herbicicles, ílumiclorac.
inhibitors triazo 1 in0ne herbicides

Glutamine synthesỉs inhibitors Gluíosinate

Soil Dcpends 011 Micro Lubule/spindle apparatas Dinúroanilinc herbicides, DCPA, diihiopyr, pronamid
herbicidc inhibitors

(root inhibitors)

Shoot inhibitors Chloroaceiamide herbicides, ihiocarbạmaie herbicides

Miscellancous ccll division Đcnsulide, napropamide, siduron
inhibitors

Cell wall íorm ation inhibitors Dichỉobenil, isoxaben, quinclorac

“ Abbrevialions: EPSPS, 5-enolpyruvylshikiinate-.3-phosphatc synthase; ALS, acetolaclalc synthase; AHAS, acelohydroxy acid svnthase; 
AC.Casc, acclvl-toenzyine A carboxylasc; DSMA, disodium m cthanearsonate; MSMA, monosodium melhanearsonale; DC.PA, dimethyl 2 ,3 .5 ,6 -  
letrachloro-1,4-benzenedicarboxylale.

b Sourcc: Adaplcd from Ross and Lcmbi (1 9 9 9 ) .

siies, or decom position. H erbicides that are loosely ad- 
sorbed or located in the soil solution may move by 
leaching (vertical and lateral m ovem ent by w ater). The 
potential for m ovem ent o f herbicides into groundwater 
through leaching is a concern  for a few very m obile 
hcrbicides, which consequently  are sub ject to strict 
m onitoring and regulation. H erbicides may also enter 
the environm ent during application by drift (m ovem ent 
o f herbicide particles in air) or from the soil suríace by 
volaúlization (conversion in to  a vapor). Both of these 
processes can be m inim ized or avoided when proper 
equipm ent and application techniques are used.

Herbicide decom position occurs in soil, air, water, 
planis, anim als, and m icroorganism s and results in 
breakdow n of the original herbícide m olecule and 
loss o f herbicìde activity. D ecom position of herbicides 
occurs by photochem ical (breakdow n in sunlight), 
chem ical, or m icrobiological means. Herbicide decom - 
position also depends on tem perature and other envi- 
ronm ental factors, plus the concentration of herbicide 
applied. Products o f herbicide decom position may 
eventually degrade into sim ple organic m olecules. 
Because m ost herbicides are degradable, they do not 
build up in the soil over tim e, even aíter repeated



use. Additionally, the soil m icrobial populations are 
adaptable such that the application of a pesticide lo 
soil is often followed by an increase in the num ber 
of m icrobes that can degrade it. W hen processes thai 
regulate herbicide fate are understood, and the legal 
requirem ents for herbicide application and use are 
follow ed, m inim al contam ination of the environm ent 
should result.

3 . R e g u la tio n  o f  H erb ic id e  U se 

All pesticides, including herbicides, must be regisiered 
with the U.S. Environm ental Protection Agency (EPA) 
before they can be distributecl or sold in the United 
States. Tw o laws, the Federal Insecticide, Pungicide and 
R odenticide Act (F1FRA), and parts o f the Food, Drug, 
and C osm etic Act (FD CA) regulate pesticide develop- 
m ent and use. F1FRA provides for registration and can- 
cellation of pesticides, maintains a classiíication System 
for pes t ic id es  based on  toxicity ,  and allow s States to 
regulate pesticide use in a m anner consistent w ith [ed- 
eral regulations. The FDCA mandates establishm enl of 
tolerances for pesticides in food, feed, íìber, and water. 
These laws were written to ensure that benefits from 
the use of pesticides are in balance with concerns about 
heallh  an d  en v iro n m en ta l im p acts. E ach  State also  has 
laws regulating pesticide use, including w orker safety 
regulations and requirem ents for use of the most loxic 
(restricted  use) pesticides.

For a pesticide to be registered by the EPA, it must 
be sub jected  to over 100 saíetỵ and environm ental tests. 
ln íorm ation  required before registraúon includes chetn- 
ical and physical properties, environm ental fate, 
am ounts o f the pesticide in feed and íbod crops, toxico- 
logical properties, and effecis on nontargei plants and 
anim als. Such data are usually required both ior the 
pesticide and for its m etabolites, or breakdow n Pro d 
ucts. W ith  this iníorm ation, the relative beneíits and 
risks o f each pesticide can be determ ined.

Pesticide effects on human health are expressed as 
toxicity , the amount of the chem ical that is harmful or 
lethal, and exposure, the probability o f encouniering a 
harm ful dosc of the chem ical. The com bination of acute 
toxicity  plus exposure 10 a pesticide during its expected 
use determ ines the hazard it poses to hum ans. The 
EPA uses these data to set a tolerance level for each 
agricultural pesticide, whìch is the m axim um  am ount 
of the chem ical allowcd 011 a particular crop. These and 
many other data, including chronic toxicity, reproduc- 
tive effects, teratogenicily, and carcinogcnicitv, are used 
by the EPA in setting lim its for pesticide use to ensure 
that hazard to hum ans írom  use of pesticides will be 
at acceptably low levels. Toxicology and exposure stud-

ies are also required on ceriain species of wildlife, in- 
cluding birds, fish, and invertebrates, before pesticides 
can be registered. These tests utìlize studies o f pesticide 
residues in foods that these species may consum e, as 
well as potential concentrations of pesticide in water 
or air to determ ine hazard to nontarget species from 
pesticide use.

Pesticides vary widely in their toxicological proper- 
ties. In relation to all pesticides, vvhich includes insecti- 
cides, fungicides, and rodenticides, most herbicides are 
relatively non toxic to mam mals, since many of the pro- 
cesses or pathways tliev inhibit in plants arc not preseni 
in m am m alian systems. For ihe purposes of regulation, 
pesticides are classiíied atcorđing to their toxicity, 
w hich is a relative lerm  used to describc the am ount 
of a chem ical that causes harm 10 a particular species. 
The m ost com m on unil o f measurement for toxicity is 
the lethal dose, LD-,0. or lethal concentration, L C 50, 
w hich is the dose or concentration tha! kílls 50%  of 
the test population, rcspectively. High values for LD ,0 

or L C 50 indicale lower toxicity, as higher doscs arc re- 
quíred to produce lcthal elĩects. The categories of acute 
toxicity thai must be shown on herbicide labels are 
listed in Table III. Becausc all herhicidcs are toxic to 
som e degree, Container labels are requircd to give spe- 
ciíìc directions [or use as w dl as ingrediem s, properties, 
hazards, exposure lim its, íirst aid procedures, and other 
iníorm ation. W hen handled according to the label di- 
rections, hazard to hurnans and vvildliíc [rom exposure 
to herbicides can be avoided.

III. EFFECTS 0 F  HERBICIDES 
ON BIODIVERSITY

A. Weeds
All vveed control practiees exert selection pressure 011 

weeds and thus can havc short- and long-term  effects

TABLE III

Toxicity C atcgories, Lclhal Dosages, and Signal VVords Used in 
Herbicide Labeling

Toxicity
catcgory To xi citv

Sígnal
word

Oral LD.Ì(, 
(m g/kg)

Dernial LD50

(m g/kg)

I Verv high Dant»er S 5 0 £ 2 0 0

II High VVarning 5 1 -5 0 0 2 0 1-2 0 0 0

111 Modcratc Cauiion 5 0 1 -5 0 0 0 2 0 0 1 - 20,000

IV Lovv Caution > 5 0 0 0 > 20.000



011 the com position , structure, and dynam ics of weed 
com m unities. A gricullural weed conim unities tend 
to have lovver species diversitv than natural planl 
com m unities and are often dom inated by a few key 
species. The prim ary short-lerm  effeci o f weed control 
is a reduction in weed density, particularly o f the 
dom inant species, w hich is desirable in order to 
improve crop yields or íacilitate land use. Over a 
longer úm e frame, weed control practices rarely elim i- 
nate weeds altogether, rather they generally result in 
changes in species com position  and structure o f weed 
com m unities. In the case o f herbicides that act on 
speciíìc plant processes, selection  pressure over time 
can elim inate susceptible genotypes and thus cause 
evolutionary changes in weed populations. Most re- 
search  in w ced  S cien ce  to d ale  has emphasized red u c- 
ing weed density and im proving crop yields. Only 
re ce n tly  has a tte n tio n  b een  focu sed  on  ch an g es in  
wced com m unìty dynam ics as a result of weed control 
practices. Thus, onlv a few generalities can be made 
about speciíìc effecls or d irections of change in weed 
d iversity  cau sed  b y  b io lo g ic a l, cu ltu ra l, and  m e ch a n ica l 
methods of control. The mosl iníormation available on 
the role o( weed control in shaping vveetl communities 
comes from documented cases of herbicide-resistant 
weeds, w hich have been selected  by repeated use oỉ' 
the same herbicide or herbicide class. Ít is clear ihat 
herbicides are a powerful evoluúonary force acúng 
on weed communities. Nevertheless, the data that are 
available indicate that effects o[ nonchemical forms 
of vveed control on weed community dynamics are 
also s ig n ifìca n t and  w arram  ĩu rth er  Sludy.

1. Effects of W eed  C ontrol Practices

Changes in weed com m unity com position and structure 
due to various agricultural practices have been docu- 
m ented; hovvever, assessm ents o f the effects o f ihese 
practices on weed species diversity have been made 
only rarely. In a review of integrated weed m anagem ent, 
C lem ents et al. (1 9 9 4 )  calculated  diversity indices from 
an array o f published data to com pare the im pacts o f 
conventional and altem ative weed m anagem ent prac- 
tices on weed species diversity. W hen com pared to 
weed control bv m echanical cultivation onlv, broadcast 
applications of herbicides resulted in lower weed spe- 
cies cliversity over time. W here herbicide use was re- 
duced by placem ent of applications only in bands over 
the crop row, higher diversity o f weeds resulted than 
w hen broadcast herbicide applications vvere made. Al- 
though these Rndings suggest that use of herbicìdes 
reduces weed species diversity, actual case studies show  
that this generalization is too sim plistic and that im pacts

on diversity depend on the persistence of the speciíic 
herbicide used. W hen different herbicicỉes were evalu- 
ated, applications of preem ergence herbicides (those 
having residual soil activity) reduced weed species di- 
versity m ore than applications of postem ergence herbi- 
cides (those w iih no residual activity). By exerting con- 
tinuous selection pressure on susceptible species from 
the time of em ergence, preem ergence herbicides often 
reduce the richness and diversitv of vveed com m unities. 
In contrast, postem ergence herbicides are present in 
the environm ent only aíler em ergence and for a shorter 
time period, w hich may perm it a more diverse weed 
flora to establish both before and after the disturbance 
oi herbicide application is imposed.

Even in cases vvhere weed species diversity is rela- 
tively unaffected by herbicide applications, in terspeciíìc 
selectivity of m any herbicides causes a shift w ithin a 
weed com m unity from species that are susceptible to 
species that are naturally m ore tolerant to the particular 
herbicide. A com m on exam ple of this phenom enon is 
the shift in relative abundance írom  dicotyledonous 
(d icot) weed species to m onocotyledonous (m onocot, 
usually grass) wecd species follow ing repeated use of 
the lierbicide 2 ,4-D  Ibr control o f dicot weeds in  cereal 
(grass) crops. Sim ilarly, in íìelds where herbicides have 
been used over many years lor control o f annual weed 
species, shiíts in the weed ílora to predom inantly peren- 
nial weed species are com m only observed. W eed species 
com positional sh iíis  also occu r when the weeds in a 
íìeld are taxonom icallv relaled to the crop species grown 
ihere, since plants oỉten respond sim ilarly to herbicides 
when they are in the same taxonom ic íaraily. Thus, 
many cases have becn docum ented where repeated use 
of a particular herbicide in a crop has selected for weeds 
that are in the same plani íamily as the crop. Despite the 
increasing docum entation o( changes in com position of 
weed com m unities as a result o f herbicide use, only 
recently has atteruion been íocused speciíically on weed 
species diversity.

Integrated and alternative weed m anagem ent m eth- 
ods, w hich em ploy a com bination of tools to control 
weeds below a specified threshold, theoretically should 
not impose strong directional selection on weed popula- 
tions. Thus, weed species diversity mighi be expected 
to increase, or at least not decrease to ihe sam e extent 
as under a regim e of chem ical weed control, w hen a 
variety of tools are used. Clem ents ct aỉ. (1 9 9 4 ) point 
out the many questions that rem ain to be answered 
about the potential effects o f integrated weed manage- 
m ent techniques on diversity of weeds. In addition, the 
role and potential im portance of weed biodiversity in 
agroecosystem s rem ain to be defined.



2. S e le c t io n  o f  H e rb iđ d e  R e sis ta n ce

H erbicide resistance represem s an extrem e shiít in vveed 
species com position caused by the selection o í plants 
possessing a gene or genes for resistance to a particular 
herbicide vvithin a species that was íorm erly susceptible. 
In cases vvhere a particular herbicide has been used 
repeatedly over several years, resistant weeds may be 
selected and com e to dominate a weed com m unity such 
thai species diversity declines. Since the 197Ũ S, many 
cases of the evoluúon of resistance have been docu- 
m ented as a result o f repeated herbicide applications 
for weed control. Table IV sum m arứes the worldwide 
occu rrence of resistant weed biotypes to different herbi- 
cide groups.

Several characteristics of herbicides and thcir use 
con lribu te  to a high probability for selection of resis- 
tance in weeds. These include having a single targei 
site and speciíìc m echanism  of action, being extrem ely 
active and effective in killìng a wide range of weed 
species, and having long soil residual activity and sea- 
son-long control o f germ inating weeds. In addition,

TABLE IV

Worldwidc Occurrcncc of Resistanl We<íd Biotypes 10 Differem 
Hcrbicidc Classes" h

Rcsislant wccd biotypes 

Dicol Monocot Number of
Hcrbicidc class species specics Total counlrics

Triazines 42 19 61 22

ALS inhibilors" 43 20 63 18

Bipyridiliums 18 7 25 13

Ureas/am idcs 6 11 17 19

Synthctic aưxins 15 4 19 12

ACCasc ìnhibiiors" 0 21 21 18

Dinilroanilines 2 7 9 5

Triazoles 1 3 4 2

Chloroacetamides 0 3 3 4

Thiocarbam aies 0 3 3 3

Nitrilcs 1 0 1 l

Glvcines 0 2 2 3

Benzoflurans 0 1 1 ]

Organoarsenicals 1 0 1 1

Carbonic acids 0 1 1 1

Pvrazoliums

Totals

0

129

1

103

1

232

2

11 ALS. acetolactalc synlhasẹ; ACCasc. acetỵl-coenzymc A carbox- 
ylase.

’’ Source: Iniernalional Survcy of Herbĩcide-Resislanl VVccds, com- 
piled bv 1. Hcap and available at w w w .w eedsciencc.con.

frequent application of a particular herbicide over sev- 
eral growing seasons w ithout rotating, aliernating, or 
com bining with other types o f herbicides contributes 
to a high risk for evolution o f resistance. Som e herbi- 
cides are thought to pose a low risk tor selecúon of 
resistance owing to iheir nonspecific m echanism  of ac- 
tion and short or no soil residual activity. Even in these 
cases, however, repeated use of the same herbiciđe will 
exert selection pressure on weeds. Recom m endations 
for preventing or m anaging herbicide-resistant weeds 
include practices such as rotating herbicides from dif- 
ferent chem ical classes to avoid im posing the same se- 
lection pressure over tim e and integrating a com bina- 
tion of weed control m ethods. The higher level of weed 
species diversity that prcsum ably would result from 
these approaches should reduce the potential for propa- 
gation of herbicide-resistant genes in weed populations 
(C lem ents ct a i ,  1994).

B. Other Organisms
By suppressing, rem oving, or destroying vegetation, 
weed control m odiíies the environm ent and habitat of 
other organisms. In agroecosystem s, crop pests as well 
as bcneíĩcial organism s can be affected by weed removal 
since weeds can serve as host plants or íood sources 
lor many types o f organism s, includíng insects, fungi, 
and nematodes. In som e cases, a high diversity of wced 
species in an agricukural field has been shown to reduce 
the magnitude of inseci attacks on crop plants because 
the weeds serve as alternate food for the insect pests 
or harbor beneíĩcial organìsm s that feed on the pests. In 
oiher cases, how ever, increased weed species diversity 
resulls in increased insect problem s in a crop field he- 
cause the weeds provide a lood source or habitat so 
that the insect pest can rem ain in the field even during 
periods when the crop is absent. In those cases, weed 
control to reduce the diversity of weeds in a particular 
íìeld will decrease the incidence o f inseci pest damage 
to the crop. To ihe extern that herbicides affect weed 
biodiversity, lherefore, their use vvill also indirectly af- 
fect insect organisms.

The response of fungal and nem atode populations 
to weed species diversity has not been well studied. In 
general, vveed control practices result in a cleaner crop 
fìelcl, w hich usually leads to fewer disease and nem atode 
problem s. However, it is also possible that large areas 
of crop m onocultures with few weeds may bc suscepti- 
ble to wiclcspread disease epidem ics because of the lack 
of genetic diversity in response 10 the disease. To date, 
little iníorm ation is available to indicate how weed bio- 
diversity or use o f herbicides in weed control iníluences

http://www.weedsciencc.con


populations of íụngal pathogens or nem alode pests of 
crop planls.

The quesiion of w hether vveed biodi versity is an asset 
or a detrim ent to overall pest m anagem ent in agriculture 
deserves serious attenlion by researchers. To ansvver 
this question, more iníorm ation is needed on the effects 
of various weed coniro l practices both on weed biodiv- 
ersity and on nonvveed organism s. W ith  this iníbrm a- 
tion, the costs and beneíìts o f weed control can be 
wcighed against potential costs and beneíìts o f alterna- 
tive stralegies to control other pests ihat are affected 
by weed control. The question is com plicated by the fact 
that in large-scale, m echanized agricultural production, 
increases in weed species diversity com plicate weed 
control efforts. However, this problem  could be offset 
if  there vvere beneíìts to be gained from m aintaining 
increased genetic diversity of weeds in a íield, such as 
grcater buffering against selectìon  for herbicide resis- 
tance.

In wildland situations where exotic weeds have re- 
placed native vegetation, weed co n ư o l is increasingly 
practiced to reduce weed invasions and restore ihe 
abundance and dìversity of native planls. The indirect 
result o f ihese weed com rol activiúes is often a restora- 
tion of habilat for nonplant organism s, such as birds 
and small mammals. In these situations, thereíore, weed 
control, including use of herbicides, can resuli in in- 
creased diversity of other organisins that depend on 
native planl com m unities for habilat.

c. Wild Plants
W eeds are managed in m any situations to restore or 
preserve the biodiversity of native plant species. As 
described in Randall (1 9 9 6 ) , the m osi com m on meth- 
ods used for weed m anagem ent in wildlands in  the 
U nited States are manual and m echanical weed rem oval, 
prescribed íire, release o f biological control agents, use 
o f grazing anim als, encouragem ent of native com peti- 
tors, and ju d iciou s use o f herbicides. W eeđ manage- 
m ent strategies in wildlands differ from those in agro- 
ecosystem s because wildland m anagers m ust prom ote 
or protect large num bers of plant and nonplant species 
rather than One or a  few crop species. Thus, wildland 
weed m anagem ent is generally approached with a desire 
to manage an entire plant com m unity rather than to 
contro l a single weed species. A lthough the same meth- 
ods can be used in agricultural and nonagricultural 
habilats, wildland m anagers m ust m inìm ize negative 
im pacts to a wider range of nontarget species than must 
agricultural land managers. Therefore, the m ethods 
used for vvildland weed contro l are often labor-intensive

and more environm entally conservative than in agro- 
ecosystem s.

AU weed control methods incur som e risk to the 
environm ent in vvhich they are used, which must be 
vvcighed against the risk of taking no action and 
allovving weeds to continue to spread. M echanical weed 
coniro l disturbs the soil, destroys vegetation, and leaves 
gaps that may be reiníested with weeds. B iological con- 
trol agents may altack nontarget species or becom e 
adapted and spreacl in undesirable ways. H erbicides 
may unintentionally kill nontarget plant species, indi- 
rectly im pacting habitat for other organism s, and may 
becom e environm ental contam inants if not used prop- 
erly. In m osl cases, the herbicides used in vvildland 
situations are postem ergence eom pounds wiih very 
short or no soil residual activity to m inim ize their effect 
on nonlarget plant species. However, few em pirical đata 
exist on either intentional or unintentional effecls of 
herbicides on native plant coram unities.

Rice ct aì. (1 9 9 7 ) conducted a long-term  íìeld study 
on the effects o f herbicides used for the control o f an 
exotic specìes on the structure and species diversity of 
native plant com m unities. Herbicide ireatm ents were 
highly effective in controlling the exotic weed (C en tau - 
rca m acu losa  Lam ., spotted knapvveed) and converting 
the plant com m unity back to ils native com position. 
O verall, only sm all, short-ierm  depressions in species 
richness and diversity resulted from herbicide use. As 
show n in agroecosystem s and as discussed earlier, how- 
ever, the rate (dosage), frequency, and tim ing of herbi- 
cide applications are im portant deierm inants o f plant 
com m unity responses. Higher rales, more ừ equent ap- 
plications, or applications earlier in the growing season 
have been show n lo reduce the diversity of nontarget 
species more than lower rates, less frequent applica- 
tions, or later applications. Sim ilarly, selectivity of the 
herbicide as vvell as precision of the application raethod 
can be managed to reduce im pacts on nontarget species. 
Rice el aì. (1 9 9 7 ) concluded that periodic application 
o f appropriate herbicides can be used to restore native 
plant com m unities from dom ìnance by exotic species 
and to m aintain their diversity as well. Transient reduc- 
tions in diversity thai, may result from herbicide use 
are likely to be negligible w hen com pared to the serious 
im pacts on native com m unities created by exoúc 
plant species.

As in agroecosystem s, questions rem ain in natural 
system s about the role and m anagem ent of weed abun- 
dance and diversity in wildlanđ ecosystem s. W here ex- 
otic weed invasions are widespread, weed removal alone 
may not result in establishm ent of native species with- 
out additional inputs such as revegetation vvith desir-



able species. In som e areas, invasive exotic vveeds have 
replaced native species and becom e an im portant source 
of food and cover for native birds and m am m als, w hich 
must be considered before the weeds are removed. The 
use of herbicides in wildlands is often controversial 
because of the risks of environm ental contam ination, 
as well as the general public perception that herbicides 
are dangerous. Ju st as in  agriculture, thereíore, the costs 
and beneíìts o f weed control in vvildlands m ust be 
vveighed before any m ethod is chosen. In cases where 
herbicides are used, the deierm ination is made that the 
rísks of herbicide use are more than offset by the bene- 
fits gained in increased or restored diversity of native 
species due to control of exotic weeds.

IV. CONCLUSIONS

Herbicides have been employed for decades to control 
unwanted vegetation in agroecosystem s, yel their im- 
pacts on weed bìodiversiLy and ihe im plicaúons of those 
im pacts for weed managem ent have not been well stud- 
ied except in the case of the evolution of herbicide 
resistance. Increasing em phasis over ihe past decade on 
the im portance of m aintaining điversily o f all genetic 
resources has rarely been extended to agroecosysiem s, 
despite the likelihood that assessm ents of the nature 
and im portance of weed hiodiversity mighi reveal an 
im portant role for weeds in agroecosyslem  stability and 
sustainability. Based on experiences w ilh herbicide use 
in agriculture, deliberate use of herbicides to control 
invasive weed species in wi]dlands has becom e increas- 
ingly com m on, yet the im pacts of herbicides on the 
com position, structure, and dynam ics of nontarget na- 
tive plant com m unities are poorly understood and usu- 
ally assumed to be negative. w h en  placed in a com para- 
tive context, however, habilat degradation and 
destruction, particularly by com petition with exotic 
species, is a m uch m ore pervasive threat to biodiversity 
of endangered plant species than is pollution o f all 
form s, including agricultural pesticides (W ilcove et a l ,  
19 9 8 ). Thus, it is imperative that research be continued 
into the effects o f all forms of weed control on biodiver- 
sity o f both target and nontargel species.
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HIGH-TEMPERATURE 
ECOSYSTEMS
Richard G. Wiegert
U niversũy n j G eorg ia

I. Extrem e Environm ents
II. Therm al System s— G eneral C haracteristìes and 

D eíìnilions
III. G eotherm ally Heated System s— C lassiíĩcation 

and D escription
IV. Tem perature Lim its 10 Life
V. The Evolution of Therm ophily

VI. The Biodiversiiy of Therm al E cosyslem s 
VII. Sum mary

GLOSSARY

acid o p h ilic  O rganism s preĩerring or requiring a low 
pH environm ent. 

chem oau totrop hs O rganism s able to synthesize or- 
ganic com pounds by the oxidation of energy-rich 
inorganic sources. Light is not used. 

cyanobacteria A group of bacteria contain ing  ch loro- 
phyll and capable of phoiosynthesis. 

eu cary otes O rganism s possessing a deíìned cell nu- 
clcus and nuclear m em brane. Includes all organìsm s 
above the level o f the procaryotic bacteria. 

frustule The hard, silica-contain ing  skeleton  of dia- 
tom s (green algae). 

geotherm al heating  W ater heated at đeplh in the earth 
and released to the suríace as iherm al outflow s.

h eiero trop h s O rganism s dependenl for their energy on 
organic com pounds. If oxidized, the process is aero- 
bic. w h en  oxygen is absenl, the process is anaerobic 
(ferm em ation). 

m etazoa O rganism s whose individuals have more than 
one cell (m uliicellu lar). 

photoautotrophs Organisms able to svnthesize organic 
com pounds from  waier and inorganic nutrients, us- 
ing the energy in photons of light. 

procaryotes Organism s without a deíined cell nucleus 
or nuclear m em brane. 

protozoa A group of eucaryotic organism s usually clas- 
siíìed as anim als and regarded as primitive. But som e 
m ajor problem s exist with som e protozoa such as 
slim e molds and euglenoid forms, which share many 
of the properties o f plants. 

so lar heated W ater raised to tem peratures signiíìcam ly 
exceeding the regional temperatưres of lakes and 
stream s. Many of the therm ally tolerant and therm al- 
opportunist groups are thought to have evolved in 
shallow solar-heated ponds and water margins. 

therm al op portu nist O rganism s that have developed 
life history characteristics that permit the exploita- 
tion of temporary cooler spots in thermal systems. 

th erm a l systems Outflows of geothernially heated wa- 
ter, usually thought of in terms of those at the suríace 
of the earth (see therm al vent) where light is present. 

thermal vent G eotherm ally heated waier issuing from 
cracks in the ocean floor. Very high tem peratures
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í. id pressures and the com plele absence o f light 
3 e characteristic. 

thei nally  to leran t O rganism s able to live at tem pera- 
tures signiíìcantly  higher than the regional norm . 
They can also exist at coo ler tem peratures, but may 
not com pete well in the latter súuation. 

therm ophily  O ften restricted  to m ean those organism s 
adapted to living at high tem peratures and unable 
to survive at low er tem peratures. In  this chapter 
the term in is also used in a m ore general way to 
characterize any type o f adaptation to therm al 
system s.

THIS CH A PTER O N  THERM AL B IO D ỈV E R SIT Y  con- 
siders the num ber and kinds of organism s that are iound 
in the therm al system s and therm al vent com m unities 
o f the world.

I. EXTREME ENVIRONMENTS

The diversity o f organism s in therm al environm ents is 
determ ined, in com m on with all biodiversily, by the 
in teractions o f the physical/b iotic envứ onm ent w iih the 
adaptive abilities o f individual species populations. But 
in som e respects therm al environm ents (ecosystem s) 
are quite different, even unique, com pared to ecosys- 
tem s dom inated by vveather, geological origins o f soils, 
and patterns o f precip itation and drainage. F irst o f all, 
therm al ecosystem s form a class o f extrem e environ- 
m ents characterized by a m ean tem perature markedly 
higher than “norm al." (O th er extrem e environm ents 
possess one m ore environm ental variable far outside 
the “norm ”— for exam ple, arctic, desert, brine lakes, 
low pH system s, e tc .) Som e of these, such as the arctic/ 
antarctic frozen wastes and extrem e deserts, are caused 
by widespread clim atic íactors and are typically very 
large, w hereas therm al ecosystem s and som e other ex- 
trem e environm ents are sm all and result from local 
changes in ihe physical environm ent.

W hat is “norm al” and w hat effect does ihe extrem e 
factor or factors have on biodiversity? Here 1 deíine an 
extrem e environm ent as “a cond ition  under w hich som e 
organism s can grow , whereas others can n o t.” This is 
too general for the purpose of this chapter, because 
each different ecosystem  has its adaptcd flora and fauna. 
A m ore narrow d eíìn iú on identiíies the extrem e as ex- 
cluding entire higher taxonom ic groups, not sim ply 
species. Thus the extrem e environm ent is not only low

in the diversity of species, but also low in the diversity 
of higher orders of classiíìcation as vvell.

II. THERMAL SYSTEMS—GENERAL 
CHARACTERISTICS AND DEFINITIONS

Atnong extrem e environm ents, therm al ecosystem s are 
deíìned as those with an elevaied tem perature, com - 
pared with the range o f other ecosystem s found at the 
same latúude and elevation. The source of the heat may 
be (a) solar energy, (b ) anthropogenic activities, or 
(c) geotherm al. The organism s inhabiting these heated 
ecosystem s can be classiíìed  as iherm ophilic, thermal 
tolerant, or therm ally opporiunistic. The first o f these, 
therm ophiles (ihe general term usecl in this chapter), 
require the high tem peraiure for survival 10 w hich they 
are adapied optim ally. Therm ally lolerant organism s 
have evolved m echanism s to enable them to exist at 
extrem e tem peratures, but they can also survive at lower 
tem peratures. Indeed, in culture they might do betier 
physiologically at these lower temperatures. Competi- 
tion with other nontherm al species may, hovvever, re- 
strict their d istribution in nature. Therm al opporiun- 
ists, on the other hand, have evolved m cchanism s to 
avoid the effects of direct im m ersion in hoi water. They 
seek out and take advantage of temporary reíugia by 
using rapid m aturation tim es, rapid m obility, and short 
life histories. I wíll later discuss the evolulion of ihese 
traiLs and the groups lo w hich ihey apply.

Solar heating of vascular plant leaves and o f the 
so il/litter suríace is enhanceđ by dark coloration, 
abundance of sunlight, and the slope of the land 
suríace. Tem peratures of plant leaves in desert envi- 
ronm ents may reach 60°C ; the same tem perature 
applies to so il/litter system s, bui it is com m only m uch 
lower, and the soil litter surTace cools rapidly at night 
and during rains. Furtherm ore, the so il/litter suríace 
(as well as plant leaves) heated by the sun is very 
thin because of its insulating value, and the system 
is very dry w hen heated. Thus m otile organism s can 
move out o f thcse therm al system s during periods of 
inhospitable lem perature regim es. Vascular plants can 
avoìd the effects of heat by being rooted in the cooler 
subsuríace soil, and nonm otile m icroorganism s resist 
the therm al effects by form ing spores or other heat- 
resistant quiescent slages. The net resuli is that there 
is little effect of solar heating on the biođiversity of 
these ecosystem s com pared to adịacent system s wiih 
more shading oí the soil surface. There may, o f course, 
be a loss o f species in the driest of these system s,



bui as a consequence of lack of water, noi of tempera- 
ture per se. Solar heating may also act on verv shallovv 
aquatic system s; the m argins of lakcs and ponds in 
temperaie and tropical latitudes are exam ples. This 
can provide a habitat lor certain  m ulticelled animals 
adapted to warm w aiers, but it does not exclude 
animals that sim ply avoid the shallow s during ihc 
dav and íorage there at night. Tem perature increases 
are seldom very great, and biodiversity in these system s 
is affected very little. A case involving a therm ally 
adapted dragontly will be discussed later in this 
chapter.

Anthropogenic activities include sleam  venls, hot 
water plumbing and heating system s, and ferm eniation. 
W ]iere liquid water condenses around steam v en is, cer- 
lain thermal m icroorganism s can be lound and some 
o f ihem can also be íound in hot water system s. But 
ihese are too small and transie.nl lo be of interest to 
ihestu d eni oi thermal biodiversity. Ferm entation, how- 
ever, is a [arge natural phenom enon, as well as the 
resuli o f certain hum an activities, such as com posting 
and piling up tailings from coal m ines. As a natural 
process, the accum ulation of ĩerm eniing organic m atter 
is seldom large enough or accum ulating fasl enough 
lor the heat of fermentation to signiRcantly increase the 
tem peraiure. Plant debris ađclecl to the soil litter system 
during the year is simply decomposed at a relatively 
constanl rate and the heat produced is dissipated to the 
environm ent. Hum ans, how ever, oftcn pile up organic 
vvastes to a degree ihat the insulating value of the pile 
causes a rise in the internal tem perature, killing, for 
exam ple, the seeds of vascular plants in com post heaps 
and excluding all but m icroorganism s from the water 
draining from coal tailing piles. However, the latter 
effect is often caused m ore by the extrem ely low pH of 
such systems than from elevated tem peratures. Al- 
though ihese environm ents are of little interesl from 
the standpoint of biodiversity, they are of great interest 
to the student o f m icrobial taxonom y. For exam ple, 
an entire genus, T h crm op la sm a , is restricted to coal 
reíuse piles.

III. GEOTHERMALLY HEATED 
SYSTEMS-CLASSIFICATION 

AND DESCRIPTION

The extrem e ecosystem s characterized by som e form 
o f geotherm al heating o f water are sm all, both in abso- 
lute size (som e are only a few square m eters or less 
in  cxten t) and in relation lo the surrounding regional

clim ate and soil-dom inated areas. O ther extrem e envi- 
ronm ents caused hy aridity, extrem e salinity, and low 
tem peratures stress organism s by posing problem s of 
getting or retaining water. In  contrast, geotherm al sys- 
tem s have w aier, indeed they are defined on the basis 
o f hot water. The problem s they pose for organism s 
attem pting to survive and grow involve adaptations for 
toleraúng or avoiding the hot water. Biotic diversity is 
typically low, both in absolute num bers of species and 
diversity o f higher taxonom ic groups. T his diversity is 
also usually lovv relative to the environm ents sur- 
rounding the iherm al system s, unless the latter are situ- 
ated w ithin a larger extrem e environm ent. The deep- 
sea therm al venls are an exam ple o f the latter.

M ost therm al ecosystem s of the world are caused by 
the suríace em ergence of geotherm ally heated water. 
T he m echanism s of heating involve the percolation of 
surface water to som e depth, where it is heated and 
pushed again to the suríace. The differences in therm al 
and nu trient characteristics o f ihe em erging water de- 
pend on the substrale rocks it saturates after being 
heated and the length of time the water travels ịust 
under ihe surĩace before em erging in heated lakes, 
pools, stream s, and spring seeps. Therm al system s are 
uselully catalogued into four types. These take the form 
ol (a) heated pools or sm all lakes, (b) sm all stream s, 
and (c )  outflow s from therm al springs. These firsl three 
types all exist under one atm osphere of pressure or less 
and the highest Lemperature found is 100°c, the boiling 
lem perature at sea level. A fourth type (d) the thermal 
vent com m unities form  when heated water is eịected 
at depth on the ocean íloor, and tem peratures in the 
hundreds of degrees centigrade are possible. These were 
first discovered in 1 9 77 ; they are sm all, usually less 
than a few hundred square m eters, and may vent water 
(b lack  sm okers) that reaches 450°c.

The rem ainđer of this chapter íocuses on the various 
m aniíestations of these heated ecosystem s. All o f tbem  
share the characteristic o f being aquatic, but they show 
diưerences related to the volum e and m ovem ent of 
water flow ing out o f the ground as well as the m echa- 
nism s available to organism s for adapting to the iherm al 
environm ent. If tem perature is regarded as analogous 
to a toxin , an organism  can exist by (a) adapting to 
exclude the factor (in  the case of tem perature, this 
am ounts to avoiding lethal levels for a particular stage in 
the life h istory), (b) adapting its stru cture/life  h istory/ 
physiology to nulliíy the effects o f the factor, or (c) 
sim ply adapt in m ore m inor ways to live vvith the factor. 
The second and third strategies differ quantitatively but 
not qualitatively. For exam ple, enzym es can be changed 
to different tem perature optim a by relalively sm all evo-



lutionary steps, but to cope with temperatures that will 
destroy (denature) the enzym e, a m ajor new structure 
m ust be developed.

G eotherm ally heated lakes and pools characteristi- 
cally are well m ixed thermally, with little or no direc- 
tional current. This produces, typically, a body of water 
w ith a relatively hom ogeneous temperature regime. The 
consequences for organisms attem pting to colonize 
such  ecosystem s is that they cannot escape the thermal 
load, thus any organisms with limited m otilily must 
adapt to survival at the temperature regime of the sys- 
tem. Algal/bacterial mats in such thermal ecosystem s, 
at tem peratures where photosynthesis is possible (dis- 
cussed later), form on the bottom  of the lake or pool. 
There is liltle  or no thermal gradient in these system s, so 
any eucaryoiic consum ers must adapt to the prevailing 
teraperature regime or fail to colonize. Thus in Yel- 
low stone National Park in the United States and in other 
geotherm ally active areas of the world, the thermal lakes 
and pools can be ranked from low to higher diversity 
as an inverse function of the mean m axim um  annual 
tem peralure of the system. Because of the lack ol strong 
cu rren ls and replacement of suríace vvater, cooling of 
these system s is relatively slow and the annual variation 
in tem perature is low, even in the cold temperate lati- 
tude and high elevaúon of Yellovvstone Park.

T herm al stream s share with therm al lakes and pools 
the characteristic that the layer o f productive organic 
photo- or chem oautotrophs is on the bottom  and organ- 
ism s attem pting to c.olonize m ust adapt to tolerate ihe 
tem perature regime. But the stream has a signiíìcant 
unid irectional flow and hot water em erging from  the 
substrate onto the suríace immediately begins to cool. 
The result is the establishm ent o f a strong therm al gradi- 
ent from the source downstream, w ithin w hich different 
speciíìc conditions for com m unity developm ent can be 
found. In theory, the cooling curve will be exponential, 
but other factors intervene, am ong w hich the m ost im - 
portant are the current turbulence and the tem perature, 
hum idity, and the wind speed im m ediately above the 
surface o f the stream. For exam ple, in a small Yel- 
low stone therm al stream (G entian Stream , Firehole 
Lake D rive), I have íound that the tem peralure in sum - 
m er can íluctuate rapidly as the sun goes behind clouds 
and wind velocitv changes. This effect takes place in 
m inutes, vvhereas longer lasting weather changes 
(cloudy days, for exam ple) cause changes in hours to 
days. In Yellovvstone, 250 m from the source, the annual 
riuctuation in temperature is approxim ately 20°c, sig- 
n iíìcant, but also a testim ony lo the thermal capacity 
o f water since the fiow o f this small stream is measured 
in litcrs per minute. Thus in contrast to the organism s in

iherm al lakes and pools, the inhabitants of geotherm ally 
heated stream s are far from  living in a constant tem pera- 
ture natural chem ostat, unless the stream  habitat is very 
close to the source.

O utflows from therm al springs differ from lakes, 
pools, and stream s in the volume of water discharged, 
its depth and pattern of flow after discharge, and in  the 
types of com m unities and organism s ihat colonize ihe 
outflow s. In contrast to lakes and pools, spring dis- 
charges have strong flows and turbuleni m ixing, with 
a relatively steep therm al gradient established from the 
source to the poinl w here tem perature of the water 
approxim ates that of am bient air. O utflow s do not gen- 
erally follow a w cll-defìned channel (except near som c 
o f the sources), and in any case ihe depth is shallovv. 
O nce the tem peralure reaches the point that is toleraled 
by the Rlam entous cyanobacteria (blue green algae), a 
mat of m icroorganism s íorm s that can thicken and di- 
rectly affect the flow o f ihe water. This creates a com m u- 
niiy with distinct cool patcbes; som e are cool on lop 
with hot water ílow ing underneath, others are devoid 
of flow. This tem perature heterogeneity provìdes an 
additional m anner in vvhich m oúle organism s can colo- 
nize therm al com m unities, by avoiding lethal tem pera- 
tures as a consequence o f adapting physiology, life his- 
tory, or behavior to lake advanlage oí the temporary 
cooling o f ihe algal mat. Spring outílovvs exhibit consid- 
erable variety. The sources are o f d ilícrent tem peratures, 
prim arily a consequence of the water traveling for vari- 
able distances in ihe soil after em ergence from the un- 
derlying rock and belore em ergence onto the surface. 
The chem ical characteristics o f the em erging vvalers 
may differ (although I am elim inating from this discus- 
sion those waters with abnorm ally low pH, caused by 
excessive sulfur con ten t). Finally, spring outflow s are 
often interm ittent, creating yet anolher form of teraper- 
ature heterogeneity. These interm ittent flow com m uni- 
ties var>’ greatly in their biotic com posìtion, depending 
not only on the tem perature gradient but also on  the 
period and volum e o f flow, the chem ical com position 
of the source water, and so on. The biodiversity found 
at tem peratures less than 40°c  is, however, low com - 
pared to the biodiversity o f sim ilar tem perature zones 
in a relatively constant therm al gradient.

Therm al vent com m unities are formed bỵ the emis- 
sion o f superheated w ater from íìssures in  the ocean 
íloor that form along the line m arking the m eeting of 
tectonic plates. Because of the pressure of deep water, 
tem peratures are possible that greatly exceed the 100°c 
tem peratures o f water boiling at sea level. U níortu- 
nately, the great depths at vvhich these vent com m uni- 
ties form makes their studv both d iííìcu lt and extrem elv



expensive. In general ou tline, the w ater is colonized 
by strains ol high tem perature heterotrophic bacteria 
utilizing the organic com pounds dissolved in the super- 
heated waier. A strong therm al gradienl is set up where 
ihc heated watcr tneets the colcl seaw ater and several 
groups oT filter-feeding m arine invertebrates have 
evolved to Ulilize these resources. vvhether this evolu- 
tion involves tolerance to high tem peratures, however, 
is problem atic, since sam ples and tem peratures are hard 
lo m atch up uncỉer such diffìcult sam pling conditìons. 
Furtherm ore, the therm al gradient is so steep liiat small 
d isiances may see a radical change in m ean tem perature. 
Num bers of individuals and biom ass o f the invertebrate 
consum ers are large, because of ihe richness o f the 
production by heierotroph ic m icroorganism s, but num- 
ber of species is low, although perhaps sim ilar or even 
liigher than that o f ihe cold , dark, relatively sterile 
com m unity away from  the therm al vents al these 
cỉeplhs. Although the m icroorganism s arc clearly living 
at tem peratures far higher than any found at the surface 
o f the earth, the question o f w hether m ulticelled  eucary- 
otes have evolved to survive at tem peratures above 40  
to 50°c is slill an open quesúon.

IV. TEMPERATURE LIMITS TO LIFE

Extrem e environm ents were characterized earlier by thc 
absence of species belonging 10 large system atic groups. 
In therm al ecosysiem s, as noted earlier, not only are 
these large systcm atic groups not found, but within 
groups, species num bers are low , com pared vvith cool 
w ater com m unities. In general, in term s of tem perature 
tolerance, there is a progression from m ore “prim itive” 
to higher taxonom ic groups, and from sm all to large 
indivìdual size. Later ] consid er the argum ents for the 
evolution of the various tem peralure tolerance ranges. 
W h at are the observed lim its, based on sam pling and 
observation of therm al ecosystem s?

Four different groups o f organism s neecl to be con- 
sidered: (a) the heterotrophic procaryotic bacteria, (b ) 
the procaryotic photoau tolrophs, (c) the eucaryotic m i- 
croorganism s, both heterotrophic and photoautotro- 
p h ic, and (d) the eucaryotic m etazoans. M uch of the 
literature prior to 1 978  on these lim its has been sum ma- 
rized. The study o f photosynthetically  active thermallv 
tolerant organism s really bcgan with the pioneering 
vvork of\V. A. Setchell. The m ain body o f his w ork was 
never publishec], but it exists as a 215-page m anuscript 
in the archives of the University o f California at Berke- 
ley. A b rie f sum m ary of the tem perature lim its portion

ol ihis work vvas published in Science. Setchell reported 
ihe upper tem peraiure for "algae” as 75 to 77°c, and 
for bacteria to be 89°c. A later investigator claim ed, on 
the basis of superRcial samples in Yellovvstone, ihat 
organism s could Iiot grovv above 7 3 ° c , but this vvoik 
relied on the uplake of radioactive phosphorous as the 
indicator o f life; whai was very Iikely being measured 
was the upper tem perature for photosynthesis rather 
than the upper temperature for life. In other older rec- 
ords of m axim um  tem peratures, uníortunately, some 
observers coníused blue-green algae, procaryotic cyano- 
bacleria, with green algae, eucaryoies. W ithin  the pro- 
caryotes, there has also been confusion about cyanobac- 
teria versus íĩlam entous bacleria. Furtherm ore, it was 
not realized how steep the therm al gradient could be, 
thus putting a prem ium  on tem perature m easurem ents 
at precisely the point vvhere organism s are grow ing in 
the íìeld. M ore recently, the discovery o f ocean therm al 
vents (discusscd earlier) has reopened some of the con- 
troversy regarding the.se lim its.

H eterotrophic procaryotes have colonized habitats 
at all tem peralures up to the boiling point o f water 
(100°C ) at sea level. The m ost therm ophilic o f these 
organism s have not been cultured, but they are easily 
sampled in the parent iherm al com m unities using glass 
slides and sim ple photom icroscopy. On the basis of 
these [ìndings, the prediction is ihat life is possible at 
any lem perature at which there is liquid water. This 
prediction has now been verified by the prelim inary 
explorations of ihe thermal vent com m unities on the 
ocean [loor (discussecl earlier) with m icroorganism s liv- 
ing at tem peralures far in excess o f 100°c. However, 
reports o f organism s living in water to 300°c are still 
provoking argum ent. As noted earlier, the m ost ex- 
trem ely therm ophilic procaryotes have not even been 
cultured. This may be in part due to insufficient know l- 
edge about the nutritional requirem ents o f these hetero- 
trophs, but ìt might also be due to the difficully of 
raaintaining cultures near the boiling point o f water. 
The problem  is exacerbated in the case of therm al vent 
m icroorganism s growing at both extrem e tem peratures 
and pressures. Many of these species are also obligate 
anaerobes, for w hich even extrem ely low concentra- 
tions o f oxygen are poisonous. O thers are endosym bi- 
onts, which are also notoriously d iffk u lt to culture. Ju st 
getting the samples to the suríace in a viable condition 
is a problem , and special culture techniques are required 
for the m ethanogens. In sum m ary, therm ophilic hetero- 
trophic procaryotes are apparently not lim ited by tem- 
perature but by the presence of liquid water. At the 
suríace this is approxim ately 100°c (depending on alti- 
tude), but at depth in the ocean life is found at substan-



tially higher tem peratures, lim ited by suitable nutrients, 
pH, and energy sources.

The tem perature limit for procaryotic photosyn- 
thetic autotrophs (both cyanobacteria and photosyn- 
thetic bacteria) is substantially below 1 0 0 °c  on the 
surface. All of the observations and experim ental evi- 
dence to date suggests a m axim um  lim it o f 73 to 7 4 °c . 
O f this group the most cherm ophilic are the photo- 
synthetic procaryotes, o f vvhich the m ost tem peralure 
tolerant is the single-celled species o f cyanobacterium  
(S yn echococcus lividus) and the Rlam entous photosyn- 
thetic bacterium  (Chloroỳỉexus au ran tiacu s). These spe- 
cies are found in nature at tem peratures up to 7 4 ° c , 
although the optim um  temperature is 63 to 6 7 ° c  for 
the cyanobacteria and even lower, about 5 5 ° c ,  for the 
íìlam entous bacterium . In general, the filam enlous 
form s o f the photosynthelic procaryotes seem to have 
adaptcd to m uch lower optim al lem peratures than the 
single-celled  forms such as Synechococcus  sp.

Eucaryoũc m icroorganism s are found in nature at 
substantially lower temperatures than are procaryotes. 
D ifferent reactions and responses to therm al environ- 
m ents are íound in (a) fungi, (b ) eucaryotic algae, (c) 
protozoa, and (d) metazoans, including invertebrates, 
vascular plants, and, veriebrates.

Pungi: In general, therm ophilic and therm otolerant 
fungi are found al tem peratures lower than 6 0 ° c  and 
occu r at this tem perature only in acid thermal waters. In 
the very com m on and vvidespread “alkaline” hot sprìng 
com m unities, where the pH is initially som ew hat acid 
because of dissolved carbon dioxide but rapidly rises 
w hen exposed to the air, free-living íìlam entous íungi 
are absent, even at tem peratures below  4 0 ° c . There are 
reports o f fungi parasitic on cyanobacteria that would 
probably be found at somewhat higher tem peratures, 
but these have not been íound in the “alkaline” therm al 
e ĩíluents o f Yellowstone Park and are, in any case, 
poorly know n (although there is a rem arkable thermal 
range of the disease-causing 1'ungus, D acty ỉaria  gal- 
lop av a).

Single-celled  and íìlam entous green algae as w ell as 
d iatom s becom e abundant at tem peratures around 40°c 
and below. Earlier reporls in the literature of diatom s 
grow ing at higher lem peratures relied only on the re- 
covery o f the resistant siliceous írustules, w úhout dem- 
onstrating that the cells were alive or grovving. The 
m axim um  tem peratures for w hich diatoms can be 
proved to be surviving and growing is 43  to 44°c. This 
particular diatom , A chanthes exigua, has an optim um  
tem perature of 40°c. The single-celled and Rlam entous 
green algae have veiy sim ilar tem perature lim its to those 
of the diatom s. Belcnv 40°c in tbe “alkaline" thermal

outflows of Yellovvstone, the diversity of algal species 
rises (discussed in a later section). Although som e mats 
of filam entous green algae may be found in these com - 
m unities on top of m ats o f íìlam entous bacteria and 
cyanobacteria, vvhere the underlying water is m uch hot- 
ter than 40°c, this is because the green algae is growing 
on top of the mat and is not exposed to the higher 
tem perature water. This underscores the care needed 
w hen m easuring the tem perature o f the environm enl 
o f suspected therm ally tolerant or thennophilic m ìcro- 
organism s. Strong gradients can occur in m illim eters 
betw een where tem peratures are measurcd and where 
the organism s are found. An interesting and irnportanl 
exception to the restriction  of the eucarvotic algae to 
tem peralures in the range of 40°c is that of the acido- 
philic single-celled asexual green alga, C yanidium  cal-  
daríum . This organism  has been studied intensively in 
Yellow stone Park acid hot spring efíluem s. The upper 
tem perature lim it is 55 lo 57°c, and the organism  can 
be íound down to 35°c. The high tem perature adapta- 
tion of this acidophilic eucaryote has been explained 
as a sim ple m atter o f no other com petition, but the 
story may be more com plicated than that (see nexl 
section  on tlie evolution of therm ophily).

Protozoa have not been given the attention of other 
eucaryoles in terms of their occurrence in thcrm al envi- 
ronm enls. D eterinining the tem perature lim its o f ihis 
group is dilĩìcull because of erroneous reports in the 
older lilerature reporting the growth and survival of 
protozoa at high tem peratures. Protozoa will grow 
readily at temperalures up lo 45°c. Olher studies have 
reported somevvhat higher tem peratures (5 7  to 5 8 ° c  
seem s to be the m axim um ), bul the m ajority o f protozoa 
in the natural thermal system s are found at lower tem- 
peratures. 1 have not found living protozoa in the “alka- 
line” therm al outflow s o f Yellowstone at tem peratures 
greater than 4 0  to 4 3 ° c .

Invertebrates are ubiquitous in and around thermal 
outflows throughout the world. In surface therm al fea- 
tures many are winged and thus widely distributed. The 
same genera and species are íound in vvidely separatecỉ 
iherm al ecosystem s. Som e species, such as the waier 
m ites, have a ju venile  stage parasitic on winged adult 
insects and are also widely distributed. Those inverte- 
brates that are neither winged nor parasitic are more 
local in the distribuiion of species. Most invertebratv; 
inhabitants o f iherm al ecosystem s are m otile, thus en- 
abling them  to choose, within lim its, the space and 
tem perature opúm al to growth and survival. Those thai 
are not m otile, or only m inim ally so, such as many oí 
the deep-sea therm al vent invertebrates and the eggs 
and ju ven iles o f many winged insects are sub ject to



mass m ortalitv when m ajor shiíts in current and in the 
thcrmal građient occur. To date, no invertebrates have 
becn íound surviving and grovving at tem peratures 
grcater than the 50°c claim ed for the ostracod, P otam o- 
cypris. The therraal lim its o f many o f the m ost abundant 
and im portant invertebrate inhabitants o f therm al eco- 
systems are in  fact often quite low (well below  40°C ). 
They exist by quickly colonizing tem porary cool spots 
in the algal m ats and grow ing into m otile adults beíore 
the therm al environm ent becom es hot again. These are 
typical exam ples o f therm al opportunists.

Vascutar plants, being rooted in  place, can colonize 
thermal waters at iheir m axim um  tem peralure only if 
the tem perature is extrem ely stable. Thus there has 
becn little study of their m axim um  tolerances. Species 
of Juncus  grow in therm al stream s in Yellow stone Park 
up to about 40°c and are oĩten so abundant that they 
hlock stream  (low and cause m inor flooding o f ad jacent 
soil. Many species of vascular plant grow along the sides 
of the stream s, one of ihe m ore conspicuous is the 
yellow m onkey ílow er (M im ulus gu tiatta). It is difficult 
to say to w hat degree th is plant is therm al tolerant 
because il does not grow directly in the hot w ater; its 
resiriclion  in therm al basins to the sides of stream s may 
simply re íle c t the availability o f water, since the soil 
(sinter) beside therm al outílovvs is very dry. The species 
is íound in wet swampy areas throughout Yellow stone 
Park and show s a wide range in size, being sm allest in 
the hou est and least íertile environm ents.

V ertebrates, even m ore than vascular plants, are ab- 
senl Irom therm al environm ents. O ne íìsh, the desert 
puptĩsh (C y p rin od on ) is found in nontherm al (solar- 
heated) stream s of Death Valley, Calitbrnia. Here it 
tolerates lem peratures up to 4 3 .5 ° c . But geotherm al 
outflow s are too hot, too sm all, too ephem eral, and vary 
too m uch in tem perature and flow to support popula- 
tions of even the sm all vertebraies. Reports o f fish living 
in very hot w ater suffer from ihe sam e problem  of 
m ost o f the early observations of therm al m axim a in 
organism s— nam ely, the m eans of tem perature mea- 
surem ent w ere not su ííĩcien t to measure sm all gradi- 
ents. O ften the natural gradient of the w aler was such 
that the fìsh swam quickly  from cool water in to  vvarm 
water to feed and then retreated to their cool refuges. 
For exam ple, in  Y ellow stone Park, the m any nutrients, 
particularly phosp horous, added 10 large, cold water 
rivers such as the Fireh ole , create exceptionally  fertile 
and productive rivers. But these inflows also raise the 
tem perature to the point that in sum m er they create a 
naturally therm ally polluted  river. In sum m er the lower 
Pirehole river often increases in  tem peratưre far above 
the optim um  for trout. For exam ple, above the geyser

basins in the sum m er of 1952 , the average tem perature 
was 1 0 .2 °c , whereas below the geyser outflow s the 
tem peralure was 1 8 .7 °c , despite the inílux of cold water 
Irom nontherm al springs and streams. In Septem ber of 
1962  the difference was even more m arked, 10.6°c 
above and 20.0°c below. That fish are able to not only 
survive but prosper in this situation is due to the many 
cold spring and stream side inflows entering the river, 
vvhere the troutspend  the m ajority of their time, ventur- 
ing into the warm er currents of the river only to feed 
for short periods.

V. THE EVOLUTION 0 F  THERMOPHILY

Thennop hily  in general must be thought of as the adap- 
tation o f organism s to survive and grow at tem peratures 
(w ater as used in this chapter) signiíìcam ly higher than 
the range of tem perature in nonheaied waters o f the 
geographic region or clim ate. I have deíìned the range 
of therm al heating and the different types of ecosystem  
developing froin the heated outílow s. The types of or- 
ganism s and their maxim al and, \vhere available, their 
optim um  tem peralures were discussed earlier. In gen- 
eral, the num ber of species and the diversity of the 
higher taxonom ic classiíications is lowest at the highest 
tem peratures and increases with tem perature decrease. 
The absolute upper tem perature for life seem s to be set 
only by the tem perature at w hich liquid water is present. 
But if heteroirophic procaryotes can evolve to live and 
grow at these highesl tem peratures, why do n ot the 
other m icroorganism s and the metazoans also evolve 
to exploit higher lem peratures? In one of the first (and 
the m ost detailed) discussions of the evolution o f ther- 
m ophily, the early argum ents about this issue are re- 
vievved and new hypotheses presented. Prior to the 
m id -1970s, the question of therm ophily was regarded 
prim arily as a physiological question, not an ecological 
one. This despite a weahh of evidence from other types 
o f extrem e environm ents that showed that adaptation 
to the extrem e characteristic did not only have 10 be 
physiological, but that com petition with other organ- 
ism s was an im portant factor.

Several earlier authors regarded the increasing tem - 
perature tolerance of m etazoa to eucaryotic algae to 
cyanobacteria (plus fungi) to heterotrophic bacteria as 
being due prim arily to the increasing com plexity o f the 
cellular structure. In the íungal eucaryotes and for the 
eucaryotic green alga, C ỵan id iu m , both of w hich reach 
60°c as the upper m axim um , the situation is com pli- 
cated by the fact that they grow only in low pH hot 
system s. For the m ost part the argum ents are sim ple



statem ents that the cell structure has sotne íundam ental 
property ihat cannot be overcom e by íurther adaptation. 
This postulates not only that the [undamental lim it 
exists, but that there are positive selective pressures for 
the further adaptation to high temperatures. To date 
there is little evidence for ihe idea that temperature 
tolerance is a simple íunction o f cell com plexity, nor 
has the locus of the effect been identified. At íìrst it 
was thought that the cleep sea invertebrates were ex- 
traordinarily tolerant of high tem perature, and this 
might have stim ulated research into the cellular ques- 
tion. However, recenl evidence points to rather low 
tem perature tolerarices in these groups. Clearly, no ani- 
mals have been found living in  the “black sm okers” 
where tem peratures of 4 0 0 ° c  or more are com m on. 
white sm okers at about 50°c may have some fauna, 
but the m ajority of the vent fauna is distributed around 
the vents, in much cooler water at 4 0 ° c  or less. Since 
these tem peratures are far above the am bient tempera- 
lures o f the deep sea, ihe launa is, in the sense deíĩned 
earlier, therm ophilic, bul will do little to seltle the ques- 
tion o f why eucaryotes have nol evolved to tolerate 
tem peratures endured by therm ophilic procaryotes. 
The essential test o f the cell com plexity-m em brane pos- 
tulate was to separate the question into: (a) the evolu- 
tionary advantage to he achieved above a m axiinum  
lim it o f 6 2 ° c  and (b) the evidence ihat ihe various 
eucaryotic genom es have the capacity lo respond to the 
selective pressures if they exist.

Follow ing the preceding argum ent, ihe reasoning is 
thai adaptation of eucaryotes to high tem peralures 
could be prevented by som e inherent physicochem ical 
lim itation or by the lack o f beneíit in additional re- 
sou rces gained. Two tactics are possible: (a) to shift the 
range o f tem perature tolerance at the upper level (the 
m axim um ) independently of the lower range and (b) to 
shift the entire range of temperature tolerance upward. 
Therm al ouiflow s vary considerably in width, depth, 
and flow volumes. But the nonlinear cooling process 
(m ore rapid at higher tem perature differences between 
w aler and air/substrate) ensures that the total area of 
colonization  space, and thus of resources (w hether solar 
energy or dissolved nutrients), vvill becom e steadily 
sm aller as one proceeds, for exam ple, in 5° c  incre- 
m ents, down the thermal gradient. Thus organism s that 
can adapt to higher temperatures by moving only the 
upper tolerance lim it, keeping eííĩciencies at lower tem- 
peratures constant, will alw ays have a positive selective 
pressure for doing so. If, however, the range must re- 
m ain the sam e, shifting it upward will result in an 
overall loss o f resource space. In the latler case, there 
will never be a positive aclvantage to be accrued in

shiíting the range unless other factors are involved, 
such as predation, com petition, or the thermal range 
of a required food species. Thereíore, any general expla- 
nation of the evolution of tem perature tolerance by 
them ophiles m ust consider not only a possible physico- 
chem ical lim itation, but also vvhether resources are 
present and the relative am ounts of resources at differ- 
ent tem peratures. The íirsl o f these param eters, physico- 
chem icaỉ lim its due to cellular differences, has been the 
focus of m ost o f the early literature. The presence of 
abundant resources for the various íorm s of eucaryotic 
organism s found in and around thermal ecosystem s has 
been well established, to the point where it cannot be 
invoked as a sole or even a m ajor b lock  to the adaptation 
10 higher tem peratures. The invertebrate grazers o f the 
algal mat are restricteđ to lovver tem peratures than their 
food organism s. In the case of photosynthetic eucary- 
otes, there is the same am ount of solar energy per square 
meter at high tem peratures and nutrients are at leasl 
as abundant as at low lem peratures, if not m ore so. 
Thus the question devolves to physicochem ical lim its 
or am ount o f space and thereỉore of resources. To exam - 
ine the eiĩect of resource availability (read area) the 
iwo tactics discussed above are used. Only populaúons 
that are geneúcally hom ogeneous or whose genotypes 
are dislributed by random m ating fit the crìteria. Asex- 
ual procaryotes do not íìt because changes in genotypic 
abundance arc the result of rates ol grow th and cleath. 
New genotypes arise by m utalion and some exchange 
of genetic m aterial, but the extenl o f the latter was not 
know n in the 1970s and to mv know ledge is not known 
today in therm ophiles.

Because water begins to cool once it emerges from 
depth into the open air, surĩace therm al system s typi- 
cally have the highest temperature water in spring-fed 
pools w ith relatively little current and litlle day-to-day 
or even annual variation in tem perature. At tempera- 
tures above the (approxim ate) 7 5 ° c  lim it for photosyn- 
thetic autotrophs, these pools are dominated by m ono- 
typie or very low diversity helero lrophic procaryotes 
and the pools, although sm all in absolute area, are virtu- 
ally infinite in size com pared to the size of the bacteria 
colonizing them . These bacteria are often attached rods 
or som etim es Blaraents. H ypertherm ophilic bacteria 
also occu r in those therm al outílow s where tempera- 
tures are 80°c or abơve. Because of the current, these 
íorm s m ust be attached rods or filam ents. Furtherm ore, 
the colonies in ihe hot outflow channels decrease rap- 
idly dow nstream . W hether this is because of the de- 
crease in dow nstream  temperature or the developm ent 
of nutrient shadows is still an open quesúon. Experi- 
m ents in the íĩeld made by enriching these channels



with nutricnts suggest thai the laiter may be a more 
reasonable explanation than the former.

The dom inant organism  in the high tem perature out- 
ílows, T hcrm us aqu aticu s, is an obligate aerobe that 
forms attachcd íĩlam entous colon ies al teinperatures up 
lo 80°c. D iscovered and named in 1969 , it now appears 
lo be a com plex of several different bacterial types. If 
ihc auached bacteria in  very hot outflow s do shovv 
changes in growth and viability w ith lem perature, it 
might appear as a broadened range of tem perature toler- 
ance. However, ih is could also be expỉained as the suc- 
cessive dow nslream  colonizaúon of differenl genotypes, 
each adapted to a different oplim al tem perature. Alter- 
natively, if com petition  for a scarce nutrient presenis 
a m ajor restrictíon on d istribution, low tem perature 
tolerance will be sacriíiced  to gain higher lem peraiure 
tolerance. In ihis case successive adaptations to higher 
tem perature result in a gain in resources providing the 
new genotype can m aintain a sufficient level o f effi- 
ciency to gain an advantage over ils lower tem perature- 
adaplecl com petitor. Since I have suggested lhat the 
apparent tem perature response could, in fact, be a re- 
sponse to nutrient depletion, the whole question is still 
an open one. These colonial form s can be cultured 
in the laboratory and also can be easily used ìn field 
experim ents. Som e efforts lo solve the question of nutri- 
ent versus tem perature would be w orthw hile. In con- 
irast, the extrem e iherm ophilic bacteria thai exist in 
the source pools at lem peratures up to the boiling point 
are very reíractory to culture. Thus studying their genet- 
ics and m easuring their response to lem perature clines 
has been im possible.

In the procaryotic photosynthetic m icroorganism , 
thc evolution oí tem perature tolerance was operating 
in the sam e way, ihat is, the adaptation of successive 
genotypes to higher and higher lem peratures, vvhere 
there is a gain in resources, should be observed. Instead, 
we observe the com plete failure ol these organism s to 
colonize water at tem peratures greater than 73 to 7 5 ° c  
(see discussion on lim its presented earlier). The tvvo 
m ajor resources of the photosynthetic cyanobacteria 
and the Aexibacteria are sunlight and a carbon source 
(phosphate is abundanl in these system s and ihe organ- 
ism s fix nitrogen). C yanobacteria in particular respond 
positively to increases in free carbon dioxide. Sunlight 
is intense at the Yellovvstone altitude in all shallow - 
w ater system s, obviously independent of tem perature. 
Sunlight only becom es lim ited deep in thick algal m ats, 
thus expanding the therm al range upvvard by the clevel- 
opm ent ot higher-tem perature clones w ill neither in- 
crease or decrease the availability of this factor to thin 
new mats o f cyanobacteria. In the “alkalìne” thermal

flows however, the water typically emerges at a pH in 
the 6 to 6.5 rangc đue entirely lo large concentrations 
o f dissolved carbon dioxide. Thereíore, any organism  
capable of form ing genetically hom ogeneous clones 
should be able lo  adapt to higher and higher tem pera- 
tures by gaining resources (carbon dioxide) at hotter 
tem peratures. Such clones are know n for bolh  of the 
most com m on genera o f cyanobacteria in iherm al 
springs, M astigoclcuhis and Synechococcus.

The best evidence for an inherent physicochem ical 
lim it on the temperature of photosynthesis would be 
if the previous conditions were met with respect to 
resources. But adaptation proved unable to extend the 
range of tem perature tolerancc w ithout a significant 
decrease in the ability or effìciency to use the increased 
abundance of the resource at higher and higher tem per- 
atures. This is exactly the case for Synechococcus. W hen 
growth (doubling tim e) is measured as a lu nclion  of 
tem perature, it is tìve times longer al 70°c than at 40°c. 
Thus adaptalion to higher lem peratures results in a 
rapidly decreasing ability to process a lim iting nutrient, 
even though it (presum ably carbon dioxide) is more 
concentrated at ihe higher temperatures. Thus the fail- 
ure to evolve tolerances above 73 to 7 5 ° c  m ust be due 
to a tem perature dependent reduction in grow th raie 
or a physicochem ical failure in the algal cell.

Eucaryotic m icroorganism s, including single-cellecl 
and íilam entous forms plus diatom s and Irec-living 
fungi, are seldom found at tem peraiures above the range 
of 4 0  to 45°c, vvith the exception of som e fungi and 
the acidophilic genus C yanídium . C ollecúons made 
from six different hot springs in M ontana show ed a 
clear and signiíìcant separation between the eucaryotic 
algae and the cyanobacteria; the form er were never 
collected at tem peratures greater than 5 0 ° c  and the 
latter shovved m ore species per sainple (2  to 5 al 50  to 
5 8 ° c , 10 at 35°C ) than the former. But the diversity of 
the eucaryotic algae was increasing m uch 1'aster than 
the cyanobacteria with decreasing tem peralure. This 
separation was present in ihe therm al springs o f both 
Yellow stone and M ount Rainier N aiional Parks. The 
eucaryotic alga, CyanicIÌLim, w hich exists at m uch higher 
tem peratures than the other eucar)'0tic algae, may be 
subịect to quite different selection  pressures since it 
also occupies a variety of ad jacent habitats (wet soil) 
where the tem peratures íluctuate greatly, as do ihe tem- 
peratures in the outflow s, vvhich are very cool during 
snovvmelt in the spring and the alga disappears, only 
to reappear in the vvater w hen the tem perature rises. 
The argum ent is made that the evolution of therm ophily 
in this group must take into account ihese differences 
plus the fact that hot acid fìows have no procaryotic



photoautoirophs that could offer com petition to C ya- 
nidium. The possibility of genetic m ixing due to sexual 
selection in tbe eucaryotic algae may, together with the 
increasing area for colonization as the therm al gradient 
is descended, render the selective optim um  tem perature 
lower in eucaryotes than in sets o f com peting procary- 
otic clones. This idea needs testing along with the no- 
tion of a m ajor physicochem ical lim it on the eucarytotic 
cell. The growth of Cyanidium  at higher tem peratures 
certainly casts som e doubt on the latter as a general 
explanation for the íailure of most eucaryotic algae to 
adapt to tem peratures higher than 50°c.

M etazoans typically have the lowest m axim um  ther- 
mal tolerances of any group of organism s. Here again, 
the argum ents prevailing beíore the m id -1970s detailing 
the failure to adapt to higher tem peraiures invoked 
some vaguely deíìned physicochem ical lim it. In the case 
of the metazoa, com plexity of organization is added lo 
the supposedly inherent lim its o f the eucaryotic cell. 
But, as pointeđ oul for other groups, this is only one 
of the three lines o f evidence that must be considered 
when pondering the origins of therm ophily. The oiher 
two are the availability o f resources, both  space and 
nutrients, and the interacúons of resource abundance 
and evolutionary m echanism s that aci to determ ine fit- 
ness. In other words, whatever the physicochem ical 
lim it to the evolution of thermal tolerance, sim pỉy mea- 
suring m axim um  tolerance rates in the íĩeld does not 
provide evidence, necessarily, that the physicochem ical 
lim it has been reached. Clearly, the larger aquatic meta- 
zoans could not sustain viable population densities in 
the sm all thermal system s, so there would be no selec- 
tive pressure for them to colonize even m oderate to low 
temperature thermal syslems. Thus no íìsh are found 
in geotherm ally heated waters. The few cases of the 
evolution of tolerance to elevated tem peratures in fish 
involve small individual size and solar-heated habitats. 
Here the maxim um temperatures tolerated som ew hat 
exceed 43°c.

The metazoans characteristic o f hot springs are 
the arachnids (w ater m ites), insects (m ostly flies), 
small m ollusks (small pulm onate snails), odonates 
(dragon ilies), and, occasionally, ostracods. These 
groups are neither characteristic o f the cold water 
stream s into w hich the thermal effluents drain, nor 
of running water systems in general. Rather, they 
are related to (som etim es the same species as) the 
invertebrates found in the shallow muddy margins 
o f lakes and ponds, where am bient daily m axim um  
tem peratures, duc to solar heating, are of the same 
order as those in w hich the thermal inhabitants are 
found. If these lovv to moderate tem peratures are not

set by a physicochem ical threshold, then the problem 
is to cxplain why, in thermal habitats, the species 
have not evolved m ore thermal tolerance.

The second factor affecting distribution (m entioned 
earlier), com petition for scarce resources, seem s not to 
be a factor. In every case studied, the grazers on the 
algae of therm al ecosystem s are less tolerant o f high 
Lemperature than the cyanobacteria on vvhich they feed. 
Exam ples are the ostracods in H unter Hot Springs, Ore- 
gon, and the ephydrid flies o f the “alkaline” thermal 
flows in Yellow stone Park. This leaves thc interaction 
of resources and selecúon determ ining fưness. Under 
random sexual m ating (w ith respect to tem perature), 
the direcúon of the evolutioti o f temperature tolerance 
will be determ ined by the relative num bers of surviving 
offspring Irom the upper ha]f o f the temperature range 
relative to those from  the lower half. But because of 
the nonlinear cooling curve of vvater, the size of the 
upper temperature part o f the range will always be 
sm aller than tbat o f ihe lower half. Thus under a tactic 
o f shiíting range, therinophily cannot evolve unless 
there is nonrandom  m ating or íecundity or survival is 
lower at low tem peratures. The random ness of mating 
with respect to tem peralure diHers in ihe various groups 
of hot springs invertebrates, depending on lite history 
and behavior. In the flies and dragonílies, m atingoccurs 
after em ergence and the anim als are highly m otile, so 
random ness with respect to temperature of develop- 
ment is assured. The water m ites are also highly dis- 
persed as parasitic larvae, but ihey do spend their adult 
lives within a relaúve narrow lem perature range and 
mate there. The sm aller m ite, Partnuniella, tends to 
spend most of its adult life in cooler patches of ihe 
cyanobacteria/flexibacteria mat where it feeds on the 
eggs ol the ephydrìd ílies and, as expected, has a rather 
low temperature tolerance. The large predaceous múe, 
T h erm acam s, líves directly in the hot vvater and has an 
upper tem perature tolerance 5 to 1 0 °c  higher than ihe 
sm aller species of m ite and ju s i  lower than the most 
temperature tolerant m etazoan, the ostracod. This 
group has no widespread dispersal m echanism , thus 
nonrandom  m ating is predicted. They also seem to be 
lim ited by food. Not surprisingly, these organism s have 
evolved the highest tolerance to high tem perature of 
any metazoan.

In sum mary, cu rrent evidence supports ihe follow- 
ing statem ents concerning the evolution of ther- 
m ophily: (a) the heterotrophic procaryotic bacteria 
seem not to have any physicochem ical lim it, having 
evolved to inhabit geolherm al svsiem s of any tempera- 
ture as long as liquid water is present; (b) the phoiosyn- 
ihetic cyanobacteria seem to have evolved to the point



(73 to 75°c tolerance) where a phvsicochem ical limil 
has been reached; and (c) eucaryotes vary greatly in 
temperature tolerance, depending on the group, but 
none has evolved tolerances equal to the m axim a exhib- 
iteil by ihe procaryoies. In most cases, the ohserved 
limits can be explained on the basis o f sim ple selection/ 
íĩtness processes, w ithout invoking unkĩiow n physico- 
chcm ical m echanism s.

VI. THE BIODIVERSITY 0F 
THERMAL ECOSYSTEMS

Spccies in. using, or around (liv ing from ) geotherm al 
ecosystem s throughout the world have been the sub ject 
o f many studies. The earliesi intensive w ork was on 
thc fauna of the hot springs o f Iceland. The algae of 
several hot springs in vvestern India were cataloged in 
thc 1960s. The algae and fauna ol warm springs in New 
Zealand havc also been studieđ, as has the íauna of 
thcrmal springs in the D utch Easl Indies. The thermal 
effluenls of Yellow stonc N ational Park in the United 
States have been the sub ject o f both  the largesl num ber 
and most intcnsive studies o f therm ophiles o f any area 
in ihe world. The original studies concenirated  on the 
íauna but also included som e observations of the algae 
(eyanobacterìa). Beginning in 1964 , detailed studies of 
ihe m icroorganism s living in the hot spring waters 
of Yellow stone Park were begun. These becam e both 
thc most extcnsive survey and intensive experim enial 
protocol yct done on therm al m icrobiology. Al Rrst the 
focus was on high tem perature system s vvhere only 
onc or a few species were íound in any given thermal 
ecosystem . In 1967 , I and my colleagues and students 
began sludying the lower tem perature thermal ecosys- 
tenis wìth higher diversities o f m icroorganism s and a 
richer food chain  involving species o f anim al acting as 
scavengers, predalors, and parasites. Additional unpub- 
lished inform ation has been obtained from 1983  to the 
preseru on the therm al ecosystem s developing at tem- 
peratures below 45°c. Thu s the ecology of the Yel- 
lowstone ecosysterns can begin to be understood from 
the standpoints of species diversity and food-chain rela- 
tionships. In this fìnal section  I review what is know n 
about the diversity of these system s, in their various 
m aniíestations of tem perature and pH, and com pare 
ihe results w ith the therm al biodiversity of the deep 
sea iherm al vents, insofar as the latter are currently 
understood.

High tem perature is the m ost diffĩcult o f extrem e 
environm ental conditions to w hich organism s can at-

lem pt 10 aclapt. There are many ways to adapt to exist in 
extrem e cold or ariditv and resume grovvth and activitv 
during short seasonal changes in solar vvarming and 
precipitation. H igh salinity can be avoided or salt ẹx- 
creted so extrem es can súll supporl a reasonablv high 
diversity. Indeed, manỵ saline ecosysiem s may appear 
sim ple from the standpoint o f vascular planl species 
and the food chains they support, but be relatively high 
in the diversity o f algae and bacteria in the surface 
sedim ents. T hu s, in every thermal system investigated 
to date, the biodiversity decreases rapidly with increases 
in tem peraiure. At their inost diverse, thermal system 
species are m easured in the hundreds; iheir least diverse 
m anifestations are m onospeciíĩc.

Tem peratures near the boiling point o f w aier in Yel- 
lovvstone therm al system s and elsewhere (8 5 °C -1 0 0 °C ) 
are most com m on in source pools fed by deep subterra- 
nean springs o f hot water. These pools vary widely 
in chem ical characteristics, depending on the mineral 
content of the rocks through w hich the superheated 
water passes on its way lo the suríace. All such pools 
have a large volum e of heated water with a relatively 
small inflow /outílow . Currenls are small; alm ost all 
m ixing is by convection  or mild bubbling o f various 
gases, often carbon dioxide. Such system s are natural 
analogues of chem ostals, and they are eventually colo- 
nized by adapted heterotrophic bacteria (photosynthe- 
s is  being im possible at these high tem peratures). Nol 
surprisingly, com petitìon  generally ensures that they 
are m onospeciíìc, or, if chem oautotrophy is possible, 
the diversity m ight rise by one or iwo additional species. 
Although therm al source pools may be thought small 
relative to surrounding m ountains, forests, and so on, 
from the view point o f m icroorganism s, these are virtu- 
ally constant environm ental system s capable o f support- 
ing im m ense num bers ol individuals. Current ecological 
theory supports the prediction of dom inance by one or 
a few species in  these circum stances. In contrast, the 
em ergence o f superheated water from the thermal vents 
in the deep sea cannot reproduce these constant condi- 
tions. Pools o f hot water do not exist, but instead a 
turbulenl m ixture of water is em itted ai lem peratures 
apparently as high as 350°c or more, directly into cold 
ocean water near 2°c. Thus environm ental variation in 
tem perature is undoubtedly high and the higher cliver- 
sity o f m icroorganism s would be predicted. It is im pos- 
sible, under such  variability in tem perature, for one 
species to m onopolize the resources of the system. Thus 
the students o f therm al vent m icrobiology are (ìnding 
a n u m b e r o f th e rm o p h ilic  sp ecies  new  to Science (a l- 
thougb no novel genera have been found). The latter 
may to due to the culture techniques used, which have



not been designed for organisms adapted to high pres- 
sures as well as high temperatures.

Food chains in the deep sea vent com m unities are 
sim ple and short, because in the absence of light no 
photoautotrophy is possible. Thus the vents are sur- 
rounded by a diverse array of m arine invertebrates that 
ingest the cells and products from the therm al vents. 
Alm ost all o f these animals are novel species. As many 
as 23 6  species o f animals have been collected around 
therm al vents, o f which 223 are new to Science. This 
diversúy of anim al species is far higher than that o f any 
single categor)' o f surface thermal ecosystem s, alihough 
the data represent many different therm al vent loca- 
tions. l f  the worldwide diversity of animal species for 
all know n surface thermal ĩeatures is used, the animal 
diversity per system  is sim ilar in ihe two types of system. 
Thus the thermal vent com m uniúes of the deep sea, 
although o f great interest from the standpoinl o f physio- 
logical adaptations, mass m ortality, and colonization 
strategy, appear to offer little that is new to ecologi- 
cal iheory.

At tem peratures below 75°c and above about 40°c 
to 4 5 ° c ,  therm al outflows form small streams of hot 
waier. These are colonized throughout the world by 
unicellu lar photoautotrophic cyanobacteria and fila- 
m entous bacteria. These b ioúc com m unilies are charac- 
teristic o f all suríace thermal íeaiures throughout the 
world, hut most early sludies were sim ply endeavoring 
to determ ine m axim um  tem peratures. The lirst rigorous 
stuclies o f these systems were initiated in Yellow stone 
Park. In each ecosyslem , ihere arc generally two domi- 
nant species or species groups at the upper end of 
this tem perature range (a base rnat o f the íìlam entous 
photosynthetic bacterium , C hloroỊlexus, and an overly- 
ing film o f the unicellular cyanbacterium , Synechococ- 
cus). As the temperature decreases, the overlying mat 
becom es dom inated by one or m ore genera of íìlam en- 
tous cyanobacteria. In relatively constant flows, temper- 
ature-adapted strains of M astigocladus are the com m on 
d om inants; in springs with variable ouílow s, diversity 
is often higher due to the presence of additional genera 
o f íĩlam entous cyanobacteria, com m only C aỉoth r ix  or 
P horm id ium . W hen these íìlam entous forms are able to 
grow, the outflow begins to go through a definite cycle, 
because the Blam entous mat is not lim ited to a thin 
film as are the unicellular forms. As t.he mat grows, it 
th ickens unevenly; water flows around these thickened 
areas, producing cool patches. These palches are popu- 
lated, alniost imm ediately, bv One or m ore species o f 
brine flỵ (Ephvdridae). ư pon haiching, ihe fly larvae 
begin to eat and destroy ihe (ìlam entous iniegrity of 
the mat. The pupae m etam orphose to adults vvithin a

fe\v days. Eventually hot water reenters thc cool patch, 
rem aining larvae and pupae are killed, and the cycle 
starts over in another part of the mat. These ílies and 
their predators are not therm ophilic, and in  íacl are 
rather therm ally intolerant, relative to organism s living 
in other thermal ecosystem s— com post piles, for exam - 
ple. They are an exam ple of what I have terined thermal 
opportunists, organism s that have adapted their life 
cycle to take advantage of opportunities provided 
w ithin the therm al ecosystem . The diversity o f the alka- 
line filam entous mat-fly association is not high for raost 
expressions of this com m unity o f 20  lo 30  species. Yet 
a diverse set of food chains and ecological processes 
is íound, photosynihesis, grazing, decom position, and 
predation, for example.

W hen  a strongly channeled outflow cools down to 
40°c or below, the diversity goes up rapidly. Metazoan 
anim als can adapi to live directly in ihe warm vvatcr, 
and eucaryoúc algae such as green algae and diatoms 
invade. Although cyanobacteria are still abundanl, they 
are heavily grazed, and do not form a thick mart. In 
different expressions o í this com m unity arc íound crus- 
tacea, midges (D iptera), and w ater mites (Hydrachnel- 
lae), dom inated by a top predator, the larva of the 
dragonAy, E rythem is co lỉoca tta . The net ef[ect on diver- 
sity is to increase ihe species num bers 10 50  to 60 , 
exclusive o f the nonphotosynthetic m icroorganism s. 
The latter have not been studied in detail at these tem- 
peratures, thus a total diversity oỉ 100 or more would 
noi be unexpected.

VII. SƯMMARY

Therm al waters, as extrem e ecosystem s, exhibit the low 
diversity expected under such conditions. But high tem- 
perature is a particularly diffìcult (actor for adaptive 
evolution to overcom e. Thus, thermal ecosystem s ap- 
pear to have the lowest diversities ol any of the extrem e 
environm ents. N evertheless, there is considerable varia- 
tion in diversity, depending on both ihe temperature 
of em erging vvater, the rate o f cooling, and the stability 
of the em erging plume. General])-, there is an increase 
in diversity as the tem perature declines. T his can be 
modified by short-term  Auctuations in temperature 
caused bv currents set up in the emerging plume of hoi 
water (in  deep sea thermal vents) or by interm itlcnt 
flows from the source crealing cooler periods down- 
siream . Both of these effects increase diversity. w h en  
anim als are able to em er the system , a rich ecological 
food chain (in terms of num bers of ecological processes) 
often develops.
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TH IS A R TIC LE D ISC U SSES  how we have com e lo 
know  and unclersland the su b ject o f this encyclopedia. 
The term “biodiversity” was coined in 1 9 8 6  by biologists 
who wished to express a com plicated, scien tiíìc  under- 
sianding of the natural world, and w ho wished to inspire 
a rapid, widespread effort to conserve the natural world. 
This arúcle traces how biologists understand "biodiver- 
sity” and how they have attem pted to raise aw areness 
on its behair.

I. BIOLOGISTS AND BIODIVERSITY 
BEFORE 1986

Since ancient tim es, scholars have sim ultaneously re- 
vered the natural world, attem pted to discover in that 
w orld a natural order or im pose rational orđer on thai 
wơrld, and sought lo understand the place o f hum ans 
in the cosm os based on w hat they read in the natural 
world.

W orster (1 9 8 7 ) , Bow ler (1 9 9 3 ) , and other historians 
offer extensive treatm ents o f pre-20th  century attem pts 
by b iologists and their intellectual predecessors to un- 
derstand, categorize, and philosophize the natural 
worlđ. In the m id 18th century, for exam ple, in order 
to fathom  G od’s w isdom , Carolus Linnaeus classiíìed 
the riot o f life in to a íunctional taxonom y, the System a  
N atu rae. In “The O econom y o f N ature,” (1 7 4 9 ) Lin- 
naeus offered a protoecological ưeatise on how these 
life íorm s fit togeiher in m utual, stable inierdependence, 
with hum ans at a Central nexu s in the web. For l.innaeus 
and h is contem poraries, God m eant hum ans to use 
those species that we found valuable; the com plexity  
and richness o f the natural world m eant that our use 
o f nature could not upset what God had balanced so ex- 
quisitely.

A century later, Charles Darwin built on Linnaeus’s 
and others’ ecological and taxonom ic groundw ork and 
painstakingly laid out a theory that provided an histori- 
cal, d eterm inistic explanation for the relatedness of all 
GocTs creatu res— even if h is w ork made God seem  a 
b it less  re lev an t and  h u m a n s  a b it  less Central to  the 
m achinery o f nature. D anvin saw all form s o f life as 
h u m a n  k in  and  b eliev ed  a key  to  c iv iliz a tio n ’s m atu rity  
was the ability to em pathize w ith and respect our ex- 
tended family. For both  Linnaeus and Darwin, the di- 
versity of earth’s life forms was a phenom enon to be 
revered, contem plated, and explained. N either envi- 
sioned the o b ject o f their study as a com m odity that 
needed protectìon from hum an advances, although a 
contem porary of D arw in’s, George Perkins M arsh
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(1 8 6 4 ) , did begin to grasp this in his prescient Man 
and N ature. Marsh warned that hum an activìty was 
destroying natural íunctions, and thai this destruction 
threatened to undercut the survival of our own species.

In the 20th  century, som e biologists looking ior 
m eaning in the diversity of life added to the trio of 
reverence, im position of order, and search for deeper 
m eaning about humanity. Biologists came to under- 
stand and docum ent that the grand panoply of life forms 
was threatened as the fabric o f ecological connections 
was rent. This awareness led biologists to make leaders 
and laypersons aware, and they searched for ways to 
use their careíully tended scientific authority to make 
n on scientists care about and conserve the ob jects of 
their reverence. Such work carries perils: advocacy 
threatens to underm ine the perception o ívalu e neutral- 
ity and objectivity  ihat leads laypersons to listen to 
scientists in ihe fìrst place.

In A Sand County A lm anac II (1 9 7 0 ) wildlife ecologist 
Aldo Leopold proposed a “land eth ic” that we should 
follow if we are to revere nature’s diverse organisms 
and protect them to play the precise roles in nature’s 
schem e that ecological scientists were ju st beginning 
to elucidate: “If the biota, in the course of aeons, has 
built som ething we like but do not understand, iben 
who but a fool would discard seem ingly useless parts? 
To keep every cog and vvheel is the íìrst precaution ot 
in telligeni tinkering” (p. 190). Leopold asserted ihat all 
species are intertw ined in com plex interrelationships, 
and the diversity of organism s and their interrelation- 
ships are crucial for a stable, íunctioning planei. From  
the “is” of ecology, Leopold derived the “ought” that 
forms the basis o f his land ethic: “A thing is right w hen 
it tends to preserve the integrity, slability, and beauty 
of the b io tic  com m unity. It is wrong when it tends 
otherw ise” (p. 262).

British  ecologist Charles Elton also vievved “ecologi- 
cal variety” as a ứưeatened com m odity. In The E cology  
o f  Invasions by A nim aỉs and Plants (1 9 5 8 ) , he ỉoretold 
the dangers hum ans íace as anthropogenic introduc- 
tions o f nonendem ic species sweep the globe and 
threaten  the fiora and fauna that had previously  been  
left to evolve in splendid isolation: “Ít is not ju st nuclear 
bom bs and wars that threaten us, though these rank 
very high on the list at the mom ent: there are other 
sorts o f explosions, and this book is about ecological 
exp losions” (p. 15). Like Elton, Rachel Carson (1 9 6 2 ) 
w arned that people could no longer take this variety 
for granted as benign backdrop to hum an affairs. Rather, 
e c o l o g i c a l  S c ie n c e  taught th a t  s p e c ie s  d iv e r s i ty  is essen - 
tial for ecological and hum an health and that uncon- 
trolled pesticide use threatened this diversity. Biologists

like Leopold, E lton, and Carson still revered “natural 
variety,” still sought to reveal the secrets o f nature’s 
order. But unlike pre-20th  century natural philoso- 
phers, they desired that their readers com e to view 
species diversity as a quantifiable, m easurable entity 
that was inextricably bound up with their ow n well- 
being. Species diversity was now a threatened com m od- 
ity, and hum ans who caused this threat were sim ultane- 
ously threatened as that com m odity dim inished.

II. CREATION 0F THE 
TERM “BIODIVERSITY”

Throughout the 1960s and 1970s, biologists fom enied 
public alarm over the deteriorating environm ent. Prom- 
inent biologists (e.g., Ehrenĩeld, 1981; Ehrlich  and Ehr- 
lich, 1981 ; Myers, 1 979 ) helped raise awareness that 
diversity was a threatened com m odity, and U.S. legisla- 
tures responded with laws designed to assuage the 
threat. M ost notably, the 1973  Endangered Species Act 
recognized and sought to protect the param ount value 
oí species diversity (K ohm , 1991).

Súll, biologists were frustrated that efforts to protect 
diversity were not keeping pace with the íurious rate 
of destruction. W alter Ci. Rosen, a biologist and senior 
program  offìcer al the National Research Council 
(w hich advises the National Academy of Sciences 
[N A S]), brought together prom inent scientists from ihe 
NAS w ith the cloul of the Sm ithsonian lnstitu tion to 
host the N ational Forum  011 BioDiversily in 1986. Ai 
the National Forum , biologists and others concerned 
about im periled diversity staged a consciousness- 
raising event that sought, and received, vvídespread at- 
tention from the public. Rosen coined the neologism  
“biodiversity” for the event as a convenient shorthand, 
a buzzword that would at once encapsulate biologists’ 
understanding of a chaotic, dim inishing natural world, 
and would raise public awareness about threats to the 
natural world (Takacs, 1 9 9 6 ). In BioD iversity  (W ilson, 
1 9 8 8 ), the co llection  of essays that chronicled the Na
tional Forum , Paul E hrlich , Daniel Janzen, Tom  Cade, 
Lester Brow n, M ichael Soulé, and other scientists de- 
clared the need to rouse public attention on behalf 
of biodiversity and exhorted their colleagues to adopt 
that m ission.

As biologists prom ote the term and the com plex 
worldview it represents, “biodiversity” has becom e a 
widespread conservation buzzword. Biologists write 
about it in scientiRc and popular presses, both exploring 
its com plexity and advocating its protection. Environ- 
m ental groups focus on it in íundraising eflorts; confer-



ences convened in its name occu r regularly. Laypersons 
have jo ined  biologists in attem pting to shape the plan- 
et’s physical, political, and norm ative environm ents to 
make more room for biodiversity.

III. PROBLEMS WITH OTHER FOCI 0F 
CONSERVATION EFFORTS

w h y  has “biodiversity” gained prom inence as a conser- 
valion buzzword, and why have biologists speaking on 
its behalf had som e success in shaping public opinion 
about threats to the natural world?

Various scholars (C ronon, 1995 ; Evernden, 1992 ; 
W illiam s, 1980) note that nature is so all-encom passing 
that what one attributes to it may say more about the 
speaker than it does about the natural world. Previous 
attem pts 10 preserve “nature” or “w ilderness” are too 
vaguely deíìned or deemed elitist in  som e quarters. For 
exam ple, Guha (1 9 8 9 )  sees traditional advocacy for 
nature or w ilderness preservation as seiting  ihe aes- 
thetic desires o f the rich  against the needs of ihe poor 
who need land to survive. G uha’s critique has, to som e 
extern, been incorporated into the biodiversily preser- 
vation discourse. For exam ple, as people cam e to ap- 
preciate the value of cultural diversity, they m ight also 
see divcrsity in all its íorm s as a norm ative good, partic- 
ularly when eííorts to preserve both may be m utually 
re in íorđ n g (N abhan, 1997). A docum ent prepared for 
the 1992  United N ations C oníerence on Environm ent 
and D evelopm ent notes that “cultural diversity is closely 
linked to biodiversity. H um anity’s collective know ledge 
o f biodiversity and its use and m anagem ent rests in 
cultural diversity; conversely, conserving biodiversity 
often helps strengthen cultural integrity and values” 
(Reid et a l, 1992 , p. 23 ).

Prior to the advent of biodiversity, the m ost effective 
conservation efforts in the U.S. tbcused on endangered 
species. B iologists’ foci changed because biodiversity 
represenls a m ore sophisticated ecological worldview, 
and a more sophisticated  view of what biologists want 
preserved and how they want it preserved. Biologists 
prom oting biodiversity conservation also seek to cir- 
cum vent certain problem s arising from efforts to pre- 
serve endangered species.

Even though hum an activities accelerate the rate 
of species extin ction , som e opponents of conservation 
argue that species extinction  is a natural process that we 
should let proceed. B iologists have diffìculties deữning 
w ith precision w hat constitutes a species (or a subspe- 
cies, like the N orthern Spotted Owl) in the íĩrst place.

W e are not aware of the econom ic or ecological benefits 
som e individual species confer, so it is diffìcult to argue 
for their conservation in some circles. Many of the 
insects, bacteria, plants, and other m em bers of what 
E. o. W ilson (1 9 8 7 ) calls “the little things that run the 
world” rem ain unidentiíied and unloved; invertebrates 
com prise only a tiny percentage of organism s protected 
by the U.S. Endangered Species Aci. Land set aside 
to protect individual endangered species may prove 
insuffìcient if global warm ing induces species m igration 
(Peters and Lovẹịoy, 1 992 ). w h en  we focus on species 
diversity, we som etim es ignore genic, population, com - 
m unity, or ecosystem  diversity. Endangered species 
conservation proves nearly im possible in poorly ex- 
plored areas, in oceans, and in nations without species 
checklists. Focus on species that are endangered can 
be a last m inute em ergency effort to save species that 
may no longer be playing íunctional ecological roles, 
and this strategy may be inĩerior to proactive efforts 
to preserve healthy populations in healthy ecosystem s. 
Finally, som e view the U.S. Endangered Species Act as 
a m ixed blessing: its unyielding allegiance to species 
on the verge o f exú nclion  is also a political lighting 
rod that leaves little room  for com prom ise and has set 
many citizens against conservation efforts (M ann and 
Plum m er, 1995).

IV. WHAT IS “BIODIVERSITY”?

Elsewhere in ihis encyclopedia, you may read about 
deíĩnitions of biodiversity. In research 1 conducted (Ta- 
kacs, 1 9 9 6 ), 1 asked prom inent biologists to define the 
term. Little, iíanyth ing , in  the natural world is excluded 
from these deRnitions o f biodiversity. Responses in- 
cluded that biodiversity is “the com plete array o f organ- 
ism s, biologically mecliated processes, and organically 
derived structures out there on the globe” 0 erry Frank- 
lin ); “the whole package o f genes, populations, species, 
and the cluster o f interactions that they m anifest” (D an- 
iel Jan zen ); “the total num ber of genetic lineages on 
earth” (Thom as E isn er); “shorthand for all the richness 
o flife ” (Reed N oss); or “the sum  total o f plants, anim als, 
íungi, and m icroorganism s in the world including their 
genetic diversity and ihe way in vvhich they fit together 
into com m unities and ecosystem s” (Peter Raven). Ac- 
cording to Terry Erw in (1 9 9 1 , p. 3 ) , it is “the sum  of 
earth species including all their interactions and varia- 
tions w ithin their b iotic and abiotic environm ent in 
both space and tim e.”

So biodiversity represents a rich, com plicated Vision 
of life and a corresponding rich, com plicated Vision of



what biologists want to see preserved. Although few 
biologists wish to see any species slip into extinction , 
what they really w ant— and what biodiversitv really 
represents— is preservation of ecosystem s, o f vast 
stretches o f land where the evolutionary process may 
continu e relatively uníettered.

But ecosystem s are hard to delineate, and even m en- 
tioning “evolution” lights a powder keg in som e quar- 
ters. K ellert (1 9 8 6 , 1-996) notes that the public is m ost 
likely to rally arouncl “cognitively m eaningíul” organ- 
ism s. H abital has no fur, and ecosystem s lack big, ex- 
pressive eyes that rouse public affection and therefore 
attention to conservation causes. W ith biodiversity, bi- 
ologists can focus attention on the charism atic megaver- 
tebrates the layperson íinds endearing. These organism s 
are em otionally and ecologically appealing to the con- 
servation minded: they often are at irophic levels that 
require large territories to survive. w h e n  we preserve 
the large areas of land they require, we also íortuitously 
protect a myriad of species and enable eontinued func- 
tioning of ecological and evolulionary processes thai 
b iologists value.

Conservation efforls on behalf of biodiversity enable 
m ulũple images and multiple strategies to protect and 
conserve the natural world; many of those strategies 
place m ore power in the hands of biologists to realize 
ih eir conservation values. l f  deRnitions of biodiversity 
seem  com plex and all encom passing, that is part o f why 
it has been successíul as a conservaiion tool. Ai once 
it represents the com plexity of biologisis’ worldview, 
the vvhole span of whai biologists wish to conserve, 
and in it each of us can see that part o f nature we cherish.

V. BIOLOGISTS AND THE PROMOTION 
0F BIODIVERSITY

W hen biologists speak about biodiversity, they sim ulta- 
neously refer to small parts of the ecological world, 
the interrelatedness between those parts, the ecological 
processes that sustain those parts, and the evolutionary 
processes that gave rise to those parts. W hile appearing 
as a purely scientiíìc, objective entity, biodiversity also 
encom passes political arguments on behalf of conserva- 
tion  and sym bolízes m uch that biologists do not know 
about the natural world.

Biodiversity represents ecological com plexity that, 
ihe m ore they studv, ihe more biologists realize they 
do not understand. Biologists do not knovv, vvithin an 
order of m agnitude, how many species live on earth, 
so they cannot specify how many we are losing and

cannoi say what the loss of these species represents to 
ecosystem s or to hum anity’s future prospects (Stork, 
1997 ; T ilm an, 1999 ; quotes in Takacs, 1996). Biologists 
believe that if people are alarmed by such ignorance, 
ihey will sim ultaneously take precautions about dis- 
m antling an ecological world that supports us in  myriad 
unknow n ways, will support b iologists’ research efforts 
to understand that world, and will listen to biologists’ 
policy prescriptions on how and why we ought to save 
that world. For exam ple, the question that E. o .  W ilson 
(1 9 9 2 ) is most frequently asked about the diversity of 
life is: “if enough species are extinguished, will the eco- 
system collapse, and will ihe exú nction  ol most other 
species follow  soon afterward? The only answer anyone 
can give is: possibly. By the time we find out, hovvever, 
it m ight be too late. O ne planel, one experim ent” (p. 
1 82). In light o f this uncertainiy, W ilson urges “pru- 
dence. W e should judge every scrap of biodiversity as 
priceless vvhile wc learn to u se it and com e to understand 
what it m eans to hum anity” (p. 3 5 1 ). In W ilson’s view, 
biologists hold the key 10 that understanding.

M any who have com e 10 call them selves conserva- 
tion biologists cite  this uncertainty as they attem pt to 
have the public hecom e aware of biodiversity and be- 
com e concerned about its clim inuúon. Thcy warn that 
what we d o n ì know about biodiversity \vill hurt us, 
and urge us that if we were to com e to know it, our 
lives m ighi have greater meaning. They seek a new eihic 
w here biodiversity vvould be cherished. Aldo Leopold 
(1 9 4 9 ) sought this, and his ia n d  eth ic"la id  the ground- 
w ork for a new way of valuing divcrsity. Lcopold knew 
that “no im portant change in ethics was ever accom - 
plished w ithout an internal change in our intelleclual 
em phasis, loyalties, affections, and convictions. The 
p rooí that conservation has not yet touched these foun- 
dations o f conduct lies in the fact that philosophy and 
religion have not yet heard o f it.” Today, a num ber 
o f prom inent biologists seek to have our intellectual 
em phases, loyalties, affections, and convictions match 
theirs. Som e biologìsts sce tbis as a crucial m om ent in 
history when they must help raise awareness o f biodi- 
versity; they see it as their responsibility to speak out 
about what they study and love so that subsequent 
hum an and natural history will reílect their values. For 
exam ple, Janzen  (1 9 8 6 ) exhorts his fellow biologists: 
“Set aside your random research and devote your life 
to activities that vvill bring the vvorld to understand that 
tropical nature is an integral part o f hum an life.”

Janzen  is part o f the “m ission-oriented” discipline of 
conservation biology, vvhich was íounded not only lo 
study biodiversity, but also to em brace its many values 
and to prom ote Rndings that will help conserve the



obịects of study. Buili into the d iscip line’s foundations 
are normative principles or, as disciplinc íounder Mi- 
chael Soulé (1 9 8 5 , p. 730 ) says, “value statem ents thai 
make up the basis o f appropriate attitudes towards other 
forms of life— an ecosophy." The pages of the disci- 
p lin es ílagship ịournal, C onscrvation  B iology, report not 
ju st the latest research (ìnclings; they are also íĩlled with 
thoughtfui articles on conservation educaúon, policv 
im plications of research, and spirited debates on what 
types of activism  are required or appropriate for prac- 
titioners. while som e biologists feel they must advocate 
on behair of the natural world they study and love, 
others fear that such advocacy threatens the scientiíĩc 
enterprise: if scientists are no longer perceived as ob jec- 
tive and value neutral, why would societies fund their 
work and listen to their results?

Many scicntists ignore the risks o f advocacy and 
proselytize 011 b ehalf o f biodiversity. Som e w ell-know n 
biologists (e.g., E. o. W ilson, Peier Raven, Thom as 
Eisner, Thom as Lovejoy) have spoken before Congress 
on the value of biodiversity. O thers testiĩy in courts as 
expert w únesses on behalf o f biodiversity. Paul Ehrlich 
and others appear on radio and television to raise aware- 
ness about biodiversity. Many biologists write for the 
popular press or speak to general audiences on the 
values o f biodiversity. They lalk to garden clubs, and 
preach in church pulpits. Thom as Lovẹịoy takes sena- 
tors, movie stars, and other iníluential people to the 
Brazilian Amazon so that they may experience biodiver- 
sity “in a way words can’t touch. . . .  And it has never 
lailed to be a truly Louching experience for ihem ” (Ta- 
kacs, 1996 , p. 153). By helping laypersons becom e 
aware o f biodiversity’s beauty and ĩragility— by úreless 
efforts to, in the words o f the “Father o f Biodiversity” 
E. o. W ilson, “educate, educate, educate” (quoted in 
A nonym ous, 1 9 9 4 )— biologists hope for widespread 
transforrnation o ívalu es. That transíorm ation of values 
might lead to what Paul E hrlich  (1 9 8 5 ) calls a “quasi- 
religious transíorm ation” of leelings tovvard the won- 
ders of the natural world, w hich would presum ably be 
translated into action to conserve those wonders.

Many prom inent N orth A m erican biologists work 
in farflung corners of the earth to raise awareness of 
biodiversity, particularly in tropical nations that hold 
the greatest concentrations of diversity, and w hich face 
the greatest im m inent threats to that bouniy. In Costa 
Rica, a small country with perhaps 5%  of the world’s 
species diversity, biologists have spurred a national ef- 
fort not only to preserve biodiversity in  protected areas, 
but also to catalog biodiversity and to search for the 
econom ic wealth contained w ithin. At Costa Rica’s In- 
stituto N acional de Biodiversidad, specim ens of plants,

insects, and other taxa are sorted and sent to m ultina- 
tional pharm aceutical com panies for research. Profits 
from successíul drugs deriving from Costa R ica’s biodi- 
versity would be tunneled back to the areas w here the 
biodiversity ílourishes. In effect, this is an experim ent 
in vvhich biodiversity would pay its own way, with 
biologists driving the process.

Specim ens are collected by a large group of rural- 
dwelling parataxonom ists. As they tromp around the 
nation’s forests, the idea goes, they will lead a m ovem ent 
in “biocultural restoration”: by becom ing reenchanted 
with biodiversity, they will be com pelled to spread their 
new knowledge and appreciation to their neighbors. 
Through renewed aw areness— and renewed econom ic 
dividends— rural dwellers would be em pow ered and 
inclined to protect iheir biodiversity patrim ony (Evans, 
1999; Gámez et a i ,  1993 ; Janzen , 1988).

VI. THE VALƯES 0F BIODIVERSITY

ln Costa Rica, and in many other corners of the earth, 
biologists are w orking to raise awareness of the many 
values of biodiversity. Biologists hope that b iodiversity’s 
appeal to many different audiences will spark diverse 
efforts to preserve it. Som e of the values biologists at- 
tribute to biodiversity íind their loci in biodiversity 
itself; in m ost, though, hum ans are the value holders.

As we m ight expect, biologists prom ote the value 
biodiversity holds for Science, as the raw m aterial for 
scientists’ investigations: it is “Earth’s living library” 
(Lovẹjoy, 1-992). Also unsurprisingly, biologists speak 
extensively about biodiversity’s ecological value. Bio- 
diversity provides num erous “ecosystem  services” (or, 
depending on your definition, “ecosystem  services” is 
part o f what constitutes “biodiversity”) . That is to say, 
biodiversity keeps global ecosystem s íunctioning. Bio- 
diversity purifies water, Controls agricultural pests, de- 
com poses waste, pollinates plants, stabilizes global 
clim ate, creates soil, transports nutrients, Controls  ero- 
sion, and m aintains the ecological m atrix hum an society 
requires to exist at all (Daily, 1997; T ilm an, 1 9 9 9 ). And 
as hum ans attem pt to repair damaged ecosystem s, we 
will need reservoirs o f intact biodìversity to restore what 
we have destroyed (Jord an , 1997).

For those who measure value in terms of m oney, 
biologists assert that biodiversity has vast econom ic 
value. Biologists note that biodiversity’s value to func- 
tioning ecosystem s is priceless— although Costanza et 
al. (1 9 9 7 ) have tried to calculate the incalculable. Cos- 
tanza’s team figured ihat 17 ecosystem  services in  16 
biom es contribute betw een 16 and 54  trillion (U .S)



dollars per year to hum an econom ies, and they believe 
this is a conservative estim ate. T h is, they note, is higher 
than the global gross national product o f 18 trillion 
dollars per year. Jan zen  (1 9 8 6 ) offers an exhaustive 
list o f the treasures biodiversity already has directly 
provided hum an society. O thers (e .g ., W ìlson , 1992) 
discuss the lucre that can be gained from  the hidden 
food, m edicine, chem icals, fibers, and other goods lurk- 
ing in the w orld’s natural places. As noted earlier, Costa 
Rica has invested heavily in its b iodiversity; through 
ecotourism  and bioprospecting, the nation  is proíìting 
írom  its biodiversity resources. Biologists (e.g ., Janzen , 
1 9 9 0 ) also tout biodiversity’s social am enity value: it 
can contribute to sustainable developm ent efforts 
(through direct harvesting or ecoto u rism ), íoster na- 
tional pride, or help those living nearby to lead more 
intellectually  and aesthetically  fulfilled lives.

E. o .  W ilson  (e.g ., 1992 , 1 998 ) has been the leading 
proponent o f biodiversúy’s value to fulfill o u rb io p h ilic  
im pulses. W ilson  and others believe that love of nature 
has been hardw ired into our genes, and we can only 
be truly íulíìlled  by satisĩying that love. Those whose 
b iop hilic passions have been rekindled will also be those 
who w ork hardest for biodiversity preservation: others 
reíer to this as biodiversity’s “transíorm ative value.” 
Philosopher Bryan N orton (1 9 8 7 )  explains how interac- 
tions w ith biodiversity can help us reconsíder our con- 
sum erist im pulses and m ake us convert to lifeways that 
preserve the biodiversity that provided the im petus for 
transform ation. B iodiversity’s aesthetic value— the 
beauty o f an individual organism  and its adaplations, 
o f landscapes, o f intricate ecological processes, o f the 
sheer riot o f d ifferent life form s— m ay effect this kind 
o f transform ation.

W h en  biologists suggest that b iodiversity may trans- 
form  us, m ay reaw aken our b iop hilic im pulses, they 
still p lace the locus of its value in the hum an valuer. 
Som e biologists take a different tack  and assert that 
biodiversity has in trinsic value, independent of a hum an 
valuer. This concep t is d iffìcult to prove em pirically 
and thereíore difficu.lt for a scien tist to assert. Yet given 
the preceding deíinitions o f “b iodiversity ,” if biodiver- 
sity is the totality o f life form s on earth, their interac- 
tions, and the processes that gave rise to them  and to 
us, it m akes it a m ore com plicated  proposition to reject 
the notion  o f b iodiversity’s in trinsic value out of hand. 
This notion takes a turn for the spiriiual, and, in fact, 
som e biologists also discuss biodiversíty’s spiritual 
value. David Ehreníeld  (1 9 8 1 ) , who w ould becom e the 
ĩounding editor o f Consci~vation B ío ỉog y , w role of “The 
N oah P rincip le”: species “should be conserved because 
they exist and because this existen ce is itselí but the

present expression of a continuing historical process of 
im m ense antiquity  and m ajesty. Long-standing exis- 
tence in Nature is deemed to carry with it the unim - 
peachable right to continued existen ce.” Som e biolo- 
gists (see quotes in Takacs, 1 996 ) agree that the value 
inherent in biodiversity  m akes it sacred and others put 
the locus of value in  hum ans, and they discuss ihe 
spiritual nou rishm ent that con tact with biodiversity 
brings.

The m ultiplicity o f m eanings o f “biodiversity” is re- 
ílected in the m ultip licity  o f values biologists find in 
it. F or those biologists who w ould raise awareness of 
biodiversity’s plight, it makes sense to speak for as many 
different values— and therefore to as many different 
audiences— as possible.

VII. HISTORICAL AWARENESS 0F 
BIODIVERSITY REDUX

W e can read the title o f this encyclopedia entry in many 
ways. Sm ithsonian tropical b iologist and biodiversity 
advocate Terry Erw in says (in  Takacs, 1996, pp. 1 0 0 -  
101): “I’ve always kind of been ahead of the game or 
ahead of the thinking in my ow n little field of entom ol- 
ogy . . .  I th ink  there will be individuals who can inílu- 
ence the d irection of change. And rd  like to be among 
them , for w hatever little part I m ight be able to play.” 
Ideas can act as forces o f nature. They can change 
ecologies. They can reshape how we value and thereíore 
how we treat naiure. On behair o f biodiversity, biolo- 
gists are m aking history: they are changing the course 
of events so that hum an history and natural history will 
unfurl to their liking. This encyclopedia attem pts to 
in fo rm , to ra ise  aw aren ess o f b o th  the Science o f biodi- 
versity and the conscience of those who study it, revere 
ít, and w ish 10 see it preserved.

Hislory suggests that two phenom ena will continue 
to obtain: the biological com plexity  of the earth will 
conlinue to d im inish , and biologists will continue to 
look for strategies that will com pel us to care about 
what they care about and support their authority to 
speak for those entities. B iologists have attem pted to 
raise our aw areness of biodiversity: the com plexity of 
real world organism s, species, and processes com m in- 
gled with b io logists’ ĩactual, political, em otional, ethi- 
cal, aesthetic, and spiritual values of the natural world. 
all com bined to shape public perceptions, actions, and 
íeelings. To becom e a\vare of it is to understand noi 
only how bìologists understand the riot of life and inier- 
connections, but to becom e avvare of our own obliga- 
tions to íuture evolutionary historv.
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of exiant species. Identiíication of the world’s hot- 
spots— roughly 1 8 -2 5  in num ber, depending on the 
criteria em ployed— provides a means of focusing on 
those areas where threats to biodiversity are m ost 
extrem e and conservation efforts can be most effective. 
Underlying this approach is the thesis that present 
conservation resources are not suffìcient to m aintain 
all thrcalencd species and thus global priorities neecl 
to be established.

GLOSSARY

biod iversity  Popularly supposed lo refer to the spec- 
trum ol all species on Earth, the concep t should also 
include species’ subunits (genetic diversity) and the 
diversity of ecosystem s and ecologícal processes. 

end em ics Those species that are lim ited to relatively 
sm all areas, being found now here else on Earth. 

hotsp ots Those areas that (a) ĩeature exceptional con- 
centrations o f endem ic species and (b ) face im m ineru 
threat o f habitat destruction. 

m egadiversity  Phenom enon o f ai least 70%  of all spe- 
cies being coníined  to 17 “m egadiversity” countries.

H O TSPO TS  are specific areas o f the E arth ’s land 
surĩace thai have a disproportionately  large num ber

I. INTRODƯCTION

W e are witnessing the opening phase of a mass extinc- 
tion episode that, if allowed to persist, could well elim i- 
nate a large proportion of all species among other forms 
of biodiversity w ithin the íoreseeable future (M yers, 
1993 ; W ilson, 1992). W e do not have nearly enough 
conservation resources (íunds, scientific skills, and the 
like) to assist all species under threat, and as the b iotic 
crisis gathers m om entum  the shortfall will becom e ever 
more severe. This predicam ent places a prem ium  on 
priority planning. which conservation strategies offer 
the biggest payoff? Or, to be more precise: How can 
we save the most species at the least cost? This key 
question is likely to rem ain at the forefront of conserva- 
tion endeavors as the Earth’s b iotic crisis grows worse. 
By concentrating on a few critical areas where needs are
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greatest and where the payoff írom  safeguard m easures 
would also be greatest, conservationists can engage in 
a m ore system atized response LO the challenge of large- 
scale extinctions that lie ahead. This represents a fo- 
cused silver bullet response, in contrast to the scat- 
tergun approach that has characterized m uch conserva- 
tion activity to date.

This is not to say— and the point is em phasized—  
that biodiversity outside of species-rich  areas should 
be ignored. The biodiversity of any country is vitally 
im portant to that country’s environm ental well-being. 
A num ber of responses have been  proposed. The 
"hotspots” thesis is One such mode of setting priorities 
at a tim e when we need to determ ine priorities with 
m ore scientific acum en than ever. This approach 
identiíĩes areas that feature exceptional concentrations 
o f endem ic species and that [ace exceptional threat 
o f im m inent habitat destruction (M yers, 1988 , 1990 ; 
Myers eí a l., 2 0 0 0 ). A holspots strategy can be com ple- 
m ented with measures thai highlight “megadiversity” 
countries, that is, those few countries that harbor 
m ost o f the world’s species, w hether threatened or 
not (M itterm eier and M itterm eier, 19 9 7 ). A further 
backup strategy is the protection of vvilderness areas, 
being extensive tracts o f little-disturbed wildlands 
with rich  biodiversity stocks where conservationists 
can “get it right” from the stari. Still a fourth response 
would focus on “high-value” ecosystem s ihat, while 
not harboring unusual concentrations of species, en- 
com pass other rem arkable m anifestations of biodiver- 
sity. W e shall consider each of these strategies, while 
giving m ost attention to the m ost prom ising option, 
the conservation of hotspots.

II. BIODIVERSITY HOTSPOTS AS 
ORIGINALLY IDENTMED

The h otsp ols strategy was first raised in the late 1980s, 
when an exploratory listing o f hotspots identified 
18 localities, 14 in tropical m oist forests and 4  in 
M editerranean-type zones (M yers, 1988 , 1990). The 
analysis centered on higher plant species alone, with 
the assum ption that these would serve as acceptable 
indicator taxa for other categories of species (m am - 
mals, birds, and other vertebrates, plus invertebrates). 
Analysis revealed that at least 20%  of all plant species 
were confined to areas com prising 0.5%  of Earth’s 
land surface— areas that for the m ost part have already 
lost the bulk of their biodiversity habitats.

III. REVISED AND EXPANDED 
HOTSPOTS ANALYSIS

A m ore recent effort íocusing on 25 biodiversity hot- 
spots (Table I) has sought to reíìne and expand the 
original hotspots analysis by including other taxa and 
biom es (M yers et a i ,  2 0 0 0 ). It has centered not only 
on higher plants but also on birds, mam m als, reptiles, 
and am phibians as indicators of vertebrate taxa. In 
addition, it has extended ecozone coverage to include 
tropical dry íorests, w oodlands, savanna and open 
savanna, tem perate m oist forests, grasslands, and 
arid lands.

This expanded approach still om its invertebrates 
from consideraúon, which is regrettable in that inverte- 
brates com prise the great m aịorúy of all species, at 
least 95%  and possibly 99% . Future analysis could be 
extended to include butterílies as indicators of inverte- 
brate hotspots. Butterílies are m ore closely úed to plant 
com m unities than vertebrates, and yet are popular 
enough with am ateur naturalists that for som e areas 
we have quite accurate records of their populations 
through tim e. (As a bonus factor, butterílies are som e- 
tim es the best single group of anim als as indicators of 
ecosystem  health .) Additional support lor invertebrate 
hotspots could be gained trom íocusing on dragonílies, 
dam seltlies, and tiger beetles, all oí w hich are wide- 
spread and íairly well know n.

This latest hotspots analysis, like the earlier one, is 
lim iied to terrestrial biotas. Ít is also based on vascular 
or higher plants (w hich com prise around 90%  o f all 
planis, and are hereaĩter referred to as “plants”), since 
they are essential to virtually all ĩorins of anim al life. 
These plants are well know n, with their conservalion 
status adequately docum ented for the m ost part.

The endem ism  data tend to be m inim al for two rea- 
sons. O ne is the sheer lack of recent docum entation in 
the form of, for exam ple, m odern íloras. For instance, 
there is no up-to-date account of Brazil’s plant species 
even though the country is believed to harbor 5 0 ,0 0 0  
species or one-sixth  of the w orld’s total. M ore im por- 
tantly, endem ism  statistics alm ost always relate only to 
individual countries or parts of countries, w hereas 12 
o f the hotspots extend across two or m ore countries 
and 6 hotspots across four or more. In these cases, it 
has been singularly diffìcult to com pule totals for hot- 
spot-w ide endem ics with cross-boundary com plica- 
tions, and the analysis (M yers et a i ,  2 0 0 0 ) has usually 
had to depend on best-judgm ent estim aies by scientists 
with extensive on-ground experience. These estim ales 
tend to be caiuious and conservative. m eaning that the



TABLEI 

The 25  Biodiversity Hotspots"

Hotspot

Original
cxieni
(km 2)

Remaining primary 
vegetation (k n r)

(% of original extern)

Area protecied  
(km 2) (% of 

hotspot)
Plant

species

Endemic plants 
(% of global 
plants total, 

3 0 0 ,0 0 0 )
Vertebrate

species

Endemỉc veriebra 
(% of global 
vertebrates 

total, 2 7 ,2 9 8 )

Tropical Andes 1 ,2 58 ,000 3 1 4 ,5 0 0  (25 .0 ) 7 9 ,6 8 7  (2 5 .3 ) 45 ,0 0 0 2 0 ,0 0 0  (6.7% ) 3 3 8 9 1567  (5 .7% )

Mesoamerica 1 ,155 ,000 2 3 1 ,0 0 0  (20 .0 ) 1 3 8 ,437  (5 9 .9 ) 24 ,000 5 0 0 0  (1.7% ) 2859 1159  (4 .2% )

Caribbean 2 6 3 ,5 0 0 2 9 ,8 4 0  (1 1 .3 ) 29 ,8 4 0  (1 0 0 .0 ) 12,000 7 0 0 0  (2.3% ) 1518 779  (2 .9% )

Brazil’s Atlantic Porest 1 ,2 27 ,600 9 1 ,9 3 0  (7 .5 ) 3 3 ,0 8 4  (3 5 .9 ) 20,000 8 0 0 0  (2.7% ) 1361 567  (2 .1% )

Choco/D arien/ 
W estern Ecuador

2 6 0 ,6 0 0 6 3 ,0 0 0  (2 4 .2 ) 16,471 (2 6 .1 ) 9000 2 2 5 0  (0.8% ) 1625 4 1 8  (1 .5% )

Brazil’s Cerrado 1 ,783 ,200 3 5 6 ,6 3 0  (2 0 .0 ) 22,000  (6 .2 ) 10,000 4 4 0 0  (1.5% ) 1268 117 (0 .4% )

Central Chile 3 0 0 ,0 0 0 9 0 ,0 0 0  (3 0 .0 ) 9 1 6 7  (1 0 .2 ) 3429 1605 (0.5% ) 335 61 ( 0 .2%)

Caliíom ia Floristic 
Province

3 2 4 ,0 0 0 8 0 ,0 0 0  (2 4 .7 ) 3 1 ,4 4 3  (3 9 .3 ) 4 4 2 6 2125  (0.7% ) 584 71 (0 .3% )

Madagascar'’ 5 9 4 ,150 5 9 ,0 3 8  (9 .9 ) 11 ,5 4 8  (1 9 .6 ) 12.000 9 7 0 4  (3.2% ) 987 771 (2 .8% )

Eastem  Arc and 30 ,000 2 0 0 0  (6 .7 ) 2000  ( 100 .0 ) 4 0 0 0 1500  (0.5% ) 1019 121 (0 .4% )
Coastal Forests of
Kenya/Ta nzania

Guinean Poresis of 
W cst Africa

1 ,265 ,000 1 2 6 ,500  (1 0 .0 ) 2 0 ,3 2 4 (1 6 .1 ) 9 0 0 0 2 2 5 0  (0.8% ) 1320 27 0  (1 .0% )

Cape Floristic 
Province

74 ,0 0 0 18 ,000  (2 4 .3 ) 14 ,060 (7 8 .1 ) 82 0 0 5682  (1.9% ) 562 53 (0 .2% )

Succulcnt Karoo 112 ,0 0 0 3 0 ,0 0 0  (2 6 .8 ) 2 3 5 2 (7 .8 ) 48 4 9 1940  (0.6% ) 47 2 4 5  (0 .2% )

Mcditerranean Basin 2 ,3 6 2 ,0 0 0 110 ,000  (4 .7 ) 4 2 ,1 2 3 (3 8 .3 ) 25 ,000 13 ,0 0 0  (4.3% ) 770 235 (0 .9% )

Caucasus 5 0 0 ,0 0 0 5 0 ,0 0 0  (1 0 .0 ) 14 ,050 (2 8 .1 ) 6300 1600  (0.5% ) 63 2 59  (0 .2% )

Sundaland 1,600 ,000 125 ,000  (7 .8 ) 9 0 ,0 0 0 (7 2 .0 ) 25 ,0 0 0 15 ,0 0 0  (5.0% ) 1800 701 (2 .6% )

Wallacea 3 4 7 ,0 0 0 5 2 ,0 2 0  (1 5 .0 ) 2 0 ,4 1 5 (3 9 .2 ) 10,000 1500  (0.5% ) 1142 529  (1 .9% )

Philippincs 3 0 0 ,800 9 0 2 3  (3-0) 3 9 1 0 (4 3 .3 ) 7620 58 3 2  (1.9% ) 1093 518  (1 .9% )

Indo-Burma 2 ,0 6 0 ,0 0 0 1 0 0 ,000  (4 .9 ) 100,000 ( 10 0 .0 ) 13,500 7 0 0 0  (2.3% ) 2185 528  (1 .9% )

South-Central China 8 0 0 ,0 0 0 6 4 ,0 0 0  (8 .0 ) 16 ,562 (2 5 .9 ) 12,000 3 5 0 0  (1 .2% ) 1141 178 (0 .7% )

W estern Ghats/Sri 
Lanka

182 ,500 1 2 ,4 5 0  (6 .8 ) 12 ,4 5 0 ( 100 .0 ) 4780 2 1 8 0  (0 .7% ) 1073 355  (1 .3% )

sw  Australia .309,850 3 3 ,3 3 6  (1 0 .8 ) 3 3 ,3 3 6 ( 10 0 .0 ) 5469 4331 (1.4% ) 45 6 100 (0 .4% )

Ncw Caledonia 18,000 5 2 0 0  (2 8 .0 ) 5 2 6 .7 ( 1 0 . 1 ) 3332 2551 (0.9% ) 190 84  (0 .3% )

N cw Zealand 2 7 0 ,500 5 9 ,4 0 0  (2 2 .0 ) 5 2 ,0 6 8 (8 7 .7 ) 2300 1865 (0.6% ) 217 136 (0 .5% )

Polynesia/Micronesia 46 ,0 0 0 10 ,024  (2 1 .8 ) 4 9 1 3 (4 9 .0 ) 6557 3 3 3 4  (1.1% ) 342 223 (0 .8%)

Total 17 ,4 4 4 ,3 0 0 2 ,1 22 ,891  (1 2 .2 ) 8 0 0 ,7 6 7 (37.7) * *(. 1 3 3 ,149  (44% ) 9 6 4 5  (35% )

a Choco/D arien/W estern Ecuador stretches írom the Darien of Panama to W estern Ecuador; Cape Floristic Province lies in the Southern 
sector of South Aííica; the Succuleni Karoo lies in western South Aữica; Sundaland encompasses the islands of vvestern Indonesia together 
with the Malay Peninsula; and W allacea includes islands of eastern Indonesia.

h Madagascar includes the nearby islands of Mauritius, Reunion, Seychelles, and Comores.
£ These totals cannoi be summed due to overlapping betvveen hotspots.
Source: Mycrs, et a i ,  2000.

true totals w ill likely be higher than those presented 
here.

To qualiíy as a hotspot, the m ain determ ining crite- 
rion is species endem ism . A second criterion is degree 
o f threat; to qualify, an area m ust retain only 30%  or less 
o f its original prim ary vegetation. The cu toff adopted is

1 50 0  endem ic plant species, or 0 .5%  of the 3 0 0 ,0 0 0  
plant species on  lancl (Prance e í a l ,  2 0 0 0 ).

U nlike the earlier hotspots analysis, the expanded 
version includes birds, m am m als, reptiles, and am phibi- 
ans. It excludes the only other vertebrate group, fishes 
(totaling roughly half o f all vertebrates), because data



about their num bers, habitats, and conscrvation status 
are generally poor. Hereafter, the term "vertebrates” 
refers to all vertebrates except fishes. Not that verte- 
brates serve as a second determ inant o f hotspot status; 
if an area qualifies by the 0 .5%  plants criterion, ìt makes 
the list. Vertebrates are strictly used for backup support 
and to determ ine m easures of congruence. Sixteen hots- 
pots contain  at least 130 vertebrate endem ics, or 0.5%  
of the 2 7 ,2 9 8  species o f the four vertebrate groups 
worldwide, while 12 of these contain at ieast twice 
as many.

As noted, the analysis om its insects and other inverte- 
brates. W hile  scientists have docum ented the great ma- 
jo rity  of plants and vertebraies, they have docum ented 
only a tiny proportion of invertebrates. For present pur- 
poses and purely as a w orking propositíon, it is reason- 
able to assum e that the five categories of endem ic species 
docum ented here are roughly m atched by sim ilar con- 
centrations of endem ic invertebrate species. Although 
this assum ption is prelim inary and approxim ate, it is 
supported by m ore evidence in its lavor than against.

M any of the hotspots have already lost 90%  of their 
original primary vegetation, and a few of them , for 
exam ple, the M editerranean Basin, Indo-Burm a, and 
the Philippines, have lost at least 95% . Ít is true that 
disrupted and secondary vegetation can som etim es sup- 
port moderate num bers of original species, but in the 
m ain this is not significant for conservation purposes.

C onstraints of socioeconom ic status, political com - 
m itm ent, or conservation feasibility in the couniries 
concerned have not been consideieđ. This is parily be- 
cause these íactors are difficult to quantiíy, and partly 
because they can be better incorporated when designing 
conservation projects. All the sam e, it is worth noting 
that Nepal, for instance, hardly possesses the adminis- 
trative structures, the managerial know-hovv, or the 
planning capacities that can useíully absorb additional 
external assistance. Related questions íbrm erly arose 
with respect to Zaire (now the D em ocratic Republic of 
C ongo): Should that country have been granted conser- 
vation support w hen its m ilitary spending was twice as 
large a proportion of its gross dom estic product as the 
average for sub-Saharan Aửica, and when ihe personal 
wealth of President M obutu was greater than the entire 
country’s econom y?

IV. MAIN FINDINGS OF REVISED 
HOTSPOTS ANALYSIS

A total of 25 hotspots coniain the rem aining habitats 
o f 1 3 3 ,1 4 9  plant species (44%  of all plant species) and

of 9645  vertebrate species (35%  of all such species). 
These endem ics are coníìned to an aggregatc area equiv- 
alent to 1.4% of Earth’s land suríace (Table I). The 
hotspots are so threatened that, having already lost at 
least 70%  of their original primary vegetation, they all 
seem likely, in the absence of greatly increased conser- 
vation efforts, to lose m uch if not most o f their re- 
m aining vegetation within the íoreseeable future.

The 25 hotspots feature a broad range of ecosystem  
tvpes. Predom inant are tropical rain íorests (in 15) and 
M editerranean-type zones (in 5 ). Nine are mainly or 
com pletely made up of islands; alm ost all tropical is- 
lands fall into one or another hotspot. Sixicen hotspots 
are in the tropics, w hich largely places ihcm  in devel- 
oping countries where ihreats are greatesi and conserva- 
tion resources are in shortesi supply.

Now consider the relationship oí endem ic species to 
lotal species. In ihe 17 “megađiversity” couniries wiih 
som e 70%  of E arth s species, the ratio of endem ic 11011- 
fish vertebrates to all vertebrates ranges from a high of 
1 : 1.3 íor Madagascar to a lovv of -1 : 14 for the Dem o- 
cratic Republic of Congo ( fo r m e r ly  Zaire). W hen all 25 
hotspots are considered, ihe average ratio is 1 : 2 .8 . This 
high ratio of endemism dem onstraies the signiíicance 
and rarity of the biodìversity founcl in these hotspots.

Still more significam , the exient of habitat loss in 
the holspots means that we can reasonably assume they 
harbor an even greater share of threatened species, de- 
fined here as Red Dala Book specics (thesc species are 
assessed by the W orld Conservation Union and include 
only sp ecies  k n o w n  lo  Science and knơvvn LO be ihreat- 
ened; the true total is íar higher). So tar as we can 
calculate, albeit in a preliminary and exploratory man- 
ner, the num ber of threatened species occurring in hot- 
spots probably am ounts to roughly two-thirds of all 
threatened species.

A. The “Hotter” Hotspots
Som e hotspots are "hotter” than others. In nine hot- 
spots, 30%  of all plants are endem ics (in the Tropical 
Andes, an exceptional 6.7%  are endem ic) and 25%  of 
vertebrate species are endem ics; these hotspots account 
for 0 .7%  of E arth s land suríace (Table 11). At the same 
tim e, they feature som e of the most depleted habitats 
anyvvhere: Madagascar retains less than 10% of its origi- 
nal primary vegetation; Sundaland and Brazil’s Atlantic 
Forest less than 8% ; the M editerranean Basìn, Indo- 
Bưrma, and the Philippines less than 5%. Five hotspots 
hold m ore ihan 2% of the world’s biodiversity in boih 
plants and vertebrates, hence they are super hotspois: 
Tropical Andes, 6.7%  and 5.7% , respectively; Sunda-



Leading Hotspots

TABLE [1 

in Term s of Endc mic Spccics

Hoispm

Endcmic 
plants 

(% oí global 
plants lotal, 

3 0 0 .0 0 0 )

Endemic vertebrates 
(% of global 

vertcbralcs loial, 
27 .298 )

Tvopical Andcs“ 20 ,000  (6 .7 ) 1567 (5 .7 )

Sundalanđ1' 15.000 (5 .0 ) 701 (2 .6 )

Madagascar' 9704  (3 .2 ) 771 (2 .8 )

Biazil's Atlantic Poresl" 8000  (2 .7 ) 567 (2 .1 )

Giribbean" 7000 (2 .3 ) 779 (2 .9 )

Snbtotal 59 ,704  (1 9 .9 ) 4385  (16.L)

Mesoamerica 5000 (1 .7 ) 1159 (4 ,2 )

Medúcrranean Basin 13,000 (4 .3 ) 235 (0 .9 )

Indo-Burina 7000 (2 .3 ) 528  (1 .9 )

philippines 58.32 (1 .9 ) 519  (1 .9 )

Total 90 .5 3 6  ( 3 0 .1)1’ 6826  (25 .0 )

“ Hotspols withat leasl 2% of hoth endemic plantsand vertcbrales. 
and togclher comprising only 0.4%  of EartlVs land suríace (all nine 
holspots amouni to 0.7%  of EartlVs land surlace).

h Thí* would total 30.2%  but for rounding of numbers in ihc 
individual hotspois.

land, 5 .0%  and 2.6% ; M adagascar, 3 .2%  and 2.8% ; Bra- 
zil’s Atlantic Forest, 2 .7%  and 2.1% ; and the Caribbean, 
2 .3%  and 2.9% . Collectively these íive areas account 
for 20%  of all endem ic plant species and 16% of all 
endem ic vertebrate species in ju s t 0 .4%  of Earth’s land 
suríace. They also harbor 45%  of the plant and verte- 
brate endem ics in the 25 identified hotspots.

B. Species/Area Relationships
Som e hotspots are also signiRcant because their en- 
dem ic species are concentrated in exceptionally small 
areas (Table III). The Eastern Arc and Coastal Forests 
oí Tanzania/K enya (hereafter reíerred to as “Eastern 
A rc”) contain  1500  endem ic plants in 2 0 0 0  k n r  for a 
ratio of 75 species to 100 k n r , or 7 5 :1 ,  and 121 endem ic 
vertebrates for a ratio o f 6 : 1 — both ratios top the lists 
for all hotspois. New Caledonia (5 2 0 0  krrr) has ratios 
oí 49  :1  and 1 .6 :1  for endem ic plants and vertebrates, 
the Philippines (9 0 2 3  km 2) has 6 4 .7 :1  and 5 .7 :1 ,  
Polynesia/M ieronesia (1 0 ,0 2 4  km 2) has 3 3 :1  and 
2 .2 :  1, and the W estern G hats in India (1 2 ,4 5 0  km 2) 
has 17.5 :1  and 2 .9 : 1. Ratios for the other areas range 
from  18 : 1 to 1.2 : 1 for plants and from  2.9  : 1 to 0 .0 3  :1  
for vertebrates.

TABLE m

Species/A rea Ratios per 100 km: of Hotspots

Hotspol
Hndcinic

plants
Endemie

vertebrates

Tropicat Andes 6.4 0.5

Mesoamerica 2.2 0 .5

Caribboan 23.5 2.6

Brazil’s Atlantic Forest 8.7 0,6

Choco/D arien/W estern Ecuador 3.6 0 .7

Brazil's Ccrrado 1.2 0 .0 3

Central Chile 1.8 0 .0 6

California Florisũc Provincc 2.7 0 .0 9

Madagascar 16.4 1.3

Eastcrn Arc and Coastal Forests of 75.0 6 .1

Kcnya/Tanzania

Guinean Porcsts of VVcst Aírica 1.8 0 .2

Cape Florislic Province 31.6 0 .3

Succulent Karoo 6.5 0 .1 5

Medilerranean Basin 11.8 0.2

Caucasus 3.2 0.1

Sundaland 12.0 0.6

Wallacca 2.9 1.0

Philippines 64.7 5.7

[ndo-Burma 7.0 0.5

South-Cenlral chin a 5.5 0.3

VVeslcrn Ghats/Sri Lanka 17.5 2 .9

s w  Australia 13.0 0.3

Ncw Caledonia 49.1 1.6

Ncvv Zcaland 3.1 0.2

Polyncsia/Microncsia 33.3 2.2

c. Congruence among Species Categories
In several hotspots, there is a measure of congruence 
betw een plants and vertebrates insoíar as high counts 
for endem ic plants are m atched by m oderately high 
counts for endem ic vertebrates (Table IV). This factor 
can reinforce the conservation priority thesis, especially 
in those hotspots with the m ost endem ic species. There 
can also be high congruence in areas w ith lower species 
counts, for exam ple, there is 100%  congruence in  the 
Philippines with 1.9%  of both endem ic plants and verte- 
brate species worldwide, and 80%  congruence in the 
Eastern Arc with 0 .5%  of plant species and 0 .4%  of 
vertebrate species. But the species percentages of these 
areas are low relative to those of several other hotspots.

The Tropical Andes holds 6 .7%  of all endem ic plant 
species worldwide and 5.7%  of endem ic vertebrates, for 
85%  congruence. M adagascar’s endem ic species repre-



Congruence

TABLE IV

between Endemic Plants and Vertebrates

Holspot

Endemic plants 
as % of global plants total, 

3 0 0 ,0 0 0

Endcmic vertebrates 
as % oí global vcrtebrates 

toỉal, 2 7 ,298
% Congruence 

(rounded)

Tropical Andes 6.7% 5.7% 85

Mesoamerica 1.7% 4.2% 41

Caribbean 2.3% 2,9% 79

Brazil's Atlantic Forcst 2.7% 2 . 1 % 78

Choco/D arien/W eslern Ecuador 0 .8 % 1.5% 53

Brazìl’s Cerrado 1.5% 0.4% 27

Central ch ile 0.5% 0 .2% 40

California Floristic Province 0.7% 0.3% 43

Madagascar 3.2% 2 .8 % 88

Eastern Arc and Coastal Porests ol Kenya/Tanzania 0.5% 0.4% 80

Guincan Porcsls oi W cst Aírica 0 .8% 1 .0% 80

Cape Floristic Province 1.9% 0 .2% 11

Succulent Karoo 0 .6% 0 .2% 33

M editcrrancan Basin 4.3% 0.9% 21

Caucasus 0.5% 0 .2% 40

Sundaland 5.0% 2 .6% 52

W allacca 0.5% 1.9% 26

Philippines 1.9% 1.9% 100

Indo-Burma 2.3% 1.9% 83

Soulh-Cenlral ch in a 1 .2% 0.7% 58

W esiern Ghats/Sri Lanka 0.7% 1.3% 54

s w  Ausưalia 1.4% 0.4% 29

New Caledonia 0.9% 0.3% 33

New Zealand 0 .6 % 0.5% 83

Polyncsia/M icronesia 1.1% 0.8% 73

sent 3 .2%  and 2.8% , for 88%  congruence; the Caribbean 
has 2 .3%  and 2.9% , to give 79%  congruence. (The Trop- 
ical Andes is a large area where one could expect high 
congruence; the other two are only one-fifth and one- 
tenth as big respectively.) By contrast, the Cape Floristic 
Province possesses 1.9%  of all endem ic plants but only
0 .2%  o f all endem ic vertebrates. Congruence tends to 
be high in tropical ĩorest holspots, and generally low in 
M editerranean-type hotspots (the congruence for Cape 
F loristic  Province is 11%) and other drier areas with 
their m eager counts for endem íc vertebrates.

The four vertebrate groups reveal vatying degrees of 
congruence am ong themselves. Birds and am phibians 
(like  p lants) generally show an increase in species rmm- 
bers in the tropics and still m ore nearer the equator, 
with particularly high totals in tropical ỉorests. Their 
num bers also increase with altitude up to 2 5 0 0  m in

localities w ith good rainíall. Sim ilarly, reptile abun- 
dance increases nearer the equator, though in drier 
zones it is com parable to that in tropical forests, as 
w im ess the situation in the iwo countries with ihe m ost 
reptiles, Australia and M exico. M am m al num bers also 
increase closer to the equator, w ith drier areas again 
having a species richness com parable to that o f tropical 
forests. Certain groups w ithin the mam m als, notably 
prim ates and bats, show sim ilar trends to the birds 
and am phibians, though prim ates reveal their greatest 
species num bers in lowland rain Corests, declining rap- 
idly with altitude.

D. The “Hottest” Hotspots
lt is not practicable to devise a hotspots ranking indcx 
that com bines five criteria, nam ely, num bers of endem -



ics and enclemic specics/area ratios for both plants and 
vertebrates, and habitat loss. These criteria cannot carry 
equal vveighi (a case of com paring apples and oranges), 
so one cannot sim ply sum  the rankìngs for each case. 
For com parative purposes, Table V lists the eight “hot- 
test hotspois” that appear at leasl three tim es in  ihe 
top len rankings for each criterion. T he leaders are 
M adagascar, the Philippines, and Sundaland, w hich ap- 
pear in all five criteria, followed by the Caribbean and 
Brazil’s Atlantic F orest, w hich appear in four. Three of 
these hotspots (M adagascar, the Philippines, and the 
C aribbean) have sm all land areas, w hich íurther high- 
lights their im portance.

Two additional hotspots, the Tropical Andes and 
M editerranean Basin, should be considered as candi- 
dates for conservation support in light o f their excep- 
lional totals for endem ic plants (Tropical Andes ranks 
highest íor both endem ic planls and vertebrates, and 
the M editerranean ranks third íor endem ic plants). Yel 
they do not appear in Table V because they ranked 
in the top Len in only two criteria listings. Sim ilarly, 
M esoam erica ranks second for endem ic vertebrates 
(49%  higher than the third-ranking C aribbean), but 
scores only lenth for endem ic plants.

E. Higher Taxa Assessment
Q uantitative analysis can be com plem ented by a qualila- 
tive evaluation of endem ism  am ong higher taxa such 
as fam ilies and genera. Yet sufficient sam pling and cx- 
haustive surveys are not available to m easure the distri-

bution of biodiversity overall. A lop-dovvn taxonom ic 
approach, however, could com pare the biodiversity of 
different areas using measures based on the num ber of 
higher taxa in each. For instance, fami]y richness can 
often be a good predictor o f species richness for certain  
groups and regions, induding British ferns and butler- 
tlies, Australian passerine birds, and N orih and Central 
Am erican bats, indicating that higher taxa indicators 
may som etim es offer a valid shortcut assessm ent.

Madagascar possesses 11 endemíc fam ilies and 3 1 0  
endem ic genera o f plants, 5 endem ic íam ilies and 14 
endem ic genera o f prim ates, and 5 endem ic fainilies 
and 35 endem ic genera of birds. The Cape Floristic 
Province has 6 endem ic fam ilies and 198 endem ic gen- 
era of plants; and New Caledonia has 5 endem ic íam ilies 
and 112 endem ic genera of plants, plus 1 endem ic fam- 
ily and 3 endem ic genera of birds. By contrast, the 
United States and Canada, with an area 8 .8  tim es larger 
than (hat o f the 25 hotspots com bined, have only 2 
endem ic fam ilies of plants. Plant family richness can 
oíten serve as a predictor of species richness for certain  
anim al groups, such as mam m als, am phibians, and rep- 
tiles.

F. Action Responses
To review, in ju s t 1.4% of Earth’s land surlầce, there 
are 25 hotspots conlaining 44%  of plant species and 
35%  o f vertebrate species íacing high risk of extinction . 
Ít is often estim aied that, were the present mass extinc- 
tion ol species to proceed virtually unchecked, som e-

TABLEV

The Eight “Hottest” Hotspots in Terms of Five Factors (numbcrs in parentheses indicatc ihe ranking in thc
top 10 hotspots for each factor)

Holspoi
Endcmic

planis
Endemic

vcrtcbraies

Endemic plants/ 
area ratio 

(species per 100 

km2)

Endemic vertebrales/ 
area ralio (species 

per 100 km2)

Remaining primary 
vegetation as % of 

original exlent

Times appearing in 
lop 10  for each of 

five [actors

Madagascar 9 7 0 4  (4 ) 771 (4 ) 16 .4  (8 ) 1.3 (7 ) 9 .9  (9 ) 5

Philippines 5 8 3 2  (8 ) 518 (9 ) 64 .7  (2 ) 5 .7  (2 ) 3 .0  (1 ) 5

Sundaland 15,000  (2) 701 (5 ) 12.0  ( 10 ) 0.6  ( 10 ) 7 .8 (7 ) 5

Caribbean 700 0  ( 6 ) 779 (3 ) 23 .5  (6 ) 2 .6  (4 ) 11.3 4

Brazil's Atlantic Forest 8 0 0 0  (5 ) 567 ( 6 ) 8 .7 0.6  ( 10 ) 7.5 ( 6 ) 4

Castcrn Arc and Coastal 
Foresis of Kenya/
Tanzania

1500 121 75 .0  (1 ) 6 .1  ( 1 ) 6 .7  (4 ) 3

Indo-Burma 7 0 0 0  ( 6 ) 528 (8 ) 7.0 0.5 4 .9  (3) 3

W estern Ghais/Sri Lanka 218 0 355 17.5 (7 ) 2 .9  (3 ) 6.8  (5) 3



where betw een one-third and tw o-thirds o f all species 
could be elim inated within the íoreseeable future. The 
hotspots analysis indicates that m uch of this threat 
could be countered through protection of the 25 identi- 
fìed hotspots.

An aggregate area of 8 0 0 ,7 6 7  km 2, 38%  of the hot- 
spots total, is now protected in parks and reserves. Some 
of these are little better than "paper parks” in offering 
a m odicum  o f legal status. All are in urgent need of 
stronger safeguards, including those five hotspots that 
fall entirely w ithin protected areas. The areas w ithout 
any protection  at all am ount to 1.3 m illion km 2 or 62%  
o f the hotspots total. In a few areas, new saleguards 
w ill not provide outriglìt protection o f a traditional sort 
because hum an settlem ents and other activities are vvell 
established. These areas could receive a m easure of 
protection as “conservation units” that allovv som e de- 
gree of multiple use provided th a t  species saĩeguards 
are alvvays param ount. In short, the prospect o f a mass 
cx tin ctio n  can be dim inished and conservaúon efforts 
can be m ore effective by applying a hotspols Slraiegy.

T he hotspots findings reported here com plem ent 
several other priorily-setting analyses. There is a 68%  
overlap with Birdlifc Im ernationars Endem ic Bird Areas 
(StattersReld et a i ,  1998), 82%  with lhe W orld Conser- 
vation Union (IU C N )/W orld  W ide Fund for Nalure 
International Centres oí Plani Diversity and Endem ism  
(Davis et a i ,  1 9 9 4 -1 9 9 7 ) , and 92%  with the most criti- 
cal and endangered ecoregions of the W orld W ildlife 
F u n d -U S  Global 200  List (D inerstein et a i ,  1996). The 
hotspots approach is more com prehensive than ihe íìrst 
two by com bining five categories of species, and is m ore 
tightly focused than the third.

There are surely other hotspots that ícature excep- 
tional plant endem ism  and face serious threat but that 
are not sufficiently docum enled to meet the hotspots 
criteria. They include the Ethiopian Highlands, the 
Angola Escarpm ent, southeastern China, Taivvan, and 
the forests o f the Albertine Rifl in  eastern D em ocratic 
Republic o f Congo (íorm erly Z aire), southw estern 
Uganda, and northern Rvvanda. W ere ihese five areas 
to be added to the hotspots list, they would increase 
the plants endem ics total by only a few percent.

In addition, there are a good many m ini-hotspots. 
O ne such  is QueenslancTs W et Tropics and adjacent 
tropical forest tracts along the Q ueensland coast, w hich 
contains a host o f endem ic species, with an exception- 
ally high species/area ratio (around 1200  endem ic 
plants in less than 11 ,000  k n r) .

To reitcrate a kev point: the biodiversity hotspots 
are not the only areas thai deserve priority treatm ent 
from conservation planners. Indeed, every countrv has

its own biodiversity stocks, even if they are not as dí- 
verse or as concentrated as those of the maịor hotspots. 
W e shall now look at three other criteria that warrant 
attention for conservation príority rankings.

V. WILDERNESS AREAS

There are a few tropical forest expanses knovvn as 
“m ajor tro p ica l w ilderness areas” (M itlerm eier et al., 
1998) or “good news” areas (M yers, 1988, 1990) that 
total som e 6 - 7  m illion km 2 and feature concentrations 
of endem ic species while retaining at least 75%  of their 
primary vegetation. These areas also havc fewer than 
five persons per square kilom eter.

One is the island of New Guinea, which has around
1 5 ,000  endem ic plants. O thers include the Guayana 
Shield of northeastern Amazonia, the lowlands of west- 
ern Am azonia, and the Congolian Forest, w ith a total 
o f perhaps another 3 0 ,0 0 0  endemic plants. W ere these 
regions part o f a supplementary conservaiion stralegy, 
they coulđ increase the endemic plants tolal to almost 
60%  of all plani species in roughly 5% of Earth’s 
land suríace.

W ilderness areas of all kinds, that is, not ju st bio- 
d iversity-rich areas, com prise nearly 90  m illion km 2 ol 
littlc-disturbed land, or well over hair of E a rth s  land 
expanse. But when areas of rock, ice, and 0 lherwise 
barren land are excluded, nearly three-quarters of all 
habitable land has been disturbed to a signiticant extern. 
lt is unlikely ihat m osl wilderness areas in question 
will be settled by large human com m unities w ithin the 
(oreseeable future because of unfavora|-)le clim ate, dif- 
ficult terrain, rem oteness from markets, and other fac- 
tors that m ean they can be readily conserved in a wilder- 
ness State. Thus these areas m erit priority treatment 
from conservation planners. There is still opportunity 
in these w ilderness areas for conservationists to get 
things right— notably in terms of land use planning—  
írom the very start.

VI. HIGH-VALƯE ECOSYSTEMS

Still another conservation strategy to be pursued in 
association with hotspots is to proteci ecosystem s ol 
high value by reason of iheir exceptional abundance 
and concentrations of wildlife. These ecosystem s con- 
tain large num bers of individual animals and large 
stocks of rem arkable plants striking in appearance even 
though they com prise few species and few if any en- 
dem ic species. A notable cxample is the Screngeti/M ara



ecosystem  in norihern  Tanzania and Southern Kenya, 
vvhich has 4 m illion wildebeest, zebras, gazelles, and 
otlier large herbivores in an area of only 2 5 ,0 0 0  k n r 
(all of these species are vvidespread elsevvhere, though 
not in such extraordinary num bers). For com parison, 
thc United States has roughly 20 m illion deer, m oosc, 
elk, pronghorn, caribou, and other large herbivores on
9 m illion km 2.

O lher high-value ecosystem s contain exceptional 
concentraúons of endem ic species, but only in a few 
caiegories. For instance, Lake Baikal has num erous en- 
dem ic fisli species but fevv species o f o lh cr sorls, 
vvhether endem ic or not, and Lakes Nakuru and Nai- 
vasha in Kenya possess exceptional num bers of bird 
species but few endem ics, and has few other species of 
other types. Leading candidates among these high-value 
ecosystem s iaclude:

• the Sercngeti/M ara ecosystem ;
• the m onarch butteríly  overw interning sites in 

M exico;
• the Coastal Sundarbans area o f Indúi and Bangla

desh, which has the largest tigcr population left in 
the wild;

• Lake Baikal, w ith 2000-p lu s íìsh species (15%  ol all 
freshw aier íishes), 1500  of ihem  endem ic;

• the East Aírlcan Rifi Valley lakes w ith 1200  fish 
species, 93 0  of w hich are endem ic;

• Lakes Nakuru and Naivasha, w hich have 400-p lu s 
bird species each, and a ịoint total of 60 0  (com pare 
to ihe Uniied Staies tolal of 7 7 0 ); Lake Nakuru usu- 
ally has 2 5 0 ,0 0 0  flam iagoes and occasionally 2 
m illion ;

• the green turtle nesting grounds on Ascension Is- 
land in the Atlantic;

• the caribou m igration lands in Alaska;
• the Galapagos Islands with their “museum  of evo- 

lu tion ”;
• the G real Barrier Reef with its outstanding coral 

reefs; and
• the Caliíornia, ecosystem s that harbor giant red- 

vvoods and scquoias.

VII. MEGADIVERSITY COƯNTRIES

To effẹctively conserve a hotspot area, it is usually criti- 
cal that the country’s governm ent be com m itted to ihe 
conservation effort. As has been well said, hotspots do 
not have governm ents, only countries do. So a com ple- 
m entary approach to hotspot protection should focus 
on “megadiversity" countries. Such a country is deíìned

as one thai either (a) contains 2 0 ,0 0 0  higlicr plant spe- 
cies or, in the case of a countrv with fewer than 2 0 ,0 0 0  
but mo re than 10,000  such species, at least 5 0 0 0  endem - 
ics; or (b) contains at least 2000  species o f higher verte- 
brates (m am m als and birds), or 200  such species as en- 
dem ics.

These 17 megadiversitv countries encom pass 6 0 -  
70%  of all global biodiversity (M itterm eier and M ittcr- 
m eier, 1997) (Table VI). w h en  ihese countries arc as- 
sessed for their rankings in terms of plants, vertebrates 
(including ừeshvvater fish), butterílies, and tiger bee- 
tles, thc top three countries are in a class of their ovvn, 
nam ely, Brazil, Indonesia, and Colom bia. They are fol- 
lowed by a second group that includes M exico, Austra- 
lia, Madagascar, and Peru, and then a third group of 
China, the Philippines, India, Ecuador, and Venezuela. 
Clearly there is need to give priority attention to these 
17 megadiversity counlries as well as to the hotspots—  
though in many instances, the tvvo lists overlap.

VIII. THE CONSERVATION IMPACT 
0F HOTSPOTS

The original hotspots stralegy vvas first im plem ented in 
1989 by the M acArthur Foundation with substantial 
íuncling for hotspots. Since then, ovcr $ 4 0 0  m illion has 
been invested by international agencies and conserva- 
tion groups. Yet this is only 0.8%  of the tolal am ount 
spent by governm ents during ihe same period on bio- 
diversity conservation, (roughly $4 0  b illion) and by 
international groups ($ 1 0  b illion). These m onies have 
been spent on across-the-board activiúes rather ihan 
the tightly targeted efforts advocated here. This $ 4 0 0  
m illion is alm ost twice as much as the cost o f the Patli- 
Ị ìn ả er  m ission to Mars, w hich along with many other 
space probes has been jusúfied largely on biodiversity 
grounds, nam ely, the search for extraterrestrial life.

The holspots could be adequately protected, and 
thus a large proportion of all species at risk, for ju st 
$ 2 0  m illion per hotspot per year (1 2 .5  tim es the annual 
average over the past ten years). The traditional scat- 
tergun approach of m uch conservation activity, that is, 
seeking to be many things to many threatened species, 
needs to be com plem ented by a w ell-directed holspots 
strategy that em phasizes the mosl cost-effective mea- 
sures.

Such a tightly targeted strategy could generate a 
handsom e payoff in stem m ing the biotic holocaust 
that is now under way. In the 25 identified hotspots, 
35%  of E arth s noníish vertebrate species and 44%



TABLE VI

M egađiversity Countries: Plant Diversity and Endcm ism

Country Area (k n r) Total species Endemics

Brazil 8 ,5 1 1 ,9 6 5 - 5 0 ,0 0 0 - 5 6 ,0 0 0 1 6 ,5 0 0 -1 8 ,5 0 0

Indonesia 1 ,9 1 6 ,6 0 0 - 3 7 ,0 0 0 1 4 ,8 0 0 -1 8 ,5 0 0

Colombia 1 ,1 4 1 ,7 4 8 4 5 ,0 0 0 -5 1 ,0 0 0 1 5 ,0 0 0 -1 7 ,0 0 0

Mexico 1 ,972 ,544 1 8 ,0 0 0 -3 0 ,0 0 0 1 0 ,0 0 0 -1 5 ,0 0 0

Australia 7 ,6 8 6 ,8 1 0 15 ,638 14 ,458

Madagascar 587 ,0 4 5 1 1 ,000- 12,0 00 8 ,8 0 0 -9 ,6 0 0

Chi na 9 ,5 6 1 ,0 0 0 2 7 ,1 0 0 -3 0 ,0 0 0 - 10,000

Philippines 300 ,780 8 ,000- 12,0 00 3 ,8 0 0 -6 ,0 0 0

India 3 ,2 8 7 ,7 8 2 > 1 7 ,0 0 0 7 ,0 2 5 -7 ,8 7 5

Peru 1 ,285 ,210 1 8 ,0 0 0 -2 0 ,0 0 0 5 ,356

Papua Nevv Guinea 4 7 5 ,3 6 9 1 5 ,0 0 0 -2 1 ,0 0 0 1 0 ,5 0 0 -1 6 ,0 0 0

Ecuador 283 ,561 1 7 ,6 0 0 -2 1 ,1 0 0 4 ,0 0 0 -5 ,0 0 0

USA 9 ,3 7 2 ,1 4 3 18,956 4 ,0 3 6

Venezue!a 9 1 2 ,0 5 0 1 5 ,0 0 0 -2 1 ,0 7 0 5 ,0 0 0 -8 ,0 0 0

Malaysia 329 ,7 4 9 15 ,000 6 ,5 0 0 -8 ,0 0 0

South Aừica 1 ,221 ,037 23 ,420 16 ,500

Dem. Rep. Congo/Zaire 2 ,3 4 4 ,0 0 0 11,0 0 0 3 ,200

Total 5 1 ,1 8 9 ,3 9 3 1 5 5 ,4 7 5 -1 8 3 ,0 2 5

o f plant species currently face unusually high risk of 
extin ction . The hotspots analysis indicates that nearly 
ha1f o f the overall problem  could be countered through 
p rotection  of the 25 hotspots, covering an aggregate 
area the size of three Texases or one M exico. In 
short, the likelihood of a mass extinction  could be 
greatly reduced and made m uch m ore manageable. 
Leading players am ong the “global com m unity” are 
in ternational íunding organizations (e .g ., the W orld  
Bank and other m ultilateral banks, U nited N ations 
agencies, and bilateral aid agencies), international 
nongovernm ental organizations (e.g ., conservation 
b odies and private foundations), and business enter- 
prises interested in biodiversity protection (e.g ., phar- 
m aceutical corporations). All of hum anity has a stake 
in  E arth ’s biodiversity, and through a coordinated 
effort and directed actions we could m ake all contribu- 
tions have m axim um  conservation im pact.

Recall that the mass extinction  of species, if allowed 
to persist, would constitute a problem  far graver than 
all oth er environm ental problem s. W e could cleap 
up acid rain, turn back deserts, and repair the ozone 
layer w ithin a m atter o f decades, regrow forests and 
restore topsoil w ithin a century or so, and even 
stabilize the global clim ate w ithin a few centuries. 
But according to evidence from mass extinctions in

the prehistoric past, evolutionary processes are not 
likely to generate a replacem ent stock of species in 
less than 5 m illion years and possibly several tim es 
longer. W ith in  the next few decades, we shall deter- 
mine the future of a key íeature of our biosphere, 
its abundance and diversity of species. The hotspots 
strategy offers a way to largely avoid an im pover- 
ishm ent of the Earth that could last at least 20  Limes 
longer than H om o sap iens  has been a species.

O bviously, a mass extinction  will also affect a large 
num ber of people. Suppose ihe average global popula- 
tion during the 5-m illion-year recovery period is 2 .5  
billion rather than the 6 b illion  we have today, on 
the grounds that the world’s luture ecosystem s vvill be 
unable to support the current global population. This 
m eans that the total num ber of people who will be 
affected will be on the order of 500  trillion individuals. 
This íigure dwarís the 50 billion people who have ex- 
isted so far. Even one ư illion  is a large num ber. To pul 
it in perspective, consider ihe length of time vnade up 
of l trillion seconds

This, then, is the ultim aie signiRcance of the biotic 
holocaust that is overtaking the planet. Fortunately, 
we still have time to stem and slow the biodiversity 
crisis— and there are few ways to do it so successíully  
as by safeguarding the 25 hoispots ihat now harbor



what nature has produced in its m ost exuberant expres- 
sions of life’s abundance and variety.
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HUMAN EFFECTS 
ON ECOSYSTEMS, 
OVERVIEW
Paul R. Ehrlich and Claire Kremen
S tan /ord  ư n iversitỵ
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III. Signs of Ecosystem  D eterioration
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GLOSSARY

ecosystem C om m unity of organism s in a dcfincd area 
com bined w ith the physical factors o f ihe environ- 
m eni with w hich the com m unity  interacts.

ecosystem goods C om m odities, such as tim ber and 
seaỉood, supplied free to hum anity by natural eco- 
system s.

ecosystem services F u n ctio n s, su ch  as riood control 
and pollination , suppliecl free to hum anity by natu- 
ral ecosystem s.

TW O  C EN TRA L ISSU ES C O N C E R N IN G  B IO D IV E R - 
SIT Y  TO D AY  are ihe roles that plants, anim als, fungi, 
and m icroorganism s play in the fu nction ing  o f ecosys- 
tem s, and the prim arily negative im pacts o f  hum an 
beings on those ecosystem s. Here we focus on the latter, 
starting w ith ihe rise o f hum anity as a geophysical force 
and then exam ining in som e detail cu rrent anthropo- 
genic alteration o f ecosystem s and the prospects of fur- 
ther damage by hum an beings to the delivery o f ecosys-

tem  goods and services. Finally, we look at ways in 
vvhich hum an damage to ecosystem s could be lim ited 
in the íuture.

I. INTRODUCTION

Ecosystem s are the íunctional unìts com posed of the 
elem ents of biodiversitv (plants, anim als, íungi, and 
m icroorganism s) in an area interacling vvith each other 
and their nonliving environm ents. Ecosystem s are the 
“natu ral Capital” that gen era tes a flow  of eco sy stem  
goods and services that are essential to civilization. 
Naiural ecosystem s have been the source of all loods 
consum ed by human beings, a large proportion of ihe 
m edicines, and many im portant industrial products 
ranging from natural dyes to cotton and timber. In 
addition to these ecosystem  goods, ecosystem s also sup- 
ply a wide array of ecosystem  services. Among other 
services, ecosystem s tend to buffer against sudden 
changes in the clim ate, control the hydrological cycle 
that brings us fresh water, con lro l íloods, generate and 
m ainiain íertile soils, dispose of wastes and recycle nu- 
trients, pollinate crops, and control the vast m ajorúy 
of pests that would attack crops or carry disease to 
hum an beings.

Human im pacts on ecosystem s precede ihe dawn 
of history. D iscernible im pacts probably began w hen 
people (quite possibly H om o erectu s) íìrst began to use 
fire as a tool in hunting, but there are almost insur- 
m ountable difficulties in determ inlng when that was—
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perhaps m ore than a m illion years ago, perhaps as re- 
cently  as 5 0 ,0 0 0  years ago. The skill o f m odern H om o 
sap ien s  as hunters is attested to by their probable role 
in  the exterm ination of the so-called megafauna of the 
P leistocene epoch (ice ages starting about a m illion 
years ago)— m am m oths, cave bears, giant sloths, and 
the like. In dram atically changing the structure of com - 
m unities o f large animals, many of w hich were herbi- 
vores (plant-eaters), they thereby substanúally altered 
p lant com m unities and thus m odified entire ecosys- 
tems. However, it was the agricultural revoìution, some
1 0 ,0 0 0  years ago, that paved the way for the large-scale 
im pacts that threaten the integrity of ecosystem s (and 
thus o f the critical services they supply to hum anity) 
today. In  the past 150 years, since the Industrial Revolu- 
tion hit its stride, the scale o f the hum an enterprise (as 
m easured by overall energy use) has m ultiplied roughly 
20  tim es, as the result of a 4-fold  increase in population 
size and a 5-fold increase in per capita consum ption. 
T h is, o f course, has resulted in a roughly 20-fold  ím pact 
o f H om o sap iens  on ecosystem s.

II. CURRENT IMPACTS

H um anity has becom e a global geophysical íorce, alter- 
ing E arth  on a scale as large or larger than [orces such 
as volcanism , erosion, natural oil seepage into oceans, 
and, especially, the natural extinction  of populations 
and species o f nonhum an organism s. Humans have now 
altered every cubic cenúm eter of the biosphere, at ihe 
very least by changing the clim ate and distributing syn- 
thetic organic chem icals, novel radionuclides, and par- 
ticulate m atter across the globe. This m odiíìcation of 
ecosystem s has been primarily mediated through its 
effects on their living elements.

A. Habitat Alteration
T he m ost signiíìcanl way in w hich people iníluence 
ecosystem s is by degrading the habitats required by 
nonhum an organisms. Often this occurs sim ultane- 
ously through a variety of channels, so that the types 
of degradation discussed here often overlap w ith one 
another. O n rare occasions, however, habitat alteration 
may have inadvertent direct beneíìcial effects for 
people.

1. D e íb re s ta t io n

Forest destruction is probably the m ost widely recog- 
nized form  of ecosystem  degradatìon, since it so dramat- 
ically transform s the struciure of the habitat. In the

past few centuries about one-half o f all tropical m oist 
forests have disappeared, and in southeast Asia m uch 
of the lowland m oist forest is already gone. Large areas 
of temperate íorests have been cleared, but in som e areas 
(such  as the United States) there has been substantial 
regrowth. Many ecosystem  services are degraded by 
deíorestation, including ílood control, m aintaining the 
appropriate gaseous content o f the atmosphere (espe- 
cially through carbon sequ estration), reguliỉting the cli- 
mate, control o f vectors of đisease, and provision of 
tim ber. The reduction of populations of dangerous 
predators such as tigers is a rare and debatable beneíĩt 
to H om o sapiens.

2 . F o re s t F ra g m e n ta t io n

The increasing patchiness of ĩoresls is receiving grow- 
ing attention, since brute rates o f deforestation under- 
rate the ecosystem  im pact of deíorestation for a nuin- 
ber o f reasons. F irst, Iragm entation le a d s  to a loss 
of species diversíty due to sp ecies-area  effects. The 
num ber of species that a parcel o f habitat can m aintain 
is generally a íu nction  of its area. In general, 10 
íragm ents averaging 1 km 2 each will retain less diver- 
sity than a single ừagm ent of 10 km 2. Second, íragm en- 
tation increases the am ount o f foresl edge relative to 
fore.st interior, m aking íorest interior organism s m ore 
vulnerable to edge-specializing predators. For exain- 
ple, there is som e evidence thai predation on the 
eggs of ground-nesting tem perate íorest birds increases 
with closcness to edge. Third, íragm eniation, espe- 
cially o f tropical m oist forests, may lead to further 
forest destruction because of the penetralion o f winds 
and drying into m uch of the interior oi small patches. 
Fourth, íorest fragm entation can lead to secondary 
extinctions resulting from the loss of b ioúc in terac- 
tions. For instance, the exlerm ination of populations 
of required pollinators can lead to the loss o f plants 
species still present in  the Iragments. And fifth, frag- 
nientation oíten results in the loss of species fr«m 
the Iragments due to inbreeding depression (loss ol 
genetic variability leading to lowered íertility or other 
deleterious effects) or chance (stochastic) extinc- 
tions stem m ing from  the sm all size of residual 
populations.

3. S e le c tiv e  H a rv estin g  o f F o re s ts

Highgrading is the removal o f com m ercially valuable 
species while bvpassing others. and this praciice can 
dram atically alter the taxonom ic com position and 
S lru ctu re  of ío rests . Removal o f  m ahogany trees  is a 
classic exam ple; so is removal o f kev understory ele-



m cnts, such as the rattans now being extracted  from 
the forests of' Southeast Asia.

4 . Fire S u p p re ss io n

Inicrvenúon to prevent íìres in forest and chaparral 
ecosysteins that norm ally burn periodically leads to a 
buildup o f íuels that eventually can result in uncontro l- 
lable and extrem ely hot fires ihat change the entire 
system by killing organism s that would ordinarily sur- 
vive the sm aller, cooller fìres characteristic o f the origi- 
nal fire regime.

5 . C o n v e rs io n  to F a rm s

Clearing of natural ecosystem s to introduce crop agri- 
culture norm ally results in the near total destruction 
o f the ecosystem s. Virtually all o f the la rg e r  native plant 
and lerrestrial anim al species are directly extirpated, 
and many o f the sm aller plants and anim als (e .g ., in- 
sects, reptiles, am phibians, birds, and bals) go extinct 
because o f loss of habitat and changes in the m icro- 
clim ate.

6 . C o n v e rs io n  o f G ra z in g

C onversion of natural ecosystem s to grazing can be as 
or m ore destructive as conversion to crop agriculture 
if, for exam ple, large areas of tropical m oist foresi are 
clearcd to m ake pastures. O n the other hand, if  a sa- 
vanna ecosysiem  w iih abundant natural grazers sim ply 
has ihe com position o f the grazing com m unity  changed 
(as w hen small num bers of cattle are added to the 
ungulate population of an East A lrican savanna), the 
dainage can be m uch less. N onetheless, at a m inim um  
the com posiúon and structure o f the ílora are altered 
by the introduced herbivores, and o íten  attem pts are 
made to contro l potential predators on the grazing ani- 
mals, w hich may also have cascading effects on the 
original tlora and fauna.

7. C onversion  to In ữ astru ctu re

The building of structures, highw ays, m alls, and so 
forth com petes with farm ing for having the greatest 
im pacts per unit area on natural ecosystem s. At best, 
only d isconnected  ừagm ents o f the original system  re- 
m ain. and the delivery of ecosystem  services is almost 
totallv disrupted. C onversion to in írastru ctu re , w ith its 
destruction or covering o f the soils that are norm ally 
essential to m aintaining a terrestrial ecosystem , is one 
o f the most irreversible form s o f hum an im pact on 
ecosystem s. Division o f habitat by roads is also a form 
of conversion  to inừastructure. Roads cause im pacts 
on ecosystem s far in excess o f those created  by the 
roacl bu ild ing itselĩ. F irst, they may form barriers to the

norm al m ovem eni of animals. Second, they serve as 
conduits for the introduction of invasive organism s (in- 
clucling hum an bcings). Third, dirt roads m a y  iníluence 
the flora and fauna of ad jacent areas by deposition of 
dust (w hich , for exam ple, may íunction  as an insecti- 
cide). And fourth, especially in tropical m oist foresl 
areas, roads increase penetration, settlem ent, and recre- 
ational use by hum an beings, all o f w hich generate 
additional impacts.

8. Mining

Extraction  of m inerals varies in its ecosystem  im pacts, 
depending on the scale of the m ines, w hether they are 
underground, open pit, or placer (hydraulic/w ashing/ 
dredging) operations, and the m aterial mined. Large- 
scale open-pit m ining tends to be totally destructive and 
expensive and very diffìcult to am eliorate. Underground 
m ining usually has less im pact, but can destroy aquatic 
system s over large areas through the runoff o f toxic 
drainage from the m ines, and it converts terrestrial sys- 
tems into “slim e pits” for m ine wastes.

9 . D a m m in g  an d  O th e r  
W a te r  D ev e lo p m en t

Human attem pts to intervene in the hydrological cycle 
have massive im pacts on the ecosystem s of rivers and 
stream s by changing water flow patterns and tem pera- 
tures and by blocking the m ovem ents o f anadrom ous 
íìshes (ones that breed in stream s but spend m uch of 
their lives at sea). Conditions may be created that en- 
courage the spread of disease, as in the increase of 
B ilh arz ia  in Egypt after the building of the Aswan High 
Dam. This dam made possible the construction of irriga- 
tion canals that becam e ideal breeding grounds for the 
parasites that cause the disease. Terrestrial ecosystem s, 
o f course, are directly destroyed by inundalion.

10. W etlan d  Drainage

The drying of wetlands elim inates the organism s and 
services supplied by estuaries, m arshes, and bogs (ílood 
control, water purification, and nursery services for 
com m ercially  important. fish species). Loss o f wetland 
habitats also disrupts the m igratory patterns of birds 
and reduces their food supply, including wildfowl pop- 
ulations valued by hunters.

11. Siltation of O nshore O cean W aters

A flow o f silt into the oceans results from tim bering 
operations, construction, and other hum an activities 
that occu r in Coastal zones. In the tropics, siltation 
leads to the destruction of coral reef ecosystem s by the



sm othering of coral organism s. This in turn leads to 
the loss of local Rsheries and ecotourism  opportunities.

12 . T o x in s  in  A q u atic  Sy stem s

The toxiíĩcation  o f onshore ocean vvaters, lakes, and 
stream s may disrupt marine ecosystem s and negatively 
im pact fish populations (by direct poisoning, or alter- 
ation of food chains). Toxins may also render fìsh uníìt 
for hum an consum ption, thus disrupúng the food sup- 
ply Service o f aquatic ecosystem s. Sewage dum ping has 
converted several substantial areas of ihe oceans into 
“dead zones” in w hich oxygen levels are so low that 
m ost anim als cannoi live in them . T oxiíìcation , w hich 
has iníluenced  the entire planet from pole to pole, is 
one o f the m ost sublle forms of habitat alteration. o íte n  
toxic substances are active in concentraúons that are 
difficult to detect, especially when they íunction bv 
m im icking horm ones that iníluence the early deveỉop- 
ment o f anímals. The long-term  ecosystem ic effects of 
adding tens of thousands of synthetic organic chem icals
lo the global environm ent are sim ply unknow n.

13 . O z o n e  D ep le ú o n

T hinning  of the ozone layer adds another toxic sub- 
stance to Earth’s ecosystem s— an increased Oux of dan- 
gerous ultraviolet B radiation (U V-B). The im pact of 
such radiation can be judged from the fact that until 
som e 4 0 0  m illion years ago life could not exist on the 
land surface because there was no ozone layer to screen 
out the UV-B. Until ihen, organism s had sheltered in 
aquatic ecosystem s, because water rapidly reduces the 
U V -B flux. O zone depletion has been most serious in 
the region o f the “ozone hole” in the A ntarctic, where 
im pacts on oceanic ecosystem s are already reporled. As 
w ith other toxie substances, the long-term  effects of 
m oderate ozone depletion are difficult to predict. Ít 
has been postulated that increased UV-B or other toxic 
m aterials are involved in a global decline of am phibian 
populations, but the data are still too ừagm eniary to 
perm it deíiniiive judgm ents to be made.

14 . R e c re a t io n

R ecreational activities have diverse im pacts on ecosys- 
tems. O ff-road vehicles com pact and erode soils and 
kill organism s that burrow in them , and are especially 
desiructive in arid cỉim ates. Trails in parks can cause 
local erosion and disrupt the normal activities o f wild- 
life. Boat anchors and scuba-diving activities contribute 
substantially to the destruction of coral reefs in som e 
localities. Ecotourism , w hich can provide econom ic 
benefìts for conservation, can also be destructive if not

properly controlled. The outflow of sewage from Coastal 
hotels pollutes the waters of offshore reefs. The distur- 
bance of anim al com m unities and native flora by tourist 
vehicles in som e Aírican game parks is anoiher example 
of recreational im pact.

15 . C lim a te  C h an g e

Alteration of the clim ate, w hich may be induced or 
accelerated bv hum an activities, is a m ajor m echanism  
for altering ecosystem s. Global warming appears to be 
already changing both terrestrial and aquatic ecosys- 
tems in the boreal regions. Perhaps the most serious 
threal is an apparent thinning by one-third o f the sea- 
ice in the Arctic. Shrinkage o f the ice pack will have 
large, if d ifficult to predict, consequences for polar bears 
and other aquatic m am m als and the food chains in 
w hich they participate. But the greatest ihreat o f broad- 
scale ecosystem  im pacts doubtless resides in the poten- 
úal for changing the patterns of oceanic currents. For 
exam ple, should the G u lf Stream  off the U.S. Atlantic 
Coast fail or be deílecied, all o f the ecosysiem s of west- 
ern Europe would be severely stressed, to say noihing 
o f the hum an populalions there.

A nlhropogenic clim ate change cuuld be many times 
faster than the relatively rapid natural changes that 
occurred follow ing the last glaciation. It would ceriainly 
cause large-scale population extinctions in som e areas, 
as already appears to have been detected in butteríly 
species in vvestern N orth Am erica and Europe. It might 
also lead to a substanúal loss of species diversity. Much 
will depend on the speed and nature oi the changes, and 
on the capability of organism s to migrale past extensive 
barriers created by near ubiquitous hum an devel- 
opm ent.

B. Alien Invasions
Alien invasions are little appreciated as engines of eco- 
system m odiíìcation, and yet they are one of ihe 
most im portant.

1. Islands

Many oceanic íslands have lost most of their nalive 
íloras and faunas to species transported by H om o sap i-  
ens. The destructive invaders include goats (w hich long 
ago played a m ạjor role in translbrm ing the ecosystem s 
of the M editerranean hasin), rats, m ongooses, Philip- 
pine brow n snakes (w hich devoured the avifauna of 
G uam ), and m osquitoes (w hich carried bird malaria to 
Hawaii, resulting in the extinction  of almost all speúes 
of native birds).



2. Continents
Continental ecosystem s have also been highly modiRed 
by invasions. M ost o f the grasslancls and vvoodland sa- 
vaunas o f Caliĩornia are now nearly devoid o f native 
herbaceous plants, having been substantially taken over 
by introduced annual grasses and herbaceous weeds 
from Europe.

3. O nshore W aters

Not onlv has the flora o f California been greatly modi- 
fied by exotics, but the Coastal vvaters, cspecialìy around 
San Francisco Bay, are host to a myriad of invaders. 
Many of these arrived in the ballast w aier o f ships arriv- 
ing from all over the world. O ne, the eastern shipvvorm, 
was tolerant o f the relatively dilute seaw ater o f the Bay, 
as the native western shipworm  was not. After it was 
introduced early in the tvventieth century, it proceeded 
to destroy thc wooden piers and bridgcs that laced the 
Bay, doing as m uch Hnancial damage as the 1906  earth- 
quake.

4. Disease O rganism s

Palhogens moved about by hum an beings also greaily 
in íỉuence ecosystem s. A classic case was the introduc- 
tion o f a virus disease o f rum inant anim als into north- 
east Aírica around 1884. The disease raced South, reach- 
ing South Aírica in 1896. Ít not only decim atcd the 
cattle  herds o f peoples like the Masai (causing severe 
íam incs), bui also inĩected giraffes, buỉĩalo, and vvilde- 
beest, causing a die-off that led to starvation o f their 
nalural predatơrs. O ne consequence was that lions 
sw itched to eating people, so that íarm ers deserted their 
land. In the absence o f íarm ers and naiive brovvsing 
anim als, brush and woodlands invaded grasslands, al- 
tering the entirc ecosystem . Som e resistance developed 
in the anim als, and the situation has íluctuated ever 
sin ce, vvith rinderpest rem aining a íactor in East Afri- 
can ecosystem s.

c. Overexploitation of 
Ecosystem Components

H abitat alteration and invasions are not the only ways in 
vvhich hum an activities produce im pacts on ecosystem s. 
A nother im portant pathw ay is the overexploitation of 
econom ically  desirable organism s, w hich in turn al- 
ters habitats.

1. Food

O ften overexploitation occu rs w hen natural popula- 
tions are harvested for food. A classic exam ple was the

persecution ol the passenger pigeon, w hich once was 
the m ost abundant bird in North Am erica. O ne ílock 
w as estim ated to contain two billion birds. F locks 
moved around, breeding when large crops of beechnu ls, 
acorns, and other íorest nuts were íound. They vvere 
com m ercially bunted to extinction  to supply food m ar- 
kets in eastern cities; the last individual died in a zoo 
in 1914 . It has been suggested that their absence altered 
the eastern íorest ecosystem s and greatly increased the 
food supply oí rodents, w hich are now im plicated in 
the cycle o f lyme disease. If true, the ecosystem ic effect 
o f their exterm ination had an im pact on hum anity be- 
yond the loss of a once abundant and easily harvested 
source of anim al protein.

Fishing often alters ecosystem s by disrupting norm al 
ocean ic food chains, especially when there is overfislì- 
ing and when there is heavy “bycatch” o f nontargeted 
anim als (som e 27 m illion m eiric tons o f m arine life are 
killed and discarded by oceanic íìshing íleets, equivalem  
to aboul a quarter of the total catch retained, and this 
does not account for the heavy local m ortalily caused 
by dynam ìte and cyanide Rshing on coral reefs). Increas- 
ingly, trawls draggecl along the bottom  are destroying 
the b io tic  structure there, with unknow n íuture conse- 
quences.

2. N atural Products

Dem and for natural products can also lead to overex- 
ploitation w ilh accom panying ecosystem  alteration, as 
discussed earlier under íorest clearing and fragm enta- 
tion. But it is oíten diííicult 10 m easure the im pact, for 
exam ple, o f the harvesting o f specialty woods by “high- 
grading.” Again, far more damage to the forest is sus- 
tained by thc building o f roads, the associated íelling 
o f nontarget trees, and the transport o f harvested trunks 
by “skidding” coinpared to the small am ount of damagc 
from  thc selective removal o f valuable hardwoods. Sim i- 
larly, although the demand for sea turtle shell and soup 
has had serious consequences for turtle populations, 
we know  little about the ways oceanic ecosystem s may 
be altered by the reduction o f turtle populations.

3. Esthetic Resources

The clemand for pets írequently leads to the overex- 
p loitation o f natural populations. Som e o f the cyanide 
fishing on coral reeís is aimed at aquarium  fishes 
rather than fishes sold to grace the plates o f rich 
H ong Kong businessm en. Freshw ater tropical íishes 
are also often overexploited for the aquarium  trade. 
T he ecosystem ic changes being caused by the latter 
have not been seriously investigated. The pet bird 
trade has large-scale im pacts on som e species and in



som e regions. This trade is so popular in  Indonesia 
that songbirds are virtually absent from m uch of Java 
because of trapping (and overuse of pesticides). In 
the Pam ulka Passarum bird m arket in Jakarta, some
6 0 ,0 0 0  individuals and 160 species are for sale on a 
given day. But we do not even know the im pact o f 
bird rem oval on the insect populations of Java, let 
alone the overall (or long-term ) ecosystem ic conse- 
quences. The story is sim ilar for the removal o f giant 
saguaro cacti in Arizona or the poaching of orchids, 
cham eleons, and geckos around the world— biologists 
realize the ecosystem s are being altered, but there is 
neither the time nor the personnel required to evaluate 
these and many other impacts.

4 . S c ie n ú fic  an d  E d u ca tio n a l U se 

Finally , sad to say, some organism s are overexploited 
for scien tiíìc  and educational purposes. A classic exam - 
ple is the grass frog, Rana pịpiens, vvhich once was 
abundant and harvested in large num bers for use in 
d issections in high school and college biology courses. 
It is now a rather scarce organism .

III. SIGNS OF 
ECOSYSTEM DETERIORATION

If hum anity is causing substantial im pacts on ecosys- 
tem s, can we detect what they are? In many cases, 
ihe ansvver is yes, although precise m easurem ents are 
difficult to obtain, mainly because baseline measure- 
m ents were never taken before im pacts occurred. Most, 
if  not all, o f the observed and m easurable im pacts are 
negative; posiúve changes have been observed largely 
in cases where the pressure has been lightened (e.g., 
the recovery of íorests in parts o f the eastern United 
States aíter ĩailing íarms were abandoned).

Perhaps the most direct way to m easure ecosystem  
deterioraúon is to measure an area’s b iological produc- 
tivity (net primary productivity, N PP), if possible over 
tim e. If an area is converted from a natural to a 
hum an-directed system (íorest to pasture; meadovv to 
farm Relds), NPP usually falls. A íu tth er decline in 
NPP (for instance, crop yields) over time indicates 
deterioration. Such declines, even in  the face of in- 
creased fertilizer applications, have been vvidely ob- 
served, and it is well know n that fertilizer use can 
m ask losses o f m icronutrients from soil and declines 
in soil texture for considerable periods hefore declining 
productivity becom es apparent. In such situations, 
not only is crop or forest productivity lost, but the

ecosystem  services o f soil replenishm enl and nu trient/ 
waste recycling (vvhich are also a vital part o f the 
planet’s biogeochem ical cycles that control the distri- 
bution of nitrogen, oxygen, carbon, and water, am ong 
others) are usually damaged.

A. Faltering Food Production
The decline of food production may be the most 
signiíìcant trend in w hich human impacts on ecosys- 
tem s play a role. Follow ing unprecedented rates of 
growth in food production  after the middle of the 
century, the global grain harvest has failecl to increase 
on a per capita basis since 1984. Since cereal grains 
represent the hum an feeding base and are equal in 
weight to roughly h alí o f all foodstufís produced by 
agriculture, trends ìn grain harvests are the bcst 
indicator o f food supplies and avaìlabiliiy, although 
econom ic factors and changes in eating habits are 
also sigrúíìcant. About a third of the world grain 
harvest is used for íeeding livestock, and shorlages 
in grain supplies for hum an food are oíien com pen- 
sated by reducing its use as feed. Grain shortages 
often cause rises in price on the global grain m arket, 
w hich in turn cause the prices of meat and other 
anim al products to rise and consum er dem and to 
fall. Sim ilarly, reduced demand for animal products, 
as has occurred in som e industrìal nations in reccnt 
years, leads to reduced demand for íeedgrains. In the 
United States, dem and for animal producis has shifted 
away from beef to poultry, which can bc grown with 
about a third as m uch grain per pound o f m cat 
produced. In the industrial countries, more than half 
the grain consum ed is used for feed. In developing 
nations, by contrast, m ost grain is dừectly consum ed 
by people. But in som e countries (especially China) 
ihis is changing, and dem and íbr anim al foods is 
rising rapidly.

D espite these shifting econom ic and consum ption 
patterns, the overall trend of food production has 
been increasingly problem atic in  recent years, with 
aggregate production failing to keep abreast o f popula- 
tion grow th, w hich itseir has slowed niarkedly in the 
past decade. Production in sub-Saharan Africa has 
fallen especially far behind. The reasons are many 
and vary from area to area. They include the Green 
Revolution running out of steam, dim inishing returns 
from fertilizer applications, decline in crop genetic 
diversity, loss o f prim e íarm land to urbanization, and 
land degradation from poorly managed irrigation. 
Am ong those of rising im portance are underlying 
trends of land degradation and the related loss of



ecosystem  services. It may well be that potential 
food producúon has actually kept up with population 
growth. But key issues are: How m u ch higher would 
that potential be if im portant ecosystem  services had 
becn carefully conserved? And can hum anity depend 
on linear extrapolations of recent production trends 
ovcr either a 50-year or decadal tim escale?

O f the ecosystem  services that are being impaired or 
losi, som e are basicallv local— soil erosion and deple- 
t io n ,  lo s s  o f  n a tu r a l  p e s t  a n d  c r o p  d is e a s e  C o n tro ls ,  

and loss of pollination services are obvious examples. 
O thers are regional, such as the consequences of đam- 
age Lo nearby watersheds. Thus deforestation of a water- 
shed area leaves ad jacent or dow nstream  areas more 
vulnerable to íloods and droughts. The destruction by 
H urricane M itch of a substantial portion  of the agricul- 
tural capacity of Central Am erica in the fall of 1998  is 
a case in point. There also is evidence that m aintaining 
natural areas interspersed am ong intensively farmed 
areas helps to preserve soil fertility as well as provide 
sources o f natural pest control, pollinators, and impedi- 
m ents to the spread of diseases.

The Green Revolution, along with agricultural 
expansion, a dram atic increase in irrigated lands, and 
other íactors, allowed grain produ ction  to rise by more 
than 73%  from 1960  to 1980 , w hile the population 
expanded by 46% . But írom  1980  to 1 9 9 7 , grain produc- 
tion ro se  only 31% , ju st equal to the p o p u latio n s growth 
of 31% . Up to 1984 , grain production stayed ahead of 
population growth, reaching a per capita peak then of 
3 4 2  kg; since then it has íluctuaied betw een 301 and 
3 35  kg per capita.

The degree to which hum an im pacts on ecosystem  
services are involved in the d iffìculties o f agriculture is 
difficult to evaluate. Som e crop damage by pests is 
clearly due to the d im inution o f natural pest control 
services, but pesticide use and cu ltural practices make 
up for som e of the loss. Sim ilarly, declines in natural 
pollinator services are occurring, but data are lacking 
on the degree to w hich exotic pollinators (honeybees 
in m any areas) are able to take up the slack. Loss of 
flood control services, due prim arily to deforestation 
o f w atersheds, often results in serious damage to crops 
in places as diverse as the Indian subcontinent and 
Central Am erica. Soil loss to erosion — perhaps 25 bil- 
lion tons annually in excess of soil regeneration— also 
reduces agricultural production. And the anthropo- 
genic m odiíìcation of ecosystem s is depleting the ge- 
netic library of crop relatives, crop pollinators, and crop 
b iocontro l agents, w hich are all critica l to m aintaining 
crops in  their coevolutionary races vvith diseases and 
pests.

It is im poriant to rem em ber that agriculture is largely 
dependent on the \veather, and that clim ate stabilization 
is a v i ta l  S e rv ice  of ecosytems. Thus, for  e x a m p l e ,  s e v e r e  

damage to agriculture in Central Am erica [rom Hurri- 
cane M itch may have been exacerbated by a decline in 
th is  S e rv ice  i f  a n t h r o p o g e n i c  g lo b a l  w a r m in g  p la y e d  a 

role in the unusual behavior of the storm . Floods and 
droughts, and changes in the tim ing of the onset of 
seasonal warm ing trends or rains, will obviously have 
m ajor im pacts on agriculture around the world.

B. Fisheries Decline
Fisheries yields tell an even more dismal story— and 
at sea there is no doubt that yields have not been keep- 
ing pace with dem ographic expansion. Some tw o-thirds 
of the world’s m ajor íìsheries are being m axim ally har- 
vested today or are in decline. A per capita peak in 
Rsheries yield was reached in 1988 at 17.2 kg per capita, 
but yields bave failed to meet that level for the past 
decade. M osi o f the blam e for declining yields can be 
placed on overharvesting, yet m ore system ic environ- 
m ental damage has also played a role through the pollu- 
tion, m odiRcation, and destruction of estuaries, coral 
reefs, mangrove fringes, and Coastal vvetlands. Anadro- 
m ous fish (such as salm on) have suffered from  the 
dam m ing of rivers and the siltation from bank erosion. 
M ajor oil spills have taken a toll on seabirds, m arine 
m am m als, and shellfish, causing lingering damage to 
Coastal íauna in many areas. Aquaculture (fish farm ing) 
harvests, while offsetting declines in traditional fishery 
yields, have caused new pollution and habitat destruc- 
tion problem s ihat affect natural fish populations, and 
they rely extensively on fĩsh producls for feed. Thus 
aquaculture tends to produce a net loss in fish biom ass. 
It also creates a rising demand for feedgrains and other 
agricultural products to support their yields, thus com - 
peting, along w ith livestock operations, w ith hum an 
beings for the food they raise.

c. Change in the 
Epidemiological Environment

D isruptions in the epidem iological status quo may be 
another sign of ecosystem  m odiẵcation. A nthropogenic 
ecosystem  changes are clearly threatening the deteriora- 
t i o n  o f  the c l i m a t e  s ta b i l i z a t io n  Se rv ice .  Those c h a n g e s  

may have played a role in the vvarming that has allowed 
the m osquitoes that transm it dengue fever to move 
northw ard in N orth Am erica. This warm ing is expected 
to have sim ilar effects on the wider occurrence o f ma- 
laria and other tropical diseases.



D. Decline in Water Quality
Increasìng vvater pollution is otìen a direct reílection 
o f the m odification of ecosystem s. A classic example is 
that of the New York City vvatcr supply. Around 1900, 
New York City’s vvater was of s u c h  high quality that 
its was bottled and sold throughout New England. Re- 
cently the U.S. Environm ental Protecúon Agency has 
notified the City that its water had dropped below ac- 
ceptable quality. The reason for ihis decline was the 
degradation of the Catskill M ountains vvatershed thai 
served the City— ferúlizer runoff and inadequate local 
sewage treatm eni had impaircd the natural water-sup- 
p ly  Serv ice .  It w a s  e s t im a te d  that  c o n s t r u c t in g  a p la n t  

to treat the Catskill water vvould have a Capital cost 
oi $ 6 - 8  billion, with roughly a $300  million annual 
m aintenancc cost. In contrast, restoring the iunctioning 
of the natural Calskill ecosystem vvould cost only $ 1 -  
1.5 billion. This is a case of ecosystem m odilìcation and 
the loss of essential ecosystem  Services.

E. Other Symptoms
There are, o f course, many other readily observable 
sym ptom s o í ecosystem  deterioration caused by hum an 
action, some of which have already been m entioned. 
On land they include ílooding, landslides and hcavy 
soil erosion, changes in m icroclim aie, the local đisap- 
pearance of sensitive species of plants and anim als, 
siltation of stream s, and lowert'd waier tables. A general 
decline o[ am phibians appears to be occurring over 
m uch of the world, and niav be caused by m ultiple 
disruptions from many causes. In oceanic system s, 
changes in the m ix and abundance of animal, plani 
(e.g ., kelp and seagrass), and planktonic species are 
also observable and oflen, as in cases of algal bloom s 
or precipitously declining lĩsheries yields, are signals 
o f serious disruption.

IV. DRIVING F0RCES

The im pacts of hum an beings 011 ecosystems are a prod- 
uct o f three multiplicative íactors: population size, af- 
íluence (or per capita consum piion), and the technolo- 
gies and social-political-econom ic relations that supply 
the consum ption. These relationships are often con- 
densed for conveniencc into the “1PAT equation"

Im pact =  Population X Affluence X Technology =
I =  p X A X T

lf one uses per capita energy consum ption as a surrogate 
for A X  T , the result is thai quoted in the beginning 
o f this a riic le— a 20-fold  increase in  the human im pact 
on ecosystem s over the last 150 years.

A. Overpopulation and Continued 
Population Growth

Population grovvth is probably the single most im por- 
tant ỉactor leading to im pacts on natural ecosystem s. 
Early in the last century there were only 1 billion people. 
That num ber had doubled to 2 billion around 1930 , 
doubled again to 4 billion  in ] 9 7 5 , and reached 6 billíon 
in 1999 . In other words, it took on the order of 3 0 0 ,0 0 0  
years for the population of H om o sapiens  to reach a 
b illion , a single century to add the second billion, 30  
vears to add the third billion, 15 years for the íourth,
12 years for the fifth, and anothcr 12 years for the sixth 
billion. Simply adding so many people to the population 
required gigantic interveniions in natural ecosystem s 
in order to bring sufficient land under cultivation to 
feed them . This effect was exacerbated because each 
individual added to the population tended to havc a 
disproportionate ecosystem ic impact. Naturally people 
farmed the most íertile soils first, got their water from 
the nearest sources, m ined the m ost concentrated ores, 
and so on. More people required the íarm ing of more 
m arginal land, and thus m ore land per person. The 
transportation oí water over greater distances involved 
using m ore water per person to make up lor losses in 
storage and transport, and thc disruption of more area 
pcr person for dams and other inĩrastructure. The m in- 
ing of poorer ores m eans that mo re ecosvstem ic destruc- 
tion by rnining was caused per person, since m ore ore 
m ust be dug up to provide the same level o f m etal use 
for each additional individual.

Since at least 1950 the entire worlđ clearly has been 
overpopulated by the sim ple S ta n d a rd  that the human 
population could not be sustained by the flow of re- 
sources generated by incom ing sunlight mediaied 
through farms, forests, the hydrological cycle, and so 
forth— the agricultural and natural ecosystem s of Earth. 
Instead of preserving hum anity’s “natural Capital ,” il 
has been necessary to expend it. Three elem ents of that 
Capital are especially im p o rtan t. T h e  first is deep , r ic h  

agricultural soils, w hich are generated 011 a tim escale 
o f ccn tim eters pcr m illennium  and are now in many 
areas being destroyed at a rate of centim cters per decade. 
The second is aquifers, manv o f which werc last íìlled 
d u ring  the ice ages and vvhich are now , in m a n y  if not 
m ost areas of the vvorld, being pumped at many times 
the natural recharge rate. The third elem ent is biodiver-



sitv, the species of m icroorganism s, plants, and anim als 
that are working parts of ecosystem s, w hich is now 
being exterm inated at a ratc that is unprecedented in 
ihc past 6 5 ,0 0 0  ycars— at perhaps 1000  lim es its natural 
regeneration from speciation.

Furtherm ore, the high vate o f addítion to the hum an 
population in the second half o f the tw entieth century 
m eani thai little concern  could be show n for the possi- 
ble long-term  effects o f the interventions designed to 
kecp people eating. Program s such as the "G reen Revo- 
lu tion” (the exportation of high-yield agriculture from 
rich temperaie zone nations to poor tropical ones) were 
driven in part by the fear of massive starvation, and 
their consequences for natural ecosystem s and the vital 
services they provide were largely ignored. So were their 
social impacts.

B. Overconsumption
O verconsum ption (consum ption  far in excess oi basic 
necds) is alm ost as im portant as overpopulation as a 
driver o f ecosystem  m odiíication. For exam ple, a sig- 
n iíicant proportion oí' the ecosystem  m odincation 
caused by the agricultural enterprise is created by grow- 
ing grain and íeeding it to anim als destined for hum an 
consum ption. This is the case even though in rich  socie- 
ties the consum ption of products contain ing anim al 
íat (and, perhaps, overconsum ption of anim al protein) 
causes seríous public health problem s. The directly 
toxic and horm one-m im icking ef[luents from the pro- 
duction of myriad products, many of them  plastic or 
packaged in plastic, also are doubtless having ecosys- 
tem ic effects, allhough data beyond the eíĩects on single 
species are lacking. But perhaps the m ost serious over- 
consum ption problem derives from converting societies 
to dependence on the autom obile, com bined with the 
m arketing and purchase o f cars that are m uch too large, 
heavy, and ineílĩcient for the purposes to w hich they 
are put.

c. Use of Environmentally 
Malign Technologies

The use of technologies that are unnecessarily  environ- 
m entally malign is related to overconsum ption. The 
use of inefficient autom obiles is m irrored in the use of 
unnecessarily inefficient lighting, heating, appliances, 
and so on. But the basic technological problem  in soci- 
ety at the end of the tw entieth century is the persistent 
overdependence on fossil íuels, and especíally coal, as 
an energy source.

D. Faulty Economic Arrangements
M arket failures are partly to blam e for the overdepen- 
dence on fossil íuels, because the m arket prices of those 
fuels do not com e close to reílecting their social costs. 
F o r exam ple, the costs incurred by society in the form 
o f lung disease from the effluents created by ĩossil fuel 
burning are not factored into the m arkel price. More 
im portantly, neither are the present and potential costs 
to society of clim ate change induced by carbon dioxide 
em issions írom  íossil fuel use. If these and other social 
costs (such  as the pollution due to oil spills and the 
discarding of lubricants used in autom obile mainte- 
nance, other em issions, and m edical costs deriving from 
autom obile accidents) were captured in m arket prices, 
the price o f gasoline in the United States might be 
quadrupled. T his could have the beneíìcial result that 
fuel-efficient cars would be produced and then more 
people could use them , in the process creating less 
po llution  and reducing the demand for environm entally 
destructive oil extraction.

E. Faulty Social Arrangements
Social arrangem ents olten w ork againsi ihe protection 
o f ecosystem s. For instance, society has not designed 
educational system s 10 apprisc its ciúzens of the bio- 
physical and social realities ihat it faces. Few people, 
even “w ell-educated” people in rich societies, can pro- 
vide a coherent explanaúon of ecosystem services or 
the threats to their delivery. Indeed there is a general 
íailure of the media and Standard  educational System 
to m ake explicit the conn ections arnong the many fac- 
tors and effects of hum an alteration of ecosystem s.

F. Faulty Political Arrangements
Political biases and errors also play a substantial role 
in  endangering ecosystem s. Societies generally lack 
“foresight” institutions that have the capacity and inde- 
pendence to analyze com plex problem s and provide 
com petem  and independeni advice to governm ent and 
the general public. In addition, there is the age-old 
problem  of disparities in  power that now have increas- 
inglv w idespread— often global— im plications for the 
sustainability  of society. Powerful supporters of politi- 
cians in Rom e, before its collapse, were hard-pressed 
to w eaken the Empire. M odern business interests who 
press the politicians on their pavrolls to take no actions 
to am eliorate global warming could theoretically bring 
down our current civilization.



V. SOLUTIONS

In light o f the myriad uncertainties about both human 
and ecosystem  behavior, it would seem prudent to try 
to reduce the three factors in the IPAT equation sim ulta- 
neously, rather than risk a possible catastrophic collapse 
of services as H om o sapiens progressively alters natural 
ecosystem s. w h a t sorts o f steps might be taken to avoid 
such  a collapse? Some are proxim ate— steps that would 
directly address impacts on ecosystem s. O thers are ulti- 
m ate— steps th at woulđ deal with the basic drivers of 
ecosystem  deterioration.

A. Proximate Solutions
A nonexhauslive list of proxim ate sleps might include:

1. Lim iting developm ent so that a m inim um  of the 
rem aining relatively undisturbed ecosystem s would be 
destroyed. In virtually every country where new infra- 
structure is needed, it should be provided as far as 
possible by redeveloping intensively areas that are al- 
ready highly disturbed.

2. Agreem ents to slow clim ate change need to be 
solidified rapidly, despite the grave polit ical  and eco- 
nom ic difficulties o f doing so. The international proto- 
col to m aintain the ozone layer should be reexam ined 
in light o f recent data to see that its perform ance is ade- 
quate.

3. E stablishm em  and protection of rcscrves dc- 
signed to protect relatively undisturbed ecosystem s and 
the elem ents o f biodiversity they contain. This should 
only be done when i t is possible to integrate the interests 
o f lo ca l p eop le  in to  the reserve d esign — oihervvise in  the 
long term  the effort is likely to be wasted as population 
grow th pushes people increasingly into reserves that 
they do not value as such.

4. L im it toxic releases by shiữing the burden of 
prooí to those who would claim  that the introduction 
o f a novel com pound into use (and thus into ihe envi- 
ronm ent) carries beneíìts that clearly exceed the so- 
cial costs.

5. Sustainable-yield harvesting should be eníorced 
for all living resources. Harvesting system s should be 
designed with substantial attention to the precautionary 
principle (erring on the side of conservatism ) in order 
to buffer society against the consequences of overopti- 
m istic estim ates of what is sustainable.

6. Apply countryside biogeography principles. 
Countryside biogeography is the nascent field that is 
attem pting to develop principles for m aking already

disturbed areas most hospitable for biocỉiversity and 
thus more likely to provide necessary ecosystem  Ser
vices. One step in doing this would be to pass (or 
strengthen) laws to protect endangered populations, 
species, and lanđscapes, and to restorc m oderately de- 
graded areas, including restoratìon with useful, native 
species.

B. ultimate Solutions
Steps to deal with the ultim ate drivers of ecosystem  
deterioration must address the ĩactors of the IPAT 
equation.

1. P o p u la tio n  R e d u c tio n

Population growth should be halted as soon as hu- 
manely possìble, and then a slow decline can be initiated 
toward a level that can be sustained ìndeíinitely at what- 
ever average level of consum ption is selected. Selection 
of that level, w hich is closely related to the issue of 
opúmum population size, need not be dcbated in the 
near íuture. Popuìaúon size will change with available 
technologies and preferences. In the foreseeable future 
ihe hum an population will be living above ihe w orld’s 
long-term  carrying capacity, so that a goal o f simply 
halting growth is likely to be valid for at least a half 
century. After tbis period, there will be abundant time 
for sciem iíìc study and public debate over w herc a 
decline should be halted. Human beings, as far as can 
be lold, have always intervened to adjust population 
sizes to nccds pcrccivcd primarily through the silua- 
tions of reproducing couples. In  recent decades there 
has been a sh ifl to substantial consideralion of the necds 
of society as well, and that trend should be acceleraied 
in the íuture.

2. C o n s u m p tio n  C o n tro l

Consum ption control will be a m ore difficu.lt task than 
controlling population growth, if current trends and 
attitudes are any guide. This is an area fraught with 
difficult issues o f equity and feasibility. For inslancc, if 
the gasoline tax in the United States were raised to ibe 
point vvhere gasolìne was as expensive as in Europe, a 
substantial decline in fuel consum ption would be likely. 
But there would be a deleterious im pact on poor people 
who must com m ute to w ork by car. Com pensatory tax 
changes would be needed to lighten that burden.

Not only do many of the things that human beings 
now consum e seem unnecessarily harm íul. but the 
quantities consum ed per person’s often scem  outra- 
geous. Bui since one person’s outrage ìs triggered bv 
the use of som ething that another values greatly, il is



cliííicult to imagine how  consum ption  patierns can be 
changed signiíìcam lv w ithoui substantial social con- 
(lict. However, much can be accom plished by w orking 
hard to increase the energy and m aterial efficiency of 
the processes hy vvhich consum ption is served— such 
as using bikes, mass transii, and light, fuel-effìcient 
autom obiles to “consum ers” o f travel, the m ore efficient 
production of consum er Products, the reduction of 
packaging, and so on.

3. Substitution of Technologies

Furtherm ore, ít is possible to substitute environm en- 
tally benign technologies for cu rrently  used environ- 
m cntally malign technologies. F o r exam ple, with 
proper education, natural pest control services, en- 
hanced by integrated pest m anagem ent, can be substi- 
tuied in agriculture for the broadcast spraying o f toxic 
pesticides. Buildings can be equipped with “m ore ex- 
pensive” energy-saving devices, such as video confer- 
encing and lelecom m unications, thai can be increas- 
ingly used to elim inate energy-expensive travel to 
m cetings and w orkplaces and vvould pay for them selves 
through energy savings w ithin One to five years.

4. Revising Socioeconom ic and  
Political Systems

All of the íoregoing steps would bene.fit from public 
education and broad social discussion o f the need to, 
as the econom isis say, “get the prices right.” That is to 
say, the prices o f goods and services need to be adjusted 
so thcy morc closely rcflccl the social costs o f cach. In 
otlier vvords, external costs should be internalizecl. The 
heavy burden placed on socicty  in environm enlal dete- 
rioration and public health from , for exam ple, the over- 
use oflarge autom obiles should be reíìected  in the prices 
o f both the vehicles and the fuel they consum e.

Success at evaluaúng and im plem enting the steps 
thai can and shoulcl be taken in various nations and in 
diverse econom ic strata vvithin nations may depend on 
subsiantial changes in governm ental insútutions and 
the generation o f broad social consensus. Som e revision 
o f socioeconom ic and political system s is likely to be 
required if hum anity is to preserve the ecosystem  Ser
vices upon w hich it ultimately depends, and the biođi- 
versiiy upon w hich the systems them selves depend.
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GLOSSARY

c u ltu ra l e co lo g y  A nalysis o f  h o w  c u ltu re  in ílu e n ce s  the  
in ie ra cú o n s  b e tw een  a h u m an  p o p u la tio n  and the 
eco sy stem s in  w h ich  th ey  resid e ; also  ca lled  eco lo g i- 
cal an th ro p o lo g y . 

c u ltu re  System  o f so c ia lly  lea rn ed , sh a re d , and p at- 
terned  ideas, in s titu tio n s , b e h a v io rs , an d  th e ir  m ate- 
rial p ro d u cts  that d is tin g u ish e s  a p a rticu la r  so c ie ty . 

d iv e rs ity  p r in c ip le  G e n era l g eo g ra p h ica l c o in c id e n c e  
betw een  h igh  c o n c e n tra tio n s  o f b o lh  b io lo g ica l and  
cu ltu ra l d iv ersity , u su ally  in  the tro p ics . 

e c o lo g ic a l transition T e n d e n cy  fo r s o c ie tie s  to  b e  in  
grow in g d iseq u ilib riu m  w ith  th e ir  b io p h y s ica l en v i- 
ro n m en t as they in cre a sin g ly  d ep le ie  n a tu ra l re - 
so u rces  and d egrad e th e ir  h a b ita t, th e re b y  re a ch in g  
new  th resh o ld s o f  e n v iro n m e n ta l im p act. 

h is to r ic a l  e co lo g y  T ra n sd isc ip lin a ry  an d  d ia c h ro n ic  
analysis o f  how  h u m an  so c ie tie s  an d  e co sy stem s 
ch an g e and in  tu rn  tra n s ío rm  One a n o th e r  th ro u g h

tim e in  local and reg ional land scap es. D ata are dravvn 
from  geology , arch aeo log y , h isto ry , and o th er 
sou rces.

sw id d en in g  U m b re lla  term  in clu d in g  d iverse types o f 
h o rticu ltu re  in  w hich  a sm all sec tio n  o f forest is cut 
and b u rn ed  to p lani cro p s in a tem p orary  garden; 
sh ilu n g  cu ltiv a tio n  is used as a synony m , but s lash- 
an d -b u rn  cu ltiv a ú o n  is now  con sid ered  to be a p e jo - 
rative term .

tra d itio n a l o r lo ca l e n v iro n m e n ta l kn o w led g e  (T E K ) 
D etailed  and a ccu ra ie  kn ow led ge about the  env iron- 
m en t, in c lu d in g  b io tic  sp ecies  and eco lo g ica l pro- 
cesses, that m any in d ig en o u s and o th e r  p eop les have 
d evelop ed , a ccu m u lated , and  apply in  th e ir  daily and 
in tim ate  in te ra c tio n s  w ith  th e ir h ab itats  and in  their 
system  o f n atu ra l reso u rce  use and  m an agem en t. T h e  
stud y o f  T E K  is in clu d ed  w ith in  e th n o eco lo g y ,

THROƯGHOUT HUM AN PREH1STORY AND HI 5- 
TORY, HƯMAN IMPACTS ON BIODIVERSITY  have 
reach ed  prog ressively  h ig h er th resh o ld s. M ost lík ely  the 
n et im p act o f h u m a n ity  has b een  to  red u ce b iodiversity . 
H ow ever, at the  p o p u la tio n  level, the  types and m agni- 
tud es o f h u m an  im p acts  o n  b iod iv ersity  vary trem en - 
d ously  throu gh  tim e and sp ace , d ep en d in g  on  the spe- 
c iíìcs  o f the  p a rticu lar co n te x t. M any so c ie tie s  have 
d ecreased  local b io d iv ersity , w hereas m an y have sus- 

tained  or even in creased  it. N everth eless, b ecau se  o f
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the w id esp read  d irec t and in d irec t im p acts o f hu m an s 
o n  b io d iv ersity , any co n sid era tio n  o f b io d iv ersity  m u st 
a lso  assess the  p o ssib ilities  o f hu m an  in ílu en ce .

I. PRINCIPLES

A. Human and Environmental Diversity
N ot all h u m a n s  are equal in  th eir im p acts  o n  b io d iv er- 
sity . W h ile  it is vvidely reco gn ized  that tbere  is trem en - 
d ous d iv ersity  in natu re, there  is also co n sid erab le  d iver- 
sity  in h u m a n ity . N early 7 0 0 0  d istin ctiv e  cu ltu res  ex ist 
today and  th ere  w ere m any tim es m ore in  the past, 
p ro b ab ly  o n  the o rd er o f at leasi tens o f  ih o u san đ s o v er 
som e fo u r m illio n  years o f  h u m an  e x is te n ce . A ccorcl- 
ingly , ih e re  is  trem en d o u s d iversity  in  h u m an  re la tio n - 
sh ip s w ilh  and  im p acls  on b io d iv ersity . In exa m in in g  
h u m a n  im p a cts , it is im p eralive  to consider the d iversity  
o f  h u m an s th ro u g h  tim e (p reh is io ry  throu gh  h isto ry ) 
and  sp ace  (c u ltu re s  and reg io n s).

E n v iro n m en ta l d iversity  is a n o lh e r  variable in de- 
te rm in in g  the hu m an im p act on  b iod iv ersity . Som e en - 
v iro n m e n ts  are sim p ly m u ch  m ore fragíle and  vu lnera- 
b le  th an  o th e rs , esp ecia lly  those that are relatively  
s im p ler , su c h  as the a rc tic  and d eserts , and th o se  thai 
are iso la ted  w ith  a high p ro p o rú o n  o f en d em ic  sp ecies, 
su ch  as o ce a n ic  island s. A lso, som e reg io n s are sim ply 
m u ch  less  a cce ssib le  or h o sp itab le  to  h u m an s than  Olh- 
ers, in c lu d in g  the p o les, m o u n ta in  heigh ts , d eserts, and 
deep  o ce a n s. In  these  cases, the label uw ild ern ess” m ay 
still a p p ly — p ristin e  n atu re  that is largely  u n a lĩected  
by h u m a n s.

F u rth e rm o re , given the dynam ism  o f eco sy stem s and 
e co lo g ic a l p ro cesses, to geth er w ith  the w idespread  im - 
p act o f h u m a n s  o n  them , it is m islead in g  to co n sid er 
m o sl e n v iro n m e n ts  as p ristin e, Virgin, p rim ev al, o r w il- 
d ern ess . T h e  co n d itio n  o f any eco system  is the cu m u la- 
tive p ro d u c t o f  p rev iou s co n d itio n s , u sually  in c lu d in g  
h u m a n  im p acts. T h e  m ore im p o rtan t q u estio n  is  not 
w h e th e r  o r  n o t a hu m an  so c ie ty  had o r has any en v iro n - 
m e n ta l im p a ct, b u t its p a rticu lar form s and m agnitu d e, 
and  i f  n eg ativ e  then  the extern  to w h ich  it is rev ersib le  
and a llo w s n atu ra l reg en eratio n  w ith in  a n o rm al p eriod  
o f  tim e.

In  s tu d y in g  hu m an  irnpact it  c a n n o i b e  assu m ed  that 
the p re v io u s  environm ent was in a State  o f equilibrium  
o r c lim a x  stage in  e co lo g ica l su ccessio n , F u rth e rm o re , 
even w h en  h u m an s are a fa c to r in  en v iro n m en tal 
ch a n g e , it ca n n o t be assu m ed  that o th er ag en cies , su ch  
as n atu ra l a ltera tio n s  in c lim ate  or weather and natural 
fư es, are n o t also c o m rib m in g  to change.

In any case , il is unrcaìistic tủ considei' biodiversity  
anywhcre without aỉso considenng the possibilities o fh u -  
man inỳìuence. H um an im p a ct is in ev itab le  b e ca u se , u lti- 
m ately , b io d iv ersity  is th e  p rim ary  or raw  n a lu ra l re- 
so u rce  that all so c ie ú e s  rely  o n  to r th e ir su b s is te n ce  
and  e co n o m y . A lso , b io đ iv ersity  is ih e  b io tic  co m p o n en t 
o f  e co sy stem s and e co lo g ic a l p ro cesses o n  w h ich  hum an 
su rv ival, ad ap tatio n , and w elfare u ltim ate ly  dep end.

B. Types of Impact
H urnan im p a ct on b io d iv ersity , d irect or in d irect, in- 
volves fo u r b asic  [actors: (1 )  o v er-exp lo ita tio n  o f nalu- 
ral reso u rce s ; (2 )  hab itat m o d iík a tio n , co n v ersio n , and 
Cragm entation; (3 )  the im ro d u c tio n  o f e x o tic  (n o n n a- 
tive) sp ecies ; and (4 )  p o llu tio n . A ny one oí these lou r 
facto rs  m ay in ílu en ce  eco sy ste m  co m p o sitio n , s tru c- 
tu re, and íu n c tio n ; e co lo g ica l p ro ce sscs ; and biod iv er- 
s ity , esp ecia lly  th ro u gh  sp ecies  e x tin c tio n . D ocu m cn ted  
e x tin c ú o n s  d u ring  the last 4 0 0  y ears  inclu d e 4 8 4  anim al 
sp ecies  and 6 5 4  p lant sp e cie s , b u t ih is  m u si be only  
a íra c tio n  o f the actu al to ta l (H eyw ood , 1 9 9 5 : 1 9 8 ). 
Hovvever, in  som e c irc u m sta n ce s  the second  and ihird 
ía cto rs  m ay in crease  b io d iv ersity  lo cally , b ecau se  som e 
co m p o n e n ts  o f b io d iv ersity  are a n th ro p o g e n ic  (h u m an - 
ca u sed ). In B rita in , for e x a m p le , there  has b een  a net 
in crease  in  m am m alian  clivcrsity  as 21 o f  its 4 9  sp ecies 
are in tro d u ctio n s  (H eyvvood, 1 9 9 5 : 7 5 7 ) .

H um an p o p u la tio n s  m ay in ílu en ce  b io d iv ersity  at 
the g e n etic , p o p u la tio n , sp e cie s , eco sy slem , b io m e, an d / 

or b io sp h ere  levels o f th e  e co lo g ica l sp ectru m . B ecau se 
sp ecies  as w ell as e co sy stem s are in terrela ted  and in ter- 
d cp cn d en t, hu m an im p act o n  any One sp ecies  o r  ecosys- 
tem  m ay in ílu e n ce  o th e rs  as w ell, m u ch  lik e  a ch ain  re- 
a c tio n .

c. Species and Population Levels
G lo b ally  h u m an k in d  h a s  in crea sin g ly  tend ed  low ard 
greater levels o f e co lo g ica l d iseq u ilib riu m , that is, 
w ith — m any (b u t not a ll)  p o p u la tio n s exccecU ng ihe 
carry in g  cap acity  o f th e ir  h a b ita i, d ep leting reso u rces, 
d egrad in g  e n v iro n m e n ts , and thereb y  ih rea ten in g  and 
red u cin g  biod iv ersity . T h e re  have been  at least seven 
su ccessiv e  th resh o ld s o f  en v iro n m en ta l im p act in cul- 
lural e v o lu tio n , ih e ir in c e p tio n  ap p rox im ated  in years 
b efo re  present (n.p.) and  varying  reg ionallv : the use o í 
fire by ío rag ers  (h u n te r-g a th ere rs) (0 .5  m illio n ), farm - 
in g  ( 5 0 0 0 - 1 0 ,0 0 0 ) ,  c it ie s  ( 5 0 0 0 - 6 0 0 0 ) ,  exp o n en iia l 
g row th in  the hu m an p o p u la tio n  ( 1 0 0 0 ) ,  Tluropean co- 
lo n ia lism  ( 5 0 0 ) ,  in d u stria lizaú o n  ( 1 5 0 - 2 0 0 ) ,  and glob- 
aIization  (5 0 ) .  T hese  th resh o ld s  are part o f a con tin u u in



org raclu al p ro ce ss , a lth o u g h  an  a c c e le ra tin g o n e . (T h ese  
ih resh o ld s  are som ew h at an a lo g o u s to the states  o f w a- 
ler as ice , liquicl, an d  gas. T h e  s u b s ta n ce — Hị O — is  the 
sa in e, b u t a građu al q u a n tita tiv e  in crea se  in  tem p eratu rc 
leads to m a jo r  q u a lita tiv e  ch a n g es  in its p hysica l p rop er- 
ties .) In  thc case o f so c io -cu ltu ra l ev o lu tio n , sca le  o f 
co m p le x ity  is a p ivotal ía c to r  (B od ley , 2 0 0 0 )  (see 
T ab le  I ) .

Al th e  p o p u la tio n  level, the  s itu a iio n  is com p lica ted . 
Long ago  som e so c ie tie s  d ev elop ed  relativelv  su sta in - 
able e co n o m ie s  that did n o t m ark ed lv  en d an g er o r re- 
d uce b io d iv ersity , as e v id en ced  by their longevity  in  
p re h is to ric  a n d /o r  h is to r ic  reco rd s. So m e so c ie tie s  even 
in crea sed  b io d iv ersity . F u rth e rm o re , the sam e so c ie ty  
m ay in crea se  b io d iv ersity  in  c er ta in  w ays, yet d ecrease 
it in o th ers . T h u s , hu m an  im p a cl varies in tim e and

sp ace  as w ell as w ith  d ifferent sp ecies, eco sy stem s, and 
b io m es. C o n seq u en ily , anv gen era liza tion s a b o u t h u - 
man im pact m u st be care íu lly  scru lin iz ed  vvith a tte n tio n  
to tem poral and geo g rap h ic  sca les as vvell as the sp e c ilìc  
d etails  o f the p articu lar cu ltu ral and eco lo g ica l co n te x ts .

It fo llow s that a h o listic  a n th ro p o lo g ica l ap p ro a ch , 
one em p h asiz in g  cu ltu ral and h isto rica l eco lo g y , is  in - 
d isp ensable  for assessin g  the p o ssib iliú es  o f h u m an  im - 
p act o n  b iod iv ersity  in  any co n te x t. It cou ld  ev en  be 

argued  that cu ltu ra l and h isto rica l eco logy  are in d is - 
p en sab le  for u n d erstan d in g  b iod iv ersity  itseir, b e ca u se  
it is  so rarely  free from  sotne degree o f hu m an in ílu e n ce , 

at least in d irec t. Indeed , b io d iv ersity  as a co n ce p t is a 
W e ste rn  cu ltu ra l co n stru ct developed  at a p a rticu la r 
stage in  h isto rv , ev en  i f  the a sso cia ted  p hysical p h e n o m - 
ena are u n d en iab ly  real (e .g ., Sou lé  and L ease, 1 9 9 4 ) .

TABLE I

General T rcnd s in Sociocuhural Evolution C orrclatcd vvith Incrcasing 
Thresholds of Human Impact on Biodivcrsity

1. Populaúon— nomadic 10 sedemary settlcmcni pallerh wilh incrcasing popula- 
lion density, nuclealion (seltlemem s to citics), and polluiion.

2 . Food— wild 10 domesũcaied foods vvilh shifi from loraging to farming

3. Energy— som alic (human and animal) 10 exirasomaiic (w atcr. vvind. wood, 
lossil fuel. nuclear) sources of energy for work

4. Land— exiensive (horúculiural) lo intcnsive (agriculiural) land use; land 
Lenure— conimunity/public to private/corporate ownership

5. Econom v— subsistcnce (saiisíying basic physiological needs) to markct of sur- 
plus production to matcrialist consumerism; local selí-sulTicienl to regionally 
and th en  g lo b a lly  in terd ep en d em  cco n o m y  (g lo b a liza tio n )

6 . VVasic— organic Products tliat are rcadily biodegratlable to more recently tliosc 
like metals and plastics ihal disintcgrate very slowly

7- Scale— small and deceniralizcd to large and ceniralized societies (statcs). thc 
latter with increasing iniporl of natural rcsources from ecosystems in đislanl rc- 
gions

8. Differentiation— egalitarian 10 hierarchical (straliRed) societies, Lhe lauer with 
increasing incquality in access 10 resources, goods, and services and inslitution- 
alized warfarc

9. Alienation— daily to occasional contact with and feeđback (m onitoring human 
im pact) fmm the natural environment; eveniually with alienation from nature 
and other lutmans, and increasingly decisions made by agents far removed 
from the localions they alĩect

10. W orldview— ecocenưic to anthropoccntric and cgocem ric worldviews, alii- 
tudes.and values;alsosacrcd/m oral tosecular/am oral and utilitarianoriem ation 
to nature; may includc shiít froni biophilia (lovc of naiurc) to biophobia (fear 
of nature)

11. Balance— some degree of dynamic ecological equilibrium vviih recognition of 
limiis 10 increasing disequilibrium vvith assumption thai therc are no limits 
(i.e., ecological Iransition)

12. lm pact— cnvironmental modiricalion 10 conversion (nalural lo cultural land- 
scapes) and ívagmenLaiion (remnant patches of naturc); also toxiíicaúon with 
indusưialization; local to global impact on biodiversity and environmenls



D. Ambivalence
B io lo g ists  and o th ers have b een  am biv alen i a b o u t the 
h u m an  sp ecies. M ost w ould read ily  co n sid er Homo sapi- 
ens to b e  a part o f nature as a p ro d u ct o f b io lo g ica l 
ev o lu tio n , b u t apart from  n atu re in  term s o f ecology . 
Hovvever, in  m u ch  o f  the past and in  m any cases to this 
day, h u m an  p o p u latio n s are siinp ly  o n e  co m p o n e n t in 
the d y n am ics o f eco system s and eco lo g ica l p ro cesses. 
T h e  id ea  that hu m an s are u n iq u e and apart from  nature 
m ay derive íro m  the an th ro p o cen trism  (h u m an  cen - 
te red n ess) o f W e sle rn  c iv ilization  and o f C h rístian ity , 
Ju d a ism , and Islam . (A n th ro p o cen trism  is also  a co n - 
tr ib u tin g  cause o f the en v iro n m en tal c r is is .)  A ctu ally , 
every sp ecies  is u n iq u e as a c lo sed  g en etic  system  and 
in Olher resp ects. H ow ever, it m ay b e valid  and useíul 
to v iew  H. sapicns as the d o m in an t o r m o st im p o rtan t 
k ey sto n e  sp ecies  in m any if not m ost eco sy stem s. (A 
k ey sto n e  sp ecies  is  o n e  that has an  u n u su ally  im p o rian t 
in ílu e n ce  on  o th er sp ecies  and the eco system . See the 
sp ecia l issue on  h u m an -d o m in ated  eco sy slem s o f S c i
ence, Ju ìy  25, 1997).

A n im p o rtan t exam p le o f su ch  a n th ro p o cen trism  is 
the co m m o n  view  thai hum an im p act on the en v iro n - 
m e n l is n ecessarily  an u n n atu ra l d istu rb an ce . Ye( all 
o rg an ism s affect their en v iro n m en t in various degrees 
and w ays; co n sid er the various im p acts  o f ư ees, fungi, 
earth w o rm s, le a í-c u tle r  an ts , bees, w o o d p eck ers, kan - 
g aroo  rats , p rairie  dogs, beavers, w ild  p igs, p rim ates, 
bats, e lep h an ts , p lan k to n , starfish , and sh ark s (e .g ., 
W e slb ro e k , 1 9 9 1 ) . H ow cver, n o n -h u m a n  organism s 
that in ílu e n ce  th e ir en v iro n m en i are rarely  con sid ered  
a d is tu rb a n ce , e x ce p t for e x o tic  sp ecies  in tro d u ced  by 
h u m an s. U sually on ly  w hen an org anism  d ep letes re- 
s o u rce s  and  degrades the h ab ita t b eyo n d  its natural 
ca p a c ities  or n o rm al period  for reg en eratio n  m igh l the 
term  d istu rb an ce  be app rop riately  ap p lied . Y et it  cou ld  
be argued  tb at som e hu m an  so c ie tie s  are u n n atu ral 
or even  an ti-n a tu re , esp ecia lly  in d u stria l ones. O th er 
so c ie tie s  appear to be an in tegral part o f  natu re , su ch  
as m any m ore trad ition al in d ìg en o u s cu ltu res  in  ihe 
A m azo n  ĩo rests  lik e  the Y anom am i. T h e  im p act o f  su ch  
so c ie tie s  on th e ir en v iro n m en t is u sually  no less natural 
th an  th a i o f o th er sp ecies. T h is  w as lik ely  the case for the 
m a jo r ity  o f so c ie ties  through m ost o f h u m an  e x islen ce .

II. BIODIVERSITY MOĐIFICATION

A. Extinction Hypothesis
H um an an tiq u ily  m arked ly  varies am o n g  reg ions, and 
co n se q u e n tlv  so d oes cu m u lativ e  im p act. H om inid s

(th e  hu m an  lin e) evolv ed  in A ỉrica  so m e fo u r to s ix  
million years b e fo re  the p resen t (b.p.). H uraan d isp crsal 
in to  o th er reg io n s is ap p rox im ate ly  dated  ( b .p .) as fo l- 
low s: E u ro p e and A sia (1  m illio n ), A ustralia  and  New 
G u in ea  ( 5 0 ,0 0 0 - 6 0 ,0 0 0 ) ,  the A m ericas ( 1 2 ,0 0 0 -  
2 0 ,0 0 0 ) ,  and P a ciíĩc  and o th er island s ( 3 0 ,0 0 0 - t o  rc -  
c e n t, d ep en ding o n  the islan d ).

As hu m an s co lo n iz ed  new  reg io n s, su p p o sed ly  th cy  
w ou ld  have a great advantage over prey that lack cd  
p rev io u s exp erien ce  w ith  them . R elatively  sud denlv  the 
h u n ters  b ecam e a new  top  carn iv ore in  the food  w eb, 
ra th e r than th ro u gh  the usual gradual p ro ccss o f  p red a- 
to r -p r e y  co -e v o lu tio n . F u rth e rm o re , ih e ir  tech n o lo g y  
p rovided  ad van lag es, p articu larly  p rọ ịe cú le  w eap o n s 
lik e  the sp ear, th a t allovv som e safe d istan ce  from  and  
su rp rise  for prey w h en  m a k in g  a k ill. Inđeed , Paul s . 
M artin  and o th ers  h y p o th esize  th at the d ispersal o f  
h u m an s in to  new  a reas cau sed  m assive faunal e x tin c - 
t i o n s  aro u n d  5 0 ,0 0 0  B.p. or less, d ep en d in g  on  the re- 
g io n , esp ecia lly  in A u stra lia , the A m ericas, N cw  
Z ealand, O cean ia , and M adagascar. T h e  m ain basis for 

the so -ca lled  “b litz k rieg  h y p o th esis” is the app aren t co - 
in c id e n ce  in tim in g  o f  h u m an  arrival and  m assive m ega- 
íau n al e x tin c tio n s , H ow ever, w itb little  to su p p o rt ii 
b u t c ircu m sta n tia l ev id en ce , th is h y p o lh esis  rem ain s 
far from  co n clu siv e ly  p ro v en , and it is m uch m o re  p rob- 
le m a tic  and co n tro v ersia l than ad vocates usually adm it. 
F o r  exam p le, c o n v in c in g  evid ence is lack in g  in  A ustra- 
lia  fo r a tem p oral c o in c id e n c e  b etw een  hunian d isp ersal 
and  m eg aíau n al e x tin c tio n s . Y et even i f  tem poral c o in c i-  

d en ce  w ere d em o n stra le d , that d o cs uo l au to m aù cally  
p ro v e  a c a u s e -e ffe c t  re la tio n sh ip  n o r  exclu d e o th cr  po- 
ten tia l causal ĩa cto rs  su ch  as c lim a tíc  change. In  N cw  
Z ealand , how ever, th ere  is no d ou bt th at o v er-h u n tin g  
and  h ab ila t d e s tru ctio n  by in d ig en o u s people (M a o ri) 
cau sed  the e x tin c tĩo n  o f  m any anim al sp ecies, in c lu d in g  
the large m oa b ird s (see  F lan n ery , 1 9 9 5 ) .

W h e th e r  ex a m in in g  faunal e x tin c tio n s  or any  o th er 
a sp ect o f h u m an  im p a ct on b io d iv ersity , h u m an  diver- 
s ity  m u st be  tak en  in to  a cco u n t. E v en  in esp ecia lly  
v u ln erab le  e co s )’s tem s, d ifferent cu ltu res  m ay have 
v ery  d ifferen t im p a cts , su ch  as in d ig en o u s p eop les 
and  su b seq u en t co lo n is ts  in Havvaii. H aw aiians in tro - 
d u ced  3 4  e x o tic  sp e cie s  and sup posedly  cau sed  ihe 
e x tin c tio n  o f  som e 5 0  end em ic sp e c ie s  d u rin g  th eir 
1 5 0 0  years ot e x c lu s iv e  o ccu p atio n . In co n tra s t, E u ro - 
p ea n , A sian , and o th c r  co lo n izers  in tro d u ced  4 6 5 3  1'X- 
o tic  sp ecies, cau sed  the e x tin c tio n  o f  2 1 1  cn d em ic  S]ie- 
c ie s , and end ang ered  m ore than 8 0 0  o th ers , all in a 
liltle  over tw o c en tu rie s  (e .g ., C u llin ev , l c)8 8 ) . C on se- 
q u en tly , com p ared  to n ativ c H aw aiians, su b seq u en t co l- 
o n iz ers  cau sed  1 3 7  tim es as m any in tro d u ctio n s  and



ỉb u r tim es as m any e x tin c lio n s , all in a m ere o n e -sev - 
euth  o f  the tirae.

In g en era l, iraclition al h u n te r-g a th e re rs  and  o th e rs  
m ay seem  to have a very lim ited  im p a ct on  th e ir  envi- 
ro n m e n t, g iven  th e ir  low  p o p u la tio n  d en sity , h igh  1110- 
b iỉity , lim ited  te ch n o lo g y , su b s is te n ce  e co n o m y , m in i- 
m al needs and w ants, in tim ate  e n v iro n m e n ta l 
kn ow led gt' and m o n ito rin g , and a n im is tic  vvorldvievv, 
a ttitu d es , and valu es th at are n atu re  o rie n tcd . N everth e- 
less, even sm all ban d s o f  n o m ad ic  [oragers can  have 
sotn e im p a ct, for e x a m p le , o n  seed  d isp ersa l; One w ay 
a rch a e o lo g is ts  ideniLfy p re h is to ric  o ccu p a tio n  s ites  su ch  
as h u n tin g  cam p s is by d istin ctiv e  c o m b in a tio n s  and 
c o n ce n tra tio n s  o f useful p la n t sp ecies  that w ould  n o t 
lik ely  o c c u r  n atu rally .

B. Fire
N atural fư es have in ílu e n ce d  e co lo g ica l sy stem s and  
p ro cesses  fo r m any m illio n s  o f y ears. In  c o n tra s t, so  far 
ev id en ce  in cỉica les  th at the  h u in an  use ol firc ex te n d s  
b ack  on ly  a b o u t a h a lf m illio n  years in the  O ld  W o rld  
to ih e  la ter p o rtio n  o f  the p erio d  o f  Homo ercctus. U su - 
ally  ih e  m ain  reaso n  h u n te rs  burn  an  area  is lo  crea te  
fresh p lan t gro w th  to a ttra c t gam e. In ad d itio n , low - 
in te n s ity  íires  set by in d ig en es p rev en t the  a ccu m u la tio n  
ol fuels thai m ig h t otherw i.se lead to d ev astatin g  w ild- 
íires, esp ec ia lly  d u rin g  a d ry seaso n , d ro u g h t, or from  
lig h ln in g  strik es. (T h is  is  a lesso n  o n ly  re ce n tly  learn ed  
by n atio n a l park m an agers in the U n ited  S ta tes , A ustra- 
lia , an d  clsevvhere.) C o n tro lle d  b u rn in g  o f  d ifferen t 
p a tch e s  o f  ih e  lan d scap e at clifferent tim es by in d ig en es 
o r  o th e rs  m ay h elp  in cre a se  b ío d iv ersily , w h ereas w ild - 
fires m ay d ecrease  it.

T h e  lo n g -term  cu m u la tiv e  e ffec i o f  b u rn in g  by forag- 
ers ca n  be su b sta n tia l, as in  the ca se  o f the  so -ca lled  
fire -s tick  íarm in g  by the A b o rig in es  o f A u stra lia  over 
som e 5 0 ,0 0 0  years (F la n n e ry , 1 9 9 5 ) .  R ep eated  b u rn in g  
ol large areas o f v e g e ia tio n  over long  p erio d s w ould  
ev en tu ally  s ig n iíìca n tly  m od ify  the p lant c o m m u n ity  
and  co n se q u e n tly  also  the asso c ia ted  a n im al co ra m ti- 
n ity. S o m e tim e s  a p y rosere  is crea ted , a b io tic  c o m m u - 
n ity  res is ta n t o r ad ap ted  to  fire th a i is p rev en ted  from  
fu rth e r e co lo g ic a l su c ce ss io n  o r d ev e lo p m en t by re- 
p catcd  b u rn in g . W ith  the reg u lar and  w id esp read  use 
o f fire  by ío ragers , su re ly  a new  th resh o ld  in im p act 
w as reach ed . S o m e grasslan d s in  tem p erate  and  tro p ica l 
zo n es , su ch  as the  S co ttish  h ig h la n d s and V e n e z u e la n  
lla n o s , resp ectiv e ly , m ay be the resu li o f rep eated  b u rn - 
ing by h u m a n s a l least in  p art, a lth o u g h  in m any areas 
th is  c o n e lu s io n  is s till co n tro v ers ia l and  c lim a tic  ch an g e  
m ay be a ĩa c to r  as w ell (see  s. J .  P yne, in  B a lée , 1 9 9 8 ) .

c. Horticulture
Fire  is also  an im p o rtan t co m p o n en t o f ĩarm ing te ch n o l- 
ogy. In tro p ical Cơrests, d u ring  the dry season a p lo t o f 
a b o u t a h ectare  or so o f v egetation  is cut and th en , after 
d ryíng out in the su n , it is burned . T h e  o rg an ic  ash 
(rom  the b u rn  provides fertilizer for the grovvth o f c ro p s 
that are p lanted  ju s t  b efore  the rainy  season . T h is  ash 
can  b e critica l b ecau se  trop ical so ils  are usu ally  poor. 
T h e  cro p s are often  p io n eer o r w eed sp ecies  thai thrive 
in  d istu rb ed  areas. Svviddening in  som e form  is u b iq u i- 
lo u s  th ro u g h o u t trop ical forests, b u t was also  p racticed  
by p io n eer ĩarm ers in E urope and A m erica.

Sw id d ening  m ay en h an ce  b iod iv ersity . T h is  p ractice  
crea tes  a gap in the forest that provides su n sh in e  for 
crop s. T h cy  are harvested  for a few years and then  less 
in ten siv ely  as p ro d u ctiv ity  d eclin es w ith d ecreasin g  soil 
fe n ility  and in cre a sin g  p ro b lem s vvith w eed co m p e lilio n  
and pests. O ver years or even d ecad es, the sw id d en 
gradu ally  co n v eris  in to  fallow , w ilh  su ccessio n al p lan ts 
grovving from  seed s le íl in  the so il and en terin g  from  
su rro u n d in g  ío resl th ro u gh  agen cies lik e  w ind and 
b ird s. C o n seq u en tly , sw id d en in g  leads to a m o sa ic  ol 
p lan l and  asso ciated  an im al co m m u n ities  at d ifferent 
stages o f su cce ssio n . Sw id d ening  also form s eco io n e s  
(tra n s itio n  zo n es betvveen tw o en v iro n m en ts) thai m ay 
in crease  b io d iv ersity  (edge effect) by h arb orin g  Sonic 
sp ecies  from  b o th  en v iro n m en ts  and o th ers sp ecia liz in g  
on  the eco to n e . Su ch  en v iro n m en tal h etero gen eity  in- 
crea ses  the p o ten tia l for h ig h er b iodiversity . G ard en s 
an d  fallow s also  a ttra c t gam e and o th er an im als , given 
the c o n ce n tra tio n  o f v egetatio n  o n  the ground  that p ro - 
v ides co v er and a co n cen tra tio n  o f  edible p lants, u n lik e  
a p rim ary  forest in the tro p ics.

S w id d ening  en h a n ces  b io d iv ersily  at the g en etic  level 
as w ell, s in ce  m ost sw idclens are po lycrop s (n u m ero u s 
sp ecies  and v arieties) o f  d o m esticated  p lants. C rop  di- 
versity  red u ces the risk  o f total failure as a resu lt o f 
w eath er, d isease, or pests, b ecau se  som e sp ecies  and 
v arieties  are m o re  resistan t or resilien t.

As a resu lt o f the v ariety  o f hu m an uses and m an ip u- 
la tio n s  o f forests, it can  n o t sim p ly  b e assu m ed  that any 
are en tire ly  p ristin e. In the A m azon it is estim ated  that 
n early  12%  o f  the forests beyond  the ílood p lains are lo 
so m e d egree a n ih ro p o g en ic  (B a lée , 1 9 9 4 ) . F o r  som e 
tw o d ecad es research ers  at La Selva, the fam ou s trop ical 
b io lo g y  research  sta tion  in C o sta  R ica, th o u gh t that 
they w ere stud ying  n atu ral ío rest. T h ey  w ere unaw are 
th at it was to som e ex te n t an th ro p o g en ic  un til the recen t 
d isco v ery  o f c h arco a l and p o ttery  íragm ents in  ihe soils. 
In  A frica , con serv a tio n ists  assu m ed  that forest p atch es 
in  savanna grasslan ds w ere re lics  o f ío rm erly  m ore



w id esp read  ío rest. H ow ever, stu d ies  d em o n strated  that 
m any o f  th ese  forests are n o t n atu ra l re lics  o f  h ìgh  
b io d iv ersity , b u t are estab lish ed , used, and m anaged  by 
lo ca l v illagers. T h u s, farm ing m ay grade in io  ío restry  
w ith  a g ro ío restry  (m ixed  tree cro p s) as an in term ed i- 
ate  p hase.

U n d er trad itio n a l co n d itio n s— low  d en sity  o f the  hu - 
m an  p o p u la tio n , a su b sisten ce  rath er than  m ark et eco n - 
o m y, ad eq u ate  fallow  p eriods, and  exten siv e  forest for 
ỉu tu re  g a rd en s— sw id d ening is usually  su sta in ab le , that 
is, it  d o es n o t irrev ersib ly  d ep lete n atu ral reso u rces and 
d egrad e eco sy stem s. Indeed , it does not ap p ear that 
fo rests  lik e  the A m azon w ere ev er en đ an g ered , even 
a fter c en tu rie s  o r m illen n ia  o f in d ig en o u s activ ities , 
u n til the  e n cro a ch m e n t o f W estern  c iv iliza tion  and  par- 
ticu la r ly  in  recen t decad es. H ow ever, in m ost areas tra- 
d itio n a l co n d itio n s  no lo n ger hold .

O n the o th e r  hand, there are cases w here sw id d ening 
h as a neg aú v e im p act. As an exam p le, ch an g es in plant 
sp ecies  d iv ersity  over the last 1 4 ,0 0 0  years in P anam a 
are p reserv ed  in p h y to lith s (p lan t fo ssils) from  lake 
sed im en ts . A sharp  d ecrease in th is  d iversity  co in c id e s  
w ith  the o n se t o f sw id d en in g  arou nd  7 0 0 0  B.p. and 
m ay b e cau sally  related  (P ip ern o , 1 9 9 4 ) .  T h u s, h u m an  
im p a cl o n  b io d iv ersity  Irom  sw id d en in g  and o th e r  a ctiv - 
ities  n eed s to be assessed o n  a ca se -b y -case  basis.

S till, trad itio n a l shi/ling cu ltiv a to rs  co n trast m ark- 
edly w ith  sh iíted  cu ltiv ato rs  o f recen t d ecad es, the la tter 
b e in g  im m ig ran ts  w ho co lo n ize  tro p ica l forests, o ften  
as e co n o m ic  re ĩu gees. P io n eer sw id d en ers are m u ch  
m o re  lik e ly  lo  co n trib u te  10 d efo resta ú o n  b eca u se  o f 
th e ir  la ck  o f  fam iliarity  w ith  farm in g in  a trop ical ío rest 
and  o r ie n ta tio n  to a m arket eco n o m y  ra lh e r  than m ain ly  
su b s is te n ce . T h is  is the case  vvith p eop le  m oved by the 
In d o n e sia n  g o v ern m en t in  its tran sm ig ratio n  program  
from  islan d s w ith  h igh  hu m an  p o p u la ú o n  d en sity  like 
Ja v a  to  th o se  w ith  low  d ensity  lik e  Irian  Jaya. A sim ilar 
s itu a tio n  o ccu rred  w hen the B razilian  go v ern m en t b u ilt 
th e  T ran s-A m a z o n  highw ay as a w ay lo  re lo cate  rural 
p o o r m a in ly  from  the n o rth east in to  the A m azon Basin .

III. BIODIVERSITY CONVERSION

A. Agriculture
T h e  sh ift from  hu m an m o d iíìca tio n  to the con v ersio n  
o f  en v iro n m e n ts  and  biod iv ersity  p ivots on  the d eclin e  
o f  rotational system s of land  and reso u rce  use. T rad i- 
tion al Coragers, herd ers, and sw id d en ers usually  lend 
to  m a in ta in  su sta in ab lc  eco n o m ies  bỵ ro ta tin g  o n e  or 
m o re  o f th ese  íacto rs : types o f reso u rces  used  as well

as p laces, tim es, tc ch n iq u e s , and personnel in  reso u rce  
e x p lo ita tio n . I f  ro ta tio n  d ecreases, then h u m an  im p act 
in creases m arked ly  and  ev en tu a lly  co n v ersio n  o ccu rs  
tnstead  o f m o d iíìca tio n , re íle c tin g  an em ph asis on  in te n - 
sive ra th er than  e x te n s iv e  use o f  land. By v ario u s esti- 
m ates 3 0 - 5 0 %  ol ih e  lan d  su rface  o f the p lan et h as 
b een  con v erted  b y  h u m an s.

A gricu ltu re  u su ally  in v o lv es som e k ind  o f plow  
pu lled  by a d o m estica ted  an im a l, in  co n trasl to h o rú cu l- 
lu re , w h ich  usu ally  in v o lv es  o n ly  hand too ls lik e  an ax  
and  d igging s tick  pow ered  so le ly  by h u m an  m u scle . 
A g ricu h u re  is a m o re  in te n s iv e  and p erm an en t form  o f 
land use focu sed  o n  co n v ersio n  o f the e n v iro n m e n t, 
w hereas h o rticu ltu re  is  a m o re  exten siv e  but tem p o rary  
o r ro ta tio n a l forin o f  land  use locu sed  on m o d iR catio n  
o f the e n v iro n m e n t. A cco rd in g ly , ag ricu liu re  u su ally  
s im p lifies  eco sy stem s and red u ces  b iod iv ersity , w hereas 
h o rticu ltu re  m ay su sta in  or even  in crease en v iro n m en - 
tal h e tero g en eily  and  b io d iv ersity . A gricu ltu re  also  cre- 
ates m ore e n v iro n m e n ta l fragrnentation  than h o rticu l- 
tu re, thai is, the d iv id in g  up o f land scap es in to  iso lated  
o r sem i-iso la ted  p a tch e s  o f  “n atu ra l" en v iro n m en ts  su ch  
as lo rest rem n an ts  in  farm  íields. Hovvever, w h cth er 
h o rticu ltu re  o r a g r icu ltu re , it is necessary  lo  assess the 
im p act on  b io d iv ersity  on  a case-b y -case  b asis.

B. Rice Paddies
T h ro u g h o u t A sia, large p o rtio n s  o f  the lan d scap e, esp e- 
cially  in  ihe  low lan d s n ear riv ers and stream s, w ere 
co n v erted  cen tu rie s  o r  m illcn n ia  ago to w ct r icc  paddícs. 
Paddies ca n  also  be fo u n d  in  h igh lan d s w here terracin g  
has b een  d evelop ed . C o n v e rs io n  co n tin u es  to  th is  day, 
d riven  by in cre a sin g  p o p u la tio n  and e co n o m ic  p res- 
su res on  land  and  re so u rce s ; it is  acce lera tin g  in  m any 
areas. C o n v ersio n  in c lu d e s  n u m ero u s types o f  forests, 
grasslan d s, and \vetlands, and acco rd in g ly  sa criíìce s  an 
en o rm o u s a m o u n t o f  b io d iv ersity . F o r  in sta n ce , variou s 
typ es o f  foresl co v ered  ab o u t 70 %  o f T h a ila n d  u n til 
W o rld  W a r II, vvhereas todav o n ly  about 15%  o f  the 
co u n try  is  ĩo rested , largely  b ecau se  o f ag ricu ltu ra l 
ex p a n sio n  and logging .

R ice  pad dies are n o l sim p le m o n o cro p s, how ever. 
T h ere  m ay be h u n d red s or even  thou sand s o f v arieties 
o f rice in  a reg ion . It is  estim ated  thai som e 5 0 ,0 0 0  
lo ca l v arieú es o f rice  ex isted  in  India until recen tly . In 
ad d itio n , there  m ay b e several hu n d red  sp ecies  o f  w ild  
p lants and  an im als  a sso cia ted  \vith paddies, m any o f 
ihem  con sid ered  ed ib le . B evond  the paddies there  are 
hom e gard en s, fru it o rch a rd s, p astures, v ario u s ly^pes 
o f fo rest, and a g ro ĩo restry  (tree  c ro p s), all o f  w h ich  
c o n trib u te  co n sid era b le  b iod iv ersity  lo the reg ional



land scape. F o r  in sta n ce , in parts o f  B a li, hom e gard cns 
m ay con ta in  as m an y  as a h u n d red  o r m ore sp ecies  o f 
w ild and d o m estica ted  plants.

c. Raised Fields
E xten siv e  areas o f ra ised  or rid ged  íìe ld s are found in 
m any paris o f the w o rld , u su ally  a lo n g  riv er ílo o d p la in s 
01' in o th er w etland s. T h ey  elev ate  lan d  above w ater for 
ĩarm ing . So il is dug and  p iled  o n  top  o f  e ith er side o f 
a d itch  to form  a lo n g  m o u n d . T h e  d itch  b eco m es a 
canal for vvaier d rainage and  irr ig a tio n . O n  A oodplains 
the ridges are arranged  in  p ara lle l fa sh io n  p erp en d icu lar 
or at an angle to the river. O rg a n ic  d eb ris  and sed im en ts  
from  the canals are p e rio d ica lly  d red ged  and p laced  on  
top  o f  the m ou nd  as a rich  o rg a n ic  fertilizer. F ish , 
w aterfow l, and o th e r a q u a tic  o rg a n ism s thrive in  the 
can als  and are harvested  for p ro te in  in  the diet. Raised 
ficlds m ay in crease  p ro d u ctiv ity  an d  b io d iv ersity  be- 
yond  the level that w ou ld  o th erw ise  e x is t  in  the region .

D. Vavilov Centers
V avilov  ct-n iers are c o n c c n tra tio n s  o f  g e n etic  and m or- 
p h o lo g ica l d iversity  re m a in in g  at the several fo ci o f 
p lant and anim al d o m e stic a tio n  fro m  the N eo lith ic  
som e 5 0 0 0 - 1 0 ,0 0 0  13.p., the  e x a c t p erio d  d ep en d ing on  
the region . T h ese  c en te rs , as c o n ce n tra tio n s  o f  lan d races 
and  th eir w ild a n ce sto rs , are in  effect in situ gene ban k s. 
(L an d races are sp e cie s  and  v a rie tie s  o f  d o m estica ted  
p lants and an im als th a t have b een  g en etica lly  im p roved  
by  trad itional farm ers and  h e rd e rs , b u t rem ain  uninO u- 
en ced  by m o d ern  b re e d in g  te ch n o lo g y .)  P reh isto ric  and 
h is to r ic  íarm ers and  h erd ers  en g in ee re d  s ig n iíica n t b io - 
d iv ersity  in  th eir cro p s and  liv e sto ck , in  part lo red u ce 
risk . F o r  in stan ce , so m e 8  sp e cie s  and  3 0 0 0  v arieties 
o f p o tato es w ere cu ltiv a ted  in  the A nd es. As an o th er 
exam p le, today a s in g le  sp e cie s  o f  sh eep  (Ovis aries) 
in clu d es m ore th an  8 0 0  d iffe re n t b reed s, m an y qu ite  
a n c ien t (H eyw ood , 1 9 9 5 : 1 1 1 , 7 7 5 ) .  V avilov  cen ters  
are  in creasin g ly  end an g ered  an d  d egrad ed  by grow in g 
p o p u la tio n  and e co n o m ic  p ressu res. T h u s, a ttem p ts at 
ex situ co n serv a tio n  o f  th e ir  b io d iv ersity  m ay be the 
m ain  hop e for p reserv in g  sam p les. T h e  lo ss  o f d iversity  
in the v arieties o f  d o m e sú ca te d  sp e cie s  and  their an ces- 
to rs  severely lim its th e  p o te n tia l fo r ad aptive resp o n ses 
to íu tu re  en v iro n m e n ta l ch a n g es  and  p ertu rb atio n s, 
w h e th e r natu ral or a n th ro p o g e n ic .

E. Population
lt  has been  estim ated  th at th ro u g h  a g ricu ltu re  and  o th e r 
a c tiv ities , h u m an s p reem p t so m e 4 0 %  o f the e a rth ’s

total prim arv b io logica l p ro d u ctio n  ann u ally  (V ito u se k  
et al., 1 9 8 6 ) .  T h is  m agnitu d e o f reso u rce  use surely  
d im in ish es  the p o ssib ilities  for m an y o th e r sp ecies  and 
the p la n e ts  b iođ iv ersity  as a w hole. G iven  p ro je c tio n s  
fo r co n tin u ed  h u m an  p op u lation  grovvth in  th is cen tu ry  
b efo re  any g lobal s la b iliz a tio n , surely  th is c o -o p tio n  o f 
energy  and  n u trìen t so u rces  [rom  o th er sp ecies  w ill get 
m u ch  w orse.

T h e  hu m an p o p u latio n  e x p lo sio n  is a re lativ ely  re- 
cen t p h en o m en o n . A fter som e four m illio n  years o f 
h u m a n  ev o lu tio n , the w orld  p o p u la tio n  had  only  
reach ed  3 0 0  m illio n  by A.D. 1 0 0 0 . T h e n  w orld  p o p u la- 
tion  grew  to 5 0 0  m illio n  by 1 5 0 0 , 1 b illio n  bv 1 9 0 0 , 
and recen tly  topped  6  b illio n . It is n ro jec te d  to b e 10 
b illio n  by 2 0 5 0 . C o rre lated  w ith th is grow th  is in crea s- 
ing p o p u la tio n  d en sity . F o r  exam p le, gen erally  in  the 
tro p ics  hu m an p o p u latio n  d en sities  (in d iv id u a ls /k m 2) 
are: ĩoragers , < 1 ;  sw id d en ers, d o zen s; and w et rice  
íarm ers, h u nd red s to t-housands. H ow ever, th o u gh  in- 
creases in the size and d en sity  o f the h u n ian  p o p u la tio n  
cer ia in ly  in crea se  im p acts  o n  b io d iv ersity , n o t all hu - 
rnans crea te  the  sam e im p act, and som e are grossly  
d isp ro p o rtio n ate . F o r  exam p le, up per- and m id d le -in - 
co m e co n su m ers  use reso u rces and p ro d u ce  p o llu tio n  at 
levels m any tim es h igh er than  lo w er-in co m e co n su m e rs  
and  the p oor, vvhether co m p arin g  e co n o m ic  classes 
w ith in  a sin g le  socie ty  or so -ca lled  developed  and  less- 
d ev elop ed  c o u n tr ie s— the core  and p erip h ery  in  the 
w orld  eco n o m ic  system , resp ectiv ely . T h e  vvealthy na- 
lio n s , as w ell as P etro leu m  and p h arm aceu tica l com p a- 
n ies, have a sp ecia l resp o n sib ility  to re in v est so m e o f 
th e ir p ro íits  to h elp  fund b io d iv ersity  stu d ies and  co n - 
serv atio n .

IV. BIODIVERSITY COMMODIFICATION

A. Cities
M ark et e co n o m ies  and  c itics  are largely resp o n sib le  
for the co m m o d iíìca tio n  o f n a tu re — the co m m erc ia l or 
m o n etary  ev a lu atio n  o f b io ta  and  land scap es. B ecau se  
m o s i u rb an ites  and su b u rb a n ites  do n o t p ro d u ce  th eir 
ow n food , they m u st trade or p u rch ase  it and  o th e r 
n a tu ra l reso u rces  as im p o rts  from  the íarm ers and  p eas- 
a n try  w o rk in g  in the vast ru ral h in terlan d . T h u s, com - 
m o d ilìca tio n  has been  d ev clo p in g  w ith  u rb a n iz a tio n  for 
at le a st 5 0 0 0 - 6 0 0 0  years. T oday a b o u t h a lf o f h u m an ity  
liv es in  an u rb an  en v iro n m en t, a lth o u g h  th is  co n ce n tra - 
tio n , the m eg alo p o lis , and su b u rb an  spraw l are re ce n t 
p h en o m en a . H ow ever, it is n o t ahvays easy to d etect a 
c lea r b o u n d ary  b etw een  u rb an , su b u rb an , ru ral, and



"n a tu ra l” areas. S till, one th in g  is  c lear: u rb an izatio n  
w ill co n tin u e  to in crease  aro u n d  the w orld  and varí- 
ou sly  im p a ct b iod iversity .

A n o th e r  resu lt o f the co m m o d iíìca tio n  o f n atu re , and 
a m a jo r  strategy  in b io d iv ersity  co n serv a tio n  that is 
m ain ly  ad vocated  by p erso n s fro m  the urban e lite , is 
the  e co n o m ic  v alu ation  o f en v iro n m en ta l p ro d u cts  and 
serv ices , su ch  as m ed icin a l p lan ts  and p rod u cts from  
iro p ica l rain  íorests. A lth ou gh  th is  ap p roach  m ay be 
n ecessa ry  to co u n tera ct the e co n o m ic  p ressu res for 
larg e-sca le  reso u rce  e x tra c tio n  from  n atio n a l govern- 
m en ts, co rp o ra tio n s, and m ark et fo rces, th is sales p itch  
d im in ish e s  b iod iv ersity  by ig n o rin g  its d iverse n o n - 
m o n eta ry  in trin s ic  values.

T h e  h u m a n  body is h o st to b io d iv ersity  in the form  
o f  a m u ltitu d e  o f in ternal and ex te rn a l p arasites and 
o th er m icro sco p ic  to sniall o rg an ism s that in h ab it and 
v isit it, su c h  as b acteria , fungi, m ites, lice , m o sq u ilo es, 
tick s, an d  leech es. L ikew ise, h u m an  h a b ita lio n s  and 
se ttle m e n ts , esp ecially  c ities , m ay be view ed as h osts 
to a p e cu lia r assem blage o f b io ta , m ain ly  co m m en sa ls  
and p arasites , su ch  as sq u irre ls, d ogs, cats, rats, m ice , 
p ig eo n s, c o ck ro a ch e s , and  ílies. T h o u g h  c ities  are 
m o stly  a n th ro p o g en ic  en v iro n m en ts , they m ay also pre- 
serve [rag m ents or island s o f  “n a tu re” o f d ifferent sizes 
in the fo rm  o f various p arks (in c lu d in g  b o ta n ica l gar- 
d en s, 200S ,  and  a q u ariu m s), Home yards and gardens, 
in d o o r p lan ts , and pets. As an exa m p le , there  are abou t 
1 0 0 0  sp ecies  o f p lants in  the p arks and  gardens o f  the 
City oí  S in gap o re. Im m igrant and e th n ic  n e ig h b o rh o o d s 
in lro d u ce  b io d iv ersity  in to  c ilies  th ro u g h  the d isú n cú v e 
v ariety  o f  p lan t sp ecies  cu ltiv ated  in th eir h om e gardens. 
In  som e reg io n s w here b io d iv ersity  is n atu rally  low , 
h u m a n  h a b ila lio n s  and settle m e n ts  m ay elevate b io d i- 
v ersity  b ey o n d  p rio r natural levels.

T h e  m icro sco p ic  level o f b io d iv ersity  can n o t b e  ig- 
n ored . Large u rb an  p o p u la tio n s also  serve as a reserv oir 
tor v iru ses  and a d iversity  o f o th e r  m icro b es  that trans- 
m it and  m ain ta in  d iseases. T h e  em erg en ce  and reem er- 
g en ce  o f  new  in fe ctio u s  d iseases and  d ru g -resistan t 
stra in s  are o th er asp ects o f how  m icro b ia l d iversity  and 
h isto ry  are o ften  lin ked  to c ities . T h e  h igh  density  o f 
the h u m a n  p o p u la tio n  in c itics  n ot only  crea tes  san ita- 
ú o n  and  h e a lth  p ro b lem s for h u m an s, b u t can also 
d egrad e the w ater q uality  and life in  nearby  aq u atic  eco - 
system s.

B. Colonialism
C o lo n ia lism , in its varìous form s, has affected  b iodiver- 
sity  th ro u g h o u t the w orld , and co n tin u es  to do so. 
D u rin g  the last 5 0 0  years, E u ro p ean s in tro d u ced  p lants

and  an im als  from  the O ld W o rld  in to  th e ir  overseas 
co lo n ie s , esp ecia lly  areas that w ere c lim a tica lly  s im ilar 
to parts o f  E u ro p e , like  p o rtio n s o f Burm a, C a liío rn ia , 
C h ile , K enya, and So u th  A írica . T h is  E u ro p ean izatio n  
o f  lo ca l eco sy stem s red u ced  native b io ta  and  crea tcd  
n eo -E u ro p es . T h e  b io lo g ica l exch an g e also flow ed in 
the o p p o site  d irec tio n , hovvever, from  the N ew  W o rld  
(A m ericas) to the o ld  (E u ro p e  and b ey o n d ), w ith the 
spread  o f cro p s o rig in ally  d o m estica led  bv p reh isto ric  
native  A m erican s, su ch  as p o ta to es, co rn , sq u ash , tom a- 
toes, to b a cco , co tto n , and m an io c . Ind ecd . today m u ch  
o f  the w o rld ’s íood supply co m es from  in tro d u ced  spe- 
c ies  (C ro sb y , 1 9 8 6 ) .

B iod iv ersity  al the m icro b ia l level is a n o th e r asp ect 
o f  the so -ca lled  “C o lu m b ia n  e x ch a n g e ,” the b io lo g ica l 
and cu ltu ra l co n se q u e n ce s  o f the O ld W o rld  and New 
W o rld  on  one an o th er. Indeed , throu gh ou i the A m eri- 
cas ep id em ics o f  in tro d u ced  Old YVorld d iscases causcd  
c a ta stro p h ic  d ep o p u la tio n  o f  in d ig en o u s co m m u n itics . 
B ecau se th ese  p o p u la tio n s  had b een  iso lated  [rom  the 
O ld  W o rld  for th o u san d s oi years, thev  had n o  previous 
ex p e r ie n ce  w ith  ih e  O ld  W o rld  d iseases to d cv elo p  im - 
m u n o lo g ica l resistan ce . T h e  d evastaling  crash  o f th e ir 
p o p u la ú o n s relieved  pressu re on ih e ir land, reso u rce  
b ase, and  local b iod iv ersity . In m any areas, lo rests  and 
o th er e n v iro n m en ts  reg en erated  rapidly, in đ ica tin g  that 
in d ig en es had not irrev ersib ly  degraded them . Hovvever, 
the ap p aren t d em o grap h ic  void and sup posed  vvilder- 
ness en co u rag ed  E u ro p ean  co lo n izatio n  o f  w hat ap- 
peared  to them  lo be an u n derp op ulated  and u n d eru scd  

fro n tier. T h is  p ro cess  c o n tin u e s  10 this day in  parts of 
the A m azon and  elsevvhi-re (D enev an , 1 9 9 2 ) .

T h e  C o lu m b ian  exch an g e  was ccrta in ly  an u n p rece- 
d ented  ev en t in  the h isto ry  o f hu m an im p act on biocli- 
v ersú y; h ow ev er, it did n o t op crate on  any p rio r  p ristin e  
n atu re. L o n g  b e ío re  E u ro p ca n  co n ta ct, the p eo p les o f 
the A m ericas m od ified  and in som e areas con v ertcd  
m an y eco sy stem s (D en ev an , 1 9 9 2 ) . F o r in s ta n ce , in 
som e areas o f the a n c ien t M ayan c iv ilization  there w as 
ex ten siv e  d eío resta tio n . As a n o th er exam p le, a n th ro p o - 
g en ic  p re h is to ric  sh ell m id dens (m o u n d s) in  riv erin e  
and  Coastal z o nes  may ha ve hìgher diversity and  density 
o f  u sefu l p lan t sp ecies  than  ad jacen t “n a tu ra l” sites.

E u ro p ean s are n o t the onlỵ co lo n ia ls , ju st th o se  m ost 
fam iliar. All em p ires arc b u ilt in part on g eo g rap h ic  
exp a n sio n  th ro u g h  som e com b in a tio n  o ílo n g -d is ta n c e  
trade, m ilitarv  co n u u est, and d o m in atio n  and  op p res- 
s io n  (e c o n o m ic , p o litica l. cu ltu ra l, re lig io u s) for the 
e x p lo ita tio n  o f the land, reso u rces, and la b o r o f o th er 
so c ie ties . Som e exam p les are the A ztec in M e x ico ; tlie 
Inca  in  the A ndes; A rabs in  m any parts ol A ír ica , Eu- 
rope, an d  A sia; and C h in ese  in m u ch  o f East and  So u th -



east Asia. All cm p ires  affect local b io d iv ersity  throu gh 
b io tic  e x ch a n g e s  and en v iro n m en ta l rn od ification  and 
co n v ersio n . F o r  in s ta n ce , in A sia the geo g rap h ical dis- 
tr ib u tio n  o f som e p lan t sp ecies  is in exp lica b le  w ith o u t 
co n sid erin g  th c ro le  o f  sacred  sp ecies  su ch  as the bod h i 
or pipal trec (F ic u s  re lig iosa) in B u d d h ism  and tem - 
ple yards.

c. Modem Transportation and 
International Commerce

L o n g -d ista n ce  o ce a n  travel and  trade becam e p o ssib le  
w ith  the d ev e lo p m en t o f  seaw orth y  sh ips som e 6 0 0 0  
B.r. and  ev en tu a lly  ía cilita ted  E u ro p ean  co lo n ia lism  and 
w idesp read  b io tic  in tro d u ctio n s . Hovvever, in len tio n a l 

and  u n in te n tio n a l in tro d u ctio n s  o f sp ecies  betvveen for- 
m erly  in d ep en d e n t o r isolatecỉ reg io n s o f  ih e  w orld  have 
greatly  a cce le ra te d  w ith  the ad ven t o f  m od ern  tran sp o r- 
ta ú o n  and in te rn a tio n a l co m m erce . N ow  m ore than  6 0 0  
sp ecies  o f  a n im a ls  and  p lants are d irectly  th reatcn ed  by 
illegal in te rn a tio n a l trade th a i involves several b illio n  

d ollars ann u ally .
T h e  in tro d u ctio n  o f  e x o tic  sp ecies  can end ang er na- 

tive sp ecies  and  eco sy stem s. F o r  exam p le, the in tro d u c- 
lion  o f  the  S o u th  A m erican  o tter  (Myoc.ast.or coypus) 
in to  S o u t h e r n  L o u isia n a  in  the 1 9 4 0 s  had p ro íou n d  
c o n se q u e n cc s  on the lan d scap e and eco logy o f the M is- 
s issip p i d elta. T h e  inad v erten t in iro d u ctio n  o f  the 
b row n tree sn a k e  (B oiạa irregularis) from  Papua N ew  
G u in ea  to the  islan d  ol G u am  in M icro n esia  caused  

the e x tirp a lio n  (lo ca l e x tin c tio n ) o f a d ozen sp ecies  o f 
nativ e b ird s and still th rea ten s  o th e r fauna. T h e  zebra 
m u ssel (D reissena polym orpha) a ccid en ta lly  sp read  from  
E u ro p e in to  the M ississip p i R iver b asin  o f N o rth  
A m erica  vvhen a ta n k e r dum ped  ballast w aters in  the 
G reat L akes. A m o n g o ih e r  p ro b lem s, th is e x o tic  m u ssel 
now  th re a te n s  n u m e ro u s  nativ e  m u ssel sp ecies. M any 
o lh e r  e x a m p les  co u ld  be given , for m ore ihan  4 5 0 0  
e x o tic  sp ecies  have b e co m e  estab lish ed  in the U n ited  
S tates d u rin g  th is  cen tu ry  alo n e. T h e  effect o f sp ecies  
in tro d u c tio n s  w orld w id e p ro b ab ly  resu lts  in a net loss 
ol g lo b a l b io d iv ersity . H ow ever, in som e areas, su ch  as 
N ew  Z ealand  an d  H aw aiì, net b io d iv ersity  has actu a lly  
in creased  as the resu lt o f  n u m ero u s in tro d u ctio n s  o f 
e x o tic  sp e cie s , even  th o u g h  th ey  v ario u sly  th reaten , 
en d an g er, o r  e x tirp a ie  raan y native and  en d em ic  
sp ecies.

T h ro u g h  E u ro p e a n  co lo n ia lism , E n lig h te n m e n t ide- 
als o f  ra tio n a lism  and  in d iv id u alism , in d u stria liza tio n , 
cap ita lism , e co n o m ic  d ev elo p m en t, m o d ern izatio n , and 
g lo b a liz a tio n , the w o rld ’s e n v iro n m en t, land , and n atu - 
ral re so u rce s , in c lu d in g  b io d iv ersity , have p rogressively

b e co m c o b je cú fie d  and com m o d iíĩed . All o f th is  has 
greatly  facilita ted  the o v erexp lo ita tio n , d eg rad atio n , 
and  d estru ctio n  o f b iod iv ersity  th ro u g h o u t the  w orld  
and  in  its last Iro n tiers  su ch  as tro p ica l fo rests . In  tu rn , 
th is trend  has b een  m agnified  by the in sa ú a b le  greed  
that is in h e re n t in  the co m p etitio n  and gro w th  m an ia  
o f cap ita list eco n o m ies  and the asso cia ted  cu ltu re  o f 
m ateria lism  and con su m erism .

T h is  s itu a tio n  is com p o u n d ed  by  the fact that the 
rich  are g e ttin g  rich e r at the exp en se  o f the p o o r w ho 

are b e co m in g  p o o rer. W e a lth y  en trep ren eu rs , m u ltin a - 
tion al co rp o ra tio n s, and so-ca lled  d evelop ed  co u n trie s  
can  afford  to buy greater access  and  righ ts to b io d iv er- 
sity , ju s l  as they also exert a d isp ro p o rtio n ate  im p act 
on  it. T h e  p o o r are ab le and vvilling to pay less a tte n tio n  
and m o n ey  for b io d iv ersity  co n serv a tio n  th an  the rich , 
not n ecessarily  b ecau se they are ignorant or u n co n - 
cern ed , but b ecau se  they have few er e co n o m ic  assets 
and  altern atives. D u rin g  the 1 9 9 7  eco n o m ic  c r is is  in 
So u th east A sia, the harvestin g  and  e xp o rt o f w ild life  
sp ecies  and th eir p ro d u cls  acce lera ted  m ark ed ly  as lo ca l 
p eop le  tu rn ed  to th eir forests to gen erate  d esp erately  
n eed ed  cash , as th eir regular farm  cro p s and  jo b s  no 
lo n ger provided  ad equate h o u seh o ld  in co m e. M ateria l 
w ealth  and tech n o log y  are co n ce n tra ted  in  the d evel- 
oped  co u n tries  in  the N o rth ern  H em isp h cre , w hereas 
p op u lation  grow th , poverty , and  b io lo g ica l vvealth are 
co n ce n tra ted  in the so -ca lled  less-d ev elo p ed  and  d evel- 
op in g  c o u n trie s  o f the S o u th e rn  H em isp h ere . S u ch  ineq- 
u ities are a serio u s  o b stacle  lo b io d iv ersity  co n se rv a tio n  
as w ell as hu m an w ell-being .

D. Commercial Farming Industry
T h e b eg in n in g s o f  various agrib u sin ess in d u strie s  can  
be traced  b a c k  to E u ro p ean  co lo n ia lism . M ost o f these 
in d u stries  cau se the m assive con v ersio n  o f  to rests  and 
o th e r eco sy stem s to m o n o cro p  p la n ta tio n s, su ch  as in 
the tro p ics  w ith  b an an as, c o co a , c o co n u t, co ffee , co tto n , 
eu calyp tu s, oi] palm s, p ineap p le , ru b b er trees, sugar- 
can e , tea, and to b acco . As a resu lt, h ig h er th re sh o ld s  o f 
en v iro n m en ta l im p act have been  reach ed  w ith  ex te n siv e  
b io d iv ersily  loss at the g en etic , sp ecies, and  eco sy s- 
tem  levels.

S in ce  the 1 9 6 0 s , the so -ca lled  G reen  R e v o lu tio n  and  
o th er forces o f  g lo b a liza tio n  have b e e n  th re a te n in g  and 
d im in ish in g  the gen etic  and sp ecies  d iversity  o f d o m es- 
tica ied  p lants and  an im als  that have b een  d ev elo p in g  
s in ce  the N eo lith ic  period. M o n o cro p s fro m  the G reen  
R ev o lu tio n  are g en etica lly  en g in eered  fo r rap id  g ro w th  
and h igh  p ro d u ctiv ity  in  resp on se to m assive su b sid ies  
o f  ch em ica ls  as fertilizers , h erb ic id es, and  p estic id es.



H ow ever, b eca u se  o f the h igh  co sts  o f in p u ts, m ech an i- 
zaú o n , an d  tra n sp o rta tio n , these ag rib u sin ess in d u stries  
are gro ssly  in e ĩíìc ie n t even if h igh ly  p rod u ctive. Su ch  
m o n o cro p s  are also m u ch  m ore v u ln erab le  th an  the 
d iv erse  a g ro eco sy stem s o f trad ition al farm s to c lim a tic  
ch a n g es  an d  w eath er p ertu rb atio n s, su ch  as global 
w arm in g  an d  E l N ino. N everth eless, m o d ern  agribu si- 
n ess , b io te c h n o lo g y  and g en etic  en g in eerin g , and b io - 
p ro sp e cú n g  are cu rren tly  rev o lu tio n iz in g  food  p ro d u c- 
tio n  am o n g  o th e r  th ings, b u t w ith  largely  u n k n o w n  yet 
p ro b ab ly  fa r-rea ch in g  co n seq u en ces  for the m ain te- 
n a n ce  o f  b io d iv ersity .

T h e  ĩo re sts  and w ood land s o f the w orld  have de- 
c lin e d  s ig n iíìca n tly  in area s in ce  the orig in  and spread 
o f  a g r icu ltu re  som e 1 0 ,0 0 0  years ago. H ow ever, d eío res- 
ta tion  ra tes  have surged  d ram atica lly  in re ce n t cen tu - 
ries , and  esp ecía lly  in recen t d ecad es in  the trop ics. 
A lth o u g h  tro p ica l ío rests  cov er on ly  ab o u t 6%  of the 
e a rth ’s su rfa ce , ihey  co n ta in  a b o u t h a lf o f  all its b iod i- 
v ersity ; thu s they are the re ce n t and fu tu re  hot spots 
for b io d iv ersity  research  and co n serv a lio n . T h ese  for- 
ests  are a lso  in creasin g ly  b eco m in g  the h ot sp o ts o f 
so c io p o litica l c o n ílic t  and v io len ce , su ch  as in  the D em - 
o cra tic  R ep u b lic  o f C o n go , R w anda, B u ru n d i, and Sierra 
L eo n e. M any tem p erate  ío rests  are d eterio ra tin g  from  
lo ss  o f  old  grovvth, acid  rain  dam age, and o th er íorces. 
H ow ever, th e  ío rest co v er in  N ew  E n glan d  has ex- 
p and ed  as the  farm  eco n o m y  d eclin ed  o v er ihe last 1 0 0  
years, a h o p eíu l in d ica tio n  o f n a lu re ’s cap acity  for re- 
g en era tio n .

T h e  co m b in a tio n  o f  cau ses and  ihe m ag nilu d e o f 
d e fo res ta tio n  and co n se q u e n t b io d iv ersity  ero sio n  have 
varied  trem en d o u sly  th ro u gh  tim e and sp ace d ep en d ing 
on the s p e c iíìc  d eta ils  o f  the p articu la r c o n te x t. T h e  
im p a ct o f a s to n e  ax  o n  tro p ical forest com p ared  to a 
m etal o n e  is  qu ite  d iíleren t, even allo w in g  for curnula- 
tive im p a ct w ith  su b stan tia l h u m an  a n tiq u ity  in  an area. 
T h e  in tro d u c tio n  o f m ore e ffic ien t m etal to o ls  and a 
m a rk et eco n o m y  to trade lo ca l n atu ra l reso u rces  for 
W e ste rn  m a n u ĩa ctu red  good s have acce lera ted  d etores- 
ta tio n  th ro u g h o u t the trop ics. H ow ever, in  recen t de- 
cad es n ew er tech n o lo g ies , in c lu d in g  ch a in  saw s and 
b u lld o z e rs , to g eth er w ith  new  e co n o m ic  en terp rises and 
in cen tiv e s , created  u n p reced en ted  rates o f d eloresta- 
tion . In  m a n y  areas o f the B razilian  A m azon , for in - 
s ta n ce , c a ttle  ra n ch in g  m ade p ossib le  by g o v ern m en t 
tax  su p p o rt and su b seq u en t land  sp ecu la tio n  has b een  
the m a jo r  cau se o f  d efo resta tio n  s in ce  the 1 9 6 0 s . In 
m u ch  o f C en tra l A m erica , ĩo rests  w ere co n v erted  to 
p astu re  for ca ttle  to feed b e e f for the fast food  ind ustry  
in  N o rth  A m erica  and E u ro p e, the so -ca lled  h am bu rger 
c o n n e c tio n . B an an a p lan tatio n s have b een  a n o th er m a-

jo r  cau se o f d eío resta tio n  in  C en tral A m erica. A n im p o r- 
tant fa c to r in  d e ío re s la tio n  in  m any areas o f S o u th ea st 
A sia and e lsew h ere is the a lien a tio n  o f lo ca l co m m u n i- 
ties from their land and resources by State governm ent. 
F o rests  have b een  con v erted  to m o n o cro p  p la n ta ú o n s 
o f eu calyp tu s and o th er fast-g row ing  trees for e x p o rt to 
Ja p a n  and e lsew h ere to su p p ly  the paper pulp ind ustry .

A q u acu ltu re  is  yet a n o th e r  k ind  o f co m m erc ia l and 
in d u stria l farm ing. It has b een  end angerin g  m angrove 
forests  and o th er Coastal eco sy slem s and th eir b iod iv er- 
s ity  th ro u g h o u t the tro p ics  in re ce n t decad es. Shrim p  
p ond  farm s a long the Southern p en in su la  o f T h ailan d  
have grow n exp o n en tia lly  w ith  ihe in v estm en t o f ou t- 
side Capital and tech n o lo g y , with the b en efits  going 
m ostly  to ou tsid ers . A lth o u g h  aq u acu ltu re  is a very 
anc ien t ,  productive,  and  e ff ìc ient m eth od  for p rod ucing  
q u alily  p ro te in  in m any parts o f A sia and e lsew here, 
w here it has trad itio n ally  b een  in tegrated  w ith  o th er 
asp ecls  o f  the eco n o m y  ancl eco lo g y , th is new  eco n o m ic  
d ev elo p m en t is very d ifferen t. T h e  shrim p  arc  usually 
m u ch  too  exp en siv e to b e  co n su m ed  by lo ca l popu la- 
tion s. ln stead , they are exp o rted  to  d istani m a rk ets  in 
Ja p a n , T aiw an , N o rth  A m erica , and Europe. Y et sh rin ip  
p ond s are sh o rt-liv ed  b ecau se  w aste p rod ucts accu m u - 
late in  the sed im en ts  un til they b eco m e to x ic  to  ihe 
sh rim p  o r for any o th er su b seq u en t uses. C o n seq u en tly , 
rep eated ly  ag ing  p ond s are aband oned  and new  o n es are 
co n stru cted . At the sam e tim e, th is can cero u s grow th 
o f  sh rim p  farm s is d egrad ing and d estro y in g  the local 
eco n o m ies  and b iod iv ersity  oí m any Coastal reg ions.

V. BIODIVERSITY TOXIFICATION

A. Industry
At least s in ce  1 9 6 2 , w ith  the p u b lica tio n  o f R ach el C ar- 
so n ’s classic b o o k  Silent Spring, there  has b een  grow ing 
c o n ce rn  abou t the en v iro n m en ta l im p act o f ch em ica ls  
and p o llu tio n . B ecau se in b o th  eco system s and  the b io - 
sp h ere , u ltim ate ly  ev ery th in g  is co n n ected  to ev ery th in g  
else in som e w ay, ch e m ica ls  from  agricu ltu re , ía cto rics , 
cars, and  o th er so u rces even tually  c ircu la te  w orldw ide. 
R esid ues o f D D T  and o lh e r  p o llu tan ts  are e\’en found 
d ep osited  in layers o f p o lar ice. T h e  accu m u la tio n  o f 
n itra tes  and o th cr  n u trien ts  from  agricu ltu ral and 
h o u seh o ld  ch em ica ls  can  gen erate  the exp lo siv e grow ih  
o f  a lg ae  in  la k e s  a n d  r iv e r s  to th e  d e t r i m c m  o f  b io d iv e r -  

sity , a p ro cess  called  eu tro p h ica tio n . M assivc k ills  o f 
bird s, (ìsh , and o th er sp ecies  have bcen  rep orted  írom  
th is and o th er co n ta m in a n ts  su ch  as oil sp ills.



O n e rccen t p o ssib le  sym p toin  o f  vvidespread p o llu - 

tion , w h eth er d irect th rou gh  w ater and soil co n ta m in a - 
tion o r  in d ireci th ro u g h  in creased  u ltrav io let rad iatio n  
[rom  the ozone h o le , m ay be the gross d elo rm iú es  ob- 
servcd  in ừ ogs, a m ost a larm in g  p h e n o m e n o n  and p er- 
haps an  early vvarning o f im p en d in g  eco lo g ica l ca ta stro - 
phe. A n o th er resu lt o f  a tm o sp h eric  p o llu ta n is  su ch  as 
a u to m o b ile  exh au st is ih e  green h o u se  effect, w h ich  in 
the tvvenly-íirst cen tu ry  m ay trigger g lobal w arm in g  o f 
a few degrees and the co n se q u e n t rise o f sea level by 
up to tvvo m eters or m ore. T h e  co n se q u e n ce s  o f  sea 
level rise on the biodiversity of Coastal and marìne eco- 
sy stem s lik e  w etlands and cora l reefs are u n ce rta in , but 
are lik e ly  to be negative and  p o ten tia lly  ca ta stro p h ic . 
In te rm s o f high b io d iv ersity , cora l reefs are the m arin e  
an a lo g  o f tro p ica l rain  ío resls.

B. Oil
In d u str ia l so c ie iv , w h o se  liíeb lo o d  is o il and o th e r lo ss il 
fuels that are actu a lly  the rem ain s o f  an c ien t b iod iv er- 
s iiy , h as p rod uced  u n p reced en ted  types and levels o f 
c h e m ica l p o llu iio n  th at u n d o u b ted ly  end ang er and  
crod e liv ing  b iodiversity . T o  illu stra te , in recen t d ecad es 
m any rem ain in g  íro n ú e r  zo n es  like the A m azon o í E c 
uad or and  Peru have been  the target ío r o il e x p lo ra tio n  
and e x tra c lio n . B ecau se  o f  the  iso la tio n  of ih ese  fro n - 
ticrs , the  usual en v iro n m en ta l safeguards and m ca su res  
lor c le a n -u p  are ignored .

D u rin g  ih c  ex p lo ra ú o n  p h ase, h u nd red s o i m ilcs  o í  
roads and large grids o f ex ten siv e  trails  for seisrn ic  
te stin g  are cu t in io  the forest. T h e  seism ic  e x p lo s io n s  
n o t o n ly  sca tte r w ild life , b u t the resu ltin g  sh o ck  w aves 
can k ill  h u nd red s o f  fish  in  riv ers, lakes, and  v m la n d s. 
D u rin g  the p ro d u ction  p hase, a sin gle oil w ell p la llo rm  
co n su m e s  ab o u t s ix  acres  o f  fo rest and ab ou t 2 0 0 0  trees. 
(In  the  rain  lo rest a sin g le  g iant tree m ay be in h a b ited  by 
th o u san d s o f in sec t and  o th e r sp ecies , m ost u n k n o w n  
to Science.) A d jacen t p ro d u ctio n  w astes and  ire a tm e n t 
ch e m ica ls  am o u n t to  m illio n s  o f g a llo n s every day for 
d ccad es . At vvell s ites  th ere  is no  p rop er d isp o sa l o f 
loxic w aste, on ly  o p e n -a ir  p its  that ev en tu ally  ov erflo w  
in to th e  so ils , g ro u n d w alers, and  su ríace  w aters, th ereb y  
co n ta m in a tin g  and  k illin g  íish  and w ild life. O ne gallon  
o f  o il can  k ill the fish  liv in g  in a m illio n  g a llo n s  o f 
w ater and adversely a ffect aq u atic  life at co n ce n tra tio n s  
as low  as one part per hu n d red  b illion .

O v er d ecad es, m an y h u n d red s oí o il w ells and e x te n -  
sive p ip elin es allow  for n u m ero u s leaks and sp ills  o f 
b la ck  cru d e w hen b reak s o cc u r  th ro u g h  m etal a g in g  or 
earth q u a k es . T he m ag n itu d e o f  p o llu tio n  that has b e e n

o cc u rrin g  in [ro n tiers  likt' ihe A m azon m akes the oil 

sp ills  a sso c ia ted  w ith  the E x x o n  Valdez  and G u lf  W ar 
lo o k  lĩ ke m in o r irrita n is  in  co m p a riso n ! T h e  co sts  to 
b io d iv ersitv  are in ca lcu la b le . F u rth e rm o re , b ey o n d  the 
co rp o ra te  irresp o n sib ilitv  and m assive en v iro n m en ta l 
d estru ctio n , in the A m azon oil is even b e in g  pu rsu ed  
in w ild life  reserves and o th er areas sup p osed ly  set aside 
for co n serv a tio n  by n atio n al g o v ern m en ts (K im erlin g ,
1 9 9 1 ) .

c. Militarization
A grossly  neg lected  type o f h u m an  im p act o n  b io d iv er- 
sity  and the e n v iro n m en t are m ilitary  a c tiv itíes  and 

w arfare, even thou gh  arm am en t p ro d u ctio n  is  the  top 
in d u stry  in the w orld  w ith  m ore than  $ 8 0 0  b illio n  in 
sales ann u ally . O ne asp ect o f  w arfare that is esp eciaU y 
d etr im en ta l lo  b io d iv ersity  is the use o f  sco rch e d  earth  
tactics, w h ich  u n ío rtu n ate ly  are n o th in g  new . O n e  o f 
the largest ap p lica tio n s o f  th is ta c tic  w as the U .S. m ili- 
la ry s  d u m p in g  o f  som e L3 m illio n  g allo n s o f  A gent 
O range to  d eío lia te  ío rests  in the V ietn am  W a r d u rin g  
1 9 6 2 - 1 9 7 1 .  In recen t d ecad es, the U .S . w ar 011 drug 
p ro d u ctio n  in A m azon  forests has also involved  the use 
o f  đ efo lian ts. D u rin g  the G u lf W ar, the g o v ern m en t o f 
Iraq  set fire to oil w ells  in  the d esert o f  K uw ait and 
created  o il sp ills  a long  the coasts. T h e  to lls  o f  su ch  
ta c tics  o n  local and reg io n al b io d iv ersity  have yet to be 

fully revealed .
T h e  rise oí n a lio n a lism  and  e th n ic  c o n ílic ts  w ith  the 

end o f the  C o ld  W ar has spread  m ilita r iz a tio n  in to  
íro n tie r , b o rd er, and  o th e r zones. C o n ílic ts  and  wars 
are lik e ly  to p ro liĩe ra te  in the íu tu re , a cco rd in g  to M al- 
th u sian  p essim ists  and o th ers  w ho co n sid er grow in g 
reso u rce  sca rc ity  and co m p etitio n  as m ạ jo r co n trib u tin g  
cau ses. I f  so , th e n  n atio n a l and in te rn a tio n a l secu rity  
w ould  b e  w ell servecl by red irec tin g  a s ig n ifica n t p o rlio n  
o f funds that now  go to m ilitary  and  d efen se in to  b iod iv - 
ersity  and en v iro n m en ta l stud ies and  co n se rv a tio n  pro- 
gram s.

W h e re a s  w ar m ay th reaten  and  erod e b io d iv ersity , 
p eace m ay  p ro m o te  it. F o r  in sta n ce , the  D em ilitarized  
Z one (D M Z ) b etw een  N o rth  K orea and  S o u th  K o rea  is 
a c o rrid o r 4  k ilo m e te rs  w iđe and 2 5 0  k ilo m e iers  long  
that ex ten d s acro ss  the p en in su la . F o r  nearly  five de- 
cades th is co rrid o r has b een  rigid ly e n ío rced  as a no- 
m an 's-lan d . As a co n se q u e n ce , ía rm lan d s th o u san d s o f 
years old  and degrad ed  forests have b o th  rev erted  to a 
natu ral c o n d itio n , thu s p ro te c tin g  th reaten ed  an d  en- 
d angered  sp ecies  o f p lan ts  and an im als , as w ell as a 
cro ss  se c iio n  oi the eco sy stem s o f  the K o rean  p en in su la



(K im , 1 9 9 7 ) .  T h e in te rn a tio n a l peace p arks b etw een  
C o sta  R ica  and its n e ig h b ors, P anam a and N icaragua, 
a lso  p ro m o te  b iod iv ersity  co n serv a tio n  by a c tin g  as ref- 
u ges from  hu m an activ ities .

VI. BIODIVERSITY FUTƯRES

A. The Certain Future
As th o se  from  the “g reen ” so c io p o litica l m o v em en t and 
m any o th e rs  reco g n ize , in d u stria l so c ie ty , cap ita lism , 
and  e co n o m ic  d ev elo p m en t are based  on the /a lse  as- 
sumption that inỷinite growth is possible on a fin itc base. 
H ere grow th  refers to b o th  p o p u la tio n  and eco n o m y. 
B ase re íe rs  essen tia lly  to carry in g  cap acity . T he la tter 
in c lu d e s  n o t only the ab ility  o f the land  and natu ral 
re so u rces  to  su p p o rt a certa in  level o f p o p u latio n  w ith- 
o u t re so u rce  d ep letio n  and  en v iro n m en ta] d egrad ation , 
b u t also  the cap acity  o f eco sy stem s and  the p lan et as 
a w h o le  to absorb  p o llu tio n  and o th e r a n th ro p o g en ic  
stresses. In creasin g ly  h u m an  im p acts  e xceed  the resil- 
ie n ce  o f  n atu re to regen erate  and reco v er w ith in  a no r- 
m aì tim e  p eriod  íro m  any p ertu rb atio n s and  stresses, 
n a tu ra l o r an ih ro p o g en ic .

U n til the d em o n strab ly  eco cid a l ideas and  p ra ctices  
o f  m o d ern  in d u slria l so cie ty  and  related  fa c lo rs  are 
co rre c te d  and  eco san ity  w ith  som e m o d icu m  o f eco lo g i- 
cal b a la n ce  is reslo red , the net im p act o f h u m an s on  
b io d iv ersity  vvill be negative. A cco rd in g ly , all life , in- 
c lu d in g  th a i o f h u m an ity , w ill rem ain  end angered . 
T h e re  isn ’t m u ch  room  for o p tim ism , given the great 
m o m e n tu m  o f p o p u latio n  and eco n o m ic  grow th co m - 
b in e d  w ith  p o litica l p ressu res for so -ca lled  eco n o m ic  
d ev e lo p m en t and the e lev atio n  o f the Standard o fliv in g  
th ro u g h o u t the w orld , all at the exp en se  o f  the en v iro n - 
m e n t and  its  natural Capital o f reso u rces, b io d iv ersity , 
and  e co sy ste m  serv ices. In d eed , the ozo n e h o le , green - 
h o u se  w arm in g , acid  ra in , co llap se  o f  o ce a n ic  and  o th e r 
R sh eries, so il e ro sio n , d esertiíica tio n , and  o th er g lobal 
en v iro n m e n ta l p ro b lem s m ay b e  sym p tom s o f the fail- 
ure o f  the exp erim en t o f ind u stria l so c ie ty  after ju s t  
tw o cen tu rie s . No h u m an  so cie ty  is in ĩa llib le  and  eter- 
n a l— ih e  a rch aeo log iea l and h is to r ica l record s provide 
m any exam p les oi those that b ecarae  m alad ap tive, co l- 
lapsed , an d  d isin tegrated  lik e  Rapa N ui (E a ste r  Isla n d ), 
H arap p a in  the Indu s V alley , or a n c ien t G reece  and  
R om e (P o n tin g , 1 9 9 1 ; R ed m an, 1 9 9 9 ) .

B. Limits of Government
N atio n al and  in tern atio n a l go v ern m en ta l and  no n -g o v - 
e rn m e n ta l agen cies havc been  m ak in g  som e sig n ifican t

p rogress on  reso lv in g  en v iro n m en ta l p ro b lem s and 

m an aging  the h u m an  im p act on b iodiversitv . N everth e- 
less , th ere  are m an y serio u s lim ita tio n s o n  the efficacy  
o f  g o v ern m en t-p ro tec ted  areas for b io d iv ersity  co n se r- 
vation . P irst, they com p rise  o n ly  about 5 %  o f  the e a r th s  
su rface , w h ich  is n o t a very large or rep resen tative  sam - 
p le o f th e  trem en d o u sb io d iv ersity  o f  the p lanet. S eco n d , 
they are o ften  little  m ore than  “p ap er p a rk s” b eca u se  
o f  in ad eq u ate  fu n d ing  and  ad m in istra tio n . T h ird , thcy  
w ill com e u n d er in creasin g  a tta ck  in  m an y  w ays w ith  
a cce le ra tin g  p o p u la tio n  and  e co n o m ic  pressu re  in the 
fu tu re. F o u rth , even  for ih e som e 1 0 ,0 0 0  sites that are 
su p p osed ly  p ro tected  by go v ern m en ts, o n ly  5% o f these  
have b een  th o ro u g h ly  in v en to ried  for b iod iv ersity , and 
it w ould  take the equivalen t o f  the cu rren t n u m b er o f  
exp erts  several cen tu ries  to inv entory  th e  rem aind er.

C learly  th ere  is an  en o rm o u s ch a llcn g e  for in v en to - 
ry in g , m an aging , and  co n serv in g  biodiversity . ln d ig e- 
n ou s and o th e r  local co m m u n ities  can m ake a sig n ifican t 
c o n trib u tio n  to  b iod iv ersity  stu d ies  and con serv a lio n , 
and  th ereb y  also have a p o sitiv e  im p act on  b iodiversity , 
T h is  is ju s t  b eg in n in g  to be ap p reciated ; an exam p le 
is IN B io  (In sú lu to  N acional de B iod iv ersid ad ), the 
b io d iv ersity  inv entory  and  co n serv atio n  program  in 
C osta  R ica  that em p loys lo ca l people as p arataxono- 
m ists. A lso, thou gh  today th ere  are so in e  1 6 0 0  b o tan ic  
gardens in  the w orld  that help  con serv e pkint d iversity  
ex situ, th ere  are nearly 7 0 0 0  d istin ct cu ltu res in the 
w orld  and ea ch  m ay som ehovv co n trib u ie  to cx  situ 
and  in si tu con serv atio n . C om anagt-m eni is usually 

the ideal, thai is, the coo p era liv e  sh arin g  b c iw e cn  
community and governinent in the design, authoriiy, 
resp o n sib ility , and b en e lĩts  o f  natural reso u rce  m an - 
agem en t and b io d iv ersity  co n serv a tio n  p ro je c ts . 
A m o n g the su ccesses  in com an ag em cn t are M anu 
N atio n al P ark  in  the P eruvian  A m azon and K akadu 
N atio n al P ark  in n o rth e rn  A ustralia . H ow ever, w hen 
go v ern m en t a d in in istra to rs  o f  p ro tected  areas ign o re  
the need s oi lo ca l p eop le, then  con serv atio n  efforts 
u sually  fa lter o r fail.

N u m ero u s p eo p le  have grow n in creasin g ly  sk ep tica l 
that g o v ern m en t, Science, tech n o log y , and ed u catio n  
are su ffic ien t for reso lv ing  the sp iraling  en v iro n m en ia l 
crises  ía cin g  the w orld . T h ey  view  su ch  a tiem p ts as 
trea tin g  su p eríìc ia l sym p tom s o f the crises, n o t the 
bro ad er u n d erly in g  causes. Som e o f these people are 
tu rn in g  to th e ir ow n relig ion  as a sou rce  o f  w orldview s, 
in sp ira tio n , m o tiv atio n , attitu d es, and valu es for d evel- 
o p in g  a m ore su sta in ab lc  and m eaningtu l re latio n sh ip  
w ith  n atu re . As the p ion eers in sp ìritu al eco logy , ind i- 
gen es can  also provide pro íoun d  in sig h is  íor su ch  en- 
d eavors.



c. Indigenous Potential
In d ig en o u s cu ltu re s  co n tra sl sharp ly  w ith ín d u stria l 
and o th e r  “m o d ern ” cu ltu res. M anỵ in d ig en o u s so c ie - 
ties, esp ecia lly  th o se ihat are m ore trad itio n al, m ay pro- 
vide h eu ristic  m o d els  for b iod iv ersity  co n serv a tio n  
th ro u gh  th eir in tim a te  en v iro n m en ia l knovvledge (e th - 
n o e co lo g y ), su sta in a b le  e co n o m y , natu ral reso u rce  
m an agem en t and  co n serv a tio n  p ra ctices , sp iritu al eco l- 
OiỊ)', and p ro te c tìo n  o f  sacred  p laces. (T o  a large extern  
this is b eca u se  m o st ind igenes lie to the le ft o n  the 
co n iin u a  d escrib ed  in  T ab le  1.) In these  and o th e r  re- 
sp ects , it co u ld  be arg u ed  that m any in d ig en o u s so c ie - 
ties are a c lu a lly  m o re d eveloped  than  in d u stria l ones!

R egard in g  trad itio n a l en v iro n m en ta l knovvledge 
(T E K ), for e x a m p le , ih e  K a’ap or p eop le  in the B razilian  
A m azon  reco g n ize  at least 7 6 8  sp ecies  o f  p la n is  from  
sced  to rep rod u ctiv e  ad u ll stages. T h is  re ílec ts  a trem en - 
dous a m o u n t and  d ep th  o f knovvledge abou t ih e  b io d i- 
v crsiiy  in  th e ir  habirat., and  that exarnple is ju s t  in  th eir 
d o m ain  oi uselu l p lan ts  (B alée , 1 9 9 4 ) . In d eed , su ch  
kn o w led ge o f  in d ig en o u s and o th e r peop les m ay pro- 
vicle b io lo g is ts  and co n se rv a lio n is ts  w ith  o n e  d esper- 
aiely need ed  sh o rt-cu t for the in v en to ry  and  co n serv a- 
tion  o f  loca l b io d iv ersity .

In d ig en es o tten  co n sid er  th e ir en v iro n m e n l, in c lu d - 
ing ih e  b io tic  and a b io tic  co m p o n e n ls , to be sacred . 
Su ch  a w orldview  can  en co m p ass a deep resp ect and 
rev eren ce  for n atu re  thai tem p ers th eir cu ltu ra l eco lo gy  
and re so u rce  use, and  thai m ay lcad  to en v iro n m en ta l 
co n se rv a tio n , in ad verien tly  if n o t in ten tio n a lly . T h e  
role o f  sp ir itu a l eco lo g y  and sacred  p laces in  b iod iv er- 
siiy  co n se rv a tio n  is ju s t  b eg in n in g  to be reco g n ized  and 
exp lo red  b y  th o se w ho have an  op en m ind to su ch  p he- 
no m en a .

M o st in d ig e n o u s and nu m ero u s o th e r re lig io n s are 
natu re cen te re d , co n sid er in g  certa in  areas o f  “n a tu re” 
in th e ir  h a b ita t to b e  the foci o f  sp iritu al pow er. T h ese  
sacred  p laces are treated  w ith  e x trao rd in ary  care  and  
resp ect, and ừ e q u e n tly  tab oos restric tin g  reso u rce  use 
are asso cia ted  vvith them . H ow ever, th ro u g h o u t the 
w orld  agg ressive C h ristia n  m issio n iz a tio n  and  o th er 
d o m in a tin g  m o n o th e is tic  re lig io n s have o ften  d estroyed  

sacred  p laces and  in d ig en o u s re lig io n s b ecau se  they 
w ere p erce iv ed  as p agan ; these re lig io n -in sp ired  a c tio n s  
th reaten ed  and  erod ed  b io d iv ersity  as w ell. T h e  o b je c ti-  
ík a t io n  and co m m o d iíìca tio n  o f  natu re  also degrade 
and cỉestroy sacred  p laces, as A ustralian  A b o rig in es have 

found  vvith W e ste rn  m in in g  a ctiv ities . N ev erth eless, nu- 
m ero u s and  d iverse sacred  p laces in  natu re  rem ain  and 
m ay have c o n trib u te d  to b iod iv ersity  co n se rv a tio n  in  
the pasl a n d /o r  co u ld  do so in  the íuture.

D. Conservationists and/or Exterminators
T h e p reced in g  d iscu ssio n  d oes not support the ro m a n tic  
idea th ai a!I in d ig en es are always in  perỊect harrnony 
w ith  th eir en v iro n m en t, the m yth  o f the so -ca lled  “e co - 
lo g ica lly  n o b le  savage,” w h ich  am o u n ts to little  m ore 
than  a “straw  m an ” arg u m en t. Instead , it reco g n iz es  the 
fact that m any in d ig en o u s so c ie ties  w ere to som e degree 
en v ìro n m en ta lly  Iriendly and that som e still are , even 
th o u gh  o th ers are n o t or w ere n ot. T h ese  v arian ts o f 
the h u m an  im p act o n  b io d iv ersity  have b een  d o cu - 
m en ted  in  n u m ero u s cases by cu ltu ral and  h is to rica l 
eco lo g ists . R ev isio n ist ad vocates w ho a ttack  in d ig en o u s 
so c ie tie s  as en v iro n m en ta lly  d estru ctiv e  have yet to  real- 
ize, let a lone ad eq u ately  reso lv e, the b asic  co n tra d ic tio n  

in  th eir a rg iu n e m — how  in d ig en es can  be so k n o w l- 
edgeable ab o u l their hab itat and  in teract w ilh  and  m on i- 
to r it on  a daily b asis , yet be so ig n o ran t of, or a m en ab le
10 , su ch  d estru ciiv e  p ractices .

A related  ía llacy  is that all h u m an s are en v iro n m en - 
tally d estru ctiv e, the so -ca lled  “Homo dcvastans" o r  “hu- 
m ans as the e x te rm in a to r  sp ecies” view  (B a lée , 1 9 9 8 ) .  
S u ch  s im p lis tic  e i th e r -o r ,  a ll-o r-n o th in g , a lw avs-or- 
n ev er th in k in g  is m islead in g  at b est, but it is a su rp ris- 
ingly co m m o n  d e ẵ c ie n cỵ  of ad vocates o f  th is vievv. 
B lam in g  all oí h u m a n k in d  for a negative im p act on 
b io d iv ersity  is sim ply sc ie n tifica lly  in a ccu ra te , slopp y 
sch o la rsh ip , and p ro fessio n a lly  irresp o n sib le . It n eed s 
to be em p h asized  again ihat hu m anity  is d iverse and so 
is its irnpact on b iocliv ersity— som e so c ie ties  d ecrease  it, 
o th ers  su sla in  it, som e en h a n cc  it, and o th ers  a ffect it 
in som e co m b in a ú o n  o f ih ese  d irection s.

E. Diversity Principle
In  gen eral, several a u th o ritie s  have observed  in d ep en - 
d en tly  th a i the grea iest co n ce m ra ú o n s  o f b io lo g ica l di- 
v ersity  tend to co in c id e  w ith  th o se o f cu ltu ra l d iv ersity , 
esp ecia lly  in  tro p ical fo res l areas, and  m ost o f all in  the 
so -ca lled  m eg adiversity  co u n tries  o f B razil, C o lo m b ia , 
M e x ico , C on go, M adagascar, In d o n esia , and Papua N ew  
G u inea. T h e  p resen t a u th o r ca lls  th is general ten d en cy  
tow ard  a geo g rap h ica l co in c id e n ce  o f  h igh  cu ltu ra l di- 

v ersily  and h igh  b io d iv ersity  the divcrsity prínciple. lt  
has barely  b egu n  to be reco gn ized  and sy stem a tica lly  
d escrib ed , let a lo n e  exp la in ed . H ow ever, w herev er in - 
d igenous so c ie tie s  th riv e, b io d iv ersity  is lik ely  to do so 

as w ell.
O ne th in g  is certa in : in su ch  m eg adiversity  reg io n s , 

threats to e ith er cu ltu ra l o r b io lo g ica l d iversity  also  
th reaten  the o ther. Iro n ica lly , m an y in d ig en o u s so c ie - 
ties that have p roven su sta in ab le  and adaptive for cen tu -



ries or ev en  m illen n ia , as vvell as th e ir en v iro n m en ts, 
are b c in g  degraded and d estroyed  hy ind ustrial and 
o th e r  so c ie tie s  that have yet to stand  the test o f tim e 
and  in cre a sin g ly  show  c le a r sym p tom s o f m aladapta- 
tion . T h e  co n ce rn s  for b io d iv ersity  co n serv atio n  and 
h u m an  righ ts  are in terd ep en d en t. F u rth e rm o re , the 
d eg rad atio n  and d estru ctio n  o f  cu h u ra l d iversity , like 
that o f b io d iv ersity , serio u sly  en d an g er the future adapt- 
a b ility  o f  Homo sapicns as w ell as b io lo g ica l ev o lu ú o n  
in  gen eral.

VII. CONCLƯSIONS

G lo b a lly  the net im pact o f ih e  h u m an  sp ccies  has m ost 
lik e ly  decreased biodiversity. H ow ever, not alì humans 
arc equal in their impact ơn biodivcrsiLy bccause o j the 
trcmendous diversity in humankind throughout its tempo- 
ra l  a n d  sp a t ia ỉ  d is tr ìbu tion  inc lud ing  cLilt.ural diversity.  
At the p o p u la tio n  levcl, c learly  som e so c ie tie s  may 
su sta in  o r even e n h a n ce  b iod iv ersity . In particu lar, 
m an y in d ig en o u s so c ie tie s , esp ecia lly  ih o se  w ho retain 
so m e co re  trad itio n s d esp ite  su p eríìcia l ch an g es, have 
sp ecia l p o ten tia l in  th e ir en v iro n m en ta l knovvledge, 
worldviews, and olher attribut.es to contributc to devel- 
o p in g  system s for the su sta in ab le  usẹ, m an agcm ent, 
an d  co n se rv a tio n  o f b io d iv ersily . T h e  cu m u lativ e and 
collective im pact o f hum ans on biodiversily across the 
world is  su ffìc ie n t to m ak e it im perative th a t  anyone 
concerned witl1 the biodiversity o f  any area musl consider 
the possibilities o j  human injìuencc. A cco rd in g ly , re- 
sea rch  on  cu ltu ra l eco lo g y  and h isto rica l eco logy  is in - 
d isp en sab le .

C u rre n t a n th ro p o g en ic  e x tin c tio n  rates are estim ated  
at 1 0 0 0  to 1 0 ,0 0 0  tim es h igh er than  norm al b ack g ro u n d  
rates. F u rth e rm o re , these re ce n t a n ih ro p o g e n ic  e x tin c - 
tio n s  a lso  inv oỉv e p lants, w hereas p reh isto ric  ex tin c- 
tio n s  m a in ly  affected  an im als. T h is  is an alarm in g  fact, 
a m o n g  o th e r  reaso n s, co n sid erin g  how  fun dam ental 
p lan ts  are to  o th er life as p rim ary  p ro d u cers in cap tu ring  
so la r  en erg y  throu gh  p h o to sy n th esis . A n o lh er d istin c- 
tion  o f  the  p resen t e x lin c tio n  spasm  is that in creasin g ly  
h u m a n s  are b e co m in g  aw are o f vvhat thcy  are  d oing 
and  co u ld  ch an g e th eir b eh av ior to  red u ce their negative 
im p a cts . A fter a ll, d estro y in g  b io d iv ersity  and ecosys- 
tem s is u ltim a te ly  eco cid al for hu m anitv  s in ce  they are 
o u r life -su p p o rt sysiem s.

B io d iv e rs ity  is u n lik e ly  to be ad eq u aicly  con scrv ed  
o n ly  by p reserv a tio n ism — by iso la tin g  natu rc from  hu- 
m an "d is tu rb a n c e ” in a few areas o f supp oscd  \vilder- 
ness. M u ch  m ore effort need s to be d irected  to ade- 
q u ate lv  re co g n iz in g  and b e lte r  m anaging hu m an

im p acis  from  the local to the global levels and over the  
lo n g-term . O ne p ro b lem  is that d ecisio n s and actio n s  
ihat seem  reasonable  in the sh o rt-term  m ay have nega- 
tive co n seq u en ces  in  the long-term . T h u s, ad equ ate 
en v iro n m en ta l and reso u rce  m anagem ent req u ires, 
am o n g  o th er th ings, m u ch  b etter in form ed  p o lú ic ia n s  
and p o licy -m ak ers  at all levels (lo ca l to in te rn a tio n a l) 
w ho have the p o litica l w ill and m orality  to co n sid er no  
less than the in tegral re la tio n sh ip  betw een  h u m an ity  
and b io d iv ersity  for m any gen eralio n s to co m e. O f 
co u rse , so far su ch  leadership  is grossly  inad equ ate , b u t 
not u n p reced en ted . F o r in stan ce , the Iroq u ois in N orth  
A m erica  acted  w ith  the seventh  gen eration  in to  the 
ĩu tu re  in m ind. P erhaps the C o n ven tio n  on  B io lo g ica l 
D iversíty  from  ihe 1 9 9 2  Rio Sum m it is á  h op eíu l 
change.

B iod iversity  con serv a ú o n  also  depends 011 a m u ch  
more iníormed, concerned, and involved public that 
u n d ersian d s the n atu re  and co n scq u en ces  o f hu m an  
im p act on  b iod iversity . C o n sid erin g  the gravity  and 
u rgency  o f this su b ịect, en v iro n m en tal and h iod iv ersity  
ed u catio n  m ust be advanced at all levels and in clu d e 
m ass m edia. In the p ro cess , env ironm en tal e th ics  m u si 
be íìrst and  ĩo rem o st. O ne o f the hesl p laces to b eg in  
is by e x p lo rin g  Aldo L eop old ’s (1 9 4 9 : 2 6 2 )  land  e th ic : 
“A th ing  is right w hen it tends to preserve the in tegrity , 
stab ility , and beauty o f the b io tic  com m u n ity . It is 
w ron g w hen il tend s o th erw ise .” (H ow ever, today the 
term  “re s ilicn ce ” is m ore ap p rop riale  than “sta b ility .”) 
Every ind iv idu al clecision p otentia lly  has som e im pact 

011 b io d iv ersity , how ever sm all or in d irecl; and  ih o se  
o f h u m an ity  co llectiv ely  can  be synergetic and life 
th reaten in g . (F o r  teach in g , esp ecially  uscful v id cos are: 
“W orlcỉ P o p u la tio n ,” “B io d iv ersity ,” “W cb  o f  L ite ,” the 
series “L iving P la n et,” “C an  the T rop ical R ain fo rests  Be 
Sav ed ?,” “An E co lo g y  o f M ind ” trom  the M illen n iu m  
series , and “Sp irit and N atu re .")

P in a lly , b ecau se  the hu m an im p act on b io d iv ersity  
b o tb  lo ca lly  and  reg io n ally  is m ixed  w ith p ositiv e  as 
w ell as negative in ílu en ces , there is reason for hop e as 
w ell as d espair for ih e  íu ture. Hovvever, w ith  tlie  cu rren t 
n iagn itu d e o f  b io d iv ersity  loss and o th er en v iro n m en ia l 
p ro b lc in s , th ere  is no doubt that the very v iab ilitv , resil- 
ien ce , and h a b ita b ility  o f too m any of the w orld 's e co s )’s- 
tem s, and thereb y  the b io sp h ere  as a w hole, are at risk , 
as are the  ver)T ĩu tu res oi organ ic and hu m an ev o lu tio n  
on  this p lanet. G lobally  the nei im p act of Homo sapicns 
in red u cin g  biocliversity is a d angcrou s reversal of the 
m eg atren d s that held throu gh ou t the last 3 .7 5  billicin 
ycars o f o rg an ic  ev olu tio n  on earth — n am elv , in creas- 
ing d iversity , com p lex ity , and ad aptabilitv. P u rlh er- 
m ore, reco verv  Irom  this e x tin cú o n  spasm  m ay requ ire



m any m illio n s  o f  vears. B ecau se o f  the gravity and ur- 
gen cy  o f  the negativ e  im p act o f  h u m an s on  the earth  s 
lifc , th is im p act is p erh ap s th c  s in g le  greatest ch allen g e  
íacin g  h u m an k in d  an d  b io d iv ersity  s tu d ies fo r the 
tvventy-íìrst cen tu ry .
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GLOSSARY

b a n d s  T h e  b a s ic  e co n o m ìc , so c ia l, and  p o litica l u n it o f 
h u n te r-g a th e re r so c ie ties . 

e x o g a m y  T h e  p ra c tice  o f  a p e rso n  se e k in g  a m ate o u t- 
sìd e o f  h is  o r  h e r  group. 

p a tr ilo c a l re s id e n c e  T h e  p ra c tice  o f  m arried  c o u p le s  
liv ing  in  the h u sb a n d ’s co m m u n ity .

A HƯNTER-GATHERER OR FORAGING SOC1ETY is 
a gro u p  o f  p eo p le  w h o se s u b s is te n ce  is  b ased  on the 
h u n tin g  (o r  R sh in g) o f  a n im als  and  g a th e rin g  o f  p lants. 
W h e th e r  o r n o t fo rag ers have an  im p a ct o n  th eir envi- 
ro n m e n t d ep en d s on sev eral ía c to rs , so m e o f  w h ich  
em an ate  from  fo rag ers  th em selv es an d  o th e rs  vvhich are 
c x te rn a l to th e ir  so cie ty .

I. INTRODUCTION

M any people have im p ressio n s ol h u n ter-g ath erers  as 
p eo p le  w ho li ve in  harm ony w ith  n atu re , w ho are orga- 
n ized  into  sim p le  so c ie ties  and are asso cia led  w ith  o u r 
“p ris tin e ” p a leo lith ic  h u n ter-g a th erer pasl. M any of 
these s ie reo ty p ic  im p ressio n s  are false (c f. M oran , 1 9 9 1 ; 
W ilm se n , 1 9 8 9 ) . T oday all foragers live in n a tio n -sta tes , 
have som e d ep en d en ce  on  e ith er cro p  cu ltiv a tio n  or 
farm ers, and  are not iso lated . H u n ter-g ath erer so c ie ties  
have so c ia l system s that are ex trem ely  co m p lex  and 
w hose in te ra ctio n s  w ith  the b iod iv ersity  su rrou n d in g  
them  are as co m p lica ted  and  v ariable as w as p robably  
the case  1 0 ,0 0 0  years ago w hen  all h u m an s w ere [orag- 
ers. lt  is no accid en t that today, areas w ith  the greatest 
rem a in in g  b io d iv ersity  are also  the areas in h ab ited  by 
h u n ter-g a th erers . M any h u n ter-g a th erers  re trea lin g  
from  land  ap p rop ria tio n , se llle r  im m ig ratio n , and E u ro - 
pean d iseases have o ccu p ied  the m o st rem ote parts o f  
th e ir  reg ìon . T od ay , these h o m elan d s are o ften  part 
o f  or ad ja cen t to co n serv a tio n  areas, p arks or o th er 
p ro tected  areas.

T h is  ch ap ter d escrib es  trad itio n al h u n ter-g a th erer 
so c ie tie s  and the ad ap tatio n s these  so c ie tie s  have m ade 
to the en v iro n m en t. H ow ever, s in ce  h u n te r-g a lh e rer  
so c ie tie s  and th e ir  en v iro n m en ts  have u n d erg on e co n - 
tin u in g  ch an g es, issues o f  b io d iv ersity  con serv atio n  and 
h u n ter-g a th erer w elfare are d iscu ssed  w ith  the c o n te x t 
o f  th e ir ch a n g in g  vvorld.
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II. HƯNTER-GATHERER 
SOCIETIES AND NATƯRAL 
RESOƯRCE EXPLOITATION

B ecau se  h u n te r-g a th e re rs  live in d iverse en v iro n m en ts  
th ey  m an ifest an in cred ib le  diversitv  o f cu ltu rcs  and 
n atu ral re so u rce  m a n ag em en i ad ap tations. N everth e- 
le ss , there are sev eral general ch a ra cteris tics  o f h u n te r- 
g ath erer so c ie tie s ; th ese  traits have a d irect im p act on 
the use o f  natu ral reso u rces. T rad itional h u n ter-g ath - 
e rer so c ie tie s  are co m p rised  o f band s, socia l groups 
m ade up o f c lo se  b io lo g ica l k in  and ỉrien d s. T he co m p o - 
s it io n  and s izes o f  ban d s change season ally , d ep en d ing 
o n  the a b u n d a n ce  and lo ca tio n  o f food reso u rces. Bands 
a re  lead by in d iv id u al h u n ters  \vho are resp ected  for 
p a rticu lar la le n ts  su c h  as sin g in g  or d an cin g  w ell, good  
s to ry te llin g , o r  h u n lin g  prow ess. O th er íeatu res o f  band 
o rg an izatio n  are  sm all group size , ílex ib le  but p rim arilv  
p atrilo ca l re s id e n ce , and stro n g  pair bond s hetw een 
individual m en  and  w om en. M arriage is exo g am o u s, 
that is, fem ales are recru ited  from  o th er groups. T h ese  
[eatures o f h u n te r-g a th e re r so cie iy  are a re íle cù o n  o f 
eco lo g ica l, e c o n o m ic , a n d so c ia l necessity . F o r exam p le, 
E fe Pygm y h u n te r-g a th e re r  m en  o f the Itu ri F o rest in 
thc form er Z aire  have very stro n g  re la tio n sh ip s  w ith  
close kin , vvhich facilitates delense of iheir lerritories 
against o th e r  co o p era tiv e  kin groups. M oreover, rclated  
men can assure vvomen access to valuable resources in 
n eig h b o rin g  L ese  ag ricu ltu ra l villages. And w om en are 

auracied  to men who can guarantee long-sianding 
rec ip ro ca l e co n o m ic  re latio n sh ip s w ith Lese villages. 
C o m p e tilio n  for vvomen is high so clo se  re la tio n s w ith  
k in  may also  h e lp  to o btain  m arriageable vvomen and 
p rovìde p ro te c lio n , as som e w om en leave Efe so c ie ty  
to  live in  L ese ag ricu ltu ra l villages.

H u n ter-g a th erers  are sed entary  o r n o m ad ic  de- 
p en d in g  o n  the d is trib u ú o n  and d vn am ics o f th e ir  re- 
so u rce  base. T y p ica lly , m en h u nt and fish w hile  w o m en  
gath er and c o lle c t  foods, So m etim es w o m en ’s w o rk  c o n - 
trib u tes m o re  to  the  d iet and som etim es m ale h u n tin g  
and íìsh in g  p ro d u cts  are m ost im portan t. G ath erin g  o f 
w ild  foods ten d s to  co n trib u te  m ore to the diet am o n g  
p eop le  in h a b iú n g  tro p ical and sem itro p ica l areas (e .g ., 
San  B u sh m en  o f  th e  K alahari) than in n o rth ern  tem p er- 
a te  c lim a tes  (e .g ., the  Inuit o f C anada) w here h u n lin g  
c o n trib u te s  th e  b u lk  o f  the diet.

F o ra g ers  learn  a b o u t their en v ìro n m en t and re so u rce  
u se  throu gh  a ccu ltu ra tio n . P arents teach  their ch ild ren  
d iffercn t k in d s  o f  eco lo g ica l knovvlcdgc and reso u rce  
exp lo ita tio n  strateg ies .

E co lo g ica l kn ow led ge is a so u rce  o f lan d scap e m a- 
n ip u la tio n . F o r  exam p le, the K ayapo Ind ians o f  Brazil 
c rca te  ío rest island s o f  p lanted  sem id o m esú cated  cro p s 
o f  m e d icin a l sp e cie s , w ild  yam s, and b u sh  b ea n , as w ell 
as d o m e stica te d  p lan ts  su ch  as taro , papaya, an d  banana. 
A fully grow n  island  has s ites  ih a t vary in  shad e and 
m o is tu re  ih ereb y  cre a tin g  the o p p o rtu n itv  for cu ltiv a- 
tio n  o f  d iíĩe re n t cro p s. T h ey  b eco m e, th ro u gh  tìm e, 
fo rest p a tc h e s  o f  varying  su cce ssio n a l stagcs w ith in  ihe 
savan n a. C ree In d ian s o f N o rth  A m erica  ro ta te  th e ir 
h u n tin g  and H shing lan d s yearly  to reduce vvildliíe dis- 
tu rb a n ce  an d  in crease  h arvests. B io d iv ersiiy  con serv a- 
tio n  is, in th is case , an  in đ irec t e ffect o f reso u rce  m an- 
ag em en t. T h e re  is ev id en ce  that u n til reccn tly  ln d ian s 
o f C an ad a  u sed  fire to  m ain ta in  ira ils  and to o p en  up 
rneadow s. T h is  provided  im p rov ed  h ab ita t lor u n g u la ies  
an d  in crea sed  h u n lin g  su ccess. A u slra lian  ab o rig in es  
u sed  Tire to  c le a r  tra ils  (o f  p o iso n o u s  sn ak es) and keep  
gam e h a b ita t open .

A p p ro p ria te  use o f  natu ral re so u rce s  arc m ain ta in ed  
th ro u g h  m o ra l and b e lie f  sy siem s o f íorager so c ie ties , 
w h ich  in c lu d e s  a stro n g  resp ect lo r  natu re. T h ro u g h re li-  
g io u s  h e lie í an d  so c ia l c o n v e n tio n s , peoplc re sp e ct and 
e xert so m e c o n tro l th e ir  n atu ral reso u rces. T h ese  b e lie ís , 
h o w ev er, do n o t alw ays p rev en l h u n ter-g a lh erers  from  
o v eru s in g  th e ir  re so u rce  base. N ot all h u n ier-g a th erers  
liv e a lw a y s h a rm o n io u sly  w ith  ih e e n v iro n m e n t. Indeed , 
e v id e n ce  o f  e sca la tin g  o v eru se  is accu m u la tin g  (e .g ., 
R ed fo rd  and  M a n so u r, 1 9 9 6 ) .

III. CONSERVATION AMONG 
HUNTER-GATHERERS

u h as been su gg csied  that the h u n ter-g a th erer adapta- 
tion occurred  in environm ents w herc resources wcre 
íre e ly  av a ilab le  lo  all and w ere abun d an t. T h u s, ihe 
e n v íro n m e n t '.vas o n e  w h ere su h sisten ce  s lra teg ies  em - 
p h asized  s h o rt- le rm  re tu rn s  o v er lo n g -term  con serv a- 
tion . B u t d u rin g  th e  N eo lith ic  rise  o f a g ricu llu re , natu ral 
eco sy ste m s w ere  co m p ressed  and the value o f reso u rces 
in crea sed  as relativ e  a b u n d an ce  d eclin ed . Som e sch o lars  
have su g g ested  that self-reg u la to ry  m ech an ism s evolved 
u n d er re so u rce  lim ita tio n  in  som e h u n ie r-g a th e rer soci- 
e ú e s  (B e rk e s  a n d  F o lk e , 1 9 9 8 ) .

T h e re  has b e cn  m u ch  w ritten  about how  h u m cr- 
g a th e re rs  are a c tiv e ly  engaged  in  co n serv in g  reso u rces. 
esp ec ia llv  an im al reso u rces. Hovvever, the lim ited  aclu al 
d ata gath ered  on the su b je c t suggests that su b s is te n cc  
h u n te rs  do n o l  co n se rv e  prey reso u rces. M ost w ork



show s that h u n ters  are c o n ce rn e d  abou t sh o rt-te rm  
gain s and n o i a b o u l reso u rce  co n se rv a ú o n . Sm all, m o - 
b ile  groups m ay use re so u rce s  in  a su sta in a b le  m a n n er, 
for exam p le, by m a in ta in in g  sm all g ro u p s and  ran g in g  
o v er a large tcrrito ry , b u t th is  does n o t n e cessa rily  im p ly  
they  are co n sc io u sly  co n serv in g  reso u rces. E v id en ce  
suggests that som e re so u rce s  m ay be used  in ten siv e ly  
or even depleted in local areas w hile Olher resources 
are sparinglv  used. F o r  exa m p le , Alvarcl ( 1 9 9 8 )  has 
sh ow n  that the P iro  h u n te rs  o f P eru  d ep leted  the large 
p rim ates in the area arouncl th e ir v illage yet have n o t 
d o n e so to  p eccaries. L ik ew ise  he sh o w s th a i the ln d o - 
n esian  W an a have n early  d ep leted  th e ir  area o f m a- 
caq u es (large p rim a tes) b u t h u n t p igs in  a su sta in a b le  
m an n er. T h ese  and  o th e r  s tu d ies  (e .g ., am o n g  the In u it 
o f C anada, the A ch e o f  Paraguay, the C ree o f C an ad a) 
show  that b o th  o v ere x p lo ita tio n  and co n se rv a tio n  m ay 
b e p racticed  by h u n tin g  gro u p s. But the p o in t rem a in s  
that h u n ters  so m etim es red u ce  prey sp ecies  to the  p o in t 
o f local e x tin c tio n .

O n e p lau sib le  e x p la n a tio n  for re so u rce  d ep le tio n  is 
th at the reso u rces  e xp lo ited  by su b s is te n ce  h u n te rs  are 
con sid ered  to be o p e n -a cce ss  re so u rces. O p e n  a cce ss  
im plies that th ere  are no Controls over resource use, 
w hich  is said  to re su lt in  the “traged y o f the c o m m o n s ” 
(H ard in , 1 9 6 8 ) .  T h is  co n ce p t p ro p o sed  that d e te r io ra - 
tio n  o f  o p e n -a cce ss  grazin g  lan d  is in ev ita b le  w hen  in d i- 
v id uals see no  b en eR ts from  re so u rce  co n se rv a tio n . A n- 
o th e r  reason  for re so u rce  d ep le tio n  is la ck  o f  co n ce rn  
for very ab u n d an t re so u rces. So m e level o f  sca rc ity  adds 
value to  a re so u rce  relativ e  to  w hen  re so u rce s  are q u ite  
ab u n d an t. R eso u rce  u sers  are m o tiv alecl to  co n serv e  
o n ly  w hen they see  b e n e íìts  to  n o n u se  o f reso u rce s . 
T h u s, it is only  w h en  lo n g -te rm  b e n e íĩts  o u tw eigh  the 
sh o rt-te rm  b e n e íĩts  that co n se rv a tio n  is ex p e c te d . W h e n  
tied  to a sp eciR c re so u rce  base and  w ell-d efin ed  te rr ito r-  
ies, h u n te r-g a ih e rers  have lo n g -te rm  s tra te g ies  for n atu - 
ral reso u rce  co n serv a tio n  (A lvard  1 9 9 8 ) .  F o r  exa m p le , 
trad itio n al M aine lo b ste rm en  have s tro n g  n o rm s o f  ter- 
r ito ry  ovvnership, w h ich  are e n lo rced  th ro u g h  ih rea ts  
o f  v io len ce  and d am age to  p rop erty .

A lth ou gh  ío ragers  m ay o r  m ay n o t o v eru se  re - 
so u rces, th e ir p ercep tio n  o f the land  and  its valu e is 
b ased  on  use righ ts. L o ca l b io lo g ica l d iv ers ity  is an 
im p o rtan t e lem e n t o f lo ca l su rv ival s tra ie g ie s . T h is  
v iew  co n tra s ts  w ith  th e  vvestern v iew  o f  b io d iv ersity  
co n serv a tio n , w h ich  is  based  in W e ste rn  ep istem o lo g y . 
In  the vvestern v iew , n a tu re  e x ists  apart íro m  hu - 
m an kin d  and  has value in d ep en d en t o f  h u m a n  use. 
B iod iversity  co n se rv a tio n  im p lies  n o  re so u rce  use o r  
re s ira in ts  in re so u rce  use.

IV. M0DERN1ZATI0N PROCESSES 
AND HƯNTER-GATHERERS

M ạ jo r ch an g es  in  h u n te r-g a th e re r so c ie ty  are o cc u rr in g  
even  in  the m o st rem ote  reg io n s o f  the w orld . T h ese  
ch a n g es  are a sso cia ted  w ith  ag ricu ltu ra l d ev e lo p m en t, 
in íra stru ctu re  ad v an cem en t, re se ttle m e n t sch e m e s, tree 
h arv estin g , m in in g  and o il e x p lo ra tio n , and  o th e r  types 
o f d ev elo p m en t. T h e  b u ild in g  o f road s m ak es it easier 
for o u ts id ers  to gain  a ccess  to re m o te  areas and the 
re so u rce s  th ere in . In  ad d itio n , h u n te r-g a th e re r  p o p u la- 
tion s are  grow in g, a lter in g  th eir re la tìo n sh ip  to  the  land. 
T h e  resu lt is that in d ig en o u s sy stem s o f re so u rce  use 
are ch a n g in g  due to b o th  in tern a l and ex te rn a l p res- 
sures. T h e  trad itio n al system s o f re so u rce  use are less 
ap p rop riate  or are so m etim es in e ffe ctu a l u n d e r cu rren t 
co n d itio n s . F o r  exa m p le , trad itio n al sa n c tio n s  to p ro - 
tect o r  a t le a sl n o t exh au st re so u rce s  are b e co m in g  
in e ffe ctu a l as cash  in co m e  has b e co m e  in cre a sin g ly  im - 
p o rtan t to ind iv idu als in teresied  in  co m m o d itie s  from  
the m o d ern  w orld . H u n ier-g a th erers  n ow  have, un d er 
these c o n d itio n s , a grow in g  d em and  for ca sh  and  m ar- 
ket good s. U nd er these co n d iú o n s, it  is  less  lik e ly  ihat 
p eople w ill give p rio rity  lo  co n serv a tio n .

V. LAND TENƯRE, INSTITUTIONS,
AND BIODIVERSITY

O n e p o litica l la c io r  that is  a lm o st u n iv ersally  co m m o n  
am o n g  h u n ter-g a th erers  today is  th at they d o n o i co n - 
iro l the land  they live o n . U n til re ce n tly , th e ir  rem ote- 
ness m ean t that they and  the reso u rces  on  w h ich  they 
d ep en d ed  w ere som ew h at p ro tec ted  from  o u tsid e  in- 
ílu en ces . T h u s, reso u rces  w ere lo ca lly  co n tro lle d  b y  
in ío rm al n o rm s ih ro u g h  in d iv id u al b eh av io r . N ow , 
ho w ev er, n a ú o n a l g o v ern m en ts , am o n g  o th ers , have 
p u t native land s to “p ro d u ctiv e” use. T h is  m ean s that 
if th e  m arket for som e p rod u ct is stro n g  it w ill be 
exp lo ited  or cu ltiv ated  regard less o f  en v iro n m e n ta l im - 
p act. F o r  exam p le, the stro n g  lo ca l d em and  for aguaja 
(a lo ca l p lan t) in the P eruvian  A m azon  h as led to  de- 
s tru ctiv e  harvesting. In  th eo ry , m o st h u n te r-g a th e re r  
co m m u n itie s  have use righ ts  to th e ir  te rrito rie s  b u t old 
law s and  treaties  are co n tin u a lly  v io lated . L egalizing  
co m m u n a l reso u rce -u se  rights is a w ay o f g iv in g  h u n ter- 
ga th erers  a lo n g -term  sta k e  in co n se rv in g  th e  reso u rces  
o n  w h ich  they dep end. S ecu rin g  righ ts  to re so u rce s  can 
o c c u r  th ro u g h  variou s m an ag em en t and d ev elo p m en t 
in s titu tio n s . T h is  m ean s that h u n te r-g a th e re rs , w h o for-



m ally  d id  n o t have in stitu tio n s  for co llectiv e  a c tio n  in  
the fo rm al sen se , íìnd  the need  to d eal w ith  w estern  
in s titu tio n s  to acq u ire  co n tro l o v er th e ir  lands.

T h e  ĩviture o f b io d iv ersity , co n serv a tio n , and h u n te r- 
g a th erer su sta in a b ility  depends o n  u n d erstan d in g  that 
th ere  are ỉu n d am en ta l d iffe ren ces  in  the co n ce p t o f 
co n se rv a tio n  for w estern ers  and ío r  in d ig en o u s h u n ter- 
g a th erers. U n d erstan d in g  that there  are d ifferent 
w o rld view s tow ard  n atu re is íu n d am en ta l to fo rm in g  a 
re la tio n sh ip  betw een  ou tsid e co n serv a tio n  g rou p s and 
h u n te r-g a th e re r  peoples. T h e  rea lity  is that even  if 
h u n te r-g a th e re rs  are using reso u rces, se llin g  w ild  ani- 
m als and  cu ttin g  dow n trees, they p erh ap s rem ain  ihe 
m o st e ffectiv e  con serv a tio n ists  for th e ir  reg ion . T h e re - 
fo re , a c ce p ta n ce  that there are d ifferen t w ays o f  vievving 
the w o rld  is a first p rereq u isite  to w o rk in g  w ith  indige- 
no u s h u n te r-g a th e re r p op u lations. S eco n d , it  is n eces- 
sary to  reco g n ize  that there  are n o  lo n g er any  “p ris tin e ” 
h u n te r-g a th e re rs  and they have need s ju s t  like the  rest 
o f us. T h ird , secu rin g  land ten u re  ío r h u n ter-g a th erers  
and  b io d iv ersity  co n serv atio n  is req u ired  for a b asis  o f 
a “su sta in a b le ” in teractio n .

VI. ECONOMIC DEVELOPMENT AND 
BIODIVERSITY CONSERVATION

C o m m u n ity -b a se d  con serv atio n  is a c o n ce p i a im ed  at 
in v o lv in g  local p eople in  the co n se rv a tio n  o f w ild life  
o r p ro te c tio n  o f b iod iversity . T h e  co n ce p t developed  
from  the rea liza tio n  that m u ch  o f the  p la n et’s w ild life  
an d  b ìo d iv ersity  e x is t  o u tsid e p ro tected  areas and in 
reg io n s o ccu p ie d  b y  rural p eople in d ev elop in g  co u n - 
tries. M o d els  o f co m m u n ity -b ased  co n serv a tio n  ad here 
to  the n o tio n  that if  lo ca l co m m u n itie s  can  derive som e 
v a lu e , n o m in a lly  in co m e, th ro u gh  co n serv in g  biod iv er- 
sity , they w ill do so. T h is  p ro m isin g  co n ce p t has been  
w idely  p ro m o ted  as “the answ er” to co n serv a tio n  in 
d ev e lo p in g  co u n tries . T h u s, several m od els o f  co m m u - 
n ity -b a se d  con serv atio n  have develop ed . T h e  b io sp h ere  
reserv e  is one k in d  o f co n serv a tio n  area that th eo reti- 
ca lly  a llo w s for local p o p u la tio n  ìn v o lv em en t in m an - 
ag em en t o f  the p rotected  areas. In teg ra ted  C o n serv a- 
t io n -D ev e lo p m en t p ro jec ts  are a n o th er type o f 
co m m u n ity -b a sed  d ev elop m ent. H ow ever, resu lts  from  
ccm m u n ily -b a se d  co n se rv a ticn  p ro je c ts  in  A írica  ar.d 
elsevvhere suggest that there  are m ore failu res than su c- 
cesses . M any com m u n ity -b ased  co n se rv a tio n  effo rts  in- 
volve lo ca l co m m u n ities  in  nam e only. L o cals  are n e i- 
th e r inv olv ed  in  p ro je c t id en tiR catio n  and p la n n in g  n o r 
are they b e n e fic ia r ie s , ihus these p ro je c ts  are n ot reallv

com m u n ity -b ased  co n se rv a tio n  p ro jects. A n o th e r pat- 
tern  o f ĩa ilu re  in c lu d es  in v o lv em en t o f the lo ca l people 
o n ly  in  a cu rso ry  w ay. O th e r  sce n a r io s  for ía ilu re  also  
have in co m m o n  in su ffic ie n t in v o lv em en t o f  the lo ca l 
p eop le  at all levels in  the  p ro je c t. In  ord er for com m u - 
n ity -b ased  co n se rv a tio n  to w o rk , people need  to be 
con sid ered  a co m p o n eru  o f  the ecosystem  b e in g  co n - 
served  and b ro u g h t in to  th e  p ro je c t p ro cess  from  the b e- 
g inn in g .

A. It Is ưseíul to View Humans 
as Part of Ecosystems

O n e o f the fu n d a m en ta l p ro b lem s w ith  co m m u n iiy - 
based  co n serv atio n  is  that h u n ter-g a th erers  as w ell as 
o lh e r  in d ig en o u s p o p u la tio n s  are o íten  view ed as an 
extern a l d is tu rb a n ce  to the n atu ral system  ra th er than  
as in tegral covn ponents o f  the eco sy siem . But h u n ter- 
gath erer so c ie tie s  see  th e ir  re la ú o n sh ip  w ith the envi- 
ro n m en t as o n e ; th ey  are part o f ihat cn v iron m en t. 
T h o u g h  n o i a stud y o í  (oragers. but ra lh er h erd ers  w ho 
d o som e h u n tin g  an d  g ath erin g , the S o u th  T u rkan a 
E co sy stem  P ro ject (E llis  and Sw ift, 1 9 8 8 ; L itlle  and 
L eslie , 1 9 9 9 )  is One o f  the on ly  tru ly in terd iscip lin ary  
and  lo n g -term  p ro je c ts  to study the social b ehav ior, 
kn ow led ge sy s ie m s, d em o g rap h y , hum an b io lo gy , and 
eco logy  of a group  o f  p eop le . A n im p ortan t goal of this 
study was to u n d erstan d  hovv th e  en v iro n in en t a ííec ied  
hu m an m an ag em en t and h ow  p eop le  affected  ihe envi- 
ro n m en t. In  th is case  p eo p le  and  liv esto ck  (cam els , 

ca ttle , sh eep , goats, and d o n k ey s) lived in a h arsh , dry, 
an d  h igh ly  sea so n a l e n v iro n m e n t. T h is ạssem blage o f 
p eop le, liv e sto ck , p la n ts , and o th e r  organism s w ith in  a 
sem iarid  eco sy stem  p rod u ced  a rem arkably  in ter- 
activ e  system .

V eg etation  s tru c tu re  in th is tro p ica l savanna and  dry 
w oodland s w as sh o w n  to be h ie ra rch ica lly  co n stra in ed  
by p hysical ĩacto rs : by  c lim a te  at regional sca les, by 
top ograp hy and  g eo m o rp h o lo g y  at land scape sca les, 
and  by \vater red is tr ib u tio n  and d istu rb an ce  at local 
and patch  sca les ; l iv e s to c k  and h u m an s played a stnall 
ro le. T h e  p a sto ra lis ts  did in ílu e n ce  vegetation  com p o si- 
lio n  and  co v er hy b u rn in g , vvoodcutting, an d  ihrou gh  
seed d istrib u tio n  b y  liv esto ck . T h ese  in ílu en ces  w ere 
sm all. L iv esto ck  eco lo g y  and  p ro d u ctio n  follow ed those 
o f  ihe seaso n al d y n a m ics  o f p lan ts . The d ifferent pat- 
terns of forage utilization by different herbivores, plus 
d ifferen tia l h a b ita t use, lead to a lm o st co m p lete  n ich e 
sep aralio n  am o n g  th is su ite  o f  d om estic  herb iv o res; 
am on g a ll five sp e cie s , th cy  m anaged  to utilize a w ide 
varietv  o f the  availab le  plant typ es in the ecosytsem . 
T h u s, p h y sica l h e te ro g e n eity  o n  the T u rk a n a  land-



scap es u ltim ate ly  re su k ed  in sp atial and tem p o ra l v aria- 
tion  in p lan t p ro d u ctio n , p lant life fo rm  d iv ersity , and 
reluge arcas for p asto ra lis ts  T h ese , in  lu m , c o n trib u te d  
to socia l and eco lo g ica l p ers is ten ce  b y  red u cin g  v aria b il- 
itv ol eco sy stem  energ y  flow  and lo n g -te rm  v a ria tio n s  
in  sp ecies  d iv ersity . T h u s, b io d iv ersity  w as im p o rta n t 
to  eco sy stem  (w h ich  in c lu d ed  p eo p le) m a in te n a n ce . 
T h is  system s a p p ro a ch  to  u n d ersta n d in g  h u m a n -e n v i- 
ro n m en t in te ra c tio n s  is a u sefu l w ay to d iscern  ihe 
e co lo g ica l im p a cl o f  h u n te r-g a th e re rs  an d , m o re  im p o r- 
tan t, to  d eriv e ap p rop riate  m an a g em en t o ĩ la n d s  vvhere 
h u n te r-g a th e re rs  live.

T h e  d escrip tio n  p resen ted  here sh o w s th a i in d ig e- 
n o u s c o n ce p ts  o f co n se rv a tio n , e co lo g ica l k n o w led g e , 
and  m oral and  re lig io u s b e lie ls  are (u n d a m en la l to  un- 
d ersta n d in g  how  h u n te r-g a th e re rs  use reso u rces. N ot 
all h u n te r-g a th e re rs  co n se rv e  th e ir  reso u rce s , thu s 
w h e th e r  o r n o t and  to  vvhat extern  h u n te r-g a th e re rs  
effect th e ir  e n v iro n m e n t is an  em p irica l q u e stio n  thai 
need s 10 b e  in v estigated , n o t a n o tio n  to b e  assu m ed  
o n e  w ay o r an o th er . It is, how ever, the case  th at w h en  
h u n le r-g a th e rers  have s h o r t-te rm s tra lc g ie s  for reso u rce  
USI' they  m ay o v eru se som e reso u rce s ; w h en  lo n g -te rm  
g o als  are in  p lace , th ey  d o n o t. In ío rm a l in s titu tio n s  
c o n lro l use o f  som e reso u rces  in  h u n te r-g a th e re r  so c ie - 
ties, but c o llcc tiv e  a c tio n  o r [orm al in s titu tio n s  are g en - 
erally  not w cll d ev elop ed . W ith  m a jo r  ch a n g es  in and 
a ro u n d  the land s in h ab ited  by h u n te r-g a th e re rs , it is 
b e co m in g  in cre a sin g ly  n ecessa ry  fo r  h u n te r-g a th e re rs  
to  d evelop  in s litu ú o n s  to  gain  c o n tro l o v er th e ir  re- 

so u rc e  base. A llia n ces  b etw een  h u n te r-g a th e re rs  and 
o th e rs  in te re ste d  in co n serv a tio n  m ay fa c ilita te  re- 
so u rce -m a n a g e m e n t s tra teg ies  that red u ce  the im p act 
o f  negative ch an g es. H u n ter-g a th ercr n a iu ra l re so u rce - 
m a n a g em en t s tra teg ies  th at in clu d e  th e ir  so c ia l sy stem  
are im p o rta n t a u r ib u te s  o f  th ese  e co lo g ic a l sy stem s and 
n eed  to be Tundam ental co m p o n e n ts  o f  an y  p lan  to 
co n se rv e  b io d iv ersity .
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I. C la s s iík a tio n

II. P h y logen y  and  Fo ssil R ecord
III. B io logy
IV. P ractica l Im p o rt

GLOSSARY

a rrh e n o to k y  R ep ro d u ctiv e  m o d e in  w h ich  u n fertilized  
eggs d evelop  in to  hap lo id  m ales and  fertilized  eggs 
d eve lop in to  d ip loid  íem ales. 

e u s o c ia lity  C o o p erativ e  b eh av ior a m o n g  inđ iv id u als o f  
the sam e sp ecies  characterized  by rep rocluctive d ivi- 
s io n  o f  la b o r, overlap  o f  g en era tio n s , and co o p era- 
tive n eslin g .

H o lo m eta b o la  In sects  ch a ra cterìz ed  b y  co m p le te  m eta- 
m o rp h o sis , a w ingless larval stage, and  an  in term ed i- 
a te  pu pal stage. 

id io b io n t A p arasitoid  that d ev elop s o n  a paralyzed , 
in ca p a cita ted  host. 

k o in o b io n t A p arasito id  that d ev elop s o n  a m o b ile , 
a ctiv e  h ost.

m o n o p h y le tic  A group  in  w h ich  all sp e cie s  are de- 
scen d ed  fro m  a sin gle  co m m o n  a n c e sto r  and  all de- 
sce n d a n ts  o f  th e  a n ce sto r  are c la ssiíìed  in the grou p ; 
c h a ra cteriz e d  by shared  d erived  ch a ra cters . 

o v ip o s ito r  M odiR ed  app end ages o f  the sev en th  and  
e ig h th  ab d om in al seg m en ts  used  fo r egg -lay in g  
p arap h yletic : A grou p  in  w h ich  o n ly  so m e  o f  the sp e- 
c ic s  d escen d ed  from  an a n c e sto r  are classified  to - 
g e th er ; ch a ra cteriz ed  by shared  a n ce stra l ch aracters .

p a ra s ito id  A n o rg an ism  in  w h ich  the im m atu re  stage 
feecis and  d evelop s on  a s in g le  h o st arth ro p o d , re- 
su ltin g  in  th e d eath  o f  th e  host. 

p a rth e n o g e n e s is  R ep ro d u ctio n  in  w h ich  eggs are n o t 
fertilized  by m ales. 

p h y lo g en y  B ra n ch in g  p a ttern  o f  ev o lu tio n ary  re la tio n - 

sh ip s am o n g  org ạnism s. 
p h y to p h ag y  P lan t feeders, h erb iv o res. 
th e ly to k y  R ep ro d u ctive m od e in  w h ich  u n fertilized  

eggs develop  in to  diploicỉ íem ales.

THE ÌNSECT ORDER HYMENOPTERA co m p rises  a 
v ast array o f  sp ecies  that are íam iliar to ev en  th e m o st 
casu al o b serv er. T h e  grou p  in c lu d es  th e an ts , b e e s , and  
w asps as w ell as less  w ell~know n gro u p s su ch  as the 
ch a lc id s , ich n e u m o n s, saw flies, and  w ood  w asps. H y- 
m en op tera  are e x trem eìy  co m m o n  on  all co n tin e n ts  o f  
the w orld , e x ce p t A n tarctica . H ym en o p tera  range in  
s ize fro m  m ic ro sc o p ic  sp ecies  less th an  1 m m  in  len g th  
as fu !l-gro w n  ad u lts  to  sp ecies  in  w h ich  th e íem ales are 
1 0  cm  o r m o re  in  to ta l b o d y  size . H ym enop tera  are 
h o lo m e ta b o lo u s  in se c ts , gen era lly  ch aracterized  by hav- 
in g  m an d ib u la te  m o u th p a rts , co m p le te  m eta m o rp h o sis , 
and  tw o p airs o f  m em b ran o u s w ings. O n e s trik in g  fea- 
tu re  is th at th e  vast m a jo rity  o f  sp ecies  are ch aracterized  
by a rrh e n o to k o u s  p a rth en o g en esis : Fertilized  eggs de- 
v elop  in to  d ip lo id  fem ales and  u n fertiliz ed  eggs u lti-  
m ate ly  d evelop  in to  hap lo id  m ales. A dult H ym enop tera  
g en era lly  feed  on  n ecta r, h o n ey d ew , o r o th e r  sugar
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s o u rc cs , b u t som e are actively  p red aceo u s. T h e  larvae 
have a w id er variety  o f íeed ing  habits: Som e feed on 
p la n ts  o r fungi, w hereas o th ers  feed on  an im als , as 
p red ato rs o r parasitoid s. T h e  larvae o f bees and a few 
o th e r  g rou p s feed on  provisions o f  p o llen  co llected  and 
stored  by the p aren t ĩem ale. T h e  egg-lay ing appendages, 
the o v ip o sito r , o flen  are sp ecia lized  to p lace  eggs on  or 
in to  the p lan ts  or arth rop od s that w ill serve as the food 
so u rce  for the d eveloping larvae. In one large group, 
the  A cu leata , the o v ip ositor is m od ified  in to  the sú ng , 
a s tru c tu re  that prim arily  serves to d eliver to x ic  v enom s 
to p aralyze prey or 10 use as a d eĩense. T he H ym enop - 
tera are also  n o tew o rth y  for the ev olu tio n  o f social 
b e h a v io r  in  several groups. T h e  m ost h ìgh lv  developed 
fo rm , eu so cia lity , has arisen  m any tim es w ith in  the 
o rd er am o n g  the bees, w asps, and ants.

I. CLASSIFICATION

H y m en o p tera  has been  trad ilio n a lly  divided into  two 
su b o rd e rs, the Sym p hyla and  the A pocrita . T h e  Sym - 
p hyta co m p rise  the saw flies and w ood w asps. T h e  larvae 
o f th e  vast m ạịo rity  o f species in  this su b o rd er con su m e 
p lan t o r  íu n g al m aterial, ĩeed ing  on leaves o r stem s, 
íeed in g  w ith in  galls p rod uced  in the h ost p lant, or b o r- 
in g  w ith in  stem s or tru nks o f w oody p lants. S y m b io lic  
fungi co m p rise  a s ig n iíican t part o f the  diet o f m any o f 
the  w o o d -b o rin g  species. Saw fly larvae ihat feed ex ter- 
nally  on  leaves are generally  e ru ciío rm , i.e ., caterp illar- 
lik e  in form , w ilh  w ell-d evelop ed  th o ra c ic  legs, abd om i- 
nal p ro leg s , and sclero tized  heads.

T h e  su b o rd er A pocrita is d escen d ed  from  a sym p hy- 
tan a n ce stra l sp ecies. As ad ults, the íìrst abd om inal 
seg m en t o f  the A pocrita is in tim ate ly  asso ciated  w ith  
th e  th o ra x  and sep arated  from  the fo llow in g  seg m en ts 
by a m o b ile  co n str ic tio n . T h is  seg m en t is  called  the 
p ro p o d eu m . T h u s, the lo co m o to ry  tagm a o f the body , 
b e a rin g  the legs and w ings, is four segm ented . T h e  
larvae are gen erally  im m o b ile  and h igh ly  s im p litied  in 
s tru c tu re . A p o crila  are generally  ch aracterized  by larvae 
that feed o n  o th e r  arth ro p o d s, in clu d in g  pred atory spe- 
c ies  in w h ich  one larva feeds on  several prey item s and 
p a ra sito id s  in  w hich  the larva feeds on a sin gle h ost 
in d iv id u al. P arasito id s are d istin gu ish ed  from  p arasites 
in that the  host o f the íorm er is usually  k illed  as a resu lt 
o f  fced in g . T h u s, eco lo g ica lly , p arasito id s R m ctio n  as 
p red a to rs , feeding on  and u ltim aie ly  k illin g  th eir h o st. 
T h e  p arasito id  life h isto ry  is also  found in  the closest 
liv in g  re la tiv e  o f A p ocrita  w ith in  the S ym p h yla— the 
fam ily  O ru ssid ae. H ow ever, n u m ero u s ap o critan  groups 
are seco n d a rily  phytop hagou s, con su m in g  seeds or p ol-

len  or ĩo rm in g  galls in  p lant tissu e w ith in  vvhich the 
larvae feed and develop .

T h e  d iv ision  o f H ym enop tera  in to  tvvo su b o rd ers  is 
still generally accepted, even though recent evidence 
in d ica tes that the Sym p h yta  are p a rap h y letic . In  the 
form al taxo n o m ic  c la ssifica tio n , a p p ro x im a te ly  19  su- 
p eríam ilies  and 9 5  íam ilies  are re co g n ized . T h e  T en th - 
red in o id ea , M egalo d o n to id ea , C ep h o id ea , and X ye- 
lo id ea com p rise  the p h y to p h ag ou s saw flies. VVood 
w asps com p rise  four íam ilies  w ith in  the S irico id ea . In 
ihe A p ocrita  there are m an y sm all, re la tiv ely  p rim itive 
su p erfam ilies  o f p arasito id s: T rig o n aly o id ea , C erap h ro - 
n o id ea , E vanioidea, M egalyro id ea , and S iep h an o id ea . 
T h e  su p eríam ilies  C h alc id o id ea , C y n ip o id ea , lch n e u - 
m o n oid ea , P ro cto tru p o id ea , and  P la ty g astro id ea  en- 
com p ass the vasi m a jo rity  o f p arasito id  sp ecies. M any 
o f these are com m o n  and ex trem ely  abu n d an t. T he 
fam ily  lch n eu m o n id a e  is estim ated  to co n ta in  m ore 
th an  2 2 ,0 0 0  kn ow n sp e cie s , w ith  m any o th ers  yet to 
be reco gn ized . T h e  rem ain in g  fo u r su p erfa m ilies— ihe 
C h rysid oid ea , V esp oid ea , A p oid ea, and S p h eco id ea —  
m ak e up the acu lea te , o r stin g in g  H ym en op tera . T he 
C h rysid oid ea ín clu d e m an y re la tiv ely  sinall lam ilies ol 
p arasilo id s. T h e  V esp o id ea  c o n ia in s  th e  ants, velvet 
a n is , h o rn ets , sp id er w asps, p aper w asp s, and p otter 
w asps. T he A poidea are the bees, and thc Sp heẹoid ea  
are a large diverse group  o f  p red ato ry  w asps.

T h e  ord er H ym en o p tera  is es lim a ie d  to co n ta in  ap- 
p ro x im atcly  1 1 5 ,0 0 0  d escrib ed  sp ecies . T h is  is on ly  a 
rou gh in d ica to r o f the tru e total b e ca u se  h u n d red s o f 
new  sp cc ies  are d escrib cd  cach  year in ih c ta xo n o m ic  
litera tu re . T h e  largest fam ilies are the  lch n eu m o n id ae  
(m o re  than 2 0 ,0 0 0  sp e c ie s ), B raco n id ae  (ap p rox im ate ly
1 2 .0 0 0  sp e cie s), F o rm icid a e  ( the an ts , w ith  nearly
1 0 .0 0 0  sp ecies), and the S p h ecid ae (m o re  th an  8 0 0 0  
s p e c ie s). A ustral d is ju n ct d istrih u tio n s  are ch a ra cteris - 
tic o f  a relatively  few íam ilies  o f H y m en o p tera , su ch  as 
M egalyridae and P lu m ariid ae. T h e  m ạ jo r  g ro u p s are 
found  in all b io g eo g rap h ic  realm s o r p erh ap s lim iled  
to the tro p ics, su ch  as the fig w asps 01' A gaonidae. 
lch n eu m o n id s and saw flies appear to he m ost d iverse 
in  the tem perate realm s.

II. PHYLOGENY AND F0SSIL RECORD

T h e  o ld est lossil H ym enop tera are found  in d ep osits 
from  the T riass ic  p eriod  o f  the M eso z o ic . T h ese  inclu d c 
sorne sp ecies  ih at are c lo se lv  reìated  to liv ing  saw flies. 
P arasito id  vvasps, as in íerred  from  th e ir  s tru c iu re  (espe- 
cially  the e lon gate  o v ip o sito r in  som e sp e cie s) and their 
re la tio n sh ip s  to liv ing sp ecies, fìrsi ap p ear in ihe Ju ra s-



sic. T h e  oldéSt ío ssils  o f socia l in sects , a n ts  and bces, 
have been  found in C reta ce o u s  ìm p re ssio n s  and am ber 
nod u les. M in u ie  p arasitic  H y m en o p tera  an d  ants and 
bees are co m m o n ly  toun d  in C e n o z o ic  a m b e r  from  the 
B altic, the D o m in ican  R ep u b lic , and M e x ico .

A lth ou gh  H y m en o p tera  are c learly  m e m b e rs  o f the 
m o n o p h y le tic  group  H o lo m eta b o la , c o m p ris in g  in sects  
w iih  co m p le te  m e ta m o rp h o sis , th e ir  p o s itio n  w ith in  
that hu ge co m p lex  is u n cle a r. M o st w o rk e rs  p lace  them  
as a b asal group , so m e ú m es  as the  s is te r  g rou p  to all 
o tlie r  h o lo m e ta b o lo u s o rd ers. W ith in  H y m en o p tera , the 
basal p o sitio n  o f Sym p h yta  is  su p p o rted  by ev id ence 
ừ om  m o rp h o log y , b eh a v io r , m o le cu la r  se q u e n c e s , and 

thc fossil record . T h e  h is to r ica l g ro u p in g  o f  p arasitoid  
sp cc ies  in to  a ta x o n  v ario u sly  callecỉ "P a ra s it ic a ” or “T er- 
e b ra n te s ,” a k h o u g h  o f  so m e p ra c iic a l u se , d o es n o t re- 
flect the  p attern  o f  p h y lo g en etic  re la tio n sh ip s  am o n g  
ih em . T h e  re la tio n sh ip s  am o n g  the b asa l A p o crita  are 
still u n clear. M o st o f  th ese  sp e c ie s  are p ara sito id s  o f 
w o o d -b o rin g  C o le o p ie ra , a life  h is to ry  sh a red  w ith  their 
c lo se st liv ing re la tiv es in  the O ru ssid a e . N u m erou s 
h y p o th eses o f re la tio n sh ip s  and c la s s iíìc a tio n s  have 
b ecn  offered  th ro u g h  the years that have b een  based 
on vary in g  am o u n ts o f  ev id en ce  fro m  sev e ra l sou rces 
and analyzed  b o th  m ore and  less  r ig o ro u sly , but n o n e  
has ach iev ed  an y th in g  a p p ro a ch in g  g en era l accep ta n ce . 
T h e  A cu leata  are a w ell-su p p o rted  m o n o p h y le tic  group , 
and a fair a m o u n t o f p ro g ress  has b een  m ad e in e lu cid at- 
ing the rc la tio n sh ip s  am o n g  its  c o n sú tu e n ts . It is also 
íairly  c le a r that the  bees and sp h e co id  w asp s are very 

c lo se ly  related ; in  fact, it seem s ev id en t ih a t b e e s  evolved 
from  som e su b g ro u p  o f sp h ecid s.

III. BIOLOGY

A. General
1. R e p r o d u c t io n

A rrh e n o to k o u s  p a rih e n o g e n e sis , or h a p lo d ip lo id  rep ro- 
d u c tio n , is ch a ra c te r is tic  o f the v ast m a jo r ity  o f sp ecies  
o f H ym enop tera and is g en era lly  th o u g h t to  have b een  
very im p o rtan t in  its  e v o lu tio n . In  th is  m o d e  o f rep ro- 
d u c tio n , o ffsp rin g  are p ro d u ced  fro m  b o th  fertilized  
and u n fertilized  eggs. E ggs th a i are n o t fe rtiliz e d  de- 
velop  in to  hap lo id  m ales. F e rtiliz e d  eggs d ev elo p  in to  
d ip lo id  em bryos, an d  th ese  are u su ally  fem ales. B ecau se  
o f  the  m ech an ism  o f s e x  d ete rm in a tio n  in  H ym en o p - 
tera, w h ich  is not co m p le te ly  u n d e rs to o d , d ip lo id  m ales 
arc  rarely  p rod u ced . M ated  ad u lt fem ales s to re  sp erm a- 
tozoa receiv ed  fro m  the m ales d u rin g  m a tin g  in  a d iver- 
ticu lu m  off o f the rep ro d u ctiv e  tra c t, th e  sp erm a th eca .

T h e  fem ale is cap ab le  o f co n tro llin g  the re lease  oi sp er- 
m ato zo a to fertilize  eggs passing throu gh  the o v id u ct, 
thus co n tro llin g  the sex o f h er offsp ring. T h e  co n tro l 
o f the sex ratio  oí offsp rin g  m ay be ad van tageou sly  
app lied , in th eo ry , to m axim ize íhe rep rod u ctive  su c- 
cess o f the fem ale. In  som e p arasitoid  sp ecies, the  size 
o f the host can  in ílu e n ce  the fem ale to lay a m ale or a 
ĩem ale  egg. In  o th e r  c ircu m sta n ces , the p resen ce  o f 
o th er ov ip o sitin g  íem ales on a host has b een  show n to 
in ílu e n ce  the re lativ e  p ro p o rtio n s o f m ale and fem ale 
eggs laid . H ap lodip loid y  also affects the p ro p o rtio n s  o f  
a lle les  that are shared  am on g relativ es in co m p a riso n  
to the  ex p e c ta tio n s  o f related ness that are co m m o n ly  
found  am on g str ic tly  d ip loid  sp ecies. In the s im p lest 
case o f a fem ale m atin g  w ith  one m ale, a d au g hter m ay 
b e gen erally  exp ected  to share a greater p ro p o rtio n  o f 
its a lle les w ith  h e r  s ister (7 5 % ) than  w ith  h er b ro th e r  
(2 5 % ). T he two íem ale  offsp rin g  share one set o f  c h ro - 
m o so m es co n trib u ted  by the hap loid  m ale sp erm ato zo a  
and , o n  average, w ould e xp ect to share 5 0 %  o f  the 
a lle les  inherited  from  the m o th er. In co n tra st, the m ale 
o ffsp rin g  has o n ly  a sin gle set o f cb ro m o so m es derived  
from  h is m o th er. T h is  asym m etry in  re lated n ess has 
b een  th o u gh t to be  a co n trib u tin g  íacto r lo  the m u ltip le  
ev olu tio n  o f eu so cia lity  in  the Hyme.nopte.ra, b u t its 
im p o rta n ce  is stro n g ly  q u estio n ed . A lth ou gh  sin g le  
m aú ng s m ay be the ru le for m any sp ecies  u n d er n o rm al 
co n d itio n s, one fem ale maLing w ith  m any m ales is n o t 
u n co m m o n : T h e  m atin g  íligh t o f  the h o n ey b ee , Apis 
meỉli/era  L in n aeu s, is an extrem e exam ple. A lso , m any 

sp ecies  o f socia l in sects , esp ecia lly  am on g the an ts , have 
n u m ero u s u n re lated  egg-lay ing q u een s w ith in  a co lo n y .

A n o th er form  o f p arth en o g en esis  is re la tív ely  co m - 
m o n  w ith in  H ym enop tera: thelytoky . In  th is ca se , the 
ĩem ale does not m a te w ìth  a m ale, and her u n fertilized  
eggs are cap ab le  o f em b ry o n ic  d ev elop m ent and p ro - 
d uce on ly  fem ale offsp ring. T h e ly to k y  is n o t u n co m - 
mon among parasitoid groups, and the íunneling of 
all reprod uctive  o u tp u t in to  the p ro d u ction  o f new  
egg-laying d au g hters m axim izes sh o rt-te rm  rep ro d u c- 
tive su ccess. It has recen tly  been d iscovered  that in  
several cases th e ly to k o u s p arth en o g en esis  is cau sed  
b y  b a cteria l in fe ctio n s , p rin cip ally  by the gen us Wol- 
bachia. T re a tm e n t o f the w asps w ith heat or a n tib io tics  
can  cause the ind iv id u als to revert to n o rm a l arrh e n o - 
to ko u s m od es o f rep ro d u ctio n . M any stra in s o f  Woỉ- 
bachia  do n o t resu lt in  th e ly to k o u s rep ro d u ctio n  b u t 
ra th er in cy to p lasm ic  in co m p a tib ility  b etw een  eggs 
and sp erm ato zo a, ln fe c tio n s  by these b a cteria  have 
b een  d iscovered  in  a w ide range o f in sects  and  the 
e v olu tio n ary  and eco lo g ica l s ig n iíìca n ce  o f th e  p b e- 
n o m en o n  is n o t w ell un d erstood .



2 . O v ip o s i t io n  B e h a v io r

H ym en o p tera  are p robably  m o st fam iliar as s tin g in g  
in sects . T h e  stin g  apparatus is a m o d iR catio n  o f the 
egg -lay in g  append ages fu n d am en tal to  all H ym enop - 
tera. B eca u se  egg-lay in g  s tru ctu res  are n atu rally  asso ci- 
ated  w ith  fem ales, on ly  fem ale w asps can  sting . H ow - 
ever, th e  m ales o f som e sp ecies  are e x trao rd in arily  adept 
at m im ic k in g  b o th  the stru ctu re  and b eh av io r o f fem ales 
and  ca n  som etim es fool even  exp erien ced  w orkers.

In  its a n ce stra l co n d itio n , the o v ip o sito r is com p o sed  
o f tw o p airs  o f  e lon gate  append ages, the gon apop hyses 
o r o v ip o s ito r valves, associated  w ith  the severu h and 
e ig h th  ab d om in al segm ents. T h e  go n ap o p h y ses are 
p h y sica lly  lin k e d  to geth er and íu n c tio n  as a s in gle  a rtic- 
u la tin g  u n it. w h e n  n ot in use, the o v ip o sito r is u su ally  
e n c lo se d  w ith in  a p ro tectiv e  pair o f sh eath s , the go- 
n o p la cs. In  saw flies, the gon oap o p h yses are laterally  
íla tten ed , serra te , and used to cu t an in c is io n  in to  p lant 
m ateria l in to  w h ìch  one or m ore eggs are laid. T h e  
s im ila rity  in stru ctu re  and íu n c lio n  to a saw gives rise 
to  the  co m m o n  nam e for m ost o f the Sym phyta.

W ith in  the H ym enop tera, the o v ip o sito r and its func- 
tion  have b een  extend ed  beyond its b asic  fu n cú o n  in 
egg -lay in g . A m ong p arasito id s, it is used to  paralyze 
h o sts ; in  the A cu leata  or stin g in g  H ym en o p tera , the 
o v ip o s ito r and venom  are often  used as a d eĩensive 
w eap on .

B. Parasitoids
A p arasito id  is d eíìned  as an an im al in w h ich  the in im a- 
tu re  stage feeds on  a single h o s t ind iv id u al, and this 
feed in g  activ ity  norm ally  resu lts  in  the d eath  o f the host. 
H isto rica lly , su ch  in sects  have b een  ca lled  p arasites, but 
th is  w as m islead in g . T ru e parasites, su ch  as lice , feed 
o n  a large h o st but the feeding activ ity  h as o n ly  a m in o r 
d e le te rio u s  effect. D espite th is d is tin ctio n  in nam es for 
the  tw o type o f life h istory , the verb “p arasitize” is stiỉl 
n o rm a lly  u sed  to d escribe  the a c tio n  o f  b o th  group s. A 
p arasito id  is  essen tia lly  a p red ato r, b u t One that feeds 
on and  k ills  o n ly  a sin gle prey item . T h ey  also  d iffer 
from  p red ato rs  in  that it  is the p aren t that fìnds the 
“p rey” an d  the offsp ring that feeds. T h e  H ym enop tera  
are the p rim ary  group o f in sec t p arasito id s, b u t o th er 
o rd ers, p articu larly  the D iptera and C o leo p tera , have 
sp ecies  th a t fo llow  th is sam e p attern .

P arasito id  H ym enop tera a tta ck  a very broad  range 
o f arth ro p o d s. P ractica llv  all o th er in sect groups have 
th e ir  su ite  o f p arasitoiđ s as w ell as arach n id s and m vria- 
p od s. M ost p arasitoid s a tta ck  the im m atu re stages oí 
th e ir  h o st: the egg, nym p h, larva, o r pupa. A few groups 
p arasitize  ad ult in sects. In som e cases, the  fem ale parasi-

toid ov ip osits  on o n e  s iag e  and her ad ult offsp rin g  
em erge from  a n o th er . F o r  exam p le, som e sp ecies  o f 
B racon id ae ov ip osit w ith in  the egg o f their h o st, b u t 
the w asp larva ac tu a lly  feeds o n  and em erges from  ihe 
larva. A íter the c o m p le tio n  o f  feeding , the p arasitoid  
larva p u p ates o n , w ith in , o r som etim es nearby the spent 
carcass o f its  host.

T h e  o v ip o sito r is used  to iĩrst “sú n g ” the h o st arth ro - 
pod , and venom  is ih e n  in je cte d . T h e  venom  m ay in ca- 
p acita te  the h o st for o n ly  a sh o rt p eriod  o f tim e or, in 
m ore extrem e cases, m ay resu lt in  the  co m p lete  susp en- 
sion  o f m o st n o rm al a c tiv itie s , p u ttín g  the h o st in  a 
State of “suspended animation.” T h e  íen iale \vasp then 
lays o n e or m ore eggs on  o r o ften  w ith in  the bocly o f 
the h o sl. In som e sp e cie s , the fem ale  p arasitoid  attack s 
exposed hosts— for example, a Caterpillar íeeding on a 
leaf. In o th er cases, th o u g h , the h o sts  are hid den in  the 
so il, en clo sed  w ith in  sh e lte rs  m ade oi lcaves, tvvigs, 
d ebris, or s ilk , or they  even  bore  deep  w ithin  the ư u n k s 
o f  trees. T he s tru ctu ra l ch a ra c te r is tics , sen so ry  capabili- 
úes, and b eh av ioral re p erto ire  o f the íem ale w asp com - 
b in e  to enab le  h e r  to  lo ca te  and  su ccessíu lly  oviposit 
up on su ch  p ro tec ted  h o sts . F o r  exam p le, m an y species 
o [p a ra s ito id  H ym en o p tera  that a tta ck  w o o d -b o rin g b e e - 
tles are equip ped  w ú h e lo n g ate  o v ip o sito rs  that m ay be 
tvvo or m ore tim es the len g th  o f the rest o f the body. 
T h e  fem ales are cap ab le  o f  d rillin g  rbrough tens o f 
cen tim eters  o f w ood  w ith  th eir o v ip o sito r in ord er to 
fm d and  parasilize  the  h id d en  b e e tle  larva.

T h e  p ro x im ate  m e ch a n ism s by w hich  a fem ale para- 
s iio id  lo ca tes, id en titìes , and  d eterm in es  ihe su iiab ility  
h o sts  w ith in  a co m p le x  e n v iro n m e n t are only beg in n in g  
to be u n d ersto o d . C h em ica l cu es  are certa in ly  im p ortan t 
in  all o f  these stages o f  h o st íìn d in g . T h ese  ch em ica ls  
m ay b e p rod u ced  by the h o sts  as a b y -p ro d u ct o f n orm al 
activ ity  su ch  as ĩeed in g . O ften , p arasitoid  íem ales are 
a ttracted  to vo latile  c h e m ica ls  prod uced  by the plant 
on  w h ich  a ho st is feeding . O th e r  sen sory  m od alities 
used  in íìn d in g  h o sts  and a ssessin g  th eir qu ality  inclu d e 
Vision, tactile  e x a m in a tio n , d e te c tio n  o f su b strate  vibra- 
tion s, and p o ssib ly  h eat d e te c tio n . T h e  extern a l suríace 
o f ih e  body o f an ad u lt w asp is studded  w ith  an array 
o f sen so ry  s tru c tu re s . F o r  ho st lo ca tio n  and a ccep tan ce , 
the m o st im p o rtan t o f these are 1’ou n d  on ih e antenn ae, 
tarsi, m o u th p a rts , and  o v ip o sito r.

A m ong the array o f  d eta ils  o f life  h isto ry  strategies, 
tvvo general p a ttcrn s  arc  so m e tim e s  d istin gu ished  and 
p arasitoid s m ay b e c lassified  as id io b io n ts  01' k o in o b i- 
onts. Id io b io n ts  are gen erallv  ch aracterized  b y  the fact 
that the d ev e lo p m en t  o f the h o st arthrop od  is arrested  
ih ro u gh  the a c tio n  o i the  v enom  in jected  bv the parent. 
T h e  larval p arasito id  th u s d ev elop s on an in cap acita led



host. In k o in o b io n ts , the  h ost resu m eS  ieed in g  and de- 
v elop m em  a íter the  p a ra silo id  fem ale has ov ip osited . 
T h e  larval k o in o b io n t p arasito id s tv p ica lly  develop 
vviihin thc body o f the  h o st, b u t th is  m ay be delayed 
f01' som e tim e as the  h o st grow s and cven  pupates. 
T h u s, the p arasitoid  m u st have the p h y sio lo g ica l m ech - 
an ism s to evade the im tn u n e system  o f its h o st. Id iob i- 
o n ts  typicallv  a tta ck  h o sts  th at are fou n đ  in  co n cea led  
lo ca tio n s  and a broaci ta x o n o m ic  ran ge o f h o sts  m ay 
be attacked . K o in o b io n ts , in  c o n tra s t, m ay p arasitize 
fully exposed  h o sts  an d , b e ca u se  they  m u st be attuned  
m u ch  m ore c lo se ly  to ih e  h o st im m u n e  and en d o crin e  
system s, their h o st ran ge is typ ica lly  m u ch  narrow er.

T h ere  is a ire m e n d o u s  range o f  v aria tio n  found 
w ilh in  the gen eral life h is to ry  p a tte rn s  d escrib ed . Para- 
s ito id  larvac m ay feed on  the h o s t íro m  o u tsíd e  the 
h o s ts  bodv as ecto p a ra sito id s , o r th cy  m ay live and feed 
wiLhin the body o f  the  h o st as en d o p a ra sito id s . A m ong 
so litary  p arasito id s, a s in g le  in d iv id u al w asp  d evelops 
on  each host in d iv id u al. T h e  ad ult w asp th a i em erges 
from  the pupa th en  m u st lo ca te  m a tes , íood , w ater, 
and  nevv h o sts  on  w h ich  to o v ip o sit. M any ind iv idu al 
p arasilo id s develop  on  a s in g le  host in gregario u s para- 
s itistn ; the n u m b er o f  w asp s m ay ran ge fro m  tw o to 
thou sand s. In ih ese  cases , m ales g en era lly  em erge first 
an d  m ate vvith the la ter -em e rg in g  íem ales o n  or near 
ih e ir  p u p ation  site . In som e cases , th is  leads to a high 
level ol s ib -m a tin g  ( i .e .,  b ro th e rs  m atin g  s is te rs ) , and 
in su ch  situ a tio n s  it is n ot u n co m m o n  for the  sex  ratio 
to be sig n iíìcan tly  sk ew cd  tow ard  the p ro d u ctio n  o f 
lem ales. In  o th er w o rd s, the p aren t fem ale lays ịust 
en o u g h  m ale eggs, so m e tim e s  o n ly  o n e , to en su re  the 
in sem in a tio n  o f  all h er d a u g h iers. In  th is  m a n n er, she 
is th o u gh t to be ab le  to in crea se  h e r  o v era ll rep ro d u ctiv e  
o u tp u t. G regario u s p a ra sitism  m ay be e ffected  by nu - 
m ero u s w asps a tta ck in g  a s in g le  h o st, b y  a sin g le  w asp 
p la cin g  m ore ih an  One egg o n  o r in the  h o st, or by a 
p e cu lia r  p h e n o m e n o n  ca lled  p o ly em b ry o n y . In th is 
ca se , the paren t fem ale  p laces o n e  egg w ith in  the bod y 
o f  the h o st, but th is  s in g le  egg p ro d u ces  from  tw o to 
th o u san d s o f id e n tica l em b ry o s, ea ch  o f  w h ich  ev en tu - 
a lly  d evelops in to a new  ad u lt p arasito id . P o ly em b ryo n y  
h a s  ap parently  ev olv ed  at least fo u r tim es w ith in  the 
H ym enop tera  b e ca u se  it  is fou n d  in  the fam ilies  B raco - 
n id ae, P laty gastrid ae, D ry in id ae , and E n cy rtid ae .

H yperp arasito id s, o r seco n d a ry  p arasito id s, are spe- 
d e s  that are ac tu a lly  p a ra sito id s  o f o th e r  p arasito id s. 
F o r  exam p le, in so m e sp e c ie s  o f  the  fam ily  T rig o n alid ae  
the adult íem ale lays large n u m b ers  o f  eggs o n  fo liage 
n ear feeding ca terp illa rs . T h e  eggs are in ad v erten tly  
ingested bv the Caterpillar, the thick sh e ll of the egg is 
d isru p ted  by the Caterpillar’s m a n d ib les , and the trigo-

nalid  larva q u ick ly  h atch es and b o res throu gh  the gut 
o f the host to en ter the hem oco el. It then lies d orm ant 
until the  Caterpi l lar  is su b seq u en tly  parasitized  by an- 
o ih e r  parasitoid  sp ecies, typ ically  an ich n cu m o n o id  or 
a tach in id  (D ip tera ). T he nevv p arasito id  d evelop s on 
the C aterpil lar  h o st b u t is then  a tla ck ed  and u ltim ate ly  
k illed  by the trigonalid . S u ccess in su ch  a co m p lica ted  
Lífe h istory  req u ires a seq u en ce  o f in d iv idu ally  u n lik e ly  
events: in g esú o n  o f the egg; survival o f ihe  h ost Caterpil
lar from  disease, pred ation , starv atio n , e tc .; and su b se- 
quent p arasitizatio n  o f the Caterpillar by a suitable spe- 
cics. T he low  p rob ab ility  o f su ch  a seq u en ce  is 
com p en sated  by the fact that the fem ale trigo n alid  lays 
huge n u m b ers o f eggs.

O ne o f the m ost b izarre types o f  life h is io ry  is the 
h e tero n o m o u s p arasitism  found am o n g  som e sp ecies  
oí the ch a lcid o id  íam ily  A p helin id ae. F em ale  o ffsp rin g  
d evelop  as p rim ary  end o p arasito id s o f H om optera. T h e  
m ales, in  co n tra st, m ay develop as ecto p arasito id s  of 
the sam e sp ecies  o f host or as seco n d ary  p arasito id s, 
som etim es a tta ck in g  fem ales o f  th e ir  ow n sp ecies.

A lth ou gh  the parent fcm ale o( m ost p arasiiic  H ym e- 
nop tera fm ds and ov ip osits  on  the ho st lo r h er o ffsp rin g , 
in a few cases it is ihe larvae that lo cate  the h o s ls . In  
ihe  P erilam p id ae and E u ch a ritid a e , the ad ult fem ale 
w asp lays her eggs o n  or in  p lant m aterial, o ften  in  
large nu m bers. T h e  first in star larvae that h a tch  from  
these eggs are stro n gly  sclero tized  and m o b ile , in  co n - 
trast to ihe typ ical larva o f A p ocrita . T h ese  m o b ile  fư st 
in siars , called  p lanid ia , som ehow  find  th eir w ay to th eir 

h o st, a ttach , and feed. In the e u ch a rilid s , it ap pears that 
the p lan id ia  m ay attach  to thrip s, w h ich  are th en  p ick ed  
up and carried  by ants in to  th eir n est. O n ce  th ere , the 
p lanidia d isengage from  their tem p orary  tran sp o rt and 
attach  and feed o n  a n l larvae.

c. Predators
T h e d isú n ctio n  b etw een  h y m en o p teran  larvae th at act 
as p arasitoid s and  those that act as p red ators is fairly 
arb itrary , b e in g  d ep en d en t o n ly  on the n u m b er o f  host 
ind iv id u als k illed  and eaten in the p ro cess  o f larval 
d ev elop m ent. T h e  ly p ical p red atory  life h isto ry  is ex- 
trem ely sim ilar to the id io b io n t strategy. T h e  paren t 
fem ale w asp fm ds, s lin g s, and im m o b iliz es  the prey 
item . T h e  prey m ay already be in  a p lace  o f co n ce a lm e n t, 
su ch  as b en eath  a ro ck  or w ith in  a b u rro w , or the  fem ale 
w asp m ay actu ally  c o n stru c t a h id in g  p lace , o ften  a 
bu rrow  in ih e  so il or in tu n n els in  w ood. M ore than  
one prey item  m ay be ca ch ed  in  a ch a m b er in this 
burrovv, and then  the fem ale w asp lays an egg o n  the 
prey. T h e  larva that h atch es  feeds on  and d evelop s on



th is s to re  o f  food  ih at has b een  provided  by its m oth er. 
In  th e  case  in  w h ich  o n ly  one prey item  is availab le, this 
is e sse n tìa lly  id en tica l to the life  h isto ry  o f an  ex tern a l 
p arasito id . In  m any sp ecies, the p aren t ỉem ale  m ay use 
the sam e bu rro w  w ith in  w h ich  to s tore  the prey for 
sev eral o f h e r  larvae, co n stru c tin g  sid e ch am b ers for 
ea ch  o f the  o ffsp rin g  or b u ild in g  ch am b ers in  a lin ear 
series . T h u s , from  the startìn g  p o in t o f  o v ip o sitin g  on 
a p aralyzed  prey item  w ith in  its ow n h id in g  p lace , there 
is ih e  d ev elo p m en t o f  a n e s t— that is, a stru ctu re  bu ilt 
by  the p a ren t fem ale w ith in  w hich  h er you ng are fed 
and  d ev elop . Som e vvasps gath er to geth er all o f the 
prey that an o ffsp rin g  w ill need  for d ev elop m ent before  
ov ip o sitin g . O th ers p rogressively  p rov ision  th e ir n ests, 
p ro v id in g  new  prey item s to the d ev elop in g  larva as it 
co n su m e s  the food available.

D. Phytophagy
It is g en era lly  accep ted  that the H ym enop tera evolved 
from  a p h y to p h ag ou s a n cesto r s im ilar in m any resp ects  
to the e x ta n t saw flies. T h e  A p ocrita , in  turn , are derived 
fro m  a p arasito id  an cesto r. H ow ever, vvithin ihe  A po- 
cr ita , th ere  are n u m ero u s cases in w h ich  phylop hagy, 
in  íls  b ro ad est sen se , has reo ccu rred . In  som e cases, 
su ch  as th e  seed ch a lcid s  o f the fam ily E u ry lom id ae, 
the h o st re la tio n sh ip  ís fairly straightforw ard : T h e  fe- 
m ale  w asp  ov ip o sits  in to  the d ev elop in g  seed  and ihe 
larva feeds on  the end osperm . In  o th er cases, the phy- 
top hagy is m o re  e laborate  or even  bizarre.

1 . G a ll  M a k e r s

G alls  are a b n o rm al grow ths o f p lant tissue caused  by 
so m e so r t o f  stim u lu s from  a n o th er p lan t or anim al. A 
w ide ran ge o f in sects  are k n o w n  to cause gall d evelop- 
in e n t; w ith in  the H ym enop tera it is found am o n g  saw - 
ílies, the  p rim arily  p arasitic  B raco n id ae  (Ich n e u m o - 
n o id e a ) an d  C h alc id o id ea , and esp ecia lly  in ihe gall 
w asp s, the íam ily  C ynipidae (C y n ip o id ea). G all devel- 
o p m en t is ind u ced  e ith er by ch em ica ls  in ịec ted  in to  
the p lan t b y  the ov ip o sitin g  fem ale or by secre tio n s  
p ro d u ced  by the new ]y h atch ed  larvae. T h e  p lan t tissue 
that is e lab o rated  into  the gall may take a variety  o f 
sh ap es and sizes, from  m ere sw ellin gs o f  the stem  to 
large , o rn a te  stru ctu res  on  the leaves or roots. T h e  gall 
m a k er feed s on  the plant tissue w ith in  the gall, pupates 
th ere , an d  ev en tu ally  chew s an em erg en ce h o le  throu gh  
w h ich  it escap es. T h e  n u tritiv e  tissu e, hoth  th a i o f the 
gall and  so m etim es that o f the d evelop in g  gall m ak er, 
is also  m ad e use o f by a w ide variety  o f in q u ilin e  sp ecies  
w h ich  o v ip o sit in to  the gall and kill the original gall 
m ak er.

T h e  life  h is to ries  o f  cynipid  sp ecies m ay vary 
greatly . Som e are ía irly  typ ical of o th er H ym enop tera ,
1.e., m ales and ĩem ales em erge from  th eir resp ectiv e 
galls and th en  m ate , and the fem ales then  see k  out 
new  h o st p lants in  w h ich  to ov ip osit. T h e ir  eggs 
develop  in  e ith er fem ales or m ales, d ep en d ing on 
vvhether the eggs are fertilized  or not. S u ch  sp ecies  
are typ ically  u n iv o ltin e  and attack  a w ide v ariety  o f 
host p lants. O th er life h is to ries  m ay b e sig n iíìcan ily  
m ore com p lica ted . Som e sp ecies  have sim p ly aban- 
d oned  the p ro d u ctio n  o f m ales and are s tric tly  th e ly io - 
kou s. O th ers  a ltern ate  betw een  sexual and asexual 
g en era tio n s, rep ro d u cin g  via arrh en o to k o u s and the- 
ly to k o u s p a rth en o g en esis , resp ectively . T h e  sexual 
gen era tio n  con sists  o f b o th  m ales and íem ales. T h ese  
m ate , and the in sem in ated  íem ales seek  hosts in w hich  
to ov ip o sit. All o f the o ffsp rin g  o f  thesc wasps develop 
into  fem ales. T h e  ad u lts o f th is new  gen eration  in 
turn  ov ip osit, and som e o f the eggs đevelop into  
m ales and  som e in to  fem ales, thus retu rn in g  to the 
sexu al gen era tio n . T h e  ad u lts o f the sexual and asexual 
g en eratio n  o f gall w asps o ften  strik in g ly  cliffer in their 
stru ctu re  and p ro d u ce very d ifferent typcs o f galls in 
d ifferent p o sitio n s  on  the h o st p lant. In  som e cases, 
they even a tta ck  d ifferen t sp ecies  o f plants.

2 . F ig  W a s p s

T h e fig w asps, o f the ch a lc id o id  su b íam ilv  A gaoninae, 
are very sp ecia lized  fo rm s o f gall m akers. Fem ale 
fig w asps bu rrow  their way into  the sycon iu m , ihe 
in ílo re sce n ce  o f ih e  fìg p lant. P ollcn  [rom  the body 
o f the  fem ale is tran sỉerred  to the flow ers co n cea led  
w ith in  the sy con iu m  and  then  the fcm ale ov ip osits  
w ith in  som e o f  the [low ers. T h ese  flow ers su b seq u en tly  
sw ell, and  the em erg in g  larva feeds w ith in  the tissu es, 
co n su m in g  b o th  the em bryo  and end osp erm . T he 
m ale w asps ih e n  em erge íirst and m ate w ith  ihe 
íem ales w hile  they are s till w iih in  the galled flow ers 
o f  the fig. T h e  ĩem ales la ter em erge from  the flow ers, 
p ick  up p o llen , som etim es actively  storin g  it in  sp ectal 
cav ities  on  the body, and escape through holes chew ed 
by the m ales. M ale fig w asps are extraord in arily  
ab erran t creatu res: T h ey  la ck  w ings, the eyes and 
an ten n ae  are u n d erd ev elo p ed , b u t in co n tra s t the 
legs and m an d ib les are som etim es enorm ou s. A rich  
co m p lem en t o f o th er p arasitic  H ym enop tera are asso ci- 
ated w ith  figs, som e d ev elop in g  on fìg tissu es and 
o th ers  a c tin g  as p arasito id s o f the w asps.

3 . L e a f - C u t t in g  A n ts

T h e  leaf cu tte rs  b e lo n g  to the tribe A ttini (F o rm icid a e ). 
T h ese  ants are found nearly throu gh ou t trop ical



Am erica, north into the Southern portions o f the 
U niied  States. T h e  lo n g  lin es o f th ou san d s o f  ants, 
p ru n in g  p ieces  o f v eg eta tio n  and carry in g  them  b ack  
to the nest are  a fam iliar sight th ro u gh ou t the New 
W o rld . S trictly  sp eak in g , the lea í cu tters  are not 
p h v top hag ou s b eca u se  they do n o t íeecl d irectly  on 
the v eg eta iio n  thai th ey  co lle ct. R ather, they use the 
leaves and stem s as  the  su b stra te  on w h ich  they 
m ain ia in  a fungal co lo n ỵ . T h e  an ts feed on sp ecia lized  
s tru ctu res  p ro d u ced  by th e ir  íu n g u s; the fungal organ- 
ism , in re tu rn , is n u rtu red  and  m ain ta in ed  in an 
en v iro n m en t íavorab le  for grovvth. w h e n  leaving the 
n est on  her m a ú n g  flig h t, the new  V ir g in  queen takes 
a b ít o f  the fungal m ass to use as an in o cu la n l w hen  
shc b eg in s h e r  new  co lo n y . C o lo n ies  o f le a f cu tters  
can b c  ex trem ely  large, n u m b erin g  in the m illio n s. 
As a resu lt, they ca n  be ex trem ely  d estru ctiv e  to 
a g ricu ltu re , lo restry , an d  h o rticu ltu re .

4 .  P o lle n  F e e d e r s

T h e  life h is lo ry  d escrib ed  p rev iou sly  for p red atory  
s tin g in g  H v m en op tera  h as b cen  m od ified  in at least two 
cases  in  w h ich  the p a rcn i ỉevnale p ro v isio n s her nest 
w ith  p ollen  rath er th an  arih ro p o d  prey. T h e  largest 
grou p  in w h ich  this h as o ccu rre d , and one ol the group s 
m o st fam iliar to the casu al o b server, co m p rises  the b ces. 
F em ale  bees v isit flow ers b o ih  to g ath er n ecta r for th eir 
ow n en erg etic  needs and  to gath er the pollen  on  w hich  
th e ir  o ffsp rin g  w ill teed. Som e bees are o lig o le c tic , i.e ., 
they are fairly re s tr ic te d  in  the range o f  p lant sp ecies  
írom  w hich  th cy  g a th e r p o llcn . O th e rs , su ch  as thc 
u b iq u ito u s  h o n e y b e e , are p o ly le ctic  and  gath er p ollen  
fro m  a broad  range o f  sp ecies . T h ere  are m any sp ecia l- 
iz a tio n s  o f  th e  body o f  b ees th at ía c ilita te  the tran sp o rt 
oT p o llen . S o m e b ees w ill ingest ih e  p o llen  grain s and 
tran sp o rt th em  w ith in  th eir cro p ; o th ers  have dense 
beds o f  hairs p a rticu la rly  on the legs or o n  the u n d ersid e 
o f the  ab d om en  w here p o llen  is p acked  for tran sp o rt. 
P o llin a tio n  o f  flow ers by b e e s— that is, the tran sp o rt 
o f p o llen  fro m  one tlow er to a n o th e r— is o ften  a ccid en - 
lal and  is irre lev an t to the  in sect but o f critica l rep rod u c- 
live im p o rta n ce  to the  p la n t. M any an a to m ica l features 
o f p lan ts  are he liev ed  to be sp ecia liz a tio n s  for a ttra c tin g  
b ees o r o th e r  in sects  to  the n e c ta r  and  en su rin g  that 
p o llen  grain s aclhere to  th e ir body.

E. Social Behavior
S ocial b e h a v io r is m o st s im p ly  d eíìn ed  as that o f group s 
o f ind iv id u als o f the sam e sp ecies  that co o p era te  w ith  
one an o th er. S im p le aggregations o f  ind iv id u als may 
o ccu r , for exam p le, w here som e lim itin g  reso u rce  is

foun d, su ch  as w ater o r n esú n g  sites. E v o lu tio n arily  
im p o rtan i so c ia l b eh av ior, how ever. involves som e sort 
o f  co o p era tio n  am o n g  ind ividuals leading to rep ro d u c- 
tive su cce ss  o f som e or all o f the p artic ip an ts. A m o n g  the 
in sects , the ex tre m e s in d ev elo p m en t o f socia l b eh a v io r 
p rim arily  are found  in the term ites  (o rd er Iso p tera ) and 
w ith in  the H ym enop tera. Its  m ost h igh ly  d evelop ed  
level, callecl eu so cia lity , is ch ara c ieriz ed  by c o o p era lio n  
a m o n g  ĩem ales in n eslin g , o verlap  in  g e n era iio n s , and 
rep rod u ctiv e  d iv isio n  o f labor. T h is  m eans that so m e 
índ iv id u als sacrifice  p ro d u ctio n  o f  th e ir ow n o ffsp rin g  
in  ord er to facilita te  rep rod u ctio n  by o th e r in d iv id u als  
o f  the sam e co lo n y . E u so cia lity  has clearly  evolved  sev- 
eral tim es w ith in  the ord er H ym enop tera: o n ce  in  the 
ants, w h ich  are p rim itively  e u so cia l; o n ce  in  the large 
fam ily Sp h ecid ae ; and several tim es am on g the b ees and 
the socia l w asps ( i.e ., the paper w asps, y e llo w ja ck ets , 

h o rn ets , e tc .) .
C o lo n ies  o f socia l in sects  can  be e x lre m e ly  large, 

b o th  p hy sica lly  and  in term s on  lo tal n u m b ers o f  ind i- 
viduals. T h e  life cy cle  o f  a co lo n y  typ ically  b eg in s  w ith  
the m alin g  íligh t o f  a V ir g in  q u een . APter m atin g  w ith  
o n e  to several m ales, the q u een  begins c o n stru c tio n  o f 
a n est in  the so il, a natu ral cav ity , o r  in  som e cases  in 
the op en . C o lo n y  ío u n d in g  is so m etim es coo p erativ e  
(e .g ., in  som e p ap er w asp s), and the d eterm in a tio n  o f 
w h ich  ìnd iv idu al w ill b eco m e the p rim ary  rep rod u ctiv e  
o n es is estab lish ed  throu gh  behavioral in te ra c tio n s  
am on g the ío u n d ers. M ales do not p artic ip ate  in  co lo n y  
ío u n d in g  and on ly  serve to insevninate the new  q u een s, 
a íle r  w h ich  thcy so o n  p erish . T h e  eggs p ro d u ced  by 
the qu een  d evelop  in to  the íìrst w o rk er g en eratio n : 
T h ese  are all d au g hters o f the q u een  and  typ ica lly  do 
not rep rod u ce . W o rk ers  forage for food  and nest m a teri- 
als, care for the developing brood, defend and care for 
the n est, and  care  for the q u een . T h is  range o f  b eh av iors  
is  so m etim es divided am o n g  the w o rk ers. In  som e spe- 
c ies , indivìduals are m o rp h o lo g ica lly  sp ecialized  in to  
reco gn izab le  castes for certa in  fu n ctio n s  su ch  as d eỉen se  
in  the case o f  so ld iers. M o rp h o lo g ica l d iffe ren tia tio n  
in to  castes  resu lts from  a llo m etric  grow th o f  the ind iv id - 
ual vvorkers. Ind iv id u als o f overall larger body size have 
d isp ro p o rtio n ate ly  large m an d ib les , sp in es, and head  
cap su les. In o th e r cases, ind iv id u als may n o t b e  m or- 
p h o lo g ica lly  d istin g u ish ab le  b u t sp ecia lize  in  p a rú cu la r 
sets  o f beh av iors at d ifferen t p erio d s o f  th e ir adult life , 
u su ally  en d in g  as foragers ou tsid e  the n est. O n ce  w ell 
estab lish ed , the co llectiv e  e ffo rts  o f  the in d iv id u als  oi 
the co lo n y  resu lt in  the p ro d u ctio n  o f  a new  gen eratio n  
o f  m ales and rep rod u ctive  fem ales. Som e so c ia l sp ecies  
rep rod u ce  by sw arm ing: In the case  of the h o n ey b ee, 
the old  qu een  leaves the e x istin g  n est, tak in g  w ith  her



a p o rtio n  o f  the w o rk er fo rce , and reesta b lish es  in  a 
n ew  s ite . T h en  o n e  o f the new ly em erg in g  q u een s takes 
over the rem ain d er o f the co lo n y .

C o m m u n ica tio n  am o n g  ind iv idu als is c ritica l to so- 
c ia l b eh av io r . C h em ica l c o m m u n ica ú o n  is p ro b ab ly  o f 
p rim ary  im p o rtan ce . M any e x o crin e  glands have been  
id en tiíìed  on socia l H ym en o p tera  from  all m a jo r p arts 
o f  the bod y . T h ese  ch em ica ls  in clu d e a larm  and  d efen se 
p h e ro m o n e s, m atin g  p h ero m o n es, trail p h ero m o n es, 
and sig n a ls  from  the qu een  th at su p p ress the rep rod u c- 
tion  o f  w ork ers. T ro p h a lla x is , the exch a n g e  o f  food 
b e tw een  ind iv id u als, m ay serve as the  m ed iu m  o f  ex- 
ch a n g e  o f  som e ch em ica l signals. T a ctile  b eh av io r is 
a lso  im p o rta n t, prin cip ally  in v o lv in g  an ten n al co n ta ct 
b e tw een  ind iv idu als. T h e  classic  exam p le  o f  tactile  co m - 
m u n ica ú o n  is ih e  w aggle d ance o f  h o n ey b ees. T h e  lo ca- 
t io n  o f  ío o d  so u rces, in c lu d in g  d irecú o n  and to  som e 
e x te n t d ista n ce , is tran sm itted  to nestm ates by a stylized  
re e n a c tm e n t o f the  ỉo rag in g  íligh t w ith in  the d arkn ess 
o f  the  h ive. T h e  d irec tio n  o f  the re so u rce  in  re la tio n  to 
the  su n  is ind icated  by the angle form ed by the w aggle 
p o rtio n  o f  the d ance in re la tio n  to  the v ertica l axis 
w ith in  the hive.

E u s o đ a l b eh a v io r is a ĩa irly  rare p h en o m en o n  in  the 
a n im al w orld . T h e  rep eated  ev olu tion  oi su ch  co m p lex  
b e h a v io r  vvithin the sin g le  o rd er H ym en o p tera  has led 
to a great deal o f  w ork  in search  o f  an  exp lan atio n . O ne 
su g g e siio n  is ih at the asy m m etric  re la tio n sh ip  am o n g  
s ib lin g s  m ay b e  an im p o rtan t u n d erly in g  feature that 
p red isp o ses  th is group to the  ev olu tio n  o f the ch a ra cter- 
is tics  o f  so c ia lily . H ow ever, w ith in  the group at least 
lw o sep arate  paths leađ ing  to eu so cia litỵ  have b een  
id en tiíìed . T h e  p araso cia l ro u te  first en v isio n s  co m m u - 
nal n e sú n g  am o n g  relaled  fem ales, fo llow ed  by co o p era- 
tive b ro o d  care  and  ev en tu ally  rep rod u ctive  d iv isio n  o f 
lab o r. T h e  su b so c ia l rou te  to eu so cia lity  p o sits  fìrst 
the  d ev e lo p m en t o f  overlap  o f  g en era tio n s  fo llow ed  by 
c o n ú n u e d  rep ro d u ctio n  o f the  paren t fem ale in  the 
co m p a n y  o f  her ow n d aughters.

T h e se  ch a ra cteriz a tio n s  o f  so c ìa l b eh av io r are o íten  
m o re  sim p liíìed  than  the real s itu a tio n  found  in  n atu re . 
C o lo n ie s  m ay b e ĩou nd ed  by m o re than one q u een ; 
so m e tim e s  these are c lo se ly  related . Q u een s are p ro b a- 
b lỵ  u su ally  in sem in ated  by several o r even m an y m ales, 
th u s red u cin g  the re lev an ce  o f the asym m etry  o f  rela- 
t io n sh ip s  asso cia ted  w ith  a rrh e n o to k o u s  p arth en o g en e- 
sis. It is a lso  clear that eu so cia lity , a lth o u g h  a “h igh ly  
ev olv ed " tra it, is not the end p o in t o f ev olu tio n  in  H ym e- 
n o p tera . L o ca l en v iro n m en ta l ía cto rs  are u n d o u b ted ly  
im p o rta n t in  the d ev elo p m en t o f eu so cia l traits and in 
th e ir  su b seq u e n t loss. Several cases have b een  id en tified  
in  w h ich  these b eh av iora l rep erto ires  and  b o th  the m or-

p h o lo g ica l and p h y sio lo g ica l íeatu res a sso c ia le d  w ith  
th em  have been  lost. S o m e of the m ost e x tre m e  ca se s  
are so c ia l p arasitism  in  w hich  rep rod u ctive íem a les  o f  
o n e  sp ecies  live w ith in  the nest o f a n o th cr  so c ia l sp e cie s . 
T h e  w o rk ers  o f the  h o s t sp ecies feed and care  for the 
p arasite , and the la tte r  co n trib u te s  n o th in g  to the w e l- 
fare o f  the co lo n y . S o cia l p arasites are vvidely ío u n d  
am o n g  the an ts, b e e s , and  w asps.

IV. PRACTICAL IMPORT

A. Pests
In co m p a riso n  to o th e r  large ord ers  o f in sects, the H y- 
m en op tera  have re la tiv e ly  few sp ecies  th ai q ualify  as 
p est sp ecies. A lcw  o f  the phytophagoiLs form s do cau se  

son ie  dam age lo  ag ricu ltu ra l cro p s or to irees. L eaf- 
cu ttin g  an ts and le a f-c u tte r  bees can  cause dam age by 
rem ov in g  s ig n iíìca n t a m o u n ts  of (oliage from  p lan ts . In  
co n tra s t to the a n ts , le a f-cu tte r  b ees  do not lecd  on  ih e  
leaves, e ith er d irec tly  o r in d ircc ily , but use the p ieces  
in  ord er to line the b ro o d  ch am b ers  in th eir nests. Seed  
ch a lc id s  m ay d estro y  seed s o f cro p s such  as c lo v er. 
M any o f the p h y to p h ag o u s saw ílies are im p o rta n t p ests, 
p articu larly  to lo rest trees. T he ĩam ily  D ip rio n id ae , 
w h ich  in clu d es sp e cie s  su ch  as ih c  red -headed  p in e  
saw fly (N eodiprion lecontei), are o ftcn  im p o rta n t p ests 
o f co n ifers . O th er ía m ilies  su ch  as the T e n ih re d in id a e  
(e .g ., the larch  saw íly , Pristiphora erichsonii, and the 
b irch  le a f m in er, Fen usa pusiỉla) and C ep h id ae  (e .g ., 
the w heat stem  saw fly , Cephus ánctus)  are o cca s io n - 
ally  im p ortan t.

T h e  m o st s ig n iíìca n t d ele ler io u s  role p layed by 
H ym en o p tera  is d eriv ed  from  the reactio n  th at p eop le  
have to b e in g  stu n g . A lth o u g h  a few sp ccies  o f p arasitic  
H ym en o p tera  are cap a b le  o f ja b b in g  their o v ip o sito r 
th ro u gh  the sk in  o f  a p erso n , th is u sually  req u ires  
that the p erso n  a c tu a lly  hold  the w asp in  h is o r 
her han d : T h is  is n o t  a health  co n ce rn . A cu leate  
H ym enop tera , on  the o th er han d, in je c t  v en om  
th rou gh  the sú n g  ap p aratu s in to  the su b je c t o f th e ir  
a tten tio n . In som e ca ses , the venom  can  cau se  severe 
pain  by v irtue o f the  p ro p erties  o f  the ch e m ica ls . T h e  
m ost s ig n iíican t hazard , thou gh , lies w ith the re a ctio n  
o f the h u m an  im m u n e  system  to the c o m p o n e n ts  o f  
the in je c te d  v en o m . T h e  typical resp onse of sw ellin g , 
pain , and itch in g  m ay b eco m e life ih re a ie n in g  for 
ind iv id u als that b e co m e  hy p ersen sitivc to the  co m p o - 
nen ts o f  the v en o m . In  extrem e cases, the  re su liin g  
loss in  b lo o d  p ressu re  and sh o ck  can cau se  d eath , 
even from  the sú n g  o f  a single hce.



T h e so -ca lle d  “k ille r  b e e s” o r A frica n iz cd  h o n ey b ees 
are p erce iv ed  as a serio u s  h e a lth  r isk  in  th e  N ew  W o rld . 
These bees arc not an aggressive exo tic  specics thai has 
invađed the W e sie rn  H em isp h ere  b u t ra th e r  the sam e 

sp ecies  as th e  h o n ey b ee  th at is usecl in  a p icu ltu re  
th ro u g h o u l th e  w orld  (Apis m elli/era). C olonies o f  the 
h o n ey b ee  fro m  A frica  w cre  b ro u g h t to  B raz il in o rd er 
to  trv to  tra n s íe r  som e o f  ih e ir  u se íu l tra its  in to  the 
co lo n ie s  o f  E u ro p ean  h o n e y b e es  being m aintained in 
the tro p ics  th ro u g h  co n tro lle d  b reed in g . U n ío rtu n a te ly , 
A írican  b ees  escap ed  from  c o n íìn e m e n t and  b ecam e 
estab lish ed  as  feral c o lo n ie s . T h is  s tra in  o f  b e e s  has 
spread and interbred w ith both íeral and dom esticated 
co lo n ie s  o f  h o n ey b ees  th ro u g h o u t S o u th  and  C en tra l 
A m erica  and  in to  the Southern U n ited  S ta tes . T h e  A íri- 
can su b sp e cie s  o f  the h o n ey b ee  is  n o to r io u s  b eca u se  
the co ìo n y  m o re  v ig o ro u sly  d efen d s iis  n e s t against 
m araud ers th a n  th e E u ro p ea n  b e e s  and  is  gen era lly  
m ore sen sitiv e  lo  d istu rb a n ce . In  d e íe n se , the b ees  at- 
la ck  the an im al o r p erso n  d is tu rb in g  th e co lo n y  by 
stin g in g , ju s t  as do E u ro p ean  b ees. T h e  d iffe re n ce  be- 
tw een the tw o types o f  b e e s  lies  n o t in  a m ore to x ic  
venom  b u t in the fact the A írica n  fo rm s a re  q u ic k e r  to 
a tta ck  and  a re  m o re  p e rs is te n t in p u rsu it and  stin g in g . 
N u m ero u s d ea lh s  o f  h u m a n s  and  liv e s io c k  have b een  
reco rd ed  ih a t resu lt fro m  th e h igh  n u m b e r  o f  stin g s 
in ílicted  and  not from  h y p e rsen sitiv ity  o f  the p erso n  or 

an im al b e in g  attackecl. In  areas in  w h ic h  ih e  h o n ey b ees  
have b e co m e  m o re  agg ressive, g re a ie r  c a re  is need ed  
by p crso n s a p p ro a ch in g  th e  h iv es.

B. Biological Control Agents
A lth ou gh  so m e  sp ecies  o f  H y m en o p tera  have negativ e  
im p acts  on  h u m a n s  and  th e ir  c o m m e rc e , b y  and  large 
th c  o rd er is co n sid ered  to  be very  b e n e íìc ia l. O n e o f  
th e m o st im p o rta n t ca teg o ries  o f  su ch  b e n e íìc ia l in se c ls  
c o n s is ts  o f  th o se  th at e ith e r  p a ra sitiz e  o r  prey on  
o th e r  p est a rth ro p o d s. T h e s e  sp e c ie s , by  ev en tu ally  
k illin g  the o th e r  in se c ts , a c t as b io lo g ic a l agen ts  that 
red u ce  the p o p u la tio n  lev e ls  o f  th e ir  h o sts . S u ch  
co n  tro i ag e n ts  have m an y  ad van tag cs: P arasito id s  are 
o fte n  ía irly  h o st sp e c iíìc , and  ih u s  th e ir  e ffects  are 
ío cu se d  o n  the p est p ro b lem ; a p o p u la tio n  o f  b io lo g ica l 
c o n tro l a g en ts  is cap ab le  o f  m a in ta in in g  its e l í  throu gh  
tim e, th u s p ro v id in g  c o n tin u o u s  c o n tro l; p arasito id s 
are o íte n  e x tre m e ly  e ffectiv e  a t lo ca tin g  th e ir  h o sts  
in  a c o m p le x ly  s tru ctu re d  e n v iro n m e n t; a n d  p arasilo id  
p o p u la tio n s  resp o n d  to th o se  o f  th e ir  h o s ts , in creasin g  
w h en  h o st p o p u la tio n s  in c re a se  and  d ecre a s in g  w hen 
th e a v a ilab ility  d ecreases. T h e  im p o rta n ce  o f  parasi- 
to id s as re g u la lo rs  o f  th e  p o p u la tio n s  o f  th e ir  h o sts

is m o st c learlv  seen  w h en , e .g ., a p h v top hag ou s s p cc ie s  
is a cc id e n ta liy  in tro d u ced  in lo  a new  region  w ith o u t iis  
norm al com plem ent o f natural enem ies. Populations o f 
su ch  sp ecies  are cap ab le  o f  exp lo siv e  grow th in  th e 
new  e n v iro n m e n t, rapid ly  b e co m in g  iin p o rtan t p ests , 
e .g ., gypsy m oths (Lym antria d ispar) in  N orth A m erica  
and  the cassava m ealybu g (Phenacoccus m anihoíi)  in 
tro p ical A m erica. B io lo g ica l c o n tro l p rog ram s in v o lv e 
th e d isco v ery  o f  the natu ral e n v iro n m en t and  e n e m ie s  
o f  su ch  pests and the im p o rta tio n  o f  ih ese  n atu ra l 
e n em ies  fo r co n  tro i. Som e exam p les o f  b io lo g ica l 
control program s have been speciacularly successíu l, 
w ilh  effectiv e  lo n g -te rm  co n tro l o f pests. T h e  p arasi- 
to id  ía m ilies  E n cy rtid a e  and A p helin id ae have b een  
p articu larly  e ffectiv e  in  b io lo g ica l co n tro l p ro g ram s 
o f  m any sp ecies  o f  H o m o p tcra .

c. Pollination
T h e  su cce ss íu l d cv elo p m en t o f  seed s and  fru it o f  m an y 
sp ecies  o f  flow erin g  p lan ts  d ep en d s on  p o llin a tio n — the 
m o v em en t o f  p o llen  from  o n e ílo w er to a n o th er . A l- 
th o u g h  som e sp ecies  o f  co m m e rc ia lly  im p o rta n t p lan ts , 
p a rticu larly  grasses, are w ind  p o llin ated , a greai m any 
o th e rs  rely on  an im al agen ts for th e  tra n sĩer o f  p o llen . 
ư n d e r  natu ral co n d itio n s  p o llin a to rs  can in clu d e  v erte- 
b ra tes , su ch  as b a ts  and h u m m in g b ird s , and a w ide 
v arieiy  o f  in sec ts , in c lu d in g  (lies and b eetles . H ym en o p - 
le ra , h o w cv er, and  in p articu la r the b ees, are e x tre m e ly  
im p o ria n t as p o llin a to rs . R ecall that b ees  p rov ision  ih e ir  
n ests  w ith  plant p o llcn  011 w h ich  th e ir  d ev elo p in g  larvae 
íeed . In  the p ro cess  o f  c o lle c tin g  p o lỉen  fo r th e ir n ests  
and  a lso  in c o lle c tin g  n e cta r from  w ith in  the ílovvers, 
p o llen  grain s that ad here  to th e  hairy  b o d y  o f a b ee  
can  be transferred  to the  sty le o f  th e  flow er. N atural 
p o llin a to rs  in c lu d e  a vast array o f  native b ees, b u t for 
m an y  co m m erc ia l cro p s  co lo n ie s  o f  h o n ey b ees  are used 
to e ffect p o llin a tio n . T h e  h o n ey b ee  is a p o ly lectic  sp e- 
c ie s , that is, it g a th ers and  its  larvae feed  o n  p o llen  fro m  
a vvide variety  o f  p lant sp ecies. C o lo n ie s  are reg u larly  
tra n sp o rted  to  fields in  orcler to  tem p o rarily  in crease  
p o p u la tio n  levels to m ax im ize  íru it and  seed  p ro - 
d u ctio n .

D. Honey and other Bee Products
T h e  large c o lo n ie s  o f  socia l b ees a lso  s to re  h o n ey  w ith in  
th e  n ests  th at th ey  c o n stru c t. H oney is the m o d iB ed  
and  co n ce n tra ted  p ro d u ct o f  th e n e c ta r  gath ered  p rin c i- 
p ally  at flow ers and is used  as an energy so u rce  for 
th e  ad u ll b ees. T h e  m o st ía m ilia r  sp ecies  that serve as 
so u rce s  o f  h o n ey  íbr hu m an  co n su m p tio n  b e lo n g  to  the



gen u s Apis, in clu d in g  the d o m esticated  h o n ey b ee, b u t 
b o th  b u m b leb ees  and stin g less  b ees also p rod u ce and 
s to re  h o n ey . H oney p ro d u ction  and the sale o f  it o ften  
prov id e a sig n iíìcan t in com e su p p lem en t for sm all farm - 
ers. A n o th er p ro d u ct from  h o n ey b ee  co lo n ies  that is o f 
som e value is beesw ax, used  variously  in  co sm e tics , 
p h a rm a ce u tìca ls , and cand les.
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]. In b reed in g
II. In b reed in g  D ep ressio n

III. In b reed in g , Loss o f G e n etic  D iversity , 
and E x tin c tio n

IV. O u tb ree d in g  and  O u tb reed in g  D ep ressio n

d iíĩeren t p o p u latio n s or su b sp ecies. O u th reed in g  can  
resu lt in a d eclin e  in rep rod u ciiv e  íìtn ess k n o w n  as 
o u tb reed in g  d ep ression , b u l this is less co m m o n  than 
in b reed in g  d ep ression . T h is  a rtic le  d iscu sses the  co n ser- 
vation  im p lica tio n s  o f in b reed in g  and o u tb reed in g  de- 
p ression .

GLOSSARY

c o a d a p tc d  g en e  c o m p le x e s  C h ro m o so m e s, lo ci, an d / 
o r  gen es th at are ad apted  to fu n ciio n  w ell to geth er.

e ffe c t iv e  p o p u la tio n  s iz e  (Nc) S ìze o f the ideal p o p u la- 
tio n  used  in p o p u la tio n  g e n etics  th eo ry  thai w ould  
h av e the sam e rate  o f in cre a se  in  in b re e d in g  o r de- 
c re a se  in  g en etic  d iv ersity  as the actu al p o p u la tio n  
u n d e r stud y.

le th a l  e q u iv a le n t G ro u p  o f  m u ta n i a lle le s  th a i w ould  
cau se  an average o f  o n e  d eath  if  h o m o z y g o u s; for 
e x a m p le , o n e le th a l eq u iv a len t m ig h i rep resen t tw o 
m u ta n t a lle les , ea ch  vvith a 5 0 %  p ro b a b iliiy  o f cau s- 
in g  d ea th , or any o th e r  c o m b in a tio n  o f m u tan t a lle les  
that w ou ld  p rod u ce an average o f  One d eath .

INBREEDING REFERS TO MATING  o f  re la ted  ind iv id - 
uals. In b re e d in g  resu lts  in  a d ec lin e  in  survival and 
re p ro d u c tio n  (rep ro d u ctiv e  íìtn e s s ), k n o w n  as in b reed - 
ing d ep re ss io n , in  m o st sp ecies  o f  p la n ts  an d  an im als  
and ca n  in crea se  the e x tin c tio n  r isk  in  w ild  p o p u la tio n s . 
O u th re e d in g  re íers  to m atin g s b e tw een  in d iv id u als  from

I. INBREEDING

In b reed in g  is the m ating o f ind iv id u als relaled  by an ces- 
try. T h is  in clu d es se lf-fe rtiliz a tio n , b ro th e r -s is te r , par- 
e n i-o ffsp r in g , and cou sin  m atin g s, as w ell as m atin g s 
b etw een  m ore d istant relatives. Inbred  o ffsp rin g  are 
m ore lik ely  to in h erit re ce n t co p ies  o f the sam e a llele  
from  b o th  p aren ts , thai is, a lle les that are id en tica l by 
d escen t.

Tw o alle les that are id en tica l by d esccn t are h o m ozy - 
gous, b u t n ot all h om ozy gou s a lle les  are id en tica l by 
d escen t. A h om ozygou s ind iv id u al has tw o a lle les  at a 
lo cu s  that are ĩu n ctio n a lly  s im ilar. Hovvever, th ese  tw o 
a lle les m ay o r m ay n o t be id en tica l by d escen t. T he 
in b reed in g  c o e ffic ie n t (u su ally  sym b o lized  b y  F )  o f an 
ind ividual is the p rob ab ility  that th e  ind iv id u al h as two 
alle les at a lo cu s  that are id en tica l by d escen t. B ecau se 
F  is a p ro b ab ility , it ran ges from  0  for n o n in b red  ind iv id - 
uals to 1 for com p lete ly  in b red  ind iv id u als. F o r  exam - 
p le, the in b reed in g  co effic ien t o f an  ind ividual resu ltin g  
from  self-fe rtiliz a tio n  is 1 /2  and th a t for an ind iv idu al 
resu ltin g  from  a p a re n t-o ffsp r in g  o r b ro th e r -s is te r  m at- 

ing is 1 /4 .
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In b reed in g  red uces the ĩreq u ency  o f hetero zy g o tes 
in p ro p o rtio n  to the in b reed in g  co effìc ien t and  in creases 
the ĩreq u en cy  o f  hom ozygotes. N atural p o p u la tio n s 
co n ta in  low  freq u en cies  o f  d ele terio u s recessiv e  m u ta- 
tion s that are n o rm ally  found as h etero zyg o tes. Inb reed - 
in g  e x p o se s  th em  as ho m ozy go tes, so that th e ir  d eleteri- 
ous e ffects  are exp ressed . C o n seq u en tly , in  m ost 
p o p u la tio n s  o f  an im als and  p lan ts , in b reed in g  resu lts 
in a d ec lin e  in rep ro d u ctio n  and survival (rep ro d u ctiv e  
í ìtn e ss ), w h ich  is called  in b reed in g  d ep ression .

II. INBREEDING DEPRESSION

A. Evidence for Inbreeding Depression
T h e  d ele te rio u s  effects  ol in b reed in g  w ere kn o w n  long 
b efo re  the d iscovery  o f the u n d erly in g  M end elian  m ech - 
an ism s. In  the n in e teen th  cen tu ry , C h arles  D arw in  
clea rly  d o cu m en ted  in b reed in g  d ep ression  based  on 
stu d ies in  5 2  sp ecies  o f p lan ts , as w ell as the  exp erien ce  
o íliv e s to c k b re e d e rs  up to h is tim e. T h ese  early  observa- 
tio n s  w ere am p ly con firm ed  by su b seq u en t stu d ies. 
T h e re  is n ow  exten siv e  ev id ence for in b reed in g  d ep res- 
s io n  in  lab o rato ry  and  d o m estic  an im als and p lants, 
and  g im v in g  ev id ence for in b reed in g  d ep ression  in  wild 
a n im a ls  and p lants. M any stud ies on in b reed in g  w ere 
m assiv e , in v olv in g  large n u m b ers o f a n im als  over m any 
years, and the lite ra iu re  is ex ten siv e . F o r  exam p le, Sew - 
all W rig h t’s c la ssic  exp erim en ts on  in b reed in g  in gu inea 
p igs resu lted  in the p ro d u ctio n  o f 2 9 ,3 1 0  in b red  and 
5 1 0 5  c o m ro l you ng ĩrom  1 9 0 6  to 1 9 2 4 . O nly  the íìve 
ìn o st v ig o ro u s inbred  lin es survived to the end  o f the 
e x p e r im en ts ; 3 0  o th er inbred  lin es w ent e x ú n c t o r de- 
c lin ed  so  sev erely  th at W rig h t d isco n tin u ed  breed in g  
them  b efo re  the end  o f the exp erim en t. N everth eless, 
the su rv iv in g  inbred  gu inea pigs w ere co n sis te n tly  in fe- 
rior to the Controls in num ber o f young b o m , percent- 
age o f  y o u n g  b o rn  alive and raised to 3 3  days, and 
w eigh t at 3 3  days.

In b re e d in g  and se lec tio n  have b een  used to fix d esir- 
ab le  tra its  in  m o d ern  b reed s o f liv esto ck . H ow ever, re- 
d u ced  íe rtility  was a m a jo r p roblem  d u rin g  the early 
p erio d s o f  in b reed in g  and  the inbred  lin es w ere repeat- 
ed ly  o u tcro sse d  to restore  v igor and fertility . T h e  N orth  
C en tra l reg io n al dairy cattle  breed in g  p ro je c t (in v o lv in g  
Iow a, M ich ig a n , M in n eso ta , M isso u ri, O h io , So u th  D a- 
k o ta , an d  W is c o n s in ), begu n in  1 9 4 7 , is an  exam p le o f 
th e  m an y  exten siv e  stu d ies o n  in b reed in g  in  liv esto ck . 
T h is  stu d v  found that in b reed in g  usually  in creased  ju -  
v en ile  m o rta lity  and d ecreased  m ilk  y ie ld , fat y ield, 
gro w th , and rep rod u ctive p erío rm an ce .

In b re e d in g  d ep ression  is also w ell k n o w n  in  zoo

anim als. F o r  exam p le, in  the early  1 9 8 0 s , R alls and 
B allou  ( 1 9 8 6 )  found th at ju v e n i]e  m o rta lity  w as h ig h er 
in  in b red  than  in n o n in b red  o ffsp rin g  in  41  o f  4 4  p op u - 
la tio n s  o f m am m als in  z o o s, in c lu d in g  m any p rim ates , 
an te lo p es, and deer, as w ell as a variety  o f sm aller m am - 
m al sp ecies  (F ig . 1). O n av erage, the progeny o f ía t h e r -  
d au g hter and b r o th e r -s is te r  m atin g s suffered  a 33 %  
red u ctio n  in ju v e n ile  su rv ival com p ared  to o u tb red  off- 
spring. H ow ever, the sev erity  o f  in b reed in g  d ep ression  
varied  w idely across sp ecies . A lth ou gh  in b re e d in g  in 
zoo an im als  usually  resu lts  in  less v igorous and fertile  
ind iv id u als that appear p h en o ty p ica lly  n o rm al, it is also 
resp o n sib le  for som e g e n etic  d iseases in  captive p o p u la- 
tion s, in clu d in g  b lin d n ess  in w olves and d w arfism  in 
C aliío rn ia  con d o rs. Zoo p o p u la tio n s  are now  ro u tin e ly  
m anaged  to avoid in b reed in g .

E v id en ce  for in b reed in g  d ep ress io n  in w ild  o r sem i- 
w ild en v iro n m en ts  has b e e n  rep o rted  in several sp ecies  
o f fish , sn ails , sp arrow s, lio n s , sh rew s, d eer m ice , and 
m any sp ecies  o f o u tb reed in g  p lants. T h e  q u e stio n  o f 
w h eth er o r n o l ch eetah s sh o w  in b reed in g  d ep ress io n  
in  the wild has b een  e x tre m e ly  co n tro v ersia l. E ffo rts  to 
resolve the con tro v ersy  have b een  in c o n đ u siv e  b eca u se  
all p o p u la tio n s appear in b red  an d  there  are no  o u tb red  
p o p u la tio n s  for co m p ariso n . Several stu d ies in  b irđ s 
have rep orted  a lack  o f in b re e d in g  d ep ression  in the 
w ild , b u t these resu lts m ay b e due to in co rrect a itrib u - 
tion  o f  p atern ity  (m o le cu la r  g e n etic  stu d ies have shovvn 
that in leren ces  regarding  p atern ity  based  011 behav ioral 
o b serv atio n s are often  in c o r re c t)  and b iases in en v iro n - 

m en ia l q u alily  thai favor in b red  m atings. B ecau se  in- 
b reed in g  d ep ression  is so  c o m m o n , m an ag em en t o f  an 
unstudied  o u tb reed in g  sp e c ie s  sh o u ld  be based  o n  the 
assu m p tio n  that ú  w ill su ffer  re d u c lio n s  in rep rod u ctiv e  
Rtness if it is inbred .

B. Factors Affecting the Severity of 
Inbreeding Depression

T h e d egree o f in b reed in g  d ep ressio n  in a p op u latio n  
dep ends on  the ex ten t o f  in b re e d in g , the orig inal fre- 
q u en cy  o f  d ele terio u s re ce ss iv e s , and the en v iro n m en t. 
C o n tin u ed  in b reed in g  resu lts  in  g reater in b reed in g  de- 
p ressio n . F o r  exam p le, average levels  o f various co m p o - 
n en ts  o f rep rod u ctive  R tness, su c h  as ju v e n ile  surv ival 
in  m am m als or grain  yield  in  m aize (F ig . 2 ) , th e o re ii- 
cally  in crease  in  a lin ear fa sh io n  as the in b reed in g  coef- 
fic ien t in creases. The m o re  d ele te rio u s  alle les that w ere 
íorm erly  m asked  by h etero z y g o sity , the m ore severe 
the effects  o f in b reed in g  w ill be. A lo cu s m u st have 
som e form  o f d o m in a n ce  to  c o n trib u te  to in b reed in g  
d ep ress io n — co m p lete  d o m in a n ce , partial d o m in a n ce ,
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FIGURE 1 Juvenile mortality in inbrcd and noninbred young in 45  populalions ol mammals in captivity. lnbreeding levels wcre 
calculated wilh respeci 10 ihe íounders oí ihc population for which pcdigrec data vvcre availablc. Most populalions vvcre founded 
vvilh wild-caughi am mals bui som e w crc tounded with animals from other zoos or of unknown origin. The noninbred calegory  
includes all animals with an inbreeding coefficicm of zcro and the inbrcd calegory inđuded all of ihosc with an inbreeding
coefficiem grcaier than zero. For the larger species, all young surviving to 6 m om hs or more were considered to have survived. 
For the small species, onc-half the age al sexual m aturity was used as thc criterion agc. Numbers above thc bars indicate samplc 
sizes for cach species. Reprínted from Ralls and Ballou, Capiive breeding program s for populations wiih a small number oí 
lounders, ©  (1 9 8 6 ) p. 19, with permission of Elsevier Science.

FIGURE 2 Decrcasing juvenile survival wìth incrcasing inbreeding 
in golden lion tamarins (L eon top ithecu s rosa lia ). The proporúon of 
offspring with a given inbreeding coefficient surviving to 7 days of 
age is plotted against the inbreeding coeffìcient. The sizes of the ovals 
reprcsent the number of offspring available to estimate survival for 
each lcvcl of inbreeding. Largc ovals represent samples of more than 
50 offspring, medium ovals from 3 0  to 50 , small ovals from 10 to 
30, and tiny ovals from 1 to 10.

o r o v erd o m in a n ce  (h e tero zy g o tes  su p erio r to b o th  h o - 
rn ozy go tes). M o st in b reed in g  d ep ression  is th o u g h t to 
be clue to d o m in a n t ra th er than o v erd o m in an t lo ci.

In b re e d in g  d ep ression  is g reater in m o re s tre ss íu l 
co n d itio n s . F o r  exam p le, D u dash  (1 9 9 0 )  found  that 
selíed  p ro g en y  o f  o n e  sp ecies  o f  p lant shovved 7 5 %  
in b re e d in g  d ep ressio n  in the íìeld  b u t o n ly  5 9 %  in  gar- 
d en  p lo ts and  5 3 %  in  a g reen h o u se . B ecau se e stim a tes  
o f  the c o s t o f  in b reed in g  are b ased  on  cap tive p o p u la - 
tion s o f  a n im a ls  and  p lan ts  m ain ta in ed  u n d er re la tiv e ly  
u n stress íu l c o n d itio n s , the d ele terio u s  effects  o f  in - 
b reed in g  o n  n atu ra l p o p u la tio n s are probably  h ig h er 
than  c u rre n t d ata suggest.

c .  Measuring Inbreeding Depression as 
Lethal Equivalents

T h e  e x tern  o f  in b reed ín g  d ep ression  in  survival in  an i- 
m als can  b e  m easu red  in  term s o f  leth al eq u iv a len ts . 
T h e  n u m b e r o f le th a l  eq u iv a len ts  p e r gam ete o r ind iv id - 
ual can  b e ca lcu la te d  from  the rate that ju v e n ile  su rv ival



d ecreases w iih  in crea sin g  in b reed in g . R alls ct al. ( 1 9 8 8 )  
fou n d  an  average o f 4 .6  le th al eq u iv alen ts  per ind ividual 
in  4 0  cap tiv e p o p u la tio n s o f m am m als. T h u s, each  ind i- 
v id ual co n ta in e d  d eleterio u s m u ta tio n s  th at vvould be 
eq u iv a len t to s ligh tly  less than  5 le th al m u ta tio n s  i f  they 
w ere h o m ozy go u s. T h is  Rgure is  s im ila r to  estim ates 
fo r h u m a n s and b ird s. H ow ever, the n u m b er o f le th a l 
eq u iv a len ts  varied  w idely acro ss cap tiv e p o p u latio n s.

D. Inbreeding Depression in Total 
Reproductive Fitness

M o st s iu d ies  o f  in b reed in g  d ep ression  m easu re only  

o n e  o r  a few co m p o n e n ts  o f  rep rod u ctiv e  íìtn ess . H ow - 
ever, all co m p o n e n ts  o f rep rod u ctiv e  íitn ess are su b je c t 
to in b re e d in g  d ep ression . In an im als , th is in clu d es  off- 
sp rin g  su rv ival, n u m b er o f  o ffsp rin g  p er ĩem ale , m ale 
m atin g  ab ility , sp erm  qu ality , and the qu ality  and 
q u a n tity  o f  m atern al care . O ver a w ide range o f sp ecies,
o .  H. F ra n k e l and M . E . So u lé  n oted  that each 10%  
in cre a se  in the  in b reed in g  co e íĩìc ie n t causecl ap p ro x i- 
m ately  a 5 - 1 0 %  d eclin e  in  the m ea n  v alu es o f ìndividual 
co m p o n e n ls  o f rep rod u ctive fitness b u t a 25%  d eclin e  
in to ta l rep ro d u ciiv e  íìtn ess. T h is  in d ica tes  that in b reed - 
in g  d ep ressio n  is a p p rox im ate ly  th ree  tim es greater for 
to tal rep ro d u ctiv e  íĩtn ess  than for its ind iv id u al co m p o - 
n en ts .

E. Variation in Susceptibility to 
Inbreeding Depression

In b re e d in g  d ep ression  has a large ch a n ce  (s to c h a s tic )  
e lem e n t b e ca u se  o f the ran d om  sam p lin g  o f a lle les  d ur- 
in g  re p ro d u ctio n . Ind iv id u als w ith  ihe sam e in b reed in g  
co e ffic ie n t, that is, the sam e p ro b a b ility  o f  carry in g  al- 
leles identical by descent, differ in actual levels o f hom o- 
zyg o sity  and  som e are m ore fit than o th ers . F am ilies  
and  p o p u la tio n s  w ith in  a sp ecies  carry  d ifferen t types 
and  n u m b e rs  o f d ele terio u s m u ta ú o n s and  d iffer in their 
su sce p tib ility  to in b reed in g  d ep ression . D ifferen ces in 
th e  e x te rn  o f  in b reed in g  clepression  am o n g  lin eages 
w ith in  sp e c ie s  have b een  rep o rted  in  m ic e , dairy ca ttle , 
íru it  ílies, and ílo u r b e e tle s  and are to  be exp ected  in  
all o u tb ree d in g  sp ecies. T h ese  d ifferen ces  co n trib u te  to 
the  o cc a s io n a l su ccess  in  esta b lish in g  in b red  lin es  or 
w ild  p o p u la tio n s  from  the progeny o f a sm all n u m b er 
o f ío u n d in g  ind iv id u als even  in sp ecies  that typ ically  
sh o w  h ig h  levels o f in b reed in g  d ep ression . D ifferen ces 
a m o n g  p o p u la tio n s  w ith in  sp ecies  have also b een  re- 
p o rted . N o d ifferen ces in su scep tib ility  to inbreecling 
d ep ress io n  am o n g  m a jo r  ta x o n o m ic  g rou p s are kn o w n , 
b u t the  re lev an t data are lim ited .

F. Inbreeding and Outbreeding in 
the Wild

O n ly  a sm all p ro p o rtio n  o f sp ecies  regu larly  s e lf-fe rtiliz e  
and th ese  tend  to have life  h is to r ie s  th a i s tro n g ly  favor 
m a tin g  w ith  relatives. F o r  exam p le, m an y are co lo n iz in g  
sp ecies  in  w h ich  the ch a n ces  o f  su cce ssfu lly  d isp ersin g  
are m u ch  greater if on ly  a sin g le  ind iv id u al has to reach  
new  h ab ita t. T h e  restric ted  ta x o n o m ic  d is tr ib u tio n  o f 
se líìn g  to  som e p lants, terrestria l slu gs, and  m arin e 
in v e rte b ra te s  su gg ests that it is an  ev olu tio n ary  dead 
end .

T h e  m a jo r ity  o f sp ecies  appear to b e  n atu rally  out- 
b reed in g . M any p lan ts th at are p o llin a ted  by in sects  
have e lab o rate  m o rp h o lo g ica l m ech a n ism s that favor 
c ro ss -p o llin a tio n . In  o th er p lan ts , c ro ss-p o llin a tio n  is 
en su red  b eca u se  the m ale and íem ale gam etes do not 
m atu re  at the sam e tim e. A n o th er m ech a n ism  thai pre- 
v en ts  se lf-fe rtiliz a tio n  is se lí-s te r ility , in  w hich  p ollen  
e ith e r  fails lo  g erm in ate  o n  a s iigm a o f  iis  ow n flow er 
o r  g erm in a les  but d oes n o t d evelop  su ffic icn tly  to  fertil- 
ize the egg.

M any an im als are also  th o u gh t 10 avoid  clo se  in- 
b reed in g . A lth ou gh  a few m am m als, notahly  the nakecl 
m o le  ra t, n o rm ally  m ate w ith  d o s e  re laú v es and are 
h ig h ly  in b red , m osl m am m als and  b ird s rarely  m ate 
w ith  c lo se  relatives. S ex  d ifferen ces  in d isp ersal patterns 
o f t e n  lim it opportunities for inbreeding. In m ost mam- 
m als, m ales tend  to d isperse  m ore freq u en tly  o r farther 
th an  fem ales, w hereas the reverse is true in b ird s. Fu r- 

ih e rm o re , m any sp ecies  can  reco gn ize  c lo sc  k in , and a 
v ariety  o f  sp ecies  su ch  as ja y s , w o o đ p eck ers, m ice. 

v o les , g ro u n d  sq u irre ls , b la ck -ta ile d  p rairie  d ogs, and 
ch im p a n z e e s  are knovvn to  activ e ly  avoìd  m ating 
w ith  ih em .

G. Inbreeding Depression in 
Small Populations

In b re e d in g  is un av oid able  in  sm all, c lo sed  p op u lation? 
b e ca u se  all ind iv idu als ev en tu ally  b e co m e  related  to 
ea ch  o th e r . Inb reed in p  in  a p o p u laú o n  o f  size Nc in- 
cre a se s  at a rate o f ^  p er g en eratio n . F o r exam p le. 
in  a p o p u la tio n  o f size 1 0 , there is a 5%  in crease  in 
in b re e d in g  per gen eratio n . C o n seq u en lly , sm all isolated  
p o p u la tio n s  thai have ex isted  for m any g en era tio n s  arc 
e x p e c te d  to shovv in b reed ìn g  d ep ression . Sm all popula- 
tio n s  o f  plants, Iru it ílies, a ro ck  w allaby , F lo rid a  pan- 
th e rs , an d  a sn ak e  have b een  found to suffer from  in- 
b re e d ìn g  d ep ression . H ow ever, in b reed in g  d ep ression  
m ay  n o t cau se d eclin es in p op u latio n  size. Reduced



íecu n d ilv  and  survival w ill o n ly  cause a p o p u ỉa tio n  
d ec lin e  i f  ih e  rep rod u ctiv e  rate d rops below  rcp la ce - 
m e n t level. S m all p o p u la lio n s  can  also  su ffer fro m  re- 
d u ced  rep ro d u ctiv e  íìtn ess b eca u sc  o f d ec lin es  in en v i- 
ro n m cn ta l q u ality .

H. Reduction of Inbreeding Depression
ln b re e d in g  d ep ressio n  m ay be red uced  by s e le c tio n  
a g ain st d ele terio u s  a lle les, w h ich  e lim in a tes , o r  p u rges, 
th e m  from  th e p o p u la tio n . P u rg in g  has b een  d o cu - 
m en ted  in  p la n is , m ice , b ird s, and fru it ílies an d  d u rin g  
the d ev elo p m en t o f  inbred  lin es  in  a v ariety  o f  sp e cie s . 
S p cc ie s  th at n atu ra lly  in b reed  gen era lly  sh o w  less  in - 
b reed in g  d ep ressio n  th an  n atu ra lly  o u tb ree d in g  s p e c ics  
b e ca u se  o f  th e  greater o p p o rtu n ity  for se le c tio n  ag a in st 
d ele te rio u s  recessiv es. M ost p o p u la tio n s  o f  s e lf-fe r tiliz -  
in g  p ìants sh o w  so m e level o f  in b reed in g  d ep re ss io n , 
b u t th o se  w ith  h ig h er selfin g  rates  tend  to  sh o w  less  
in b reed in g  d ep ressio n  (F ig . 3 ) . S lo w er in b re e đ in g  g en - 
era lly  cau ses less  in b reed in g  d ep ression  than  an  eq u iv a- 
le n t a m o u n t o f  rapid  in b reed in g  b eca u se  th e re  is  m o  re 
tim e for natu ral se le c tio n  to  op erate , but th is  e ffe c t is 
o fte n  sm all.

Purg in g  m ay red u ce in b reed in g  d cp ress io n , b u t it 
is u n lik e ly  to  e lim in a te  it. B allou  ( 1 9 9 7 )  íb u n đ  th ai 
se le c tio n  led to a sm all red u ctio n  o f  in b reed in g  d ep res- 
s io n  in  n e o n a ta l survival in  15 o f  17  p o p u la tio n s  o f  
cap tiv e  m am m als in zoos. N o tren d s in  p u rg in g  effects  
w ere o b serv ed  in  surv ival to  vveaning o r litte r  size . T h e  
p u rg in g  e ffe cts  w ere not s tro n g  en o u g h  to  b e  o f  p ra ctica l

Selíing rate

FIGDRE 3 Relationship between inbreeding depression and the 
sclfing ratc in several species of herbaceous angiosperms. Specics are: 
G, G ilơ  achiU ei/o ỉia ; Ch, C ham aecrista  jà sc icu la ta ; s, SabaLia ơn gu laris ; 
Cu, C ucurbita  / òetid issim a; c, C ỉa rk ia  tem bỉoricnsis; E, E ichhorn ỉa  
pan icu ỉata . F o r C ỉa rk ia  and Eiđi/iornici, data from three populations 
are plottcd. Inbreeding depression for these species vvas m easured in 
thc laih housc and glasshouse, respectivelv; all others were m easured  
in the fieỉđ. From  Genetics and conservation of rare planis, Falk and 
Holsinger (eds.) ©  1991 bv Oxlbrd University Press, Inc. Uscd by 
permission of Oxford University Press, Inc.

use in  cap tive b reed in g  p rogram s. An earlie r  stu d y  by 
T cm p le to n  and Read (1 9 8 4 )  rep o rted  that p u rg in g  re- 
d u ced  in b reed in g  d ep ression  in  cap tiv e S p e k e s  gazelles. 
Hovvever, a rean alysis o f  th e ir d aia  has cast serio u s  
d o u b ts  on th is in terp re ta tio n .

T h e  effectiv en ess  o f  s e le c tio n  in  red u cin g  in b reed in g  
d ep ressio n  varied  su b stan tia lly  in th ree su b sp e c ie s  o f  
d eer m ice , p ro b ab ly  due to d ifferen t h is to r ie s  o f  in b reed - 
in g  and se le c tio n . L acy and B allou  (1 9 9 8 )  ío u n d  that 
p ư rging w as e ffectiv e in  a su b sp ecies  c o lle c te d  in  rela- 

tively  co n tin u o u s  h ab ita t that p ro b ab ly  e x p e r ie n ce d  lit- 
tle o r no  in b reed in g  in the w ild . C o n tin u ed  in b re e d in g  
red u ced  in b reed in g  d ep ression  in  fou r o f  sev en  íìtn ess  
c o m p o n e n ts  in  th is  su b sp ecies , su gg estin g  th at th e  o rig - 
inal in b reed in g  d ep ression  w as cau sed  by h ig h ly  d ele te - 
rio u s recessiv e  a lle les  that w ere q u ick ly  rem ov ed  by 
se le c tio n . A seco n d  su b sp ecies  co lle c te d  fro m  ep h em - 
era l p atch es  o f  íragm en ted  h ab ita t sh o w ed  n o  re d u c tio n  
in  in b reed in g  d ep ression  in  any co m p o n en t o f  R tness. 
E p iso d es o f  lo ca l in b re e d in g  in the wilcl m ay have al- 
ready rem ov ed  s tro n g ly  d ele ler io u s  recessiv e  a lle les  
from this su b sp ecies. T h e  third subspecies was a Coastal 
form  k n o w n  to ex p e r ie n ce  p erio d ic  p o p u la tio n  b o ttle -  
n e ck s  in the w ild  o w in g  to d ev asla tin g  h u rrica n e s. T h is  
su b sp ecies  had  low  p ro d u ctiv ity  even p rio r to  ex p eri- 
m en lal in b reed in g , and  in b reed in g  in the lab o ra to ry  
resu lted  in a co m p le te  co lla p se  o f  rep ro d u ctiv e  Rtness. 
R epeated  b o ttle n cc k s  m ay have purged  th is su b sp ecies  
o f  d e le terio u s  recessiv e a lle les  bu i a lso  red u ced  h etero - 
zygosity  to  the p oin t th ai íu rth er red u ctio n s  in  h e tero z y - 

g o sity  from  in b reed in g  led to  g rea lly  red u ced  R ln ess.
In b reed in g  d ep ression  ca n  be co m p le te ly  rev ersed  by 

o u tcro ssin g  an  in b red  p o p u la tio n  to a n o th e r  u n re la ted  
p o p u la tio n , e ith e r  an ou tb red  p o p u la tio n  or an  in d ep en - 
d en tly  inbrecl p o p u la tio n . P artia l reco v ery  ca n  be 
a ch iev ed  by  in tro d u đ n g  u n re la ted  in d iv id u als  in to  the 
p o p u la tio n . F o r  exa m p ỉe , S p ielm an  and P ra n k h a m  
(1 9 9 2 )  fou n d  that in tro d u cin g  a sin gle  in im ig ra n t in to 
p artially  in b red  p o p u la tio n s  o f  fru it flies in cre a se d  re- 
p ro d u ctive  íìtn ess a b o u t halfw ay b a ck  to  th at fo u n d  in  
the o rig in al ou tb red  p o p u latio n .

III. INBREEDING, LOSS 0 F  GENETIC 
DIVERSITY, AND EXTINCTION

M an y co n serv a tio n  b io lo g is ts  have b e e n  c o n ce rn e d  that 
in b reed in g  and  loss o f  g e n etic  d iv ersity  in  sm all p o p u la - 
tio n s  w ill in crease  the r isk  o í  e x tin c tio n . H ow ever, so m e 

resea rch ers  have q u e stio n e d  th is  view  b e ca u se  o f  the 
d iffieu lty  o f  o b ta in in g  d irec t ev id en ce  th at in b re e d in g  
c o n tr ib u tc s  to  the e x tin c tio n  o f  w ild p o p u la tio n s .



A. Inbreeding and Extinction in Captivity
T h e re  is overvvhehning ev id ence that d elib erate ly  in - 
b red  p o p u la tio n s  o f  lab o rato ry  and d o m estic  an im als 
and p lan ts  su ffer elevated e x tin c tio n  rates. M ost at- 
tem p ts to develop  inbred  lin es by in ten se  in b reed ìn g  
are u n su cc e ss íu l. F o r  exam p le, B ow m an and  F a lco n e r 
( 1 9 6 0 )  foun d  that 19 o f 20  co lo n ie s  o fla b o ra to ry  m ice  
m a in ta in ed  by sib lin g  m ating  b ecam e e x tin c t by gen era- 
tio n  1 2 , b u t the rem ain in g  co lo n y  shovved no d eclin e  
in  lit ie r  size and b ecam e a su ccessfu l in b red  lìn e. R esu lts 
w ith  fru it flies, gu inea pigs, p o u ltry , and Ja p a n e se  quail 
are s im ilar. E x tin c tio n s  o ccu r even w ith ex trem ely  slow  
rates o f  in b re e d in g  due to sm all p o p u la tio n  size. F o r 
ex a m p le , 1 5  o f  6 0  cap tive p o p u la tio n s o f íru it ílies w ith  
an e ffectiv e  p o p u la tio n  size o f abou t 5 0  w ent e x tin c t 
o v er 2 1 0  g en eratio n s.

H ow ever, e x lin c tío n s  o f in b red  lin es can be cau sed  
by in b reed in g , ran d om  ílu ctu atio n s in b irth  and d eath  
ra les  in  very sm all p o p u la tio n s (d em o g rap h ic  s to ch a s- 
t ic ity ) , or a co m b in a tio n  o f b o lh . P ran k h am  ( 1 9 9 5 )  
íou nd  fo u r clata sets w ith  su ffic ien t in ío rm a tio n  to d is- 
tin g u ish  g e n e lic  from  n o n g en etic  e ffecis  and exam in ed  
the sh ap e  o f  the re la tio n sh ip  b etw een  in b reed in g  level 
and e x tin c lio n . A lth ou gh  the re la tio n sh ip  b etw een  in- 
b re e d in g  level and in b reed in g  d ep ression  in ind iv idu al 
co m p o n e n ts  o f  rep rod u cliv e  íìtn ess  is th eo re tica lly  lin - 
ear, the  re la tio n sh ip  be iw een  in b reeđ in g  level and ex - 
t in c tio n  shovved a threshold  effect in  all cases (F ig . 4 ) .

Inbreeding coefficient (F)

FIGURE 4 Relationships beivveen incretnenlal per-generation sur- 
vival of populations (d  ln s/đf) and inbreeding (F ) for D rosophila  
m elan ogaster, D. virilis.and M usm usailus. All populations were inbrcd 
Iising fall-sibling maúng, except for ihe usc of cousin mating in thc 
(ìrsi generation in M. musculus, D rosophila  data have becn grouped 
into 0.1 increm cnls of F and M. musculus data into 0 .2  incremcnis. 
Incrcm em aì values are piotted against ihc mean F of ihe two genera- 
tions beingconsidcred. From Frankham (1 9 9 5 ). Rcprĩmcd bv pei mis- 
sion oí Blackvvcll Science, Inc.

E x tin c tio n s  w ere rare at low  levels o f in h reed in g  b u l 
sh arp ly  in crea sed  w hen  in b reed in g  reach ed  in term ed i- 
ate  levels. P o p u la tio n s  in b red  at d ifferen t ra tes  (fu ll 
sib lin g  v ersu s d ou ble  first co u sin  m atin g ) to s im ila r 
in b reed in g  co e ffic ie n ts  show ed  sim ilar levcls o f  e x tin c - 
tion s. T h e  reaso n  for the th resh o ld  re laú o n sh ip  betvveen 
in b reed in g  and e x tin c tio n  is  that it gen era lly  ta k es  sev- 
eral g en era tio n s  and co n sid erab le  in b reed in g  u n til  the 
grow th rate o f the  p op u latio n  b eco m es n egative. T h e  
a m o u n t o f in b reed in g  req u ired  to reach  the e x tin c tio n  
th resh o ld  is  lik e ly  to vary in  d ifferent p o p u la tio n s , as 
is  the rate  w ith  w h ich  e x tin c tio n  in creases w ith  in b reed - 
in g  after that p o in t. T h e  ex iste n ce  o f a th resh o ld  rela- 
tion sh ip  su gg ests th at there  m ay be liltle  w arn in g  o í  
im p en d ín g  in b reed in g  p ro b lem s in  cn d an g crcd  sp ecies , 
few o f w h ich  are c lo se ly  m o n ito red .

T h e  effects  o f in b reed in g  on  p op u latio n  v iab ility  are 
co m p le x  and w ill in tera ct w ith  o th er ỉa c to rs  aH ecting 
p o p u la tio n  gro w th , p o p u laú o n  ílu ctu a tio n s , o r N „ but 
they w ill be d ele ler io u s  in the  long term .

B. Inbreeding and Extinction Risk in 
Wild Populations

C o n serv ation  b io lo g ists  in itia lly  thou ght that g en etic  
p ro b lem s played a ro le in the en d an g erm en t and e x tin c - 
tion  o f w ild p op u latio n s. It w as clear ihat in b reed in g  
increased  e x tin c tio n  r isk  in  laboratory  p o p u la tio n s  and 
th eo retica l w o rk  in  the 1 9 8 0 s  suggested that sm all pop- 
u la tio n s in the w ild  also  shou ld  suffer from  in creased  
e x tin c tio n  due to  the unavoidablt' in crease  in m ating  
b etw een  c lo se  rela tiv es. Hovvever, in an in flu e n iia l pa- 
per, L ande (1 9 8 8 )  argued thai ran dom  d em o grap h ic  
and en v iro n m en ta l ev en ts w ill drive sm all vvild p op u la- 
tion s to e x tin c tio n  b efo re  g en etic  factors cau sc  p ro b - 
lem s. E n v iro n m en ta l ev en ts, ranging from  ann u al varia- 
tion  in c lim a tic  variab les (su ch  as ra in ía ll) to 
ca ta stro p h es  (su c h  as fires and disease e p id e m ics), do 
in crease  the p ro b ab ility  o f  e x tin c tio n  and it is e x trem ely  
d ifficu lt to iso late g en etic  e ffects  from  these o th e r  e ffects  
b ecau se  in b reed in g  lyp ica lly  in tera cts  vvith d em o grap h y  
by red u cin g  íecu n d ity , ju v e n ile  survival, and  life  span. 
C o n seq u en tly , o th e r  resea rch ers , su ch  as C au gh ley  
( 1 9 9 4 ) ,  co n tin u e d  lo  q u estio n  the s ig n iR can ce  o f  ge- 
n e tic  facto rs  b ecau se  o f  the la ck  o f d irect cv id en ce  that 
in b reed in g  can  c o n trib u te  to the e x tin c tio n  o f w ild  pop- 
u lations.

T h e  íìrst d irec t ev id en cc  was provided  by S a cch e ri 
and co lleagu es (1 9 9 8 )  w ith  their w ork  on the G lan v ille  
fritillary  b u tterfly  in F in la n d . T h ey  studied a m etap op u  
la tio n  (a p op u latio n  o f  p o p u latio n s) o f  th is  b u tteríly



ih a t co n sis ts  o f  n u m ero u s sm all p o p u la tio n s  that breed 

in ab o u t 1 6 0 0  dry m ead ow s o f  d ifferen t size a i varying 
ilis tan ces  fro m  each  o th er. C aterp illars  ĩeed in co n sp icu - 
ou s íam ily  gro u p s o f 5 0  to 2 5 0  in d iv id u als  and  the 
sm allest p o p u la tio n s  co n sis t o f  ih e  o ffsp rin g  o f  a sin gle 
pair. P o p u la tio n s  in  ind iv idu al m ead ow s o fte n  go “ex- 
l in c t ,” b u t m an y  m eadovvs are ev en tu ally  reco lo n iz ed , 
\vith an average o f  2 0 0  “e x tin c tio n s ” and  1 1 4  co lo n iz a - 
lio n s  per year.

B eca u se  sm all p o p u la tio n  size resu lts in b o th  in- 
lireed ing  and  loss o f  g en etic  v a ria tio n , the resea rch ers  
\vere ab le to  use the degree o f gen etic  v a ria tio n  in 
ca ch  p o p u la tio n  as a m easure o f the ex tern  to vvhich 
it w as in b red . T h e y  sam p led  4 2  p o p u la tio n s  and  found  
ih a i p o p u la tio n s  w ith  less gen etic  v ariatio n  w ere m ore 
lik e ly  to  go e x tin c t. F u rth e rm o re , g e n etic  d iversity  
p red icted  e x tin c tio n  risk  after they had  a cco u n te d  for 
all o th e r kn o w n  cau ses  o f  e x tin c tio n  in th is  w ell- 
stu d icd  b u ite ríly  m eta p o p u la tio n . In b reed in g  red u ced  
cgg  h a tc h in g  ra ie  and  larval surv ival, le n g th e n ed  ihe 
d u ratio n  o f  th e  p u p al p eriod  (so  that in b red  pupae 
vvere m ore lik e ly  to  be p arasitized ), and sh o rten ed  
íem ale  life sp an  (so  that inbred  íem ales tendecl to 
lay few er eggs).

F u rlh e rm o re , in b re e d in g  d ep ression  lik e ly  p layed  a 
ro le  in  the d ec lin e  o f  g reater p rairie  c h ick e n s  in  I llin o is . 
Egg íe rtility  and  h a ic h in g  su ccess  d eclin ed  as ih e  p op u - 
la tio n  b ecam e sm aller. H ow ever, w hen  p rairie  ch ick e n s  
fro m  larger p o p u la tio n s  in n e ig h b o rin g  sta te s  w ere re- 

leased  in  I llin o is , h a tc h in g  su c cc ss  im p ro v cd .
Several in d irec t lin es  o f  ev id en ce also  im p ly  th ai 

in b reed in g  d ep ressio n  can  b e a p ro b lem  in w ild  p o p u la- 
tion s. F irs t , th e o re tica l stu d ies suggest that g e n etic  fac- 
to rs  p ro b ab ly  c o n tr ib u te  to  e x tin c tio n s . S e co n d , g en et- 
ics  m ay b e One o f  the facto rs  thai m ak es  islan d  
p o p u la ú o n s p ro n e  to  e x tin c tio n . T h ese  p o p u la tio n s  
have lo w er g e n etic  d iv ersú y  ih a n  m ain lan d  p o p u la tio n s  
and m any are in b red  to  levels w here captive p o p u la tio n s  
sh o w  in cre a se d  r isk  oi e x tin c tio n  from  in b reed in g . 
T h ird , e m p irica l e stim a te s  in d ica te  that e ffecliv e  p o p u - 
la tio n  size is a sm a lle r  íra c tio n  o f actu al p o p u la tio n  size 
than  p rev io u sly  su sp ected , w h ich  m ean s th a t g en etic  
p ro b lem s w ill arise at larger p o p u la ú o n  sizes than  p re- 
v iou sly  believ ed . F o u rth , end ang ered  sp e cie s  tend  to 
have lo w er g en etic  d iv ersity  th an  n o n en d an g ered  sp e- 
c ies . T h is  vvoulđ n o t be exp ected  i f  o th e r fac to rs  d rove 
p o p u la tio n s  to  e x tin c tio n  b e ío re  gen etic  fa c to rs  b ecam e 
im p o rtan t. F in a lly , th e  e x tin c tio n  rate o f  a w ild p lant 
w as h ig h er in  ex p e r im en ta l p o p u la tio n s  w ith  low  ge- 
n e tic  v aria tio n  th an  in  th o se w ith  h igh  gen etic  v aria tio n  
vvhen b o th  w ere p lan ted  in  the íìeld.

IV. OƯTBREEDING AND 
OƯTBREEDING DEPRESSION

M atin g  hetvveen d istan tly  related  ind iv id u als, su ch  as 
ind iv id u als from  d ifferen t p o p u la tio n s  o r su b sp e cie s , is 
called  o u tb reed in g . C ro ssin g  p o p u la tio n s  m ay in crea se  
rep rod u ctiv e  R tncss by in cre a sin g  h etero zyg o sity  and  
thu s p rev en tin g  the exp ressio n  o f d ele terio u s recessiv e  
a lle les  or m ay d ecrease  íìtn ess from  the d isru p tio n  o f 
coad ap ied  gene co m p le x e s. l f  o u tb red  o ffsp rin g  have 
lo w er rep rod u ctive  R tness than n o n o u tb red  o ffsp rin g , 
it is called  o u tb reed in g  d ep ression . T he q u e sú o n  o f 
w h eth er Crossing geo g rap h ica lly  d is tin ct p o p u la ú o n s o f 
a sp ecies  u su ally  has b en e íìc ia l o r d etr im en ta l e ffects  
is im p o rtan t for co n serv a tio n , b u t u n ío r lu n a te ly  th ere  
are very few d ata o n  the e tĩe c ts  o f Crossing n atu ral 
p o p u la tio n s , p articu larly  arao n g  v erteb rate  pop u - 
la tio n s.

A. Possible Causes of 
Outbreeding Depression

O u tb reed in g  d ep ression  cou ld  resu lt from  tw o m ech a - 
nism s. T h e  gen etic  m e ch a n ism  req u ires  that d ifferen t 
p o p u la tio n s  evolve coad ap ied  gen e co m p lexes. C ro ss 
ing ind iv id u als [rom  p o p u la tio n s w ith d ifferen t co - 
ad ap ted  gene co m p le x e s  cou ld  then  d isru p t th ese  co m - 
p le x e s  and red u cc  rep rod u cú v e ĩitn ess . T h e  e co lo g ica l 
m e ch an ism  o f  o u tb reed in g  d ep ression  req u ires  that 
p o p u la tio n s d evclop  d ifferen t ad ap tatio n s in resp o n se  
to d ifferen t local e n v iro n m en ts . C rossin g  in d iv id u als  
from  the p o p u la tio n s  m ay then  p rod u ce p ro g en y  that 
are less w ell su ited  to  e ith e r  lo ca l en v iro n m en t.

B. Evidence for Outbreeding Depression
E v id en ce  for o u tb reed in g  d ep ression  com es p rim a rily  
from  o rg an ism s w ith  ex trem ely  lim ited  d isp ersa l, su ch  
as som e p lan ts , co p ep o d s, and  scale  in sec ts , o r from  
cro sses  b etw een  ind iv id u als from  vastly d ifferen t geo- 
grap h ic  so u rces  or w ith  s ig n iíìca n t ch ro m o so m a l d iffer- 
en ces. O u tb reed in g  d ep ressio n  ap pears to be m o re com - 
m o n  in  p lan ts  than  in an im als. T h ere  is  n o t m u ch  
ev id en ce for o u tb reed in g  d ep ression  in  an im a ls , al- 
th o u gh  it has b een  observed  in  cro sses  w here th ere  are 
c h ro m o so m a l d ifferen ces  b etw een  p o p u la tio n s su ch  as 
in  d ik -d ik s and  sp id er m o n keys. S u ch  cases  u su ally  
in d ica te  the e x is te n ce  o f u n reco g n ized  sp ecies  o r su b - 
sp ecies. T h e  m ost vvidely q u o ted  m am m alian  case  co n - 
cern s  ib ex  in  S lo v ak ia , b u t th is  exam p le  is q u estio n a b le



TABLE 1

Relative Filncss of Plant and Animal Hybrid Classcs1'1’

Genus Hybrid classiRcation l-itness measurement
Natural/

manipulations' FitnessJ

plants
Ụlim us F, Fruit maturation M L (L -E )

A rtem isia Hybrid Dcvelopmental stability N E

A rtem isia Hybrid Herbìvore aliack N E

Hybrid/F, Seed production and germinalion N/M E

ỉris /. /ulvci-like shadc lolcrance M I (I -H )
I. hexagon a-likc shadc tolerance M I (1 -E )

íris Eight genoiypic tlasscs
classes 1 - 3 ,  8 Viabiliiv of malure seeds N E

Classes 4 - 7 Víabilily of malure seeds N L

Eucalvptus £. rísdonii backcross Reproductive paramclers N I (1 -H )

E. íim ygdaìina  backcross Rcproductive paramcters N I (L -H )
F-!-lype hybrid Rcproductive paramclers N L

Animals
Hy la F, Developmenlal stabiliiy N E

H. á n e r e a  backcross Developmental stability N n

H. gratiosa  backcross Developmental stability N E
S celop on is Heierozygous for chrom osom es 1 ,3 ,4 ,6 Chrom osom e segregalion in males N E

S ce lop om s HeLerozygous for chrom osome 2
Parental chrom osome 2 Chroraosom e segregation in males N L

Recombinant chrom osome 2 Chrom osom e segrcgaiion in males N E
Sceloporus Four chromosomal classes

HM 0 Pemale íccundity N E

HM 1 Pemale lccundity N E
HM 2 Female lccundity N E
HM 3 Pemale íecunclity N L

C olaptes Hybrid Clutch and brood SÌ2C N E

G eosp iĩữ G. fo rtis/fu lig in osa  F| Survivorship, recruiim em , brecding success N H

c .  Ịortis/scan dens  F| Survivorship, recruitment, brceding succcss N H

G ./oiíis X G. fo rt is/fu lig in osa  F| Survivorship, rccruitm enl, brecding success N H
G. /orlis X G. /ortis /scan den s  F| Survivorship, recruitm cnl, breeding success N H

A lìonem obius Hybrid Survivorship N 1 (L -I )

M ercen aría M. m ercen aría  recombinant Survivorship N L

M. cam pechiensis  recovnbinant Survivorship N E (E -H )

N otropis Hvbrid Survivorship N L (L -E )

B om bina F, Viability M L
Hybrid Viability M E

Apis F, Metabolic capacities M L
Fir5t backcross generation Metabolic capacities M L

G asterosteus Hybrid Foraging efficiency M 1

G am busia G. ho lbrook i 9  X G. ajfin is đ Development M H

G. affinis 9  X G. ho lb rook  đ Devclopment M 1

“ Each of ihcse cxamplés involves taxa ihat are known lo hvbridize under natural condilions. 
b Reprinled from Arnold and Hodges (1 9 9 5 ) . Copyright 1995, wúh permission from Elsevier Science.
' Natural (N ) refers to th o sc  measurements taken from naturally occurring hybrids and manipulalions (M ) from experim cmal manipulations. 
d Fitness estimates are rclative to both parental species (L =  lowesl íìtness; I =  intermediate to both sp ecies ; E =  equivaient to bolh 

species; H =  highest RtTicss). The most com inon fitness for anv particular class is given, wiih the range of fimess values for particular classes 
given in brackels.



as no  q u an tita tiv e  da ta vvere p resen tcd  in the orig inal 
a cco u n t. Several s tu d ies  have íailed  to find o u tb reed in g  
d ep ression  in m a m m a ls, in c lu d in g  in  rh esu s  m acaq u es 
and sad d le -b a ck  tam arin s. B allou  (1 9 9 5 )  fou n d  no  o u t- 
b rced in g  d ep ressio n  in  su rv ival in  sev eral cap tiv e p o p u - 
la tio n s , in c lu d in g  B o rn e o  and  S u m atran  o ran g u tan s.

T h e  m o st ex te n s iv e  stu d y in  m am m als is  that o f  L acy 
and co lleag u es  (u n p u b lish e d ), w h o  co n d u cte d  n u m e r- 
ous c ro sses  am o n g  five su b sp e cie s  o f  d eer m ice . T h ese  
sư b sp ecies  in clu d ed  c lo se ly  related  p o p u la tio n s  from  
sim ilar, co n tig u o u s  h a b ita ts  as w ell as very d iv erg en t 
sư b sp ecies  that had  lo n g  b e e n  iso lated  in  d issim ilar 
h a b ita ts. In  g en era l, th e  b e n e íìts  o f  in crea sed  h etero zy - 
g o sity  o u tw eigh ed  th e co sts  o f  d isru p ted  gen e co m - 
p lexes. T h e  rep ro d u ctiv e  su ccess  o f  cro sses  w as alvvays 
sư p erior to the m ean fo r b o th  p aren ta l s to ck s , a h h o u g h  
not alvvays above that o f  b o th  p aren ta l s to ck s . H ybrid  
v ig or (h e ie ro s is )  w as n o t co n íìn e d  to  the F 1  g en era tio n  
b u t co n tin u e d  in to  la ter  g en era tio n s . E x p e rim e n ts  de- 
s igned  to  p a rtitio n  the e ffects  o f  h e tero zy g o sity  from  
the e ffects  o f  d isru p tin g  coad ap ted  g en e co m p le x e s  ín d i- 
cated  negativ e e ffects  o f  d isru p tin g  coad ap ted  gene co m - 
p lexes o n  so m e c o m p o n e n ts  o f rep rod u ctiv e  su cce ss  
in one lo n g -iso la ted  su b sp e c ie s , b u t th ese  e ffects  w ere 
sm a ller  than  th e b e n e íìc ia l e ffect o f  in creased  h etero zy - 
gosity . A c ro ss  b e tw e e n  tw o o th e r  su b sp e cie s  in d ica ted  
that d isru p tio n  o f gen e  co m p le x e s  in  the F 2  and b a ck - 
c ro ss  g e n cra tio n s  a c tu a lly  increasecl litte r  v iab ility .

c. Variation in Susceptibility to 
Outbreeding Depression

In g en era l, th e  p ro b a b ility  o f  o u tb reed in g  d ep ressio n  
in crea ses  as p o p u la tio n s  b e co m e  rao re  d istan tly  related . 
S m all, iso lated  p o p u la tio n s  o f  sp ecies  w ith  p o o r d is- 
p ersal a b ilities  and n atu ra lly  h ig h  ra tes  o f in b reed in g  
th at arc  s u b je c t to d iffe re n t se lec tiv e  p ressu res are m o re  
lik e ly  to su ffer fro m  o u tb ree d in g  d ep ression  w h en  
c ro ssed  th an  are large p o p u la tio n s  o f  w id e-ran g in g  sp e- 
c ies  w ith  go o d  d isp ersa l ab iỉities  and  low  rates o f  in - 
b reed in g .

Sm all p o p u la tio n s  o f  n atu rally  in b reed in g  sp ecies  
in u st b e  d istin g u ish ed  fro m  p o p u la tio n s  o f  n o rm ally  
o u tb reed in g  sp ecies  th at have re ce n tly  b een  red u ced  in 
size , iso la ted , and  in b re d  as a resu lt o f  h u m an  a ctiv itie s

su ch  as h a b ita t d estru ctio n . In  re ce n ily  iso lated  p o p u la- 
lio n s , g e n ctic  đ iíT erentiation  m ay be ih e  resu ll o f  ran - 
d om  d rift ra th e r  than  lo cal ad ap tatio n s. F o r  e x a m p le , 
g e n etic  d ifferen ces am o n g  e x ta n t gray w o lf p o p u la tio n s  
in  N o rth  A m erica  are th o u gh t to re íle c t  re ce n t p o p u la- 
tion  d ec lin e s  and  h ab ita t [rag m en tatio n  ra th cr th an  a 
lo n g  h is to ry  o f  g en etic  iso la tio n . In su ch  cases , o u t- 
b reed in g  is lik e ly  to  b e n e íìt, ra th e r th an  d ecrease , fitn ess  
by  re s to r in g  h etero zy g o sity  and  m ask in g  d ele te rio u s  
alleles. F o r  exam p le, the sm all, iso lated  p o p u la tio n  o f  
end angered  F lo rid a  p an th ers shovvs sig n s o f  in b reed in g  
d ep ress io n , and  ind iv id u als fro m  its  n ea rest su b sp ecies  
in  T e x a s  have b een  addecl to the p o p u la tio n  in  a ttem p t 
to in crease  its  rep rod u ctiv e  fitness.

S om e au th o rs, su ch  as w .  M . S h ie ld s, have su gg ested  
that o u tb reed in g  d ep ressio n  is  vvidespread and m ig h t be 
as im p o rtan t as in b reed in g  d ep ression  as a co n serv a tio n  
co n ce rn . Hovvever, a recen t review  by A rn o ld  and  
H odges ( 1 9 9 5 )  ío u n d  that cv en  h y b rid s b e tw een  sp ecies  
are n o t u n iíb rm ly  u n fit b u t m ay have lo w er, eq u iv a len t, 
o r  h ig h er levels o f  R tness th an  th e ir  p aren ts. H ybrid  
gen oty p es show ecl a w ide range o f  fitn css  valu es, b u t the 
g en era l p attern  w as thai hybrid s d em o n stra ted  e ith e r  
eq u iv a len t íìtn ess  to the tw o p aren ta l taxa  o r h ig h er 
levels o f  íìtn ess  than  at ỉeast o n e  o f  th e  p aren ts (T a b le  1). 
T h e  resu lts  o f  m ix in g  p o p u la tio n s  o r  su b sp e cie s  ahvays 
d ep en d  o n  th e sp eciR c an im ai o r  p lan t grou p s in v o lv ed . 
H ow ever, o u tb reed in g  d ep ressio n  is rarer than  in b reed - 
in g  d ep ress io n  and is o f  less  co n serv a tio n  co n ce rn .

See Also the Following Articles
ECOLOGICAL GENETICS • GENETIC DIVERSUY •
POPULATION GENETICS
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I. S p ecies  as In d ica to rs  o f the S la te  o f  the E nvi- 
ro n m en t

II. Sp ecies  as ln d iea to rs  o f E n v iro n m en ta l C h ange
III. Sp ecies  as In d ica to rs  o f B iod iversity
IV. C o n clu s io n s

GLOSSARY

a c id  d e p o sitio n  A m h ro p o g en ic  ac id iR caú o n  o f  terres- 
trial and freshw ater ecosystem s by (prim arily) sulfu- 
ric  acid , derived  from  su líu r d io x id e  producecl by 
b u rn in g  oil and coal and d ep osited  in  rain  and sn ow  
(acid  ra in ), d irec lly  as p artic les  (dry d ep o sitio n ) and 
as clou d  d rop lets. 

a ll ta xa  b io d iv e rs ity  in v e n to ry  (A T B I)  T h e  idea, íìrst 
suggested  b y  D. H. Ja n z e n , that it m igh t be ĩeasib le  to 
p ro d u ce  a co m p le te  sp ecies  list for all the o rg an ism s 
liv ing in  o n e  p lace , a h ectare  o f  tro p ica l ío rest, for 
exam p le. T h e  goal has so far proved elusive. 

bioassay  T h e  use o f liv ing  cells  o r org an ism s to m ake 
q u an tita tìv e  or qu alitativ e  m easu rem en ts o f the 
a m o u n ls  o r activ ity  o f su b stan ces. 

co m m u n ity  A n assem blage o f sp ecies  p o p u la tio n s that 
o cc u r  to g eth er in  sp ace  and tim e. 

e co to x ic o lo g y  T h e use o f test o rg an ism s (e .g ., the w ater 
flea, Daphnia) lo  study the to x ic ity , pathw ays o f  a ccu - 
m u latio n , an d  b reak d o w a o f  ch em ica ls , p articu larly  
th o se  m an u ĩactu red  by h u m ans (e .g ., p estic id es). 

e n d e m ic  sp e c ie s  Sp ecies  co n íin ed  in  th eir d istrib u tio n  
to a p a rticu lar geog rap h ic  reg ion . T h e  size o f the

reg io n  is a rb itra ry  (a sp e cie s  can  b e e n d em ic  to  N o rth  
A m erica  o r to  a tiny  islan d ).

h o t s p o ts  A w ord  w ith  sev cra l d is tin c t m ean in gs. H ere 
it is  u sed  lo  d en o te  s ites  u n u su ally  rich  in  a p a rticu la r
group  o f  sp e c ie s  (e .g ., b ird s), co m p ared  w ith  average 
sites  in  th e  sarae g eo g rap h ic  reg io n . (T h e  co n v erse  
is a “colcl s p o t.”) H as a lso  b e e n  u sed  to d en o te  cen ters  
o f e n d em ism  (see  endem ic species) , w h ic h  need  not 
be u n u su ally  sp e cie s  r ich ; it is n o t used  in  th is  c o n - 
tcx i h ere .

paleoclim atology  T h e  stu d y  o f  p ast c lim a te s  fro m  fos- 
s ils  and  o th e r  traces  left in  the g eo lo g ica l reco rd .

reserve se le ctio n  algorithm s M a th e m a tica l te ch n iq u e s  
used to  m axirn ize  e ffic ien cy  in ihe se le c tio n  o f  pro- 
tected  areas for co n se rv a tio n . T h e  e ffic ien cy  crite r ia  
vary w ith  c irc u m sta n ce s  b u t m ay, for exa m p le , be 
the m in im u m  n u m b e r o f  reserv es w ith  every sp ecies  
rep resen ted , o r  m in im u m  co st.

TH1S ARTICLE REVIEW S THE USE of sp e c ie s  as ind i- 
cators of the State ol the environm ent and of hum an- 
in d u ced  ch a n g es  to the e n v iro n m e n t. W e  fo cu s o n  íĩve 
in terre la ted  to p ìcs , n am ely  v ario u s types o f p o llu tio n , 
risin g  c o n c e n tra tio n s  o f a tm o sp h e ric  c a rb o n  d io x id e , 
g lobal c lim a te  ch a n g e , p a tte rn s  in  reg io n al and  g lobal 
b io d iv ersity , and the d esig n a tio n  o f  p ro te c ted  areas for 
n atu re  co n se rv a tio n . U sin g  o rg a n ism s to in d ica te  the 
State of, and changes to, the environm ent has num erous 
tried  and  tested  a p p lica tio n s . A ttem p ts to  id en tify  in d i-
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ca to r  sp e cie s  to pred ict the d iversitỵ  o ĩ  o th er, unstudied  
taxa , for sc ie n tific  or con serv aú o n  reaso n s, has proved 
to be m o re  c o n te n tìo u s  and m u ch  m ore d ifficu lt.

I. SPECIES AS INDICATORS 0 F  THE 
STATE 0 F  THE ENVIRONMENT

T h e re  are three  d istin ct uses o f the term  “in d ica to r 
sp e cie s” in  research  in  eco logy and  b io d iv ersity . T hey 
are a sp e cie s , o r group o f sp ecies, that do the fo llow ing:

1. R e íle c t the  b io tic  or ab io tic  State o f an envi- 
ro n m e n t

2 . Reveal ev id en ce for, o r the im p acts of, en v iro n - 
m en ta l ch an g e

3 . In d ica te  the  d iversity o f o th e r  sp ecies, taxa, o r en- 
tire  co m m u n itie s  vvithin an area

T h is  a rtic le  exp la in s, provides exam p les  of, and evalu- 
a tes  ea ch  o f  these  uses o f the term , fo cu sin g  prim arily  on 
terrestria l and freshw ater eco system s; broad ly sim ilar 
c o n c lu s io n s  apply to m arin e eco sy stem s, b u l m arin e 
e x a m p les  lie  beyond the scop e o f the artic le . W e pay 
m o st a tte n tio n  to the third  use o f  the term  “in d ica to r 
sp e c ie s ,” b eca u se  th is seem s m ost ap p rop riate  for an 
en cy c lo p e d ia  devoted  to b iod iv ersily . T h e  m osi up -to - 
d ate  ev a lu atio n  and review  o f  in d ica to r sp ecies  in the 
s c ie n tiíìc  litera tu re  is  by M cG e o ch  (1 9 9 8 ) .  She c o n ce n - 
trates  on  terrestria l in sects  as “b io in d ica to rs” (in  all 
th ree  sen ses  o f the w ord) b u t the gen eral p rin cip les  
th at she d iscu sses  extend  to all eco sy stem s and organ- 
ism s, n o t ju s t  to terrestria l in sects.

E very b o d y  kn ow s that liv ing org an ism s are sen sitive
lo  the State o f  ih e ir  en v iro n m en t. P o llu tio n  from  hu m an 
a c tiv itie s  k ills  m any sp ecies  and  red u ces the ab u n d an ce  
o f  o th e rs . T h e se  ch an g es in  ab u n d an ce  can  be used to 
assay th e  State o f the environm ent.

A. An Example: Acid Deposition
S u lfu r d io x id e , p rod uced  by b u rn in g  fossil fuel, p articu - 
larly  co a l, en ters  the atm osp here  and is even tually  de- 
p o sited  o n  lerrestr ia l and íreshvvater eco sy stem s via 
th ree  ro u ie s : (a ) as tiny  solid  p artic les , (b ) w ashed  from  
the a ir in  rain  o r snovv, o r (c )  as d ro p lels  form ed in  
clo u d s. D ep o sitio n  often  o ccu rs  h u n d red s o f  k ilo m eters  
from  the so u rce . D issolved  in  \vater, su liu r d ioxid e 
fo rm s s u lĩu ric  acid , resu ltin g  in  w hat is ừ eq u en tly  re- 
ferred  to  as “acíd  ra in ,” b u t becau se there  are three 
p rin c ip a l ro u tes involved in its tran síer 10 terrestria l

and freshw ater eco sy ste m s, it is m ore co rrectly  ca lled  
“acid  d ep o sitio n ” (E r is m a n  and D raa ijers , 1 9 9 5 ) .  S u lfu r 
d io x id e  is not ihe  o n ly  so u rce  o f a c id iíica tio n ; o x id es  
o f n itro g en , again p ro d u ced  by b u rn in g  fossil fu e l, are 
also  involved , but su lfu r d io x id c  is the m ain ag en t o f  
a c id iíìca tio n  in  m o st eco sy stem s.

In  terrestria l eco sy ste m s, th is  d ep o sitio n  k ills  l ic h e n s  
and  a c id iíìes  the so il, lead in g  to  ch a n g es  in the v egeta- 
tion . L akes b eco m e p ro g ress iv e ly  m o re  acid ic  as d ep o si- 
tion  loads in crease , u n til ev en tu a lly  they m ay b e co n ie  
v irtu ally  liĩe less. A tra in ed  b io lo g is t, v isitin g  for the íirst 
tim e an  area su b je c t to ac id  d ep o sitio n , w ill o fte n  be 
able to d ed u ce that the  h ab ita t is b e in g  p ollu ted  s in ip ly  
by lo o k in g  at ihe sp ecies  th at are p resent and th o se  
that o u g h t to be th ere  b u t are n o t. B eau ú fu lly  c le a r 
Scan d inav ian  lakes, la ck in g  any fish  o r am p h ib ian s, 
su p p o rtin g  fcw  b ird s and a sp e c ie s-p o o r and  ta x o n o m i- 
ca lly  u n usual in v erteb ra te  fauna, hav e b cen  red u ced  to 
this im poverished State hy the transnational export of 
su lfu r d io x id e  from  c o a l-b u rn in g  povver-stations in  the 
U nited  K ingd om  an d  e lsew h ere  in  E u ro p e. H ere, liv in g  
organism s act as pow erful indicators of the State oí the 
en v iro n m en t and the d am age b e in g  d one to it by h u m a n  
activ lties , o ften  p eríb rm ed  m an y h u n d red s o f k ilo m e - 

lers away.

B. Management of European Rivers
B ecau se the sp ecies  c o m p o s ilio n  an d  rich n css  oỉ b io lo g - 
ica l co m m u n itie s  ch an g e as the  en v iro n m en t ch a n g es , 
wc can use species as indicators o f the State o f the 
en v iro n m en t for p ra c tica l m an ag em en t pu rp oses. T h e  
tech n iq u es  have b e e n  p a rticu la rly  w ell developed  to 
assess o rg an ic  and in o rg a n ic  p o llu tio n  in  E u ro p ean  riv- 
ers , m anaged  for re c re a tio n , E sh cries , and d rin k in g  w a- 
ler. T h e  ad vantages o f  u sin g  liv in g  o rg an ism s as in d iea- 
to rs  o f w ater q u ality  are that th ey  avoid  the neecl for 
exp en siv e  ch e m ica l an alv ses, and , p robably  m ore im - 
p o rta n l, o rg an ism s in te g ra te  th e  im p acis  o f p o llu ta n ts  
o v er sp ace  and tim e, All ch e m ica l traces o f a m a jo r  
p o llu tio n  in c id e n t m ay d isap p ear from  a river in  a m at- 
ter o f h o u rs  as the p o llu tio n  is ílu sh ed  from  the systetn . 
N o n eth eless, the b io tic  c o m m u n ity  may show  ev id en ce 
o f the dam age for m an y m o n th s. It is ex irem ely  d ifficu lt, 
and p ro h ib itiv e ly  e x p e n siv e , for ch em ists  lo m easu re  
all ihe  o rg a n ic  and  in o rg a n ic  c h e m ica l p o llu tan ls  e n te r- 
in g  a riv er, and it is certa in lv  im p o ssib le  for th em  to 
w o rk  out w hat all the  co m b in e d  im p acts o f su ch  a 
co c k ta ìl m ig h i b e . B u l liv ing  co m m u n itie s  re íle c t the 
in tegrated  effects  o f  all the  co m p o u n d s that íìnd th cir 
way d elib era te ly  and  a ccid e n ta lly  in to  vvalercourses, 
and hence they act as sensitive indicators of the State



o f ihe en v iro n m en t. A v alu ab le  so u rce  o f  íu rth er in fo r- 
rn alio n  on the use o f  liv in g  o rg a n ism s to  m o n ito r the 
en v iro n m en ta l health  o f  riv ers and  la k e s  is provided  by 
R o sen b erg  and R esh ( 1 9 9 3 ) .

Tw o w idely used E u ro p ean  ex a m p les  o f this ap- 
p ro ach  are the G erm an  S a p ro b ic  In d e x , and R IV P A C S 
in  ih e U nited  K ingd om . R IV P A C S is n o w  u sed  by  the 
E n v iro n m en t A gency to  m an age U K  riv ers. B o th  the 
G erm a n  and U K ap p ro a ch es  re q u ire  a ccu ra te ly  id en ti- 
fied sam p les to be tak en  o f the o rg a n ism s found  a long 
sec tio n s  o f  ihe river. R IV P A C S  ío cu se s  o n  in v erteb ra tes, 
the  G erm an  in d ex  o n  in v e rte b ra te s , n iicro b e s , and 
h ig h er plants. B o th  re ly  on  the fact that som e sp ecies  
are ex trem ely  to leran t o f  p o llu tio n  (th e  aq u atic  larvae 
o ĩs o m e  ch iro n o m id  m id ges, fo r in s ta n c e ) , w hile  o th ers  
are ex trem ely  sen sitiv e , p a rticu la rly  to the low  oxygen 
levels p rod uced  by o rg a n ic  p o llu tio n  (fo r  in sta n ce , the 
larvae o f  m any m a y ílie s). T h e  sp e c ie s  p resen t in  the 
sam p les are given sco re s , d ep en d in g  o n  th eir kn ow n 
to lera n ces , and the data fro m  all sp e cie s  are co m b in ed  
to  p rod uce a co m p o sú e  and very sen siú v e  in d ex  o f  
p o llu tio n  levels for any  p a rticu la r  s e c t io n  o f a river.

c. Widespread Application
U se o f  o rg an ism s lo  in d ica te  th e  State o f the en v iro n - 
m en t is vvidespread, ta x o n o m ic a lly  an d  g eo g rap h ica lly , 
fo r a w ide range o f  e n v iro n m e n ta l issu es. U se o f sp ecies  
as in d ica to rs  o f  the s ta ie  o f  the en v iro rư n en t is not 
co n íìn e d  to fresh w ater, o r  to E u ro p e  an d  N orth  
A m erica . A w ide v ariety  o l o rg a n ism s has b een  sug- 
gested , o r used , as in d ica to rs  o f  h u m a n  im p acts. In 
E u ro p e , su ites  o f  p lan t, fu n gal, an d  in s e c t  sp ecies  are 
o n ly  found  in, and h e n c e  are good  in d ica to rs  of, a n c ien t 
w ood land ; they are e n tire ly  a b sen t fro m  p la n ta tio n s, 
even  thou gh  these m ay b e sev era l h u n d red  years old. 
T h e  u se  o f  lich e n s  as sen sitiv e  in d ic a to rs  o f  a ir p o llu tio n  
is  w ell k n o w n , but o rg a n ism s as d iffe re n t as m ites  and 
g e ck o s  (ag ile , c lim b in g  lizard s) have b e e n  used , or sug- 
gested , for s im ilar p u rp o ses . L ic h e n s  have also b een  
used  as in d ica to rs  o f  fire h is to ry  in  B razilian  cerad o  (a 
type o f  dry, scru b b y  fo re s t) , tig e r b e e tle s  as in d ica to rs  
o f  tro p ica l fo rest d eg rad atio n  in  V en ezu ela , and day- 
Aying L ep id op tera  (b u tte r ílie s  and  m o th s) as in d ica to rs  
o f  the State o f  sem in atu ra l g rass lan d s fo r co n serv a tio n  
in  E u rop e. M any o th e r  s im ila r  ex a m p les  ex ist.

D. Interpretation Requires Care
In these  and  sim ila r ca se s , c o n sid era b le  care  is  n eed ed  
b efo re  a sp ecies  o r g ro u p  o f sp e cie s  ca n  b e used  as 
re liab le  in d ica to rs  o f  d a m ag in g  (o r  b e n e fìc ia l)  h u m an

im p acts  on ecosystem s. All p o p u latio n s o f  liv in g  o rg an - 
ism s ílu ctu ate  over tim e and vary in  ab u n d an ce  spa- 
tia lly , b ecau se  o f  natural v aria tio n s in  the w eath er, 
n o rm al ch an g es in  the physical e n v iro n m en t, and  ílu c- 
tu a tio n s  in  the ab u n d an ces o f  natu ral en em ies, co m p e ti- 
tors, and essen tia l reso u rces (food  and sh e lte r) . Ju s t  
b ecau se  one o r m ore sp ecies  is d eclin in g  d oes n o t m ean  
that h u m an  im p acts  are to b lam e. In the case o f  lich e n s  
and  a tm o sp h eric  p o llu tio n  o r freshw ater in v erteb ra tes  
and  river q u ality , the lin k s  betw een  a n th ro p o g en ic  p o l- 
lu tan ts  and ch an g es in  the d is trib u tio n s  and ab u n d an ces  
o f  o rg anism s are th o ro u gh ly  research ed  and w ell u n d er- 
stoo d . But even q u ite  m a jo r d ec lin es  in  som e sp ecies  
have proveđ  e x ce p tio n a lly  d ifficu lt to lin k  to  dam age 
to the en v iro n m en t caused  by people.

E. Amphibian Decline
T h e  so -ca lled  am p h ib ian  d eclin e  is a p articu larly  dra- 
m atic  cxam p le  (B lau ste in  and W a k e , 1 9 9 5 ) . In  m an y 
parts o f  the w orld , p o p u la lio n  b io lo g ists  in terested  in  
a m p h ib ian s  (íro g s , toads, new is, sa lam an d ers, e tc .)  
have recen tly  b e co m e  a larm ed  by ap p aren t m a jo r  de- 
c lin e s  in  the ab u n d an ce , and  the co m p le te  d isap p ear- 
an ce , o f  m an y sp ecies  fro m  areas w here ío rm erly  they 
w ere co m m o n , o ften  in  reg io n s ap p aren tly  rem ote  from  
h u m an  im p acts. T h e  d ec lin es  are n o t h ap p en in g  every- 
w here, and the m agnitud e o f  m any o f th o se  that have 
been  cla im ed  is  d iííìcu lt to assess b ecau se  o f the  la ck  
o f  lo n g -term  data p rior to the supp osed  p o p u la tio n  
co llap ses; som e o f  them  m ay be p eríectly  n atu ra l. T h e  
w o rry in g  asp ects  o f the p h en o m en o n  are that w h ile  it 
is  ap p aren tly  g lobal in  sco p e , the causal m e ch a n ism  (o r 
m e ch a n ism s) rem ain s o b scu re . It  has been  suggested , 
for exam p le, that the am p h ib ian  d eclin e  is in d ica tiv e  
o f  r isin g  g lob al levels o f  d am aging u ltrav io le t lig h t (U V - 
B ) caused  by lo ss  o f the e a r th s  p ro tectiv e  s tra to sp h er ic  
ozo n e layer. A m phibian  eggs, exp osed  in  sh allo w  w ater, 
and  the adults w ith  th e ir th in  w et sk in s  m ay be p a rticu - 
larly sen sitiv e  to U V -B , as are h u m an  su n b a th ers  w ith - 
o u t su n b lo ck . O th ers  d ou bt the e x p la n a ú o n . M o re  re- 
cen tly  a g lobal p an d em ic has b een  im p licated . B u t w hat 
sh o u ld  sud d enly  trigger leth al o u tb reak s o f d isease  in  

am p h ib ian s is u n clear.

F. Environmental Toxicology
In all the exam p les so  far, the org an ism s b e in g  u sed  as 
actu al or p o ssib le  in d ica to rs  o f en v iro n m en ta l h ea lth  
have been  in  th eir n atu ral en v iro n m en t. T h e re  is  an - 
o th e r rela ted  b u t q u ite  sep arate  w ay in  w h ich  b io lo g ists  
use the sen sitiv ity  o f  org an ism s to set en v iro n m en ta l



stan d ard s, nam ely in the Science of en v iro m n en ta l to x i- 
co lo g y , o r eco to x ico lo g y  for sh o rt. In  m any areas o f 
h u m an  end eavor, the aim  is to apply sorae b en eficia l 
tech n o lo g y  w ith  m in im u m  en v iro n m en ta l dam age. 
C rop  sp ray in g  w ith p estic id es is a good  exam p le, and 
so is  the  d isch arge o f treated  efflu ent from  a factory. 
Som e e n v iro n m en ta lists  c la im  th at ih ese  types o f op era- 
tio n s  sh o u ld  n ot lead to  any en v iro n m en ta l co n ia m in a - 
tio n ; fa c to ries  sh o u ld  have zero  d isch arges, an d  if  we 
m u st u se  p estic id es, they sh o u ld  be targeted to reach  
o n ly  the c ro p  and the pest and n o t, for exam p le, the 
s o il, n o n ta rg et o rg an ism s, or aclịacent vvatercourses.

H ow ever, zero d isch arges o r p rec is io n  p estic id es, if 
they  can  be ach ieved  at all, can  o ften  on ly  be ob ta in ed  
at great e co n o m ic  cost. T h e  m ore p ragm atic  so lu tio n  
is to  a sk  vvhelher there  are m inim al levels o f d isch arge, 
spray d rifi in to  w aterco u rses, and  so fo rlh  that cause 
n o  d ete c la b le  en v iro n m en ta l dam age. T o  provide an- 
sw ers to th is  ad m itted ly  d ifficu lt q u esú o n , en v iro n - 
m e n ta l lo x ico lo g ists  use a w ide variety  o f lab o rato ry  
bioassays with Standard organism s. E xam p les from 
lresh w a ter in clu d e the alga, C hloreììa vulgaris, the  w ater 
ílea , D aphnia m agna , the am p hip od  sh rim p , Gammarus 
puỉex, an d  the rainbow  tro u t, Salmo gairdneri. T h e  tun- 
d am en ta l p ro b lem  is to  try and estab lish  a cce p ia b lc  
levels o f  co n ta m in a tio n . D eíìn in g  “a ccep ta b le” obvi- 
o u sly  req u ires  p o litica l as vvell as b io lo g ica l ju d g m en t. 
H ovvever, traces o f a com p o u n d  in w ater, air, or soil 
that ca u se  no  d etectab le  ch a n g es  in ihe  p erío rm an ce  
(g ro w th , surv ival, o r rep ro d u ctio n ) o f  the test organ- 
ism s are clearly  m o re a ccep ta b le  than  d oses thai kill 
5 0 %  o f the  p o p u la tio n  (so  ca lled  L D 50 levels). B asica lly , 
the b io assay s seek  to set en v iro n m en ta l stand ard s for 
levels o f  p o te n lia l p o llu tan ts  in so il, a ir, and freshw ater, 
using a range o f Standard laboralory organism s as indi- 
ca to rs  (Sh aw  and C h ad w ick , 1 9 9 8 ) ,  but there  can  be 
n o  a b so lu te  sian d ard s ab o u t w hat is safe or accep tab le . 
T h e  gen eral tren d  in  m od ern  so c ie tie s  is for stand ard s 
to  gradu ally  tighten .

II. SPECIES AS INDICATORS OF 
ENVIRONMENTAL CHANGE

If ih e  am p h ib ia n  d eclin e  (d iscu ssed  in the prev iou s 
s e c tio n ) is  real. ú  is an  exam p le o f  a group  o f  organ ism s 
a c tin g  as in d ica to rs  n o t only  o f the State o f the en v iro n - 
m en t, b u t also as in d ica to rs  o f o n g o in g  ch an g es to the 
g lo b al e n v iro n m en t, a lb e il o f  an  u n k n o w n  natu re . In 
o th e r  w o rd s, given that sp ecies  are sen sitive  to the co n - 
d itio n  o f  th e ir  en v iro n m en t, m o n ito rin g  o rg an ism s not

only  tells you ab o u t the cu rren t State o f an e n v iro n m e n t ,  
b u t repeated  m o n ito rin g  can  te ll you ab o u t changes in  
ih at en v iro n m en t. T o  a ct as in d icato rs  o f  ch a n g e  ra th er 
than  cu rren t en v iro n m en ta l h ea lth , it is  necessary  to  
have at least tw o sets o f data on the p a rticu la r in d ica to r 
sp ecies  in  q u estio n , tak en  in  the sam e w ay, at the  sam e 
p la c e (s ) , on  tw o sep arate  o cca sio n s . M ore íreq u en t sam - 
p lin g  allow s greater co n íìd e n ce  in  the d irec tio n  o f ap- 
p aren t trend s and the d etec tio n  o f  m ore su b tle  en v iro n - 
m en ia l changes.

A. Not All Monitoring Is about 
Environmental Degradation

N ot all m o n ito rin g  o f sp ecies  seek s  to record  env iron- 
m en tal đ eg rad alion . In crea sin g ly  after n iin in g  opera- 
lio n s , for exam p le, m ine o p era to rs  are req u ired  to re- 
s tore  sp oil heaps and m in e  p its by sow in g or p lan tin g  
native vegetation . M o n ú o rin g  se le c le d  g rou p s o f com - 
m o n  an im als  on nearby u n d is iu rb ed  c o n lr o l s ites  and 
o n  the restored  land can  give a good  in d ita ú o n  o f  thc 
reco very  o f the  en tire  eco sy stem  and o f the su ccess  o í  
the re s to ra ú o n  p ro jec t. F o r  in stan ce , w hen b ìo lo g ists  
m o n ilo re d  am  assem b lages on  aband oned , replaniec! 
b a u x ite  m in es in A ustralia , th ey  foun d  ih at the ants 
p rovided  a good in d ica tio n  o f the recovery  o f  these 
ecosystem s. Even after 14 years there w ere still d iíìer- 
e n c e sh e tw e e n  the a n t co m m u n itie s  íound  in ih e  natu ral 
Eucaìyptus ío rest and  the restored  land.

B. Historical Records of Change
1. L a k e  A c id ií ĩc a t io n

Ít m ay n o t alw ays be necessary  to sam ple in real tim e. 
w h e n  a n th ro p o g en ic  a c id iíìca tio n  o f la k c s  w as first dis- 
cov ered , m any p eop le d oubted  ihat ihe  p h en o m en o n  
w as real. In p articu lar, th ere  w as co n sid erab le  op posi- 
tion  to  the n o tio n  from  the p o w er-g en eratin g  ind u slry , 
b eca u se  solv in g  the p ro b lem  (by  b u rn in g  low -su lfu r 
co a l, ad dìng “scru b b e rs” to pow er sta tio n  ch im n ey s to 
rem ove su lfu r d io x id e , o r sw itch in g  to natu ral gas) was 
in ev itab ly  g o in g  10 b e  exp en siv e. A fter aU, th ere  w ere 
few  h is to r ic  data on the State o f the acid ilìed  lakes. 
Perhap s they had  ahvays b een  th at w ay?

R eso lv ing  the p ro b lem  req u ired  knovvledge o f ihe 
fact th at lake p h y to p lan k to n  (ih c  tiny , u n ice llu la r  p lants 
that íloat in  ihe u p p er layers o f  lakes) are extrem cly  
sen sitive  en v iro n m en ta l in d ica to rs , b ecau se  d iiíercn t 
sp ecies  grow  best in  very d ifferen t c o n d itio n s  deter- 
m ined  by n u trien t s la tu s  and  ịdH (a c id ity ). W h e n  algae 
die, they sin k  to the  b o tto m  w here th e ir  b o d ies and



ch a ra c ter is tic  p ig m en ts are b u ried  and so m e are pre- 
served  ( in c ip ie n t ĩo ss ils ) , p articu larly  the res is tan t, sili- 
c io u s  o u ter cases  o f  a grou p  called  d iatom s. A n u n d is- 
u irbed  core  th ro u g h  the sed im en ts  record s ihe h is lo ry  
o f a lake ’s p h y to p la n k to n , w ilh  the o ldest flora a t the 
b o tto m . C o res shovved u n eq u iv o ca lly  that m an y S ca n d i- 
navían  lakes that are  acid  now  w ere not acid  b e fo re  the 
In d u stria l R e v o lu tio n ; the o ld est d ia to m s— sp ecies  not 
ío u n d  in acid  la k es— are gradu ally  rep laced  in  the sam - 
p le co lu m n  by a c id -to le ra n t sp ecies. D iatom s are vvon- 
d erlu lly  sen sitive  in d ic a to rs  o f  en v iro n m en ta l ch an g e

( r ig .  1).

2 . P la n ts  a n d  C a r b o n  D io x ic ỉe

H erb ariu m  sp e cim e n s  (p ressed  p lan ts  co lle cte d  for tax- 
o n o m ic  p u rp o ses) an d  fo ssil leaves ca n  also be used  
as in đ ica to rs  oi past e n v iro n m en ta l change. A n o th er 
co n se q u e n ce  o f  the rap id  rise  in  ihe b u rn in g  o f  ío ssil fuel 
s in ce  the In d u stria l R ev o lu tio n  has b een  an a cce le ra ú n g  
rise in  the c o n ce n tra tio n  o f  a tm o sp h eric  carb o n  d io x id e , 
o n e  o f  the m ain ag en ts  o f  “g lob al w arm in g .” W e w ill 
d cal w ith  sp ecies  as in d ica to rs  o f an th ro p o g en ic  g lobal 
c lim a te  ch a n g e  (as it is m o re  accu ra te ly  k n o w n ) la ter. 
H ere we w ant to fo cu s  on p h y sio lo g ica l and d evelop- 
m en ta l resp o n ses w ith in  s in g le  sp ecies  to rìsin g  ca r- 
b o n  d io x id e.

lf  p lants are  grow n in  a green h o u se  u n d er dilTerenl 
a tm o sp h eric  ca rb o n  d iox id e co n ce n tra tio n s , from  be- 
low  the p re -In d u s tr ia l  R ev o lu tio n  levels o f  ab o u t 2 8 0  
parts Ị3er m illio n  by volu m e (p p m ), th ro u gh  w h al are 
ro u gh ly  p resen t levels o f 3 5 0  ppm , to  levels th at m ay 
be reached  by the end  o f  the 2 1 s t cen tu ry  ( 7 0 0  p p m ), 
several in terestin g  th ings happ en . In p a rticu la r, in  the 
p resen t c o n te x t, storaatal d en sities  o n  ih e  u n d ersid es 
o f  the leaves d eclin e . S lo m ata  are the tiny p o res in  
the lea f su rface  th rou gh  w h ich  p lan ts  take up ca rb o n  
d io x id e  (n e e d ed  for p h o to sy n th e sis), and  th ro u gh  
w h ich  they lo se  w ater vapor. It has b een  k n o w n  for a 
lo n g  tim e that p la n ts  co n tro l the o p e n in g  and c lo s in g  o f 
stom ata  to o p tim ize  ca rb o n  dioxicle u p take and  red u ce 
w ater loss. M ore su rp risin g , we now  also  k n o w  that 
p lants grovvn in  high ca rb o n  d io x id e  have lo w er d en si- 
ties o f stom ata ; som eth in g  hap p en s d u ring  le a f d ev elop - 
m ent to red u ce  the n u m b e r o f s to m aia . H ow  and  w hai 
is cu rren tly  u n clea r. W h y  is s iin p le  en o u g h . In a h igh  
carb o n  d io x id e  w orld , the p lant n eed s few er s to m ata  
to takc up the ca rb o n  d io x id e  it req u ires  and h e n c e  can  
satis íy  the n eed s o f p h o to sy n ih esis  and red u ce  w ater 
lo ss  by d ev elo p in g  few er p ores in  ih e  leaves.

N ow  b a ck  to  those h erb ariu m  sp e cim e n s and  ĩo ssil 
leaves. l f  you lo o k  at 2 0 0 -y e a r-o ld  (and  very p re c io u s) 
h erb ariu m  and m od ern  sp ecim en s o f  the  sam e sp ecies ,
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FIGURE 1 The pH history of Lilla õresịon , a 0 .6  km; lake in southwest Svvcden. Ắ core of ihc botiom sedimcnts 3 .5  m long 
records the hislory of ihe lakc exiending back to 12600  BP, using ihe valves (“shclls”) of diatoms preserved in thc deposils. 
Different species of diaioms have diffcrcnt pH preferences and can be dassiíìed accordinglv. Acidobiontic species thrive in acid 
waters; atkilophilous species prefer m orc alkaline condilions. Combining da ta from the remains of all species of diatoms aIlows 
ihe pH hisiory of the lake to be reconstructed. The lakc has passcd ihrough four pH periods. A, an alkaline period after dcglaciaúon. 
B, a  naturally more acidic period. c, a period vviih highcr pH, vvhìch started at the same time as agricultural expansion in thc 
rcgion. and D, a rapid, recem  pcríod of acidification. The post-1960 phase has no similarity with any of the previous periods. 
From  Renberg, 1. (1 9 9 0 ) ,  Phil Trans. R. S oc . Lonclon c  3 2 7 . 3 5 7 -3 6 1 .
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FIGURE 2 changes in slomatal dcnsiiies of lcaves as indicators of changes in alm osphcric carbon dioxidc concentraúons. (A ) 

Perceniage changcs in stomaial densities on ilic lowcr surĩaccs of the leaves from eight species of trees and shrubs collected from 
the English midlands and preserved as hcrbarium spccimens. The oklest specimen was collected in 1750. As almosphcric c o ,  
has risen during and since the industrial revolution, so stomaial densũies have fallen. From VVooihvard, p. I. (1 9 8 7 ), N aturc 32 7 ,  
6 1 7 -6 1 8 . (B, C) Assuming that sitnilar effects occur in all specics of planls, lossil leaves can bc uscd as indicators of atmosphcric 
CO; concentralions extcnding back many millions of years. The COị conlent of the earths atm osphere appears to have íluciuated 
markedly and apparendy naiurallv during tho p a s t  400  million vears. From Beerling. D. J ., and W oodward, F. I. (1 9 9 7 ), Bot. ]  
Linn. Soc. 124 , 1 3 7 -1 5 3 .

sure en o u g h , stom atal d en siú es d eclin e  as g lobal atino- 
sp h eric  ca rb o n  d io x id e  levels increase (F ig . 2A ). T he 
sam e ap p roach  has recen tly  been  used to  try and trace 
a tm o sp h eric  carb o n  d iox id e levels th ro u g h o u t m ost o f 
the P h a n ero z o ic , from  the tim e w hen p lants íìrsl co lo - 
n ized  the land. H ere the m eth od  is m ore co n te n tio u s, 
becau se d ifferent sp ecies  o f tru ly fossil p lants w ith  pre- 
sum ed  sim ilar grow th form s have to be used  in  d ifferent 
geo lo g ica l p eriods. N everth eless, the p attern  o f appar- 
en t ch an g es in  g lobal a tm o sp h eric  ca rb o n  d io x id e  co n - 
cen tra tio n s  over hu n d red s o f  m illions o f \ ears, revealed  
by th is  m eth od  (F ig . 2B and C ), are in reasonable

agreetnenl with alternative, independent, and also C011- 
ten tio u s g eo ch em ica l m eth od s. H ere is a really  u n u su al 
use o f  sp ecies  as in d ica to rs  o f en v iro n m en ta l ch an g e.

c. Species as Indicators 
of Climate Change

1. T h e  S e n s i t iv i ty  o f  S p e c ie s  to  C lim a te :

F o s s i ls  A g a in

C u rren t, rapidly risin g  c o n ce n tra tio n s  o f a tm o sp h eric  
ca rb o n  d ioxid e are the p rim ary  cau se  o f a n th ro p o g en ic



global c lim ate  change. Hovvcver, th e  e a r th s  c lim ate  has 
ahvays ch an g ed , n atu ra lly , vvith no  in te rv e n tio n  from  
h u m an beings. O ne o f the w ays w e knovv th is is th ro u gh  
the careíu l d o cu m e n ta tio n  o f  the typ es and  d istrib u tio n s  
o f org an ism s in the fossil and  su b fo ss il reco rd . T h e  
Science o f p a leo clim ato lo g v , w h ich  see k s  to reco n stru c t 
the h isto ry  o f e a r th s  c lim a te , re lies  h eav ily  o n  chang es 
in fossil and su b ío ssil sp ecies  a ssem b la g es  to  d ed u ce 
vvhat the earth ’s c lim a te  w as lik e  th o u sa n d s or even 
m illio n s  o f  years ago. T o  take o n e  ex a m p le , in  the 
m od ern  w orld  m any typ es o f co ra ls  o c c u r  exclu siv e ly  
in  tro p ical m arin e e n v ìro n m e n ts ; it is a w in n in g  bet 
that fossil cora ls  o f the sam e type in d ica te  an  an c ien t 
tro p ical sea, even th o u gh  the ro c k s  b e a rin g  the fossils  
m ay now  lie in  m u ch  co ld e r  parts o f  the  w orld .

In m o re reccn t g eo lo g ica l tim e, we ca n  use ch an g es 
in the d istrib u ú o n s and  a b u n d a n ce s  o f  p lan ts  and ani- 
m als to trace m a jo r ch a n g es  in  the e a rth ’s c lim a te  d u rin g  
the H o lo cen e  (th e  m o st re c e n t g e o lo g ica l p ast) and 
P k is to c e n e  g lacials and  in te rg la c ia ls . p la n t rem ain s pre- 
served  in p ack rat m id d en s in  dry air o f  the  so u th e a ste rn  
U n ited  States a ttest a m u ch  w e tte r c lim a te  o n ly  a few 
thou sand  years ago. H ip p o p o ta m u s b o n e s  and  teeth  dug 
up from  u n d er T ra la lg ar Sq u are  p rov id e u n eq u iv o ca l 
ev id en ce  o f a m u ch  w arm er L o n d o n . P o llen  gra in s p re- 
served  in peats and lake sed im e n ts  re co rd  in  exq u is ite  
d etail the m arch  n o rth w ard  o f  E u ro p e a n  and  N orth  
A m erican  forests from  the end  o f  the last g lac ia tio n
1 2 ,0 0 0  years ago (H u n tley  and  B irk s , 1 9 8 3 ) .  T h e  íb resls  
sp read  w ith rem ark ab le  sp eed  (a n  average o f a b o u t 2 0 0  
m p er year, but so m etim es as fast as 2 km  a year) to 
ach iev e  p resen t d is tr ib u tio n s  in the  n o rth e rn  parts o f 
b o th  co n tin e n ts  from  g lacia l refu g ia  th o u sa n d s o f k ilo - 
m ctre s  to the South (F ig . 3A  and  B ). T h e  in fo rm a tio n  
is n o t w on easily . Ít re q u ire s  hu ge p a tie n ce  and  great 
sk ill  to id e n iiíy  th o u san d s u p o n  th o u sa n d s o f p o llen  
g ra in s extracted  o n to  m icro sco p e  slid es. B u t o n ce  d one, 
th c record  read s lik e  a sp eed ed -u p  m o v ie , as sp ru ce , 
o ak s , w hite p in e , h e m lo c k , b e e ch , an d  c h e stn u t sw ept 
n o rth  in su ccessiv e  w aves th ro u g h  w h a t is n o w  the 
U n ited  States and  C an ad a; in  the m o re  sp e cie s-p o o r 
fo rests  o f  E u ro p e , p in es w ere fo llo w ed  by b irch , then  
oak . T h ese  in v asio n s are as d ra m a tic  as any in  hu m an 
h isto ry , b u t they  w ere s ile n t and  reco rd ed  o n ly  by p ol- 
len  graìns.

2 . C o n te m p o r a r y  c h a n g e s  in

S p e c ie s  D is t r ib u t io n s  

H isto rica l ch an g es asid e, th ere  is  n o w  no d o u b t that 
the vvorld is cu rren tly  w arm in g  q u ite  rap id ly . A n up- 
w ard trend in  global an n u al m ea n  su rĩa ce  tem p eratu res

is ap paren t from  ab o u t 1 9 2 0 . p articu larly  over the last 
two d ccad es (íro m  c. 1 9 8 0 ) ;  global m ean  su rĩace  tem - 
p eratu res in Ju ly  1 9 9 8  w ere the h igh est ever recorded . 
D o org an ism s act as in d ica to rs  o f these ch an g es, per- 
haps, as w ith  the fresh w ater sp cc ies  d iscu ssed  earlier, 
a c t in g su b tly  to in tegrate  several o f the c h a n g e s h u m a n s  
find d ifficu lt to co m p reh en d  in the bald  s ta tistics?  C li- 
m ate chang e d oes not sim p lv  involve vvarming; it in- 
volves ch an g es in  ra in fa ll, ex trem e w eath er events 
(d ro u g h ts and s to rm s), and  even lo ca lly  co o le r  con d i- 
tion s. A ll these co m p le x  chang es shou ld  show  up in 
ch an g es in  the d is trib u tio n s  and ab u n d an ces o f or- 
gan ism s.

T h ey  do. S p ecies  are proving  to be ex trem elỵ  sen si- 
tive in d ica to rs  o f  co n te m p o ra iy  c lim a te  ch an g e, vvhere 
historical records allow decent reconstruction of former 
and cu rren t d istrib u tio n s. P o p u la lio n s  o f E d it lis  ch eck - 
ersp o t b u tteríly  Euphydryas e di tha are d isap p earing  
from  Sou thern  C a liío rn ia  and n o rth e rn  M e x ico , at the 
current Southern  end of  its d is tribution ,  and  íro m  m ore 
lo w lan d  sites ; s ites  w here p rev iou sly  reco rd ed  p op u la- 
tio n s  s till ex ist are on  average 2° íu rth er n o rth  than 
s ites  vvhere p o p u la tio n s  w en t e x tin c t (F ig . 4 ) . T h ese  
are e x a ctly  the ch an g es we w ould e x p e c t in  a vvarming 
w orld . T w en ty  years ago in  n o rth w est E u ro p e, little 
egrets Egretta garzclta  (sm all w hite  h ero n s) used to  be 
rare v isitors  from  the M ed iterran ean . N ow  they are 
b reed in g  in n o rth e rn  F ra n ce  and Southern E ngland  in 
an  a s to n ish in g  exp an sio n  o f  range. P op u latio n s o f m any 
o th e r E u ro p ean  b ird s, butterA ies, and o th e r organ ism s 
are sp read in g  n o rth  at the p resen t tim e, as the cli- 
m ate w arm s.

O f co u rse , n o n e  o f  th is  te lls  us w h eth er the clim ate  
ch an g e ih a t is c er ta in ly  h ap p en in g  is “n a tu ra l”— it 
cou ld  have hap p en ed  anyw ay and m ay have n o th in g  
to do w ith  a n th ro p o g en ica lly  p ro d u ced  g reen h ou se 
g asses— o r w h eth er it is ind eed  due to hu m an activ i- 
ties. U sin g  sp ecies  as in d ica to rs  o f c lim a te  change 
tells us u n eq u iv o ca lly  th at the e a rth ’s c lim ate  is ch an g - 
ing , b u t so d oes the m ercu ry  in  the therm o m eter. 
W h a t n e ith e r  te lls  us is w hy, and  no end o f w ork 
on sp ecies  as in d ica to rs  w ill solve that d ilem m a. As 
we have already seen , th is s itu a tio n  is n o t u n iq u e to 
c lim ate  ch an g e. It g en era lly  h o ld s w hen ever w e use 
species as indicators of the State of the environm ent. 
In d ica to r  sp ecies  can te ll us w h eth er an  en v iro n m en t 
is, or is n o t, ch an g in g . T h ey  do n o t te ll us w hy the 
ch an g es are tak in g  p lace . T h a t a lm o st alw ays requ ires 
ad d itio n a l d etectiv e  w o rk , a lth o u g h  kn ow led ge o f  an 
o rg a n ism ’s b io lo g y  w ill íreq u en tly  provide valuable 
c lu es. T h re e  exam p les, u sin g  bird s as in d ica to rs, illus- 
trate the p ro b lem  in  m o re detail.
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F1GURE 3 The migraùon of trccs across North America and Europc after the cnd oi the last glaciation, rcvealed by 
pollen remains in lakc sedimcnts and pcat. (A) The sprcad of oaks in North America, with radiocarbon agcs in 
thousands of years (contours) and ihe prcsent range of the genus (shadcd). From Davis, M. B. (1 9 8 1 ) in Pore.sl 
Succession: Concepts and A pplications (D. c . West, H. H. Shugarl, and D. B. Botkín, Kds.), Springer-Verlag, Nc\v York. 
(B) Esiimates of ihe oversall rates of spread of irees on lwo com inents, based on data of the lype shown in pari A. 
From  Williamson, M. (1 9 9 6 ) , Bioìogical Invasions. Chapman &  Hall, London.
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D. Birds as Indicators of Large-Scale 
Environmental Changes

Birds are w idely  used in d ica to rs , b ecau se  in  E u rop e, 
N orth  A m erica , and o lh e r  p arts o f the w orld  w here 
there  are large arm ies o f am ateu r bird  w atch ers  their 
p o p u la tio n s  and  d istrib u tio n s  have b een  reco rd ed  w ell 
en o u g h , fo r lo n g  en o u g h , to  revcal m a jo r en v iro n m en - 
tal trend s.

1. P e r e g r in e  F a lc o n s  a n d  D D T

T h e ca ta stro p h ic  collap se o f p ereg rin e ía lco n  Falco perc- 
grinus p o p u la tio n s  th ro u g h o u t the n o rth ern  h em i- 
sp here  in  the 1 9 5 0 s  signaled  w idcspread  co n tam in atio n  
o f  the e n v iro n m en t by ch lo r in a ted  h v d ro carb o n  in secti- 
c id es, first D D T , th en  o th er com p o u n d s su ch  as aldrin 
and d ie ld rin . T h e  to tal, and rapicl, d isap p earan ce of 
these d ram atic  b ird s sig n alcd  to o rn ith o lo g ists  that 
so m e th in g  w as serio u sly  w ro n g  w ilh  the en v iro n m en t,

b u t w hat? Ít to o k  a great d eal o f c lev er b io lo g ica l d etec- 
tive w ork (see  R atc liffe , 1 9 8 0 )  to lin k  the d ec lin e  o f 
p eregrin e p o p u la tio n s  to the a ccu m u latio n  o f th ese  per- 
s isten t p estic id es up the food  ch a in , resu ltin g  in  egg- 
sh e ll th in n in g , rep ro d u ctiv e  ía ilu re , and (in  extrem e 
cases) d irec t p o iso n in g  o f ad ult b ird s. A lth ou gh  som e 
p o p u la tio n s have n ow  reco v ered , s ignalin g  a reco very  
in  en v iro n m en ta l q u ality , the sp ecies  is still m issin g  
[rom many parts o f its íorm er range— som e Coastal 
p o p u la tio n s in  E n g lan d , for in stan ce . N obod y kn ow s 
why.

2 . M ig r a to r y  S o n g b ir d  D e c l in e s  in  

N o r th  A m e r ic a  

In  N orth  A m erica , co n sid era b le  co n cern  is cu rren tly  
b e in g  exp ressed  o v er vvidespread d eclin es in su m m er 
m igrant b ird s, p articu larly  w arblers. U n lik e  the so- 
called  am p h ib ian  d ec lin e , n o b o d y  q u esú o n s the phe- 
n o m en o n ; ju s t  lik e  the  am p h ib ia n  d eclin e , n o b o d y  re-
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F1GURE 4 The fate of 151 previously recorded populaúons of 
Ediths checkerspot butteríly, E u phydryas ed itha , in wcstern North 
Am erica. The populations ranged from northern M exico 10 Southern 
Canada and were visited by Camille Parmisan and other biologists 
beuveen 1992 and 1996. Populations that had disappeared because 
of habitat degradation (e.g., loss of usable host plants) w cre omitted 
Irom ihc analvsís Dividing thc populaiions inio five, cvcnlv spaced 
latitudinal bands between 30° N and 53° N (A ) reveals that 
s ig n iR can tly  rnore So u th ern  populations h av c g o n e e x t in c t  than  

norihcrn populaúons; sites where previously rccorded populations 
still exist wcre, on average, 2° íurther nortli ihan sites vvhere 
populations were extinct. Extin cú on s were also higher ai lower 
altitudes (B) (n is the number of populations in cach lalìtudinal 
or altitudinal band). Both resuhs arc consistent with the effects 
of global climale vvarming on the buttcríly, leatling to a northward  
and upvvard shift in its geographical range. Rcproduced, wúh the 
permission of McMillan Journals Ltd, from N atíirc 2 8 2  (1 9 9 6 ) , 
page 766.

ally knovvs w hy it is  hap p en in g . T h ere  is no  d o u b tin g  
the data; m an y sp ecies  are indeed  d ec lin in g  very 
q u ick ly , in as c lear an in d ica tio n  as one w ants thai 
so m e th in g  is w ron g w iih  the en v iro n m en t, b u t w hat? 
Several p o ssib ilities  e x is t, and  they are u n lik e ly  to  be 
m u tu ally  exclu siv e . O ne exp lan aú o n  ío cu ses  on  the 
d estru ctio n  o f  tro p ìcal ío rests  in  the b ird s’ w in terin g  
areas. A n o th er su gg estion  is that th ere  are o th e r  un- 
kn o w n  p ro b lem s there o r on the m igration  rou tes. A 
th ird  p o ssib ility  is exten siv e  hab ita t íra g m en ta tio n  and 
u rb a n iz a tio n  in the b reed in g  ío rests  o f  the eastern  sea- 
b o ard . T h is  hu m an m o d iR catio n  o f  the n o rth east forests 
m arked ly  in creases nest lo sses o f m igran t son g b ird s  to 
ja y s , cro w s, covvbirđs, and  raco o n s, all sp ecies  thai 
thriv e in  the  s líp stream  o f urban  hu m ans.

3 .  D e c l in e s  in  F o r m e r ly  C o m m o n  

F a r m la n d  B ir d s  in  N o r th w e s t  E u r o p e

In  the in ten siv ely  ag ricu ltu ra l areas o f n o rih w est Eu- 
ro p e — ov er the w hole o f low land E ngland , for exam - 
p le — a w hole raft o f ío rm erly  "co m m o n  farm land  b ird s” 
are a lso  in steep  d eclin e  (T u c k e r  and  H eath , 1 9 9 4 ) . 
T h e y  in clu d e sky lark s (Alauda a iv en sis), E u ro p ean  tree 
sp arrow s (Passer montanus) ,  co rn  b u n tin g s  (M ilaria ca- 
laudra), gray partrid ges (Perdix perdix), and  son g  
th ru sh es  (Turclus philom eìos). H ere the p ro b lem  is now  
reaso n ab ly  w ell u n d ersto o d , th o u gh  m any d eta ils  re- 
m ain  u n reso lv ed . M o d ern  farm in g is so  e íììc ie n t and 
c le a n  tliat th ere  is little  for the b ird s to  eat. W e e d s  are 
k illed  w ith  h erb ic id es, w h ich  rem ove b o th  seed s and 
r ich  so u rces  o f in sects  that feed o n  the vveeds. T h e  crop  
itse ir is sprayed  to  rem ove in sec ts  and  is h arvested  so 
e ííìc ie n tly  that few seeds are sp illed  o n  the w ay. M o d ern  
farm s are b io d iv ersity  d eserts , an  in d ica tio n  o f  the 
p o w er o f  p eo p le  to squ eeze natu re  to the m arg in s vvhile 
ap p aren tly  m a in ta in iĩig  a green  and p leasan t land . If 
p resen t trend s co n tin u e , sk y lark s w ill be rare b ird s in 
B rita in  in  2 0  years.

III. SPECIES AS INDICATORS 
0 F  BIODIVERSITY

A. The Nature of the Problem
C o m m o n  sen se su gg esls  that the knovvn lo sses o f  p lants 
and  birds from  E u ro p ean  farm land  vvill go h an d -in - 
han d  w ith m u ch  m ore p oorly  d o cu m en ted  d ec lin es  in 
m an y  o th e r, less íara iliar and  cry p ú c  taxa , from  land 
sn a ils  to g low w orm s, and h o v erílies  to harvest sp id ers. 
In  o th e r w ords, ch an g es in  the d istrib u tio n  and  abun -



d an ce  o f  w ell-k n o w n  groups sh o u ld  serve as b road  in d i- 
ca to rs  o f the statu s of, and ch an g es in , a m u ch  w ider 
sam p le  o f a reg io n ’s ílora and fauna. T h e  a ssu m p tio n  
h ere  is that b ird s (o r  o th er co n sp icu o u s  sp ecies) m igh t 
serve as b io d iv ersity  in d ica to rs— th at is , as su rrog ates 
o f  ov erall b iod iv ersity . B ut a lth o u g h  it seem s in tu itiv e ly  
rea so n a b le  to use íam iliar, w ell-stu d ied , and easily  cen - 
sused  groups as in d ica to rs  o f  w hat is  h ap p en in g  to m an y 
o th e r  taxa, d esp ite  a great deal o f research , the idea is 
a c tu a lly  co n ten tio u s.

F o llo w in g  (b u t sligh tly  m o d ify in g) the  w o rk  o f 
M cG e o ch  ( 1 9 9 8 ) ,  we can d eíìne a b io d iv ersity  in d ica to r 
as a group  o f taxa (e .g ., gen u s, trib e , fam ily , or ord er, 
o r a selec ted  g rou p  o f sp ecies  from  a ran ge o f h ig h er 
taxa) w hose d iversity  (e .g ., o verall sp ecies  r ich n ess, 
n u m b e r o f rare sp ecies, levels o f en d em ism ) re ílec ts  
ih a t o f  o th er h ig h er taxa in  a h a b ita t, group  o f h ab ita ts, 
o r geog rap h ic  reg ion . T he idea is  sim p le  en o u g h , and 
if  it  ca n  be sh ow n  to w ork , it is im p o rtan t b ecau se  
b io lo g is ts  then have a re la liv ely  sim p le m ean s o f  as- 
sess in g  overall b iod iv ersity  fo r p u rely  s c ie n tiiìc  reaso n s, 
for settin g  co n serv atio n  p rio rities , or for m o n ito rin g  
the effectiv en ess o f co n serv a tio n  m an agem en t.

B. Taxa That Have Been Suggested as 
Indicators of Biodiversity

T h e  group s o f organ ism s w hose rich n ess  has b een  eval- 
uated  m ost th o ro u g h ly  in the greatest n u m b er o f p laces 
on  ea rth  are also  the m ost Íam íliar. T h e  n atu ra l h isto ry  
se c tio n s  o f b o o k sh o p s are d o m in ated  (so m e tim e s  e x c lu - 
siv e ly ) by v o lu m es o n  p lants and bird s. I f  in sec ts  figure 
a t a ll, b u tterílies  w ill be o n  the top o f the lis t, a lth o u g h  
th ere  are íasc in atin g  d ifferences betvveen n atio n s. Ja p a n  
lo v es d ragonílies. B irds, h ig h er p lan ts , b u tte rílie s , and 
d rag o n ílies  are all groups that o cc u r  in  m o st p laces in  
th e  w orld  b u t w hose ind ividual sp ecies  are seld o m  so 
w idesp read . In  m u ch  of the w orld  they are also  groups 
w h o se  sp ecies  are, re la tiv ely  sp eak in g , ta xo n o m ica lly  
w ell knovvn and  stable , read ily  id en tiíìa b le , and  have 
b io lo g ie s  that are w ell un d ersto o d . T h ey  are easy to 
find , in v en to ry , and co u n t, and they  are reaso n ab ly , bư t 
n o t overvvhelm ingly, d iverse in  any o n e  p lace . T h e se  
are  all d esirable a ttrib u tes o f groups that m ig h tb e  used 
as in d ica to rs  o f the d iversity  o f m anv o th er, m u ch  less 
w ell kn ow n ta x a — that is , as in d ica to rs  o f  the o verall 
b io d iv ersitv  o f a region.

O th er group s have m an y o f these  sam e a ttrib u tes  
b u t have n ot gained  the sam e p op u larity , p erh ap s b e- 
cau se  often  thev are n o t also  large bodied  or p erceived  
as b e in g  quite so attractive. T h e  list o f those that have 
b e e n  ad vocated  as useful b io d iv ersity  in d ica to rs  at one

tim e o r a n o th e r  is very long. It in c lu d e s  so il n em atod es, 
m o ih s , b ee tles  galo re  (tiger, ca rab id , d ung, and b u p res- 
tid , to nam e b u t io u r ) , term ites, fish , frogs, and sn akes. 
w h a te v e r  the g ro u p , they m u st a lso  have o n e  fu rther 
a ttr ib u te — n a m ely , that they  g e n u in e ly  in d icate  lcv els 
o f b io d iv ersity  or at least som e o f the co m p o n e m s o f 
p rim ary  in te re st. T h e  fact that the sc ie n tiíic  litera tu re  
c o n ta in s  s u g g e stio n s  for so  m any d ifferen t p o ssib le  incli- 
ca to rs  show s th a t there  is little  c o n se n su s  on  the m attcr. 
M any hav c b e e n  ca lled , b u t few are ch o sen . w h y ?  T h ere  
are tw o, rc la ted , reaso n s. F irs t, sc ie n tiíìc  kn ow led ge o n  
the d egree o f c o in c id e n c e  in  p a ttern s  o f  b io d iv ersity  
betvveen d ifferen t taxa is su rp risin g ly  p oor. Seco n d , as 
kn o w led g e im p ro v es , co in c id e n ce  b etw een  m any la x a  
lu rn s  o u t to be m u ch  w orse th an  p eop le  had  im agined , 
or ind eed  h o p ed , w ould  be the case.

c .  Knowledge Is Poor Because of the 
Effort Required

G a th e rin g  in ío rm a tio n  on the d iv ersity  o f d ifferen l 
g ro u p s o f o rg a n ism s, even in o n e  p lace , is en o rm o u sly  
ú m e -co n su m in g . T w o exam p les illu stra te  the p rob lem . 
T o  m ap  the p re se n ce  and a b sen ce  o f breed in g  b ird s 
(c o n sp ic u o u s , “easy " to fìnd and  to  id en tify ) in every
10  X  10 km  grid -sq u are  in  B rita in  and Ireland  (th ere  are 
3 6 7 2  sq u a res) to o k  m ore than h a lf  a m illio n  ind ividual 
reco rd  card s , filled  in  b y  an  arm y o f am ateu r bird - 
w atch ers  co o rd in a te d  by p ro fessio n a l o rn ith o lo g ists  in  
the B ritish  T ru st for O rn ith o lo g y  (B T O ). T h e  task to o k  
4  years an d  a b o u t 1 0 0 ,0 0 0  ho u rs of field w ork  (G ib b o n s  
et a i .,  1 9 9 3 ) .  N ow  im agine the effo rt req u ired  to do the 
sa m e th in g  fo r a ll the  o th e r  hu n d red s o f c ìiffereni group s 
o f o rg a n ism s fo u n d  in th is  one sm all c o rn e r  o f  E u ro p e.
11 h as b een  d on e for a sam ple o f taxa (w e w ill retu rn  
to w hat th ese  d ata show  in  a m o m e n t), b u t m an y group s 
rem a in  u n m ap p ed .

A t a m u ch sm a ller spatial sca le  in  a tro p ica l 1'orest 
in  C a m e ro o n , a g rou p  o f  b io lo g is ts  a ttem p ted  to m ea- 
su re  the im p a cts  o f  forest d is tu rb a n ce  on  ju s t  e ight 
g rou p s (b ird s , b u tte rílie s , [lving b ee tles , ca n o p y  b ee tles , 
ca n o p y  a n ts , le a f-litte r  ants, te rm ites, and soil n em a- 
to d es). T h e  b ird s  and the b u tte rflies  to o k  5 0  and 1 5 0  
sc ie n tis t-h o u rs , resp ectiv ely , to survey. But the e f!o r t 
rcq u ired  c lim b e d  rapid ly  for sm a ller-b o d ied , m ore cryp - 
tic , less w e ll-k n o w n  g rou p s— 1 6 0 0  h o u rs  for ih c  b ee- 
tles, 2 0 0 0  fo r th e  te rm ites , and 6 0 0 0  for the  nem atod es 
(L a w to n  eí a l ,  1 9 9 8 ) .  D esp ite th e  fact that th is w o rk  
as a vvhole to o k  ab o u t íìvc sc icn tis t-y c a rs , in v en to ries  
for m ost groups that were surveyed vvcre still only par- 
tia l, and m o st ta x a  rem ained  u n ex a m in ed  (fu n gi, h ig h er 
p la n ts , sp id e rs , so il m ites, c o lle m b o la , earthvvorm s, liz-



ard s, ỉrogs, and rn am m als, to nam e som e o f the m o st 
co n sp icu o u s gap s).

( iiv e n  ih is b a ck g ro u n d , it is  hard ly  su rp ris in g  that 
b io lo g ists  do n o l have a co m p le te  in v en to ry  o f a ll the 
sp ecies  that o cc u r  ev en  in  a s in gle, m o d era te ly  sized  
area (a field, sm all w ood , o r la k e )— a so -ca lle d  A T B I 
(All T axa  B io d iv ersity  In v en to ry ) (O liv e r  and  B ea ttie ,
1 9 9 6 ) .  A m o m en ts  th o u g h t vvill also  sh o w  th at to use 
one or tw o g rou p s (fo r  the sake o f the a rg u m en t, say 
bircls and b u tte rflies ) as in d ica to rs  o f the  r ich n e ss  o f 
o th er laxa in fact req u ires  several su ch  areas to be in v es- 
tigaied  to p ro p erly  test the h y p o th esis  th a t h igh  b ird  
d iversity  (o r any o th e r  s in g le  gro u p ) re íle c ts  a h ig h  
d iversity  o f m anỵ o th e r  group s.

A lth ou gh  p ro g ress  h as b een  m ad e in  th is  area o v er 
the past d ecad e, co n sid era b le  w o rk  rem a in s  to be d one. 
E ven  in o th erw ise  w ell-s tu d ied  s itu a tio n s , m an y g ro u p s 
rem ain  to be ex am in ed . H e n ce , at the p re se n t tim e, and  
effectiv ely  by d efau lt, som e groups are b e in g  used  as 
in d ica io rs  o f b io d iv ersity , ev en  th o u gh  w e c a n n o t sh o w  
categ o rica lly  th a t the  r ich n e ss  o f  o n e  or m ore g rou p s 
of o rg an ism s tru ly  re íle c ts  the ov erall, or ev en  a m a jo r  
p o rtio n  o f the o v era ll, b io d iv ersity  o f an  area. As a resu lt 
th ere  is little  co n se n su s  a b o u t w hat a “g o o d ” in d ic a to r  
grou p , or gro u p s, m igh t b e , b ecau se  th e re  are to o  few 
hard data, from  a ran ge o f  h ab ita ts  and  g eo g ra p h ic  
reg io n s rou nd  th e  w o rld , o n  w h ich  to draw  firm  c o n c lu -  
s io n s. But as d ata s lo w ly  em erg e , they are n o t e n co u ra g - 
ing for those w h o w ish  to  use s im p le , s in g le -ta x o n  
in d ica to rs  o f b io d iv ersity .

D. Indicator Reliability
w h e r e  kn o w led ge e x ists , it  su gg ests th at s in g le  o r sm all 
n u m b ers o f taxa w ill u su ally  be p o o r in d ica to rs  o f  the 
b io íliv ers ity  o f o th e r  grou p s.

1. T r o p ic a l  v e r s u s  T e m p e r a t e  a n d  O t h e r  

M a ịo r  D iv e r s i ty  G r a d ie n ts

It w o u ld  be w ro n g  to  th in k  that th ere  is no  c o in c id e n c e  
betvveen p a ttern s  o f d iv ersity  in  d ifferen t g rou p s o f  o r- 
gan ism s. O f co u rse  th ere  is. In  the b ro a d est te rm s, it is 
a x io m a tic  that m o st m a jo r  terrestria l and  fresh w ater 
g rou p s are m o re  sp e cie s  r ich  in  the tro p ics  th a n  in  
tem p erate  reg io n s , at low  e lev a tio n s  th a n  at h ig h  o n es , 
in  fo rests  th an  in  d eserts , and  on large lan d  m asses  th an  
tiny island s. W h e th e r  you are a b o ta n ist, a b ird -w a tc h e r , 
or a b u g  h u n te r, to  fìnd the rao st sp ecìes  it is g en era lly  
ad visable to head  to h o t and  h u m id  m a in la n d  tro p ics  
w ith  lo ts  o f trees. It is easy  to assu m e th at th ere  m u st 
th ere ío re  be re a so n a b ly  good  co rre la tio n s  b e tw e e n  m a- 
jo r  d iversitv  g ra d ien ts  for d ifferen t gro u p s. T h e re  can

be, b u i even at th is scale o ften  there are no l. P en gu in  
d iversitv  peaks in  A n tarctica , not the trop ics, and  th ere  
are m any o th er exam p les o f sim ilar "reverse d iv ersity  
grad ien ts" that b u ck  the average trend. O n the e astern  
side o f N orth  A m erica , the d iversity  o f b reed in g  w ar- 
b lers increases from  sou th  to n o rth — su gg estin g  that 
th is co n sp icu o u s  taxo n , w h ich  is easy to id en tify  (a t 
least the b reed in g  m a le s !) and to survey, is p ro b ab ly  
h ig h ly  u n su itab le  as an in d ica to r o f patterns o f  b io d iv er- 
sity in m o st o th er taxa (in  w h ich  d iversity  typ ica llỵ  
decreases  from  South to n o rth ).

In  the case o f  b reed in g  N o rth  A m erican  w arb lers , 
w e can  sp o t the p ro b lem  b ecau se  we have en o u g h  in fo r- 
m atio n  ab o u t the organ ism s involved. But the  w hole  
poiru  ab o u t in d ica to r taxa for b iod iv ersity  is th at typi- 
cally  w e w ill n o t be arm ed  w ith , and indeed  sh o u ld  n o t 
need , in fo rm a tio n  abou t "o th e r” group s; kn o w led g e  o f 
the in d ica to r ta xo n  sh o u ld  su ffice  and be re liab le . T h e  
ev id en ce suggests otherw ise.

2 . H o t  S p o ts

M a jo r  grad ients in  d iv ersitỵ  aside, at s im ilarly  large 
sca les  an in d ica lo r  group m igh t be used  to id en tify  lo ca l 
geo g rap h ic  h ot sp ots in the sp ecies  rich n ess  o f o n e  or 
m ore o th er groups (p eak s in  the land scap e o f sp ecies  
rích n e ss) or to d eterm in e  relative levels o f  r ich n e ss  in 
those o th er group s (h o t sp ots versus all sp o ts) (G a sto n  
1 9 9 6 b ; R eid  1 9 9 8 ) .  At the Continental sca le , the  p ro ce- 
d ure has ừ eq u en tly  b een  ío u n d  to fail on  b o th  co u n ts  
(G a sto n  1 9 9 6 a ) , w ith m ism atch es  b etw een  the o ccu r- 
ren ce  o f peaks in  the rich n ess  o f d ifferent gro u p s b ein g  
co m m o n p lace .

A cross the  U n ited  States and Southern C an ad a, h o t 
sp o ts (lo ca l areas w ith  u n u su ally  h ig h  d iversity ) overlap  
p artia lly  b etw een  Sũm e pairs o f  taxa (trees, tiger b e e tle s , 
a m p h ib ian s, rep tiles , b ird s, and m a m m als), b u t th e  pat- 
tern  is n o t a gen eral one. N u m bers o f sp ecies in  d ifferen t 
large grid  cells  for tw o group s are o ften  s ig n iíìca n tly  
p o sitiv ely  co rre la ted , for exam p le, birds and  tiger b ee - 
tles or m am m als and sw allow tail b u tterílies . B u t these 
co rre la tio n s  are ừ eq u en tly  w eak, o f rath er lim ite d  p re- 
d ictiv e  valu e, and  in  som e cases exp la in ed  by la titu d in a l 
grad ien ts  in  d iversity . In  o th e r  vvords, a lth o u g h  su ch  
co rre la tio n s  m ay som etim es enab le  a very gen eral im - 
p ressio n  o f the p attern s  in rich n ess  o f  One g rou p  to  be 
o b ta in ed  from  the p a tte m s in  rich n ess  o f a n o th e r , their 
pred ictive pow ers are low .

T h ese  co n clu s io n s  seem  to hold  at íìn er re so lu tio n s  
over m ore co n stra in ed  areas. T h u s, sp e c ie s-r ich  areas 
for d ifferen t taxa  in  B rita in  (b ird s  w ith  b u tte rílie s , drag- 
o n ílies , e tc .)  freq u en tly  do n o t co in c id e  at a sca le  o f 
10  X 10 km  sq u ares (P en d erg ast et a i .  1 9 9 3 )  (F ig . 5 ) .
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FIGURE 5 Coincidcncc betvveen hot spots ĩor butterílies and up to scvcn other taxa in Britain. 
Hot spots are unusually species-rich sites (here defincd as the lop 5 percentile in Britain). All of 
the mosi species-rich localities in Brítain for butterílies lie in Southern England. lncreasingly dark 
shading indicates thai butteríly hot spots coincidc with hot spots íor an increasing number of other 
taxa. Note ihat many buUeríìy hot spois are not unusually rich in any other species (opcn circles) 
and that only one locality (in southeast England, just in ÍYom ihe coast) is a hoi spot íor all eighi 
taxa in thís particular survey. The other laxa are breeding birds, dragonílies, m oihs, mollusks, 
aquatic higher plants, and liverworts (simple plants). lníormation from Prendergast et a i (1 9 9 3 ), 
with additional data and íigure kindly provided by John Prendergast.

H ot sp o ts  in  this study are not d istrib u ted  ran d om ly , 
o v erlap p in g  m ore often than  expectecl by ch a n ce , but 
s till at a low  level. L ik ew ise , d ìtĩe ren t taxa are sp ecies  
p o o r o r  sp ecies  rich  in  diíTerent areas o f  the T ransv aal 
reg io n  o f S o u th  A írica . At even finer sca les, w ith in  the 
C a m e ro o n  fo rest m en tio n ed  earlier , d istu rb an ce  im - 
pacteci o n  the d iversity  o f eight taxa in  very d ifferen t 
w ays. A ll d eclin ed  d rastica lly  in co m p lete ly  cleared  
areas, b u t in term ed ia te  levels o f forest d is tu rb an ce  had 
very d ifferen t effects  on the d iversity  o f  d ifferent groups. 
As a re su lt, ch an g es in the d iversity  o f one taxon  cou ld  
n o t b e  u sed  to p red ict ch an g es in  the d iversity  o f any 
o th e r  (L aw ton  et al., 1 9 9 8 ) .  A su m m ary  o f these and 
re la ted  stu d ies  sh o w in g  sim ilar resu lts  is provided  by 
G a s lo n  (1 9 9 6 a , 1 9 9 6 b ) and b y  P im m  and Law ton 
( 1 9 9 8 ) .

3 .  A  C o m m o n s e n s e  E x p la n a t io n

T h is  la ck  of, or relatively  feeble co rre la tio n  b etw een , 
sp ecies  r ich -areas  for d ifferent group s o f  organism s 
m a k es  the sea rch  for s im p le, ro b u st, s in g le-ta x o n  ind i- 
ca to rs  o f  overall b io d iv ersity  lo o k  in creasin g lv  like a

lo st cau se. W ith  h in d sig h t, p erh ap s this em erg in g  result 
is o b v io u s (R eid , 1 9 9 8 ) .  M a jo r g co grap h ic  grad ien is in  
b io d iv ersity  asid e, w ith in  p articu lar geo g rap h ic  reg ions 
or at sm a ller h ab ita l sca les, the co n d itio n s  ĩavoring  one 
group  o f  sp ecies  m ay be h o stile  to an o th er. M ollu sk s 
lik e  it co o l and w el, b u tte rílie s  lik e  it w arm  and  sunny, 
and  h igh  b ird  d iversity  is m ore lik e ly  in tall v egetation  
th an  sh o rt v eg etaú o n , irresp ectiv e  ol w eather. C om - 
m o n sen se  n atu ra l h is to ry  suggests that th ere  is un likely  
to be a sin g le  in d ica to r ta xo n  able to pred ict the diversity 
o f a ll, o r  even  a m a jo r ity  o f o thers.

4 .  R a re  S p e c ie s  a n d  E n d e m ic  S p c c ie s  

B io lo g ists  and  con serv a tio n ists  are  o ftcn  in lerested  n ot 
on ly  in  p attern s  o f  sp ecies  rich n ess  b u t also  in  ihe 
d istrib u tio n  o f un u su ally  rare sp ecies, or o f  end em ic 
sp ecies. D o s ites  w ith  u n u su al n u m b ers o f rare  species 
ĩreq u en tly  co in c id e  acro ss d ifferent laxa? A gain, ihe 
answ er seem s to be  no , o r onlv  w eakly (P im m  and 
Law ton , 1 9 9 8 ; P ren d ergast et a i ,  1 9 9 3 ) ,  lo r the reasons 
ju s t  o u tlin ed .

E n d em ic  sp ecies  m ay b e d ifferent (B ib b v  ct al..



1 9 9 2 ) .  T h ere  is som e ev iclence that areas r ich  in en - 
d em ic  b ird s (e .g ., som e tro p ica l m o u n ta in to p s  o r iso - 
laled  island s) m ay also c o n ta in  u n u su ally  large n u m b ers 
o f  en d em ic  sp ecies  in  o th e r  group s. Ho\vever, r ig o ro u s 
d ata and  analyses are few , and  ex ce p tio n s  are easy to 
find. Lake Baikal has no  en d em ic  b ird s but su p p o ris  an  
e x ce p tio n a lly  rich , en d em ic  in v erteb ra te  fauna and a 
u n iq u e , en d em ic  fresh w ater seal.

E. Selecting Areas to Conserve 
Biodiversity: Conservation Planning and 

Reserve Sclection Algorithms
1. B io d iv e r s i ty  I n d ic a t o r s  a n d  C o n s e r v a t io n  

T h e  g en era l lack  o f  re liab le  in d ica lo r  grou p s for b io d i- 
v ersity  is  un d o u b ted ly  u n fo rtu n a te  for sc ie n tis ts  w ish - 
in g  10 unclerstand  how  life is d is trib u ied  acro ss  the 
e a r ih ; th e  roaci to an atlas o f  b io d iv ersity  seem s set to 
be a lo n g  on e. In p ra c tice , it m ay actu ally  prove so m e- 
w hat less  o f  a vvorry for o n e  o f the  p rim ary  m o tiv atio n s 
in  th e  search  for in d ica to rs  for b io d iv ersity — nam ely , 
c o n se rv a tio n  p lanning . N etw ork s o f n atio n a l parks and 
reserv es  are Central p lan k s in  co n se rv a tio n , a lb e il a lo n e  
they  are in su ffic ien t to p ro te c t all sp ecies. T h e ir  estab- 
lish m en t is one o f  the o b lig a tio n s  p laced  on  P arties 
10 the  C o n v e n tio n  on B io lo g ica l D iversity . A p rim ary 
a rg u m en t íor u sin g  in d ica to rs  o f  b io d iv ersity  is to  d eter- 
m ine the effectiv en ess o f these  p ro tec ted  area n etw o rk s 
in  ca p tu rin g  b io d iv ersity , and  th e  b est vvays in w h ich  
they  m igh t be exten d ed , in the face o f  s tiff  co m p etitio n  
w ith  a ltern ativ e  form s o f  lan d  u se.

A llh o u g h  h o t sp ots o f  sp ecies  r ich n e ss  c o in đ d e  
w eak ly  for d iííe re n t taxa  (see  the p rev íou s s e c tio n ) , if 
we tu rn  the p ro b lem  arouncl and  lo o k  at it [rom  a 
d iffe re n t ang le , an in te re s lin g  p ic lu re  em erges. Im agin e  
that co n serv a tio n  p rio rities  in  B rita ìn  have b een  set by 
c o n ce n tra tin g  ju s t  on  areas rich  in b ird s (th e  b ird  hot 
sp o ts). (A lth ou g h  the gen eral v iew  o f  m any n a tio n s  
is  th a i the  B ritish  are m ad  a b o u t b ird s, the c o u n try ’s 
p ro te c ted  area n etw o rk  is n o t basecl so le ly  on  b ird s. W e 
use the exa m p le  s im p ly  to  illu stra te  a p o in t.)  w h a t  w e 

d isco v e r is that the  h o t sp o ts  for th is one group tend  
to  e m b ra ce  a h igh  p ro p o rtio n  o f  the to ta l sp ecies  in  
o th e r  group s. T h u s, the  h o t  sp o ts  for b reed in g  b ird s 
c o n ta in  8 7 %  o f the b reed in g  b ird  sp ecies  in  B rita in , 
1 0 0 %  o f  the  b u tte rílie s , 9 2 %  o f  th e  d rago n ílies , 9 2 %  o f  
the liv erw o rts , and 9 4 %  o f  the aq u atic  p lants. A reserve 
n e tw o rk  estab lish ed  aro u n d  h o t sp o ts  for one grou p  
d oes a ra th er good  jo b  o f  e n su rin g  that m ost sp ecies

in  o th c r  grou p s find  a p lace in the exten d ed  ark  of 
p ro tec ted  sites.

2 . R e s e r v e  S e le c t io n  A lg o r ith m s

A lth ou gh  this m essage is en co u rag in g , it turns o u t that 
d esig n in g  co n serv a tio n  n etw o rk s s im p ly  on  ih e  b asis  
o f  levels o f  sp ecies  rich n ess is ex trem ely  in e ffic ien t, at 
least if  the  goal is lo  cap tu re  rep resen ta tiv e  sam p les o f  
all taxa. T h e  sam e sp ecies  m ay o ccu r rep eated ly  in 
d ifferen t r ich n ess  hot sp o ts  for a group. C o n se rv a tio n - 
ists  do not have u n lim ited  reso u rces, and  this d u p lica- 
tio n  vvastes m o n ey  on p u rch asin g , or m an agin g , un- 
n ecessary  land. O n  the o th e r han d, som e sp ecies , 
p articu larly  the  rarc  on es o í  p rim ary  co n se rv a tio n  in te r- 
est, m ay not o cc u r  in  any r ich n ess  h o t sp o ts  a l all. w h a t  
is  req u ìred  is lo  id en tify  those areas that co n stitu te  the 
greatest co m p lem en ta ry  sp ecies  r ich n e ss ; the co m p le - 
m en tary  p a n  o f  an  area ’s b io ta  co n sis ts  o f  th o se sp e cie s  
u n rep resen ied  in  a n o th e r  b io ta  w ith  w h ich  it is b e in g  
com p ared . T o  do th is . m ath em atica lly  m ind cd  co n se r- 
v atio n  b io lo g ists  liave developed  powerfi.ll reserve se le c - 
tion  a lg o rith m s th a i help  lo se lec t s ites  w ith  m a x im u m  
effic ien cy , a cco rd in g  to so m c p red eterm in ed  c rite r ia  
(P ressey  et a i ,  1 9 9 3 ) .  T h e  crite r ia  m ay b e to  m axim ize  
the n u m b e r o f  sp ecìes , rare sp ecies, o r  en d em ic  sp ecies  
in  a prop osed  reserve n etw o rk , at m in im u m  c o s t, o n  a 
m in im u m  area, c lo se st to  e x is tin g  reserv es, o r w hat 
have you.

E ch o in g  the c o n c lu s io n s  o f  ih e  p rev iou s s e c ú o n , the 
q u e sú o n  then  a rises  as to w h eth er the p a ttern s  o f  co m - 
p lem en ta rily  o f  o n e  grou p  o f  o rg an ism s are  co n g ru e n t 
w ith  th o se o f a n o th e r . T h e  q u estio n  is a new  o n e , w ith  
few stu d ies av ailab le  to an sw er it. A cross 5 0  fo rests  o f  
U ganda, w h ich  b o a sts  m ore sp ecies  for its  size than  
a lm o st any o th e r  co u m ry  in  A ừ ica , and  c o n s is te n l w ith  
o u r earlie r c o n đ u s io n s , there w as little  sp atia l co n g ru - 
en ce  in  the sp e c ie s  r ich n ess  o f  w oody p la n ls , large 
m o th s, b u tte rílie s , b ird s, and sm all m am m als o n ce  dif- 
íe re n ce s  in  sam p lin g  e ffo rt w ere a cco u n te d  for. H ow - 
ever, sets o f  ĩo rests  selected  u sin g  co m p le m e n ta rity  d e- 
term in ed  for s in g le  taxa w ere g en era lly  s im ila r to th o se 
for all o th e r  taxa  and h en ce  served to  cap tu re  w ell the 
sp ecies  r ich n ess  in  all these  o th e r gro u p s (Hovvard et 
a i ,  1 9 9 8 ) .

If these resu lts  gen era lize  to  o th e r p arts o f the w orld , 
they sen d  an en co u ra g in g  m essage to co n serv a tio n  m an - 
agers stru g g lin g  to id en tiĩy  the b e s t areas to set aside 
as reserves and p ark s. It says that a co m p lem en ta ry  and 
th erefo re  e ffic ien tly  selected  ch a in  o f  reserv es based  
o n  a s in g le  in d ica to r  taxo n  (o r  p erh ap s tw o or th ree  
in đ ica to r taxa) m ay e ffic ien tly  cap tu re  com p lem en ta ry



sets  o f  m an y o th e r  g rou p s as w ell. U n ío rtu n a te ly , the 
U gand an  resu lts  are n o t su p p o rted  by sim ilar stu d ies 
in  the  T ra n sv a a l, elsevvhere in  A frica  (van  Ja a rsv eld  et 
aỉ., 1 9 9 8 ) . It m ay  th e re íb re  b e  to o  soo n  to assu m e that 
w e can  find sim p le  in d ica to rs  for com p lem en ta ry  re- 
serve sets  em b ra cin g  m an y taxa  as a m ean s o f co n serv - 
in g  b io d iv ersity .

IV. CONCLƯSIONS

T h e  term  “in d ica to r  sp ecies” h as three d istin ct m ean- 
ings. T h ey  are  a sp e cie s , o r g rou p  o f  sp ecies, that re ílect 
th e  b io tic  o r a b io tic  State o f  an en v iro n m en t; reveal 
e v id en ce  for, o r the  im p acts  o f, en v iro n m en ta l ch an g e; 
o r  in d ica te  the  d iv ersity  o f  o th e r  sp ecies, taxa, o r en tire  
c o m m u n itie s  w ith in  an area. T h e  uses o f  in d ica to r spe- 
c ie s  in  the  íìrst tw o sen ses  o f  the  w ord are very s im ilar, 
d iffe rin g  largely  in  the fact that to ind icate  ch an g e, 
o rg a n isn is  need  to b e  sam p led  m ore than o n ce  in  the 
sam e p lace  and  in  the sam e way. U sin g  org an ism s to 
in d ica te  the  State of, and  ch a n g es  in , the en v iro n m en t 
has n u m ero u s tried  and  tesied  ap p lica tio n s , from  de- 
te c tin g  p o llu ú o n  to m o n ito rin g  recovery  o f form erly  
d egrad ed  h a b ita ts , at m an y sca les , from  local to global. 
T h e  use o f in d ic a to r  sp e c ie s  to p red ict the d iversity  
o f  O lher, u n stu d ie d  taxa for s c ie n tiíìc  or co n serv atio n  
rea so n s  is  m u ch  m ore c o n te n tio u s  and m ay prove lo 
b e im p o ssib le  w ú h any d egree o f rigor.

See Also the Following Articles
AC1D RA1N AND DEPOS1TIONS • BIRDS, BIODIVERSITY OF • 
HCOTOX1COLOGY • ENDEM1SM • ENVIRONMENTAL IMPACT. 
CONCEPT AND MEASUREMENT O F • GREENHOUSE EFFEC T • 
HOTSPOTS • KEYSTONE SPEC1ES • PALEOECOLOGY

Bibliography
Bibby. c .  J .,  Collar, N. J ., Crosby, M .J . ,  Heath, M. F ., Imboden, c . ,  

Johnson, T H., Long, A. J .,  Stattersfìeld, A. J ., and Thirgood, 
s. J. (1 9 9 2 ) . Putting Biodiversity 011 the Map: Priority Areas for 
Global Conservation. International Council íor Bird Preserva- 
tion, Cambridge.

Blaustein, A. R.. and W ake, D. B. (1 9 9 5 ). The puzzle of declining 
amphibian populations. S á . Am. April, 5 6 -6 1

Erism an,J. w .,a n d  Draaijers, G. P .J. (1 9 9 5 ). Almospheric Deposiúon 
in Relaiion to AcidiRcation and Eutrophication. Elscvicr, Am- 
slerdam.

Gaston. K.J. (1 9 9 6 a ). Biodiversúỵ— Congruence. Prog. phys. G eog.
2 0 . 1 0 5 -1 1 2 .

Gaston, K. J. (1996b ). Spatial covariance in the specics richncss of 
higher taxa. In A spects o Ị  the G enesis and M ainưnance ọ ịB ío lo g ica l  
D iversity  (M. E. H och berg.J. Clobert. and R. Barbault, Eds.), pp. 
2 2 1 -2 4 2 . Oxíord University Press, Oxĩord.

Gibbons, D, w .. R cid .J. B., and chap m an , R. A. (Eds.) (1 9 9 3 ). The  
New  Atlas o f  B ieed in g  Birds  in Britain  and Ireland: 1 9 8 8 -1 9 9 1 . 
Poyser, London.

Howard, p. c . .  Viskanic, p., Davenport, T. R. B., Kigenyi, F. w .,  
Baltzer, M., Dickinson, c. Ị. ,  Lwanga, J . s., Matlhews, R. A , and 
Balmĩord, A. (1 9 9 8 ) . Complem entarity and the use of indicator 
groups for reserve seleclion in Uganda. Naíurt’ 39 4 , 4 7 2 —1-75

Huntley, B., and Birks, H. J. B. (1 9 8 3 ). An Atlas ơ f  Píisl and Present 
Pollen  Míips fo r  E u iop e: 0 - Ị 3 0 0 0  Years  .4^0. Cambridge 1'nivcrsity 
Press. Cambridge.

van Jaarsveld, A. s ., Freiag. s ., Chown, s. L.. Mullcr, c . ,  Koch. s ., 
Hull. H., Bcllamỵ, c . .  Krũger, M., Endrõdy-Younga, s ., Miinsi'11, 
M. w „  and S ch olu , c .  H. (1 9 9 8 ) . Biodivcrsity asscssmem and 
tonscrvation straiegies. Scien ce  2 7 9 , 2 1 0 6 -2 1 0 8

Lawion, J. H-, Bigneil, D. E ., Bolton. B., Blocmcrs, G. F., Eggleion, 
p.. Hammond, p. M., Hodda, M., Holl, R. D.. Larsen, T. B.. Mawds- 
ley, N. A., Stork, N. E ., Srivastava, D. s ., and VVau, A. D. (1 9 9 8 ). 
Biodiversitv inveniories, indicalor laxa and ihc cflccts of habilat 
modiScalion in tropical loresl. N ature  391, 7 2 -7 6 .

McGeoch, M. A. (1 9 9 8 ) . The selecúon, tcsting and applieation of 
terresirial insects as bioindicators. Biot. Rcv. 73 , 1 8 1 -2 0 1 .

Oliver, I., and Beailie, A .J. (1 9 9 6 ) . Dcsigning a cost-effective inverie- 
bratc survey: A lcst of m clhods íor rapid assessmenl of biodiver- 
sity. Ecol. Appl. 6 , 5 9 4 -6 0 7 .

Pimm, s. L., and Lawton, J. H. (1 9 9 8 ). planning for biodivcrsity. 
Scien ce  2 7 9 , 2 0 6 8 -2 0 6 9 .

Prendergast, J . R., Quinn, R. M., Lawton. J. H.. Eversham. B. c . ,  and 
Gibbons, D. w . (1 9 9 3 ) . Rare spceies. the coincidcnce of diversity 
hotspots and conservation siratcgics. Nulíirc 3 6 5 , 3 3 5 -3 3 7 .

Presscy, R. L.. Humphries, c .  J .,  Margules, c .  R., Vane-Wright, 
R. 1-, and Williavns, p. H. (IQ ^Í). Beyond opportunism: Key 
principles for system aúc reserve selection. TREE 8 , 1 2 4 -1 2 8 .

Ratcliíĩe, D. A. (1 9 8 0 ) . T he P eregrine rn lcon . Poyscr, Calton.
Rcid. w . V. (1 9 9 8 ). Biodiversity hoispots. TREE 13, 2 7 5 -2 8 0 .
Rosenbcrg, D. M . and Rcsh, V. H. (Eđs.) (1 9 9 3 ). Freshwater Biom oni- 

torìng and Bentlìic M acm invcrtcbratcs. chapm an &  Hall, Ne\v 
York

shavv, I. c .  and Chadwick, J . (1 W 8 ). Prim iplcs o f  Environm entaì 
T oxicology. Taylor &  Prancis, London.

Tucker, G. M.. and Heath, M. F. (1 9 9 4 ). Birtis in Europe: T h á i  
C onservation  Status. BirdLifc International, Cambridge.



INDIGENOUS PEOPLES, 
BIODIVERSITY AND
Victor M. Toledo
ĩnslitutc oj Ecology, National University oj Mexico (ƯNAM)

I. In tro d u ctio n  
[I. In d ig en o u s P eop les

III. B io lo g ica l D iversity  and  D iversity  o f  C u ltu res
IV. B iod iv ersity  an d  B io m ass  A p p ro p riatio n : T he 

R ole o f In d ig en o u s P eo p les
V. B iod iv ersity  and ĩn d ig e n o u s  P e o p le s  Lands and 

W aters

V I. B iod iv ersity  and E ih n o e co lo g y : In d ig en o u s 
V iew s, Knovvledge, and  P ra ctices

V II. C o n serv in g  B io d iv ersity  by E m p o w erin g  Indige- 
nou s Peoples

V III. C o n clu d in g  R em ark s: A B io cu ltu ra l A xiom

GLOSSARY

b io -c u ltu ra l a x io m  R e c o g n itio n  that b io lo g ica l and cu l- 
tural d iversity  are m u tu a lly  d ep en d en t and geograp h- 
ically  co term in o u s. 

c u ltu ra l d iv e rs ity  V a rie ty  o f  h u m an  g rou p s d istin - 
gu ished  throu gh b e lie ĩs , lifew ay s, dress, food, lan - 
guages, sex u a l b eh a v io r , fo rm s o f  p ro d u ctiv e  org ani- 
za tio n , art, and c o n ce p tio n s  o f natu re . 

endem ic lan gu ages L angu ages that are restricted  to a 
sin g le  co u n try  and , lik e  th e ir  sp ecies  co u n terp arts, 
holcl a h igb  p ercen tag e  o f  the u n iq u e  traits  in  hu - 
m an language. 

e th n o e c o lo g y  lnterdisciplinary study that explores 
how  n atu re  is p erce iv ed  by hu m an  g rou p s throu gh  
a screen  o f b e lie ĩs  and  k n o w led g e  and  how  h u m an s,

in terrns o f th e ir  im ages and  sy m b o ls , use a n d /o r 
m anage n alu ral resourc.cs. 

in d ig e n o u s  p e o p le s  T h o se  vvho are the “o rig in a l” or 
o ld est in h a b ita n ts  o f  an  area or reg io n , o r w h o have 
lived in a trad itio n a l h o m ela n d  fo r m any g en era tio n s , 
usually  tnany cen tu rie s .

INDIGENOUS PEOPLES NUMBER BETW EEN 300  
AND 700 MILLION. T h e y  are in h a b ita n ts  o f p ractica lly  
every m a jo r b io m e o f the earth  and  esp ec ia lly  o f  the 
least d istu rb ed  te rre stria l an d  a q u a tic  eco sy stem s. T h is  
a r t ic le  is b a s e d  o n  a n  e x h a u s t i v e  r e v ie w  o f  r e c e n t ly  

p u b lish ed  data, and  s tresses  the  stra teg ic  im p o rta n ce  o f 
in d ig en o u s p eo p les in  the m a in te n a n ce  and con serv a- 
tion  o f the w orld ’s b io d iv ersity . F o u r m ain  lin k s  be- 
tw een b io d iv ersity  and  in d ig e n o u s  p eo p les are exam - 
ined: the co rre la tio n  b etw een  b io lo g ica l r ich n e ss  and 
cu ltu ral d iversity  o n  b o th  g e o p o litica l an d  b io g eo - 
graphic  terms; the strategic  im p o rta n ce  o f  ind ig eno us  
p eoples in the b io m a ss  a p p ro p ria tio n ; the  rem ark ab le  
overlap  b etw een  in d ig e n o u s  te rrito rie s  an d  the w o rld ’s 
rem ain in g  areas o f  h igh  b io d iv ersity ; and  the im p o r- 
tan ce o f in d ig en o u s v iew s, kn o w led ge, and  p ractices  
in  b io d iv ersity  co n se rv a tio n . T h e  article co n clu d e s  by 
e m p h asiz in g  the u rg en t n eed  for reco g n iz in g  a new  
b io cu ltu ra l ax io m : th at g lo b a l b io d iv ersity  ca n  on ly  be 
e íĩec tiv e ly  p reserved  by p reserv in g  the d iv ersity  o f  hu- 
m an cu ltu res, and v ice  versa.
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I. INTRODUCTION

B io d iv ersity  as a w ord  and c o n ce p t o rig in ated  in  the 
field ol c o n se rv a tio n b io lo g y . H ow ever, as A lco rn  (1 9 9 4 :
1 1 ) s ta tes , “w h ile  p ro o f o f  co n se rv a tio n  su cce ss  is  u lti- 
m ately  b io lo g ica l, co n se rv a tio n  itse lf  is  a so cia l and 
p o litica l p ro cess , n o t a b io lo g ic a l p ro cess . An assess- 
m en t o f  co n se rv a tio n  req u ires  th e re ío re  an  assessm en t 
o f  so c ia l and p o litica l in s titu tio n s  th at c o n trib u te  to , or 
th rea ten , co n se rv a tio n .” O n e  o f  the m ain  so cia l asp ects  
re lated  to  b io d iv ersity  is, u n d o u b ted ly , the  w orld 's in- 
d ig en o u s peop les.

S c ie n tiíĩc  ev id en ce  sh o w s th at v irtu a lly  every p art o f 
the p lan et h as b e e n  in h a b ited , m o d ified , and  m an ip u - 
la ted  th ro u g h o u t h u m an  h isto ry . A lth ou gh  they appear 
to be u n to u ch e d , m any o f  the last tra c ts  o f  w i]dcrness 
are in h ab ited  and  have b een  so for m illen n ia . Indige- 
n o u s p eo p les live in  and have sp e cia l c la im s  to te rrito r- 
ies th at, in rnany ca se s , h a rb o r e x c e p tio n a lly  h igh  levels 
o f b io d iv ersity . O n a g lo b a l b asis , h u m a n  cu ltu ra l d iver- 
sity  is asso c ia ted  w ith  th e  re m a in in g  co n ce n tra tio n s  
o f  b io d iv ersity . B o th  cu ltu ra l d iv ersity  an d  b io lo g ica l 
d iv ersity  are end angered .

G iv en  the fo reg o in g , th is  a rtic le  o ffers  a rev iew  o f 
the m u ltip le  im p o rta n ce  o f  in d ig en o u s p eop les and 
m a k es  the p o in t th at v alu ab le , lo ca l-sp e c ific  view s, 
kn o w led g e, and p ra c tice s  are used  by in d ig en o u s peo- 
p les w h o  have re lied  for c en tu rie s  o n  ih e  m ain ten an ce  
o f b io d iv ersity . In d ig en o u s p eo p les are o ften  classiíìed  
as im p o v erish ed  o r treated  as in v is ib le . Hovvever, in  the 
íỉn al an a ly sis, they  h o ld  th e  key to su c ce s s íu l b io d iv er- 
s ity  co n se rv a tio n  in  m o st o f th e  b io lo g ica lly  rich est 
areas o f  the  w orld .

II. INDIGENOUS PEOPLES

ln d ig en o u s p eo p les  n u m b er b e tw een  a m in im u m  of 
3 0 0  m illio n  (T a b le  I) and a m a x im u m  o f 7 0 0  m illio n  
(H a rm o n , 1 9 9 5 ; th e  reaso n  for th is  w ide range is d is- 
cu ssed  in the fo llo w in g ). T h e y  live in  a b o u t 75  o f the 
w o rld ’s 1 8 4  c o u n tr ie s  and  are in h a b ita n ts  o f  p ractica lly  
ea ch  m a jo r  b io m e  o f  the ea rth . In d ig en o u s p eo p les—  
also  ca lled  trib a l, a b o rig in a l, o r a u to c h th o n o u s  p eop les, 
n a tio n a l m in o ritie s , o r first p e o p le s— are b est defined  
by u sin g  sev eral crite r ia . Indigenovis p eo p les  m ay have 
all o r som e o f  the  fo llo w in g  crite r ia : (a ) are ihe  d escen - 
d a n ts  o f the o rig in a l in h a b ita n ts  o f  a territo ry  that has 
been  o v erco m e by c o n q u e st; (b ) are “eco sy stem  peo- 
p le s ,” su ch  as sh iftin g  or p erm a n en t cu ltiv a to rs , herd ers, 
h u n te rs  and g a th erers , fish ers, a n d /o r  h a n d icra ít m ak -

TABLE 1

Estim ated Population of thc W orld’s Indigcnous Peoples"

Region

Number 
of cultural 

groups Population

North America 250 3 ,5 0 0 ,0 0 0

Latin America and ihe Caribbcan 800 4 3 ,0 0 0 ,0 0 0

Form er Soviel Union 135 40 .0 0 0 .0 0 0

China and Japan 100 67 ,0 0 0 ,0 0 0

The PaciRc 1,273 2 ,0 0 0 ,0 0 0

Southeast Asia 900 30 .0 0 0 ,0 0 0

South Asia 700 100 ,000 ,000

Australia and New Zcaland 250 550 ,000

Aírica 2010 50 ,000 ,000

Total 6 4 1 8 3 3 6 ,0 5 0 ,0 0 0

“ Sources: Burger (1 9 8 7 ); Hitchcock (1 9 9 4 ).

ers, w ho ad opt a m u ltiu se  strategy  ol ap p rop riatio n  o f 
n atu re ; (c )  p ra ctice  a sm a ll-sca le , lah o r-in ten siv e  form  
o f rural p ro d u ctio n  th a i p ro d u ces little su rp lu s and has 
low  energy  need s; (d ) do n o t have cen tra lized  p olitical 
in stitu tio n s , o rgan ize  th e ir  liíe  at (he level o f the com - 
m u n ity , and m ak e d ec isio n s  on  a co n se n su s  basis; (e) 
sh are  a co m m o n  language, re lig io n , m oral values, be- 
liefs, c lo th in g  sty le, and o íh e r id en tiíy in g  ch aracteris- 
tics , as w ell as a re la tio n sh ip  to  a p a rticu lar territory ; 
( f ) have a d ifferen t w orldview , c o n sis lin g  o f a cu stod ial 

and nonm aterialist attitude to land and natural re- 
sources based on a sym bolic intcrchange vvith the natu- 
ral u n iv erse ; (g ) are su b ju gated  by a d o m in a n t cu ltu re  
and so c ie ly ; and (h )  co n sis t o f  ind iv id u als w ho su b jec- 
tively co n sid er  th em selves to b e  in d ig en o u s.

Ít is  p o ssib le  to find in d ig en o u s p eop les carry in g  out 
m an y d ifferen t activ ities  o f use and m an agem en t o f the 
p la n e t’s eco sy stem s: as fo rest-d w ellers in  the tropical 
low lan d s o r in  the m o u n ta in s, as p asto ralists  in  savan- 
nas and o th er grasslan d s, or as n o m ad ic o r sem in o m ad ic 
h u n ters  and gath erers  in  io rests , p ra iries, and deserls. 
In  ad d itio n , íĩsh in g  is the p rin cip al e co n o m ic  activ ity  
and so u rce  o f food for several m illion Coastal and island 
dvvellers, as w ell as fo r m any in d ig en o u s p eop les inhab- 
itin g  m argins o f rivers.

Large n u m b ers o f in d ig en o u s p eo p les are , how ever, 
p easan t p ro d u cers  and  th ere ĩo re  can  be in d isiin g u ish - 
able from  the n o n in d ig en o u s p eop les liv ing  nearby. In 
the  A nd ean an d  M eso am erican  co u n trie s  o f  Latin 
A m erica , for in s ta n cc , in d ig en o u s p eo p les farm  like 
m estizo  p easants. S im ilarly , in India d is tin ctio n s  be- 
tw een sch ed u led  (go v ern m en t reco g n ized ) tribes and



n o n tr ib a l p eo p les ca n n o t b e  m ade so le ly  o n  the basis 
of p ro d u ctiv e  a ctiv ities . In  these and o th er m any cases, 
n o n in d ig e n o u s  peasan ts and in d ig en o u s p eo p les pro- 
d uce th e sam e cro p s  vvith the sam e ĩarm in g  m eth od s. 
B ecau se in  n u m ero u s co u n tries  m an y m estizo  p easants 
are d irec t d escen d an ts  o f the in d ig en o u s p eo p les and 
reta in  m o st o f ih e ir  cu ltu ra l traits, it  h as b een  p ointed  
out that a b ro a d e r d eíin itio n  o f in d ig en o u s p eoples 
m ight in cre a se  the real n u m bers. T h u s, by co n sid erin g  
c h a ra c te r is tic s  o lh e r  than  language, it  is p ossib le  to 
en large th e  n u m b e r o f people classified  as ind igenous 
in the c o n te m p o ra ry  w orld . Som e au th o rs, su ch  as J .  

B u rger ( 1 9 8 7 ) ,  th in k  that the n u m b er o f in d ig en o u s 
p eop le  m ay  a ctu a lly  be d ou ble  that p rev iou sly  esti- 
m ated . T h u s , in the  con tem p o rary  w orld  th ere  m ay be 
as m an y as 6 0 0  m illio n  in d ig en o u s peop les. B u rg e rs  
estim a tio n  e ch o e s  the (ìgure o f  over 7 0 0  m illio n  gi ven 
by H a rm o n  ( 1 9 9 5 )  as ihe  lo ta l n u m b er o f p eop le sp eak- 
ing so m e o f  the  w o rlđ ’s 5 6 3 5  “en d em ic lan gu ages,” 
w h ich  are  lan gu ages restricted  to  on ly  o n e  n a tio n . E n đ e- 
m ic ity  in  lan gu age ca n  be lin ked  to sm a ll-sca le  so c ie ties  
and , th e re ío re , to in d ig en o u s peoples.

Based on  the p ercen tage  o f ih c total p o p u la lio n  iden- 
tiíìed  as b e in g  in d ig en o u s, it 1S p ossib le  to reco g n iz e  a 
group  o f  se le c te d  n atio n s w ith a stro n g  p resen ce  o f 
these p eo p les: P apua New G u in ea  (7 7 % ) , B o liv ia  (7 0 % ), 
G u a tem a la  (4 7 % ) , Peru (4 0 % ), E cu ad o r (3 8 % ) , M y
an m ar ( 3 3 % ) ,  L aos (3 0 % ), M e x ico  (1 2 % ) , and New  
Z ealand  ( 1 2 % ) . O n  the o th er hand, the ab so lu te  n u m b er 
o f p eo p le  reco g n iz ed  as in d ig en o u s a llow s o n e  to iden- 
lify  n a tio n s  vvith h igh  in d ig en o u s p o p u la tio n s , su ch  as 
In d ia  and  C h in a .

III. BIOLOGICAL DIVERSITY AND 
DIVERSITY 0 F  CULTURES

O n a g lo b a l b a sis , h u m an  cu ltu ra l d iversity  is  associated  
w ith  the re m a in in g  c o n ce n tra tio n s  o f b io d iv ersity . In  
fact, e v id e n ce  e x is ts  o f  rem arkab le  o verlap s betw een  
g lo b al m ap p in gs o f  the w orld ’s areas o f  h igh  b io lo g ica l 
r ich n e ss  an d  a reas o f h igh  d iversity  o f lan gu ages, w h ich  
is  th e  s in g le  b e st ìn d ica to r o f a d is tin ct cu ltu re . A c- 
co rd in g  to  H arm o n  ( 1 9 9 6 ) ,  “Sp ecies  and langu ages are 
no t ju s t  co m p a ra b le  on  an  a b stra ct, co n ce p tu a l level. 
T h e re  is a lso  a s trik in g  p attern  o f  co n g ru ity  in  the 
g e o g ra p h ica l d is tr ib u tio n  o f the tw o. F o r  in s ta n ce , m any 
c o u n trie s  w ith  h ig h  n u m b ers o f en d em ic  sp e cie s  also  
have m a n y  en d e m ic  langu ages.”

M e a su red  b y  sp o k en  language, all the w o rld ’s peop le 
b e lo n g  to  b e tw een  5 0 0 0  and 7 0 0 0  cu ltu res . Ít is esti-

m aied  ih a t 4 0 0 0  to  5 0 0 0  o f  th ese  are in d ig e n o u s  cu l- 
tures. T h u s, in d ig en o u s p eo p les a c co u n t for as m u ch  
as 8 0  to 9 0 %  o f  th e  w o rld ’s cu ltu ra l d iv ersity . O n  the 
basis o f the inventories done by linguists, we can draw 
up a list o f  the re g io n s  and c o u n tr ie s  w ith  th e  greatest 
degree o f cu ltu ra l d iv ersity  in  the  w orld . A cco rd in g  
to E thnoỉogue, the  b e st e x is tin g  ca ta lo g  o f  the w o rld ’s 
langu ages, th ere  is  a to ta l o f 6 7 0 3  lan gu ages (m o stly  
o ra l), 3 2 %  o f  w h ich  are fo u n d  in A sia, 3 0 %  in  A frica , 
19%  in th e  P a c iíìc , 15%  in  the A m erica s , and  3%  in 
E u ro p e (G r ìm e s , 1 9 9 6 ) .  O n ly  tw elve c o u n tr ie s  a c co u n t 
ío r  54 %  o f  all h u m a n  langu ages. T h ese  co u n tr ie s  are 
Papua N ew  G u in e a , In d o n esia , N ig eria , In d ia , A u stra lia , 
M e x ico , C a m e ro o n , B raz il, Z aire , P h ilip p in es , U n ited  
S tates, and V a n u a tu  (T a b le  I I) .

O n the o th e r  h an d , a cco rd in g  to  the  m o st re c e n t 
and d eta iled  an a ly sis  o f  b io d iv ersity  o n  a co u n try -b y -

TABLE II

Top 25  C ountries by 
N umber of Endcm ic Languages"

1. ‘ Papua New Guinea (8 4 7 )

2. ‘ Indonesia (6 5 5 )

3. Nigeria (3 7 6 )

4. *India (3 0 9 )

5. ‘ Australia (2 6 1 )

6. *M cxico (2 3 0 )

7. Cam eroon (2 0 1 )

8. *Brazil (1 8 5 )

9. *Zaire (1 5 8 )

10. ‘ Philippines (1 5 3 )

11. ‘ United States (1 4 3 )

12. Vanuatu (1 0 5 )

13. Tanzania (1 0 1 )

14. Sudan (9 7 )

15. *Malaysìa (9 2 )

16. Ethiopia (9 0 )

17. *china (77)
18. ‘ Peru (75 )

19. Chad (7 4 )

20. Russia (7 1 )

21. Solomon lslands (69 )

22. Nepal (6 8 )

23. *Colom bia (5 5 )

24. Côte crivoire (5 1 )

25. Canada (4 7 )

“ After Harmon (1 9 9 6 ) . Asterisks indicale ‘mega- 
diversity” couniries according to M itlerm eier and 
Goettsch-M itterm cier (1 9 9 7 ) .



co u n try  b asis  (M itterm eier and  G o e ttsch -M itte rm e ie r,
1 9 9 7 ) ,  th ere  are , s im ilarly , 12 co u n trie s  that h o u se  the 
h ig h e st n u m b e rs  o f  sp ecies  and en d em ic  sp ecies  (T ab le
III) . T h is  assessm en t was based  on tbe com p arativ e  
an a ly sis  o f  e igh t m ain  b io lo g ica l group s: m am m als, 
b ird s, rep tiles , am p hib ians, freshw ater íìsh es, b u tter- 
ílies , tiger b ee tles , and flow ering p lants. T he n atio n s 
co n sid ere d  to  be “m egad iversity” co u n tries  are: B razil, 
In d o n e sia , C o lo m b ia , A ustralia , M e x ico , M adagascar, 
P eru , C h in a , P h ilip p in es, ln d ia , F.cuador, and V ene- 
zuela.

T h u s, the re laú o n sh ip  b etw een  cu ltu ra l d iv ersity  and 
b io lo g ica l d iversity  stands o u t in  global s ta tis tics : 9  o f 
the 12 m ain  cen ters  o f cu ltu ra l d iversity  (in  term s o f 
n u m b e r o fla n g u a g e s) are also  in the ro ster o f b io lo g ica l 
m egacỉiversity  n atio n s and, rec ip ro ca lly , 9  o f the co u n - 
tr ie s  w ith  the h igh est sp ecies  rich n e ss  and end em ism  
are a lso  in  the list o f the 25  n atio n s  vvith the h igh esl 
n u m b e r o f  en d em ic  languages (H arm o n , 1 9 9 6 , see  T a- 
b le  II and  T a b le  111).

T h e  lin k s  b etw een  b io lo g ica l and cu ltu ra l d iversity  
can  also  be iìlu strated  by using  the data o f G lobal 2 0 0 , 
a p rog ram  o f the W o rld  W ide Fu nd  for N ature (W W F ) 
th at w as developed  as a new  slra ieg y  to id entiíy  co n ser- 
v a tio n  p rio rities  based  on  an eco reg io n al ap p roach . As 
p arl o f  ih is  p rogram , W W F  identified  a list o f  2 3 3  
te rre s tr ia l, fresh w ater, and m arin e b io lo g ica l eco reg io n s  
rep resen ta tiv e  o f E a rth ’s richesL d iversity  o f  sp ecies  and 
h a b ita ts. A p relim inarv  analysis con d u cted  by the Peo- 
ple an d  C o n serv atio n  U n il o f  VVWF regarding the pres- 
e n ce  o f  in d ig en o u s peoples in  the 1 3 6  lerrestria l e co re-

TABLE IU

Top 12 C ountrics bv Number of Species (Richness) 
and Endem ics (Endem ism )'1

Country

Biological diversitv

Richness Endemism Both

Brazil 1 7 1

* Indonesia 3 1 2

‘ Colombia 2 5 3

*Australia 7 3 4

‘ Mexico 5 7 5

Madagascar 12 4 6

*Pcru 4 g 7

*China 6 11 8

*Philippines H 6 9

‘ India 9 8 10

Ecuador 8 14 11

Venezuela 10 15 12

“ Calculated for ihe following biological groups: 
vnammals, birds, reptiles, amphibians, íreshvvater 
íìshes, buiterdics, tiger bectlcs, and llovvering plams. 
(Source: Mitlermeier and Gọellsch-M iuermeicr
(1 9 9 7 ). Asterisks indicalc countries included in thc 
lisi of ihe 25 nations with the highesi number of en- 
demic languages (Scc Tablc 11; Harmon, 19l>6).

gio n s o f  G lo b al 2 0 0  revealed  in te re stin g  p atterns. As 
sh ow n  in  T ab le  IV , n early  8 0 %  o f the terrestria l e co re- 
g io n s are in h a b ited  by o n e  or m ore in d ig cn ou s peop les, 
and h a lĩ o f the vvorld s 30Ơ 0 in d ig en o u s gro u p s, as

TA B LE IV

Indigcnous Peoples (1P) in Global 2 0 0  Tcrrestrial Ecoregions Considercd as Priority Arcas hy the
W orld Wide Fund for Nalure"

Ecoregions Total IP Number of 1P
Region Ecorcgions vvith IP % in the W orldh in ecoregions %

VVorld 136 108 79 3 000 1445 48

ACrica 32 25 78 983 +14 42

Ncotropics 31 25 81 470 230 51

Nearctic 10 9 90 147 127 86

Asia and PatiRc 2-4 21 88 298 225 76
(Indo-Malayan)

Oceania 3 3 100 23 3 13

Palearctic 21 13 62 374 1 ] 1 30

Ausiralasia 15 17 80 515 335 65

“ Source: W W F International, People and Conservation Unil, unpublished rcport. Augusl. 1998. 
h These [igures. utilized bv W W F Inlernational, underestimaie (he number of indigenous peoplcs given 

by sevcral analvsts. For cxam ple. Harmon (1 9 9 6 ) rcported a tolal of 5 ,635  'cndemic languages," which 
can be considered as socially cquivaleni to indigenous pcoplcs.



estimated by W W F, are inhabitants o f these ecoregions. 
All of the regions, except the Palearciìc region, have 
indigenous peoples living in 78%  or m ore of their iden- 
tifĩed ecoregions.

IV. BIODIVERSITY AND BIOMASS 
APPROPRIATION: THE ROLE OF 

INDIGENOUS PEOPLES

Biodiversity conservation cannot be separated from nat- 
ural resourtes utilization. The hum an appropriation of 
natural m aterials includes m inerals, w ater, shelter and 
fĩber m aterials, solar energy, and, principally, living 
organism s (biom ass) from  ecosystem s. W orld  statistics 
indicate thai alm ost half the hum ans on the planet 
are still engaged in the direct appropriation of natural 
rcsourccs. This appropriation is carried out by a myriad 
of rural or primary producers through the m anagem ent 
of terrestrial, m arine, and freshw ater ecosystem s.

Forty-five percent of the total hum an populalion 
has been recorded by the U nited N ations Food and 
A griculture O rganization (FA O ) as agricultural popula- 
tion (FA O , 1991). It can be estim ated that betw een 60  
and 80%  o f this agricultural population is represented 
by sm all-scale, solar-energized productive un its based 
on a m ultiuse m anagem ent o f nature (Toleclo, 1990). 
In fact, the siatistical record  show s that by 1990  around
1.2 billion rural people were practicing agricultural ac- 
tivities on areas of 5 hectares or less. T h is figure coin- 
cides with the last available world census o f agric.ulture 
by the FAO in 1970, w hen m ore than 80%  o f all reported 
holdings were sm aller than 5 hectares (h a). A sim ilar 
pattern is íound in the w orld’s íìsheries, w here more 
than 90%  are sm all-scale, artisanal operators acting in 
a great v a r ie ty  o f  C oasta l  h a b i ta t s .

M ost of these sm all-scale farm ers and fishers develop 
their production activities n ot as socially  isolated house- 
holds but as familial n u c l e i  belonging to speciíìc village 
com m unuies, many o f w hich, in turn, correspond to 
cultures that can be considered as indigenous. M ore- 
over, w ithin the core o f ihese com m unity-based  produc- 
ers, those identiíìed as indigenous people also carry out 
the biom ass extraction at the low est level in their local 
ecosystem s. Called “ecosystem  people” by some au- 
thors, such as R. F. D asm ann and M. Gadgil, these 
producers subsist by appropriating a diversity of biolog- 
ical resources from their im m ediate vicinity . Their qual- 
ity of life is therefore intim ately linked to the m ainte- 
nance of certain levels o f local biodiversity  (Gadgil, 
1993 , and see the follow ing). As a conseq u ence, they 
are productive actors in  little transform ed habitats of

the \vorld, and include íorest and sea dwellers, slash- 
and-burn agriculturalists, some 2 5 - 3 0  m illion nom adic 
herders or pastoralists (in East Africa, the Sahel, and the 
Arabian peninsula), m ost of the world’s 1 5 -2 1  m illion 
íìshers, and all o f the half a m illion hunters and gather- 
ers súll recognized as citizens of the contem porary 
world.

ĩn conclusion, indigenous peoples represent the frac- 
tion of hum an appropriators of biom ass that cause the 
lowest ecological impacts. They generally live in what 
may be termed “frontier lands” or “refuge regions,” in 
other words, rem ote areas of great “w ilderness” where 
the structure, not the com ponents, o f original ecosys- 
tems reraains m ore or less untouched. In many cases, 
these lands and vvaters are untam ed, unknow n, un- 
owned, and as yet unclaim ed.

V. BIODIVERSITY AND INDIGENOƯS 
PEOPLE’S LANDS AND WATERS

lndigenous peoples occupy a substantial share of the 
w orld’s little disturbed tropical and boreal íorests, 
m ountains, grasslands, tundra, and desert, along with 
large stretches of coastline and nearshore waters (in- 
cluding mangroves and coral reefs) (D urning, 1993). 
The im portance of indigenous territories to biodiversity 
conservation is thereíore evident.

In fact, indigenous peoples control, legally or not, 
im m ense areas of natural resources. Among the most 
rem arkable exam ples are the Inuit people (íorm erly 
know n as Eskim o), who govern a region covering one- 
fiflh of the territory of Canada (2 2 2  m illion ha), the 
indigenous com m unities of Papua New Guinea, whose 
lands represent 97%  of the national territory, and the 
tribes of Australia w ith nearly 90  m illion ha (Fig. 1). 
A lthough num bering only above 2 5 0 ,0 0 0 , the Am erin- 
dians of Brazil possess an area of over 100 m illion 
ha, m ainly in the Amazon Basin, distributed in 565  
territories (Fig. 2 and Table V ). Nearly 60%  of the 
priority areas in C entral  and Southern  M exico recom - 
m ended for protection are also inhabited by indigenous 
peoples (Fig. 3 ) , and half of the 3 0 ,0 0 0  rural com m uni- 
ties are located in the 10 m ost biologically rich  states 
of the M exican territory. In sum m ary, on a global scale 
it is estim ated that the total area under indigenous 
control probably reaches betw een 12 and 20%  of the 
earth’s land suríace (Stevens, 1997).

The best exam ple of notable overlaps betw een indig- 
enous peoples and biologically rich areas is the case of 
tropical hum id íorests. In fact, there is a clear correspon- 
dence betw een areas of rem aining tropical íorests and



NP = National Park 
NR= Nature Reserve 
MP= Marine Park 
CP= Conservation Park 
CA= Conservation Area 
HS= Historic Site

£
1. Jardine River NP
2. Iron Range NP
3. Forbes IslandsNP
4. Archer Bend NP
5. Rokeby-Croll NP 
6 Flinders Island

Group NP
7. Clack Islands
8. Cliff Islands

9. Lakeíield NP
10. Starcke NP
11. Cape Melville NP
12. M itchell and Alice 

Rivers NP
13. Mt. Webb NP
14. Cedar Bay
15. Mossman Gorge NP
16. Great Barrier Reef MP

17. Fraser Island NP
18. Camarvon Gorge NP
19. Mt. Yarrowych NP
20. Jervis Bay NR
21. Lake Mungo NP
22 . C oorong N P
23. Mt. Grèníell HS
24. Mootwingee NP

25. Gammon Ranges NP
26. Simpson Desert NP
27. witjara NP
28. Yumbarra CA
29. NullarborNP
30. Unnamed CP
31. WatarrakaNP
32. Uluru-Kata Tjuta NP

33. Nitmiluk NP
34. Kakadu NP
35. GurigNP
36. Pumululu NP
37. Proposed Buccaneer 

Archipelago MP
38. KarlamilyĩNP
39. Rudall RivcrNP
40. Karijini NP

FIGURE 1 T errestria l and m arin c p ro tectcd  areas w ith  sig n iíìcan l in v olv em en t or in icre s l o f in d ig cn o u s peop les in A u siralia . 
(A d ap ted  from  dala from  the A u slralian  Ccdcral g o v crn m e n l.)

the presence of indigenous peoples in Latin Am erica, 
the Congo Basin in Aírica, and several countries of 
tropical Asia, such as the Philippines, Indonesia, and 
Papua New Guinea. The strong presence of indigenous 
peoples in  Brazil, Indonesia, and Zaire alone is rem ark- 
able, as these countries account for 60%  of all the tropi- 
cal íorest in the world.

In  Latin Am erica, this geographical relationship has 
been strikingly veriReci for the Central American coun- 
tries by a National Geographic Society map produced 
by a p ro ject headed by Mac Chapin in 1992. The same 
pattern can be found in the tropical hum id areas of 
M exico inhabited by 1.6 m illion indigenous people, and 
for m any regions of the Amazonia Basin (see the case 
o f Brazil in Fig. 2). It has been estim ated that in  Ama- 
zonia m ore than 1 million indigenous people of eight 
countries possess over 135 m illion ha of tropical forests 
(Davis and W ali, 1994).

M any temperate forests of the world also overlap 
with indigenous territories, for exam ple, in India (Fig. 
4 ) , M yanm ar, Nepal, Guatem ala, the Andean countries

(Ecuador, Peru, and Bolivia), and Canada. Further- 
m ore, over 2 m illion islanders of the South Pacific, most 
o f whom are indigenous peoples, continue fishíng and 
harvesting m arine resources in high-biodiversity areas 
(such as coral reefs).

VI. BIODIVERSITY AND 
ETHNOECOLOGY: INDIGENOƯS 

VIEWS, KN0WLEDGE, AND PRACTICES

Biodiversity is a very broad concept that rcfers to the 
variety of landscapes, ecosvstem s, species, and genes, 
including the associated íunctional processes. There- 
fore, the m aintenance and conservation of biodiversity 
demand eHorts on these lour levels. The first level is 
oriented to preservation of assem blies of “ecosystem s,” 
whereas the second level focuses on protection of habi- 
tats in w hich the populaúons of species live. At the 
species level, most bíodiversilv knovvledge is o f Iargc



I____I In identitìcation process Areas ot less than
* 10,000 ha

FIGURE 2 G cog rap hica l  loc a ú o n  ol in t l igcn ou s  lcr r i ior ics  in Brazil. 

a cc o rd in g  to th c i r  lcgal s i tu a t io n  and size arca.  Note  ihc  large tracts 
um ler  in digcnous co n tro l  in ihe A m a zo n ia n  rc gion , thc co rc  o f  Brazil- 

ian biologica l  r ichncss . (Ađ apted  fro m  the inap Terras  Inil igcnas do 
Brasil,  ln s l i lu lo  S o c io a m h ic m a l ,  Sào Paulơ, Brazil. )

plants and anim als such as [low ering plants and verte- 
bnites. Mucb oỉ the extent o f divcrsity of sm aller plants 
and anim als rem ains to be inventoried and protected. 
Although most biological diversity is constituted by

TABLEV

Legal S ilu a tio n  o f  In d ig e n o u s  T e rr ú o ry  in B razil 

(a s  o f  N o v cm b e r, 1 9 9 7 )

Lcgal siuiation"

No. of 
indigcnous 

arcas Area (ha) %

Not iclcmified 74 2 .7 4 9 ,0 0 0 2.6

To be iđentiíied 96 4 ,9 8 3 ,5 7 8 4 .9 2

ln tcrd ic te d 5 8 ,8 ^ 7 .0 6 6 8 .8 8

Idcnti í ìcd 12 1 ,9 « 8 ,1 17 1.97

Dclim iicd 67 19 ,963 ,673 19.86

Dcmarcatcd and 
co n l ìr m cd

73 14 ,8 16 ,728 14.77

Regularizcd 2 38 4 7 ,0 0 3 ,4 2 9 4 7 .0 0

T o ta l 5 6 5 1 0 0 ,5 0 1 ,5 9 1 1 0 0 .0 0

A ccordin g  lo th c  N ation al  Indian h o u n d a l io n  ( P U N A l)  o f  Brazil.

vvild plants and ánim als, an im portani subset involves 
the diversity am ong dom esúcated organisms. In this 
lourth level, interest locuses on the conservation of 
genetic variation in crops and dom esticated anim als.

This section exam ines the potential role of indige- 
nous peoples in biodiversity conservation from an eth- 
noecological perspective. E thnoecology can be defmed 
as the interdisciplinary study of how nature is perceived 
by hum an groups through a screen of beliefs and know l- 
edge, and hovv hum ans, through their sym bols, use 
and /or manage natural resources. Thus, by íocusing 
on the cosm os (the belief system or cosm ovision), the 
corpus (the whole repertory of knowledge or cognitive 
System s), and the praxis (the set of practices), ethnoe- 
cology ofíers an integrative approach to the study of 
the process of hum an appropriation of nature (Toledo,
1992). This approach allovvs one to recognize the value 
of the b elie f-kn ow led ge-p ractice  com plex of indige- 
nous peoples in relation to the conservation of biodi- 
versity.

A. The Cosmos
For indigenous peoples, land and in general nature have 
a sacred quality that is almost absent from W estern 
thinking. Land is revered and respected and its inalien- 
ability is reílected in virtually every indigenous cosm ov- 
ision. Indigenous people do noi consider the land as 
merely an econom ic resource. Under indigenous cos- 
m ovisions, nature is the primary source of life that 
nourishes, supports, and teaches. Nature is, iherefore, 
not only a productive source but also the center of the 
universe, the core of culture, and the origin of ethnic 
identity. At the heart o f this deep bond is the perception 
thai all living and nonliving things and natural and 
social worlds are intrinsically linked (the reciprocity 
principle). O f particular interest is the research done 
by several authors (G. Reichel-Dolm atoíT, E. Boege, p. 
D escola, c. van der Ham m en, and K. Arhem ) on the 
role played by the cosm ology of several indigenous 
groups as a m echanism  regulating the use and manage- 
m ent of natural resources. In the indigenous cosm ovi- 
sion, each act o f appropriaúon of nature m ust be negoti- 
ated with all existing things (living and nonliving) 
through dilTerent m echanism s such as agrarian rituals 
and sham anic acts (sym bolic exchange). Humans are 
thus seen as a particular form of lìfe participating in a 
wider com m unity of living beings regulated by a single 
and totalizing set o f rules of conduct.

B. The Corpus
Indigenous socieúes house a repertory of ecological 
knowledge that generally is local, collective, d iachronic,



1 Sierra de Juárez
2. Delta dêl Rio Colorađo-Alto
3 Santa Maria- E1 Descan.so
4 Isla Tíburỏn-Sieưa Sen
5 Cajón del Dmblo
6 Sierra Libre
7 Basuseachic
8. Yécora-El Reparto
9. Montes Azules
10 Barrancas del Cơbre 
I ! Caftón dc Chtmpas 
12. Las Bocas
13 Guadalupe, Calvo y Mohinora
14 Cìuacamavila
15. Sieưa de Jesus
16. Sieưa r*ri<1

17. I.lanura del Río Verdc
18 Sierra đe Abra-'ĩanchipa
19 Manantlản 
20. Tancítaro
21 Sierra de Chineua
22 Tlanchinol 
2.Ì Huayacocolla
24 Cuetza1an
25 San Javicr Tepoca
26. Sur đcl Vallc dc México
27 Sieưa Mađre đel Sur de Gucrrcro
28 Perole-Orizaba
29 Sierra de los Tuxtlas
30 Tehuauán-Cuicailán
31. Cartỏn del Zopilottí
32. Sierra Granizo
33. Sierra de Tidaa

34. Sierra Trique
35. Sierra Norte dc Oaxaca 
36 Chacahua-Maniallcpec
37. Zimatlán
38. Sierra Sur y Costa de Oaxaca
39. Sierra Mixe-La Vcntosa
40. Selva de Chimalapas
4 1 Sepultura-Tres Picos-El Baúl
42. BI Suspiro-Buenavista-Beniozabal
43. Lagunas Catazaja-Fmi 1 Ìtmo /xipata
44. Triunío-Eạcruciiada-Palo Blanco 
45 Tacaná-Roquerón-Mo/otal
46. Selva Chicomuselo-Molozintla
47. Lacanđona

48. 121 Momón-Marganias-Montebello 
49 Uaitepec-Tzontehuitz 
50. El Manzanillal
5 1 Altos de Chiapas
52 Rio ỉlondo
53. Silvituc-Calakmul 
54 Zona de Punto Puuc

55. Zx>nas Porcstales Quintana Roo
56. Sian Ka’an-Ưaymil
57. Isla Contoy
5K. Dzilam*Ria Lagartos-Yum Balam 
59.Petenes-Ría Celestún

FIGƯRE 3 G eo grap h ical lo ca tio n  o f  p rio rity  arcas reco m m en d ed  by th c C o m isió n  N acion al para e l E stu d io  V ILso de la B iodiversid ad  

(CO N ABIO ) of M exico tliat ovcrlap with tcrritories of in d ig cn o u s com m uniúes. Note the higli num ber of overlapping areas in 
ihe C e n t r a l  and S o u t h e r n  portions of M exico, vvhcrc most of the biological richness ol ihc country is conccmralccl. (Moditied 
ừom  CO N A BIO s map on priorúy arcas for conscrvation, 1096.)

and holistic. In fact, because indigenous peoples possess 
a very long history of resource-use practice, they have 
generated cognitive systems on their own circum scribed 
natural resources, w hich are transm itted [rom genera- 
tion to generation. The transm ission ol ihis knovvledge 
is done through language, hence the corpus ìs generally 
an unw ritten knowledge. Therefore, memory is ihe 
most im portant intellectual resource among indige- 
nous cultures.

This body of knowledge is the expression of a certain 
personal wisdom and, al the same time, oí a collective 
creation, that is to say, a historical and cultural synthesis 
turncd into reality in the mind of an individual pro-

ducer. For this reason, the corpus conlained in a single 
produ cers mind expresses a reperloirc that is a synlhe- 
sis of iníorm ation from  at leasl four sources: (a) the 
experience accum ulated over hisiorical lime and trans- 
m itted from generation to generation by a cerlain cul- 
tural group; (b) ihe experiences socially sharecl by the 
m em bers of a generation or cohort; (c) the experience 
shared in the household or thc dom cstic group to which 
the individual belongs; and (d) the personal experience, 
particular to each individual, achieved through the rep- 
etition of the annual cvcles (natural and productive), 
enriched by the perceived variations and unpredictable 
conditions associated with them.



1. Kolis
2. B h ils
3. Gonds
4. Oraons
5. Sanlhals
6. M undas
7. Hos
8. Juangs
9. Khonds
10. Savaras

1 1 G adabas
12. Chenchus
13. Sh olegas
14. T oda K otas
15. Kadras
16. lrula Kurumbas
17. G aros
18. DaHas
19. Khasis
20 . Nagas

Forestry areas

RG U R E 4 G co g ra p h ic a l lo c a tio n  o f  th c  m ain  2 0  in d ig en o u s g ro u p s (a ) and  prin cip al ío rcstry  areas (b ) of 

In d ia . A lih o u g h  ih e  lo n g  h is to ry  (>f m ig ra iio n s  o f  p e o p lcs  m ak es it d ifficu lt to d istin g u ish  (h c in d ig en o u s 

p co p les  in In d ia , ih c r c  are  a b o u t 100  m illio n  p co p le  co n sid cre d  bv tlic  g o v ern m en t as “sch cd u lcd  irib es" 
sp ca k in g  o ver 3 0 0  lan g u ag es . T h e s c  g ro u p s a rc  g cn cra lly  rcs id cm s o f  rem o te  h illy  o r  íorested  arcas. (M o d iíied  
fro m  T h e S ta te  o f ln d ia 's  K n v iro n in cn t l l) 8 4 - 8 ‘5.)

Thus, indigenous ecological know ledge is norm ally 
restricted to the im m ediate environm ents and is an 
intellectual construction  resu lting from a process of 
accum ulation o f experiences over both  historícal time 
and social space. These three m ain  íeatures o f indige- 
nous ecological know ledge— being  local, d iachronic, 
and collective— are com plem enled  by a íourth  charac- 
tcristic, nam ely, the holistic.

Indigenous know ledge is h o listic  because it is intri- 
caiely linked to the practical needs o f use and manage- 
ment of local ecosystem s. A lthough indigenous know l- 
edge is based on  observations on a rather restricted 
geographic scale, it m ust provide detailed iníorm ation 
on the variety of scales represented  by the concrete 
landscapes in vvhich natural resources are used and 
managed. As a consequence, indigenous m inds not only 
possess detailed iníorm ation about species o f plants, 
anim als, fungi, and som e m icroorganism s, but they also 
recognize many types of m inerals, soils, waters, snows, 
landíorm s, vcgetations, and landscapes.

Sim ilarly, indigenous know ledge is not restricted to

the structural aspects o f nature, which are related to 
the recognition and classiíìcation (ethnotaxonom ies) of 
elem ents or com ponents o f nature, but also encom - 
passes dynam ic (w hich refers to patlerns and pro- 
cesses), relational (linked to relationships betvveen or 
am ong natural elem ents or events), and utilitarian di- 
m ensions of natural resources. As a result, it is possible 
to integrate a cognitive m alrix (Fig. 5) that certifies the 
holistic character of indigenous knovvledge and serves 
as a m ethodological fram ew ork for ethnoecological re- 
search (Toledo, 1992).

c. The Praxis
lndigenous societies generally subsist by appropriating 
a diversity of biological resources from their im m ediate 
vicinity. Thus, subsistence o f ìndigenous peoples is 
based m ore on ecological exchanges (w ith nature) than 
on econom ic exchanges (w ith m arkets). They are there- 
fore forced to adopt survival m echanism s that guarantee 
an uninterrupted flow of goods, m aterials, and energy
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F1GURE 5 Mairix of indigcnous ecological knoxvledge. Examplcs of indigenous knowlcdgc thai dcstrihcs 
relations among cvcnts. phcnomena, and "naiural objects.” as wcll instructs how lo managc thcsc rcsourccs, 
arc abundani in ihc liieraiurc and arc not given in the íìgurc.

from ecosystem s. In this con tex t, a prcdom inant use- 
value econom ic rationality is adopted, w hich in practi- 
cal term s is represented by a m ultiuse slraiegy that 
m axim izes the variety of goods produced in order to 
provide basic household requirem ents throughout the 
year (for Turiher details on this strategy, see Toledo, 
19 9 0 ). This main íeature accou nts for the relalively 
high self-sufficiencv of indigenous households and 
com m unities.

Indigenous households tend to carry oul a nonspe- 
cialized production based on the princip le of diversity 
o f resources and practices. This m ode o f subsistence 
resulls in the m axim um  utilization  o f all the available 
landscapes o f the surrounding environm ents, the re- 
cycling o f m aterials, energy, and wastes, the diversilìca- 
tion o f the products obtainecì froin ecosystem s, and, 
especially, the integration of d ifferent practices: agricul- 
ture, gathering, forest extraction , agroforestry, fishing, 
hunting, sm all-scale caltle-raising, and handicrafts. As 
a result, indigenous subsislence im plies the generation 
of a myriad o f products, including food, dom estic and 
vvork instrum ents, housing m aterials, m edicines, íuel- 
w oods, íìbers, anim al lbrage, and others.

Under ihe m ultiuse strategy, indigenous producers 
m anipulate the natural landscape in such a way thai 
two m ain characteristics are m aintained and íavored:

habitat patchiness and heterogeneity, and biological as 
well as genetic variation. In the spatial dim ension, ihe 
landscapes in vvhich indigcnous peoples live becom e a 
com plcx landscape m osaic in which agricultural (ields, 
fallow areas, primary and setoiulai y vegetation, house- 
hold gardens, cattle-raising arcas, and w ater bodies are 
all segm ents of ihe entire production system . This m o- 
saic represents the íìeld upon w hich indigenous produc- 
ers, as m ultiuse strategists, play thc game of subsistence 
through the m anipulation of ecological com ponenis 
and processes (including forest succession , life cycles, 
and m ovem enl of m aterials).

u has been demonstrated that sotne natural distur- 
bances can increase biodiversity if they increase habital 
heterogeneity, reduce the induencc o f com petitively 
dom inant species, or create opportunities for new spe- 
cies to invadc the area. On the other hand, the num ber 
of species is com m onlv relatively small in highly dis- 
turbed b iotic com m unities, because few populaúons arc 
able to reestablish themselves belore they are reduced 
by laler disturbances. In contrast, a low ra te o f distur- 
bance provides few opporlunities for pioneer species 
and m ight allovv competiliv'elv dom inant species to 
usurp litniting resources. Thereíore, biodiversity is oí- 
ten greater at interm ediate levels o f disturbances than 
at either lower or higher rates.



The crealion  of landscape m osaics under ihc indige- 
nous m ultiuse strategy in areas originally covered by 
only one natural com m unity  represents a hum an-origi- 
nated m echanism  that theoretically tends to m aintain 
(and even increase) biodiversity. Several authors have 
already siressed the im portance of the models o f low- 
intensity m osaic usage of the landscape by indigenous 
peoples and other sm all-landow ner populations for bio- 
diversity conservation.

The same diversiíìed arrangem eni tound in indige- 
nous landscapes tends to be reproduced at the local 
scale, with m ultispecies, m ultistory crops or agroíorests 
favored over m onocu ltu res. As a consequence, animal 
and especially plant genetic resources tend to be main- 
lained in indigenous agricultural [ields, aquacullure 
system s, hom e-gardens, and agroforests (Gadgil et a i ,
1993). Polycultural system s managed by indigenous 
agriculturalists and agroíoresters are relatively well 
known and the recent specialized literature is full of 
case studies illustraling su ch  designs. Especially notable 
arc the hom e-gardens and agroíbrestry system s of ihe 
tropical and hum id regions o f the vvorld, which operale 
as human-m acle reíuge areas for many species o( plants 
and anim als, notably in areas strongly affected by defor- 
estation (M oguel and Toledo, 1999).

At the farm level, it is broađly recognized ihat crop 
populations are m ore diverse in indigenous farming 
system s than in agricultural areas dom inated by indus- 
trial agriculture. T herefore, indigenous peoples are re- 
garded as key agents of' on-farm  preservation of plam 
genelic resources ihat are threalened by agricultural 
m odernization (or geneúc erosion). The loss of biodi- 
versity is also experienced  in farm ing system s when 
indigenous cropping polycultural praclices are replaced 
by fossil-fueled m onocrops. Indigenous agricultural 
system s and landscapes are widely acknow ledged as 
designs that preserve not only landraces of crop species, 
but also sem idom esticated  and wild crop relatives and 
even nondom esticated species.

VII. CONSERVING BIODIVERSITY BY 
EMPOWERING INDIGENOUS PEOPLES

D uring the past three decades, as the loss of landscapes, 
habitats, species, and genetic diversity has becom e an 
issue of in ternational con cern , the protected areas o f the 
world have increased notably in both size and num ber. 
However, as protected  areas expanded, it becam e evi- 
dent that the m odcl o f uninhabited national parks origi- 
nated by the so-called  developed nations could not be

applied w orldw ide. Today, there are nearly 10 ,0 0 0  na- 
tionally protected areas (parks and other reserves) in 
m ore than 160  countries, covering som e 6 50  million 
of ha, w hich represents over 5% of the earilVs land 
surĩace. M any of the areas thai have been established 
as protected areas and many of those that are suitable 
for íuture addition to the protected  area netvvork are 
the hom elands o f indigenous peoples. In Latin Am erica 
alone, over 80%  of protected areas are estim ated to have 
indigenous people lìving vvithin them . O n the other 
hand, large tracts o f the territories under indigenous 
control, estim ated to encom pass belvveen 12 and 20%  
of the earih ’s suríace, are considered to be priority can- 
didates as future reserves. M oreover, som e aulhors, 
such as J .  A lcorn (1 9 9 4 ) , believe that the bulk of ihe 
world’s b iodiversity is now held w ithin  the lim its o f the 
indigenous terrilories in tropical countries.

Given this situation , as well as the evidence offered 
and discussed in the previous sections, the idea that 
successíu l and long-term  biodiversity conservation will 
be im possible w ithout the participation  o f indigenous 
com m unities is gaining recognition  in nalional and in- 
ternational conservation circles. F o r exam ple, in iis lat- 
est guidelines, the IUCN (W orld  C onservation U nion) 
Com m ission on Nalional Parks and Protected Areas 
(1 9 9 4 ) consid ers thai indigenously established “pro- 
tected lerritories” can now be recognized as national 
parks, w ilderness areas, protected landscapes, and man- 
aged resource protected areas. Furtherm ore, the inter- 
national conservation  com m unity is  beginning to real- 
ize that sacred íoresls, m ountains, lakes, rivers, and 
deserts can also be considered protected  areas, as well 
as managed reels, lagoons, rivers, and grasslands.

Protected areas based on consu ltation , com anage- 
m ent, and even direcl m anagem ent by indigenous peo- 
ples are likely to be increasingly im portant in com ing 
years as the key role o f indigenous cu ltu res is gradually 
recognized and accepted. How ever, it is im portant not 
to idealize indigenous peoples and their resource inan- 
agement strategies and stew ardship skills. Som e conser- 
vationists have been criticized  for over-rom anticizing 
indigenous peoples, and in so doing creating a late- 
tw entieth-century version o f “the noble savage” (Red- 
ford, 1 9 9 1 ). Acknovvledgment o f the positive links be- 
tween indigenous peoples and biodiversity has been 
increasingly tem pered by the recognition  that under 
certain  circum stances (high population densities, mar- 
ket pressures, unsuitable technologies, local disorgani- 
zation) indigenous peoples can act as disruptive, not 
as conservationist, actors. In fact, m any of the conserva- 
tion strategies norm aĩly applied by indigenous peoples 
at the local level can be profoundly affected by exoge-



nous phenom ena such as econom ic exploítation, cul- 
tural dom ination, and technological change.

Today, biological diversity and sustainable develop- 
m ent are two of the most powerful and Central concepts 
in environm ental protecúon. In recent years, special 
attention  has been paid to supporting the sustainable 
developm ent of com m unity-based peoples as a key 
m echanism  for the reinforcem ent of responsible partici- 
pation o f local com m unities in biodiversity conserva- 
tion. Sustainable com m unity developm ent can be de- 
fìned as an endogenous m echanism  that allows a local 
society to take (or retake) control of the processes that 
affect it. In other words, self-determ ination and local 
em pow erm ent, conceived as a “taking of control,” have 
lo be the Central objectives in all com m unity devel- 
opm ent.

Given the dem onstrated im portance of indigenous 
peoples for biodiversity conservation, it is essential to 
recognize the necessity of em pow ering local com m uni- 
ties. This will require that indigenous com m unities be 
allovved to m aintain, reinforce, or assume control of 
their ow n territories and nalural resources, as well as 
have sufficient access to relevant iníorm ation and lech- 
nology that will assist their resource management. It is 
im portant that they hold legally recognized and enforce- 
able rights to lands and waters, which will give the 
com m unities both an econom ic incentive and a legal 
basis for stewardship. In many countries, national rec- 
ognition and policy support for existing, com m unity- 
based property rights systems are crucial. In many Asian 
and Aĩrican countries, the return of a m easure of control 
over public lands and resources to local com m unities 
is fundam ental to slowing biodiversity loss in threat- 
ened regions.

Sim ilarly, it is crucial to establish new resource-m an- 
agem ent partnerships am ong local com m unities and 
provincial and national agencies. Local stewardship, in 
con ịu nction  with exiernal govem m ental and nongov- 
ernm ental institutions and organizations, is perhaps the 
best way to guarantee the effective protection of land- 
scapes, habitats, species, and genes worldwide, and es- 
pecially in  the biodiversity-rich tropical countries.

VIII. CONCLƯDING REMARKS: A 
BIOCƯLTƯRAL AXIOM

The research accum ulated in the three !ast decadcs by 
invesúgators in the (ìelds of conservation biology, lin- 
guistics and anthropology of contem porary cultures, 
ethnobiology, and ethnoecology has converged toward

a shared principle: the w orld’sbiodiversity  will be effec- 
tively preserved only by protecting the diversity of hu- 
man cultures, and vice versa. This principle, w hich 
represents a new b iocu ltural axiom , is supported by 
four main sets o f evidence: the geographical overlap 
betvveen biological richness and linguistic diversity and 
betw een indigenous territories and biologically high- 
value regions (aeiual and pro jecled  protected areas), 
the recognized im portance of indigenous peoples as 
managers and inhabitants o f well-prescrved habitats, 
and the certiíication of ecologically  sustainable behavior 
am ong indigenous peoples derived from their prem od- 
ern b e lie f-k n o w led g e-p ractices com plex.

This bio-cultural axiom , referred to hy ihe late Ber- 
nard N ietschm ann as the “concepl o f sym biotic conser- 
vation [in w hich] b iological and cultural liiversity are 
mutually dependenl and geographically coterm inous,” 
constitutes a key principle for conservation iheory and 
application, and epistem ologically it is an expression 
of the new, integrative, interdisciplinary research that 
is gaining re co g n it io n  in c o m e m p o ra r y  Science.
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GLOSSARY

acety lch o lin esterase  (A C h E ) The enzyme responsible 
for breaking down the neurotransm itter acetylcho- 
line (A Ch) at nerve synapses, thereby preventing 
h yperexcitatìon  of cholinergic pathways in the ner- 
vous system .

b ioassay (b io log ica l assay) A laboratory test for evalu- 
ating the response of organism s to a toxin  and for 
diagnosing the presence or absence of resistance. 

c ro ss-resistan ce  The ability o f a single gene or m echa- 
nism  to confer resistance to m ore than one toxin. 

cy tochrom e p450 m onooxygenases A ubiquitous group 
of enzym es involved in the NAPDH-mediated oxida-

tion and m etabolism  of a broad range of endogenous 
and exogenous substrates.

GABA recep tor Part of the inhibitory ion channel com - 
plex gated by GABA ('y-am inobutyric acid) in post- 
synaptic nerve m em branes. 

glutath ione S -transferases (G S T s) Enzym es that cata- 
lyze the rnetabolism of a range of substrates íollovving 
their conịugation with the endogenous tripeplide 
glutathione.

m u ltip le  resistan ce  The occurrence o f m ore than one 
resistance m echanism  in the same individual or 
pest population. 

synergist A chem ical used, at sublethal concentrations, 
to inhibit particular groups of detoxifying enzymes 
and therefore to im plicate the involvem ent of ihese 
enzymes in resistance. 

voltagc-gated sodium  channel A large transm em brane 
protein that regulates the flow of sodium  ions across 
axonal m em branes and mediates the rising phase of 
action potentials.

THE PHENO M ENON O F 1NSECT1C1DE R ESISTA N C E
reílects a genetic adaptation enabling arthropods to sur- 
vive exposure to othervvise lethal am ounts of insecti- 
cide. This article reviews the genetic, biochem ical, and 
ecological basis o f resistance as well as options for com - 
bating its detrim ental im pact on crop protection and 
disease management.

Em vciopcdici o f  Biodive.rs.ity, Voiume ,3
Copyrighi © 2001 bv Academic Press. AU righls of rcproducúon in anv form rescrved.



I. INTRODUCTION

The diversity of organism s and their genetic varíation 
have been forged by evolution. In evolution, undirected 
m utations generate unstructured diversity, vvhich is 
then stru ctu red by selection. The time scales over which 
selection  and adaptation occur in eukaryotes are usually 
too large to observe in situ  (except in a few cases, such 
as industrial m elanism  in some m oths and ladybirds), 
but there is one m icroevolutionary process for which 
many o f the ĩactors driving selection and adaptation 
are well understood, a process that is being increasingly 
studied and manipulated by a large num ber of biolo- 
gists. T h ís is the phenom enon of pest resistance to 
insecticides, and its study can reveal m uch about how 
biodiversity originates, at the infraspecific level at least. 
Sim ilar processes underpin the evolution of herbicide 
resistance by weeds, fungicide resistance by plant 
pathogens, and drug resistance by disease-causing 
m icrobes.

II. EXTENT 0 F  RESISTANCE

Although a relatively recent phenom enon (resistance 
to the íìrst synthetic insecticide, DDT, was inilially re- 
ported in the 1940s), insecticide resisiance is now very 
widespread. Available statistics (Fig. 1) show thai re-

ports o f resistani arthropod species increased almost 
exponentially between 1950  and 1980 , following the 
successive introduction of different classes of synthetic 
insecticides. By 1990 , over 500  species were reported 
to resist chem icals of at least one insecúcide class, and 
many of these resisted several classes sim ullaneously. 
O f the resistant species reported in 1990 , 88%  vvere 
insects (class Insecta) and 12% were mites and ticks 
(class Arachnida, order Acarina). Fou r insect orders—  
Coleoptera (beetles), Diptera (true ílies), Heteroptera 
(aphids, bugs, hoppers, and w hiteílies), and Lepídop- 
tera (m o th s)— accounted for 92%  of the resisiant insect 
species; the rem ainder m ostly com prised cockroaches, 
thrips, lice, and íleas.

Although alm ost all insecticide classcs are now af- 
[ected by resistance, its exient varies greatly between 
species. In  som e insccts, resistance only cxtends to a 
few closely  related co m p o u n d s  in a s ingle class; it may 
be very weak or restricted to a small part of their geo- 
graphical range. At the other extrem c, somc widespread 
pesls such as the diam ondback moth (P lu lcìla  xylus- 
te lla ) , the Colorado b e e t le  (L eptin otarsa  d cccm lin eata ), 
the peach—potato aphid (M ỵzus p crs icae ; rig. 3c), and 
the cotton vvhiteíly (B em isia  t a b a á ;  Fig. 3h) now resist 
m o s t  o r  all o f  th e  in s e c t i c id e s  a v a i la b le  io r  ih e ir  c o n t r o l .  

The most extensively used inseclicide classes—  
organochlorines, organophosphates, earbam ates, and 
pyrethroids— have generally been the most seriously 
com prom ised by resistance, and many principles relat-
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ing to the origin and evolution o f resistance can be 
dem onstrated solely by reĩerence to these fast-acting 
neurotoxins. In recent years, how ever, there has also 
been a w orrying increase in resistance to m ore novel 
insecticid es, including ones attacking the develop- 
m ental pathways o f arthropods (e.g ., benzoylphenylur- 
eas), their respiratory processes (e.g., m itochodrial elec- 
tron transport inhibiting [M ETI] acaricides), and their 
digestive system s (e.g ., B acilỉu s thitringiensis endo- 
toxins).

III. ORIGINS 0 F  RESISTANCE

Since insecticides are not norm ally considered m uta- 
genic at field application rates, it is assum ed that resis- 
tance m utations occur independently o f insecticide ex- 
posure, and are as likely to occu r beíbre an insecticide

is introduced as thev are during its usc in ihe íield. 
Resistance is thereíore a preadaptive phenom enon re- 
ílecting the selection of individuals possessing heritable 
genetic traits that proraote their survival or reproduc- 
tion in environm ents treated w ith insecticides. Esti- 
m ates o f mu ta ti011 rates are as im precise as they are 
for other adaptive traits, ranging from 10 5 to 10 16 
depending on the m utational event involved (see be- 
low). The role o f enzyme induction in resistance has 
not been dem onstratecl satisíactorily but is likely to be 
only slight. Increased tolerance caused by environm en- 
tal or biological íactors such as diet, agc, or clim ate can 
som etim es be signiíìcant but is outside the scope of 
this article.

IV. MECHANISMS 0 F  RESISTANCE

Som e of the m ost signiíicant recent progress in under- 
standing resistance as an adaptive phenom enon has 
resulteđ from the application o f m olecular biology to 
resistance research. D epending on  the m echanism  in- 
volved, resistance has been show n to arise through 
structural alterations of gen.es encoding target-site pro- 
teins or detoxiíying enzym es or through processes af- 
fecting gene expression (e.g ., am pỉiíìcation or altered 
transcription). O thcr m echanism s thai have been dem - 
onstrated or postulated include reduced penetration of 
insecticides through the insect cuticie, enhanced excre- 
tion of inseclicides, and behavioral traits enabling pests 
to reduce or avoid exposure to a toxin. However, the 
latter are generally considered to be relatively m inor in 
effect or to arise only under very specialized circum - 
stanc.es. Figure 2 is a schem atic representation ơ f som c 
of the resistance m echanism s discussed in m ore de- 
tail below.

A. Increased Detoxification of Insecticides
The three m ajor routes o f detoxification im plicated in 
resistance are as follows:

Enhanced m etabolism  o f insecticides by cytochrom e 
p450 m onooxygenases can potentially coníer resis- 
tance to m ost chem ical classes. However, m uch of 
the evidence for this m echanism  is indirect, based on 
the ability o f com pounds such as piperonyl butoxide 
(P B O ), w hich are know n inhibitors o f m onooxygen- 
ases, to reduce the magnitude o f resistance when 
used as synergists in bioassays. Cases in w hich  en- 
hanced oxidative m etabolism  has been dem onstrated 
directly through binding or m etabolism  studies are
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slill uncom m on. Since it is 110W apparent that PBO 
and related m olecules can affect other processes in 
insecls, including cu licu lar penetration and esterase 
hydrolysis, claim s for this type of m echanism  based 
purely on synergism  studies should be interpreted 
with caution.

Enhanced activity of glutathione S-transferases (G STs) 
is considered potentially  im portant in resistance to 
som e classes of insecticide, including organophos- 
phates. However, in íorm ation on the role of GSTs 
in resistance is still sketchy since this m echanism  
cannot be diagnosed reliably from bioassays. G STs, 
like m onooxygenases, exist in num erous m olecular 
íorm s wúh d istinct properties, m aking correlations 
of enzyme activity with resistance very challenging 
and often am biguous.

Enhanced hydrolysis or sequestration by esterases (e.g., 
carboxylesterases) capable of binding to and cleaving 
carboxylester and phosphotriester bonds undoubt- 
edly plays a signiíìcant role in resistance to organo- 
phosphates and pyrethroids. O f the three main tvpes 
of detoxiíĩcation  m echanism , this is by far the best 
characterized biochem ically , and in som e cases (c.g ., 
for m osquitoes, blow flies, and the aphíd M yzus pcrsi-  
c a c ) the esterases involved have been identified, 
characterized, and sequenced ai the m olecular level. 
Resistance dưe to increased esterase activity can arise

through either a qualitative change in an enzyme, 
im proving its hydrolyúc capacity, or (as in m osqui- 
loes and aphids) a quantitative change in the titer 
of a particular enzyme that already exists in suscepti- 
ble insects.

B. Alterations to Insecticide Target Sites
Resolving target-site m odiíĩcatúm s thai lead to resis- 
tance clearly requires som e knovvledge of the raode 
of action of insecticides themselves. At present, this 
in íbrm ation is m osl advanced for m olecules binding to 
enzymes or receptors in the nervous system of arthro- 
pods. Three exam ples ol targei site resistance are now 
well understood:

O rganophosphates and carbam ates exert their toxicity 
by inhibiting the enzvme acetylcholinesterase 
(A C hE ), therebv impairing the transm ission of nerve 
im pulses across cholinergic synapses. M utant forms 
of AChE show ing reduced inhibition bv these inscc- 
ticides have been demonstrated in several inscct and 
m ite species. B iochem ical and m olecular analyses of 
insecticide-insensitive AChE have shown that pests 
may possess several different m utant íorms of this 
enzym e vvilh contrasting insensitivity proíìles,



ihcrcb y  e o n ícr r in g  d ist incl  paLlerns o f  res is lance to 
these tvvo in sec t ic id e  classes.

Pvreihroids act prim arily bv binding to and blocking 
the vollage-gated sodium  channel o f nerve mem- 
branes. A m echanism  postulated to reỉlect inscnsitiv- 
ity of this target site was íĩrst identified in houscílies 
(M usca du m estica ) and termed knockdow n resistance 
or kdr. R eccntly, there has been rapid progress in 
attributing kdr resistance unequivocally to structural 
m odifications of a sodium  channel protein and in 
locating and identiíying the genetic m utations re- 
sponsible. As a consequence, kdr resistance has now 
been conRrm ed in m any insect pests. As with insensi- 
tive AChE, ihere can he diííerent forms of kdr resis- 
tance (e.g., a m ore potent “super-kdr” form in house- 
dies), and this can have im portani im plications for 
cross-resistance w ithin the pyrethroid class.

GABA receptors are targets for several insecticide 
classes, including cyclodienes (a subclass o f the or- 
ganoch lorines), averm ecúns, and íìpronils. The pri- 
marv m echanism  ol resistance to cyclodienes and 
íìpronils in several species involves m odiíìcation of 
a parúcular GABA receptor subunit, resulting in sub- 
stantial target-site insensiúvity to these insecticides.

V. HOMOLOGY 0 F  RESISTANCE GENES

Although there are several possible m echanism s, ge- 
netic options for resisting inseclicides can also bc very 
lim ited, especiallv lor m echanism s based on decreased 
sensitivity of insecticid e target sites. The target-site 
m echanism  of cyclodiene resistance has been attributed
lo the samt' am ino acid substitution (alan ine-302 to 
serine) in GABA receptors of several species of diverse 
laxonom ic origin, including D rosoph íla , several beetles, 
a m osquito (A edes a eg y p li) , a whitefly (B em iú a  tabac i), 
and a cockroach  (B ỉa te lla  gcrmanica). W ork on the two 
other principal targel-site m echanism s— altered AChE 
and kdr— has proved mo re com plex due to the occur- 
rence of m ultiple resistance alleles at the same loci. In 
the case of kdr, how ever, there is also evídence for the 
same am ino acid substitution (leu c in e-1014 to phenyl- 
alanine) in a sodium  channel protein conferring a 
“basal” kdr phenotype in a range of species including 
houseílies, cockroaches, the p each -p o ia to  aphid, the 
diam ondback m oth, and a m osquito (A nophelcs gam - 
b iac). This phenotype may subsequently be enhanced 
(to “super-kdr” resistance) by lurther m utations that 
also recur betw een species. Despite the structural com - 
plexity of the receptors involved, these parallel m uta- 
tions imply that the opportunities for insects to modify

them 10 avoid or reduce binding o[ insecticides. while 
relaining norm al functioning of the nervous svslem , 
are very lim itcd indced.

W hcn suscepúble individuals o f the sheep blowfìy 
(Lucilia cuprina) vvere exposed to the mutagen elhyl 
m ethanesulíbnate (EM S) and their progeny screened 
f o r  r e s i s t a n c e  to d ie ld r in  (a  c y c l o d i e n e ) ,  s u r v iv in g  in -  

sects not only exhihited a GABA receptor based m echa- 
nism  analogous to that found in nature but also exhib- 
i ted  a n  i d e n t i c a l  a l a n i n e  to s e r in e  a m i n o  ac id  

substitution in the channel gene. Sim ilarly, m utagenesis 
followed bv screening w ith diazinon (an organophos- 
phate) led to the recovery of a resistance m echanism  
show ing identical toxicological, b iochem ical, genetic, 
and m olecular properúes to onc that had previously 
evolved to diazinon under íield cond itions. These íind- 
ings again dem onstrate tight evolutionary constraints 
on the num ber o f viable resistance m utations, even ín 
the laboratory, where m utations conferring deleterious 
effects on overall íìtness might be expected to survive 
better ihan in the open íìeld. Interestingly, they also 
highlighi the potential o f using m utagcnesis to predict 
likely resistancc m echanism s to novel insecticides well 
in advancẹ of them  appearing in field populations and 
to tailor resistance m anagem ent recom m endations ac- 
cordingly.

In other cases, diíTerent lypes of resistance to the 
sarne toxin  exist and can account for differences in the 
toxicological and genetic basis oi resisiance betw een 
species or betw een different geugraphical populations 
ol the sam e species. Insecticid al proteins from the soil 
bacterium  B acillu s thuringiensis  (B t) are becom ing in- 
creasingly im poriant in pest m anagem ent, especially in 
relaúon to insect-to lerant transgenic crops (see below ). 
To date, the only species to have evolved Bt resistance 
in the lìeld is the diam ondback m oth, Plutella x y lostelỉa . 
The m ajority of B t-resistant populations exam ined have 
exhibited  very sim ilar characterisú cs, including a very 
consisten i pattern of cross-resistance to different Bt tox- 
ins and recessive inheriiance. How ever, there are also 
strains of p. x y lo s td la  in w hich the breadth and inheri- 
tance oí Bt resistance differ m arkedly Irom this “m ode,” 
im plying the existen ce of d isù nct resistance genes and/ 
or m echanism s.

VI. H 0W  0FT EN  DO RESISTANCE 
GENES ARISE?

The recurrence o f specific resistance m utations w ithin 
and betw een taxa begs another question of fundam ental



signiíìcance to the origins of biodiversiiy: Have such 
m utaúons arisen repeatedly within the same species, 
or appeared on only a liraited num ber o( occasions and 
subsequently spread through m igration and/or hum an 
agency? This question is proving am enable to investiga- 
tion by sequencing not only ihe resistance genes them- 
selves but also ílanking regions and introns, which 
would be expected to vary betw een alleles thai have 
arisen independently. In the m osquito, C ulex pipicns, 
organophosphate resistance is primarily coníerred by 
allozym es at two closely linked loci (esterases A and 
B) coding for insecticide-detoxiíying carboxylesterases. 
O verproduced allozymes (resulting from ampliRcation 
of A or B genes) tend 10 recur in geographically disjunct 
areas. This situation could be explained by recurrent 
m utation generating each am pliíìcation event de novo 
or by a nonrecurrent m utation thai has subsequently 
spread w ithin and betw een populations. Restricúon 
m apping of DNA around the esterase genes points to 
the latter explanation, with large-scale gene flow (even 
betw een continents) most likely attributable to passive 
m ígration oi m osquitoes on ships and/or airplanes. It 
is notable that the recent appearance oí a new resistance 
a l le le  in  S o u t h e r n  France is k n o w n  to h a v e  o r ig in a ie d  

in the vícinity of the international airport and seaport 
at M arseilles.

O rganophosphate resistance in the aphid M yzus pcr- 
s ica e  is also attributable to the am pliíicaúon of a gene 
encoding an insecticide-deioxilying carboxylestcrase. 
Despite the often widespread dispersion of these ampli- 
fied genes in ihe aphid genom ẽ, restriction analyses 
have indicated ihat all copies are in the sa me immediate 
genetic background. This suggests that am pliíĩcalion 
occurred only once, w ith the ainpliíĩed DNA subse- 
quently being moved intact around the genome through 
chrom osom al rearrangem ents, or perhaps mediated by 
transposable elem enis. Sim ilariiics in ihc posiúon and 
structure of these genes in aphids of diverse geographic 
origin rein íorce the likelihood of a single am pliíìcation 
event that has subsequently becom e widelv clispersed 
around the world.

There is also m olecular evidence for sorae resistance 
genes having several independent origins in the same 
species (e.g ., for target-site resistance to cyclodienes in 
the red flour beetle, Tríbolium  castancum ). Hovvcver, 
results for m osquitoes and aphids highlight the polen- 
tial for large-scale inadvertent movem ent of resistam 
insects betw een countries or even continents. For crop 
pests, these risks are particularly acute chie to the in- 
creasing international trade in edible and ornam ental 
plants, m any of w hich have been treated with insecti- 
cides at their point o f origin. In such cases, grovvers at

the receiving end of the trade network face a dual threat: 
(i) the establishm enl o f new pest species or m ore aggres- 
sive biotypes of existing ones and (ii) the possibilúy 
that such pests are already strongly resistant to com - 
pounds that might otherw ise be used to suppress them 
or to eradicate them  entirely.

VII. CROSS-RESISTANCE AND 
MULTIPLE RESISTANCE

Arthropods seldom if ever resist ju st one loxin . Most 
com m only, they exhibit differing levels of resistance 
to a range of related and unrelated insecticides. In its 
strictest sense, the term cross-resistan cc  refers to the 
abílity of a single m echanism  lo coníer resìstance lo 
several insecticides sim ultaneously. A more com plex 
siiuation is that o f m u ltip le resistance, rcílecting the 
coexistence of two or m ore resistance m echanism s, each 
with their own specitic cross-resistance characterislics. 
D isenlangling cross-resistance from multiple resistance, 
cven al the phenotypic level, is one of the most challeng- 
ing aspects of resistance research. Howevcr, a knowl- 
edge of the m echanism s involved is often essential in 
order to develop resislance managemcnt recom m enda- 
tions based, for exam ple, on ihe alternaúon of insecti- 
cides to avoid continuous selection for tht' same resis- 
tance gene or m echanism .

Unfortunately, cross-resistancc patterns are inher- 
entlv diííicull to predict in advance, since niechanism s 
baseđ on both increased detoxificaiion and altered lar- 
get sites can differ substantially in their speciíĩcity. The 
m osl com m only encountered  patterns of cross-resis- 
tancc lend to be lim iteđ to com pounds w ithin the same 
chem ical class (equivalent to the term side resistance  as 
uscd by parasitologists). However, even ihese patterns 
can be very idiosyncratic. For exam ple, organophos- 
phate resistance based on increased detoxification or 
target-site alieration can be broad-ranging across this 
group or highly specific to a few chem icals with particu- 
lar slructural sim ilarities. The breadth of target-site re- 
sistance to pyrethroids in houseflies is also dependent 
on the resistance allele present. The kdr allele itself 
affects alm ost all com pounds in this class to a similar 
extern (ca. 10-fold resistance), whereas resistance due 
to the m ore potent super-kdr allele is highlv dependent
011 the alcohol moiety of pyrethroid m olecules, ranging 
írom ca. 10-Iold to Virtual  immunitv. Cross-resistance 
between insecticide classes is even hardcr to anticipate, 
especially for broad-spectrum  detoxification systems 
whose speciRcitv depends not on insecticides having the



same mocle o ĩ action but on ihe occu rrence of com m on 
structural fealures that bind vvith detoxifying enzymes.

Em pirical approaches for distinguishing betw een 
cross-resistance and m ultiple resistance include (i) re- 
peatecl back-crossing of resistant populations to íully 
susceptible oncs 10 establish vvhelher resistance to one 
chem ical cosegregates consistently  w ith resistance to 
another and (ii) reciprocal selection  experim ents 
\vhereby populaũons selected for resistance to one 
chem ical are exam incd for a correlated change in re- 
sponse to anoiher. If available, b iochem ical or m olecu- 
lar d iagnoslics for speciíic resistance gcnes can assist 
considerably with iracking the outcom e of genetic 
crosses or with assigning cross-resistance patterns to 
particular m echanism s.

VIII. DIAGNOSIS 0 F  RESISTANCE

Although a large num ber o f laboratory bioassay m eth- 
ods have hecn developed for detecting and characteriz- 
ing resisiance, most o f these are limited to deíìning 
phenotypes and províde little or no inĩorm ation 011 

the underlying genes or m echanism s. Thus, although 
bioassays rem ain the m ainstay of m ost large-scale resis- 
tancc m onitoring program s, m uch attention is being 
paid to developing m ore incisive techniques that not 
only ofler greater precision and throughput but also 
diagnose the type of m echanism (s) present and, when- 
ever possible, the genotypes of resistant insects. A vari- 
ety o f approaches are being adopted for this purpose, 
including electrophoretic or im m unological deiection 
ol resistance-causing enzym es, kinetic and end-point 
assays for quantiíying the activity of enzym es or their 
inhib ition  by insecticides, and DNA-based diagnostics 
for m utant resistance alleles. The sensitivity that these 
techniques can provide is exem pliíìed  well by work on 
the aphid M yzus p crs ica c , w hich in northern Europe 
possesses ai least three coexisting  resistance m echa- 
nism s: (i) an overproduced carboxylesterase coníerring 
resistance to organophosphates, (ii) an altered AChE 
coníerring resistance to certain  carbam ates, and (iii) 
larget-site (kd r) resistance to pyrethroids. These m echa- 
nism s collectively provide strong resistance to vừtually 
all available aphicìdes. Fortunately , it is now possible 
to diagnose all three in individual aphids using an im- 
m unoassay lor the overproduced esterase, a k inelic mi- 
croplate assay for the m utant A ChE, and a PCR-based 
diagnostic for the kdr allele (Fig. 4 ). The com bined use 
ol these techniques against íĩelcl populations provides 
up-to-date iníbrm ation on the incidence of the m echa-
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rc s is ia n cc  ca icg o ries , \vith res is tan cc in crca sin g  from  lcft to right. 
T h e  rcn ia in iỉig  in s cc ls  w erc dra\vn ran đ om ỉv  from  a ĩicld  sam p lc.

nism s and is used to aleri grovvers to potential con- 
trol problems.

IX. SELECTION 0 F  
RESISTANCE GENES

The rate at w hich resistance genes are selected reĩlects 
the com bined iníluence of num erous b iotic and abiotic 
lactors. Resistance oíỉers sevcral advantages for research 
to resolve these factors and their interactions. First, 
the selecúng agent (exposure to insecticides) is well 
understood; it can usually bc careíully docum enied us- 
ing treatm ent histories or m anipulaied to investigate 
its effect on selection rates. Second, the selective advan- 
tages conferred by resistance genes are often very large, 
leading to substantial changes in genetic com posiúon 
over a m easurable time frame. Third, m ost of the m ạjor 
m echanism s of insecticide resistance, unlike those for 
many stress-related adaptations, are controlled hy single 
genes of m ajor effect (m onogenic) rather than many 
genes, each of small effect (polygenic). This renders 
resistance readily am enable to analysis withìn the con- 
ventional theoretical fram ework of ecological genetics. 
Finally , the ĩrequent availability o f bioassays for quanti- 
fying the ữequency of resistance phenotypes, or even 
in vi tro  assays íor specific genotypes, enables accurate 
docum entation of responses to selection applìed in pop- 
ulation cages in  the laboratory or under open field 
conditions.

Factors determ ining the selection (and hence risk) 
o f resistance to insecticides can, for convenience, be



classified into genetic or ecological ones relating to the 
in trinsic properties of pests and resistance m echanism s 
and operational ones relating 10 ihe chem ical itselí and 
how it is applied. Some of the most im portant íactors 
apparent from  the large body of experim ental and theo- 
retical research on resistance selection are sum m a- 
rized below.

A. Genetic Iníluences
In order for resistance to evolve, resistance genes musl 
confer a selective advantage over their susceptible coun- 
terparts. One of the primary challenges for describing 
resistance is therefore to estimate the relative Titness 
o f different genotypes under exposure to insecticides. 
There are diíĩerent wavs of achieving this, the most 
direcl being lo release individuals o f know n susceptible 
and resistance genotypes into insecticicle-treated envi- 
ronm ents and to m onitor their survival. This has been 
atlem pted for a variety of pest species and has identiíìed 
many, often subtle, iníluences on how resislance genes 
are expressed in the field. The dom inance of resistance 
genes, w hich exerls a m ạjor influence on selection rates, 
is a case in point. In laboratory bioassays evaluaúng 
the relative survival o f susceptible hom ozygotes (SS), 
heterozygotes (R S), and resistance hom ozygotes (RR) 
over several insecticide concentrations, dom inance can 
be m easured precisely, with RS individuals usually re- 
sponding in an interm ediate manner. In the field, domi- 
nance is a changeable phenom enon, depending on the 
con cen ira lio n  ol insecticide applied and its uniform ity 
over space and time. Even when the initial concentra- 
tion is sufíĩcient to kill RS individuals (rendering resis- 
tance effectively recessive), the w eathering or decay ot 
residues may result in this genotype show ing increased 
survival and resistance becom ing functionally domi- 
nant in expression. W hen resistance genes are still rare, 
and hence mainly present in heterozygous condition, 
this can have a prolound effecl in accelerating the selec- 
tion of resistance genes to econom ically damaging 
ữ equencies.

The diverse m ating systems of insects also iníluence 
the rate at w hich resistance evolves. Although most 
research has focused on outcrossing diploid species 
(typified by m em bers of the Lepidoptera, Coleoptera, 
and D iptera), system s based on haplođiploidy and par- 
thenogenesis also occur among key agricultural pests. 
In haplodiploid system s, males are produced uniparen- 
tally írom  unferúlized, haploid eggs, and females are 
produced biparentallv from fertilized, diploid eggs. The 
prim arv consequence of this (exem pliíied by whiteflies, 
spider m ites (Fig. 3d ), and phvtophagous thrips) is that 
resistance genes are exposed to selection [rom the outset

in haploid, hemizygous males, irrespective o f intrinsic 
dom inance or recessiveness. W hether a resistance gene 
is dom inant, sem idom inant, or recessive, resistance can 
develop at a sim ilar rate under haplodiploidy. whereas 
recessiveness can cause significant delays (in itially  at 
least) in diploid populations.

M ost species of aphid undergo periods of partheno- 
genesis, prom oting the selection of clones with the 
highest levels o f resistance and/or the m ost damaging 
com bination of resistance m echanism s. However, in 
holocyclic populations (ones that alternate betw ecn 
sexual and asexual reproduction), this effect is at least 
partially countered by genetic recom bination and the 
subsequent reassortm ent of m echanism s during sexual 
reproduction. In fully anholocyclic (asexual) popula- 
tions, such as those of Myzus p ersicac  in northern Eu- 
rope, the iníluence of parthenogenesis is m uch more 
severe and has led to strong and persistent associations 
betw een resistance m echanism s within clonal lineages 
exposed to a succession of different selecting agents.

B. Ecological Iníluences
Several aspects o f pest ecology, including ihe dynam ics, 
phenology, and dispersal capabilities of pest organism s, 
act as primary determ inanls ol' resistance dcvelopm ent. 
However, their iníluence on seleciion rates can be un- 
prediclable w iihout a sound knowledge of how they 
interact with patterns of insecticide use. As an exam ple, 
m ovem ent of pests betw een untreated and ireatecl paris 
o f their range may delay the evolution of resislance, 
due to the diluting effect of susceptible im m igrants. 
Conversely, large-scale m ovem ent can, as described 
above, also accelerate the spread of resistance by trans- 
íerring resistance alleles between localities.

For highly polyphagous crop pests, interactions be- 
tween pest ecology and insecticide treatm ents play a 
particularly critical role in determ ining seleciion  pres- 
sures. Key íactors to be considered are the seasonality 
and relative abưndance of treated and untreated plant 
hosts and patterns of migration hetween hosls at diĩíer- 
ent times of ihe year. A good example rclates to the 
two m ajor bollw orm  species (Lepidoptera: Noctuidae) 
attacking cotton  in Australia. Only H elicavcrpa arm igera  
(Fig. 3a) has developed strong resistance; H. punctigcra, 
despite being an equally ím portant cotton pesi, has 
rcm ained susceptible to all insecticide classes. The most 
likelv explanation is that H. punctigcra  occurs in greater 
abundance on a larger range of unspraved hosts than
H. a rm ig cra , thereby precluding a signiRcam  increase 
in resistance on treated crops.

Hovvever, polvphagv can som eiim es be deceptive. In 
the cotton/vegetable/m elon producúon system s ol the



Southwestern United States, the highly polvphagous 
vvhiieílv B em isia  tabaci has becom e a devasiating pest 
and a primary target o f insecticide sprays. The conse- 
quences for resistance have varied substantially on a 
regional basis. Resisiance problem s have proved m uch 
more severe and persistent on cotton in south-eentral 
Arizona than in the exirem e southw cst o f the State and 
ihc ad jacent Im perial Valley of Caliíornia. This appears 
attributable to the higher proportion o f unsprayed 
hosts, especially alfalfa, acting as a buffer to resistance 
in the latter areas and preventing any directional in- 
crcase in the severity of resistance over successive sea- 
sons. In south-central Arizona, these untreated reíuges 
are m uch less abundant during the time that cotton  is 
treated wilh insecticides. Thus, a large proportion of the 
local whitefly population is forced through a selection 
“boltleneck” on cotton  and exposecl to intense selection  
for resistance, despite an abundance o f alternativc hosts 
at other times o f  the year.

Enclosed cnvironm ents such as greenhouses and 
glasshouscs, w hich restrict m igration and escape from  
insecticide exposure under clim atic regim es íavoring 
rapid and continuous populalion grow th, provide icleal 
ecological cond itions for selecting resistance genes. 
Very low or zero damage tolerance llìresholds for high- 
value ornam ental or vegetable produce accentuate the 
problem  by prom oting overf requent spraying and hcnce 
intcnsiív selection  for resistance. Over the years, these 
environm enis have proved poteni sources o f novel re- 
sistance m echanism s íor a diverse range o f control 
agents and have presented a particular challenge to 
attem pts at resistance m anagcm ent.

c. Operational Iníluences
Although closely linked to aspects o f pest genetics and 
ecology, operational ĩactors are best distinguished as 
ones w hich, in principle at least, are at raaiVs discretion 
and can be manipulatecì to iniluence selection  rates. 
Factors exerting a m ajor iníluence in  this respect in- 
clude the rate, m ethod, and írequency o f applications, 
their biological persistence, and vvhether insecticides 
are used singly or as m ixtures o f active ingredients.

Equating operational íactors with seleclion  is often 
difficult, since w ithout a detailed knovvledge of ihe re- 
sisiance m echanism s present it is im possible to test 
m any o f the assum ptions on w hich gcnetic m odels o f 
resistance are based. A nticipating the selection pressure 
im posed by a particular application dose o f insecticide 
is a case in point. If resistance alleles are present, the 
only  entirely nonselecting doses will be ones sufficiently 
high to overpow er all individuals, regardless o f their 
genetic com position, or ones sufficiently low to kill no

insects at all. The latter is obviously a trivial opiion. 
Prospects o f achieving the form er depend critically  on 
the potency and dom inance o f resistance genes present. 
A pragm aiic solution to this dilem m a is to set applica- 
Lion doses as far above the tolerance range o f s s  individ- 
uals as econom ic and environm ental constraints perm it, 
in the hope that at least RS genotypes will be effectively 
controlled . Even this approach can backfire badly if 
resistance turns out to be m ore com m on than suspected 
(resulting in the presence o f RR hom ozygotes) or resis- 
tance alleles exhibit an unexpectedly high degree of 
dom inance. Unless a high proportion o f insects escape 
exposure altogether, the consequence could then be 
to select very rapidly and effectively for hom ozygous 
resistant populations.

In practice, concerns over optim izing dosc rates to 
avoid resistance are secondary to ones regarding the 
application process itseir. D eliver)r system s and /or habi- 
tats prom oting uneven or inadequate coverage will gen- 
erallv be more prone to selecting for resistance, since 
pests are more likely to encounter exposure conditions 
under w hich selection is m ost intense. This was ele- 
gantly dem onstrated through experim ents assessing the 
relative survival o f cyclodiene-susceptible and -resistant 
phenotypes o f the coffee berry borer (H ypothem us ham - 
p ei) in coffee plantations treated with this chemical in 
New Caledonia. The practice of spraying plantations 
from  roadsides with vehicle-m ounted m istblow ers gen- 
eratcd gradients in ihe concentration  of endosulían that 
resulted in different selection pressures in differeni 
parts o f each field. Sim ilarly, underdosing with the fu- 
m igant phosphine in inadequately sealed grainstores 
has been im plicated as a prim ary cause o f resistance to 
this chem ical in a range o f stored product pests.

The tim ing of insecticide applications relative to the 
life cycle of a pest can also be an im portant determ inant 
o f resistance. A good exam ple relates to the selection  
o f pyrethroid resistance in the cotton bollworm, H eìi- 
coverpa  a rm ig era , in Australia. O n cotton  foliage íreshly 
ireated with the recom m ended field dose, pyrethroids 
killed larvae up to 3 - 4  days old irrespective of w hether 
they were resistant or not by laboratory criteria. Since 
the sensitivity o f larvae of all genotypes to pyrethroids 
was found to decline with increasing larval size, the 
greatest d iscrim ination betxveen susceptible and resis- 
tant phenotypes occurred only when larvae achieved a 
threshold age. Targeting o f  insecticides against newly 
hatched larvae, as is generally advocated for bollw orm  
control, not only increases the likelihood o f contacting 
larvae at the m ost exposed stage in their developm ent 
but also offers the greatest prospect of retarding resis- 
tance by overpow ering its expression.

In practice, persistent insecticides are olten essential



to ensure an acceptable period of control, especially 
w hen contending with disease vectors or continued 
invasion o f crop pests [rom alternative hosi plants. 
However, persistent applications can accentuale resis- 
tance developm ent by exposing a larger num ber of indi- 
viduals to the selecting agent. A nother problem is that 
residues of persistent insecticides decay or becom e di- 
luted through plant growth, so that resistant insects 
may survive more effectively than they did at the time 
of application. Em pirical studies with a range of pests 
in đ u d in g  m osquitoes, bollw orm s, and blowflies have 
dem onstrated that aged deposits discrim inate more 
readily betw een genotypes or phenotypes than ones 
(reshly applied.

In theory, the coapplication of two or morc unrclated 
chem icals as insecticide m ixtures offers substantial ben- 
eíìts for delaying ihe selection of resistance. The under- 
lying principle is one of “redundant killing,” whereby 
any individuals already resistant to one insecticide are 
killed by sim ultaneous exposure to another, and vice 
versa. Hovvever, achieving this objecúve requires not 
only that each type of resistance is still rare but also 
that the ingredients conĩer mulual prolection through- 
out the effective life o f an applicalion. Failure lo ensure 
that they exhibit sim ilar biological persistence may lead 
to one com pound exerting greater selection pressure 
than the other, thereby accelerating the selection of 
doubly resistant phenotypes. Two potentially conílict- 
ing challenges of choosing ideal m ixture partners are 
therefore (i) to ensure m axim um  sim ilarity in efíìcacy 
and persistence againsi ihe target pest(s) and (ii) to 
ensure m axim um  dissim ilarity in chem ical structure 
and m ode of action to m inim ize the likelihood of cross- 
resistance. D ifficulties with identiíying candidaie mole- 
cules that meet all these criteria have greatly limited 
the use of m ixtures íorcom bating  resistance to conven- 
tional insecticides, altbough they have considerable ap- 
peal for sustaining the effectiveness o f insect-tolerani 
iransgenic crops (see below).

D. Fitness of Resistant Individuals
Despite the advantages they confer under exposure to 
insecticid es, it is often assumed that resistance genes 
also confer physiological costs that coukl lead to count- 
erselection when insecticides are not applied. Some of 
the best exam ples of such íìtness costs com e from stud- 
ies conducted under harsh or stressíul environm ental 
cond itions, vvhen even slight differences in relative fit- 
ness are likely to have m ajor consequences for ihe sur- 
vival o f genotypes. For exam ple, resistant strains of 
bollw orm s, blow flies, and aphids have all been dem on- 
strated to overw inter less successíully than theirsuscep -

tible counierparts. Possible explanaúons lor these íit- 
ness differentials include the reduced viability of certain 
life stages, a slower reproductive rate rendering resistant 
insects m ore vulnerable to adverse clim atic cond iiions 
or to predation, or a reduced ability to respond to envi- 
ronm ental cues prom oting survival. In the aphid M yzus 
p ersicae , resistani individuals are less inclined to move 
from senescing to younger leaves and are therefore m o re 
vulnerable to isolation and starvation after leaf abscis- 
sion. These costs have been im plicated in the decline 
in írequency of resistam  genotypes in the absence of 
insecticide pressure, leading to a balancing polym or- 
phism  for resisiance rather than a consistent accum ula- 
tion of resistance from  one season to another.

Fitness costs associated with resislance can be dilíĩ- 
cult to dem onstrate experim entally, sincc deleteríous 
effects may only be expressed under particular environ- 
m ental conditions or coníerred by other genes closely 
linked to the resisiance locus. The mosi convincing 
exam ples are ones in w hich costs have been found 
consistently in resistant populations ol diverse gco- 
graphic origin or have persisted afier several genera- 
tions of back-crossing to susceptible insecis in order lo 
exclude linkage effects. The potenlial for dtness draw- 
backs to be overcom e by a process oí coadaplation, i.e., 
the integration of resistance genes with other ‘m odifier” 
loci that am eliorate íitness costs, has also proved chal- 
lenging to dem onstrate. In a few cases, however, re- 
peated back-crossìng of resistant insects lo susceptible 
ones has led 10 seem ingly fìt resistance phenolypes ac- 
quiring a Puness penally , apparenlly due to ihe uncou- 
pling o f resistance genes from modifier loci.

X. COMBATING INSECTICIDE 
RESISTANCE

In m ost studies o f evolution, the primary challenge is 
to identiĩy seleciive forces and lo interpret their cffects 
on the gcnetic com position  o f individuals and popula- 
tions. W ith  insecticid e resistance, it is also necessary 
to intervene in the evolutionary process and find ways 
of reducing its deleterious im pact on pest management. 
Failure to do so in the past has had many severe conse- 
quences, including the econom ic failure of cropping 
system s, the resurgence o f insect-transm itted patlio- 
gens, and damage to the environm ent by way of in- 
creased inseciicid e applications.

The concept of insecticide resistance m anagem enl 
(1RM) aim s to address ihese concerns through the de- 
velopm ent of contro l strategies for overcom ing resis- 
tance to currently used com pounds, or prcventing its



appearance in the íĩrst place. Although drawing extcn- 
sively on the theorclical and em pirical ừamevvork that 
evúlutionary biology provides, IRM strategies must also 
contend with several practical, econ om ic, and poliúcal 
constraints on ihe choice of possible m anagem ent tac- 
tics and the precision wirh w hich they can bc applied. 
The m ost im portant of these are as follows:

The properlies o f any resistance genes present will often 
be unknow n, and know ledge of pesi ecology may 
still be rudimentary. 

lt is often necessary to contend w ith a whole pesi com - 
plcx rather ihan ju st a single pest species.

There will oíìen be a very lim ited num ber of insecticides 
available lor use in m anagem ent strategies.

For highly m obile pests at least, counterm easures may 
need lo be standardized and synchronized over large 
areas, som etim es whole countries.

Resistance is a dynamic phenom enon; i.e ., any m echa- 
nism s already known lo exist may change over time. 
Continued m oniloring is vital to determ ine w hether 
managem cnt recom m endatíons rem ain valid or need 
to be revised in light o f changing circum stances or 
new knowledge gained.

To prom ote com pliance w ith m anagem ent strategies, 
the countcrm easure adopted should be as unam bigu- 
ous, rational, and sim ple as possible.

A straiegy íỉrst im plcm enled on Australian coiton  in 
1983 to eontend with the bollw orm , H elicoverpa arm i- 
g e ia ,  illusiraies many ĩeatures of large-scale attempts 
at resistance m anagem enl. It was introduced in re- 
sponse to unexpected, but still localized, outbreaks of 
pyrethroid resistance in H. a rm ig era  and was based 
primarily on the concept o f insecticide rotation. The 
threat of pyrethroid resistance was countered by re- 
stricting these chem icals to a m axim um  of three sprays 
w ithin a prescribed lime period coincident with peak 
bollw orm  damage. Farm ers were required lo use aker- 
naúve insecticide classes at other stages o f the cropping 
season, in order to diversiíy the selection  pressures 
being applied.

C om pliance wiih this straiegy was excellen i, and 
iniiially it had the desired effect o f preventing a system - 
atic increase in the írequency o f pyrethroid-resistant 
phcnotỵpes. Additional recom m endations resulting 
from w ork on the ecological genetics o f pyrethroid resis- 
tance, including the targeting of insecticid es against 
newly hatched larvae (w hen even resistant insects can 
be killed) and the plow ing-in o f cotton  stubble to de- 
stroy resistant pupae ovenvintering in the soil, un- 
doubtedly contributed lo this success. U níbriunately, 
the restrictions placecl on pyrethroid use were inade-

quate to prevent a gradual, long-term  buildup of pyre- 
ihroid resistance. As a result, pyrclhroids are no longcr 
considered reliable control agents for H. a rm ig era , al- 
though they remain highly elTective againsi a coexisting 
species, H. pưnctigera. The strategy has ihereĩore been 
revised extensively to place greater em phasis on distin- 
guishing betw cen the two H clicovcrpa  species and on 
the sirategic use of nonpyrethroids against H. arm ig era . 
Transgenic cotton  plants expressing B a á lh ts  thurin- 
giensis  (Bt) toxins have since been released com m er- 
cially in Australia. Tactics for deploying these \vithout 
selecting rapiclly for Bl resistance are thereĩore being 
investigated as a m atter o f urgency (see below ).

Another strategy incorporating a wide range of 
chem ical and nonchem ical counterm easures was in tro- 
duced on lsraeli cotton in 1987. This had the prim ary 
objective of conserving the effectiveness o f insecticides 
against the whitefiy, B em isia  ta b a á .  Under recom m en- 
dations coordinaied by the Israeli C otton Board, im por- 
lant new whilefly insecticides are restricted to a single 
application per season w ilhin an alternation strategy 
optim ized to contend wúh ihe entire cotton pest com - 
plex and to exploit biological control agents 10  the 
greatest extern possible. One m ajor achievem ent of ihis 
strategy has been a dram atic reduction in the num ber 
o f insecticide applications against the whole range of 
cotton pests, but especially against B. labaci. Sprays 
against w hitenies now average less than two per grow- 
ing season com pared with over 14 per season in 1986. 
Most im portantly of all, the slrategy has generatecl an 
ideal environm ent for releasing additional new insecli- 
cides onto cotton and íor managing them effeclively 
from the outset.

XI. RESISTANCE IN NONPEST SPECIES

Compared to its prevalence in arthropod pests, insecti- 
cide resistance is still relaúvely rare am ong nonpest 
species including beneficial organisms. However, it has 
been well docum ented in a few species of hym enopteran 
parasiloids and predatory m ites, som e of w hich are 
being exploited in integrated pest m anagem ent (IPM ) 
system s. Its rarity among beneíìcial organism s is proba- 
bly due in part to difficulties in localing hosts and prey 
(and hence surviving) under exposure to insecticides. 
The likelihood of resistance developing in beneíicial 
arthropods may be increased if the insects they depend 
on as prey are already resistant, although this requires 
further research. It is also likely that, in com parison 
with herbivorous species, the enzym e system s o f preda- 
lors and parasites are less well adapted to detoxiíy 
xenobiotics.



The propensity for beneficial insects to evolve resis- 
tance obviously depends on the degree of selectable 
variation vvithin their populations. Although laboratory 
selection  has been used to enhance low levels o f pesti- 
cide tolerance found in Eĩeld populations, there is a 
concern  that such selection applied at artiíicially low 
doses w ill prom ote polygenic traits ihat could íragment 
and dissipate if released into natural populations. How- 
ever, w hen substantial resistance has evolved naturally 
in the íìeld, its m echanism s have tended to be sim ilar to 
ones íound in pest species. O rganophosphate-resistant 
strains of the green lacewing, C hrysopa sceỉestes, have 
been show n to exhibit increased activity of acetylcholin- 
esterase (A ChE) com pared lo suscepiible insects. A car- 
boxylesterase enzym e, very sim ilar in  am ino acid se- 
quence to ihal conlerring organophosphate resistance 
in the aphid, Myzus persicae, has been cloned and se- 
quenced from a m alathion-resistant strain of the para- 
sitic wasp A nisopterom alus ca ìan drae.

Since the development of resistance is depcndent on 
the ecology of systeras in w hich it appears, in ieraciions 
betw een beneíicial and pest species will greaily affect 
the epidem iology and dynamics of resistance in both. 
For exam ple, some parasitoids of stored-graỉn beetles 
are resistant lo insecticides, and it is thought that this 
adaptaúon has been encouraged by the fact that iheir 
parasilic larvae are sheltered [rom insecticides by ihe 
grain kernels inhabited by their hosts. This is thought 
to protect a substantial part o f the insecl life cycle írom 
insecticide selection and ensures that relatively small 
sh iíts in insecticide tolerance by the parasitoid afiord 
signiíìcant protection against the decreased insecticide 
doses that do penetrate their deíenses.

Natưral enem ies may contribute to retarding resis- 
tance in  pest species by exerting suffìcient control to 
decrease the num ber of insecticide treatm ents re- 
quired. C onversđy, ihere are ways in vvhich natural 
enem ies could promote the adaptation of pests 10 

insecticides. For exam ple, ihe selection pressure íor 
resistance would be increased if vveaker, sublethally 
affected individuals were more easily preyed upon or 
parasitized than iheir fully resistant and thereĩore 
unaffected counterparts.

XII. THE SPECIAL CASE 0 F  
TRANSGENIC PLANTS

A new developm ent in crop protection vvilh an im por- 
tant bearing on resistance is the release of crop plants 
genetically engineered to express genes for insecticidal

toxins derived from the m icrobe B acilỉus ihuringiensís 
(B t). Bt cotton and/or co m  is already being grovvn C01T1- 

m ercially on a large scale in  ihe United States, Canada, 
Australia, M exico, China, and South Aỉrica. In  1998 , 
the total area worldwide planted with Bi crops was 
esúm aied to exceed 12 m illion ha. Existing toxin  genes 
in Bt cotton and corn are active speciíìcally against 
certain key lepidopieran pests (especiallv bollw orm s 
and corn borers); anoiher engineered into potatoes pro- 
vides protection against the Colorado beetle, Lcptino- 
tarsa decem lineata .

Aside írom  their com m ercial prospects, insect-toler- 
ant transgenic crops oíĩer numerous potential beneíits 
to agriculture. The incorporation o f Bt genes into crops 
offers constitutive expression of toxins in plant tissues 
throughout a growing season. T his could reduce dra- 
m atically the use of conventional broad-spectrum  insec- 
ticides against insect pests as weĩl as remove the depen- 
dence of pest control on extrinsic íaciors, including 
clim ate and the effìciency of tradilional application 
m ethods. However, this high and persisient level of 
expression also introduces a considerable risk of pests 
adapting rapidly to resisi geneúcally engincered toxins. 
To date, there are no substanúated reports of resistance 
selected directly by exposure to com m ercial iransgenic 
crops, but resistance to convenlional 13L sprays (selecied  
in either the laborator}' or the íìeld) lias been reporied 
in m ore than a dozen species of insect. Research into ihe 
causes and inheritance of such resisiance is providing 
valuable insights into the threats lacing Bt plants and 
the efficacy of possible counierm easures.

Tactics proposed for sustaining the effectiveness o f 
Bt plants have many parallels with ones considered 
for managing resistance to conventional insecticides. 
Hovvever, they are more limited in scope due to the long 
persistence and constitutive expression of engineered 
toxins and ihe limited diversity of Lransgenes currently  
available. Indeed, for existing “single-gene” plants, the 
only prudent and readily im plem entable tactic is to 
ensure that subsianúal num bers of pests survive in non- 
transgenic “reĩuges,” com posed either of the crop itseir 
or of alternative host plants. In the longer term , stacking 
(pyram iding) of tvvo or more genes in the same cultivar, 
or possibly rotations o f cultivars expressing differcnt 
single toxins, are potentially more durable options for 
resistance m anagem ent. w hatever m easures are 
adopted, ít is essential that Bt plants (and their succes- 
sors expressing other transgenes) are exploited a.s com - 
ponents of m ultitactic strategies ralher than as a panacea 
for existing pest m anagement problem s, im luding those 
arising from the developm ent of resisiance to conven- 
tional insecticides.



XIII. CONCLUDING REMARKS

Over the past 20  years, few areas of eniom ology have 
advanced as rapidly or received such vvidespreacl atten- 
tion as that o f insecticide resislance. Research on this 
topic has provided invaluable insights into the origin 
and nature of adaptations, and these are in turn proving 
of m uch broadcr significance for understanding genetic 
responses to m anm ade change in ihe environm ent. In 
m any respects the continu in g  battle against resistance 
is analogous to an evolutionary “arm s race,” in this 
case pitting human ingenuity in discovering new toxins 
against the adaptive capacity of pest species. Debates 
as lo who will cventually win this race are of secondary 
im portance to the realization that for many species the 
race is probably unnecessary. A wider adoption of resis- 
tance m anagem ent practices, especially through greater 
exp loitation  of nonchem ical m easures, would assist 
with reducing both the econom ic im pact o f resistance 
and the deleterious effects o f many cxisting pest and 
disease m anagem ent strategies on biodiversity in 
general.
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INSECTS, OVERVIEW
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1. Introduction
II. M aịor Divisions

GLOSSARY

hexapod G roup including insects and their prim itive 
relatives.

instar Stage betw cen m olts o f im m ature insccts. 
pro-, meso-, and metathorax First, second, and third 

segm enls o f the thorax.

T H E ỈN SEC T S  are the m ost species-rich  group o f organ- 
tsm s know n, w ith the m ost diverse naiural histories o f 
any anim als. The m ost successỉul insect groups have 
vvings for ílight, can fold thesc wings back over the 
botly, and have developm ent that is divided into four 
discrete stages: egg, larva, pưpa, and adult.

I. INTRODUCTION

T h e Class lnsecta , or the slightly larger Superclass Hexa- 
pocla (w hich additionally includes the orders C ollem - 
bola, Protura and D iplura), is the vvorlds m ost species- 
rich group o f organism s, with about 1 m illion described 
specics. They are íound nearly everywhere on earth, 
including the terrestrial, aquatic, and, to a m uch lesser

exien t, m arine ecosystem s. They are m ost diversc in 
tropical ĩorests, where the undescribed íauna has been 
esũm ated to com prise 5, 10, 3 0 , or cven 50  m illion 
species. Hexapods are a w ell-established m onophyleùc 
group, based on the presence oí threc m ajor body divi- 
sions— head, thorax, abdom en— and a single pair o f 
locom otory appendages on each thoracic segm ent. 
Som e prim itive insects have retained appendages on 
the abdom inal segm ents, but these are m uch sm aller 
and less íunctional than ihose on  thc ihorax. Most o f 
ihe m ore derived groups o f insecls also havc wings, 
usually one pair on each o í the m esothoracic and m ela- 
thoracic segm ents, but these have been varioưsly lost or 
modiGed in som e groups, especially the Diptera (flies).

The íossil record o f hexapods extends back to the 
earliest record of terrestrial liíe, with C ollem bola and 
low er insects recorded from  the low er Devonian, alm ost 
4 0 0  m illion years ago, and possibly even earlier traces 
from the Silurian. Insects have been prom inent m em - 
bers of the íossil record ever since, w ith m ost prom inent 
m ajor groups having been preserved írom  late Paleozoic 
or early M esozoic íorm ations (2 0 0 - 2 5 0  m illion years 
ago). A sum m ary o f  fossil insects is given by Kukalová- 
Peck (1 9 9 1 ).

II. MAJOR DIVIS10NS

Insects and their relatives (together reíerred to as the 
Hexapoda) are arthropods, with a chitinous exoskele- 
ton and jo in ted  appendages. They grow by m olting,

Encyclopcdùi oị Bidtiivcrsiív. Vo/ium" .3
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periodically shedding their exoskeleton to allow a nevv 
larger body to expand and harden. The closest arthro- 
pod relatives to the hexapods are still unknovvn but 
probably include som e or all of ihe m yriapods (centi- 
pedes and m illipedes).

The insects íorm erly included all groups currently 
classified as Hexapoda, but recently authors have sepa- 
rated the Collem bola (spríngtails) and Protura into a 
separate group callecỉ Ellipura or Parainsecta (Table I). 
The D iplura are placed either within the Insecta or in 
a separate order of uncertain affinity. All are soft-bodied 
hexapods usually found in soil or decaying organic 
m aterìal. M ost are small, 1 to 5 mm in length, but som e 
Diplura are m uch larger. The Collem bola is the most 
species-rich  group and the one most com m only encoun- 
lered, as ihey are often enorm ously abundant in soil, 
com post, under rocks, in damp places, and even on the 
suríace of waler or snow.

The “true” insects are deíined by characters of the 
structure and m usculature of the antenna, am ong oth- 
ers. There are two relatively primitive groups, the jum p- 
ing bristletails (A rchaeognatha) and the bristletails 01' 
silveríìsh (Thysanura). Bolh are elongate, wingless crea- 
tures with a long, segm ented, median “tail” and lwo 
shorter, but still prom inent cerci. Boih groups are scav- 
engers, íeeding on vegetable and som eúm es anim al 
debris.

The appearance of wings m arks the Pterygoia. The 
origin o f wings and ílight in insects has been controver- 
sial, with a num ber of theories pui íorvvard. Mosi now 
agree that wings are íormed from a movable part of 
the o f the leg, w ith its attendant corollary that the 
prolow ings were fonĩied in aquatic insects, possibly 
used for ventilating gills and even for locom otion in 
water. E xtant insects have vvings on only the m esotho- 
rax and m etalhorax (the second and thìrd thoracic seg- 
m en ts), but ĩossils exist for w hich there are also protho- 
racic w ings or wing precursors.

Also unlike the more primitive insects, pterygote 
insects have hem im etabolus developm ent. The imma- 
ture stages, often called nymphs, after m olting several 
tim es, undergo a final molt that produces fully winged, 
sexually  m ature adults (except in the Ephem eroptera, 
w hich are unique in having a second adult m olt; dis- 
cussed later). More primitive hexapods are am etabolus, 
w ith gradual growth through several m olts until the 
sexually mature adult stage, w hich differs relatively lit- 
tle [rom the immature form s, is reached.

T he m ost primitive winged insects are som etim es 
ịoined in a group called Paleoptera and include the 
extant orders Ephem eroptera and Odonata. U nlike their 
m ore advanced relatives, the neopterans, paleopterans

TABLE 1

M a jo r  D iv isio n s  o f  E x ta n l In s e c ts , S im p lified

S u p erc lass H cxap o d a

C LA SS ELL1PU RA  ( =  PA R A 1N SEC T A )

O rd er C o lle m b o la  (sp rin g ta ils ) 6 ,0 0 0

O rd er Protu ra 500

C LA SS D IPLU RA

O rd cr D ip lura 8 0 0

C L A 5S 1N SEC 1A

P rim iliv e in secl groups

O rd er A rch aeo g n a ih a  (ịu m p in g  b ris tle ia ils ) 350

O rd er T h y san u ra  (b r is tle ta ils , s ilv crtish ) 330

P tery g o ta  (w in g ed  in s e tis )

O rd cr E p h cm ero p tera  (m a y llie s ) 2 .2 1 0

O rd er O d o n ata  (d rag o n d ies  and  dain.-.clllics) ĩ , 0 ) 0

N eo p iera  (ad v an ced  p icrỵ g o ics )

O rd er P lcco p tcra  (s to n c tlie s ) 2 ,0 1 0

O rd er B la ilo d ea  (c o c k ro a c h c s ) 4 ,0 1 0

O rd cr Iso p tera  (te rm iie s ) 2 ,3 J0

O rd er M am o d ea (m an tid s) 1 .8 )0

O rd er G ry llo b lau o d ea  ( ic c  cra w lcrs) 25

O rd er D erm ap iera  (earw ig s) 1 ,800

O rd er O rih o p te ra  (g ra ssh o p p crs , c r ic k e ts , katydũls) 20.ƠOO

O rd er Ph asm alo d ea  (w a lk in g stick s ) 2 ,5 0 0

O rd er E m b io p tera  (w cb sp in n c rs ) 200

O rd cr Z o rap tera 30

O rd er P so co p tcra  (b a rk  an d  bo ok  lice ) 3 ,0 0 0

O rd er P h ih ira p tcra  ( l ic c ) 3 ,0 0 0

O rd cr  H em ip lera  (in c lu d in g  H o m o p icra ; true bu gs) 9 8 ,( .0 0

O rd er T h y sa n o p ie ra  ( ih r ip s ) 4 ,5 0 0

E n d o p lery g o ta  ( =  H o lo m elab o la )

O rd er C o leo p tera  (b c c tle s ) 3 5 0 ,co o

O rd er M cgalo p tera  (a ld e r [lies, d o b so n tlic s) 300

O rd er R aphidiopLcra (sn a k c d ie s ) 175

O rd er N cu ro p tera  (lace w in g s , a n llio n s  and o th e rs) 5 ,( 0 0

O rd er M cco p tcra  (sco rp io n R ie s) 500

O rd er S ip h o n ap tera  (íleas) 2 , '0 0

O rd er S trep sip tera  (tw isted -w in g ed  p arasitcs) 500

O rd er D iptera (flics ) 1 2 0 ,0 0 0

O rd cr L ep id o p tera  (b u tte r ílic s  an d  m o th s) 1 6 0 ,(0 0

O rd er T r ich o p tcra  (cad d isA ies) 7 ,0 0 0

O rd cr H v m en op tera  (sa\vflies, a n is , bees and \vasps) 1 2 0 ,0 0 0

“ lm p o ria n t su b d iv isio n s  a re  in  bo ld . A d e ia ilcd  c lassitĩca tio n  ;an  

bc found in K ris le n scn  (1 9 9 1 , ln s c c ls  o f  A u slra lia , Y o l. 1). A pproxi- 

m ate n u m b er o f  d e scrib cd  s p cc ic s  from  v ario u s sou rces.

cannot fold tlieir vvings dovvn against the body. Both 
extant orders o f Paleoptera have aquatic larvae, but they 
differ m arkedly in other aspecls of their life histories. 
Mayílies are generally herbivores, scraping algae and



diatom s [rom obịecls in the water. w h en  m ature, they 
enierge from the w ater in an interm ediate, winged stage 
called the subim ago, vvhich lasts only a short time. Thev 
m olt once more and em erge as winged adults, ready to 
m ate, and die soon thereafter. D ragonílies and damsel- 
ĩlies, in conirast, have highlv predaceous larvae. There 
is no subim ago stage, as the adulls emerge directly 
and begin relatively long lives as predators o f sm aller 
insects D ragonílies in particular are strong tliers that 
can travel great distances from water when in search 
o f prey.

The Neoptera are deíined by the ability to swivcl 
and fold the \vings back at rest. The íunctional signiíì- 
cance of such a m odiíìcation is obvious— it allows the 
insect the opportunity to slip into sm all places to hide 
from  predators and seek lood. It has also opened the 
path to using the wings as protective structures when 
not in ílight, and ihe forew ings of many groups have 
becom e hardened or thickened. This is especially evi- 
denl in the beetlcs, whose hardened forewings are 
largely useless for locom otion and are held out of the 
way during flight.

The relationships ainong the m ore prim itive Neop- 
tera are not wcll resolved- O ne particularly enigm aúc 
group are the stoncílies (P lecop iera), whose aquatic 
lifcstyle is rem iniscent of the paleopterans. The larvae 
live in clear, cool stream s or lakes, where they are 
herbivores or predators. The adults are w eaker íliers 
than Odonaia but longer lived than Ephem eroptcra, 
and they feed on algae, decaying vegetation, or dctritus.

The Blattodea, Isoptera, and M antodea are terrestrial 
insects som etim es unified in a group called D ictyoplera. 
T heir liíestyles are extrem ely divergent, however. Cock- 
roaches are flattened, usually cryptic and nocturnal 
scavengers. They vary in shape and size from sm all, 
delicate species a few m illim eters in length to large, 
bulky forms 6  cm  long. M ost are cryptically colored, 
but som e are m im ics o f apparently distasteful íĩreílies 
(C olcoptera: Lam pyridae).

Isoptera are term ites, the only eusocial group of in- 
sects outside of the H ym enoptera. AU species íeed on 
cellulose from wood, leaves, and plant debris that is 
digested in their gut by a sym bioúc m icrobial fauna 
of [lagellate protozoans or spirochaete bacteria. Som e 
spccies also culture gardens of fungi in their droppings; 
the fungi are then consum ed and their enzym es aid in 
digestion. Term ites have a num ber of castes, with most 
inđividuals in a colony being sott-bodied vvorkers, along 
w ilh a Iesser num ber o f soldiers and a single queen and 
king. Nests can be in the ground, in  rotting wood or in 
carton  nests built on trees or other structures. Ground- 
nesting species often build prom inent m ounds that in

som e species can reach a fevv m eiers in height. Although 
they appear deĩenseless, term ites have a wide variety 
of chem ical and structural m odiíìcaúons that allow 
them  to resist attack by predators, especially ants.

The praying mantids, Order M antodea, are voracious 
predators. They have m odiíìed, spinv, raptorial íorelegs 
that grasp and crush their prey, usually other insects 
but som etim es even sm all vertebrates. They have no 
venom or other m echanism  for killing their prey other 
than by eating them. Most mantids are green or brown 
in color, cam ouflaging them from attack by predators 
and detection by their prey. Som e are Aaitened and 
speciíìcally colored to resem ble leaves or petals of 
flowers.

Unlike the w ell-know n cockroaches, term ites, and 
m am ids of the D ictvoptera, the grylloblatúds are poorly 
know n and only relatively recently recognized as a sepa- 
rate order. They are íound in cool clim aies, usually 
at high elevations, in the northern hem isphere living 
m ostly under rocks or in caves. In the spring and sum - 
m er they can forage on the snow surface, íeeding on 
dead insects and plant material. Ice craw lers lack wings, 
w hich they have secondarily lost probably as an adaỊDta- 
tion 10 iheir cryptic liíestyle.

Earwigs, order Dermaptera, are a distinctive group 
of insects that have a pair o f forceps-like appendages 
at the posterior apex of the abdomen. W ings are absent 
in som e species, and when ỊDresent are modiRed, such 
that the ĩorewings are shortened and hardened and the 
hingwings are exlensively folded, exposing m ost o f the 
abdom en. M osl species are om nivorus, predatory, or 
herbivorus and are nocturnal. Usually they are encoun- 
tered when searching ihrough leaf litter, under rocks, 
in  roiten logs, or in any other hidden crevice.

A m uch larger group is the Order O rthoptera, the 
fam iliar grasshoppers, crickets, and katydids. M ost o f 
these have notably enlarged hind legs, used to ju m p  
great distances or launch the insects in flight to escape 
predators. Many katydids are m asters of cam ouílage, 
with green, leaf-like wings bearing m arkings that resem - 
ble leaf veins, fungal infections, and even insect Teeding 
damage. O ther orthopterans are equally cry'piically col- 
ored, a testim onv to the relentless selective pressure 
exerted by sharp-eyed bird predators. Som e grasshop- 
pers and katydids are strong íliers, whereas crickets are 
usually m uch more likely to stay on the ground. Most 
male O rthoptera produce sound to attract m ates, and 
the calls o f katydids and crickets are an iniegral part 
o f the evening chorus in warmer parts (or seasons) o f 
the world. Plants are the food of m ost species, allhough 
there are som e predators as well.

Like the O rthoptera, the vvalkingsticks (O rder Phas-



m atodca) are masters of concealm ent. W ith iheir long, 
sú ck-like  bodies covered in warts, bum ps, and spines, 
w alkingslicks can virtually disappear in the appropriate 
background. One family, whose species are nattened 
but still extrem ely well cam ouílaged, is m ore appropri- 
ately reíerred to as the leaf insects. All feed on leaves 
of plants.

The w ebspinners o f the Order Em bioptera (vvebspin- 
ners) are an unusual group of small insects that live in 
silk  galleries o f their own production. They are narrow 
bodied, w ingless (except for som e m ales), and have the 
íìrst tarsal segm ent svvollen and Rlled with silk glands. 
The galleries they spin are under bark, benealh stones, 
or in the open in mo re hum id regions; from them they 
feed on vegetable debris, rotten wood, m oss, or lichens.

The Zoraptera are probably ihe leasi well know n 
group of insects. They are nondescripl, small insects, 
a few m illim elers long, white or pigm ented, usually 
w ingless, and wíth or without eyes. Their life history 
is little know n, although they may be fungus feedcrs.

A m uch m ore com m only seen, but still relatively 
obscure group are ihe Psocoplera, the bark and book 
lice. These small insects, under 1 cm in length, have 
large, globular heads, rounded bodies, and may or may 
not bear two pairs of wings. They live on plants, on 
bark, in leaf litter, or som elím es in hum an habitations; 
their food is plant, fungus, and dead insect debris.

Possibly related to some m em bers ol the Psocoptera, 
the Phthiraptera or lice are specialized ecioparasites of 
m am m als and birds. Some species, such as the chevving 
lice, leed on skin, hair, or íeathers, whereas others, such 
as the sucking lice, suck blood from their hosls. All 
are sm all, wingless, ílattened insects found only on 
their hosts.

O utside of the Endopterygola (discussed later) there 
is onìy one truly large order of insects: the Hemiptera. 
This assem blage, in the broad sense, includes groups 
som etim es named the Heteroptera, or true bugs, and the 
H om optera, the cicadas, leaf-, tree-, and planlhoppers, 
aphids, w hiteflies, scales, and others. All have distinc- 
tively modiíìed m outhparts that are in the form of a 
p iercing-sucking beak that ihey use to obtain food. 
Pređatory species pierce their prey, usually other in- 
sects, irýecting digestive enzymes to kill and begin the 
process o f digestion. Predation is restricted to some 
heteropterans; a few also feed on vertebrate blood. M ost 
H em iptera are plant fceders, including the m ajority of 
the heteropterans and all the hom opterans. M ost species 
are terrestrial, although some heteropierans are aquatic. 
Som e hom opterans, especially scalcs and aphids, pro- 
duce honeydew, as sweet excretion drips down onto 
leaves and becom es a m ajor source of food [or other

insects such as ílies and wasps. Some are attended by 
ants, who harvest honeydew and protecl the hom opter- 
ans from predators and parasitoids.

The ihrips, Order Thysanoptera, are another unusual 
order o f insects. They are sm all, slender-bodied, with 
or w ithout slender, íringed vvings. The last tarsal seg- 
m ent o f the legs have an inílatable bladder used to 
improve the grip on the substrale. The m outhparts are 
asym m etrical, of the piercing-sucking form, used to 
feed on debris, íungi, or plants. Thvsanopterans also 
have an unusual form of developm enl in w hich there 
are two or three pupa-like stages, sim ilar to the pupal 
stage of holom etabolus insects, but which were inde- 
pendently evolved. At least one tropical species has 
developcd a degrt-e of sociality.

The m ajor group o f insects, accounting for about 
80%  ol the specíes, is the Endopterygoia, or H olom eia- 
bola, two nam es that reler to different aspects o f these 
insects. Endopterygota reíers to the development o lth e  
wings ừom  imaginal disks of tissue vvithin the pupa of 
the im m ature insecl, in contrast to the gradual, external 
developm ent in less derived insects. H olom etabola re- 
fers to the developm ent of individual insects through 
a com plete m etam orphosis, through egg, larva, pupa, 
and adult stages. The larva is transíorm etl to an often 
strikingly different adult through the pupal siage, in 
w hich the body tissues are alinost com pletely broken 
down and then reorganìzed inlo adult structures. Imagi- 
nal disks, sections o f tissue sequeslered and formed in 
the larval stage, are retained in the pupa and are the 
basis o f many of the adull structures, such as gonads, 
legs, and wings. The alm ost com plete scparation o f the 
structure of larval and adult insects allows the holom e- 
tabolus insects to be extrem ely specializcd in each stage: 
the larva ior íeeding and the adult for raating and dis- 
persal. T his specialization increases the eííìciency oí 
each siage and probably results in the incredible success 
of holom etabolus insects.

W ith in  the Endopterygoia, there are ĩour orders thai 
are im m ensely large and successíul: ihe Coleoptera, 
Diptera, Lepidoptera, and Hymenoptera. Any one of 
these megadiversity groups alone is among the largesl 
assem blages o f organism s in cxistence, outnum bering 
any other group except plants. Together, these four 
insect orders constitute about 40%  of all described spe- 
cies o f life on earth.

The m ost successỉul order o f insects in term s ol 
species num ber is the Coleoptcra or beetles. They are 
the largest group of organisms in the world, even out- 
num bering plants. The m esothoracic (lirst) pair o( 
wings of the beetles are greatly strengthened and hard- 
ened, such that they are of liitle or no use in ílight



bui are superb shielcls vvlien held ovcr ihe vulnerable 
abclomen. These hardened forew ings, called elylra, are 
usually held [lush over the back of the beetle, m aking 
it slippery and clifficult to gtasp, as well as hard and 
d ilĩicult to crush. In tnany groups, the overall body 
form is solid, ílaltened , and com pact, allow ing beetles 
10 hide easily, penetrate cryptic habitats, and even to 
burrow extensively in soil. Although som e beetles have 
secondarily evolved soíiened  or even greatly reduced 
elytra, there is no doubt that this m odiíìcation has al- 
lo\ved beetles to becom e the preem inent form of insect 
lifc on the planet. Prim arily a group that is prevalent 
in warm clim ates, beetles b ecom e relatively less diverse 
at higher latiiutes. but w ithin their range thev períorm  
a num ber of roles, from scavenging, predalion, and 
herbivory to endo- and ectoparasitisni. Many species of 
beetles can be íound under stones, in rottìng logs, under 
bark, in  freshw ater, in íungi, in leaí litter, and on ihe 
foliage of plants. Som e beetles found on (lowers are 
ìnim ics o f bees and wasps, and som e beelles founcl in 
armv ant colonies resem ble their hosts to an amazing 
degree. Therc are species o f rove beetles found in ter- 
mite nests that carry a passable model o f a term ite, 
lonned by extensions o f their abdom ens, over their 
heads.

There are three orders o f insects that are related to 
beetles but ihat do not share their same degree of 
success: the M egaloptera (alder flies, dobsonflies), 
Ra])hidiopiera (sn ak eílies), and Neuroptera (lacevvings, 
an llions, and others). T he larvae ol m egalopterans are 
predalory and aquatic, usually living in đ ear, running 
water. The adulls are m edium  to large-sized insects, 
sorne oi w hich have enorm ously enlarged m andibles. 
In contrast, the larvae o f snakeílies are terrestrial, living 
on the ground in ro itin g  wood or leaf litter and íeeding 
on sm aller insects. Adults have a greally elongated pro- 
thorax, giving them  a snakelike appearance. N europter- 
ans are more diverse, w ith a num ber of elaborate or 
bizarre íorms interm ingled w ith the more norm al-look- 
ing lacewings and the dam selfly-like antlions and 
ow lflies. All are relatively soft-bodied, with large vvings 
bearing an elaborately reticulate wing venalion. Som e 
adults are know n to be predatory, as are m ost o f the 
im m atures. The im m atures o f antlions dig conical pits 
into vvhich prey fall and are grabbed by the waiting 
larva. Lacew ing larvae are predatory on aphids and 
other soft-bodied insects found on loliage.

A nother large assem blage o f holom etabolus orders 
includes the M ecoptera (scorp ion ílies), Siphonaptera 
(íleas), Strepsiptera (tw isted-w inged parasites), and 
D iptera (ílies). The relationships am ong these orders 
is in a S t a t e  of ílux, with m olecular data giving som e

indication thai íleas are highly modiíied scorpionílies 
and that the Slrepsiptera, long associated with the Co- 
leoptera, are actually the closest relatives to the Dip- 
tera. Previously, som e subdivision of the M ecoptera was 
thoughl to be m ost closely related to Diptera; whatever 
the situation, ihe m onophyly of the scorpionflies rela- 
tive to som e other groups is seriously in quesúon.

Scorpionílies are a relatively small group of insects, 
so-nam ed because the male genitalia resem ble the 
stinger oi a scorpion. M osi are terrestrial; the larvae are 
scavengers and the adults scavengers or predators on 
small insects. Adults and larvae of the unusual, brachyp- 
terous Boreidae feed on m osses, vvhereas the adults o f 
one genusofPanorpodiđ ae are herbivorous. One family, 
N annochoristiclae, has aquatic im m atures that feed on 
larval chironom id midges. Som e species have elaborate 
courtship behaviors involving nuptial gifts o f dead in- 
sects to the female.

Fleas are highly modiRed, laterally ílatiened, wing- 
less blood feeders on birds and mam mals. Usually they 
are found in the nests or other areas ừequented by their 
hosts. The larvae are usually free living, feeding on 
organic detritus and blood from droppings of the adults, 
although som e are obligate ectoparasites. Adults are 
extrem ely laterally ílaitened, allowing [hem lo travel 
sm oothly betw een ihe hairs or feathers of their hosts, 
and oĩten have backwards-point.ing com hs of spines 
that tnakes them  difficult to remove. They have strongly 
developed ju m p ing  legs that allow them leap to and 
from their hosls.

Strepsiptera are extrem ely unusual parasitoids of 
other insects. The adults are highly sexually đim or- 
phic, with the males being íree-living, winged insects, 
whereas the ĩetnales in all but one íam ily are endopara- 
sitoids— w ingless, legless, and w ithout only vestigial 
eyes and appendages of the head. The female body ex- 
trudes from the body wall o f the host, em itting phero- 
m ones to attract males that copulate with the special 
openings (external genitalia being absent). The larvae 
are hyperm elam orphic, with active, host-seeking íĩrst 
instars that, upon encountering and infecting a host, 
m olt to a legless, relatively inactive form.

As one of the megadiversity groups described earlier, 
Diptera are found nearly everywhere. T heir distinctive 
innovation has been the reduction of the m etathoracic 
wings to a pair o f knoblike halteres that act as gyro- 
scopes in ílight. This m odiíìcation has increased their 
m aneuverability and allowed Diptera to becom e unpar- 
alleled m asters o f aerial locom otion. Although some 
adult ílies require extensive protein m eals to m ature 
eggs and power Aight, m ost o f the feeding is done by 
larvae, vvhich can be predators, scavengers, herbivores,



parasitoids and even true parasites. Free-living Diptera 
larvae are found in soil, ro tting vegetation, ĩeeding on 
and in plants, and som eúm es exposed on vegetation. 
Aquatic íorm s are tound in the silt or sand underlying 
the body o f water (som etim es in terstitia lly ), on the 
surface o f rocks, logs, or vegelation, or in  the water 
colum n. Parasitoids attack m ostly other arthropods, but 
som e endoparasites attack mam m als.

T he orders Lepidoptera (butterílies and m oths) and 
Trichoptera (caddisílies) are close relatives. The lesser 
o f the lw o— the caddisAies— have aquatic larvae that 
are íouncl in nearly every type o f freshw ater environ- 
m ent. M ost construct cases or shelters from plant parti- 
cles, tvvigs, stones, or sand grains tied together with 
silk. Som e also conslru cl nets to capture debris for food, 
w hereas others are predatory, attacking other aquatic 
insects. The adults are slender, m othlike insects, oíten 
with long, thin antennae.

T he Lepidoptera are am ong the best-knovvn insects, 
especially thc colorful, diurnal group called bulterílies. 
M osl o f ihe diversity oỉ the group, hovvever, is in the 
nocturnal, often drably colored m oths, w hich constitute 
about 80%  of the species o f Lepidoptera. The larvae 
are usually called caterpillars and are best know n as 
voracious feeders on plants. Larval Teeding takes place 
on the surfaee of the plani or w ithin it (as in leaf m iners 
and stem  borers), and alm osl every plant part— leaves, 
stem s, roots, flowers, and seeds— can be affected. Some 
species are also predatory and som e feed on animal 
m aterial, such as wool, but alm osi all species are phyto- 
phagus. Adults of m ost fam ilies have rriouthparts that 
are m odified to form a long, coiled tube that is used 
for taking up liquids, usually nectar from [lowers. Many 
adult and larval Lepidoptera are cryptically colored to 
avoid detection by predators, whereas others are 
brightly  colored to warn o f toxic chem icals sequestered 
in their bodies. Som e adults engage in long-distance mi- 
grations.

The fìnal large group is the Hym enoptera, the saw- 
ílies, ants, bees, and wasps. Like the Diptera, the Hy- 
m enoptera have becom e extrem ely adepl íliers, bul have 
done so by jo in in g  the fore- and hindwings with a row 
of tiny hooks (ham uli) 10  produce a single ĩunctional 
pair o f wings. The m ost prim itive ĩam ilies are phytopha- 
gous, but from w ithin these groups have arisen a great 
diversity o f parasitoids, predators, and plant feeders. 
The parasitoids include som e of ihe sm allest know n 
insects, w hich attack the eggs o f their m uch Largcr hosts 
(su ch  as Lepidoplera). O ther parasitoids attack a diver-

sity of im m ature insects, especially those of olher 
holornetabolus groups, and develop as endo- or ecto- 
parasitoids. Some are obligatory hyperparasitoids—  
parasitoids of parasúoids; others oviposii in plant tissue 
and induce the íorm ation o f plant galls, in w hich the 
larvae feed. The predatory Hym enoptera attack a vvicle 
range of hosts, especially other arthropods, w hich thcy 
often subdue but do not kill w ith a venom ous súng. 
Larvae of these species have a supply of fresh food lo 
consum e w hen they hatch from an egg laid on the 
paralyzed prey. M ost species hide their prey in some 
sort o f burrow or nest to prevenl its being taken hy 
other insecls or scavenging anim als. Som e of these pro- 
visioning wasps have m oved on to pollen and neclar 
are food, as in bees. Sociality  has evolved a num ber of 
times in the Hymenoptera, with the largest and most 
com plex colonies formed by ants and bees.

III. CONCLUSION

As thìs brief survey show s, the largest, most diverse 
and arguably most successỉul groups o f insects are those 
that have undergone three m ajor innovations: (a) the 
developm ent of wings, (b ) the ability to lolđ wings over 
the body, and (c) the division of the life history into four 
m ajor stages. Further oulsiand ing success was found in 
those species ihat had hardened forewings (beetles), 
those that transíerred the responsibility of ílight to a 
single pair of wings (D iptera), those thai extensively 
exploited flow eringplants (Lepidoptera), and those that 
com bined a single functional wing com plex with a num- 
ber o f other traits (such as haplodiploidy) that produced 
the ants, bees, and wasps (H ym enopiera).
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spatial or lem poral pallerns in distributions and 
abundances of species. 

patchincss Variation from place to place (or tim e to 
ti me) in the abundances o f anim als or plants, caused 
by the interaction o f num erous proccsses. 

recruitment Arrival o f new ịuvenile animals or plants 
into a habitat or an older stage of ihe population. 
For many m arine anim als, recruitm ent occurs some 
time after the settlem ent o f planktonic larvae in the 
adults’ habitat.

GLOSSARY

assem blage The collection  of animals and plants íound 
together in a patch of habitat. 

d iversity  index A numerical m easure com bining infor- 
m ation about the num ber of species presem  in a 
sample or habitat and iníbrm ation about their rela- 
live abundances. 

ccolog ical íu nctions A ttributes or properiies o f assem - 
blages or habilats that are dependenl on  the biodiver- 
sity o f anim als and plam s present. Exam ples are 
production of nitrogen, sequestering o f heavy m etals, 
sustained production of harvesled resources, m ainte- 
nance of a diverse food web, and so on. 

ecological p rocesses D irect or indirect in teractions be- 
tween species— such as grazing, predation, eom peti- 
lion, responses to d isturbance, and so o n — that cause

ĨN TERTID A L AREAS  such as rocky shores, mangrove 
íorests, sandy beaches, and m udílats are habitats for 
very diverse assem blages o f plants and animals. These 
species are usually distributed patchily in space and 
lime because of several im portant ecological interac- 
tions. Local biodiversity is lherefore patchy and vari- 
able. M easurem ent o f biodiversity is com plicated by 
variability. The íunctions provided by biodiversity are 
not well understood in m ost intertidal habitats. Plan- 
ning for conservation, m anagem ent, and restoration of 
biodiversity is d ifficult because of variability in space 
and time.

I. INTRODUCTION

Intertidal habitats range from  rocky beaches or plat- 
forms to sandy and muddy shores. They occur under
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a wide range of physical siresses, m ost notably due to 
ernersion w hen the tide falls and disturbances due lo 
waves. The anim als and plants m ust endure the full 
range o f physical variation, from  being covered by water 
w hen the tide is in , to being potentially  exposed to 
typical terrestrial conditions when the tide is out. In 
addition, the am plitude or range of tidal rise and fall 
can vary betw een two tides in a day (th is is called 
“sem idiurnal inequality”) and, everywhere, varies in a 
íortnightly cycle betw een spring and neap tides. Spring 
tides rise m uch higher and fall rnuch low er than do 
neap tides. As a consequence, during neap tides, anim als 
and plants at high levels on a shore are not reached by 
an incom ing tide for several days in a row and must 
endure long periods of inactivity or reduced activity 
until spríng tides start again. At these high levels, mois- 
ture from spray (particularly w here wave acúon is great) 
and duríng rain is very im portant íor the supply of food 
and for preventing m arine anim als [rom drying out 
during tbeir long periods of em ersion.

In com plete contrast, anim als and plants at lower 
levels on the shore are subm ersed continu ou sly  for 
several days during neap tides because the tides do not 
fall low enough to expose such areas to aerial condi- 
tions. As a result, the anim als and plants are, effectively, 
in a íully m arine habitat and can be subịect to predation 
by crabs, fish, starfish, and so on, w hich are raostly 
subtidal species. Such predators can forage at will over 
the low er parts o f a shore during neap tides. This varia- 
tion in periods of em ersion versus subm ersion causes 
a very stark gradienl of physical conditions from  the 
top to the bottom  o f the shore.

A second strong physical gradient often exists along 
a shore, due to variation in wave action. As any shore 
bends away from being fully exposed to the open ocean, 
the strength of waves hitting the rocks will vary. As a 
resuk, there is a general decrease, with decreasing force 
of waves, in the am ount o f splash and spray over any 
area. The two physical íorces— the d irect force of waves 
and the am eliorating effects o f splash and spray reduc- 
ing the iníluences of d esiccation  during low tide—  
in íluence the abundances of anim als and plants and the 
nature of their activities. T hu s, grazing and predation 
are less intense w here waves are strong. The diversity 
o f species changes w ith wave action  because of the 
com bined in íluences o f waves them selves, their am elio- 
rating influence on desiccation, and the indirect influ- 
ence of both  physical íeatures on the interactions 
am ong species.

These two m ajor processes— tidal rise and fall and 
wave action — are so well know n that their in íluences 
were long considered the m ajor, if not the only, inílu-

ences on local ecological processes and therefore divcr- 
sity in intertidal habitats. The gencral ĩeatures of inter- 
tidal regions, particularly the general patterns of 
d istribution  and the Iium bers of species on rocky 
shores, have tor a long lim e been described in term s 
of these physical forces. Sum m aries and details are 
available in Lewis (1 9 6 4 ) and Stephenson and Ste- 
phenson (1 9 7 2 ) and other revievvs of particular bio- 
geographical regions or com parisons of various parts 
of the world.

M ore m odern syntheses, in contrast, have focused 
on the ecological processes ihat have more profound 
effects in terms o f creating and m ainiaining considcr- 
able patchiness in the ways anim als and plants are dis- 
iributed  in intertidal habitats. The variation often is 
considerably more conspicuous than the [eatures con- 
sidered general and easily explained in terms of građi- 
ents  o f  p hysica l  forces.  This ío rm s the Central them e of  
this con trib u ú on — the processes thai inílucnce patierns 
of distribution and abundance o f species and thereíore 
the local diversity of spccies in interúdal habitats. The 
m ajor focus is on rocky intertidal habitats, hecause most 
o f the experim ental w ork in the past 40  vears has been 
on this type of habitat. The anim als and plants are 
typically relaúvely short lived (although individuals can 
live for extraordinarily long periods). They are usually 
small and abundant, and m ost o f them are slow moving 
or sessile. As a result, experim ental m anipulatíons to 
tesi speciíìc hypotheses from com peting models that 
m ight explain patterns can be done without enorm ous 
areas of habitat being disturbed and wilhoul excessive 
costs o f logistics and inlrastructure. There has been a 
m ass o f such w ork and it has revealed and continues 
to reveal a great deal about the life histories, inlerac- 
tions, and the general and speciíĩc ecologỵ of the main- 
tenance of diversity in intertidal habitats (see revicw 
by Undervvood, 2 0 0 0 ).

In addiúon to rocky shores, there is also som e discns- 
sion o f other intertidal habitats (sandy beaches, man- 
grove íorests), even though these are discussed in detail 
elsew here in this encyclopedia. Their inclusion here is 
to dem onstrate that the sorts o f variabilitv in time and 
space found on hard, rocky suríaces are widespread 
and general and not coníìned  to rocky shores.

Follow ing an overview of ecological patchiness and 
som e consideration of its causes in  intertidal habitats, 
three consequences o f variability in biodiversity are in- 
troduced: how to m easure and com pare diversity from 
one place to another, how  descriptions ol biodiversity 
may relate to íuncú onal aspects o f diversity, and the 
sorts o f ĩunctions that biodiversity mav provide in 
Coastal habitals.



II. PROCESSES CAUSING PATCHINESS 
ON ROCKY SHORES

N um crous ecological processes inlluence or maintain 
patterns of local biodiversily in Coastal habitats. These 
incluđe direct and indirect biological processes of re- 
cruitm ent, predation, grazing, and com petition . They 
also include physical d isturbances and biological rc- 
sponses to them. These difrerent types of processes are 
illustrated here.

A. Recruitment
Variabilily in recru itm ent o f Coastal m arine organisnis 
is well described (C on n ell, 1985 ; Thorson, 19 5 0 ). Many 
of ihe animals and plants have a relatively long disper- 
sivt' phase in iheir life history, resulting in a large pro- 
portion of propagules being killed by predators, failing 
to clevelop or not being able to find a suitable habitat 
to settle and m etam orphose. Inevitably, the processes 
o f procluction and loss o f propagules lead to great varia- 
lion in num bers surviving to seltle in the adults’ habilat 
and the numher actually setlling  in any area o f habilat 
at any particular tim e.

There are two m ajor consequences to issues o f bio- 
diversity of (his variation in recru itm ent to adult popu- 
lations. First, vagaries ol types and num bers o f species 
arriving in a patch will ensure ihat the diversity of 
species conlinues to be patchy at sm all spatial scales. 
Second, across the ranges over w hich species disperse, 
there will be liu le large-scale variation in diversity. 
T hu s, along a strelch  o f coastline over w hich organism s 
disperse, the assem blages thai develop vvill, in general, 
receive recruits from sim ilar m ixtures o f species. At a 
local scale of patches o f coastline in any area on the 
coast, there will be greater variation in the com posilion 
of assem blages.

At larger scales, speciation  and changes in diversity 
froiri one side of an ocean lo another are ver)' m uch 
iníluenced  by recru itm ent o f larvae. T hu s, the vasl 
stretches of open, oceanic vvater in the m iddle o f the 
Paciíìc and the Atlantic oceans form barriers to the 
spreađ or continuity of species. Scheltem a (1 9 7 1 )  sam- 
pleđ plankionic stages o f life history of various gastro- 
pod m ollusks in sam ples from  ihe middle of the Ailan- 
tic. He found a very good correlation betw een the 
num ber of larvae o f a given species and the d istribution 
o f adults. Species found on coastlines on both sides of 
the Atlantic were regularly found as larvae in his sam - 
ples. Larvae that were found less com m only were from 
adults that had closely related or subspecies on the two

coasts. This implied that lack  of írequent interchange 
o f larvae was causing diíTercnliation and speciation. 
Species found on only One side o f the Atlantic were 
rare or absent as larvae in the sam ple. Thus, where 
larvac cannot arrive, divcrsity will differ.

The tim ing o f recru itm ent by different species can 
also affect local diversity o f species. Thorson (1 9 5 0 ) 
pioneerecl the study o f influences o f vvhen recru its arrive 
to their final habitats. He described the predatory brittle 
stars (A m phiu ra  spp .), w hich did not feed íor 2 m onths 
while breeding. Several species of m ollusks w ith short 
larval developm ent bred during this period. The brittle 
stars had a longer period o f developinent. As a conse- 
quence, the young m ollusks could be released into the 
plankton , cornplete their developm ent, recru it, and 
grow to a size where at leasi som e o f them  would escape 
from the voracious predatory recru its of the hrittle stars. 
lf the m ollusks recruited later, they were unable to avoid 
their predators. T his anecdote needs to be exam ined 
experim entally  but indỉcates thai the tim íng and order 
o f recru itm ent can have profound inMuences on w hich 
species survive in an area.

B. Competition
A second m ạjor process that can iníluence local diver- 
sity is com p elitio n — negalivc interactions ainong indi- 
viduals o f the sam e or different species caused hy abso- 
lute or relative shortage o f resources needed by all o f 
the individuals. In m osi Coastal habitats, resources are 
food, space, and, for plants, lighl. Space is needed to 
settle and becom e established (for sessile species) and 
as an indirect resource for food (for exam ple, by m obile 
grazers, w hich need relatively open space over w hich 
to feed). Alternatively, suffìcien i space on the subslra- 
lum  is needed to allow access to ihe water colum n for 
filter ĩeeders.

G enerally, com petitive interactions are considered 
to lead to reduction in abundances or actual elim ination 
o f com petitively inferior species. N um erous exam ples 
dem onstraie this, starting w ith ConnelPs (1 9 6 1 )  classic 
experim ental dem onstration of destruction o f one spe- 
cies o f barnacle (C h tham aỉu s steỉlatu s)  by another, 
faster-grow ing species (Balanus b a la n o id es , using the 
taxonom y as in C onnell). As a result o í overgrow th by 
B. ba lan o id es , c .  steỉlatu s  could  be elim inated from som e 
lovver areas of their vertical d istribution on a shore.

Such com petitive overgrovvth can have dram atic ef- 
fects on local richness of species. For exam ple, Paine 
(1 9 7 4 ) has described the m ajor decrease in num ber of 
species living on prim ary sp ace— the underlying sub- 
stratu m — where m ussels are able to overgrow and even-



PIGL REĨ 1 D iagram  illu s lra lin g  in d ỉrect im cra c tio n s  in volved  in co m p ctilio n  for space and 

lig h t am o n g  in lertid a l seaw eed s (K a slen d ie k , 1 9 8 2 ) . T h e  k elp , E is íiiiíi a rbo rca .  form s a canopy 

th at p rov id es sh ad e an d  m o is iu re  d u rin g  low  tide. U n d cr ih e can o p y , ih c  rcd  alga. P terocladia  
cap illa cea .  can  ih riv e . E lscvvhere, il is ovcrgrovvn and o u ico m p ele d  bv th e lu r íin g  alga, Hti/i- 
íírys dioíca.

tually elim inate m ost other species (lim pets, chitons, 
algae, barnacles).

These exam ples do, how ever, paint a biasecỉ picture. 
For exam ple, where m ussels overgrow  a primary sur- 
face, their shells provide new bard substrata 011 which 
the iníerior com petitors can becom e established. They 
also serve as environm ental engineers (Lavvton, 1 9 9 4 ), 
because the packed shells o f m ussels trap sedim enls. 
while íeeding on  particles in ihc w ater, m ussels selcc- 
tively ingest som e sizes and types of particles. The rest 
are \vrapped in m ucus and elim inated as pseudo-feces, 
w hich  add substantial substance and nutrients to the 
surrounding sedim ents in the m atrix o f m ussels. The 
result o f ail these processes is provision o f habitat and 
food for a very substantial num ber of species, such that 
the num ber o f species in  m ussel beds is very large 
(L ohse, 1993).

There are also com plications due to inclirect interac- 
tions (reviewed by W ootton , 1 994 ) where the outcom e 
o f com petition betw een two (or m ore) species (say, A 
and B) iníluences the outcom e of com petitive interac- 
tions betw een one o f them  and yet other species (say, 
B and C).

F o r exam ple, Kastendiek (1 9 8 2 )  described the inter- 
esting case of the turfing red alga, Hcilidrys d io ica , vvhich 
outcom petes the alga, P teroc lad ia  c a p iỉla c ea ,  by growing 
over and denying it access to light (Fig . 1). W here there 
is a canopy o f a third species. E isen ia  a rb o r ea ,  however. 
the in íerior com petitor survives well under the canopv 
and is able to "resist” com petition [rom H. d io ica . Thus,

com petition for lighi beiw een E. a rb o rca  and H. d io ica  
d im inishes the la tters  capacity to grow vvcll and to take 
over space thai is occupied by iníerior com pelitors, 
su ch as p. cap iỉla c ea . As a resuli, com petition by E. 
a rb o rea  over H. d io íca  prevents com peútive overgrowth 
of p. c a p ilỉa c ea  by H. d ioìca .

c. Predation
A m ajor process iníluencing diversity of species on 
rocky shores is predation. Predalion has three distincl 
iníluences. F irst is sim ply that where predators are suf- 
íìciently num erous or active, they may elim inate som e 
species from areas of habitat. Thus, toward the bottom 
of rocky shores on the northw est coast of the United 
States, Connell (1 9 7 0 ) described predation by several 
species o f ihe whelk, Nucella (or Thais) Teeding on 
barnacles. Low on the shore, the w helks had sufficient 
opportunity (due to prolonged subm ersion by the tides) 
to eat all of the barnacles, thus elim inating them  from 
such low areas and thereby reducing thc diversity of 
sessile species there. At higher levels, in contrast, the 
vvhelks were less active because they had a smaller 
period subm ersed during low tide in vvhich they coulcl 
find an item of prey and consum e it.

The second iníluence of predation is indirecl. The 
whelk Moru la  m arg in alba  in southcasi Australia con- 
sum es a variety o f prey, including barnacles and sniall 
lim pets, P alello id a  latislriga la . Il lakes thc \\ helks con- 
siderably longer to drill a hole through the shell ()f a



barnacle than to eat a limpet; M. m a r ý n a lb a  can con- 
sume p. latistrigata  w ithout having to drill a hole 
through their shells. Fairw eaiher (1 9 8 5 ) removed lim- 
peis in some areas as they arrived. As a result, predation 
of small barnacles by whelks increased. This dem on- 
strated an indirect effect of preferences and differences 
in the time taken to consum e prey; the least preferred 
species (the lim pets) took less time to eat than the 
more highly preferred barnacles. W here there were no 
limpets, the vvhelks turned their entire attention to 
small barnacles, with consequent increased m ortality 
and decreased abundances of the barnacles. Nole also 
that w hether or not lim pets arrived from the plankton 
also iníluenced the eventual outcom e in terms o f abun- 
dances of barnacles and, thereĩore, the local relative 
abundances and, thus, diversity of species.

The lìnal maịor influence of predation is also indi- 
rect. Large generalist predators are capable o f consurn- 
ing most other species in any patch of habitat. As a 
resull, they can have direct iníluences on ihe abun- 
dances of prey and can free space on the shore for 
spccies to be able to recruit. Space is often in short 
supply, causing the various sessile species to com pete 
w iih each other for space on w hich to live and causing 
grazing species to com pete íor space over w hich to feed. 
l f  ihe generalisl predator disproportionately consum es 
“vvinners” of com petitive struggles for space, predation 
will have very im portant effects on the local diversity 
of species. The original example of this phenom enon, 
knovvn as “keystone predation,” was investigated by 
Paine (1 9 7 4 ). The large staríìsh, Pisastcr ochraceu s, eats 
m ost o f the other sessile and m obile anim als on rocky 
shores on the west coast o f the United States. In some 
arcas, the starfish preĩerentially eai mussels (Mytilus 
spp.). M ussels are, however, am ong the best com peti- 
tors for space, being able to sm other and grow over 
other species (see earlier). Predaiory starfish continu- 
ously remove m ussels, making space available for infe- 
rior com petitive species that would otherwise be locally 
elim inated by overgrow th due to the mussels. In this 
case, the predators exert an indirect positive inAuence 
on a range of species of prey, resulting in there being 
grcater num bers o f species (i.e., greater species diver- 
sity) where there are predators than where there is 
none.

D. Physical Disturbances
Given that physical ĩactors such as desiccation and wave 
aclion  can have large and im portant intluences on abun- 
dances and diversity of species in intertidal habitats, it is 
not surprising that physical disturbances can iníluence

diversity. vvhere disturbances are large or írequent, it 
is likely that m ore delicate species that are unable to 
withstand the physical torees will be unable to survive. 
They are either prevented from settling and becom ing 
established in the first place or are unable to com plete 
their life cycles before a large disturbance k ills them. 
It is expected  under ihis m odel that there vvould be 
reduced diversity in m ore physically stressed habitats 
sim ply because of the direct loss o f species due to distur- 
bances. In contrast, w here d isturbances are sm all or 
rare, m ost, if not all, species can survive the rigors of 
the environm ent. R esources o f space and food will then 
becom e critical and som e species will disappear because 
of superior com petitive abilities o f other species. Under 
ihese circum stances, diversity in physically benign 
areas will also be reduced below  w hat is theoretically 
possible.

As a consequence o f these two processes, it is antici- 
pated that the greatest diversiiy should be found in areas 
of interm ediate disturbance, such  that com petition  for 
resources is not too intense because there is sufficient 
disturbance to prevenl all o f the possible species from 
building up excessive abundances. At the same time, 
physical stress is not so great thai som e species are 
actually elim inated. This is the m odel o f interm ediate 
disturbancc (C onnell, 1978 ).

From  this m odel, it has been predicted that in areas 
wherc physical d isturbances can be increased or de- 
creased in intensity or írequency, there w ill be predict- 
able changes in diversity. F o r  exam ple, where distur- 
bances are sm all, increasing their severity will cause 
increases in diversity as superior com petitors are pre- 
vented from building up sufficient num bers to consum e 
all o f the resources needed by other species. If distur- 
bances are increased even m ore, there will be a decrease 
in diversity.

Such pred ictions have been tested in several studies 
on rocky shores, w ith m ixed success. Sousa (1 9 8 0 ) 
identified patterns of diversity that were fairly consis- 
tent with the m odel, but the m echanism s operating 
were not as stated. Species were not lost by superior 
com petition for space from other species. Rather, the 
life h istories o f the đifferent specíes and the time taken 
to be able to recolonize disturbed areas were of greater 
im portance. M cG uinness (1 9 8 7 )  only identiíìed  the in- 
term ediate disturbance m odel as being an appropriate 
explanation for observed patterns of diversity in a few 
of the cases he exam ined in intertidal boulder fields. 
Clearly, m ore work is needed to understand how and 
when the in teractions of com p etition  and disturbance 
lead to predictable outcom es in term s o f diversity of 
species.



III. BOULDER FIELDS

Intertidal boulder fields form a very interesting habitat 
that form s part o f rocky intertidal environm ents. Boul- 
ders have top suríaces that are exposed to waves and 
sunlight and that may be emersed during low tide. 
U nderneath boulders, however, there is a very different 
sort o f habitat— usually cool, m oisl, and dark. On 
shores affected by large waves, boutders are ữequently 
overturned and moved. This alternately exposes each 
surface of the boulder to the light and causes the boul- 
ders to abrade against each other, damaging and killing 
m any anim als and plants living on them. These boul- 
ders support little biodiversity, mainly encrusting 
species that are resistant to harsh conditions or ephem - 
eral species that rapidly colonize new habitat when it 
becom es available.

Boulders on sheltered shores, in contrast, are stable 
and support great diversity of anim al and plant life. 
D iffereni species are found on the tops of or underneath 
these boulders. Those on top are sim ilar to those living 
on nearby rocky shores— aíter all, they are subjecied to 
sim ilar environm enial conditions. Therefore, boulders 
may be covered with leafy and encrusting seaweeds, 
have patches of apparently bare rock, or support large 
num bers of snails, limpets, and other com m on inter- 
tidal anim als.

The specics living under boulders are com pletely 
different. There arc few leafv seaw eeds, but there may 
be many kinds of encrusting seaw eeds, which seem  to 
thrive in dark cond iúons. There can also be patches 
o f attached anim als— plate-like bryozoans, je lly -like  
masses of colonial ascidians or sea-squirts, encrusting 
sponges, and the calcareous and sandy tubes of different 
types of worms. These sorts o f sessile animals are nol 
com m on on rocky shores, except in rock pools or crev- 
ices or under ledges (Fig. 2).

M any of the m obile anim als living under bouldcrs 
are rather speciíic to bould ers— they tend to be rare or 
absent from other intertidal habitats. Many show very 
speciíìc patterns of behavior that allow them to lĩiove 
quickly  from one boulder lo anolher if the boulders 
are overturned or moved into unsuitable condiiions 
by large waves. Thereíore, akhough chitons on rockv 
shores tend to be very slow -m oving and inactive ani- 
m als, those under boulders move extrem ely rapidly over 
ihe rock surface or curl up and drop from ihe boulder 
as soon as it is overturned. This behavior relurns ihcm 
to the undersuríace o f the same or nearby boulders.

Intertidal boulder fields are potentially im portant 
hahitats for the conservaúon of biodiversity. They oflen 
form rather small patches of habitat— especially when 
com pared to sandy beaches, m angrove iorcsts, or rocky 
shores, which are often continuous for many kilom e-

F1GƯRE 2 T h e  u n d ersu ríaccs  o f  in tertid aỉ b o u ld ers su p p o rt n u m ero u s sp c c ic s  o ĩ  sess ilc  and 

mobiỉe animals, many of vvhich are not ĩouncỉ in other intcrtidaì habitats. These include cncrusiing 
sponges, ascỉdians, and bryozoans, numerous chitons and snails, and siaríìsh, sea urchins. and 
britile stars.



ters. The)' are also oi ten scattered along the coast, vvứh 
largc stretches oí other habitats betvveen them. There 
arc no data about how m uch ínterchange there is among 
populations in different boulder Relcls nor how consis- 
tently spccies \vould recru it from other boulder fields 
if locallv elim inated. Because manv species living in 
boulder íĩelds are relatively coníìned  to these habitats, 
thcy are likelv to be vulnerable to hum an activities that 
destroy or damage their surroundings.

Finally, raany species are extrem ely  overdispersed. 
This means thai each species tends to be crovvded onto 
relatively few of the available boulders, while m ost boul- 
ders are unoccupied by Lhat species. Because different 
species are often found on different boulders, patterns 
of biodiversity are very com p lex— both w ithin and 
aniong different boulder íields.

As ỵet, the processes that lead to ihese com plcx 
patterns are not well understood but include such fac- 
tors as ihe size and shape of the boulder, what stone 
it is com posed of, vvhere it is (e .g ., depth of water, 
what substratum  is beneath it), and ihe diAerent wave 
conditions where the boulder field is located. In addi- 
tion, ihere are com plex in teracúons am ong ihc anim als 
and plants them selves (Sousa, 1 9 8 0 ), causing com plex 
changes to biodiversity depending on w hich species 
happen, by chance, to recruit to which boulders.

IV. MANGROVE F0RESTS

ln conlrast to inierticlal rocky shores and boulder íields, 
m angrove forest.s are dom inated by trees. Unlike som e 
other habitats containing many large p lants— for exam - 
ple, subtidal kelp beds (Fo ster and Sch iel, 1985) and 
terresirial raìn forests (T erborgh, 1 9 9 2 )— palterns of 
diversity in mangrove forests (i.e ., variation in the num - 
bers and types of anim als and plants found from place 
to place or time to tim e) are not w ell docum ented 
(H utchings and Saenger, 1 9 8 7 ). T h is is particularly true 
for any measures of sm all-scale patchiness in diversity 
w ithin individual [orests. This contrasts m arkedly with 
other im erúđal habitats in w hich patch iness o f anim als 
and seavveeds is relatively w ell described  (see the discus- 
sion on rocky shores presented earlier).

This lack of good quanútative m easurem ents of bio- 
diversity in mangrove forests is due to m any different 
factors. First, the plants that m ake up the forests are, 
them selves, not very diverse. Typically, they do not 
develop a com plex structure of m any species of canopy, 
understorỵ, and ground cover, w hich could , in turn, 
support many different types of anim als. Second, be- 
canse mangrove ĩorests norm ally grow on very shel-

tcred shores, the verúcal gradients of environm ental 
conditions associated with tidal heighi are verv strong 
(H utchings and Saenger, 1987). There are also slrong 
latitudinal gradients, causing very large differences be- 
tvveen lem perate and tropical zones in the types and 
diversity of trees that make up the forests. These are 
vvell docum ented elsewhere and are not discussed fur- 
iher here. W ithin  any single mangrove forest, however, 
different species of trees typically live at d ifferent levels 
along the intertidal gradient, so that in any one place, 
even fewer types of plants are íound.

The main factor that has led to poor description 
of the distribution and patchiness of biodiversity in 
mangrove íorests is, however, that most diversity is due 
to sm all invertebrate animals. This is, of course, true 
for many habitals where m uch of the biodiversity is 
“invisible.” In such habitats, appropriate sam pling can 
clearly measure variation in diversity Irom place to place 
or time to time, but these sam pling designs are inevita- 
bly com plex and costly becausc they need to measure 
diversity at many diffcrent spatial and tem poral scales.

The anim als that make up most o f the biodiversity in 
mangrove forests include many species of crustaceans, 
such as crabs and am phipods, small snails and bivalve 
m ollusks, worms [rom many different phyla, insect lar- 
vae, and so on. Because these animals are generally very 
small and live on or under the suríace of the mud, they 
are not readily visible without sam pling small patches 
of mud, sieving the anim als out of the sediraent, and 
viewing thcm  under m agnificaúon. The arduous work 
that this enlails means ihat patterns in diversily are not 
well described for most mangrove íorests.

In addition, because the types of plants found in 
mangrove ĩorests often vary along the intertidal gradi- 
ent, m ost studies of the distribution and diversity of 
anim als have also described sim ilar broad-scale pat- 
terns. Therefore, changes in the diversity of snails, crabs 
and olher anim als from the seaward to landward edges 
o f the lorest tend to dom inate the literature. There have 
been few descriptions of the sm all-scale variability or 
patchiness in this diversity within a shore level, al- 
though this may be the m ost im portant source of varia- 
tion in diversity, as is the case on rocky shores. Som e 
studies that have been done to measure sm all-scale 
patchiness in diversity in mangrove forests show that 
m uch of the variability in diversity and abundances of 
these animals is at very small spatial scales (i.e., among 
patches of habitat centim eters or meters apart). It can 
also change unpredictably through time (Fig. 3).

This sort o f patchiness of diversity is not lim ited to 
little invertebrates that live in the mud. Many of the 
larger anim als that spend their ju venile  stages in man-



FIG l)RE 3 T h is  figure sh ow s variab iliiy  in th e n u m b ers  and types o f an im als liv ing in  a m angrove 

forest in N ew  Sou th  W a les , A u stralia . T h e  an im als vvere sam p led  in fou r SÌLCS a lo n g  ih e b an k  
o f  a river. Hach s iie  w as sam p lcd  u sin g  fou r qu ad ra is , p laced  1 LO 2  m eters apart. E ach  p oint 

o n  ih is  Qgure rep resen ts the types and n u m b ers o f  an im als in  each  qu ad rat. T h e  re la tiv e d istan ces 
b e tw een  tw o p o in is  in d ica te s  how  sim ila r w ere an im als in ih o se  tw o q u ad rats . P o in ts c lo sc  

lo g e th er rep resen i qu ad rats  co n ta in in g  very s im ila r types o ĩ  an im als. P o in ts far ap ari m ean thai 

th e q u ad rats co n ta in ed  very d ifferen t n u m b ers and ly p es o f  an im als. F ig u rc  3a sh o w s th a i vvhcn 
th e an im aìs w ere sam p led  th e íirst tim c, th e d iv ersity  of an im als  w as very variab le  from  o n e 
qu adrat to  an o th e r. Q u ad rats  in th e sam c site  (m eters  ap art) sh ow ed  sim ila r am o u n is  o f variability  

in th ese m easu res o f  d iv ersity  as sh o w n  by q u ad ra is  in d iffcrem  siies . P ig u re 3 b  shoxvs w hal the 
p atte rn s  loo k ed  lik e o n ly  th ree m o n th s  la ter. A n im als w ere m o re  sim ila r a t the sca le  o f  m eters 
(am o n g  q u ad rats in  each  s ite ) , b u t th e  sites  appeared  to rep resen t a g rad ien t a lo n g  th e river. 

T h is  re lativ ely  larg e ch an g e in  the p attern  o f  d iv ersỉty  w as n o t seaso n a l, p red ic ta b ìe , n o r  found 

in  o th e r  n earby  s itẹs . It w as m ain ly  d u e to  ch an g es  in  th e  re la tiv e n u m b ers  o f n u m ero u s 

sm all cru stacean s.

grove forests, such as fish, prawns, and large crabs, 
show sim ilar patterns. A recent survey of small íishes in 
patches of mangrove íorests in Sydney Harbour showed 
m ost o f the variation in abundance and diversity was 
fo u n d at the scale o ím eters (i.e., from one net to another 
set in a sm all patch of mangrove íorest). Variation from 
site to site (hundreds of meters apart in the same bay) 
and from bay to bay (kilom eters apari) together ac- 
counted for less variability.

In contrast to rockv shores, there is little inform ation 
about processes that cause this sm all-scale patchiness 
in m angrove forests. This is due to the fact that, with 
few exceptions, mangrove íorests have not been as vvell 
studied, panicularly  using well-designed, controlled

fìeld experim ents. Typically, diversily of small anim als 
living in sedim ents in any aquatic habilat is prim arily 
determ ined by the range of grain sizes of the sedim ent 
itselí. Larger species tend to be more com m on in coarse- 
grained sedim ents and vice versa. The range o f sedim ent 
in any particular mangrove íorest can vary from  patch 
to patch because of such processes as changes to water 
currents around subm erged objects (e.g., the bases of 
trees) or biological processes.

In New South W ales (A ustralia), the m angrove crab, 
H eloecius cord ifon n is  creates m ounds of coarser and 
drier sedim ents and flat areas of w etter and fìner sedi- 
m ents when íeeding and burrowing (W arren and Un- 
denvood, 1986 ). Although not yet measured, it is likely
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FIGURE 4 T h e crab , H cloccius cord i/orm is, and th e ir  burrovvs are 

m ore n u m e ro u s o n  m ou n d s o f  sed im en ts  than  in th c íla tter p a tch cs  

o f  h ab ila ts  in b ctw ecn  the m ou n d s. T h e se  m ou n d s are crca ted  b y  thc 

crab s  ih em se lv es F r o m J .  H. W a rrcn , u n p u b lish ed  data.

that this activity directly  iníluences local patterns of 
diversity, as show n for the burrow ing behavior of sol- 
dier crabs in Tasm ania (Fig. 4 ) (W arw ick et a i ,  1 9 9 0 ). 
O ther sm all-scale stru ciu res— buried shells, the roots 
o f the mangrove plants, worm  tubes— are equally likely 
to alter patterns of diversity, although the im portance 
of these small structures and ihe behavior of other ani- 
mals as inOuences on biodiversity are not yel well cỉocu- 
m ented for mangrove ỉorests.

V. SANDY BEACHES AND MUDFLATS

Sandy beaches and m udílats tend to grade into each 
other along a continuurn depending on the relative 
grain size of the sedim ent. Sandy beaches have rather 
coarse-grained sedim ents and m udílats are, o f course, 
rauddy, with fine-grained sedim ents. Both can occu r 
on very sheltered shores, such as in estuaries, but mud- 
flats do not occu r on w ave-exposed shores, where sandy 
beaches may be com m on (Brow n and M cLachlan, 1990 ; 
Reise, 1985).

Sandy beaches and m udílats have very few large 
plants, although heaps of decaying plant m aterial, 
com m only know n as beach  w rack, can be found on 
the strandline. This m aterial— decaying seagrasses, sea- 
weeds, and kelps that have been washed up by the 
waves— is rapidly decom posed by bacteria, fungi, and 
sm all anim als, many o f w hich are dependent on w rack 
for food. This activity ultim ately releases nutrients b ack  
into the Coastal waters (G riffuhs et a i ,  1 983 ).

Sandy beaches and m udílats appear at íirst glance to 
resem ble deserts— there are oíten few anim als to be 
seen, other than birds and a few crabs. The birds are

generallv visitors to ihese shores, ĩeeding along the 
shoreline or over the extensive ílats during low tide, 
but spending the rest of their time elsew here. There 
are relatively few anim als high on che shore, m ainly 
sem iterrestrial species, such as ghost crabs w hich spend 
the day in burrow s above the level o f high tide, com ing 
out at night to feed. Nevertheless, despite íìrsl appear- 
ances, there is diverse life lower on the shore. As is ihe 
case in mangrove forests, hovvever, m ost of the anim als 
live under the sedim ents.

Really sm all anim als live in the tiny spaces am ong 
the grains them selves. These include unicellular and 
m ulticellular anim als from  many different phyla. Many 
of these very smaỉl anim als resem ble ju veniles o f larger 
species. Many are also extrem ely sim ple. For exam ple, 
although m ulticellular, they may only consist o f a few 
cells and lack structures— such as lim bs, kidneys, or a 
circulatory system — relying on exchange ol substances 
through the body wall to acquire oxygen or get rid oi 
waste (Brow n and M cLachlan, 1990).

The larger anim als living under the sand or mud 
either construct and m aintain com plex tubes or bur- 
rows, or sim ply move through the sedim ent w ithout 
leaving any structure behind them. On sandy beaches 
exposed to relatively large waves, the sedim ent is con- 
tinually reworked by wave action. M ost anim als living 
in these habitats do not construct tubes or burrovvs 
because these are likely to be destroyed. Insiead, they 
rem ain relatively deep in the sedim ent or tend to have 
m echanism s w hereby they can rapidly burrovv back 
under the sedim ent if exposed. M ole crabs have paddle- 
shaped lim bs and can burrow  exirem ely quickly during 
the time available betw een waves. Sim ilarly, m any bi- 
valves have an extendible, m obile foot, w hich rapidly 
digs and anchors into the sedim ent and then contracts, 
pulling the bivalve under the sedim ent in only a few 
seconds.

Because m udílats tend to be very extensive and not 
steeply sloping, ihey usually rem ain quite damp during 
low tide. Many different species o f worm s, crustaceans, 
m ollusks, and so on can be found in these habitats. 
Although som e simply burrow  through the sedim ent, 
feeding as they burrow  on detritus and particles 
attached to the grains, others live in sem iperm anent 
tubes or burrow s. These can be very com plex. Som e 
burrovvs of crabs have m any entrances and exits and 
are connected  together in a com plexund ergrou nd  laby- 
rinth. Som e anim als living in burrow s emerge to feed 
on the surface of the mud itse lí during high tide or at 
night. O ther species rem ain in the burrow , but they 
may have long tentacles that are spread over the suríace 
of the mud to pick up particles o f food. Anim als inhab- 
iting burrow s that feed on particles in  the water often



have modiRed limbs or other appendages, w hich can 
create currents o f water through the tubes, pulling in 
the food with the water current. They also have verv 
elaborate íĩlters, which sieve the particles o f íood out 
o f the water. These filters are modiRed legs, m outhparts, 
gills, or other organs.

Despite the fact that sandy beaches and mudílats 
are very com m on intertidal habitats, their patterns oí 
biodiversíty are not particularly well knovvn. Available 
data suggest that, like m ost other íntertidal habitats, 
they are extrem ely palchỵ and variable through time. 
The num bers and types of anim als differ from one patch 
lo another only a few m elers away. These patterns are 
causecl by the different species responding to subtle 
changes in the sedim ents them selves, to local distur- 
bances such  as ĩeeding by fish whicb creates dcpressions 
in the mud and to other anim als living in the sedìment 
via interspecific processcs such as com petition or pre- 
dation.

Som e species have ralher aggressive behavior ihat 
spreads them  out, presum ably to ensure adequate food 
for all. O ther species tend to aggregate and can create 
large patches of tubes or burrovvs, altering the sedim ents 
around them . These sorts of processes inevitably change 
sm all-scale local patterns of diversity, but there is very 
little iníorm ation on how such processes may operate. 
O f course, as described earlicr, such processes modiíy 
the initial patterns ol diversity, which are established 
hy differential recruitm ent of species am ong different 
patches oí habiiat.

VI. MEASUREMENT 0 F  BIODIVERSITY 
IN COASTAL HABITATS

M ethods for and interpretations of m easures of biodi- 
v e r s i ty  in  Coastal h a b i ta t s  h a v e  p r o v e n  c o m p l e x .  As 
review ed by Gray (2 0 0 0 ) , the sim plest m casure— the 
num ber o f species in any area— does not describe the 
structure and variation in assem blages. For this, mea- 
sures are needed that can collaie inform ation on the 
types of species preseni (the com position of an as- 
sem blage) w ith iníorm ation about their relative abun- 
danccs. M any indices have been used (see Magurran, 
1 9 8 8 ). O ne of the m ost vvidely used is the Shannon- 
W iener index:

t i'  =  - ầ  p, loga p,
i=ì

where pI is the proportion oí species i in the whole 
sam ple. Follow ing W hittaker (1 9 7 2 ) , Magurran (1 9 8 8 )

described m easurem ents of diversity in a single sam ple 
as "point diversity"— thai in a set o f replicate sam ples 
from the same habitat as “alpha diversity.” Com parisons 
from habitat to habital, for exam ple, along an environ- 
mental gradient uses m easu resoí “beta (orbetw een habi- 
tat)” diversity. This is the com bined diversitv across a set 
of alpha diversiúes. There are also larger-scale m easures, 
such as “gamma diversity,” w hich are measured across 
larger spatial areas, such as a whole coastline.

There are serious problem s of scale in these consider- 
ations. For exam ple, a rocky headland could be a rela- 
tively large area, so diversity m easured across it would 
be gamma diversity. W ithin  the area, there are different 
habítats such as rock pools, algal beds, boulcler Helcỉs, 
and so on. In each of these, sam ples vvould give m ea- 
sures of alpha diversity. Beta diversity vvould measure 
the diversity in, say, algal beds along a gradient of 
increasing exposure to vvaves.

Suppose, insiead, thai the sludy was a scries o f head- 
la n d s  a l o n g  th e  b i o g e o g r a p h i c a l  g r a d ie n t  Iro m  S o u t h  to 

north along a coastline. It is now likely thai the diversity 
measured in a set o f random ly taken replicates from 
one headland would be considered 10 be alpha diversity. 
That Irom the set. o f headlands would be beta diversity. 
So w hether or not a sam ple allow s m easurem ent of 
alpha or gainma diversity is entirely dependent on the 
spatial scale being exam ined! It is clearly c r u c ia l  to have 
defined very careíully the hypotheses being tested so 
tbat only the relevant scales of habitats and sam ple 
areas are exam ined.

A nother m ajor diííìcully in measiUTs o í diversily 
is that the num ber ol species íound is alm osl always 
dependent on the size o f the sam ple examined or the 
lengih of time speni searching for individuals through- 
out the habitat. This is ineviiable because of two d istinct 
aspects of the patchy distríbulions of species. F irst, rare 
species are not going to occur very often in any sam ple 
and will o ílen  be m issing from sm all samples. A lot of 
space needs to be covered to be sure thai the rare species 
are actually encountered. Imagine a com parison of the 
anim als in iwo habitats, w hich both have one hundrcd 
species in them. If in one habitat (A) many m ore of tlie 
species are rare than in the other (B) and sim ilarly sizcd 
small sam ples are exam ined from each habitat, there 
will be apparently fewer species in habitat A than in B. 
This is, hovvever, an artilact of sanipling.

A second reason ior there being inevitable differences 
in the num bers of species seen in iwo samples vvhere 
one  is m u c h  larơer than the o lh e r  is due 10 pcitential 
heterogeneity of habitats in the arca studied. Suppose 
that the num ber of species is recorded in samples total- 
ing 4 square m etcrs of habitat in one area and 8 square



m eters in the o lh er habitat. The latier sample would 
norm ally be expected to contain m ore species if there 
are many subhabilals in the area sampleci. So on rocky 
shores, clum ps o f  seavveeđs, small rock pools, patches 
of m ussels, and so on mav be scatlered at scales of 
tens o f centím eters. Each o f these subhabitats probably 
contains several different species, in addition to “cosm o- 
politan” species ĩound throughoul the entirc area. As 
a result, the larger area exam ined in sam ples [rom  one 
habiiat will encom pass m ore different patches and 
thereĩore contain  m ore species than woưld be íound if 
a sm aller area were exam ined.

There exist techniques to com pensate for differences 
in the size o f sam ple from  one habitat to another. O ne 
oí the m ost com m only used is called rareíaction, but 
this is know n to have serious problem s of overestim a- 
tion o f num bers of species in small sam ples (Fager, 
1 9 7 2 ). A superior altcrnative is to lake random sm aller 
sam ples from the largest, to m atch thc size o f the sm aller 
sam ples from the other habitat. Such random sam ples 
can be uscd to gi ve reliable estim ates and estim ates of 
error associated with the num ber o f species expected in 
sm aller samples. Com parisons betw een the two habitats 
then consisi o f com parisons o f the entire sample from 
ibe habitat that was sampled with sm aller sam ples and 
the random ly determ ined estim ates from the other habi- 
tat (see the review by Gray, 2 0 0 0 ).

Som e m uliivariate m ethods are vvidely used to com - 
pare the diversity o f species from one area or habitat 
to another. These operate on the principle that the 
abundances or biom asses of every species can be re- 
corded from a series o f replicate sample units (cores, 
grabs, quaclrats, e tc .). This produces a m atrỉx o f species 
bv replicates for a sam ple from  each habitat or area. 
The difference from  any one sample unit to another 
can then be calculated across all o f the species. One 
popular m easurẽ of such difference is the Bray-Curtis 
d issim ilarity index (C larke, 1993 ). This is calculated 
as follows:

ằ  lX n -  
/) ., =  — ^ ----------  -------- X 100

( È  x <, + Ẻ  Xik)

where Dịk is the dissim ilarity betw een sam ple units j  
and k , X ịị  is the abundance o f species ỉ in sample j ,  x,k 
is the abundance o f species i in sam ple k , and s is the 
total nựm ber o f species found in the two sample units. 
ỉ í j  and k  co me from  the sam e sam ple, this is a m easure 
o! variation am ong units w ithin a sample. If j  and h 
cotne from  two different sam ples, D is a m easure of

dissim ilarity betvveen the two sam plcs. Because there 
are replicate m easures, thcre is a sample of m easures 
to eslim ate variation w ithin each ol the two sam ples 
and betw een the two samples. Stalistical tests can then 
be done to determ ine the likelihood of there being 
niore difference betw een two sam ples than expected by 
chance given the variability w ithin the two sam ples 
(C larkc, 1993 ).

Such procedures have been used widely in exam ina- 
tions o f the effects o f environm ental im pacts and other 
ecological studies on diversity of anim als in benth ic 
habitats, where diversity is made up o f the com position 
o f species in any habitat and their relative abundances. 
They are liinited in the com plexity  of sam pling and 
experim ental designs lor w hich they can be used, so 
that natural variabilitv at a variety o f spatial scales and 
froTn time to time are dỉfficult to exam ine using these 
procedures. There arc, how ever, developm ents using 
m uch more intensive sam pling to obtain large enough 
sam ples ihat independent m easures of dissim ilarity can 
be used in com plex designs to test hypotheses about 
spatial and tem poral scalcs o f variability in entire di- 
verse assem blages (ưnderw ood and Chapm an, 1 9 9 8 ).

VII. CAN INTERTIDAL BIODIVERSITY 
INDICATE ECOLOGICAL FUNCTI0N?

Although it is clear ihat “biodiversity” covers many 
levels o f variability, from genetic 10 population diversity 
w ithin species, from diversity am ong species to diversity 
am ong habitats or ecosystem s, the m ost com m on per- 
ception  of biodiversity is still sim ply the num bers and 
types of anim als and planls in different areas. Theretbre, 
the im portance o f biodiversity has oíten focused on 
terrestrial habitats, the consensus of opinion being that 
there are m ore species on land than in the sea. N everthe- 
less, at d iíỉerent levels o f organization, m arine system s 
are m ore diverse— for exam ple, there are m ore phyla 
in  the sea than found on land (Gray, 19 9 3 ). In addition, 
m arine species appear to have m ore genetic diversity 
than  relaied terrestrial and freshw ater organism s. This 
suggests that they may be less vulnerable to processes 
that reduce genetic variation, although there is increas- 
ing concern  ihat many nearshore aquacultural prac- 
tices, including culture o f fish and bivalve m ollusks, 
are decreasing genetic variabilíty o f natural populations.

A lthough many sm all raarine invertebrates are stiìl 
to be identified and described, it is generally held that 
m ost diversitv in the sea is o f benth ic organism s. There 
are many m ore species o f anim als and plants living on



or in close association with the seafloor, rocky reefs, 
and others, ihan live in the water colum n itself. This 
is probably related to the diversity of different benthic 
habitats. There is still controversy about the relative 
im portance o f  d e e p -s e a  h a b i ta t s  a n d  Coastal  h a b i ta t s  to 
benth ic diversity— controversy arising írom the fact 
that these habitats are so poorly described that general 
patterns of biodiversity across large areas of marine 
habitat, even nearshore and intertidal habitats, are 
largely guesswork.

At w hichever level biodiversity is exam ined, how- 
ever, understanding patterns of biodiversity is essen- 
tial to understanding the ro le(s) of diversity in the 
m aintenance of different ecological íim ctions. By 
íunctions, we mean such processes as m aintaining 
diversity itself, recycling nutrierus and chem icals 
am ong organism s and their surrounding habitat and 
m aintaining appropriate habitat for adequate food, 
shelter, and so on. Because patterns of biodiversity 
are com plex— biodiversity varies at many spatial scales 
from centim eters to hundreds of kilom eiers and 
changes predictably and unpredictably among days, 
weeks, seasons, years, and eons— the role of diversity 
in m aintaining the funcúoning of individuals, popula- 
tions, assem blages of species, and habitats will also 
be necessarily com plex,

Relationships betw een biodiversity and the persis- 
Lence of successíul ecological ĩunctioning may be de- 
scribed by qui te different theories. First, t here may be 
considerable redundancy of species, so ihat many spe- 
cies may be lost w ithout impairment of function because 
other species simply take on their roles. There obviously 
m ust be a lim it to this— not all species can disappear 
and ecology persist. A second view is that all species 
may contribute to any ecological functìon, but the sys- 
tem  may w ithstand loss of species until a crucial limit 
is reached, after w hich there will be rapid and inevitable 
degradation of ĩunction. The third view, called the idio- 
syncratic response, is most likely. This states that there 
will be loss of [unclion with loss of species, but this is 
likely to be variable and unpredictable because of the 
com plex patterns of abundance and interactions among 
the various com ponent species.

M ost o f the experiiriental tests o f relationships be- 
tw een biodiversity and ecological [unction have been 
done in terrestrial systems. The results o f the different 
experim ents are noi clear-cut and there is consider- 
able controversy about their designs and the ways in 
w hích they have been interpreted (H uston, 1.997). 
Thereíore, even in those systems that have been 
exam ined experim entally, there is no unam biguous 
relationship betw een biodiversity and any ecological

functions. Because of íundamental differences in the 
ways that different processes operate betw een m arine 
and terrestrial habitats, it is extrem ely unlikely that 
the results o f such experim ents, even if not conirover- 
sial, could be applied to marine systems. Thereíore, 
it is essentíal that the im portance of biodiversity lo 
the w ell-being and persistence o f Coastal habitats be 
tested experim entally in those habitats. W ithout such 
tests, it is not possible to predict what m ight be the 
results o f any changes to diversity of these ílora 
and fauna.

To date, ihe íunctional role of marine biodiversúy 
has largely focused on off-shore processes. For exam ple, 
people are concerned about diversity of plankton and 
its role in large-scale processes, such as com m ercial 
í ìsheries  or  a tm o sp heric  levels o f  COị and 0 > .  In Coastal 
habitats, mosL emphasis has been 011 the role o f diversity 
in m aintaining ecological íunction and has concen- 
trated on single species or suites of sim ilar species. 
Thereíore, there is concern  about the loss o ílarg e  íìlter- 
íeeding bivalves in estuaries and bays because ihe large 
num bers of these anim als were considered to (ilter all 
o f the water in ihe estuary in only a [ew days. In areas 
where populaúons have crashed, the water has becom e 
more turbid and is now occupied by ditferem  types of 
anim als than was the case in the pasl. Similarly, cerlain  
large predators or grazers on intertidal shores or 
shallow reefs appear to have a pivotal role in m ain- 
taining palterns o f biodiversity, by selectively remov- 
ing com petitively dom inant sessile animals or planis 
w iih their associated spccics, thcrcby proving space 
for a host o f other organism s that ihrive in the altercd 
conditions (see earlier discussion on keystone pred- 
ators).

Ecological engineers (Law ton, 1994) have also re- 
ceived considerable attention because o ĩ their roles in 
altering the physical environm em , creating habitat and 
changing the availability of resources to olher species. 
Many Coastal  anim als are ecological engineers— the 
m ost obvious of which are corals which may develop 
into large reefs— a unique and very diverse habitat to- 
tally dependent on the corals themselves. O ther lesser- 
know n exam ples include burrovving bivalves and crahs 
in salt m arshes, w hich can alter drainage, sedim enta- 
tion, and erosion in addition to having direct im pacts 
on other anim als or plants which they may eat or for 
w hich they may be an im portant source of food. Som e 
intertidal anim als form habitat for a range oi other 
species. Therefore, mussels of the genus, M ỵtiỉus, pro- 
vide habitats for m ore than 300  olher species o f anim als 
and plants on iniertidal shores in W ashington in the 
United States (Suchanek, 1992).



Mangrove trees stabilize sediinenls, modify shore- 
lines, prevent erosion, and provide habỉtat for the ju v e- 
niles o f com m ercially exploited fish and shellRsh. Many 
studies exam ining the relationship betvveen structure 
and function in m angrove íorests have concentrated  on 
changes ìn the num ber of trees, especially in areas w here 
they are cut dow n for firewoocì.

There has, hoAvever, been little consideration aboưt 
the role o f ihe real biodiversity of such habitats— the 
m ud-dw elling bacteria and small anim als— on the w ell- 
bẹing o f the trees thẹm selves or, indeed, on the m ainte- 
nance o f the habiiat itseir. U níortunately, as described 
earlier, little is know n o í this biota, other than the fact 
that ít is variable, unpredictable, and com plex. Recause 
the species are poorly described and even m ore poorly 
understood, it is generally accepted thai there is a lot 
o f redundancy in the system . Thereíore it has been 
assum ed that, if  the larger plants are looked aíter, the 
sm all invertebrate anim als and the íim ction ing o f the 
habitat will look aíter itselí.

The sam e is true o f all intertidal habitats. Most eco- 
logical íunctions are thought of in term s o f general, 
widespread, and large-scale processes (e.g ., the cycling 
o f nutrients throughout a mangrove forest or the m ain- 
tenance o f food webs across a rocky shore). Yet the 
íauna and ũora Lhat m ake up m ost o f the diversity and 
that m aintain these ecological íunctions are variable 
and palchy and change unpreclictably through tim e, 
o íien  at very sm all and localized scales. The scales at 
vvhich ecological structure (the species) and ecological 
íu n ction s (m any o f the processes) are measurecl are 
oíten  quite different. It is thereíore d iííìcult to relate the 
stochastic variability that we see in ecological structure 
w ith what is often perceived as the predictability  in 
m easures o f ecological íunction. It is increasingly im - 
portant that we m easure structure and íunction at a 
sim ilar range o f scales before we wiil be able to under- 
stand the role o f natural patchiness in biodiversity in 
ecology. This is not yet widely done, but it is crucial 
if  we are to conserve íu nction ing  habitats in an increas- 
ingly altered world.

VIII. WHAT SERVICES DOES 
INTERTIDAL BIODIVERSITY PROVIDE?

C onsideration o f relationships betw een diversity of spe- 
cies and ĩunctioning o f  ecological system s leads rapidly 
to consid eraiion  o f any “values” of biodiversity. Because 
biodiversity is not well described (i.e ., the threats to it

are poorly understood and probably variable from  place 
to place and habitat lo habitai), there is still consider- 
able controversy about perceíved value(s) o f biodiver- 
sity. This is specifically true for m ost Coastal habitats, 
especially those on tem perate coasts, w hich have not 
received as m uch attention from  the media and celebri- 
ties as have habitats, such as coral reeís or tropical 
rain forests.

There are m any so-called  values to biodiversity, som e 
of w hich are discussed in Box 1. W hatever term s are 
used, how ever, they tend to faìl into two m ain catego-

Box 1
Despite the facl that there is no unam biguously 

accepted list o f whal is m eant by the values o f 
biodiversity, many values are cited as being im - 
portant.

E voỉutionary  value. T h is includes genetic diver- 
sity that may allow organism s to persist or change 
in response to localized threats to diversity. This 
may be very im portant in intertidal and nearshore 
Coastal habitats w here hum ans tend to cause m ost 
damage to m arine habitats.

E co log ica l value. A naturally íunctioning habi- 
tat w ith its ỉull com plem ent o f biodiversity is nec- 
essary for studying and undersianding ecological 
patterns and processes. T h is understanding is, in 
turn, considerecl essenLiaì for the persistence o f 
life on earlh in the íace o f hum anity s alteration 
to and degradation o f the natural world.

E con om ic vaỉue. There are or may be species 
o f direct econom ic value. O n intertidaỉ shores, 
this includes plants and anim als collected  or cu l- 
tưred in íìsheries, m angrove trees exploited for 
fìrewood, and so on. Habitats that are used for 
recreation may also have econom ic value. For 
exam ple, a wetland w ith diverse species of birds, 
can have econom ic value iíb ird -w atch ers are pre- 
pared to pay to access it.

A esthetic value. Natural habitats are som etim es 
perceived to have value sim ply because they exist. 
This is also som etim es called “existence value."

E th ica ỉ vaỉue. There is argum ent by many sec- 
tions of society, that all biodiversity has ethical 
value— that is, we, as hum an beings, are ethically  
bound to protect biodiversity. This argum ent 
com es to the fore w hen decisions are being made 
about the rights o f hum anity to elim inate diseases 
and other pests from  the earth.



ries. E cocentric values are ihose associated wiih the 
w ell-being of the animals and plants themselves (i.e., 
they are íocused on m aintaining the full range of func- 
tìoning ecological processes). They include such terms 
as ecological value and evolutionary value (see Box 
1). A nthropocentric values, in contrast, are centered 
around hum anity and the role o f diversiiy in main- 
taining or im proving human lifestyles. These obviously 
include a range of values, based on our perceived moral 
obligations, our ideas of the sort o f world that we vvant 
to live in , and obvious econom ic returns irom  our ex- 
p loitaúon of Coastal resources.

In contrast to many terrestrial habiiats, nearshore 
Coastal habitats, including nearly all intertidal areas, are 
generally conserved for anthropocentric values rather 
than ecocentric values. Follow ing tradítions lasting 
hundreds of years, the sea is still largely regarded as a 
larder lo be plundered ralher than a unique set of habi- 
tats to be conserved. Apart ừom certain C o a sta l wet- 
lands, w hich can support large populations of wading 
birds, m ost intertidal habitats do not abound with large 
charism atic megaíauna. Thereíore, although they may 
contain  threatened species, these are unlikely to attract 
media altention.

A llhough large areas of mangroves can be extensive, 
diverse, and very interesting forests, they are still gener- 
ally valued for their econom ic returns— provision of 
fìrewood, habitats for juvenile com m ercially exploited 
fishes, sites for aquaculture, and, uníortunately in many 
countries, prime real estate for reclam ation. Similarly, 
rocky reeís, m udílats, estuaries, and so on are generally 
considered im portanl for what direct econom ic value 
they can provide humanity.

The loss or degradation of nearshore habitats goes 
largely unseen because the biota that live in them are 
sm all, cryptic, and unknovvn. Yet they are incredibly 
diverse, and in many parts of the world they make up 
a large am ount of the endemic fauna and [lora. Most 
o f these organism s do not have com m ercial value. As 
long as these Coastal habitats continue to be considered 
valuable mainly with respect to ihe direct econom ic 
services that they provide to hum ankind, there will 
be little initiative to do the research and impose the 
necessarv m anagem ent to conserve this diversity.

IX. CONCLƯSIONS

The m anagem ent of biodiversitv in intertidal coasia! 
habitats needs a differcnt approach from that used in 
terrestrial habitats. Except for species thai arc consid-

ered to have a key role in local ecological processes, it 

is unlikelv to be useíul to attem pt conservation on a 
species bv species level. E xceptions are the so-called  
keystone species or ecological engineers, w hich were 
discussed in som e detail earlier. E ither these species 
provide habitat directly or their activities serve to en- 
hance local diversitv because of their elim ination of 
com petitivelv dom inant species. F o r the most, how ever, 
em phasis on conservation of individual species is un- 
likely to be proíìtable.

First, for mosL species, we know  too little about thcir 
requirem ents for habitat, food, and so on to be able to 
impose sensible managerial options. Second, we know  
too little about their natural patterns ol variability in  
tirae or space to be able to evaluaLc wheihcr anv m an- 
aged populations are persisting with anvthing like their 
natural patterns of abundance. ThircỊ we certainly 
know 100  little about their interacúons wiih other spc- 
cies to know w hich are essential to their continued 
w ell-beingand w hich are not (i.e ., which sui le o f specics 
to try to conserve). In many cases, it has so far proven 
im possible to determ ine the geographical range of habi- 
tat occupied by a breeding population ol interùdal ani- 
mals, the extern to w hich there is interchange [rom one 
population to anoiher 01' the sources ol recruiis to any 
area that must be conserved.

M anagement of C o a s t a l  biodiversity will be better 
focused on habitat. Rem oving or reducing disturbances 
to paiches of mangrove forest, rocky shores, m udílats, 
and beaches is one of the more ícasihlc and cheaper 
options— it is usually easier to prevent access to areas 
than try to conlro l people’s behavior once they are in 
thern. The íauna and ílora will ihen be lctt to do the 
best they can under the circum slances. Portunately, 
many species living in shallow-\vaier, marine habitats 
are able to deal with many disturbances to their hahitat, 
as long as these are neiiher Loo Irequem  nor too ex- 
treme. Evidence suggests that rnany can relatively rap- 
idlv recolonize areas once any disturhances are re- 
moved; such areas can then develop what appear 10 

be íunctional ecological system s. YVhether all species 
return to such habitats is not know n because it is gener- 
ally noi knovvn what species were there beíore the dis- 
turbance.

N evertheless, ihcre is obviously need to do m ore 
research on interactions am ong species vvherever possi- 
hle, so that kevstone or engineering spccies can be 
identiíĩed. W here possible, m anagem cni that will con- 
scrve these directlv is likelv to cunserve those species 
that are dependent on them . Therefore, legislation thai 
protects rocky shores from ĩoragers rem oving m usscls 
and other largc shelHĩsh will not onlỵ proiect the tar-



geted species but also a diverse range o f other anim als 
and plants. There is little chance that these coưĩcl be 
protected on a species-by-species basis because too little 
is know n about any individual species to m ount a case 
for its protection.

Finally, w ith increasing understanding o f the lanđ- 
scape ccology of Coastal habitats and how “intertidal 
landscapes" interact, conservation  o f intertidal biodivcr- 
sity is probably best w ithin a m osaic o f patches o f differ- 
ent habitat. There is considerable debate about the vaỉue 
oi few, large versus m any, sm all reserves for conserva- 
tion oí terrestrial species. vvhich may bc best is un- 
know n for m arine habitats and, in any case, there is no 
reason why what suits One species or set o f species vvill 
suit another. The best strategy will probably be to hedge 
one’s bets and try a range of different procedures. There- 
fore, w ith ihe current lack  o f understanding, conserving 
palches ol habitat o f d ifferent sizes and shapes, set at 
different distances apart and sub jected  to as wide a 
range of environrnental cond itions as possible, will 
probably be the saíest option until we know  a lot more 
about our intertidal biodiversity.

Clearly, our understanding o f the processes ihat in- 
íluence and change biodiversity is increasing at a satis- 
íactorv pacc. O ur ability to use these insights in plan- 
ning and m anagem ent of conservation is, however, 
m ore lim ited. The natural variability due to num erous 
processes and the large ranges over w hich larvae seetn 
to disperse com bine tơ m akc predictions difficult. The 
urgem  tasks for coaslal system s in rcsponse to threats 
clue to Coastal c levelop m eni,  a q u a c u l lu re ,  d isposal ol 
wastes, and potential rises in sea level require more 
understanding o f scales o f variability in d istributions 
and abundances of Coastal species.
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INTRODUCED PLANTS, 
NEGATIVE EFFECTS OF
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III. Predicting and Evaluating Impacts

GLOSSARY

econom ic im pact Capacíty of weeds to limit productive 
use of terrestrial environm ents and the costs associ- 
ated with their control in both managed and naiu- 
ral areas.

environm ental im pact Ability of weeds lo displace na- 
tive fauna and ílora, alter key ecosystem  functions, 
and change disturbance regimes. 

introduced plants Species transported by hum ans to 
regions outside their natural geographic range. 

invasive weed Introduced plant species that establish 
self-m ainlaining populations and spread, with and 
w ithout hum an assistance, into new areas where ihey 
[rusirate hum an intentions in production and natu- 
ral landscapes.

PLAN T SPEC.ỈES T H A T A R E  either deliberately orin ad - 
verlently transferred by hum ans to habitats outside 
thcir native geographic range and which subsequently 
naturalize and have signiíìcant negative econom ic con- 
sequences and environm ental impacts.

I. INTRODƯCTION

Human m igratíon, settlem ent, and trade over the past 
two centuries have produced a rapid globalization of

Aoras w ith independent evolutionary histories that were 
previously kept apart by natural barriers. The scale of 
m ovem ent and m ixing o f Qoras in recent years is un- 
precedented in thc earth s  history, and very few parts 
o f the world currently retain an exclusively native as- 
sem blage of plant species. H undreds of naturalized 
plants, no longer dependent on hum ans for their persis- 
tence, occu r in m ost regions and cou ntries, where they 
form a significant and grow ing proportion of the wild 
ílora. O ver large Continental  areas the contribution  of 
established introduced plants can reach 23%  o f the lotal 
ílora (e .g ., Canada), but this is greatly exceeded on 
many islands w here the naturalized ílora may outnum - 
ber the pool o f native species (e .g ., Berm uda, A scension, 
New Zealand). D espite the m any beneíìts provided by 
introduced plant species, there is grow ing concern  at 
the environm ental damage and econom ic costs o f natu- 
ralized invasive plants in both  productive and natural 
ecosystem s. Im portant negative im pacts are created by a 
sm all subset, probably less than 0 .0 1 %  of all introduced 
species grow ing in a region, but iheir control, manage- 
m ent, and im pact consum e signiíìcant econom ic re- 
sources, especially of developed countries.

The extern, patterns, and consequences o f intro- 
duced plant invasions are described  in another chapter 
presented in this volum e, “Plant Invasions.” This chap- 
ter highlights the negative im pacts o f introduced pỉant 
species using case studies o f notable invasions, particu- 
larly those that have spread into natural areas with 
serious deleterious consequences for native species and 
com m unities. Exam ples of invasive plant species have 
been selected on the basis o f a w ell-docum ented , and
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therefore relatively recenl, spread and im pact in natural 
environm ents. They are not necessarilv the m ost wide- 
spread plant species, or the m ost aggressive, and som e 
are lim ited to a few regions or countries. However, they 
are representative of the pattern and scale o f interconti- 
nental transĩer o f introduced plant species and the types 
of dram atic im pacts these species can have w hen re- 
leased into new environm ents. The exam ples chosen 
include a range of plant growth forms, altitudinal and 
b ìoclim atic zones, regions of origin, and m odes of nega- 
tive im pact.

For ten introduced invasive plant species, represent- 
ingalgae (U ndaria p in nati/ĩda), ferns (Salv in ia m olesta), 
grasses (Brom us tectorum , Spartína a lt c m iỊ io r a ) , small 
herbs (H icracium  p ilo s d la ) ,  large herbs (Falh>pia ịap on -  
ic a ) , cacti (O puntía), shrubs and small trees (L antana  
cam ara , M im osa p ig ra ), and tall trees (Pinus p in aster), 
an account is given of the invasion process; local ecolog- 
ical, cu ltural, and econom ic im pacts; attem pts at con- 
trol; and likely long-term  consequences. Not all inva- 
sions are irreversible, and several exam ples illustrale 
successíu l levels o f population control, if  not eradi- 
cation.

II. NOTABLE EXAMPLES

A. ưndaria pinnatiíìda (Laminariales)
Som e of the most pronouneed ecological im pacts and 
intractable problem s of introduced species invasion in- 
volve m arine organisms. Both deliberately and ìnadver- 
tently introduced macroalgae have becom e invasive in 
recent decades with the increase in m arine farm ing, 
t r a n s o c e a n i c  a n d  Coastal s h ip p in g ,  and t h e  d i s c h a r g e  o f  

ballast water in and around foreign ports. The Asian 
lam inarian kelp (U ndaria pinnatiýida) , native to Japan, 
Korea, and China, has been introduced and spread since 
1970  in other northern hernisphere waters (e.g ., En- 
gland, French  Atlantic, and in parts of ihe M editerra- 
nean near France, Spain, and Italy). M ore recently 
(1 9 8 0 s ) , populations have been discovered in the S o u t h 

ern hem isphere (Argentina, Auslralia, and New 
Z ealand), m aking it the íìrsi large kelp to cross iropical 
waters successfully. In its native range U ndaria pinnati- 
ýida is widely cultivated as an edible seaweed, and new 
locations arc often viewed positively for their com tncr- 
cial potential. However, the alga is highlv invasive, has 
sịgniíìcant negative conservation im pacts on the local 
native shallovv marine launa and Hora, and may be 
im possible to eradicate.

Native to the north-w est Paciĩic, ư n d aria  p in natifỉda

has an annual, heterom orphic life cycle, w ith m acro- 
scopic sporophytic and m icroscopic gam etophytic 
stages. The golden brow n, pinnatiíìd sporophyte, up 
to 3 m long, grows over autum n and w inter, beíore 
degenerating in the sum mer. W hen growth slow s, spo- 
rophylls develop as undulating extensions at the base 
o f the stipe and release m illions of shorl-livcd Cgenerally 
less than 2 days) male and íemale pelagic spores w hich, 
follow ing settlem ent, develop into small gam etophyles 
that may overw inter beíore producing eúher eggs or 
sperm. Ferúlization of the ĩemale egg cell by male ga- 
metes gives rise to the straplike ịuvenile sporophyte. 
ư n d aría  p in n alifida  grows from low vvater to a depth of 
20 m, depending on turbidity and wave exposure, and 
tolcrates sea suríace tem peratures from 0 to 2 7 °c . In 
Japan, it is an im portant edible seavveed crop and is 
also cultivated extensively 10 feed ju vcnile  abalone (H«l- 
iotis spp.).

U ndaria pinnat.ifìda íìrsl appeared outside its nalive 
range in 1971 in a lagoon on the South coasl o f France, 
in the M editerranean Sea. The source is thought to have 
been contam inated oyster spal translocated from the 
Paciíìc. l l  has subsequently spread along northern parts 
of the M editerranean from Spain to Italy. In 1983  ư nda- 
ria p inn atiịìda  was deliberately inlroduced to the French 
Atlanlic for experim ental aquaculture trials, on the basis 
that sea tem peratures would be too cool ( <  14°C) lor 
ihe release of zoospores. This assuniption was proven 
incorrect when ecological surveys during the 1990s 
revealed natural establishm eni at íive ol the nine culti- 
vation sites, som e now abandoncd, vvilh scveral ncw 
pop u la tions  up to 2 0  km  away from nearest putative 
sources. U ndaria p innatifida  appearcd on the sou lh  coast 
of England in 1994, the population m osily likely deriv- 
ing from m icroscopic gam etophytes or ịuvenile sporo- 
phytes attached to boats arriving from Brittany.

Spread of U ndaria pinnatiỷida inio the S o u t h e r n  hemi- 
sphere has been very r e c e n t ,  beginning in the 1980s, and 
accidental, presum ably from plants altached to ships or 
in seawater ballast. U ndơria p innatifida  was íĩrst discov- 
ered in New Zealand in 1987 , and has subsequently 
spread, mainly Via sporophytes and gam etophytes 
attached to hulls o f boats, to more than ten localities, 
up to 1000 km  apart (Fig. 1). Soon after (1 9 8 8 ) ihe 
kelp was discovered in Tasm ania, in and around scs'eral 
m ajor ports, and was recently (1 9 9 6 ) reported fr«m 
Coastal  \vatcrs on the Australian mainland. The íĩrst 
South Am erican population was discoverccỉ in Argen
tina in 1992.

W hile íouling boats and undervvater siruclures is of 
nuisance value, the íull ecological impact of U ndaria  
p innatifida  in these new habitats is harcl to predict, as



F1GURE 1 In tertid a l k e lp  fo resls  o f U ndaría piniưiti/idíi recen llv  es- 
tab lish eđ  a lon g  parts o f th e easlern  So u th  ls lan d , N cw  Z calan d . PhoLo: 

N ation al In stitu ic  o f W a tcr  and A tm o sp h cric  R esearch . Sec a iso  co lo r 
in sert, V o lu m c 1.

ihc species is a very recent invacỉer in íoreign waters, 
is m ostly contined to highly modified habitats in har- 
bors, and initially preferentially colonizes clean, artiír- 
cial surĩaces. Investigations in the Atlantic suggest that 
U ndaría p innatự ida  is preem pted on denuded rocky sub- 
strates by several local native annual and perennial 
kelps. Because oí this com petition, it may eventually 
be restricted along the coast in northern France to the 
lo\v tide zone. In Tasm ania, follow ing disturbance and 
dicback of the native kelp due to ocean warming, Unda- 
ria pinnatựìcla displaces M acrocystis kelp íorests and 
dom inates subtidal urchin  barrens due to its high fecun- 
dity and fast growth rate. However, it is less successíul 
against native seaweeds on exposed coasts with slow 
currents. In New Zealand, U ndaria p in n atifida  reduces 
habitat [or native m arine grazers by sm othering 
coralline algal suríaces favored for larval settlem ent of 
thc anim als. The region has a depauperate [lora of an- 
nual and early successional seavveeds, and ư n d aria  pin- 
natiỷida has few effective com petitors on fresh suríaces 
crcated by storm s and echinoid  grazing. Frequent wave 
induced substrate d isturbances could consolidate the 
dom inance of U ndaria p in n atiịĩảa  in  many shallow ma- 
rine habitats.

VVhile the transoceanic and local spread of ư n d aria  
pinn atifida  has been dependent on hum an activúy, the 
alga has several attributes that m ake it an aggressive 
com petitor in shallow  m arine habitats. Sporophytes 
densely colonize any unvegetated suríaces, and huge 
populations can establish w ithin a year on boats, w harf 
piles, m ooring buoys, and on breakw ater or ređ am ation  
debris. These can provide m ultiple sources for short- 
and long-distance dispersal. Im portantly, U ndaria pin-

n a lífid a  occu rring  outside its native range can, in 
vvarmer vvaters, produce sevcral generations of sporo- 
phytes each year, while local kelp species are reproduc- 
tively dorm ant for part of the year.

The negative effects of Unclaria p innatifida  on m arine 
aquiculture and num erous algal com m unities are po- 
tentially enorm ous, and most countries where the spe- 
cies has established are pursing som e form of control. 
H ow ever, the large reproductive potentìal and cryptic 
d ispersal phases of Asian kelp, together with the partial 
obscurity  provided by the m arine environm ent, com - 
bine to m ake detection and control o f U ndaria pinnati- 
f id a  alm ost im possible. Reducing the rate o f spread of 
U ndaria  p in n atifida  may be practicable with improved 
ship hygiene practices in ports and the strict control of 
aquaculture ventures. Eradication of small populations, 
using d irect removal of sporophytes by divers, or steril- 
ization of m ariculture equipm ent, may also be possible 
w here p ioneer plants are restricted to artiíĩcial struc- 
tures (e.g ., m ooring lines), but this is unlikely to be 
achieved where U ndaria p innatifida  has established in 
harbors and along exposed coasts.

B. Salvinia molesta (Salviniaceae)
Ferns are rarely successĩul weeds in natural ecosystem s, 
but a notable excepúon is Salvin ia m olesta  (kariba weed, 
A írican pyle, Australian azolla, water fern, giant azoIla), 
a free-floating perennial aquatic fern native to tropical 
and subtropical areas of South America. In the later 
part of the 20 th  century it has been spread worldwide, 
becom ing invasive in íresh waters in w arm -tem perate 
to tropical areas, and causing m ạịor disruptions to the 
u lilization  o f im portant water resources.

O nly fonnally  described in 1972 , S alv ina m oỉesta  is 
a sterile pentaploid, probably of natural hybrid origin. 
Native to parts o f Brazil and Argentina, it grows there 
in lagoons, swam ps, and river m argins w ith still or 
slow -m oving freshw ater, in a diverse com m unity of 
íloating and em ergent plant species. In these situations 
S alv in ia  m olesta  occurs at low densities, does not form 
extensive m ats, and is rarely invasive.

M orphologically  the species is quite plastic, exhib- 
iting several distinctive forms. At each node Salvin ia  
m oỉesta  supports subm erged (w hich íunction  as roots) 
and íloating leaves. The size, shape, and density of the 
foliage changes depending on environm ental conditions 
(tem perature and nutrient concentrations) and growth 
phase. W hen  S aìv in ia  m olesta  first establishes, usually 
in  calm , sheltered waters, the plants are sm all (2 0  m m ), 
w ith oval, flat Aoating leaves. W ith  time, leaves becom e 
rounded and larger, and in the íinal m at-form ing stage



are folded, crow ded, and betw een 50  and 60  mm across. 
Salv in ia  m olesLa is eííìcient at accum ulating and reutiliz- 
ing nutrients such  as nitrogen.

S aỉv in ia  m olesta  has becom e widely distributed 
through aquarium  and horticu ltural industries and is 
now naturalized in Australia (Fig. 2 ), Africa, Madagas
car, India, Sri Lanka, Southeast Asia, Philippines, Ind o
nesia, Papua New G uinea, F iji, and New Zealand. Dis- 
persal betw een w ater system s is also invariably by 
hum an activities (e .g ., boats, aquaria), but spread 
vvithin and betw een interconnected  water bodies is as- 
sisted by wind and water m ovem ent of vegetative írag- 
m ents. O utside its naúve environm ent, Saìvin ia m olesta  
show s phenom enal grovvih rates, via the expansion of 
auxiliary buds at stem  nodes, Under optim um  condi- 
tions (3 0 ° c  and high nitrogen levels), plant area can 
double every 8 days and biom ass every 2 .2  days. In 
Australia total [loating biom ass values of 1600  g ' 1 m 2 
dry w eight, or 4 0 0  t ha 1 fresh w eight, have been re- 
corded. Frequently S alv in ia  m olcsta  forms mats ] m 
deep across extensive waterways.

D uring the 1970s and 1980s, Salvin ia m olesta  was 
seen as potentially one of the w orst invasive weeds 
globally, with m ajor ecological and socioeconom ic im- 
pacts. The basis for this concern  is well illustrated by 
accou nts of the species invasion in Papua New Guinea. 
In the early 1970s Salv in ía  m olesta  becam e established 
in the Sepik River ílood plain, and w ithin a decade 
covered 2 50  k m 2 of water surface. The weed impeded 
water transport, preventing íĩshing, trade betw een vil- 
lages, and access to m edical and educational íacilities. 
Fresh water for hum ans, stock , and wildlife becam e 
restricted , and S alv in ia  m ơlesta  mats proved suitable

FIGURE 2 A ttem p ied  m ech a n ica l rem o v al o f  ex ten siv e  m ats o f  Sơl- 
vinia m o ỉesta  b lo c k in g  lạrge vvatenvays in Q u een slan d , A u siralia . 

P h o to : Q u ee n slan d  D ep a rtm en t o f N atu ral R eso u rces. Sec  a lso  co lo r  

in s c r t , V o lu m e I .

habitats for insect vectors of serious hum an diseases 
such as malaria. Sim ilarly, in Zim babwe, S aìv in ia  threat- 
ened utilization of Lake Kariba, a massive im- 
poundm ent on the Zambezi River created in the 1950s 
for hydroelectricity generation, com m ercial íìshing, rec- 
reation, and transport. W ith in  15 years of the scheme 
being com pleted, mats o f Salv in ia  m olesta  were lim iting 
hum an access, decreasing fìsh populations, and modi- 
íying nutrient regimes. Elsew here, Salv in ia  m olesta  has 
also invaded rice íields, b locked irrigation ditches, eu- 
trophied sm all water bodies, and sm othered emergent, 
íloating, and submerged indigenous aquatic plants. A 
severe reduction in light and dissolved oxygen, together 
with an increase in carbon dioxide and hydrogen sul- 
phide, have had a drastic im pact on m ost bem hic biota.

The m anagem ent and eradication o f Salv in ia  m olesta  
íocused initially on m echanical rem oval and the use of 
chem ical herbicides, and these were occasionally effec- 
tive, especially where original populations were small 
or isolated. However, repeated treatm ent was required 
to prevent the rapid recovery of the plants, and the 
techniques used were expensive and occasionally envi- 
ronm entally damaging. Since 1 9 80 , biological control 
of Salv in ia  m o les ta , using a íoliage- and stem-feeding 
vveevil (C yrtobagus sa lv in íae— C urculionidae) [rom its 
native habitat, bas been outstandingly successtul in sup- 
pressing populations and achteving control in many 
countries (e.g., parts o f A ustralia, Papua New Guinea, 
F iji, South A írica). For exam ple, the weevil had reduced 
the cover of Salvin ia m olesta  on two 16 ha dams in 
Zimbabwe from over 90%  to under 2% in less than two 
years. Sim ilarly im pressive results w erc achieved ai a 
m uch larger scale in the Sepik River. Follow ing the 
weevils’ introduction, large m ats o f Salv in ia  m olesta  are 
typically reduced to sparse plants around the margins 
of water ways, interspersed w ith other aquatic plant 
specìes of the region. After the collapse of the Salvinia  
plants, weevil num bers also d eđ in e  but appear to re- 
main at densities su líicien t to kcep the weed in check. 
The global beneíìt of this successful exam ple of biologi- 
cal control has been estim ated to surpass SA 200 million.

c. Bromus tectomm (Poaceae)
The developm ent of rangelands for pastoral use, 
through stock grazing, fìre, and the deliberate and inci- 
dental introduction o f new plant pasture species, Vias 
involved som e of the m ost extensive m oclifications lo 
natural ecosystem s ever undertakcn by hum ans. In ihc 
sem i-arid interm ontane west ol North Am erica mo re 
than 4 0 0 ,0 0 0  k n r  of native sagebush-stcppe com m uni- 
ties have been penetrated or displaced this century by



B iom us tcctorum  (cheatgrass, downy brom e, downy 
chess, drooping brom e), a w inter annual grass native 
to arid Europe and Central Asia. The dom inance o f this 
species has resulted in changes in land use, increases 
in erosion poiential, reductions in native biodiversity, 
and alterations to the m ajor disturbance regim es over 
large areas. B rom us tectorum  is considered to be the 
most sign iík an t plant invasion in N orth America.

The native habitat o f B rom us tectorum  is centered on 
dry Continental c l im ates .  C om m only associated  w ith  
hum an activities, it occu rs in grazed and ungrazed 
grasslands, am ong crops, and along roadsides. Flow ers 
are herm aphroditic and self-fertile, and populations 
survive the dry sum m er period as seed. It characteristi- 
cally germ inates in autum n, estivates during the coldest 
parts of w inter, and can grow rapidly, to around 50  cm  
lall in spring, w hen it flowers. The plants die back 
during the hot, largely rainless, sum m er. Seeds can be 
widely dispersed via animals, as they have long awns 
that are írequently em bedded in fur or wool. Transĩer 
by hum ans is usually accidental as a seed contam inant 
and am ong farm m achinery. B rom us tectorum  is novv 
tound in tem perate East Asia, N orth and South Am erica, 
and Australasia.

Prior to European setllem ent, the natural vegetation 
oí' the Great Basin area contained perennìal cespitose 
grass-dom inated steppes, the grasses (A gropyron , Fes- 
tuca, Stipa, P o a ) and forbs on m esic sites, giving way 
to shrubs (A rtem isia , C hrysotham n u s) in drier areas. 
The accidenial in trod u cúon  o f B rom us tectorum  into 
the interm ontane region of the Pacific Northvvest late 
in the 19th century, and several deliberate attem pls to 
establish it as an alternative pasture species, coincided 
with large-scale dom esúc grazing by cattle, sheep, and 
horses. Because o f the low abundance o ílarg e  ungulates 
(bison and deer) during the H olocene, the original 
grasses and shrubs were generally poorly adapted to 
grazing rum inants. The ílora also lacked aggressive col- 
onizing annuals that could  reclaim  sites íollow ing dis- 
lurbance. Burning by early settlers to remove shrubs and 
improve stock  access íurther depleted the vegetation. 
Initially a weed o f cultivated íìelds and roadsides, B ro- 
mus tectorum  rapidly spread via w ind and animal dis- 
persal, and in seed lots, in to  overgrazed and vulnerable 
ungrazed native com m unities, becom ing a widespread 
and d o m in a n t  w eed  in  the 193ŨS and  rea ch in g  its cur- 
rent distribution in N orth Am erica by the 1950s. Spread 
since then continu es but at a slow er rate.

The expansion o f B rom us tectorum  has caused m ulú- 
ple changes in natural ecosystem s, largely through its 
im pact on the grass/fire cycle. A ccum ulation of its 
highly Aammable dry litter follow ing spring growth,

FIGURE 3 E x ie n siv e  arid  step p e  in  VVashington S ta te , U SA , dom i- 

nated  by  Brom us tectorum  w h ich , fo llo w in g  fire and g raz in g , d isp laces 

n ative sh ru b s  (ío re g ro u n d ) and g rasses. P h o to : R ich ard  M ack .

has resulled in an increase in the írequency of natural 
lightning-induced sum m er íĩres from  2 to m ore than 
20 per century. Frequ ent burning has killed  native 
shrubs and depleted the recru itm ent of perennial 
grasses. In corurast, B rom u s tectorum  beneíìts from  fìre, 
due to its large seed bank, prodigious and prolonged 
germ ination, rapid seedling grow th, and heavy annual 
flowering. Ii is thereíore able to preem pt the recoloniza- 
tion of burned areas by naiive species already weakened 
by regular Bres. G reater intensity  and Irequency of 
burning follow ing B rom u s  invasion reduce plant cover, 
giving rise to erosion-prone landscapes. Brum us lect- 
orum  provides poor-quality herbage for s lo ck , and its 
dom inance has resulted in a decline in rangeland quality 
(Fig. 3 ).

The outcom e for conservation and pastoralism  of 
the transíorm ation, in less than half a cen tury , o f natural 
sem iarid steppe dom inated by shrubs and perennial 
grasslands, to com m unities predom inantly o f intro- 
duced annual grasses, rem ains uncertain. B rom u s tect- 
orum  appears uncontro llable under extensive manage- 
m ent systems. It is still spreading into m ore isolated 
areas of the Greal Basin and into  the Great Plains region 
of the United States.

D. Hieracium pilosella (Asteraceae)
Num erous flat-weeds (rosette  species) have accom pa- 
nied European colonÍ2 ation  of tem perate regions 
around the world. M ost o f these plants are sm all, short- 
lived (2  years), dependent on hum an disturbance for 
local persistence, and generally inconsequential as 
weeds outside intensively m anaged system s. H ieracium



p ilo se lla  (m ouse-ear haw kw eed), a perennial, sto lonií- 
erous, m at-form ing daisy native to Europe, has a world- 
wide d islribution  in tem perate regions and was gener- 
ally considered to be relatively benign until it started 
to invade grasslands in New Zealand in the 1950s. Cur- 
rently it occupies about 1 m illion ha of m ontane-subal- 
pine short tussock (F estu ca  novae-zclandiae') grassland 
in subhum id and hum id zones and is seen as the greatest 
threat to the conservation and long-term  pasioral use 
oí native grasslands. Key ecological factors responsible 
for the spread of H ieracium  p iỉo se ỉla , and m anagem ent 
options for its control, are controversial, and highlight 
the problem s o f large-scale weed m anagem ent in non- 
íorest ecosystem s.

Native to Europe, H ieracium  p iỉo s e ìla  is a prostrate 
rosette-fonning herb that reproduces vegetatively via 
stolons, w hich are initiated follow ing flowering. Seed 
can be produced by bũth sexual and apom ictic pro- 
cesses. In addilion, hybridization and polyploidy are 
com m on and give risc to com plicated  population struc- 
tures. Roseltes produce an erect short scape, w hich 
supports a solitary lem on-yellow  flower that produces 
a b u n d a n t  small vvind-dispersed a c h e n e s .  In its naiive 
range the species is characteristic o f disturbed dry habi- 
tats, m ost often grazed pastures, vvastelands, and out- 
crops, particularly on calcareous soils below  1000 m 
above sea level.

Introduced into New Zealand in the middle of the 
19th century, m ost likely as a seed contam inant, H iera- 
cium p ilo se lla  rem ained locally resiricied  and largely 
insignificant for m ore than a century. The invasive 
phase of H ierac iu m  p ilo se lla  becam e obvíous during ihe 
1960s, initially in  the sem iarid in term ontane basins in 
the South Island, where the species becam e dominant 
in grazed F estu ca-P oa  grassland induced by pastoralism . 
Follow ing burning of the original native forest and 
w oodland during early Polynesian settlem ent, approxi- 
mately 60 0  to 1000  years ago, tall tussock C hion oclĩloa  
grassland and shrub land extended onto  these areas. 
Early European pastoralists, in the íĩrst few decades of 
the 19th  century, increased fire frequency and broughl 
in sheep and cattle w hich, assisted by periodic eruptions 
o f introduced rabbit populations, destroyed dom inance 
by the tall cespitose grass species. The decline in plant 
cover and increasing bare ground provided num erous 
sites for invasive grazing-tolerant plant species. Fore- 
most am ongst these has been H ieraciu m  p iỉo se lla ,  w hich 
slowlv occupied the most depleted areas (those with 
50 0  to 1200  m m  rainíall) ov erabou t 50  vears, becom ing 
widespread and dom inant in the 197ŨS when ú began 
to extend into subalpine tall tussock grassland. In the 
1 9 90s  H ieracium  p ilo se lla  becam e the m ost widespread

and significant introduced weed in nativc grasslands 
(Fig. 4 ) , accom panied in paris o f its range by the intro- 
duced congeners H ieraáu m  praeaỉtum  and H ierad u m  
ỉepidulum .

D uringits colonizingphase H icracium  pilosellci forms 
distinctive circular patches that gradually coalesce to 
cover large areas. In eastern parts of the South Island, 
instantaneous rates o f increase of approxim ately 8%  per 
year have been recorded, with local cover values of 
H ieracium  p iìo sc lla  exceeding 50% . M uch of this local 
expansion is attributable to vegetative reproduction, 
with seedlings being rare. H ieracium  p ilosella  sm others 
and displaces small native herbs and grasses and re- 
stricts the survival o f produclive pasture grasses and 
iegumes. Soil changes beneath H íeracium  p ilosella , espe- 
cially increasing rates o f acidification, also limit the 
growth of introduced legumes.

There is little doubl thai human activities, espeđally 
repeated fire, and the grazing of domestic and feral 
anim als, have increased the vulnerabilúy of indigenous 
grasslands to invasion by introduced plant species. 
However, som e relatively unm odiíìed native habitats, 
especially in subalpine areas, on braided river beds, in 
sem iarid environm ents, and on unstable hillslopes, may 
also be vulnerable due to tecionically induceci natural 
erosion m aintaining hare ground. H ieracium  p iỉosella  
possesses several attributes thai enable it to outcom pete 
many low-grow ing native grass and herb plant species, 
especially in drier regions. These include rapid growth, 
vigorous vegetative reproduction, drouglil-tolerance, 
and grazing resistance. Furtherm ore, Hiciciciiun pilo- 
selỉa is m ore efficient than native plant species in utiliz- 
ing seasonal pulses o f nutrients and vvater. The wide-

FIGURE 4 M ass ílovvering o f H icracium  piloscllíi in Ft*sínai-Po<i sh ort 

tu sso ck  g rasslan d . castern  So u th  Island, New Z caland . Ph o to : Sian  

van U dcn.



spreađ aerial application of superphosphate fertilizer in 
upland areas may also have contributed to the spreađ 
ol H ieracium  p ilo sc lla  in recent decades. New Zealand 
planis o f H icraáu m  p ilosc lla  are entirelv polyploid vvith 
high levels of genetic variation enabling the rapid evolu- 
ti(in of innovative gcnotypes for colonizing new hab- 
itats.

The íuture oí H ieracium  p íìosella  in indigenous grass- 
lands probably depends on land-use goals. In tall-tus- 
sock grassland, in  the absence of m am m alian grazing, 
natural vegetation cover and successional processes 
eventually leave H iem cium  p ilosella  restricted to mar- 
ginal habiiats. However, the outlook for induced short- 
tussock grassland, with or vvithout stock  or feral animal 
grazers, is less clear, and H ieracium  p iỉo seìỉa  may well 
m onopolize ihese com m unities in the longterm , or at 
least until succeeded by shrubs. Acúve managem ent in 
areas under extensive pastoralism involves grazing to 
reduce flowering and applications of fertilizer 10 im- 
prove the com petitive ability o f associaled grasses and 
legumes. A biological control program in New Zealand 
is currently underway, and two agents collected from 
Europe have been uúlized: a pathogenic rust lungus 
(P uccin ia p iỉosc llo idan tm  var. h ierac ii) and a gall wasp 
(A u ìacidea subtcrm inalis), w hich forms galls on stolons.

E. Spartina alterniílora (Poaceae)
Estuarine habitats, characterized by waierlogged soils 
and regular saltwater incursions, provide a sevcre envi- 
ronm ent for plants and usually support a sparse halo- 
phytic ílora. One kind of plant that is able to form dense 
m onospeciíìc stands in these environm ents is the grass 
Spartina  (cordgrass), especially Spartina altern iỳlora  and 
its derivatives, w hich have spread in estuaries in many 
su b tro p ica l and tem perate rcgions of ihe world. The 
invasion of Spartina altern i/ìora  is signiRcant because 
of the rapid evolutionary process involved and the 
grovving recognition of the biodiversity values of estua- 
rine areas.

Spartina  species are perennia l ,  deep-rooted (3 0  cm ), 
rhizom atous, sward-form ing erect grasscs that mostly 
occupy low- to midtidal mudílats. They are well adapted 
physiologically to tolerate saline conditions with special 
salt cxcretion , d ilution, and restriction m echanism s. A 
high w ater-use effìciency, due to their c 4 photosyn- 
thetic system , and the unusual abilìty to m aintain higher 
rates of photosynthesis than other c+  and many Cì 
species under cool temperate conditions (5 -1 0 ° C ) , in- 
creases their environm ental range.

The native geographic distribution o f the genus cen- 
ters on the east coast o f North and South Am erica,

with fewer species on the west coast o f North Am erica, 
Europe, and north Alrica. S parlin a  altci n i/lo ia , native 
to the A tlantic coast o f N orth Am erica, vvas accidentally 
introduced to the United Kingdom  early in the 19th 
century, and produced rare hybrids w ith [he local con- 
gener S partin a  m ar itim a , vvhich is restrictcd  to western 
Europe and A ỉrica. The male sterile F, hvbrid Spartin a  
X Loivnsendií subsequently produced, via doubling ot 
chrom osom es, a new [erúle species S partin a  an g ỉica . It 
quicklv becam e apparent thai S partin a  U m nsendii, and 
particularly S partin a  an g lica , were m arkedly m ore inva- 
sive than cither of the parent species. Estuarine habitats 
in Southern England were transform ed from exposed 
m udílats into tall-grass m eadows. In less than a centurv 
Spartín a a n g lica , vía seed dispersal, clonal spread, and 
human plantings, covered approxim ately 1 0 ,0 0 0  ha of 
iniertidal salt marsh along the coasi o f Britain.

Early this century, estuarine stabilization to m aintain 
com m ercial waterways and reclam ation for industrial 
and agricultural developm enl were seen as im portant 
goals o f Coastal m anagem ent. Experience in thc United 
Kingdom  resulted in S partin a  a ltern iỊlora  and its deriva- 
tives (S partin a  X  toìvnsendii, S partin a  an g lica )  being 
widcly planted in parts o f N orth Am erica, in regions 
occupied by nalive Spartin a  species, and in areas well 
outside its native range (e .g ., A ustralia, and New 
Zealand) where they were sim ilarly successlu l, espe- 
cially S partin a  an g lica . The heightenccl com petilive 
vigor and environm enlal range o f Spartin a  an g lica  ap- 
pears 10 derive from  a greater genetic heterozygosity, 
due to hybridization and polyploidy, and expanded phe- 
notypic plasticity. Spreading S partin a  species appear to 
have fewer insect and avian herbivores in  their new 
ranges.

Invasive S partin a  species induce m ajor geom orphol- 
gical changes in tidal habitats by enhancing rates ot 
sedim ent accum ulation. Sedim ent accreúon rates o f up 
17 cm y r“' (average 5 - 1 0  cm ) have been recorded 
w ithin thc tall grass sward, and in S o u t h e r n  England 
S partina  caused elevation o f m udílat surfaces by 1.8 m 
in 37  years. D eclining tidal in íluence, and the accum ula- 
tion of biom ass (dry w eight up to 7 5 0 0  kg h a "1), trans- 
forms salt m arsh areas into nonestuarìne ecosystem s. 
Im pacts on biodiversity are no less dram atic. At the 
pioneer phase, establishm ent via seed or planting pro- 
duces circu lar clum ps that expand at rates o f betw een 
3 and 7 m y r " 1, eventually coalescing to form extensive 
meadows on sand and m ud substrates in the low- to 
m idtidal range (Fig. 5 ). S partin a  an g ìica  physically dis- 
places many native indigenous low -grow ing halophytes 
(e.g ., S elliera , S a licorn ia , Schoertus, P u ccin e llia ) and 
modítĩes habiiats form erl)’ occu pied  by a range of bird,



F1GURE 5 C o lo n iz in g  patches o f Spartina a iíem ự lo ra  on m ud flats 

at W ilap a  Bay, W a sh in g to n , USA. P h o lo : G lcn  M iller.

fish, and invertebrate species. In Southern New Zealand, 
the loss of fish and other food sources in estuaries 
colonized by Spartina an g lica  threatens the persislence 
of 34  species o f foraging shorebirds in these habitals.

The hybridizalion o f naiive and introduced Spartinct 
species during the 19th cem ury in the United Kingdom 
is presently occurring in western North America, where 
the recently established S partina ah ern iỊlo ra  (intro- 
duced) is genetically assim ilating ihe com m on Spartína  
jo l io s a  (native) through inlrogressive hybridization. 
Abundant Spartina a ltem iflo ra  pollen improves seed set 
in Spartina /o l io s a ,  producing fertile hybrids that also 
cross with the native species. Locally, the introduced 
Spartin a  species and progeny could readily displace the 
native species and colonize lower reaches of the mud- 
flats, currently beyond the environm ental tolerance of 
the Spartina /o lio sa .

Because of growing appreciation of the biological 
values of estuaries, new plantings o f Spartina a ltern i/ỉora  
have largely ceased, and the species is now considered a 
serious weed. Extirpation of existing Spartina  meadows 
has, however, been difficult, but containm ent and the 
removal of outliers has been achieved using system ic 
herbicides.

F. Opuntia (Cactaceae)
Cacti are prized as ornam entals for their novel form, 
spectacular flowers, edible parts, and m edicinal uses. 
Opuntia (prickly pear) a genus of about 90  species native 
to N orth and South America, has been distributed glob- 
ally over the past two centuries. Sixty species have 
becom e naturalizcd, and ai least 15 are considered ma- 
jo r  weeds. Opuntia species provide som e of ihe earliest

and m ost spectacular exam ples o f invasive plants in 
dry environm ents and the effecúveness o f insects as 
biological conlrol agents. In the m ạjor centers o f Opui 1- 
tia  invasion (Australia, South Africa, and India), several 
species have displaced horticu ltural crops, reduced the 
grazing potential o f rangelands, and threatened the con- 
servation values o f native grasslands, scrublands, and 
w oodlands. Eradication may be unattainable, but some 
invasive Opuntia species are now at low population 
densities, while Olhers are continu in g  to spread.

Opuntừì species are fast-grow ing perennial succu- 
lents with thickened, often ílattened, segm ented clad- 
odes, usually supporting spines. M ost Opuntia will re- 
generate from seed, cladode ĩragm ents, and 
underground tubers. Ranging in size from low-grow ing 
shrubs to small irees, the species characteristically oc- 
cupy dry habitats w ith seasonal water deíìcils. As with 
all cacti, Opuntia species have a distinctive photosyn- 
ih etic  system (crassulacean acid m etabolism  or CAM ), 
w hich enables them to lìx  carbon al night w hen evapo- 
rative stress is rcduced, as vvell as during the day, if 
adequate m oisture is available. A high water-use efíì- 
ciency , coupled with a large internal vvater-holding ca- 
pacity and the abilily to reslrict water loss by tightly 
shutting off stom ata, enhance drought tolerance. In 
North and South A m erica Opuntía species are usually 
sparse and restricted regionally, and several are consid- 
ered threatened in the wilcl. The m ajor invasive wecd 
species com e from a range of native regions: O punlia 
strícta  (com m on or erect prickly pear) eastern Norih 
Am erica, W est lnd ies and ad jaceni South Am erica; 
O puntia au ran tiaca  (tiger pear, jo in ted  cactus) tem per- 
ate South Am erica; O puntia ficu s-in d ica  (sw eet prickly 
pear, Indian fig) C entral Am erica; and Opuntia vulgaris 
(drooping prickly pear, Barbary fig) eastern South 
Am erica.

Initially  Opuntía species were disiributed outside the 
New W orld as ornam ental plants, but a range of uses 
rapidly emerged, especially  as s lo ck  fodder, hedges, and 
as fruits or vegetables. A novel use was ihe production 
o f carm inic acid, a com m ercially  im portant red dye, 
derived from the crushing of dried coch ineal beetles 
fed a diet o f cacti. O puntia  can provide an im portant 
source of food and incom e for local com m unities, and 
attem pted extirpation is not universally accepted.

Introduced into Australia in the early 19th  century, 
O puntia slr ic ta  had by 1925  infested m ore than 25 mil- 
lion ha oi' eastern Australia and was spreading at the 
rate of 100 ha per hour, aided by the disseinination of 
vegetative and seed  material  hy í loods, hu m a n s ,  and 
feral and wild anim als. Areas m ost susceptible wcre 
pastoral and arable land cleared amongst A cacia  and



Citsuarina  woocIland, although the cacti also peneirated 
the vvoodland understorey. The Australian flora has fcw 
native succu lents, and none with the environm ental 
tolerance of O puntia. Approxim ately 10 years after ini- 
úal establishm ent at a site, grounđ cover becam e domi- 
nated by im penetrable thickets o f O puntia  reaching clen- 
sities o f 16 ,0 0 0  plants and a biom ass of 2 5 0 ,0 0 0  kg, 
per heclare. The weed frustrated the íarm ing am bitions 
of European settlers and caused the ruin of early ru- 
ral eeonom ies.

Opuntia ficu s- in d ica ,  a tall shru b, was established in 
Southern Africa at leasl 25 0  years ago. By the early 20th  
century, in íestations occupied 9 0 0 ,0 0 0  ha, m ainly in the 
Eastern Cape region, occupying grassland, succu lent- 
karoo, and the savanna biom e (Fig. 6 ). O puntia auranti- 
a c a , a low -grow ing species, w hich may be of hybrid 
origin, was introduced m uch later (early 19th  century), 
spreading originally from  garden plantings around Cape 
Tow n. A total in íested  area o f about 4 0 0  ha in  the 189ƠS 
has grown this century 10  around 8 3 0 ,0 0 0  ha, mainly 
in eastern parts o f South Africa. It is replacing im portant 
pastoral plants in grasslands and savanna, in ju ring  do- 
mestie and íeral anim als, and degrading natural range- 
lands. A single cladode can produce up to 145 new 
cladodes over a 200-d ay grow ing period, and the poien- 
tial for vegetative spread is cnorm ous. Currently  Opun- 
tia au ran tiaca  is considered to be South Africa’s mosi 
expensive weed. O puntia vu lgare  has also been an im- 
portant weed in the latter p an  o f the tvventieth century, 
mainly in vvestern Coastal areas.

In Australia and South Alrica, the control o f Opuntía  
assumed top priority for land m anagem ent agencies 
early in ihe 2 0 th  century, w hen various herbicidal and 
m echanical m ethods were auem pted. P oisoning, using

FIGURli 6 Opuntia ficu s-in d ica  invacling ran g elan d  in th c  E astcrn  
C ap e P rov in ce  o f  So u th  A írica . P h o to : Jo h n  H o íím a n n .

a com bination of arsenic penioxide and suliuric acid. 
and m echanical cutting were successíully used to con- 
trol sm all iníeslaúons of Opuntia  in open lands but were 
verỵ expensive and achieved little at a regional scale. 
However, spectacular success has been achieved using 
plant-sucking cochineal insects D actylopius  species and 
the cladode-eating larva of the m oth C actoblastis cact-  
orum . Indications of the potential o f insects as biocon- 
trol agents fìrst appeared in 1795, when the accidental 
introduction of D actỵlopius ccylonicus  resulted in wide- 
spread death o f Opuntia vuỉgaris  in India. Subsequently, 
deliberate inưoducúons o f several D aclỵlơpius species 
have drastically reduced Opunlia weed iníestations in 
Southern Africa, and C.actohlastis has been sim ilarly 
used to dim inish population densities o f Opuntia stricta  
in Australia. Overall, biological control agents have low- 
ered population densities o f Opuntia by 90% , especially 
in drier clim ales. Opuntia rem ains a vvidespread and 
invasive weed in these countries, bul the econom ic 
im pact on agricukural land uses has dim inished hugely, 
especially in Australia.

G. Fallopia japonica (Polygonaceae)
The human passion for gardens increases biodiversity 
in urban arcas, oíten  creating largc source populations, 
which ứiitiate the effective dispersal o f introduced 
plants into acljoining landscapes. One garden ornam en- 
tal that has becom e an invasive weed is F allop ia  Ịapon ica  
(Asiatic knotw eed), a large perennial herb native to ihe 
Far East. In the 20th  century the species has iníiltrated 
m uch of Central and western Europe, North America, 
and several Southern temperate countries, where it ex- 
cludes native plant species in artiíìcial and highly dis- 
turbed habitats, riparian areas, and in open woodlands. 
In the United Kingdom, F a llop ia  ja p o n ica  is presently 
the tallest and most aggressive com m on herbaceous 
species.

F a llop ia  japon ic.a  is a rhizom atous, clum p-form ing, 
perennial native to China, Japan , Korea, and Taiwan. 
In these countries it is an early successional species, 
growing to less than 2 m tall, colonizing volcanic debris 
and disturbed riparian habitats, under a range of 
edaphic condiúons, from lowland to subalpine. F allop ia  
ỳapon ica  establishes on new sites by seed in its native 
range and persists to develop a large biom ass (12  tonnes 
ha-1), deep litter layer, and a rhizom e system that ex- 
tends for up to 20 m beyond the shoots.

Taken from Japan to the United Kingdom in 1825, 
for planting in gardens, F a llop ia  ja p o n ica  was subse- 
quently established in other norihern (e.g., North 
Am erica) and Southern  hem isphere (e.g., New Zealand)



F1GURE 7 C o m p letc co v er o f P allopia  ja p on ica  in urban vvusieland. 
S w an sca  V alley , U n ited  K ingdom . P h o lo : S im o n  F ow ler. Sce  a lso  
co lo r  in s c r l , V olu m c 1.

countries late in the 19th century. Although mostly 
found on heavily modified and disturbed sites within 
urban environm ents, it has also spread in nalural habi- 
tats, especially along waterways. In the United Kingdom 
it is presently [ound in over liair the 10-km  grid squares, 
being m osl abundani in Southern and w estern regions 
(Fig. 7). In W ales, for exam ple, F a ỉlop ia  ịapon ica  occu- 
pies 84%  of river sysiems with average flow rates greater 
than 2 .3  m3 s " 1. In North America it has becom e natural- 
iz e d  i n  most m esic \vestern Coastal r e g io n s ,  n o r t h  lo  

Alaska, all o f the noriheastern United States, and parts 
o f Central and S o u t h e r n  United States. In vvestern Penn- 
sylvania, stands extendlng íor hundreds of hectarcs 
cover vvetlands, stream  sides, and adjoining hill slopes.

Around waterways, F a lìop ia  ja p o n ic a  is capable of 
form ing dense thickets up to 50 0  m across, overtopping 
and supplanting native herbs, shrubs, and small trees; 
im peding vvaier runoff and increasing flooding, and 
m odiíying nutrient availability and cycling patterns 
through sequestration in a large standing biom ass. Early 
em ergence and fast grovvlh of new shoots and ílow ering 
stem s, usually com pleted before m idsum m er, create a 
dense overstorv, and this, together with prodigious an- 
nual litter production, restricts the presence of other 
species, excepi where regular ílooding removes surĩace 
litter, and ihe shade Irom tall trees reduces its vigor.

In its native range, P allop ia  ja p o n ica  bears íemale 
and herm aphrodite flow ers on separate individuals. 
Elsevvhere the species is m ale-infertile and, akhough 
seeds are produccd from hybridization with other intro- 
duced congeners, spread via successful sexual repro- 
duction is rare. Hovvever, spread of rhizome íragm ents 
is extrem ely potent, and viable plants can establish from 
pieces as sm all as 7 g, and from burial at depths of up 
to 1 m. Stem  íragm ents are also able lo produce new 
shoots. In m ost instances vegetative dispersal is 
achieved by w ater cu rrents and the movement bv hu- 
mans of so il and gravel contam inated w úh rhizom e 
pieces.

The cu rrent geographic range in Europe extends 
north 10 63°N  and is broadly correlated with degrce- 
days, absolute m inim um  tem peratures (> -3 0 .2 ° C ) , and 
annual rainíall ( > 5 0 0  m m ). The shoots are vulnerable 
to late írost and sum m er droughls, and these ĩactors 
may constrain  the large-scale distribuúon of F a llop ia  
ịaponica,  e sp ec ia lly  in Continental climates.  Tolerant o f  
a broad range oỉ' soil cond itions, Fallopiu  jap o n ìca  is 
strongly light-dem anding and rarely enters íoresls.

O nce established , F a llop ia  ịa p o n ica  is difficult 10 re- 
move. In Europe and N orth A m erica young shoots of 
F a ỉỉop ia  ịap o n ica  are occasionally  eaten by stock, and 
this may reduce the developm enl of clumps and slow 
the ratc o f spreacl. w h e re  accessible, regular cutting or 
spraying w ilh herbicides can achieve control, but lol- 
low-up treaim ents over several years are needed to 
vveaken and evem uallv kill ihe rhizomes.

H. Lantana camara (Verbanaceae)
International trading in plants and the inlensive search 
for novel cultivars for horticu lture has produced new 
hybrids w ith high invasive capacity and given them  
Iiear-global d istributions and access to a great range of 
habitats. L an tan a ca m a ra  (lantana, white sage, wild sage, 
tick berry), a pcrennial shrub with brightly colored 
flowers, was taken from Brazil to Europe in the middle 
of ihe 17th  century as a hothouse plant. During the 
next several hundred  years, extensive hybridization and 
propagation o f d iffereni varieties, augm ented by new 
collections from  the naúve region, produced a prolifera- 
tion of form s. C om m only grown in gardens, Lantcma 
cam ara  has now becom e a m ạjor weed worldwide in 
tropical, subtropical, and warm  temperate rcgions. It 
invades pastures, plantation crops, and a range o f clis- 
turbed-open natural and m oditìed scrubland, wood- 
land, and íorest com m unities, displacing the indigenous 
biota and lim iting public access and use. Because oi’ its 
broad d istribution , invasive ability in boih agrìculuiral



and natural ecosyslem s, and local pcrsistence, Lcm lana  
can iara  is considered One of the world’s top ten 
vvecds.

Lantana canutrci is an arom atic shruh vviih distinctive 
ĩoưr-angled stem s, often arm ed with recurved prickles. 
Ít has m uhicolored, in sed  pollinated, bisexual, poten- 
tially self-feriile flow ers that produce purplish-black 
drnpes by assorted sexual, sem isexu al, and apom ictic 
m echanism s. Native to parts o f Central and South 
Am erica, L an tan a  cam ara  is actuallv a com plex o f spe- 
cies and varietal form s of m ixed hvbrid origin. Ít is a 
genetically diverse group, with ploidy levels ranging 
from diploid to hexaploid . The m ost weedy variety 
(L an tan a c a m a ra  var. acu lea ta )  is tetraploid. The grovvíh 
form (e.g., ground crecper, prostrate shrub. tall shrub, 
liane) o f Lantam i c a m a m  is equallv plastic, varying w iih 
light and soil cond itions, but with support planis can 
reach 15 m into the canopy.

The species currently grows in many cou niries be- 
tvvcen 45°N and 45 °s , but appears 10  be lim ited to 
m inim um  m ean m onthly tem peratures above 5 ° c ,  rain- 
Tall in excess o f 6 5 0  mm per annum , and nonsaline 
soils. It is a serious vveed in ihe Caribbean, in eastern 
A ữica, South Africa, India, M adagascar, Australia, and 
the Paciíìc Islands.

I.antcma ccim ara  is an ìm portant weed o f plantatìon 
crops. In  Inclia, it has taken over land used for tea 
and sugarcane production, causing the clisplacem eni ơf 
w holc villages, and in other cou ntries it is a m ajor 
nuisancc in cotton , coffee, coco n u l, oil palm, bananas, 
pineapple, rubber, and rice crops. In Continental coun- 
tries such as Ausiralia, India, and South A írica, it is 
natural grasslands ihat have been m ost extensively 
modified by L an tan a  cam ara . In eastern Australia alone 
approxim ately 4  m illion ha oí grassland have becom e 
covered, elim inating both indigenous species and pasio- 
ral agriculiure. Rem nants of sem ideciduous forest are 
also invaded vía edges and nalural and hum an distur- 
bances of thc canopy. In South A ừica, 44%  o f 1-km 
gritl squares wert' infected w ith Lantana c a m a ra  in a 
survey of 14 m ajor forest reserves.

The spread of Lan lan a  c a m a ra  on rem oie volcanic 
islands w ith  d íst inctive  b io ia s  has b een  o f  in ternat io nal  
concern  and has usually been associated with European 
settlem ent and vegetation clearance via fire, roads, and 
grazing m am m als (Fig. 8 ). On the Galapagos lslands, 
fam ous for their biodiveristy and role in the origin of 
evolutionary theory, Lcintana cam ara  endangers both 
rarc plants and anim als. It is considered to have caused 
the extin ction  of one plant species and threatens the 
dem ise of at least eight others. The weed is also closing 
in on the last rem aining colony o f lhe darkrum ped

FIGURE 8 Flovvcring Lcmuma cctmarcL a niajor ihrcat 10 indigenous 
biodiversity 011 occanic islands. Photo: Si mon Fovvlcr.

petrel (Pterơclrom a p h acop y ia ), and will, ií nol m anaged, 
seal off bird access to hurrovvs. In the Indian O cean, 
Lantana cam ara  is One ot several shrub-creepers invacl- 
ing and depleting native íoresls on La Réunion Island. 
Initially colonizing natural gaps, it subsequently as- 
cends to sm other and weaken canopy trees, m aking 
them m ore susceptible to damage during cyclones. It is 
predicted tbat Lantơna cam ara  will increase dom inance 
with successive cyclones and eventually displace thc 
forest cover. Thirteen years after its introduction to the 
Havvaiian Islands in 1858, Lantana camctra had becom e 
naturalized on all the islands and is considered to be 
the num ber one problem  plant. It currently occupies 
m o r e  th a n  16 0 ,000  ha, m a in l y  in Coastal  and lo w la n d  

areas, covering cropland, shrub lancl, savanna, and de- 
stroying opened up forest.

Apart [rom a broad environm ental tolerance, the spe- 
cies has num erous traits ihal íacilitate its dispersal, 
p enetration , d om in an ce, and persistence in diííerent 
ecosystem s. In tropical clim aies flowers and seeds may 
be produced all year, and ĩruits are eaten and widely 
dispersed by a range of birds and mam mals, including 
some sim ilarly invasive introduced species (e.g ., Indian 
m ynah, A criclotheres tristis). Most disturbed vegetation 
types are vulnerable to invasion by Lantana cam ara . 
Grassland, shrub land, and woodlands, from Coastal to 
m ountain areas, are transform ed into dense stands of 
Lantana cam ara  as it sm others herbs and other shrubs. 
Continuous closed [orest is less susceptible as L an lan a  
has greatly reduced vigor in deep shade. However, 
plants can penetrate íorest from arouncl the m argins, 
readily esiablish in gaps created by natural treeĩall, and 
prevent the regeneration of canopy trees. Plants are



flam niable, even when green, and íacilitate the spread 
o f íorest fìres. Foliage and seeds are toxic for many 
grazing m am m als and the thick, prickly stands o f Lan- 
tana camara  are virtually im penetrable. Th ickets also 
provide habitats for verm in and disease vectors (e.g., 
tsetse fly).

Techniqu es for effectively controlling Lantana ca- 
m ara  are slovvly em erging, although m ost depend on 
the rapid establishm ent o f vigorous crops or pastures 
follow ing initial suppression of ihe weed. M echanical 
m ethods are generally less successíul, because Lantana  
cam ara  generally resprouts from plant íragm ents, basal 
shoots, and roots after fire, cutting, or digging. Herbi- 
cides, especially those based on phenoxy or benzoìc 
acid or pyridine, have variable success depending on 
clim ate, season, and grovvth form. Biological control 
appears to be som etim es effective, especially in drier 
areas, utilizing a m ixture of seed- and foliage-feeding in- 
sects.

I. Mimosa pigra (Fabaceae)
N ilrogen-fixing shrub legumes provide som e of the 
m osi aggressive and disruptive invasive plant species 
in many parls o f ihe world. One of the m ost spectacular 
plant invasions this century has been the spread of 
M im osa p ig ra  (giant sensitive plant, zaraz, dorm ilona) 
in tropical wetlands in parts o f Asia, Africa, and Austra- 
lia. In  less than a century, 4 5 0  sq km o f natural habitat 
associated vvilh ílood plain areas and rivers around Dar- 
w in, northern  Australia, have been transíorm ed into 
dense stands of M im osa  (Fig. 9 ). The species endangers 
the conservation and use of natural wetland ecosystem s 
in tropical regions worldwide.

M im osa p igra  is a prickly shrub native to Central

F1GURE 9  D cn sc stan d s o f Mimosci piiịra d u rin g  th e w ei season , 

n o rth e rn  A u stralia . P h o io : C SIR O  E n to m o lo g y .

and South A m erica w here it forms shrub lands up to 
5 m tall in  areas w ith seasonally high humidity. Its 
current pantropìcal d istribuiion reilects human m ove- 
m ent of plants sin ce  the 16th  century, most likely b e- 
cause of íascination  w ith the touch-sensitive rapid fold- 
ing of the foliage. M im osa p ig ra  has naturalized beyond 
its native range in Asia (e.g ., Thailand, M alaysìa), 
Am erica (e .g ., Costa Rica, B razil), Africa (e.g., N am ibia, 
South A frica), and O cean ia (e.g.. Australia, New 
G uinea). C lim atically , M im osa p ig ra  favors the season- 
ally dry tropical zone, w ith an annual rainíall o f betw cen 
7 5 0  and 2 2 5 0  m m , m ean annual temperature above 
1 7 °c , and m ild w inters.

C haracteristics that m ake M im osa  such an aggressive 
invasive plant species include rapid growth rate (.10 
mm per day), rapid m aluration (germ ination to íìrst 
Ilowering w ithin 6  m o n th s), potenúally autogam ous, 
abundant seed production (9 0 0 0  seeds per m 2 annu - 
ally), a large, long-lived ( > 1 0  years) seed bank in so il, 
and an effective dispersal system  (ílotation of clusters 
of capsules and Via attach m en t to anim als). Spines on 
the stem  and leaf rachis deter most mammalian grazers 
and, outside its nalive range, there appear to be few 
invertebraie or fungal attackers. In many habitats, M i- 
m osa p igra  has the ability  to com pletely dominate a site, 
form ing im penetrable, m onospecific shrub stands up 
to 6 m lall.

Rates and pattern of invasion have been best docu- 
m ented for northern Australia. M ovement avvay from  
the eniry point in Dar\vin has taken more than 50  years, 
bul spread since the 1970s has been rapid. W iih in  a 
river system  stands expand on average at the rate of 
76  m y r " 1, resulting in a doubling time of 1.4  years. 
Peripheral expansion is íastesi following higher than 
average rainíall during the wei season, suggesting the 
im portance of water for b olh  the dispersal o f seeds (in  
the wet season) and ihe survival o f seedlings (through 
the dry season). An exam ple oỉ' this spectacular rate of 
local spread has been  given for a site of knovvn history 
where a stand grew from  a íew individuals 10 one cov- 
ering an area of 6 0 ,0 0 0  ha in approximatelv 10 years. 
At a larger scale, the d oubling time for new infestations 
is slovver (6 .7  years), due lo habitat heterogeneity.

The role o f introduced grazing anim als in the ìnva- 
sion of M im osa p ig ra  is debated. In northern Australia, 
the feral asiatic w ater buffalo (Bubalus bubalis) was 
thought by pastoralists to lim it the spread of Mimosa, 
because o f its conspicuous expansion since the low ering 
of buffalo densiúes as part o f a disease (brucellosis and 
tuberculosis) erad ication  program in the m id -1980s. 
However, in the two decades prior to this, both buffalo 
num bers and M im osa p ig ra  inĩeslations increased in



parallel, and recent evidence shovvs that the most 
reaclily invaded habitats (w etland m argins) are those 
most disturbed by large grazers, lacking tall trees, and 
with long periods of inundation.

M im osa p igra  drastically alters the com position  and 
use o f natural ecosystem s. In A ustralia, it has sup- 
planted native sedge land and grassland com m unities 
on llood plains and has invaded and displaced ad joining 
Me la leu ca , E ucalvptus, and Pandanus  w oodland. The tall 
cover of M im osa  decreases native biođiversúy and 
threatens the rich wìldlife associated w ith open habitats. 
Ecosystem  m odiíìcations caused by M im osa p ig m  have 
reduced native resources accessible  for traditional ab- 
original use, pasloral grazing, and ecotourism  ventures. 
The enorm ous scale and potential level o f im pact of 
M im osa p igra  is highlighted by estim ates provided for 
Kakadu National Park (1 3 ,0 0 0  km 2), a W orld  Heritage 
Area containing a íull range of natural habitats w ithin 
150 km  of the coasi. O ver 80%  of the park is vulnerable 
to invasion (29%  seasonally [looded areas susceptible 
to com plete displacem ent; 54%  largely open forest and 
w oodland, which could have M im osa  p ig ra  as a com m on 
elem ent). Only 17%  (extrem e edaphic sites) o f the area 
appears beyond the ecological to lerance o f M im osa

The m anagem ent and con tro l o f M im osa p íg ra  in 
natural ecosystem s present a m ajor challenge. It is sus- 
cepúble 10 m echanical rem oval, herbicides, fire, and 
com petition from grasses, and all are being used, often 
in com bination, to eradicate new  in lestations and con- 
trol thc expansion in Australia. Hovvever, to be effecúve, 
trcatm ents neecl to be repeated at regular in iervals íor 
at least a decade due lo resprouting from  damaged 
stum ps and recolonization vía the seed bank CIO-* seeds 
m 2). Currently an extensive biological con tro l program 
is b eing  underiaken testing several insects and 
pathogens.

J. Pinus pinaster (Pinaceae)
M em bers of ihe Pinaceae, notably Abies, L arix , P ic ea , 
and Pinus, are the rnost widely planted exotic  trec spe- 
cies in the world and form the basis o f production 
forestry in many countries. The evolutionary h istory of 
the íam ily is centered on the northern  hem isphere, but 
in the 20th  century the geographic range o f northern 
con iíer species has been greatly extended to many 
S o u t h e r n  h e m i s p h e r e  r e g i o n s  w h e r e  they h a v e  b e e n  

evaluated and used for forestry, am enity planting, refor- 
estation , and erosion control. T ran slocation  o f Pinus 
species in  particular has occu rred  on a grand scale, 
initiated by European settlers. In  South A írica, for ex- 
am ple, more than 8 0  of the 111 species worldw ide have

been planled since the late 17th century. O utside iheir 
native range, at least 20 species have established away 
from plantations into adjoining grassland, shrub land, 
and woodland com m unities. Because of their size, 
grow th rate, and fecundity, pines have been responsible 
for generating widespread concern  internationally 
aboul the potential im pacts o f introduced plant species. 
Pinus p in aster  (cluster pine, m aritim e pine), nalive to 
the M editerranean region, typifies the invasion historv 
and types of im pacts thai pines can have, particularly 
in nonforest ecosystem s.

N aturally occurring in the M editerranean Basin from 
Portugal to Algeria, Pinus p in aster  is a tw o-needled, tall 
(4 0  m ), open-canopied pine species ừequentlv growing 
on sandy soils and dunes am ong oaks and heathland 
shrubs at low to m oderate altitudes, but extending up 
to 1500  m. Valued for resin potential and for erosion 
contro l, Pinus p in aster  has been planted vvidely in South 
A m erica, Australasia, and South Aírica, w here it has 
invaded a range of natural and modiíìed com m unities. 
P lantations have also been established in Europe, w ithin 
its native range, and these are sim ilarly spreading.

The ecology and spreacl o f Pinus p in aster  has been 
best docum ented in South Alrica, where it was intro- 
duced in the late 17lh ceniury and subseqụently widely 
planted for tim ber and drill sand stabilization. Two 
hundred years later Pinus p in aster  has invaded 3 256  
k m 2 o f  nalural vegetation (Fig. 10) and is one of several 
pine species (Pinus halepensis, Pinus radiatá) that threat- 
ens the conservation o fo n e  of world’s biodiversity gems, 
the lynbos biom e. Exlending for 7 1 ,3 3 7  km 2 in the Cape 
F loristic  region, the íynbos biom e com prises com plex, 
species-rich  (7 3 0 0  vascular plants), fire-adapted,

FIG URE 10 T h o ư san d s o f h e c ta re s  o f  Pinus pinasier, aTter 100  y ca rs  of 
sp read  in  th e R iv ierso n d eren d  M o u n ta in s  n ear G en ad en d al. W cste rn  

C ap e P ro v in ce , So u th  A írica . P h o io : D avid R ich ard son .



m ainly shrub-dom inaied ecosysiem s with a high pro- 
portion (80% ) o flo ca l endem ics. The pines have spread 
peripherally arouncl source plantations and also vía 
long-distance (up 5 km ) vvind dispersed seed. These 
outliers gradually coalesce to form extensive stands in 
w hich Pinus p in aster  is m ore than 25%  of the cover. 
O n ihe Cape Peninsula near Cape Tow n, pines are the 
m ost com m on introduced plant species in 10 of the 15 
vegetation tvpes represented at the Cape, with Pinus 
p in astcr  dom inant over 56 0  ha or 1.1%  of the total area.

The success o f Pinus p in aster  and O lher invading 
pines is due to a com bination  o f factors including partic- 
ular species traits, natural features o f the íynbos, and 
various hum an activities. W eedy pines, in this ecologi- 
cal context, are distinguished from nonspreading spe- 
cies by their resilience to fire (e.g., short period lo 
reproductive m aturily , above-average levels of serotiny) 
and dispersibility (sm all seeds with low seed-vving load- 
ing). The íynbos vegetation is fire prone, and natural 
íìres at intervals o f a decade or m ore m aintain a m osaic 
of shrub land and gully forest, depending on the timing 
and intensity of the burn. Fire ĩrequ enđ es have in- 
creased with greater hum an activity in the region, creat- 
ing ideal invasion opportunities for fire-adapted, íasi- 
growing, and early-inaturing introduced species. Plants 
derived [rom abundant seed sources blow n in [rom 
established plantations have penelrated the íynbos after 
fire, increasing (by up to 3 00% ) the available ílamm able 
biom ass, and gradually consolidating dom inance wilh 
successive fire cycles.

In ihe absence o f m anagem enl, Pínus p in aster  and 
the other pines would eventually transĩorm  m uch of 
the diverse ĩynbos vegetation into an introduced coniíer 
forest. The shift in life-form  dom inance threatens some 
rare  native plant species and  will suppress m any Olher 
light-dem anding plants, although they may provide 
new habitais for arboreal native birds. The large increase 
in stand biom ass caused by pine invasion has increased 
intercep tion  and transpirational losses resulting in de- 
crease stream  flow (by betw een 3 0  and 70% ) for hum an 
consum ption írom  pine-dom inated catchm ents. The 
pines have induced a new vegetation structure and sys- 
tem, m ainly as a result o f increasing the intensity of 
burning, and few native species can cope with the new 
disturbance regim e.

M anagem ent for the conservation of the fynbos bi- 
om e must include controlling the invasive pines. w h ere  
p lantations adjoin w atersheds, massive clearing opera- 
tions are Rnancially ịustifiable in view o f the m ạjor 
im pact of invading pines on water delivery from catch- 
m ents.

O ptions currently  being undertaken involve pre-

scribed  burning at intervals o f 12 to 15 vears, in co n - 
ịunction  with m echanical clearing of pine stands and 
outliers. Pines are felled 12 to 18 m onths beíore burning 
to allow  time for seeds to be released from serotinou.s 
cones, and seedlings lo establish. These are subse- 
quently  k illed  by the fire. B iological control approache s 
using seed -attacking insects are being explored for Pinus 
p in aster  and Pinus halcpen sis  as long-term  solutions for 
effectivelv m anaging pines in fynbos landscapes.

III. PREDICTING AND EVALƯATING 
IMPACTS

M osi cou ntries w ant to lim it the inílux of potentially 
invasive plani species and 10 identiíy and contain those 
ihai already exist w ithin the large reservoir ol in iro - 
duced plants conlìned  to cultivated areas. The com - 
m onest approach 10  im proving biosecurity al the border 
and enabling recognition  of new weeds at a very early 
stage of invasion when control is both cost-eflective 
and practicahle is to applv som e form of weed risk 
assessm em  analvses. These invariably include evalua- 
tions o f potential im pact on hum an aclivities (e.g., ag- 
ricultural production , anim al health) and natural envi- 
ronm ents. Inform ation is com m only derived from weed 
datahases on the behavior o f the plant species elsewhere 
in the world or from assum ptions about the relation 
beiw een plant trails and species impact. In general, 
features thai enable a spccies to ciih cr capture or pro- 
duce an im portant resource will have the greatest elĩect 
on plant conununity com position and structure and 
will in itiale  m ạjor changes in ecosystem  processes and 
íunctions. Key traits vary depending on the local envi- 
ronm ent and the type of land m anagem ent, bul those 
th a t  e i t h e r  assist s p e c i e s  to  a c q u i r e  a n  u n e q u a l  s h a r e  o f  

key resources (e .g ., relaúve grow th rale, height), foster 
new  disturbance regim es (e.g., fire), enhance local per- 
sistence (e .g ., long-lived soil seecl bank), or create a 
m ajor increase in resource availability (e.g., nitrogen- 
Rxing rh izobia) are likely to be the m ost im portam  in 
any risk analysis. However, stochastic processes (e.g., 
change in land u se), com plexity  of multiple interaclions 
in natural ecosyslem s (c .g .,p resen ce  ofseed  dispersers), 
and the increasing prevalence o f introduced plant spe- 
cics lacking a weed history elsevvhere collectively con- 
tribute to m aking weed im pact prediction a m ajor chal- 
lenge. M elhods for evaluating com parative beneíìls 
(e.g ., food source for hum ans and native anim als, ero- 
sion contro l) and costs (e.g., loss of crop production, 
reduced naúve biodiversity) o f introduced invasive



vvecd species are only slovvlv em ergingd u e to difíicullies 
in assessing qualỉiative and quantitative elem ents of 
thcse caiegories in sim ple econon iic term s.
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GLOSSARY

biological control Introduction of a natural enemy 
(parasite, predator, herbivore, O T  pathogen) o f an 
undesirable species, usually itseir introduced. 

coevolu tion  Evolved m utual adaptatìons between spe- 
cies, in which each species iníluences the evolution 
o f the other.

hybridization M ating betw een individuals o f two dif- 
ferent populations, usually classified as separate spe- 
cies. M ixing of their genom es is not required. 

in trogressio n  Gene flow betvveen populations whose 
individuals hybridize, achieved when hybrids back- 
cross to one or both parental populations. 

island  biogeography, theory  o f A theory that the num - 
ber o f species in  the bioia o f each island (or island- 
like habitat) is in dynam ic equilibrium , with species 
ừ equently going extinct on the island and new spe- 
cies irequently arriving.

I. INTRODƯCTION

W hat constitu tes an e ííect o f an introduced species 
(often called “im pact”) has never been ĩorm ally defined. 
O ne com m on use o f ihe term  is for in teractions with 
native species (e .g ., pred ation), as well as consequences 
of these in teractions for population, com m unity, and 
ecosystem  structure and íunction  of t.he sysiem  to w hich 
the species was introduced. A nother frequeni referent 
for this terin is the econom ic cost generated by an 
introduced species (includ ing  loss o f goods or services 
and costs o f co n tro l). A range o f le s s  írequent m eanings 
of “effect” w ill be clear as effects are described. Nor is 
the m eaning o f “introduced species” clear-cut. It is 
vvidely used for any species introduced to a new region 
through hum an agency, w hether deliberately  or acci- 
dentally. Som e authorities wish to restrict “introduced” 
to species deliberalely  im ported by hum ans, and de- 
scribe species that arrive w ith hum an assistance but 
that are not deliberately im ported as “im m igrants.” In 
this restrictive d eíinition, introduced species plus im m i- 
grants com pose the category “ĩion ind igenous species.” 
A few authors also include as introduced species those 
that arrive on  their ow n in a location  far from  their 
original hom es— for exam ple, the Old W orld  cattle 
egret (B ubulcus ib is ) in Florida. Finally , an introduced 
species is often  deíìned legally as one not native to a 
particular nation ; a species carried by hum ans from 
one location  to another w ithin  a nation would not be 
introduceđ. M any other com m on term s— alien, exotic
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species, bioinvaders—-are less precisely used. In this 
article, introduced species will be those that arrive in 
a new region vvith human assistance, deliberately or 
inadvertently, vvhether or not the nevv region is w ithin 
(he national borders of the original range.

The effects o f introduced species are num erous, oíten 
subtlc, and idiosyncratìc. Because intensive study of 
invasions by introduced species is quite recent, many 
statem ents about their effects are based on intuition 
ralher than em pirical data. Experim ental data on effects 
of introduced species are rare. Intu ition is som etim es 
incorrect. Thus, the decline oí the native otter (Lutra  
lu tra) in the United Kingdom was long attributed to 
the introd u clion  o f the Am erican m ink (M uslela vison), 
whereas m ore recent research exonerated the m ink and 
im plicated organochlorine pesticides. Conversely, the 
destruction  of the íbresl birds of Guam was at íìrst 
atlributed  to pesticide poisoning belore the introduced 
brovvn tree snake (B oiga in eg u la r is )  was proven to be 
the cause.

A nother com plication in predicting and determ ining 
effects o f inlroduced species is that, afier introduclion, 
tliere is ĩrequently a time lag beíore ihey spread and 
begin to exert an impacl. For exam ple, Brazilian pepper 
(Schinus tercbin thi/oìius), which now infests aboul 
3 0 0 ,0 0 0  hectares (ha) in South Florida, was an innocu- 
ous, restricted species for over 50 years. Som etim es the 
causes o f these lags seem evident (e.g., delay in the 
arrival o f an obligatory pollinator for a p lant); other 
tim es they are mysterious. The opposite phenom e- 
non— dramatic increase in numbers and impact by in- 
vaders, followed by a decline ĩndependcnt o f directed 
hum an actions— is also occasionally observed. For in- 
stance, on several Pacific islands thai were massively 
invaded by the terrestrial giant A íritan snail (A chatína  
/u l ic a ) ,  a rather abrupt decline in density was observed. 
Again, causes som etim es suggest thcm selves (e.g., a 
pathogenic disease), other times they do not.

Despile uncertainúes surrounding the effects o f in- 
iroduced species, a recent burst o f research shows that 
they are oflen dram atic and, in sum , constitute a m ạjor, 
ongoing glohal change. They are widely recognized as 
the second greatesi cause of species endangerm ent and 
extin ction  (after habitat change, with which they often 
in teract). A recent estim ate by D. Pim entel and others 
suggesls ihat the annual cost in the United States alone 
is greater than $1 3 0  billion. This is not to sav that most 
invaders have dramaúc im pacts. They do not; most do 
not even survive. M. W iỉliam son’s widelv citcd  lens 
rule (about ] 0%  of introduced species esiablish w ithout 
hum an assistance, and about 10% of those have effects 
largc en o u g h  to be viewed as pests) is certain ly  too

sim plistic, but it accurately depicts ihe lack o f substan- 
tial im pact bv most invaders.

II. THE GEOGRAPHY AND MAGNITƯDE 
0 F  INVASION BY 

INTRODUCED SPECIES

A. How Many Are There, Where Do They 
Come From, and W here Do They Go?

No com prehensive list o f introduced species exists for 
m ost laxa in m ost locations; indeed, therc is often no 
list o f native species. Hovvever, for well-studied groups, 
some íigures are im pressive. In riorid a, for exam ple, 
27%  o f established plani species, 8%  of insects, 29%  of 
land snails, 24%  o f freshw ater íishes, 22% o f reptilcs, 
5% of birds, and 24%  o f land m am m als arc introduccd. 
For the Hawaiian lslands, as for many islands, som e of 
the analogous íìgures are even greater: alm ost half the 
plants, 25%  of insects, most freshw ater fishes, and 40%  
o f birds. In sorne areas (e .g ., Alaska) there are far lewer 
introduced spccies, but alm ost no regions are im m une.

Although the absence o ĩ  adequate quantitative đaia 
m akes it d iííìcult to describe this patiern ful]y, it is 
widely believed ihal Eurasian species are m ore likcly  
to invadc olher regions than vicc versa and are more 
likely to have large im pacls. For instance, most m aịor 
human pathogens and most plant pathogens that have 
had global im pacts originated in Euiasia. Sim ilarly, 
m ore Eurasian insects, vertebraies, and plants have in- 
vaded other regions than vice versa. The reasons for 
ihis im balance are obscure. Sonie authors have argued 
thai Eurasian species have an innate superiority, gener- 
ated eilher by the larger num bcrs of species evolving 
greater com petitive ability on the larger landmass, or 
by the happenstance that Eurasian species were highly 
coevolved— plants, pathogens, and anirnals (including 
especially grazers and hu m ans)— and overwhelm ed na- 
tive speciesbv iheir jo in t action. For exam ple. the struc- 
ture and behavior of Eurasian hooved livestock were 
devastating to native tussock grasses in ihe N orth Am er
ican prairie but were favorable for Eurasian turígrasses, 
vvhich now  dom inate vast regions.

However, even if Eurasian species, singly or in 
groups, were nut innaiely superior, One might have 
expected a preponderance of them  among introduc- 
tions, because the opportunities for such species to 
reach other regions were greater throughout m ost of 
recent history. For inslance, the mạịoritv of introduced 
insects in the United States through the eighteenth ccn-



lury came from Europe in soi] hallasi, w hich vvas loaded 
in Europe and exchanged in North Am erica for various 
ra\v m aterials. Sim ilarly, as Europeans colonized other 
repions, they íorm ed acclim atization  societies to intro- 
duce the birds of their hom elands. E xcept for game 
birds, there was little analogous m ovem ent o f species 
in ihe opposite direction. Nowadays, as travel and trade 
arc burgeoning worldwide, op portuniúes for introduc- 
lion from any region to any other one are greatly en- 
hanced, and one m ight expect habitat and clim atic 
m alching to becom e m ore im portani as lim iting factors.

B. w h en Did They Get There?
The tim ing of in trod u ctions has depended heavily on 
availablc means of transport and patterns of travel and 
irade, and it has tended to increase strongly [rom the 
latc eighteenlh century through the present. F or exam - 
ple, in troductions o f aquatic plants and anim als into 
the Great Lakes rose steadily from One species betw een 
1810 and 1839  to over 4 0  betw een 1960  and 1990. 
The advent of rapid steam ship transporl across oceans 
coincidcd with a dram atic increase in introductions of 
many taxa, as h itchh ikers that could not have stayed 
alive over a m onth or m ore in transit were able to 
survive a voyage o f two weeks across the A tlantic. Air 
travel decreased the need to survive a long transit period 
súll furlher. O verlaying this d om inant pattern of in- 
creasing rates of in trod u ction  w ith increased transport 
volume and decreased transit ti me are idiosyncrasies 
associaled w ith particular taxa and regions. F o r exam - 
ple, beginning around 1 9 2 0 , there was a decrease in 
thc rate at vvhich Toreign insect species, especially her- 
bivorous species, were introduced to the United States; 
ihis dow nturn coincided  w ith the enforceinent o f plant 
quarantine taws. At the sam e úm e, a dram atic increase 
of introduction o f  wasp species reílected  greatly in- 
creased biological control efforts, especially the use of 
parasitic wasps.

c. Distribution of Introduced Species 
among Habitats

Habitats m odiíìed and /or routinely disturbed by hu- 
mans generally house m ore in troduced  species and 
larger populaúons of introduced species than do pris- 
tinc habitats, though even the latter are occasìonally 
invaded. The reason for this pattern has been hotly 
debatcd. In general, the very fact o f hum an disturbance 
renders a habitat less suitable to the native species that 
had evolvecl in  the original habitat. O n the other hand,

som e species, oỉten associated with huvnans, are su- 
perbly adapted to habilats that humans create. Thus, 
certain introduced plants are routinely lound on lists of 
serious weeds from many parts of the world. A com m on 
claim  that disturbed habitats are invasible because they 
are species-poor is incorrect. Many habitats that are 
relatively undisturbed by hum ans, such as salt m arshes 
and m ountaintops, have few native species, but they 
also havẹ few introduced species, and for the same 
reason— they are biologically diffìcuU environm ents 
and few species of any kind have the physiological 
adaptaúons that perm it them to thrive there. Con- 
versely, enorm ously diverse tropical com m unities oíten 
have as manv invaders (w ith as large im pacls) as less 
species-rich lem perate analogs. Nor does periodic dis- 
turhance per se autom aticallv lead to invasiveness. For 
exam ple, the intact upland pine forests of north Florida 
are far less stricken by invaders than many other habi- 
tats in the State, yei they írequently burn naturally be- 
cause o flig h tn in g  strikes. If anything, this disturbance 
íavors the many native species that are adapted to a fire 
regime over a plethora o f potential invaders that are not.

Mosl w ell-know n exam ples of introduced species 
with enorm ous im pacts com e from eilher terrestrial or 
freshw aier habitats. Marine habitats are poorly repre- 
sented in the invasion lilerature. Freshw ater habitats—  
lakes and rivers— can often be seen as habitat islands 
surrounded by land, and ihus their com m unities are 
believed to be inherently invasible for the same reasons 
that islands appear to be particularly invasible, as will 
be discussed in the follow ing section. Certainly, many 
lake and rìver com m unities have evolved w ithout cer- 
tain types of organism s, such as large, predatory or 
ĩolivorous íishes, and thus their species are particularly 
prone to damage from introduced species of these par- 
ticular sorts. w h eth er  m arine habitats have suffered less 
impact from introduced species is highly questionable. 
Terresirial habitats are im m ediately visible, so the ef- 
fects oí introduced species are surely more likely to be 
detected there than in the sea, ju s t as the general ecology 
of m ost marine habitats is poorly studied and under- 
stood relative to that o f  m ost terrestrial habitats. Addi- 
tionally, it is now vvidely recognized that rnany m arine 
species that had been viewed as native over wide regions 
are in íact o f unknow n provenance— they are “crypto- 
genic.” In most places they may well have been acciden- 
tally introduced by hum ans. Final]y, a num ber of ma- 
rine invasions have been observed lately that vie in 
apparent im pact with the m ost heralded terrestrial and 
íreshvvaler invasions. The tropical alga C au lerpa  taxi- 
/o l ia ,  purged from the public aquarium  in M onaco in the 
early 1980s, has spread to cover 5 0 0 0  ha of nearshore



habitats off the coasts of Spain, France, Italy, M onaco, 
and Croatia. Ít has particularly overgrown and replaced 
meadows of marine grasses such as Posicìonia ocean ica , 
the nursery and hom e of many Rshes and invertebrates. 
In the Black Sea, the western Atlantic ctenophore M nem- 
iopsís leidyi was first recorded in 1982. By 1988 , its 
biom ass exceeded that o f all other zooplankton com - 
bined, and, because this com b je lly  is a predator, its 
im pact on other animals, including young íìshes, must 
be enorm ous. It is widely credited with the dramatic 
crash o f several com m ercial íìsheries.

D. Island Vulnerability
Islands are notoriously prone to ecological damage by 
introduced species. Many island bird species and sub- 
species have been eliminated by introduced rats, feral 
cats, and other introduced carnivores. In the W est In- 
dies, the sm all Indian m ongoose (H erpesles javan ìcu s)  
has extinguished several species o f endem ic snakes and 
lizards. Introduced grazers have caused many planl ex- 
tinctions on islands. The introduced carnivorous rosy 
w olf snail, Euglandina rosea, has elim inated at least 
se ven species of terrestrial snails on the island of M oorea 
alone, as well as many populations of endem ic tree 
snails in  the Havvaiian Islands. W orldw ide, about 1.6 
tim es as m any mammal species and three tim es as many 
bird species have been successful]y introduced to is- 
lands than to mainland areas.

The reasons for the great num ber of introduced spe- 
cics on many islands, and their apparently great effects 
on many of them , are probably threeíold. First, there 
are generally m ore deliberate altem pts to introduce spe- 
cies to islands. As mainland inhabitants colonized is- 
lands, they saw them as bioiically depauperate and at- 
tem pted to introduce species— often those ÍVom 
h om e— to íìll the perceived gap. Second, many of the 
islands that have been most assaulted by introduced 
species were massively modiRed largely independeruly 
of introduciions. F or exam ple, alm ost all the lowland 
areas of the Hawaiian Islands, M ascarenes, and many 
o f the W est Indies were cleared of nalive species for 
agricultural and housing purposes. That introduced 
species largely replaced them  does not necessarily mean 
that the native species were in some sense weaker than 
the invaders; rather, the habitats to w hich the native 
species vvere adapted were simply removed. Because 
of the sm aller size of islands ihan m ainland, habitat 
destruction on islands was generally m uch less likely 
to leave reíugia in which the native species persisted. 
Third , the biotae o f oceanic islands often evolved with- 
out entire groups o f organism s, and so lacked adapta-

tions to survive their im pacts once they were intro- 
duced. Thus, most oceanic islands lack nalive predalory 
m am m als, so birds evolved to nest on ihe ground and 
were highly susceptible to the invasion o f such  species. 
Sim ilarly, native brow sing and grazing herbivorous 
m am mals are lacking from islands, so the native plants 
have not evolved traits to survive herbivory when the 
m am m als are introduced.

III. DIRECT EFFECTS

A. Habitat Modification
The most widespread im pacts o f invaders are usually 
due to m odiíìcation o f the habitat, which affecis many 
species logether. Almost all introduced species believed 
to have had m ajor im pacts on entire ecosystem s or 
landscapes have done so by m odiíying habitats.

1. G ra z in g  an d  R o o ú n g

Goats were introduced to St. H elena in 1513 and built 
up enonnous herds. These are believed to have extin- 
guished at least half o f som e 100  endem ic plant species 
beĩore botanists had even visited the island. T h is 
change, o f course, is perm anent. O n ihe island of South 
Georgia, grazing by introduced reindeer (R angijer tar- 
andus) has heavily degraded tussock grassland, tnesic 
meadovv, dwarf-shrub sward, and dry meadovv com niu- 
nities. These changes have íacilitated erosion and ihe 
invasion of exo lic  plants. In m any places, ihese changes 
resulted in a totally new plant com m uniiy. Recovery of 
certain of the plant com m unities, and the insects that 
inhabit them , may take a long tim e, but exclosure exper- 
im ents show that few o f the changes are irreversible. 
European wild boar (Sus scro Ịa ), feral dom esúc hogs, 
and hybrids betvveen them  have wreaked havoc in both 
bottom land and upland Torests in the United States. F o r 
exam ple, in the Great Sm oky M ountains National Park, 
they “root” prim arily in high-elevaúon deciduous for- 
ests in the sum raer, reducing undersiory cover and 
num ber o f species. By selecúve íeeding, ihey can locally 
extinguish plant species with starchy bulbs, tubers, and 
rhizom es. They greatly m odiíy soil characteristics by 
thinning the forest litter, m ixing organic and mineral 
layers, and accelerating m ineral leaching.

2. S h a d in g  and  O vergrovvth

South A m erican water hyacinth (E ichhorn ia  crassipes)  
blankets many nearshore areas of Lake V ictoria in East 
Aừica, som e lakes and rivers of the U.S. Souiheast, and 
water bodies in many other regions. It blocks light and



sinothers heds of native subm ersed vegeiaiion. Dc- 
caying vvalcr hvacinth can deposit over 1000 m elric 
tons (w et w eighl) o f detritus per hectare per vear, which 
in lurn can heavily m odify w aler chcm istry, such  as 
nuirient concenirations. W hen dissolved oxygen drops, 
it affecls many anim als and the entire biotic com m unity 
changcs. Terreslrial plants such as Asian kudzu (P uer- 
ariíi m untana) in the Southeast can sim ilarly cover ex- 
isting vegetaiion and elim inate it by shading, as can 
marine plants such as the tropical alga C au lerpa  tax iịo lia  
in ihe M editerranean.

3. M o d iíìed  F ire  R eg im e

ln  m uch o í the A m erican W est and Havvaii, Old W orld 
grasses such as cheatgrass (B rom us tectorum ) increase 
the írequency and intensity of íĩres, greatly harm ing 
native plants and the anim als that use them. Sim ilarly, 
ihe Australian m elaleuca (M clalcu ca q u in q u cn cn ia ) bas 
a spongy outcr bark and highly ílam m able foliage, and 
il also produces a more abunđant liiter than native 
herbaceous com m unities in South Florida. These lea- 
tures have produced an altered fire regime that has 
facilitated the invasion of 2 0 0 ,0 0 0  ha. Both tree and 
ground fưes are now m ore intense and írequent, to the 
detrim ent ol the native plants.

4. Modiíied Hydrology

M editerranean salt cedars (T am arix  spp.) have ínvaded 
ihc U.S. Soulhw est. They are deeply rooted and tran- 
spire rapidly; once established, they can survive on 
water deep ìn the soi], and their transpiration is a sig- 
nificant pathway of w ater loss in arid areas. F o r exam - 
ple, at Eagle Borax Spring in Death Valley, C aliíornia, 
within 25 years o f invasion by salt cedar, the suríace 
water of what had been a large m arsb had disappeared 
com pletely, along with the m ạjority  of its associated 
biota. In Israel, Australian E ucalyptus  trees have been 
deliberately used to drain swam ps and bogs, thus elim i- 
nating the original vegetation and anim als dependent 
on it. In addition to changed evapotranspiration rates, 
plants can also affect hydrological regim es by changing 
soil elevation. The heavy litter o f m elaleuca has had 
this im pact in the Florida Everglades.

5. M o d ified  N u tr ie n t R e g im e

Many plant invaders fix nitrogen, and in nitrogen-poor 
areas this added increm ent can be detrím ental to native 
specics, vvhich have evolved to thrive in a low -nitrogen 
environm ent, and [avor other invaders. The Atlantic 
nitrogen-fixing shrub M yrica  Ị a y a  has invaded young, 
nitrogen-deíìcient volcanic regions o f Hawaii. There are 
no native nitrogen-fixers, and the invader thus alters

productivity, nutrient cycling, and ecological succes- 
sion. Becau.se manv nonindigenous plant species in 
Hawaii are more successíul on more iertilẹ sites, M. 
[aya  may enhance ihe likelihood of other invasions.

B. Competition
Com petition for resources is often dífficult to dem on- 
strate, but there is strong reason to believe that in tro- 
duced species often use som e resource so effectively 
that they deprive natíve species of it. In addition, an 
introduced specics can also depress a native one not 
by elim inating som e resource but by direct interference.

1. R e so u rce  C o m p e ú tio n

Shading and water depletion, already discussed, are 
m eans by which som e introduced plants outcom pete 
native species for a crucial resource. Introdueed anim als 
have sim ilar eiĩects. For instance, the house gecko 
( H em idíìctylus / renatus) has invaded many Paciíìc is- 
lands, and it depresses the insect food base locally so 
thai som e native lizard populations decline. In Great 
Britain, the greater íoraging efficiency of the iniroduced 
Am erican gray squirrel (Sciurus carolin en sis) has led to 
the decline of the native red squirrel (S. vulgaris).

2 . In te r íe re n c e  C o m p e titio n

The South Am erican íire ant (Solcnopsis invicta), w hich 
has spread throughout m uch of the southeastern United 
States, attacks individuals o f tnany native ant species 
and is replacing sorne species, such as the “naúve” íire 
ants (perhaps them sclves pre-C olum bian introduc- 
tions) s . gem in ata  and 5. xylon i in several habitats. In 
a plant analog of aggression, the African crystalline ice 
plant (M esem bryanthem um  ay sta ỉU n u m ) accum ulates 
salt, and the salt rem ains in the soil when the plant 
decom poses. In C alilornia, ihis ice plant excludes native 
plants thai cannoi tolerate the salt. In both of these 
exam ples, the invader does not actually render a re- 
source in short supply for native species; rather, it di- 
rectly inhibits the naúve.

c .  Predation
Som e of the most striking effects that invaders have 
had on particular native species, or groups of them , 
entail their preying on them. The Nile perch (Latcs  
n iỉo tica ), introduceđ to Lake V ictoria, elim inated many 
species o f endem ic cichlid  íìshes. Introduced rats (Rat- 
tus spp.) on many islands have destroyed at least 37 
species and subspecies of island birds worldwide. The 
brow n tree snake and the rosy w olf snail, m entioned



previously ,  are p red aiors  that have ex t in g u ish ed  m any 
native prey species .  T h e se  are all d ram atic  exam p les  o f  
h o w  an in tro d u ced  p redator can affect a naú ve fauna 
that has not  evolved w ith  it. H ow ever ,  even prosaic  
in tro d u ced  p red ators  may have a su b stan tia l  im p act  on 
native prey. F o r  in s ta n ce ,  there  are up to 3 0  m il l io n  
feral house  cats  in the U nited  States  and  in  YVisconsin 
and Virg in ia  a lo ne  they are believed to kill m o re  than  
six m il l ion  b ừ d s  annually .

M any pred ators  have b e e n  in tro d u ce d  deliberately 
for the b io lo g ica l  c o n tro l  o f  prev iously  in ư o d u c c d  spe- 
cies. T h e  in tro d u c t io n  in 1 8 8 9  o f  the A ustralian vedalia 
beetle  (R o d ơ lia  c a r d in a lis ),  w h ich  c o n tro l le d  cotto n y-  
cu sh io n  scale  ( í c e r y a  p u r c h a s i)  on  C ali forn ia  c itrus,  is 
an early exa m p le ,  and  there  are m a n y  o th e r  successes .  
S om e pred ators  in trod uced  for b io lo g ica l  co n tro l  have 
devastaled  no ntarget  native sp ecies  w hile  e x e rú n g  l iit le  
if any co n tro l  o n  p o p u la ú o n s  o f  the larget,  T h e  rosy 
w o lf  snail  (E u g la n d in a  r o s e a )  d iscussed  earlier  is a p rim e 
exa m p le ;  it was in tro d u ced  to m a n y  is lands to con tro l  
the giant African snail.  S im ilarly ,  the  sm all  Indian m o n -  
goose ,  p reviously  m e n t io n e d  as hav ing  ext ing u ish ed  
nalive  h erp eto fau n a  in ihe W e s t  Indies,  was in troduced  
there  and on the Havvaiian Is lands,  F i j i ,  M aurit ius ,  and 
o th e r  islands for the  b io logica l  c o n ir o l  o f  rats. O n  all 
o f  these  islands, it preycd on  native, nontarget  species ,  
s o m e lim e s  to ihe p o in t  ol e n d a n g e r m e n t  o r  ex t in c t io n .  
The m osquiloíìsh  (G a m b u s ia  aỊịin is) from  M exico and 
C en ira l  A m erica ,  in tro d u ced  in E u ro p e ,  Asia, A írica,  
Ausiralia ,  and  m an y  islands for m o s q u i lo  con tro l ,  is 
vvidely sce n  in m any regions as b c in g  ai best  no  b c ttc r  
than  native p red ators  at c o n tro l l in g  m o sq u ito e s .  It o íten 
preys on  o th e r  sm all  í ìshes as w ell as invertebrates,  
so m e  o f  w h ich  prey on  m o s q u i lo  larvae. F o r  ins tan ce ,  
in  Australia,  it is im p lica ted  in the e x t in c t io n  o f  several 
e n d e m ic  fish sp ecies  throu gh  p re d a t io n  and  b o th  inter- 
ference  and  re s o u rc e  co m p e tit io n .

D. Herbivory
T h e  e x t in c t io n  o f  h a lf  o f  the native í lora  o f  St. H elena  
by goats  sho w s that herbivory by in tro d u c e d  species  o n  
native o nes  can  have m a jor  effects.  T h e r e  are nu m e ro u s  
othe.r exam p les  in a variety o fh a b i la ts .  C h in e s e g r a s s c a r p  
(C ten o p h a ry n g o d o n  ic ie lla )  have b e e n  in tro d u ce d  to Eu- 
rope, A írica, and  N o rth  A m erica  for the con  troi o f  aquatic  
m acro p h ytes .  A lth ou gh  the targeted plants  are generallv  
in tro d u ced  sp ecies ,  the grass carp  is n o t  híghly selective 
and often pre íers  native plants .  It is so vorac.ious that it 
can c o m p le te ly  eradica le  n o n ta rget  sp ecies  from particu- 
lar w ater bodies  b e fore  foraging on  the target species.  
H erb ivory  by introducecl  E u ro p ea n  rabbits  (O ry cto la g u s

cuniculus) has caused enorm ous damage on islands 
w orldwide. T h e ir  im p act  in Australia is legendary. T h e  
m o st  ser iou s  damage there is by ihe stripping and ki l ling  
of  seedling trees and  p erennial  shrubs. In  addition ,  rab- 
bits  o ften cause extensive  erosion.

In n u m e ra b le  crop  p lanis ,  m o st  o f  th em  in tro d uced , 
have been devastated by introduced insects. Damage in 
the U nited  States from  the Russian w heat aphid ( D i ur- 
a p h is  n o x ia ) alone exceeded  $ 6 0 0  m illion  b etw een  1 9 8 7  
and 1 9 8 9 .  T h e  S o u th  A m erican cassava m ealybug ( P h e - 
n a co ccu s  m a n ih o t i) has invaded most cassava-grow ing 
reg ions  o f  Africa and causes  yield losses of up lo 8 4 % .  
Sim ilarly , in trod uced  insects  a ttack  b o th  native and  in- 
troduced  trees, often with staggering impact.  Losses  
in eastern U.S. lorests to the European gypsy m o th  
( L y m a n tr ia  d is p a r ) were estimaled at $ 7 6 4  m il l io n  in 
one year alone. The Asian balsam woolly adelgid (Ad- 
clg es p ic e a c )  has e l im in aled  the Praser fir (A bics f r a s c r i ) 
in m any areas o f  the Southern A ppalachian M oun ta ins .

H erb ivorou s insects  have b een  em ployed  in b io logi-  
cal control  p ro jec ts  against m any in trod uced  aquatic  
and terresirial weeds. A m ong strik ing s u c te s s e s  are  ihe 
use o f  the S outh  A m erican  cactus  m o th  (C a c ío b la s t is  
cactorum ) against pest p r ic k ly  pear (Opuntia spp.) in 
Australia and the South  A m erican alligatorvveed ílea 
beetle  (A g a s ic les  h y g ro p h iìa )  on aquatic  a lligaiorwced 
(A ltern a n th cra  p h ilo x e r o id e s )  in Plorida. In each  in- 
s tance ,  the w eed had covered  vasi areas beíore  the insect 
in tro d u ct io n ,  w h ich  has sub seq u ently  limiied it to 
small,  ep hem era l  infcstaiions. Such  in ư o d u c ú o n s  o f  
insects  for co n iro l  o f  introd uced  w ccds havc o cca s io n -  
ally led to threats  to ihe very e x isten ce  o f  nontarget  
native species .  F o r  exam ple,  the cactu s  m oth ,  intro- 
d uced  to con tro l  pest prickly pear on the island of Nevis 
in the W e s t  ĩndies ,  has reached the Florida  Keys, w here 
it a t iacked  every individual of the naúve sem ap hore  
cactu s  (O p u n tia  sp in o s is s im a ) .  T h e  Eurasian weevil Rlĩi- 
nocyllus con icu s,  introduced to Norlh America to con- 
trol Eurasian pest thistles, e s p e c ia l ly  musk thistle ( C ar- 
duus n u tan s) ,  a ttacks  several native thistles,  inc lu ding  
the endangered  Suisun thistle (C irs iu m  h y d ro p h ilu m  var. 
h ỵ d ro p h ilu m ).  T h e  key 10 these unplanned threats  to 
native species,  in cach instance, is that the ìntroduced  
insect c ou ld  m ain ta in  high nutnbers on  altcrnative hosts 
(generally  the larget sp ecies) ,  so that decline o f  the 
native species  did not  induce a decline in populations  
o f  the herbivore .

E. Parasiiism and Disease
In tro d uced  p athog ens  o f  various sorts have had enor- 
m ous ímpacts. T h e  m ost dam aging to entire  ecosystetns



arc plant p a lhogen s  tha i  affect d o m in a n t  native plants; 
in so doing, thev affect entire c o m m u n i l ie s  that interact 
w iih these plants. T h e  Asian chestn u t  b lighl (ungus 
(C ry p h o n c c tr ia  p a r a s it ic a )  reached  N ew  Y o rk  City in 
nursery s to c k  in the late n in eteen th  centurỵ .  In less 
than 5 0  years, it spread over ab oul  1 0 0  m il l ion  ha o f  
thc eastern U nited  States, destroy ing ihe  aerial parts o f  
a lm ost  all m ature ch e stn u t  ( C a s ta n c a  í lc n ta ta ) trees. 
Because chestn uts  had been the m o st  c o m m o n  iree in 
many forests, the ecosystem  im pacts  o f  this invasion  
were a lm ost  cer ta in ly  en o rm o u s ,  a l th o u g h  few crucial  
data w ere gathered. Several insect species  that are host-  
spcciíìc  to chestnuL w ent ex t in c t ,  and n u trien t  cyc ling  
rates were p robably  greatly modiRed.

A p athogen of  an im als  that affected m an y  entire  
ecosystem s was the virus r inderpest,  native to India. 
In troduced  to Aírica in cattle in the 1 8 9 0 s ,  it infected  
m any native ungulate species,  with m o rla l i ty  in cer ta in  
spccies  reach ing  9 0 % ;  the d istribution  o f  som e species  
reraains affected a cen tu ry  later. B ecau se  o f  the crucia l  
role played bv ungulates  in aspects  o f  vegetation 
s tructure  and d ynam ics ,  the im p act  o f  r inderpesl  lar 
surpassed  the death o f  individuals  it infecled.

M any introduced  diseases have heavily a ffected  indi- 
vidual species  or sm all  groups o f  th e m  w ith o u t  apparent 
m ạịor  im p aci  on entire  ecosystem s. Ranges  o f  H aw aiian 
native birds have b e e n  drastically c ircu m scr ib e d  by hab- 
itai d es tru cú o n ,  but avian malaria, caused  by P la sm o -  
dium  re lic lu m  c a p r is t r a n o a e  and vectored  by in tro d uced  
m o sq uito es ,  aHlícts the rem ain ing  p o p u la tio ns  and 
helps res lr ic t  ihem  to upper elevations. T h e  plasm o- 
dium  was in tro d uced  with Asian songbirds.  T h e  E u ro -  
pean fish parasite My x o s o m a  c e r e b r a ỉis  causes  w hirl ing  
disease in sa lm o nid  fishes. F o l lo w in g  W o r ld  W a r  II, 
live N orth  A m erican  rainbovv trout ( S a lm o  g a ir d n er i)  
were transĩerred freely a m o n g  E u ro p e a n  sites. T h e re  
they acquired  the parasite from the nalivc  b ro w n  trout,  
s .  tru tta, w h ich  has s igniRcant resistance.  Eventually ,  
frozen E uro p ean  rainbovv trout w ere widely exported .  
T h e  parasite  pro b ab ly  reached  N orth  A m erica  in im - 
ported frozen íishes. E ith er  these were fed acciden ta lly  
to fish in a trout hatchery  in  Pennsylvan ia ,  or the viscera 
m ay have beeri discarded in s tream s n ear  the ha ichery .  
In any event,  h a tch ery  fishes b eca m e infected ,  and these 
were sh ipped  10 m an y  o ther  states. In  large parts o f  
M o n ta n a  and C olo rad o ,  the great m a jo r ity  o f  ra inbow  
trout c o n tra c t  the disease, and sport  f isheries  have col-  
lapsed in b o th  states.

Introd uced  m acrop arasites  also often have m a jo r  im - 
pacts. T h e  parasitic  plant w itchw eed  ( s  tri g a  a s ia t i c a ) 
probably  invaded N o rth  Carolina  [rom A ừ ic a  w ith  m ili-  
tary eq u ip m en t  aíter  W o r ld  W a r  II. It a ttacks  primarily

grasses,  in c lu d in g  c o rn ,  and is a s u f f ìd e n t  agricultural  
p e s t  th a t  it h a s  b e e n  th e  ta rg e t  o f  a lo n g  e r a d i c a t i o n  

cam paign and associated quarantine. The trem atode Cy- 
ath oco ly ỉe  bushiensis, w hich causes heavy m ortality in 
d u cks ,  has a d van ced  a lo n g  the St. L a w re n ce  River re- 
cently ,  c o n c u rr e n t ly  w ith  its invasive in tro d u c e d  inter- 
mediate host, the Eurasian faucet snail B ithyn ia tenta- 
cu la ta .

M an y p a ra s i t ic  w asps and ílies, as well  as so m e  dis- 
ease p a th o g e n s ,  have  b een  ín tro d u ce d  as b io lo g ica l  con -  
trol agents  for  in tro d u c e d  pests. F o r  e x a m p le ,  the  yellow  
c lo v er  ap hid  (T h c r io a p h is  tr ifũ lii) is c o n tro l le d  in Cali- 
fornia  by three parasitic w asps, P raon  palítan s, Trioxys  
utilis, and A phelinus sem iịlavus. Populations of the cas- 
sava m ea ly b u g  in  A frica, d iscu ssed  earlier ,  have been 
greatly red u ced  by the in tro d u c e d  S o u th  A m e r ica n  para- 
sitic wasp E pid in ocarsis lo p e z i . Perhaps the best-know n 
bio logica l  co n tro l  patho g en  is the  N ew  W o r ld  m y x o m a  
virus, in tro d u c e d  to raa in land  E u ro p e  (w h e re  the Euro-  
p ean rabbit  is n a t iv e ) ,  G rea t  Brita in ,  and  Australia  
(w here  it is in tro d u c e d ) .  Initial ep iz o o t ics  caused  over 
9 9 %  m orta l i ty  in Great B rita in  and  Australia ,  and over 
9 0 %  in F ra n c e .  T h e  iniiia l  v irulent s tra ins  in  all threc 
c o u n tr ie s  la rg e ly  e v o lv e d  to  m o r e  b e n ig n  s tra ins  a n d , 

at least in Great Britain and Australia, rabbits evolved a 
degree ol res is tance .  T h u s ,  su ccess iv e  ep iz o o t ics  caused 
d ecre a s in g  m o r la l i ty ,  until  an  e q u i l ib r iu m  appeared  to 
have b een  reached .  A n u m b e r  o f  p a th o g e n ic  fungi have 
b e e n  in tro d u c e d  to c o n tro l  weeds, w ith  varying degre.es 
of success.

F. Hybridization and Introgression
ĩn tro d u c e d  sp e c ie s  can e l im in ate  native sp ecies  by mat- 
ing  w ilh  th e m , a p articu larly  s tro n g  threat w h e n  the 
naú v e  sp e c ie s  is not  as n u m e r o u s  as ihe  in tro d u ced  
one. Both the New Zealand grey duck (A nas su perciliosa  
s u p e r c i l io s a ) and  the  H aw aiian  d u c k  (A. w y v il lia n a )  are 
thus  th rea ten ed  by  ex te n s iv e  h y b rid iz a t io n  and  in tro -  
gression w ith the N orth A m erican m allard (A. platy- 
r h y n c h o s ) ,  in tro d u c e d  as a gam e bird. S im ilarly ,  the 
w hite-headed duck ( O xyura le u c o c ep h a la ) , now re- 
str ic ted  in E u r o p e  to Spain ,  is threa tened  there  by hy- 
brid ization  and  in tro g ress io n  w ith  N o rth  A m erican  
ruddy ducks (O. ja m a ic e n s ís ) , w hich w ere introduced 
to Great  B r i ta in  as an am en ity ,  escap ed , and  eventually  
re a ch e d  Spain.

B o th  p lants  and  a n im als  are th re a te n e d  b y  s u c h  in tro -  
gress ion ,  an d  its e x te rn  is ju s t  b e c o m in g  k n o w n  w ith  the 
extens ive  use  o f  m o le c u la r  te ch n iq u e s  that can  d etec t  it. 
T h is  p ro b le m  is m u c h  rao re  c o m m o n  in  reg io ns  that 
ex c h a n g e  c lo se ly  related  sp ecies ,  s u c h  as E u ro p e  and



North Am erica, than in those vvith species so distantly 
related that they are unlikely to be able lo maie and 
exchange genes, such as Australia and either Europe 
or N orth America. Exchange of genes is not even neces- 
sary for hybridization with an introduced species to 
affect a native species inim ically. Many íemales of ihe 
endangered European m ink (M ustela lu treola) hybridize 
with m ale introduced Am erican m ink (M. vison), which 
becom e sexually mature earlier than the male European 
m ink. The embryos are all aborted, but the loss of 
reproduction by the European m ink exaccrbates their 
population decline.

IV. INDIRECT EFFECTS

The foregoing effccts of introduced spccies are direct 
elfects o f various sorts. The acúons of individuals of 
ihe introduced species are directly on individuals (and 
olten, ultim ately, on populations) o f one or more 
native species; they may attack them , eat them , poison 
them , iníect them , and so on. However, an introduccd 
species can also affect other specíes indirectly in 
many ways.

A. Classic Indirect Effects
A strictly  deíìned indirect effect occurs when one spe- 
cies alters the interaction hetween two others. For ex- 
am ple, the chestnut blight led to the replacem enl of 
chestnut in much of the eastern United States by oak 
species. Red oak ( Quercus rúbra) increased greatly, and 
this species is particularly susceptible to oak wilt disease 
(C era to cỵ s tis /a ẹa c ea ru m ). The increase in oak wilt dis- 
ease, in  lu m , raised the frequency of oak wilt disease 
on many less susceptible native oak species. Thus, the 
chestnut blight íungus indirectly affected the ìnterac- 
tion o f oaks and oak wilt disease, in addiúon to its 
d irect effect on chestnut.

C lassic indirect effects can be highly com plex. For 
exam ple, the mite P yem oles ventricosus, accidentally in- 
troduced to F iji, attacked the larvae and pupae, but not 
the eggs and adults, of the coconut leaf-m ining beetle 
(P rom ecoth cca  c o eru le ip e n n is). Adult beetles then ovi- 
posited and died, so the beetle population came to have 
svnchronous, nonoverlapping generations. The absence 
o f larvae and pupae for extended periods caused the 
mite population to plum m et, as did those of two native 
parasitoids that had previously controlled the beetle; 
they did noi live long enough to survive the intervals 
betw een occurrences of the host stages needed for ovi-

position. So the m ite indirectly aAected the in teractíon  
betw een the beetle and the parasitoids.

B. Chain Reactions
A num ber o f the introductions discussed earlier affected 
one species directly, but this direct effect generated 
subsequent im pacts in chain-like fashion. Thus, the 
direci effect o f chestnut blight on Am erican chestnut 
led indirectly to the extinction  of several insect species 
that were host-speciíìc on chestnut. The m odiRcation 
o f nutrient cycles as a chestnut-dom inated litter was 
replaced by l itter  dom inated by leaves of oaks and other 
species alm ost certainly afiected populations of litter 
inhabitants as well as planls, but these effects were 
never invesúgated. Rabbits in Australia dircctly affecled 
certain plant species, as noted earlier ,  and also probahly 
directly contributed  to the elim ination of two small 
b u rrow ing m arsupials, the boodie rat (Bcttongia lcsu cur) 
and the bilby (M acrotis  lagotis) by com petition for bur- 
rows. However, rabbits indirectly led lo the clim inaúon 
of the com m on wom bat (V om baíu s Lirsinus) from part 
o f ils range by m odilying succession and locally elim i- 
nating native perennial plants. O n C oastal islands, the 
erosion and vegetation changes caused bv rabbits have 
been highly d elrim ental to seabirds ihat use these is- 
lancls for resting and breeding.

Som e chain reactions induced hy introduced species 
are so com plicated that predicting them would have 
heen difficult. C aterpillars of the large blue butteríly 
(M aculina a r ion )  in Great Britain requiivd developm cnl 
in underground nests o f the anl Mynnica sahulcti. The 
ant cannot nest in overgrovvn arcas. Changing land use 
patterns and reduced livesiock grazing lcfl introduced 
rabbits as the m ain grazer m aintaining ihe habitat. The 
biological control introduction of myxoma virus re- 
duced rabbii populations suHìcietuly so ihai am  popula- 
tions declined, and the butterílv wcnt cxlinct.

Chain reactions can generate effects far írom the site 
o f ihe initial in irod uction . F or exam ple, landlocked 
kokanee salm on (O ncorhyncus n c rk a ) vvere introduced 
to Flathead Lake, in w estern M ontana, in 1916  and 
largely replaced  native cutthroat  trout ( 0 .  c l a r k i ) as 
the dom inant sport fish. By 1931 , the kokanee wcre 
spawning in M cD onald Creek (G lacier National Park). 
som e 100 km upstream  from Plathead Lake, and the 
spavvning population was so large thai it soon aitvacted 
large p o p u la t io n s  o f  bald  eaglcs, grizzly bears,  and  nu- 
m erous other predators. The catch of kokanee rose to 
over 1 0 0 ,0 0 0  fishes per year through 1985. Between 
1 9 6 8  and 1 9 7 5 ,  the op ossu m  shrim p  (M ysis r c lic ta ) .  
native to several large, deep lakes in North Am erica



and Sweden, was introduced to three lakes in the upper 
portion of thc Flatbead catchm eru in a misguided at- 
tempt lo enhance kokanee productivitv. The shrimp 
driĩted dow nslream  and reached Flathead Lake by 1981. 
There was an im m ediate, dram atic decline in the densi- 
ties o f copepods and especially cladocerans preyed on 
by the shrim p. This com petition with the kokanee for 
prcy caused the kokanee population to decline rapidly; 
there was no catch at all in 1988  and 1989 . Bald eagle 
num bers fell precipitously, as did those of grizzly bears 
and several other predators.

c. Vectoring of Pathogens
In a num ber ol instances discussed earlier, an intro- 
duced species carried a pathogen that greatly affected 
one or more native species— rinderpest, w hirling dis- 
ease, avian malaría. In som e cases, these could be 
classiíìed as classic indirect effecls. For instance, in 
Hawaii the avian m alaria plasm odium  changed the 
interaction betvveen introduced m osquitoes and nativc 
forest birds to ihe detrim ent o f the lalter. The impact 
o f an introduced pathogen can be m ore com plex. For 
exam ple, the introduced species that carries it to a 
new region need never be sym patric w ith a native 
species ultim ately affected. C onsider the introduction 
of the grass carp to the United States. The carp was 
introduced to Arkansas in 1968 ; it spread to the 
M ississippi River, carryìng with it a parasitic tapeworm 
from Asia, B othriocepha lu s ach c iỉog n ath i. The tape- 
w orm  quickly iníested other íishes, including the 
red shiner (N otrop is lu trensis), a popular bait fish. 
F isherm en or bait dealers introduced iníected red 
sh iners to the C olorado River, and by 1 984  they had 
reached the Virgin River, a U tah tributary. There they 
infecied  the w oundfin (P lagopteru s argen tissim u s), a 
native m innow  already threatened by dam s and water 
díversions. Tapevvorm in íection s caused woundfìn 
num bers to decline precipitously, possibly because 
they are less able to com pete w ith the red shiner, 
vvhich have som e resistance to the Lapeworm.

V. INVASIONAL MELTDOWN

Som e ecological theories suggest that introduced spe- 
cies should ìn terỉere w ith one another and thereby 
lessen one another’s im pact. T he theory o f island bioge- 
ography, for exam ple, im plies that each successive spe- 
cies in a series introduced to an island (or a habitat 
island) has a low er probability  o f surviving. Biological 
contro l practitioners have argued about w hether releas-

ing several species of potential natural enem ies o f a 
singlc pcst might lessen the overall im pacl on ihat pest 
becausc of com petition among them. Hovvever, positive 
interactions betw een introduced species are detected 
as often as negative ones. Som etim es one introduced 
species facilitates the existence and enhances the effect 
of another; other times the com bined effects o f two or 
m ore introduced species exceed the sum of what the 
same species might have accom plished individually. 
Such situations, in vvhich different introduced species 
enhance cme an oth ers effects, are collectivelv termed 
“invasional m eltdow n.” The existence of many such 
cases suggests that an accelerating wave of invasions 
with ever-increasing effects may characterize the íuture 
in many regions.

A. Introduced Animals Pollinating and 
Dispersing Introduced Plants

Many introduced fig (F icus)  species are írequenlly 
planted as ornam entals in South Florida. If the wasp 
that pollinates a fig species in its native range is absent, 
the fig cannot reproduce. Thus, until recently, figs in 
Florida rem ained where planted. However, w ithin the 
past 15 years, breeding populaúons of three host-spe- 
cific pollinating wasps have been introduced to Florida, 
and the species they pollinate now regularly produce 
seeds. F icus m icrocarp a  is spreading most quickly and 
has becom e an invasive weed, the small fruits of which 
are dispersed by birds and ants. The spread of ihe same 
com plex of F. m icrocarpa  trees and its wasp pollinator 
Pcirapristina verticiỉlata  is also occurring in Berm uda, 
M exico, and Central America.

Som e introduced anìm als disperse introduced plants 
that disrupt native plant com m unities. The red-w hisk- 
ered bulbul (Pycnonotus jo c o su s ) has dispersed a num- 
ber o f alien species, such as Rubus a ìceiịo liu s, C orả ia  
interrupta, and Ligustrum robustum  on the island o f La 
Réunion. C ord ia  was not viewed as a problem until it 
was widely distributed by the bulbul; the bird is the 
primary dispersal agent for Ligustrum . In the Hawaiian 
Islands, introduced pigs selectively eat and thus dis- 
perse several invasive introduced plant species, and 
their rooting and defecation favor several introduced 
invertebrates. Further, the pigs grow larger because of 
the presence of introduced, protein-rich European 
earthw orm s in the soil. The Asian myna bird (A cridoth - 
eres trístis), introduced to control pasture insects, has 
dispersed the New W orld weed L antan a cam ara  vvidely 
in the lowlands of the Hawaiian Islands, including into 
naúve forest areas.



B. Introduced Plants That Modiíy Habitat
As noted in a previous section, the Atlantic niirogen- 
í ix ing  sh ru b  M y r ic a Ịa y a  may facil ita ic  invasion by o lher  
introduced  plants that are currenily lim ited by the nitro- 
g e n -p o o r  v o lcan ic  soil  and  absen ce  oí native nitrogen- 
fixers. This plant also enhances populations ol in tro  
duced earthw orm s, w hich in turn increase the rate of 
nitrogen burial and thus exacerbate ihe impact of the 
plant on nitrogen cycling. The soil dryingby introduced 
salt cedars already described ĩavors thc introduction 
of nonnative grasses in both the U.S. Southvvest and 
Australia. The increased soil salinìty produced by the 
Aírican crystalline ice plant, described previously, cloes 
more than kill native plants. W hen wind or other distur- 
bances create holes in ihe carpet of ice plant, the)' are 
colonized not by native plants but by the icc plant itself 
o r by w eedy in trod uced  plants  such  as M alv a  p a m Ị ỉo r c i  
o r  E rocìium  ác iU a r iu m .

M any invasive introduced plants increase Tire fre- 
quency and/or intensity to the detrim ent of native spe- 
cies bu l to their own advantage and that of olher invad- 
ers. Old W orld grasses have com e to dominate many 
New W orld  grasslands through this facilitation. For 
insiance, in Hawaii the introduced perennial grass Sclìi- 
zachỵriu m  condensatum  invaded seasonal subm ontane 
shrub-dom inated woodland. u lostered much morc lre- 
quent fires over larger areas, killing most native irees 
and shrubs. But 5. condensatum  recovered quickly and 
the even more ílamm able iniroduced perennial grass 
M clinis m inutựìora  also invadcd.

c .  Introduced Animals That 
Modiỉy Habitat

The disturbance wrought by large, congregating, intro- 
duced herbivores in North Am erica favored thc estab- 
lishm ent o í Eurasian grasscs adapied to such anìmals, 
and helped them to replace nativc tussock grasses. Simi- 
larly, the Asian water buffalo (B u ba lus bu balis), intro- 
duced to northeastern Australía as a beast oí burden 
and for m eat, spread throughout the ílood-plain of the 
Adelaide River by the late n ineteenth century. Ii devas- 
tated native plant com m unities, com pacted the soil, 
eroded creek banks, and altered hvdrologv. A Central 
A m e rica n  shrub ,  M im osa  p ig ra ,  had been a m ino r ,  non- 
invasive weed in the vicinity o( Darwin lor a century. 
This legum e produces large num bers of small secds that 
are readily dispersed by water. The sundering of the 
ílood-plains by the waler buffalo created ideal germina- 
t ion  habita t  for M. p ig ra  seedlings. In m an )’ areas, native

sedgelands have been converted to a inonoculture of 
M. pigra.

The Caspian zebra mussel (D rcissena po lym orpha)  
arrived in the Great Lakes in the 1980s. lts huge 
num bers and greai iĩltering abilitv have grcatly affected 
native freshw ater com m unities over m uch of the eastern 
and midwestern United States. In particular, they con- 
vert large am ounts of seston into excreted feces, creating 
a soft substrate of rich organic material. Among species 
whose populations have increased as a result ol the 
zebra mussel is (he invasive Eurasian faucet snail dis- 
cussecl previously. The fiUering also increases vvater 
clarity, and this change has íavored ceriain invasive 
m acrophytes, such as Eurasian watermilfoil (M ỵríophyl- 
lum spicatum ).

D. Mutualisms
A num ber of instances in which one introduced species 
faciliiates the exisience, spread, and population growth 
of anoiher introduced species constitute m utualism s, in 
that the latter species also aids the lormer. l :or example, 
introduced m acrophytes like Eurasian w atcrm ilfoil pro- 
vide additional settling subsưate for the mussel, and 
they can also help the mussel disperse between waier 
bodies. M im osa p igra  aided water buffalo by protecting 
them Irom aerial huniers irying lo eradicate thern. Fig 
wasps and their associaled fig species obviously form 
coevolved m utualistic introduced species pairs. In the 
Hawaiian Islands, introduced Aírican big-headed ants 
(P h á d ư li m c g a a p h íila )  lcnd an introduced scale insect, 
C occus viridis; this is a classic mutualism. The scale is 
on ihe introduced plant Pỉuchea índicii; am ong other 
things, the ant hinders introduced predaiory cocd nellid  
beetles and parasitic wasps. In this one case, a range of 
interactions are taking place among an entire assem- 
blage of introduced species. Som etimes, as with M. pigra  
and water buffalo, the mutualists cannol have co- 
evolved, as they originate on dilĩerent continents. The 
big-headed ant in Hawaii also tends the South American 
gray pineapple mealybug (D ỵ sm icoccu s n e o b r c v ip c s ) , a 
particularly unw elcom e pest because it helps spread a 
wilt disease of pineapple.

VI. TIME LAGS AND EVOLƯTION

Effects of introduced species may change dramatically, 
for exarnple, when an invader is quiesccnt during a 
timc lag, aítcr w hich it rather abrupily spreads and 
increases in number. As observed in Section 1, such 
ú me lags com plicate efforis to predict ihe e lĩccts of an



im roduced species and are som etim es m vsterious. Ít is 
írrquentlv suggested that a m utation in an invader 
could account for a particular time lag, and that evolu- 
tion in general could grcatly change the effects o f an 
iniroduced species. In  no instance can a sudden increasc 
ìn population size and im pact o f an introduced species 
be clearly attributed to a m utation, but there is ample 
evidcnce thai such species evolve in their new hom es. 
How írequently and to what extern does such evolution 
change their eííects?

M orphological evolution of iniroduced species is of- 
ten apparenl. The sm all Indian m ongoose, whose dcpre- 
dations of native island species were discussed earlier, 
has hecom e larger and more sexually dim orphic on all 
islands to which it has been introduced. This change 
is probably selected for in the absence on the islands of 
ihc slightly larger gray mongoose (H crpestes cdw ardsii), 
w ith w hich ihe small lndian m ongoose is sym pairic in 
the rcgion o í origin for the island populations. The 
North Am erican m uskrat (O ndatra ĩib c th icu s), intro- 
duced as a fur bearer to Europe in 1905 , has spread 
throughout much of Europe in less than a century. The 
m uskrat is well know n in iis native range as a species 
with substantial variation in m orphology (especially 
size), to ihe extern that various subspecies have been 
named. In Europe, it has already evolved approxim ately 
the same degree oi variaúon. Sim ilarly, ihe European 
housẹ sparrow (P asser  dom esticus) was introduced in 
Ncw York City in 1853  and quickly spread to becom e 
one o f the m ost com m on birds in North Am erica, cov- 
ering m uch of ihe continent. Ít has evolved so rnuch 
thai d istincl “races” are now easily identified in different 
parts of its introduced range. Many plani species are 
know n to differ subslantially between their native and 
inirocluced ranges, though there is generally far less 
evídence than in the vertebrate cases ju s i  cited that the 
diíferences are genetic. W hat is rarely if ever know n in 
these dem onstrated instances of evolution after intro- 
duciion  is how thcse changes affect the im pacts of ihese 
species 011 native com m unities and ecosystem s.

The hybridization o f an inlroduced species with a 
native one can even lead lo the form ation of a new 
species, which can be invasive. For exam ple, North 
Am erican cordgrass (Spartina a ltern iịlo ra ), introduced 
in shipping ballast to souihern England, occasionally 
hybridized w ith a noninvasive naiive congener, s. m ari-  
tim a. These hybrids were sterile, but eventually one 
hybrid individual underw ent a doubling o f chrom o- 
som c num ber to produce a fertíle new species, s. an- 
g lic a , w hich turned out to be higbly invasive.

The evolution of the introduced rabbit and m yxom a 
virus in Australia and Great Britain certainly affected

the im pacl of the rabbit on native systems. The fact 
that the rabbit becam e somevvhat m orc resistant to the 
virus, and that the virus evolved to be som ewhat more 
benign, lowered the rabbit mortality in each successive 
epizootic, thus the degree of various effccts outlined 
earlier. As pathogens and their hosts often cocvolvc, 
changcs of impact might be expected. They are not 
always seen, however. Chestnut blighi has not becom e 
percepúbly less devastating to American chestnut, nor 
avian m alaria to native Hawaiian birds.

Many introduced pest insects have evolved resistance 
to chem ical pesticides and thus generate m uch greater 
im pacts, generally on agricultural or silvicultural plants. 
Ju st as strains of hum an pathogens have evolved resis- 
tance to whole sequences of antibiotics, som e pest in- 
sects have evolved resistance to several insecticides. 
This resistance can arise in three ways: insects can 
evolve to tolerate greater am ounts of ihe chem ical, they 
can evolve physiological means of detoxiĩying the 
chem ical, or they can evolve behavioral traits (such as 
going to the bottom  of a leaf instead of the top) that 
help to avoid coniact vvith the chem ical. Introduced 
weedy plants also evolve resistance to herbicides, 
though this phenom enon has not been as widely studied 
as insect resistance.

The evolution of resistance to chem icals by intro- 
duced pests gives im petus to the desire to control them 
biologically, through the introduction of natural ene- 
mies. Hovvever, this approach has lostered concerns 
about subsequent evolution. For pathogens, one con- 
cern is that the target organism s will evolve resistance 
to them . Over 90%  of ihe market for insect pathogens 
today consists o f products involving two organism s, 
the bacterium  Baciílus thuringiensis and heterorhabditid 
nem atodes. Both types have no natural association w ith 
insect pests on plants and thus have to be routinely 
reapplied. It is possìble that target pest insects could 
becom e resistant to them  simply through repeated ex- 
posure plus selection of resistant strains. This possibil- 
ity is heightened for the bacterium  by the fact that B. 
thuringiensis toxins are now being genetically engi- 
neered into crop plants, thus increasing the exposure 
of pest insects to them and increasing the raie o f natural 
selection. O n the other hand, introduced b iocontro l 
insects can evolve greater adaptation to a potential host 
and thus becom e m ore rather than less lethal. In the 
United States, the Egyptian alfalfa weevil (H ỵpera brun- 
neipennis) was originally quite im m une to the European 
ichneum onid  parasitic wasp B athyplectes cuculionis, en- 
capsulating 3 5 -4 0 %  of the eggs and larvae in an im- 
mune response. Fifteen years later, only 5% of the eggs 
were encapsulated.



A second concern is that introduced biological con- 
trol agents could evolve to switch hosts. For introduced 
insects, the fact that hosi range can be controlled by a 
single gene only heightens this concern, as does the 
fact that certain features of most biological control in- 
troductions favor fast evolution. These íeatures include 
initially sm all population size, rapid population growth 
in new  environm ents, and novel, abundant resources. 
In light o f the possibilúy, it might seem  surprising that 
few exam ples of host sw itching are know n. Because 
many of the pathogens used or contem plated as biologi- 
cal control agents have broader host ranges than para- 
sitic insects, the probability of host-sw itching accom pa- 
nied or followed by evolutionary adaptation to the new 
host is enhanced.

VII. QƯANTIFYING EFFECTS

“Effect” and “im pacl” have never been formally detined 
in invasion biology, so that rankings o f iniroduced spe- 
cies in term s of greatest. im pact are im pressionistic. 
Area of occupancy is a ừequently used index of effect, 
although the num ber of individual invaders per unit 
area and what each individual actually does would be 
im portant (though more difficult to m easure). Im pacts 
on ecosystem  processes, such as nutrient cycling and 
fire írequency, are seen by som e biologists as the besl 
m easures o f effect o f introduced species, on the grounds 
that such alleration of processes could affect a large 
num ber of species sim ultaneously. Both areal coverage 
and im pact on processes often envision outcom e for 
native species, com m uniúes, and ecosyslem s as the cru- 
cial m easure of effect. The real effect, in these lerm s, 
w ould require accurate knowledge of the range size of 
the species, the distribution of abundance of species 
w ithin this range, and the im pact on the native species, 
both  on-site  and elsewhere, per individual invader (or 
per unit biom ass of the invader). The first two factors 
can be m easured or at leasi estimated in straightforward 
íashion , although ihe effort for som e species would be 
enorm ous. The per capita im pact, on the other hand, 
w ould probably entail not only detailed observaúon 
but also experim ents, perhaps over the long term , at 
individual, populaúon, com m unity, and ecosystem  lev- 
els. As onc exam plc of thc subtleties that might be 
involved, the fact that an introduced predator is ob- 
served to eat individuals o f a native species does not 
necessarily mean that this predation affects the popula- 
tion size, behavior, or ecology of the prey species. Eco- 
logical m ethods are well enough developed that these

soris o f questions can be answ ered, but they generally 
require detailed research, not quick observation.

Econom ic costs o f an invasion are often proposcd 
as estim ates of the effect o f introduced species, bul 
these costs are m ore easily tallied from a human stand- 
point than from that o f native species, com m unitíes, 
and ecosystem s. It is a fairly straightforw ard m atter to 
tabulate the costs expended in controlling a particular 
weed or insect pest, in  term s of m ateriel and personnel 
used. And one could relatively easily add the monetary 
cost o f many services or goods lost becausc of an intro- 
duced species— say, a percentage of som e crop. Costs 
o f other lost services are not so easily tabulated, evcn 
in hum an terms. For exam ple, how expcnsive is the 
loss in erýoym ent suffered by cilizens who can no longer 
walk through Fraser fir or Am erican chestnut forests 
in eastern forests because these were elim inated by in- 
troduced species? E conom ists have attem pted lo mea- 
sure these costs. For exam ple, travel costs of citizens 
to a particular natural site, as evidencc ol how much 
they are willing lo pay for such  an experience, are 
som etim es used to estim ate the “value” of a site, at leasl 
to humans. Bui all o f these m ethođs are controversial. 
Furtherm ore, costs lo nonhum an specics are evcn 
harder to weigh in m onetary term s. W hat was the cost, 
in dollars, to the insect species exùnguished because 
of the chestnut blight?

In sum , even though a bew ildering variety of elĩects 
of introduced species can be dem onstrated, measuring 
and com paring these effects for dif[erent speđes re- 
mains as much a conceptual and practical challenge as 
predicting the effects.
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INVERTEBRATES, 
FRESHWATER, 
OVERVIEW
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I. Introduction
lĩ. Factors In íluencing Biodiversity in Fresh W aters

III. The Role of Invertebrates in Ecological Processes
IV. T h reats to Freshw ater Fauna

GLOSSARY

ben lh ie  At or on the bottom  of stream s, lakes, or riv- 
erbeds.

d ecom p osition  The breakdow n o f organic m atter such 
as dead pỉants and algae to release carbon and nu- 
trients.

end em ic sp ecies A species that is unique to a particu- 
lar locality .

exo tic  sp ecies  A species that has been introduced to 
an area outside o f its native range.

groundvvater A “reservoir” o f water residing below 
ground in saturated soils and beneath geologic for- 
m ations.

larvae Early stages in the dcvelopm ent o f an organism ; 
for invcrtebrates, o íten  m orphologically quite dis- 
tinct from  the adult.

local sp e cie s  rich n ess  N um ber o f species íound at a 
local site; distinguished from regional or global spe- 
cies richness that “sum s” the num ber o f species 
across a num ber o f  individual sites.

p lan k to n ic  O rganism s that reside in the water colum n.
w atershed  A geographical region in  w hich water drains 

into com m on w ater bodies.

W ATER 15 TH E M O ST  abundant substance on earth 
and is essential for all of life. lt is critical 10 the w orld’s 
clim ate, to the cycling o f nutrients, and is a habitat for 
m uch of the e a rth s  biodiversity. Fresh water links the 
land and oceans via groundw ater and riverine flow. 
W hile  invisible to the hum an eye, groundw aters repre- 
sent a substantial portion o f the fresh waters (approx. 
30% ) acting not only as the m ost im portant rcservoir 
o f fresh water on earth, bui as a hom e to many unique 
fauna. Lakcs and reservoirs are also im portant stores 
of fresh water and harbor several groups o f cxlrem ely 
abundant invertcbrales. Running waters and wetlands 
are know n to be havens íor diverse assem blages o f inver- 
tebrates many o f whom  are im portant in ecological 
processes that ensure clean water. The am ount and 
tim ing o f water inpuis to m any freshw ater system s 
worldwide is changing rapidly. Since many inverle- 
brates require speciíìc habitats and flood regim es, their 
abundance and diversity in m any parts of thc world are 
at risk because habitats are being lost and natural flow 
regim es altered at astounding rales. Also contributing 
lo the recent declines in freshw ater invertebrates are 
poor w ater quality and the in trod u ction  o f exotic spe- 
cies that have led to the extin ction  of native species, 
especially bivalves and crayfish.

I. INTRODUCTION

A. Major Freshw ater Habitats
The m ajor freshw ater habitats include running waters 
(stream s and rivers), standing or sem istanding waters

lũicyclopeiỉia o f  Biodixersity, 3
Copyrighl © 2001 by Acaclemic Press. AU righis o f reproduciion in any form reserveđ.



FIGURE 1 S ch e m a tic  illu s lra lio n  o f m ạjo r Ireshvvatei' h ab iia ts . N oie all w aier b o d ies. in clu d in g  lak cs, 

s tre am s an d  riv ers, w eilan d s, and the o cean s , are  co n n e cte d  vía the groundvvaters. See also  c o lo r  in scrt. 

V olu m e 1.

(reservoirs, lakes, ponds, w etlands), and groundwater 
(Fig. 1). M ost oí the 35 m illion cubic kilom eters 
o f fresh water on the earth ( =  69% ) exists in the 
form of polar ice. O f ihe rem aining [resh water, a huge 
volume exisis out o f sight as groundvvater (Table I). 
Lakes, stream s, and vvellands represeni less lotal 
water volum e but are biologically rích hot spots for 
abundant and diverse assem blages of invertebrates. To- 
gether, the freshw aier bodies form a continuous “pipe- 
line” that links ihe atm osphere, land, and ihe oceans. 
Rainwater is intercepted by vegetation on land, perco- 
lates through the soils in to  groundvvalers, and then 
moves into w ellands, lakes, and stream s before il even- 
tually reaches the oceans (Pig. 1). Since groundwater 
directly or indirectly “feeds" all other water bodies on 
earth, m ainlenance of adequalc quantities of high-qual-

ity w aier in this underground reservoir is a high prior- 
ity worldwide.

B. Major Groups and Their Lifestyles
A disproporlionate num ber of species live in fresh wa- 
ters com pared lo marine system s: oceans com prise 70%  
of the earih ’s suríace w hile inland walers make up about 
1%. Despiie this, about 15% of all animal specics alive 
today live in Iresh water. Most o f the freshwater animal 
species arc invertcbrates. More than 7 0 ,0 0 0  species have 
been dcscribed but many m orc remain undiscovered—  
now species and genera are íound every year. Freshwa- 
ter habitais have representatives from most taxonom ic 
groups with the insects being particularly speciose (Ta- 
ble II). The freshwater insects are also quite notablc for

TABLE I

Freshwaler Distribution by Continent

A írica Eu rope Asia A u siralia
N o n h

A m erica
Sou th

A m erica

L ak cs and 3 1 ,2 4 0 2 ,4 4 7 2 9 ,1 3 2 192 2 6 .5 7 3 1 .1 9 9

reservo irs

R ivers and 195 8 0 5 6 5 25 2 5 0 1 .0 0 0
s lrca m s

G round\vaicr 5 .5 0 0 .0 0 0 1 .& 00 .000 7 ,3 0 0 .0 0 0 1 .2 0 0 .0 0 0 4 ,3 0 0 ,0 0 0 3 .0 0 0 .0 0 0

W ella n d s 3 4 1 .0 0 0 Eurasia 9 2 5 .0 0 0 4 .0 0 0 1 8 0 .0 0 0 1 .2 3 2 .0 0 0

M od ified  fro m  the Y\ orlcl Conscrvaũon M o n iicrin g  C e n ic r s  Frcslì\vater BiodỉYCisitv: A Ịu rlim inarv  g lobal 
assessmení (1 9 9 8 ). Da la iirc volume of w aicr in k m 1'; wetlands includcs marshes, swamps. lagoons, anil ilootl- 
plains.



TABLE II

A L is t o f  S o m c  o f  ih c  M o st C o m m o n  F re sh w a ic r  In v c r ie b ra le s  w ith  E s tỉm a te s  o f  ih e  N u m b er o f
D cscr ib cd  S p c c ie s  G lo h ally

Conim on namc Aquaúc stagc Hxisicncc
Global

đívcrsìtv

Phvlum Porilera Sp o n g o s w . RW B 150

Phvlum Cnidaria Hvdra, ịcIK íĩsh s w . ( RVV) B. p 30

Phvlum Platyhelniim hes

c la s s  Turbcllaria Flatworms, Planaria RW. s w . GW B 1000

Phvlum Amiclida

Class Hirudinca Leechcs RW, s w B 350

Class Oligochactn Earth\vorms RW. s w . GW B 700

Phylum  Nemaloda Free-livint>
roundworms

RW, s w , GW B 1500

Phvlum Gastrmrichii RW. s\v B 200

Phvluin Rotiícra w hct'l-nniinalcules RW. s w B. p 2000

Phvlum Tardigrada VVater bcars s w , (RW ) B

Phylum Arlhropodíi 

Class Cruslacca

o .  C ladotcra W atcr llcas s w . ( RVV) p. B 400

o . Ostracoda Sccd shrimp s w , GW , (RW ) B 1000

o . Copepoda s w , GW . RW B, p 2000

o .  lsopoda Sow bugs s w , RW. c ,w B 1000

ơ .  Amphipoda Scuds svv, GW . RW B. p 1500

o .  Dccapoda Crabs, shrimp, 
cravtish

s w , RW, CiW B, p 1300

c.lass Ắrachniđa

Su btlass Acari M ì 1 cs svv, GW , RW B 5000

Class Insccta

o .  nphcm crupicra Mavllv larvac RW (SW ), B 2200

o .  Odonata Dragonlly and 
damsellv larvac

RVV, s w B 4900

o .  Plccoplcra Stoncílv larvac RW, (SW ) B 2100

o . Hcmiptera truc bugs RW, s w  (G W ) B 3200

o .  Trĩchoptera Caddisllv larvae RW, s w 15 7000

o .  Lcpidoptcra Butlcrllỹ and molh 
larvac (calcrpillars)

sw , RW B 100

o ,  Colcoptera Beellcs s w , RW B 5000

o .  M cgaloplera Dobsonílv larvac sw, RW B 300

o .  Ncuroplera Spongillaílics On spongcs B 100

o . Diptcra Fly lar\:ac (c.g., 
mosquitos, midges)

s w , RW, GW B, (P) > 2 0 0 0 0

Phylum M ollusca

C lass G aslro p o d a Snails RW, s w , GW B 2500

c la s s  Bivalvia c lam s, mussels RW, sw B 1400

S o n ic  g ro u p s arc m o re  co m m o n  in ru n n in g  vvaiers (R W ), s u ch  as s lrca m s and rivers vvhilc o th ers are 

m o re co m m o n  in  s la n d in g  o r sem istan d in g  w atcr (S W ) boclies (la k es , s tream s, \vetlands). or groundvvaier 

(G W ). S o m e arc  prim arilv  b c n th ic  (B ), cx is tin g  in  o r on the b o ito m  o f  la k c , s ire a m , riv er sed im en ts, o r on 
aq u a lic  v eg eta tio n , vvhilc o th è rs  m ain ia in  a  w ater co lu m n  e x is lc n c e  as m em b ers o f  thc p lan k to n  o r pelagic 

lau n a  (P ) . P a ren ih escs  a rc  uscd  w h cn  an organism  may be found in a h ah ilat type b u i is lcss  co m m o n  there 
than  in th c o th e r  h ;ib iia is.



F1GURE 2 E x am p le  o f  a co m p le x  life cy c lc  for a frcsh w atcr in v ertcb ra ie . M any frcsh w a tcr b ivalves a rc  b c n th ic  
y el p ro d u cc  larvae th a i a rc  rc leascd  in to  th e w ater co lu m n . T lic s c  dev elop  in to  sm all g lo ch id iu m  larvac thai 

a tta c h  to a fish h o st. A fter so m c tim c, th c  larvae m elam o rp h o se  in io  sraall b iv a lv es , d c la c h , and takc ou a 

b c n th ic  e x is te n cc .

the large num ber whose lifestyle changes with age: 
many have aquatic larval stages but ílying adults. This 
is in contrast to freshw ater m ollusks and crustaceans 
who com plete their life cycles in water either as mem- 
bers o f the plankton or benthos.

Life cycles o f freshw ater invertebrates can be quite 
com plex w ith m ultiple, m orphologically distinct stages 
(Fig. 2 ). For exam ple, am ong the freshwater bivalves, 
sorae are herm aphroditic while others have separate 
scxcs; som c brood their eggs and then release small 
clam s; how ever, m any release larvae into the water. 
Zebra m ussels produce a p lankton ic larval stage (a veli- 
ger larva), while som e of the m ost com m on freshwater 
native bivalves have unique parasitic larvac (glochidia 
larvae) thai attach to the skin , scales, or gills o f fish. 
The host fish disperses the attached glochidium  larvae,

prior to the detachm ent ol the larvae and their m etainor- 
phosis into adult bivalves. This dispersal phase may be 
very im portant to ihe long-term  survival of bivalves 
particularly in freshw ater bodies that are being stressed.

DamselAies and dragonílics provide o ih er exam plcs 
of com plex life cycles typical of manv freshwater inver- 
tebrates. These insects have ílying adults that live vveeks 
to m onths and lav cggs on aquatic vegelatĩon or other 
substrates. The eggs hatch vvithin 12 to 30  days, or thcy 
c a n  r e m a i n  v ia b lc  in  a n  u n h a t c h e d  State  ( d ia p a u s e )  i f  

ihcre is a drought. Small larval stages (som eúm es callrd 
nvmphs) hatch from the eggs and then molt multiple 
times ( 1 0 - 1 6 )  beíore craw ling up vegetation and 
"em erging” as ílying adults. The presence of an intact 
riparian zone with a diversity of native plants prom otcs 
populalion persistcnce ol insects.



c .  Number of Freshwater 
Invertebrate Species

The num ber of freshw ater invcriebrates varies consider- 
ably betw een lakes, running waters, groundw alers, and 
wetlands. Since the num ber of species varies vastly írom 
locale to locale as a ĩunction  of many com plex 1'actors, 
esúm ates ol species richness should be taken as only 
approxim ations. Additionally, freshw ater invertebrate 
diversily at any one tìm e may be m oderate while accu- 
mulated diversity over tim e may be very high. For exam - 
ple, ihere may be dram atic declines in invertebralc di- 
versitv in many stream s during the ílood season but 
high levels o f diversity across the entire year. Similarly, 
tem porary w etlands may have m uch higher total diver- 
siiy over time than perm anent w etlands evcn though 
the snapshot diversity in a tcm porary vvetland may be 
considerably lower.

Many frcshw ater w etlands are extrem ely speciose 
habiiats (e .g ., up to 2 0 0 0  invertebrate species al a lo- 
cale), follow ed by lakes and stream s (8 0 - 1 4 0 0  species 
ol inverlebrates typically found at a locale), and then 
groundvvaters ( 0 - 1 5 0  at a localc). In all these habitats, 
insects are hy íar the m ost speciose group with local 
species richness levels o f 50  to 50 0  and global richness 
levels o f probably at least 4 5 ,0 0 0  species. Crustaceans 
may attain local species richness values of up to 150 
and global richness values of 8 0 0 0  species; water mites 
up to 75  spccies locally  and 5 0 0 0  species globally; anne- 
licls up to 50  species locally  and 1000  species globally; 
niMTiatodes and rotiíers up to 5 00  species locally and 
6 0 0 0  spccies globally; and m ollusks up to 100 species 
lo c a l ly  and 4 0 0 0  globally.

Sonic lreshw ater habitats are hot spots of endemism 
harboring many unique fauna. For exam ple, ancient 
lakes such  as Lake Baikal in Siberia has a rich  abundance 
oi’ endem ic fauna, especially for those species that live 
all o f their lives in fresh water and have a poor capacity 
for dispersal. F o r one group of crustacean amphipods, 
the gam m arids, this lake has the highesl level o f ende- 
m ism  in the vvorld (41  gcnera, oi w hich 38 are en- 
dem ic). O ther lakes ihat harbor highly endem ic inverte- 
bratc íaunas include the African rift lakes o f Lake 
Tanganyika and Lake Nyasa, Lake T itacaca in Peru, and 
Lake Lanao in the Phillipines.

D. Dominant Taxonomic Groups across 
Freshw ater Habitats

In running vvaters, the dom inant invertebrate groups 
vary considerably depending on the type of bottom  
substrate (e.g ., mud, cobble/bould er) and the flow (Fig.

3). In rough-bottom  creeks and sw ift-flow ing stream s, 
invertcbrates live prim arily on or beneath pebbles and 
boulders on the boltom  and include many species of 
insects, crustaceans, and m ollusks. Many of these hen- 
ihic spccies (“shredders”) are adaptcd to feed on decom - 
posing plant m aterial thai has íallen into the stream. 
Further downstream in the w atershed, the channel vvid- 
ens and more sunlight reaches the bottom  so that inver- 
tebrate species com position changes. Here we find ani- 
mals that feed on decom posing plants and anim als that 
feed on algae (“scrappers”) grow ing on the rocks and 
sides of channels. Even íurther dow nstream  in the wa- 
tershed, in deep riverine areas, íĩne sedim ents predom i- 
nate, the neabed water flows m ore slovvly, and plank- 
tonic invertebrates becom e com m on in the vvater 
colum n. In the sofi sedim ents, burrow ing insect larvae, 
bivalves, and w orm s are com m on as long as oxygen 
is present.

In lakes and ponds, the m ost com m on invertebrates 
include crustaceans, rotifers, insects, and oligochaetes; 
however, taxonom ic com position varies dram atically 
depending on the size of the lake and the position 
vvithin the lake (Fig. 4 ) . B enthic invertebrates are partic- 
ularly abundant and speciose along the la ke margins 
bul generally are less num crous in the deeper parts ol 
the lakes vvhere oxygen may be lim iling and habitat 
diversity is m uch Iower. Hovvever, a few species that 
are tolerant of silt and low oxygen such as olígochaetes, 
midge larvae, and nem atodes may be extrem ely abun- 
dant in the deeper part oí lakes. In the vvater colum n, 
abundant planktonic invertebrate conununities thrive 
by íeecling on phytoplankton, but these invertebrate 
assem blages typically are dom inated by ju s t a few taxo- 
nom ic groups such as rotiíers, copepods, and cladoc- 
erans.

In the groundw ater, crustaceans, rotifers and nema- 
todes are very com m on, and m any o f these are adapled 
for adept m ovem ent am ong rocks and particles o f sand. 
In sorae parts o f the world, insect larvae are com m on 
in the groundwater and may be tound great distances 
away from the nearest suríace water. Im portant crusta- 
cean groups in groundw ater include copepods and less 
com m only am phipods, ostracods, isopods, and deca- 
pods. Many of ihese live in caves and sinkholes. 
Groundwater invertebrates are particularly interesting 
because of the unique adaptatíons many of them  possess 
for life in dark, isolated habitats where food may be 
scarce. For exam ple, the Edvvards Aquiier in Texas har- 
bors a unique fauna of 22  species including 10 amphi- 
pod species. M any o f these species have reduced (or 
no) eyes, reduced body pigm entation, reduced body 
size, low m etabolic rates, and an enhanced sensitivity 
to touch.



Headwater streams
• closed canopy
• abundant leaí fall
• shallow channel
• swíft flow
• pebbles to boulders

River
• open canopy
• sunlight reaching 

water
• deep channel
• slow flow
• fine sediments

Shredders

Burrovvers 
and

FICiURE 3  S ch e m a tic  illu straú n g  the re la iio n sh ip  bcivveen strcam  size (sm all up land stream s to large dovvnstrcam  riv e rs), flow 

and bouom  s u b sira tc , and type of m acroinvertebraie groups likely (o dominate. In the sm allcsl sưeam s, large inputs o f lcavcs 
and wood along vvith benthic algae are particularly im portanl sources of food fơr invertebrates. These invcrtcbrates "shred” the 
lcaf material into tincr particles and ihus facilitate iís furlher breakdown bv íungi and bacieria. Furiher tlow nstream , vvhert- 
sunlight peneirates the w aicr and ílovv is rcduced. algac arc also im portant sources o f food and raany inverlebralcs "scrape” ihc 
algac 1 rom rock suríaces. In the very open rivcrine areas, plankton may be an important íood source and many ol thc bcnthic 
invcnebrates burrow inlo the [ìne sediments. ModiPicd from Vannole ct aì. (1 9 8 0 ).

In freshw ater weilands, the num ber of habitats and 
types of food sources for invertebrates are vast. The 
soft sedim ents are íìlled w ith burrow ing nem atodes, 
oligochaetes, midge larvae (a dipteran insect), and 
m ites. Som e invertebrates feed on or around the roots of 
vegetation, vvhile others burrovv through the sedim ents 
consum ing bacteria, fungi, or other invertebrates. In 
the overlying water, crustaceans, rotiíers, and inscct 
larvae (e.g ., m osquito larvae) are com m on and feed 
on phytoplankton or invertebrate prey. The stem s of 
em ergent and subm erged vegetatìon in vvetlands are 
tvpically cravvling w ith diverse assem blages of crusta- 
ceans, m ollusks, and insects. Small shrim plike crusta- 
ceans (am phipods) may reach very high levels o f abun- 
dance on aquatic vegetation. W ater beetles, O donates 
(dragonílies and dam selílies), and waierbugs (water

boatm en, w aterstriders, and backsw im m ers) are com - 
m only the top predators.

E. Global Patterns in 
Freshw ater Biodiversity

Knowledge of lineage histories is very im portant be- 
cause regional patterns of d istribution of species are 
often a reílection of distinctly different evolutionary 
histories. Adaptations to specilĩc clim ates and habitat 
characteristics inAuence speciation and the ability of an 
organism  tha! evolved under one set o l circum stances to 
move broadly am ong different geographic areas. Terres- 
trial and m arine biologists generallv have found the 
highesl levels ot animal and plant divcrsitv in the tropics 
wilh lower levels in temperate and polar regions. This
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is not necessarily the case lor freshw ater invertebrates. 
Species richness for freshw aier invertebrates is related 
in very com plex ways to latitude and elevation and 
global patterns of diversity are not straightforw ard for 
this group.

T here have been  far fewer surveys of freshwater in- 
vertebrates in the tropics than in tem perate regions; 
how ever, those to date suggest that biodiversity in íresh 
w ater is no l typically higher in low latitude, tropical 
habitats. F or exam ple, in N orth A m erica, bivalves and 
crayfish appear to be m ost díverse in tem perate zones 
(abou t 2 6 0  native bivalves and 320  species of crayíìsh). 
T em perale zones have a vveallh of crayíìsh species, but 
tropical fresh w aters have a richer shrim p and freshwa- 
ter crab fauna. Insects, m ayílies, and stoneílies are raore 
diverse in tem perate lalitudes than in the tropics, 
vvhereas dragonflies, water bugs, and water beetles are 
rnuch m ore diverse in the tropics.

II. FA C T 0R S INFLƯENCING  
BIODIVERSITY IN FRESH WATERS

Scien tists  have devoted liíetim es to the study of what 
d eterm ines the num ber of species in a given habitat

type or geographic region. These studies have involved 
ihoughtful system atic observations of patterns o f distri- 
bution daiing back many years (e.g ., Robert Pennak’s 
work in many freshwater system s), and m ore recent 
experim ental studies that have cleverly m anipulated 
som e ĩactor believed to iníluence biodiversity. From  
such studies, we know that biodiversity in fresh waters 
is determ ined by bolh  historical (e.g., age of a lineage, 
evolutionary constraints) and contem porary factors 
(e.g., habitat heterogeneity, predator-prey in teractions). 
The relative im portance of the many factors varies geo- 
graphically as well as betw een habitats in the same 
geographic region.

A. The Origin of Freshwater Invertebrates
Most freshw ater invertebrates are believed to be derived 
from terrestrial or m arine ancestors. Representatives 
from many different groups of m arine crustacea 
(shrim p, copepods, cladocera) may have made the tran- 
sition from salt water to fresh water through many 
years of evolution in increasingly brackish  (low  salinity) 
water. Success in íresh water required that the anim als 
be ablc to m aintain ionic balance in their body íluids 
(not gain too m uch body w ater), reproduce w ithout



the aid o f com plex tidal currents to carry eggs and 
larvae, and, in  som e cases, develop life stages thai could 
vvúhstand freezing or drying. O nly certain species could 
make this transition, so at the phylum  level, freshwater 
biodiversity is m ore lim ited than in the oceans. For 
exam ple, echinoderm s (e .g ., staríìsh) did not develop 
the ability to osm oregulate in fresh water.

M any freshw ater invertebrates are secondary aquatic 
íorm s that m oved, in an evolutionary sense, into fresh 
waters from the land. The m ost notable group of sec- 
ondary invaders is the insects, many of w hich still have 
terrestrial adults. Som e insect orders, such as the Hem- 
iptera, C oleoptera, and D iptera, have both many íresh- 
w ater species and many lerrestrial species. Hemiptera 
and Diptera also have a few highly specialized m arinc 
species. W ater m ites (A cari) coevolved w ith insects and 
m any species are parasites on ađult insects. W ith their 
coevolutionary links, they are also secondary invaders 
of fresh waters. Freshw ater snails consist o f two m ajor 
groups, the prosobranchs and the pulm onates. Pulrno- 
nates have invaded freshw ater system s Irom the land; 
freshw ater form s include ihe two com m on and ubiqui- 
tous íam ilies o f pond snails, ihe Lym naeidae and Phy- 
sidae.

B. Habitat Age and Isolation
Som e freshw ater habitats are extrem ely old and have 
been isolated for very long periods of time. These habi- 
tats have a high degree of endem ism . For exam ple, Lake 
Baikal in Siberia is extrem ely old and has many species 
that are found no where else in the world. Such “hot 
spots" o f unique species are considered valuable for 
conservation purposes and for use as a “natural labora- 
tory” for the study o f invertebrate evolution.

For those ancient freshw ater bodies that are highly 
isolated, resident fauna may be at high risk  of extinc- 
tion. l f  a freshw ater species is highly specialized for 
cond itions at a particular site and conditions change, 
the species may be unable to survive. G eographic or 
habitat rem oteness is not the onlỵ factor prom oting 
iso lation  of freshw ater invertebrates. Som e fauna are 
isolated because they have very lim ited dispersal abili- 
ties. For exam ple, many groundwater and deep- 
stream bed dvvelling species are very poor swimmers 
and lack dispersal stages. Thu s local biodiversity may 
be low even though regional biodiversity is much 
h igher— species from  the large-scale regional “pool” of 
invertebrates (e.g ., all rivers in a geographic rcgion) 
may not be able to move betvveen all watersheds. In 
general, ecologists assume that local species diversity 
represents a subset o f the regional pool o f species and

that the size o f this subsel depends greally on boih 
dispcrsal abilities of fauna and geographic barriers lo 
dispersal.

c. Habitat Heterogeneity and Disturbance
A C en tra l tenet o f ecological theory is that the greaier 
the num ber and types of habitats, the greater the species 
diversity. Put sim ply, different types of organism s with 
different niche requirem ents can exist in areas the are 
heterogeneous over space and time. In freshwater eco- 
system s, spatial heterogeneitv (and species diversity) is 
enhanced by anything that ieads to a great variety of 
particle sizes in  vvhich benthic organisms can burrovv 
and feed. Sim ilarly, spatial heterogeneity and species 
diversity of planktonic invertebrates is cnhanced by 
anything ihai prom otes the growih of many types of 
vegetation because this provides the invertebrates with 
diverse lood types and hiding places from predators.

Environm ental variation over lime (lem poral hetero- 
geneity) is also extrem ely im portant as a determ inant 
ol species diversity. Variable clim ate and llow regimes 
will prom ote seasonal (or longer) changcs in species 
abundances and may determ ine w hether rt species can 
coexist in a location. Som e freshwater invertebraies 
have evolved life cycles to take aclvantage o f or avoid 
prediciable changes in waier level, ílood ílovvs, or ice 
scour. However, vvhen these environm ental changes be- 
com e extrem e or highly unpredictable (a “distur- 
b an ce"), species richness may deđine as íauna are un- 
able to evolve coping slralegies ihat keep up with such 
changes. Many ecologists believe that invertebrate spe- 
cies diversity is greatest when natural d isturbances like 
tloods are at interinecliate levels with respect lo severity 
or predictability. High levels of dislurbance will wipe 
out m osi species vvhile low levels oT disturbance may 
favor one or two species to the exclusion of oiher species 
that are poorer com petitors.

D. Species Interactions
Predation and com petition are well known to iníluence 
local species diversity in freshwater ecosystem s. For 
exam ple, many fish predators are highlv selective in 
their íeeding and may íbrage on a single species or sui te 
o f species. Thus, predation pressure may recluce species 
diversity locally, or it actually may pro 1Ĩ10 te species 
diversity if the predator is removing a species that is 
a com peútive dom inant. Competitive dom inants are 
species that are so good at garnering resources (space, 
food, e tc .) that other species are unable to co ex isl with 
thcm . The process o f com petitive exclusion also ma\'



be prevenled by disturbances if the distiưbancc (for 
ex.imple, a ílood or drought) has a disproportionate 
elTect on the com petitive dom inant.

In freshwater ecosyslem s, so m e  of the most d ram atic 
exam ples of the delicate balance that species interac- 
tions play in determ ining biodiversity com c from the 
im roduction of exotic species. Many exotic fish have 
becn introduced into lakes throughout the world and 
have had devastating effects on their invertebrate prey 
or on other fìsh who in turn prey on invertebrates. 
lniroduced carp have reduced invertebrate populations 
in íloodplain wetlands. Non-native trout introduced to 
stream s have depleted populations of native fish and 
increased trout predation pressure on native inverte- 
brates.

III. THE ROLE OF INVERTEBRATES IN 
ECOLOGICAL PROCESSES

Healthy freshwater ecosystem s are those in w hich cco- 
logical processes continue unimpeded to ensure that 
w ater is clean and that organic m atter in a lake, stream , 
or weiland is not lost or accum ulated in cxcess. Fresh- 
water invertebrates play key roles in these processes. 
The m osi im portant ecological processes in freshwater 
system s include the decom position of organic matter; 
ihe uptake and transỉer o f materials such as sedim cnts, 
nutrienls, and contam inants; and production by plants.

A. Decomposition of Organic Matter and 
Recycling of Nutrients

D ecom position releases elem enlal carbon and nulrients 
(nitrates, phosphates) to the environm ent with the re- 
sult that planis and anim als that rely on these nutrients 
can thrive. Additionally, decom position ensures that 
wastes and dead organic material do noi build up in 
hodies o f water. Terrestrially produced leaf and woody 
litter and dead aquatic vegetation and planklon sink 
lo Lhe bottom  of lakes, stream s, and wetlands. O nce 
deposited within fresh waters, this organic m atter can 
be broken down directly by bacteria and fungi. o íte n  
how ever, ihe m aterial first must be altered by inverte- 
brates, who [ragment or shred it before ingesting it. 
The shredding activities o f invertebrates are im portant 
because sm aller fragm ents of dead ìeaves and other 
organic m atter are clecomposed by m icrobes m uch 
íasier than larger pieces. Additionally, through their 
leeding activities, invertebrates can enhance the abun- 
dance and reproduction of the m icrobes, vvhich further 
acts to stim ulate the rates of decom position.

B. The Uptake and Transfer of Materials
M ovem ent o f w ater, sed im eni, and organic m aterial 
within and from  freshw ater system s has a profound 
effeci on global b iological, geological, and chem ical pro- 
cesses. Freshw ater inverlebrates may alter the rate at 
vvhich water flows through sedim ents. For exam ple, 
burrow ing oligochaetes, nem atodes, midge larvae, and 
crustaceans can increase the rate at vvhich water moves 
through lake and stream  sed im enis and lo nearby 
groundwaters. Instead of increasing water flow and per- 
colation through sedim ents, som e freshw ater inverte- 
brates b ind  sedim ents by producing m ucus “bioíìlm s” 
or dense m ats o f tubes or íìlam ents that reduce w aler 
flow and the m ovem ent o f sedim ents. T his may act to 
improve w ater clarity  so that sunlighl penetrates deeper 
and plant production  is enhanced. Sim ilarly, w ater clar- 
ity may be enhanced  by dense populatìons o f bivalves 
that filter water as they feed and rem ove suspended 
matter. Freshw aier invertebraies also may inAuence the 
concen lraú on  of contam inants in the water or bottom  
sedim ents by accu m ulating the contam in ant in their 
bodies or via d irecl degradation o f toxic m aterials.

c. Production by Plants
In freshw ater ecosystem s, the synlhesis o f organic mat- 
ler by plants depends on the presence of sunlight and 
nutrients. Rates o f prim ary produ ction  are extrem ely 
variable across freshw ater ecosyslem s, ranging from low 
in poorly lit groundvvalers or lurbid  lakes to quite high 
in w ell-lit shallovv w etlands. The effecl that inverte- 
brates have on plant production is indirect but signiíì- 
cant. The availability of nu trients for aquatic vegetation 
and phytoplankton depends to a great extern on the 
decom position of organic m atter in aquatic sedim ents 
and the m ovem ent o f nutrients. G razing and m ovem ent 
o f  in v e r te b r a te s  s t i r  u p  th e  b o t to m  s e d im e n ts  a n d  m ix  

water, increasing the availability o f nutrients to plants 
and phytoplankton. Furtherm ore, planktonic inverte- 
brates that graze on phytoplankton excrete form s of 
phosphorus and nitrogen that are im m ediately available 
to further enhance algal grow th. G razing may be partic- 
ularly im portant in the rem oval o f senescent algae, 
thcreby increasing light as well as nutrients.

IV. THREATS TO FRESHW ATER FAUNA

The loss o f freshw ater invertebrate biodiversity because 
of damage generaied by hum an activities is an im m ense 
global problem . A m ạjor diffìculty in assessing the di-



m e n sio n s  o f  the p ro b le m  is ihe p oor State o fk n o w Ie d g e  
of freshw ater invertebrate taxonom y and disiribulion 
and the lack of reliable m onitoring to identiĩy loss of 
diversity. In spite o f these problem s, il is clear that 
invertebrate species in som e places already have high 
levels o f population declìne and extinction.

The m ajor threats to freshw ater biota in general, 
and freshw ater invertebrates in particular, are habitat 
degradation and loss, pollution and reduced water qual- 
ity, altered hydrologic regim es, and invasion by exotic 
species. In many situations, the maịor threats do not 
act alone but can act synergistically. Thus, for example, 
stream s in agricultural areas may lose their invertebrate 
fauna due lo habitat loss by sedim entation, pollution 
by pesticides, altered flow regim es cìue to irrigation, 
and the in troduction of exotic planis and fish. A fifth 
threat is overexploitation. For exam ple, harvesiing of 
the m ussel M argariti/era  m arg arili/era  for pearls has 
reduced populations by 90% .

A. Loss and Depletion of Habitat
Hum ans have damaged vvater hodies by river channcl- 
ization and dredging, sand and gravel extraction, wel- 
land drainage, lake and river shore developm ent, dam 
and barrier construction , vvater diversion, and levee 
bank construction . Human aclivities on land can have 
indirect but signiíìcant elĩects on íresh waters. For ex- 
am ple, sedim entalion from poor lancl use, dcstruction 
o f riparian vegetation, loss ol suríacc runoff, and loss 
of w ater by grou nd w aler  1'XUacúún Im inigation all 
can damage iresh waters.

Tem porary wetlands are com m on in many regions. 
They may have suríace w ater only occasionally, but 
w hen they do they are very prodnctivc and harbor a 
d istinctive invertebrate fauna ađapted to survive long 
dry periods. U níbrtunately. in m any areas the impor- 
tance o f tem porary wetlands as distinclive habitats of 
high biodiversity value has not been recognized and 
many o f these wetlands have been plowed, drained, and 
filled in.

Sedim entation o f stream s and vvetlands írom erosion 
can be caused by activilies in watersheds such as land 
clearance, plow ing and tillage o f so iỊ  road building, 
and logging. The mass deliverv o f sand and silt into 
w a te r  b o d ie s  c a n  re d u c e  in v e n e b r a te  d iv e rs ity  an d  

changc specics com position by íilling in pools in 
stream s, wetlands, ponds, and cvcn lakes by burying 
porous coarse sedim ents wiih lavers of fine sedim ents 
w ith verỵ low perm eabilitv and hv covering aquatic 
plants. The deep stream bed of running-vvaters has a 
rich  and distinctive fauna dependent on the high perme-

ability o f the gravels and sands. Sedim entation can clog 
the pores in the streambed reducing water m ovem ent 
and oxygen availabilily, which leads to the loss of fauna. 
Many stream s that originally had stable, habitat-rich  
channels and a rich inverlebrate fauna have been dain- 
aged when channels were filled by lìne sh iftingsed im ent 
that consequently has led to a greatlv depleted fauna.

A propertỵ vital to the nature of rivers, and essential 
for m aintainence of inveriebrate biodiversity, is connec- 
tivitv— the unimpeded m ovem ent ot water, longitucli- 
nalh' from source to m outh, and laterally betw een the 
channel and its íìoodplain. Loss of connectiviiy greatly 
alters invertebraie species com position and may re- 
ducc diversity.

Dams on rivers are harriers to longitudinal conn ec- 
tivity because thcy disrupt ihe dovvnsưeam m ovem ents 
o f nutriẹnts and organic matter and prevent m ovem enl 
of invcrtebrates and íìsh. Levees are barricrs to lateral 
connectivity  because ihey are designeđ to stop lowland 
rivers from tlooding their íloodplains; however, peri- 
odic íloodplain inundation is essential for inaintenance 
of ihe biodiversily of the river system.

B. Pollution and Reduced W ater Quality
Pollutants can cm er 1'resh waters through point sources 
such as sevvage ouưalls, or via diffuse nonpoint sources 
such as ru n olí irom agricultural tìelds. Pollutants in 
scwagt' and agricultiiral runoff include organic m aller 
and nutrients. O rganic pollution of rivers usually is 
rd c a sc d  ữ o m  poini sourccs ,  and dow nstrcam  from  thc  
point source, dissolved oxygen conccntraúons may 
drop greatly. The norm ally diverse ĩauna o f the river 
is elim inated and replaced by an abundance of a few 
speũes thai can lolerate low oxygen levels. As the or- 
ganic m auer is processed, the river may recover ĩurther 
dow nstream . In lakes contam inated bỵ organic pollu- 
tion, decom position of the organic m attcr and elevation 
o f the nuirient levels alsd may create lo\v oxygen condi- 
tions in the benthic regions so that the normally diverse 
benthic invertebrate fauna is replaced by species sim ilar, 
if not identical, lo thosc found in the anoxic sections 
of organicallv polluted rivers.

N utrients such as phosphorus and nitrogen em er 
ừesh waters either from sevvage or írom  diffuse sources. 
such as agricullural fertilizers. N utrients may encourage 
gro\vth of undesirable algae and may cause algal 
“bloom s” and periods o f lovv oxygen availability, es|ie- 
ciallv in ihe decper benthic regions. This process is 
called cultural eulrophication and is a m ạjor problcm  
for lakes in boih  urbanizcd and rural areas. In such 
lakes, ihe invertebratc fauna, both planktonic and ben-



thic, is depleted in species diversiiy, hut abundances of 
a ỉew tolerant species may be very high.

Com bustion of íossil luels can generate sulphur and 
nitrogen oxides that com bine with water to form acids 
in the atm osphere. Acids dissolved in water vapor can 
rnove long distances in the atm osphere beíore entering 
water bodies as acid rain. This process is a dram atic 
exam ple of nonpoint source pollution in w hich pollut- 
anls generated in one region exert their effects in an- 
otlier, otten distant, area. Many poorly buffered lakes 
in Europe and N orih Am erica have becom e strongly 
acidic due to acid rain. In acid lakes (pH <  4 .5 ) , some 
invertebrate groups such as crustaceans and m olluscs 
are elim inated along with gill-breathing insect larvae. 
The most acid tolerant taxa appear to be predaLory 
vvater bugs.

In many parts o f the Nvorld, irrigation may rcduce 
river flows and create extensive salinization (salt con- 
tam ination). Salinization occurs when water evaporates 
from irrigaied íìelds and leaves behinds the salls thai 
were dissolved in the water. The increased salt levels 
in the soil kill terrestrial vegetalion. The concentrated 
salt can en ier rivers and lakes where it elim ìnales m ost 
o f ihe freshw ater invertebrates, except for a few lolerant 
midge larvae and crustaceans. The Aral Sea in Russia 
was once brackish  water and fauna rich. Its freshw ater 
inputs were diverted for irrigation, and il novv receives 
vcry saline waters from irrigated lands. As a conse- 
quence, it has shrunk greatly in size to becom e a saline 
sea with a very impoverished fauna.

Many pollutants, such as heavy m clals and chlori- 
nated hydrocarbons, are noi readily broken down or 
deactivated. O nce they enter a freshw ater system 
through point or nonpoini sources, they persist and 
continu e to cause damage. Heavy m etals, such as zinc, 
copper, cadm ium , and lead, may enter a w aier body 
from  m in i n g  o p c r a t io n s  a n d  p o is o n  the S y s te m ,  t h e r e b y  

elim inating m any invcrtebrate taxa. U nfortunately the 
contam ination  may persisi for many years, long aíter 
m ining operations ceased. In W ales (B ritain), Australia, 
and many paris of the United States, rivers have re- 
m ained contam inated 35 to 90  years aỉter m ining ceased 
and they coniinue to have a depauperate invertebrate 
fauna.

c. Altered W ater Regimes
In  ihe past centur)' with the growth in hum an popula- 
tions and the rapidly rising demands for water for hu- 
m an consum ption, indusiry, hydropower, and irriga- 
tion , there has been an enorm ous expansion in ihe 
nuraber and scale of dams, barrages, and diversion

vvorks. Dam s and their large upstream iinpoundm ents 
break the connectivity  of rivers. This disruption has 
been recognized in siluations where valuable fish stocks 
have been threatened. Fishw ays, porterage schem es, 
and stocking  have been used to reduce threats to fish, 
but nothing has been done to alleviate the effects on 
invertebrates. Thus clams may disrupt essential migra- 
tions, such  as those o f shrim ps and freshw ater crabs 
in ihe tropics, and preveni ihe normal m ovem ents of 
invertebrates down the river.

The vvaters impounded behind dams may Dood valu- 
able habitats— íloodplain vvetlands, river canyons, even 
Iakes. In Tasm ania, Australia, a large dam -created im- 
poundm ent ílooded an entire, isolated lake w ith a re- 
markably large beach. This lake, Lake Pedder, contained 
five endem ic invertebrate species, four of w hich appear 
to have becom e extinct. Im poundm ents behind dams 
may have a greatly depleted littoral (shoreline) fauna 
due to rapid changes in water level incurred as a resull 
o f dam operations. Drawdown o f lake levels lo  m eet 
hydroelectricứy or irrigation can leave many inverte- 
brales stranded. In unim pounded rivers, organic m atter 
and nutrients are iransporteđ downstream to be used by 
dovvnstream inverlebrates. This longitudinal iransporl 
ceases with im poundm ent. W ater released from dams 
may com e írorn the deep hypolim nion and conse- 
quently may be cold, deoxygenated, and low in organic 
m aterial— conditions quite uníavorable for riverine in- 
vertebrates.

The purposes (or w hich a dam is operated can have 
dire consequences lor dow nstream  invertebrates. Most 
drastic o f all is the sim ple loss of water. Many dams are 
water diversion structures that leave the river channel 
below the dam w aterless or w ilh  a sm all m inim um  flow. 
In many places, large rivers are left with so litlle w aler 
that they no longer reach the sea. Needless to say the 
loss of invertebrates is considerable. Dams may be built 
and operated to generate hydroelectricity, in w hich case 
waier levels in the channel below  the dam [luctuate 
greatly and quickly as water is released or suddenly cut 
off to m eet electricity  generation demands. A lternation 
betw een ílood and drought creates dislurbance levels 
that perm it only ihe hardiest o f invertebrates to exist in 
the channel. Dams operated to store water for irrigation, 
hold w ater in the wet season (w inter), and release it for 
irrigation in the dry season. C onsequently, the seasonal 
patterns o f  flow are reversed, and wet season [loods are 
greatly dim inished. The lack of water in the wet season 
and high w ater levels in the dry season disrupt the life 
cycles o f m any invertebrates. For many lowland rivers, 
the effecis o f greally dim inished íloods have been devas- 
tating because inundation of the íloodplain has been



greatly reduced, resulling in a loss o f inverlebrates that 
would norm ally thrive on the íloodplain.

D. Invasion of Exotic Species
E xo tic  species of plants and anim als may reach new 
localities through deliberate introduction by hum ans 
or through accidental introduction during transport. 
T he rate o f introductions both betvveen and w iihin con- 
tinents is rising rapidly. The most obvious introductions 
into freshw ater system s have been plants, both aquatic 
(e .g ., w ater hyacinth) and ríparian (e.g ., salt cedar), and 
íìsh (e.g ., carp). Few invertebrates have been introduced 
deliberately (e.g., opossum shrim p, crayfish), but many, 
especially crustaceans and m ollusks, have been intro- 
duced accidenially.

Introduced invertebrates may exert very strong ef- 
fects on native species. E xotic inveriebrates may be 
vectors for điseases lelhal to native species. In Europe, 
native crayfìsh stocks have been decim aled by the cray- 
íish plague fungus, A phanom yces astaci, which carne 
w ith the deliberate introducúon of N orth American 
crayíìsh. E xo tic  species may lake up habitat space and 
outcom pete local species. The zebra m ussel from the 
Ponlo-C aspian region invaded ihe Great Lakes and 
Hudson River and now is com m on ihroughout eastern 
N orth Am erican from O klahom a and M innesota east. 
It m onopolizes habitat space and has greatly reduced 
native m ussels. Zebra mussel populations increase rap- 
idly once iniroduced and through their im m ense (ìlira- 
tion capacity may greatly reduce planktonic organisms 
increasing the clarity of the water but reducing inverle- 
brate diversìty.

Introduced aquatic plants, such as water hyacinlh 
and alligator weed, may blanket the suríaces o f tropical 
lakes and rivers. Such blanketing may reduce water 
quality by causing deoxygenation or by reducing pholo- 
synthesis o f native plankton and aquatic plants. This, in 
turn, d irainishes food resources for native invertebrates. 
Introduced riparian plants, such as tamarisk or salt 
cedar, may cause the loss o f habitat for native inverte- 
brates by dom inating the stream banks and olten by 
reducing water levels in the channel. O ther inlroduced 
plants, such as eucalypts in  Spain and Portugal, may

produce dead plant m aterial that is not readily con- 
sum ed by stream  invertebrates, therebv causing them 
to starve.

Many fish are predatocs of invertebrates. The in tro- 
duction of exotic fìsh may increase predation pressure 
and deplete native invertebrate populations. Introduced 
carp have reduced invertebrate populations in ílood- 
plain wetlands. In New Zealand, introduced trout in 
invading stream s have depleted or elim inated popula- 
t io n s  o f  n a t iv e  f ish  a n d  n a t iv e  in v e r te b r a t e s .  R e le a s e đ  

[rom the in iense grazing pressure of native inverte- 
brates, algae in such  invaded stream s proliíerale and 
builcl up to high levels.
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GLOSSARY

b cn th ic  That eonnecled  w ith the bed o f  the sea or a 
freshw ater lake, river, or stream . 

deep sea The seabed and im m ediately overlying w ater 
covered by seas al least 2 0 0  m deep. 

disturbance A biological or physical factor that im pacts 
a population or com m unity by causing death, re- 
duced reproduction, or increased em igration. 

in íauna Anim als living w ithin s e d im e n ts . 

invertebrate All anim als that lack  a backbone (verte- 
b rae)— that is, m ost o f the anim al kingdom . 

pelagic That connected  w ith the vvater colum n. 
p lan k ton ic Organism s o f m any different phyla that 

íloat in and are carried by w ater m asses in the pelagic 
o f the sea or freshwater.

produclion The increase in biom ass o f an individual, 
population or com m unity as it grows by converting 
energy-foođ into biomass.

AN O V E R V lE W  O F M ARINE  invertebrate biodiversity 
is com plicated because there are lwo d isiinct m arine 
dom ains, the open ocean and ihe seaíloor, w hich are 
affected by different ecological processes. The physical 
characteristics o f the world ocean are described here 
b o lh  from the vievvpoint o f a benthic scientist who 
studies the anim als that live on the seabed and a pelagic 
scientist who studies the organism s that íloat or swim 
lreely in the water. The pelagic sections include som e 
consideration of single-celled organism s, including ex- 
am ples capable o f photosynlhesis, because excluding 
them  would be arti&cial. The processes that produce 
modern marint’ diversity patterns are described and the 
unique íeatures that make marine diversity different 
from terrestrial diversity are listed. By convention, both 
pelagic and benth ic fauna are not categorized by a func- 
tional ecological approach but by the type of equipm ent 
used to sample the organism s, vvhich largely depends 
on their size. The diiTerent size classes are listed and 
exam ples given of the organism s included in each 
group. A m ajor lim itation in understanding m arine in- 
v e r te b ra te  b io d iv e r s ity  is the ín a d e q u a te  State  o f  ta x o -  

nom ic knowledge of marine organism s, particularly the 
sm all and deep-sea taxa. The im plications of our igno-
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rance for estim ating regional or global diversity are 
discussed. Open ocean pelagic biogeographv patterns 
are described and exam ples given of species with com - 
m only occurring patterns. Benthic diversity patterns 
are divided into large and small scale. The large-scale 
patterns include latitudinal and bathym etric gradients. 
The change in both diversity and the dom inant faunal 
groups over evolutionary time from  the Cam brian to 
the present is followed. Finally, the unusual hydrother- 
raal and cold seep fauna that have been recently discov- 
cred are described.

1. PHYSICAL CHARACTERISTICS OF 
THE OCEANS

The world ocean co v e rs  more than tw o-thirds oí the 
suríace o f the earth and as much as 90%  of the habitable 
volum e. Il is the largest habitat on earth and about one 
billion people depend on the oceans for their primary 
protein needs. Yearly, well over 90  m illion tons of fìsh 
and shellíìsh are harvested.

Only 10% of the oceans’ area coulcl be classed as 
shallow  water and this is mostly located around the 
Continental margins. Seas deeper than 2000 m cover 
hall the earth’s surface. The seashore zone, the area 
covered and exposed by tides, corresponđs to the eco- 
logical littoral region. Shallovv seas make up the sublit- 
toral zone ,  also called the Continental sheir , w h ich  ends 
at the shell break, usually at around 2 00  m. The Conti
nental slope marks the boundary between the Continen
tal and ocean íloor crusts. ỉt extends from the shelf 
break down to about 1500 m, so it roughly corresponds 
to the ecological bathyal region, 2 00  m to 2000  m.

The C o n tin e n ta l  slope falls avvay into the C o n tin e n ta l  

rise, w hich exiends down to a depth of about 4 5 0 0  m. 
Beyond this is the abyssal plain at depths of between 
5 0 0 0  to  6 0 0 0  m. T h e  Continental  rise and  the abyssal 
plain roughly correspond to the ecological abvssal re- 
gion, 2 0 0 0  to 6 0 0 0  m. O ther ĩeatures o f the seaíloor 
are rocky seam ounts and riđges, w hich may be of a 
considerable size, and deep trenches dovvn to 11 ,000  
m or m ore. Trenches are usually a íeature o f subduction 
zones where the seadoor buckles and deepens beneath 
a Continental  crust.  D eep ire n ch e s  co rre sp o n d  to the 
ecological hadal region. The Continental rise and abyssal 
plain tend to be relatively ílat. Geological features such 
as terraces and subm arine canyons, how ever, sculpture 
the Continental slope. Pressure increases down the wa- 
ter colum n at the rate of One alm osphere per 10 m.

M uch o f ihe seaíloor is covered in sedim ents; bare 
rock  is raiher rare. Near the coast these sedim ents are

of terrigenous origin and may be coarse (e.g. clay, sands, 
or pebbles). Terrigenous material may be found down 
to the continenlal rise and vast areas of the seaíloor 
consist o f clay sedim ents or, in productive areas, bio- 
genic oozes mainly from diatoms, radiolarians, and For- 
am iniíera.

The tem perature of the water declines rapidly with 
depth untìl it stabilizes at about 4°c, w hich takes place 
at approxim ately 1000  m, depending on lalitude. This 
phenom enon is know n as the perm anent therm ocline. 
At greater depths, the temperature declines slovvly. W a- 
ter currents are too com plex to be discussed here in 
detail but, broadly speaking, deep water is formed by 
the sinking of dense, cold saline water in ihe Antarctic 
and A rctic. This dense water spreads out across ihe 
vvorld ocean, eventually relurning to the suríace.

In general, marine water is well oxygenated, often 
at values near saiuration. There are areas where rapid 
seasonal bloom s in the upper vvaier colum n deoxyge- 
nate the water leading to oxygen m inim um  zones. Oxy- 
gen concentration  íalls rapidly with sediment depth, 
especially in littoral muds and sedim cnis under shallovv 
enclosed seas.

The open ocean or pelagic realm has no obvious 
boundaries such as the m ountain ranges or large water 
masses (rivers, seas, or oceans) thai are so important 
in driving speciation on land, although to a certain 
extern the three oceanic basins— A tlaniic, Inclian, and 
Pacific— are partially separated by landm asses. The 
world ocean is essentially a continuum  and the most 
im portant environm ental íaclors are tem peralure and 
salinity, w hich iranslate prim arily inio latitude and 
depth. However, despite the lack of obvious barricrs. 
speciation has and does occu r in the pelagic environ- 
m cnt. The geographic species disiribution of modern 
p lankton is the product of the geological history of ihc 
oceans and C o n t i n e n ta l  barriers, lim itations of species 
in adapling to b ioúc and abiotic environm ental íactors. 
and the degree o f organism  mobility.

The pelagic realin is divided by dcpth into zones. 
Light, tem perature, and salinity are responsible for ihe 
m ajor vertical biodiversity gradients. In the upper 200 
m, the epipelagic, sufficient light is available to sustain 
p holosynthetic processes. This is the prìmary produc- 
úon zone vvhere light and carbon dioxide is converted 
into carbohvdrates, the principle energv (íood ) sourcc 
for all open ocean inhabitants. The m esopelagic zonc 
is the realm  o f the diurnallv (dailv) migrating organisms 
and extends from 200  to 2000  m depth. This is thc 
deepest inio the water colum n thai light penetrates. 
Diunal m igration is triggered bv light and typically in- 
volves m oving inio shallow waters at night and deeper 
vvater layers during the day. Possible reasons for sucli



veriical migration may include hiding in the dark dcpths 
Irom predators during daylight and energy conservation 
achievecl by spending part of the time in deeper, colder 
vvater layers, thus allow ing organism s to reduce their 
m etabolic rate. The bathypclagic (2 0 0 0  to 6 0 0 0  m) and 
abyssopelagic are the aphoúc zones, where there is per- 
pelual darkncss (Table 1).

II. THE FƯNDAMENTAL PROCESSES 
CONTROLLING MARINE BIODIVERSITY

T herc are three m ajor differences betw een m arine and 
lerrestrial system s that have an enorm ous im pact on 
hiodiversity. The fìrst is that ihe oceans are three-di- 
m ensìonal; organism s live, feed, and reproduce at all 
levels in the water colum n. The second is that light has 
low penetration through sea water, so photosynthesis 
only occurs in the upper water colum n, the photic 
zone, so most of the oceanic system has no primary 
production. The third is that m ost photosynthcsis is 
carried out by tiny single-celled organism s. M acropho- 
tosynihetic organism s (m acroalgae or seavveeds) are 
rare and tend to be concentrated in a thin zone around 
the edge of the continents in the littoral and sublit- 
toral regions.

Pelagic organism s in the three-dim ensional water 
colum n have no structure to “hide” in, either for am- 
bush attacks ordefense. Essentially, there are only three 
possible life strategies. An organism  can cvolve for 
spced and agility lo capture prey and escape predaiors, 
or an organisra can evolve as a je lly , olTering a poor 
food return for potential predators. A third strategy 
is rapid growth and reproduction resulting in huge 
nurnbers: schools and svvarms offcr prolection to ihose 
w ithin. Many pelagic organism s show  a patchy distribu- 
tion for this reason. The organism s w ithin the sedim ent, 
the infauna, exist in a tw o-dim ensional world thai has a

TABLE I

T h e  D iv isio n  o f  th e P e la g ic  E n v iro n m en t in to  D ep lh  Z o n es 

(m e a su re d  in  m e te rs )

E p ip elag ic 0 2 0 0 T h e  p h o iic  zo n e , prim ary 

pro d u ctio n

M e so p e lag ic 2 0 0 2 0 0 0 T h e  realm  o f  d iu m ally  m ig ratĩn g  

o rg an ism s

B ath y p clag ic 2 0 0 0 6 0 0 0 T h e deep -sea rcalm , co n iin u o u s 

d ark n css

A b ysso p elag ic > 6 0 0 0 T h e  d eep -sea  trou g h s, co n tin u o u s  

d ark n ess

physical stru cture vvithin w hich organism s may shelter. 
The m arine system , wúh regard to biodiversity, may 
thereíore bc divided into tvvo separate dom ains, the 
pelagic and the benthic. Som e infaunal taxa have a 
pelagic phase and so have a presence in boih  dom ains. 
W e may pred ict that m arine pelagic diversity should 
be lower than terrestrial diversity given thc lim ited 
choice of life strategy of pelagic organism s coupled with 
the active or passive m obility of organism s through 
the water colum n. The benthic domain is structurally 
sim ilar to ihe terrestrial environm enl and may be pre- 
dicteđ to have a sim ilar diversity with the caveat ihat 
the absence of large photosynthetic organism s rem oves 
an entire biotope.

The lack o f  prim ary production in m osi o f the oce- 
anic realm  resulls in a dependence on an organic ílux 
that originates on land or in the photic zone. The or- 
ganic flux becom es vveaker íurlher away from ihe con li- 
nents or deeper into the water colum n. The w eakening 
riux gradient governs benth ic biom ass, which declines 
vvilh depth and distance from the C o n t i n e n t a l  shore- 
lines. The Russian grab-sam pling program s of Belyaev 
and colleagues from the 195ŨS onw ard  e s lab l ished  the 
global d istribution  of benth ic biom ass (Fig. 1). Produc- 
tivity has a m ajor iníluence on biodiversily so the or- 
ganic flux gradient also will have an im pact on benthic 
biodiversity  p allerns.

Physical d islurbance is also considered lo be a key 
process contro lling  biodiversity. Physical disturbance 
was considered to be highest in the littoral region and 
lo decline consistenlly  w ith water depth down to the 
abyssal plain. Recenl research has caused S c ie n c e  to 
modify this view, as there is now good evidence for 
hydrodynam ic disturbance and seasonal perturbations 
right down onto the abyssal plain. But in general, ihe 
irend is for physical disturbance to decrease with depth. 
The m ain physical disturbance processes that show  a 
depth trend are m echanical effects (current energy and 
wave actio n ), lem perature variation (including expo- 
sure in the littoral region), and salinity change. Deep 
trenches are possibly highly disturbed due to slum ping 
o f the trench sides.

III. SAMPLING AND ASSESSING 
MARINE INVERTEBRATE 

BIODIVERSITY

A. Benthos
M arine inveriebrates are divided into three size classes 
on vhe pragm atic basis o f the equipm ent usecl to co llect 
them (Table II). Megafauna are large, visible anim als



F1GURE 1 T h e global d istrib u tio n  o fb c n th ic  b io m ass in ih c  w orld o ccan  based DI1 ihc vvork ol ih c  R ussian  sam p lin g  prcigram m e 
o f  Belyaev  and co lleag u es. T h is  w ork cs lab lish ed  thai b io m ass d cc lin es  in sam p les p ro p o rtio n a lly  to ih c ir  d is la n cc  (rom  

co n lin e n ts . B io in ass is p ro p o rlio n a l lo  foocl in put. (K rom  G age and T y lcr , 1 9 9 1 ).

ihat may be seen by eye (or on photographs). Mac- 
roĩauna are infaunal (sedim eni dwelling) organism s 
thai  are not  norm ally  visible but are retained on  a 1 mm 
sieve (0 .5  mm or less in the ease of deep-sea sam ples). 
M eiofauna are the infauna too small to be retained on 
such  a sieve. Il is not clear w hether ihese arbitrary 
classiíìcations also have biological signitĩcance. Some 
taxa are alm ost entirely in one size class for their entire 
life history; for exam ple, nem atodes are always consid- 
ered to be meiofauna. O thers— for exam ple, poly- 
chaetes, although predom inantly in one size class, in 
this case m acroĩauna— may also have meiofaunal and 
m egafaunal representatives for at leasl part o f their life 
history. W arw ick and colleagues have som e evidence, 
m ost c o n v in c in g ly  ỉro m  C oastal sa n d y  sediments, th a t 

the division of organism s into m acro and m eiofauna is 
ecologically  meaningíul. It appears that organism s rnust 
be either m acrofaunal-sized, to actively burrow through 
the sedim em s, or m eiofaunal-sized, to slip betw een the 
sedim ent particles, but m echanical lim itations prevent 
them  being o f interm ediate size.

M egaíauna are num erically dom inated by the phy- 
lum  Echinoderm ata, although the Crustacea are also 
im porlant. The m ost abundant and cỉiverse m acroíauna 
group are the polychaete vvortns (A nnelida), while mei- 
oíaunal nem atodes (N em atoda) dominate the benthos, 
at lcast in terras o f abundance and diversity of m eio-

fauna. Arthropods are also im portani in both the macro 
and meiofaunal size classes. The average m arine bcnlhic 
iníaunal invertehrate is a soíi-bodied worm  (Fig. 2 ), 
but verm iform  anim als are less im portanl com ponents 
of the megafauna.

Litloral benthos from  sedim ents is sam pled by in- 
serting a corer in to  the deposils and w ashing the re- 
moved sedim ent over an appropriately sized sieve. Sam- 
pling oíĩshore is m ore problcm atical. M egaíauna are 
collected by equipm enl such as Agassiz travvls, anchor 
dredges, or ep ibcnthic sledges tovved along the bottom . 
Such equipm ent has problem s co llecting  consistent 
sam ples and is suitable only for producing qualitative 
or sem iquantitative data. Initially, the sm aller inlaunal 
anim als were collected  with grabs, and these are still 
used where circum stances dictate but they are ineffi- 
cient. The developm ent of the box corer by Hessler 
an d ju m ars  was a criú cal im provem eni in the accurate 
quantitative sam pling of m acrofauna for hiodiversity 
studies. D evelopm ent o f quantitative m eiofauna sam- 
plers, notably the Scoltish  Marine Biological Associa- 
tion’s multiple corer, sim ilarly revolutionized invesliga- 
tion into offshore rneiofauna biodiversity.

Marine sam ples íakert with inodern corers provide 
dala that are m ore quantitatively accurate than most 
terrestrial studics, and ihis has inlluencecl tbe tvpc of 
biodiversity questions asked by marine scientists. Ma-



Examplcs of Marinc Bcnthic Invertcbratc Taxa Classiíĩed into thc Thrce Sizc Groups

SÌ2 C c la ss  M eg aĩau n a M acro ĩau n a  M cio íau n a

C o lle c tin g  cq u ip m cn l A gassiz traxvl, c p ib e n ih ic  s lcd . an- G rab , co re r  (n o tab lv  ih e U SN E L C o rer (n o tab ly  ih e SM BA m u k i-
ch o r  d rcd g e b o x  co re r) ple co re r)

C xiim plcs o f laxa A scid iacea  (sca  s q u ir is )  

A ste ro id ca  (sea  s la rs )

A rth rop od a (am p h ip od s, cru sta - 
cc a n s , cu m acean s, isop od s, 

m ites , tan aid s)

N cm alođ a (thrc-ad w o rm s) 

C op ep od a (m ain lv  h a rp a c iic o id s)

B ra ch ỉo p o d a  (la m p  s h e lls ) M o llu sca  (ap laco p h o ran s, bivalves, 

c h ito n s , gastro p od s, scap h o d a)

G aslro tr ich a

K in orh vn cha

B rvo zo a  (m o s s  a n im a ls) L o ricifera

C o e lc m e ra la  (se a  fĩrs, jc l ly f is h , O lig o ch a cta  ( “earth ” w o n n s ) OsLracoda
sca  p en s. sca  fan s, sea  an em o -

nesv co ra ls )

Ph orin d a T ard igrad a (w ater b cars)

C rin o id ca  (s ca  lilies , íc a th c r  s la rs ) P o g o n o p h o ra  (lu b e  w o rm s) T u rb ella ria  (ílat vvorms)

C ru sta cca  (a m p h ip o d s, b a rn a c le s . P o ly ch aeta  (seg m en tcd  sea vvorms)
tr a b s , p raw ns s h rim p s)

Priap u lid a (w o rm s)

E c h in o ỉd e a  (sea  u rch in s) N em ertea (rib b o n  w o rm s)

E c h iu ra  (w o rm s vvith e lo n g a te  b i- S ip u n cu la  (p can u t w o n n s)
fid p ro b o sc is )

H cm ich o rd a ia  (a co rn  w o rm s) T u rb e lla ria  (Hat w orm s)

H o lo th u rio id e a  (sea  cu c u m b e rs )

O p h ỉu ro id ca  (b r itt lc  s ia rs  and bas-

k ci s ia rs )

P o g o n o p h o ra  ( in c lu d in g  v es iin ien -

tifcra iis)

P o riíc ra  (sp o n g cs)

P y cn o g o n id s  (s ca  sp id e rs)

rine research has íocused on alpha, or ecological, diver- 
sity, \vhich is com m only analyzed using diversúy indi- 
ces that incorporate som e m easure of evenness as well 
as species richness. The two m ost com m on indices em- 
ployed are the Shannon-W iener in íbrm ation  function 
(H /) and, in the deep sea, the Sanders rareíaction 
m ethod expressed as a curve or index that predicts an 
expected  num ber of species per num ber o f individuals 
in  a sam ple. Terrestrial biodiversity analysis tends to 
íbcus on larger scale m easures o f diversity based on 
species richness per area so il can be diffìcult to com pare 
published m arine diversity patterns w ith those obtained 
for terrestrial environm enls.

B. Pelagos
Fu n ciìon al classiíĩcation o f pelagic organism s is based 
on locom otion , size, and trophic level or ecosystem

íunciion. P lanklon  are generally passively drifting or- 
ganìsm s carried by water m ovem ents; exam ples include 
bacteria, algae, and small anim als. Nekton are actively 
swim m ing organism s and so can to a certain extern 
migrate in the horizontal plane; exam ples include squid, 
fish, and som e crustaceans. Phytoplankton, m arine 
plants, are prim arily unicellular and responsible for 
primary production. They are the main food source for 
all life in the open ocean. Zooplankton are anim als w ith 
a planktonic life style.

Division of pelagic organism s into size classes is 
related to retention by the different rnesh sizes o f nets 
and Blters used for sam pling (Tahle III). Pica and nano- 
plankton are usually collected with remotely operated 
opening and closing bottle devices, allow ing control of 
the depth zone sampled. To collect organism s sized 
from m icroplankton upvvard, various types o f net sam - 
pling gear are used ranging from simple ring nets, w hich
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are hauled vertically, to com plicated rem olely operated 
openíng and closing net system s ihat can sample hori- 
zontal depth layers (e.g., RMT net, O m ori net). Nekton 
are sam pled with large, pelagic fish trawls. O ílen pelagic 
sam plcrsare used in com bination with othcrcquipm ent 
that m easures physical lactors such as dcpth, tempera- 
ture, salinity, and light.

Due to the vastness o f the pelagic rcalm relatively 
little has been studied, although there has been reason- 
able geographic coverage. ĩt is estimated that less than 
5% of its huge volum e has been sampled once! Deep-

TABLE III

The Size classes of Pelagic Organisms with Typical Examples

P la n k io n ỉc  P ico p lan k to n < 2  fJLU\ B acteria

N an op lan k ton 2 - 2 0  /xm B actcria , algae. 

pro iists

M icro p lan k to n 2 0 —2 0 0  /Am A lgae, h e ie ro tro p h s

M eso p lan k io n 0 . 2 - 2  m m C o p cp o d s

M acro p lan k to n >  2  mm S h rim p s. tìsh larvae, 
jc llv fish

N ek io n ic  M icro n e k to n >  2 cm Sm all íish , squid . 
cm sta ce a n s

N ck ton >  5 cm F ish , sq u ic Ị n iarin c 

m am m als

sea and very small planktonic species are particularly 
undersampled; undoubtedly many new species wait to 
be discovered.

One of the main problem s with sam pling the benlhic 
and pelagic realm is ihat scientists are liierally grabbing 
in ihe dark. In contrary to lerrestrial research, where 
the scientist has a visual concepi o f the environm ent 
and can generally “see” what he or she is doing, marine 
biologists are com pletely dependent on rem otely oper- 
ated equipm ent. This has hampered progress in form ing 
concepts o f the marine environm ent as an ecosystem  
and estim ating its biological diversity. Rem otely oper- 
ated vehicles (R O V ’s) with cam eras and sam pling de- 
vices have improved our undersianding of the marine 
environm ent signiíìcantly  in the past decade. The 
choice of sam pling gear has a large impact on the repre- 
sentativeness o f the sam ples for the com m unity as a 
whole, hence the ĩrequent discoveries of new  species 
or new iníorm ation about know n species. Giant squids 
present a nice exam ple o f a species that have eluded bi- 
ologists.

IV. TAXONOMY

Estim ating, let alone listing, to the num ber ol described 
species on the earth is a dilĩicult task. For som e groups 
o f organism s, usually tcrrcstrial, the aciual num ber oĩ



spccies is reasonably well know n with most species 
named and described; exam ples includc birds, mam- 
inals, and higher plants. O lher groups have not been 
com prehensively researchecl and accu rate estim ates for 
spccies num bers are n oi available. T h is category in- 
cludes beetles, m ollusks, and nem atode worms. The 
cu rrent best esúm ate given by the Global Biodiversity 
Assessm ent is thai there are 1 .75  m illion specics knovvn 
to  S c ie n c e .  The e s t i m a t e  f o r  th e  lo ta l  n u m b e r  o f  e x i s t i n g  

species on earth is approxim ately 12 to 13 m illion al- 
though som e scientists think that it may be as high as 
2 0  m il l i o n .

Classifying and nam ing the 1 .75 m illion know n or- 
ganism s is an enorm ous task, but it is viial for com par- 
ing and exchanging biodiversity iníbrm ation betw een 
diderent organizations and countries. A proíession of 
approxim ately 5000  experienced  taxonom ists world- 
vvide is perfonning this d ocum entation  task. The King- 
dom  of Plants is the best knovvn and that o f Protists 
least. For the Kingđom A nim alia only 2 0 ,0 0 0  new 
naines are described yearly, including 1 7 ,0 0 0  species 
descriptions. The natura), history co llection s siored and 
m aintaỉned in various cou ntries are an im portant ar- 
chivỉng tool for research, and they provide the com m u- 
nity at large wilh a system atic insight in to  species di- 
versỉty.

Inventorying m arine inverlebrates poses excepiíonal 
problem s. In an area o f survey tw ice as large as the 
terrestrial environm ent, m arine biology has to deal with 
problcm s of the difficult accessibìlity  of the deep sea and

the vagueness of the three-dim ensional biogeographical 
borders of the pelagic realm. This m akes stock assess- 
m ents and the definition of distribution ranges ex- 
trem ely problem atical.

Species richness is unevenly distributed over ihe var- 
ious kingdom s and phyla. The Kingdom Animalia rep- 
resents the grealest num erical diversity, with well over
1.3 m illion knovvn species. The terrestrial order o f In- 
secla, in the phylum  Arthropoda, takes up aboui 70%  
of the known animal diversity.

In both terrestrial and marine dom ains, the highest 
diversity is found in the equatorial region. The produc- 
tivity (in grams carbon per n r )  is more or less equal: 
2 .2  g c/m2yr in tropical rain íorests and 2 .5  g c/n ryr 
in coral reefs. In the aquatic environm ent, current data 
suggest that coral reeís are the most species-diverse 
regions and that they are com parable vvith tropical rain 
íoresis. Although reefs only form 0.2%  o f the seaíloor 
by area, they harbor over 25%  of all know n m arine 
species. The deep-sea is also believed to be highly di- 
verse. Due to the cliffìculties in accessing ihis environ- 
m ent relatively little is know n and ihe discovery of 
many Iievv species is expected in the com ing years 
(Table IV).

It is olten surprising for nontaxonom ists to discover 
that most species in the world have never been de- 
scribed and m ost probably will never be described. This 
is especially true for the sm aller size classes and m arine 
inĩauna in general. Marine species have received less 
attenúon from system atisis than terrestrial organism s,

TABLE IV

K n ow n  an d  E s tim a te d  S p e c ie s  D iv c rs ily  o f  V a rio u s  T a x a , in c lu d in g  G lo b a l B io d iv ersity  A sse ssm e n l (G B A )

D escrib e d  sp ec ies  

( X 1 0 0 0 )
E stim ates (h ig h e si)  

(XIO O O )
E stim ates  (lo w e si)  

( X 1 0 0 0 )
G BA  estim ate 

( X 1 0 0 0 )
A ccuracy  

o f  estim ate

V iru ses 4 1 .0 0 0 50 4 0 0 Bad

E u b a cte ria  &  A rch ae 4 3 .0 0 0 50 1 .0 0 0 Bad

F u n g i 7 2 2 .7 0 0 2 0 0 1 .5 0 0 R eason able

Protozo a 4 0 2 0 0 6 0 2 0 0 Bad

A lgac 4 0 1 .0 0 0 1 5 0 4 0 0 Bad

Plan ts 2 7 0 5 0 0 3 0 0 3 2 0 G ood

N em aio d cs 25 1 0 0 .0 0 0 100 4 0 0 Bad

A n h ro p o d s

C ru stacean s 4 0 2 0 0 75 150 Average

A rach n id s 7 5 1 .0 0 0 3 0 0 7 5 0 Averagc

In scc is 9 5 0 1 0 0 .0 0 0 2 .0 0 0 8 .0 0 0 A vcragc

M o llu sk s 7 0 2 0 0 1 0 0 2 0 0 Average

C h o rd a ie s 4 5 55 5 0 5 0 G ood

Ọ ih crs /iiiv crs c 1 1 5 8 0 0 2 0 0 2 5 0 Average

T o la l 1 .7 5 0 u  1 .6 5 5 3 .6 3 5 1 3 .6 2 0 Bad



less than 15% of described species are maríne. It is 
estim ated that there are at least 2 0 0 ,0 0 0  know n anim al 
species and about 50 ,0 0 0  know n plant (algae) species in 
the oceans. Fish (7.6,000 species) and marine m am mals 
(2 5 0  species) belong to the best know n taxa.

M ost m arine animals live in the deep sea or are tiny 
and were out o f sight and out of mind. O nly in  the 
second half of the 2 0 lh cenlury has the equipm ent be- 
com e available to com prehensively collect deep-sea and 
sm all planktonic organism s, and it is still an expensive 
business lim ited to a handful o f professionals. W hen 
this is com paređ with the long and vigorous tradition 
o f b o th  professional and am ateur taxonom ic study in 
the terrestrial domain, the backwardness of marine in- 
vertebrate system atics is understandable.

The taxonom ically best know n marine area in the 
world is the Coastal strip along northwest Europe and 
to a lesser extern the coasts of the rest o f Europe and 
North Am erica. Outside these zones, less ihan half the 
m arine invertebrate species are know n 10 S c ie n c e . For 
exam ple, a recent study o f 16 box cores taken from 
bathyal depths off the British coastline revealed 30 4  
polychaete species, o f which only 17% could be associ- 
ated with a known species. A study of 6 liters o f coral 
reef sedim ent from Hawaii found 158 polychaete spe- 
cies, o f w hich only 30%  had been previously described. 
The largest study o f m acroĩauna ever undertaken in the 
deep sea in the bathyal, norihvvest Atlantic counted 7 98  
inĩaunal species from 233 box cores, but less than half 
could be named (Tablc V ). This siudy illustrates the 
im portance of polychaetes. In general, at least half the

TABLEV

The Specics and Family Divcrsity of the Mạịor lnverlebrale 
Macroíauna Phyla in Box Corcs froni the 

Bathyal Northvvest Atlantic

T a xa N um ber ol fam ilies N u m ber o f  sp ec ies

A n n elid s 54 3 9 8

A rth ro p od a 4 0 185

M o llu sca 4 3 1 0 6

E ch in o d erm a la 13 39

N em e rlin a 1 2 2

C n id aria 10 19

Sip u n cu la 3 15

H em ichord aLa 1 4

E ch iu ra 2 4

Priap u lid a 1 2

B ra ch io p o d a 1 2

E c to p ro c ta 1 1

TABLE VI

Species Diversity per m; of a Mudtlal from a 
British lisluary for Soinc of thc 

Mạjor Mcioíauna Groups

T axa N u m b er o f sp ccies

P o lv ch aeies 5

N em atod es 4 0

O lig o ch aetes 2

C opepods 7

O straco d s 2

H ydroids 1

K in o rliv n ch s 2

m acroĩauna species oi any deep-sea sample will be new 
10 Science.

The system atics o f m eiofauna is even less well 
know n. For exam ple, a nem atode study in ihe A rciic 
O cean reported that only 4%  o f the 92  species 1'ound 
were know n to Science, w hile a study in the Venezuela 
Basin could only name 1.5%  of the 136 species found. 
The taxonom ic breakdow n of different m eioíauna 
groups in a single region has not been properly explored 
due to the diííìculty of gathering ihe disparate taxo- 
nom ic e x p e r t is e . Som e taxa, such  as lurbellarians, may 
be im p o rta n t  but are com m only ignoretl in sam ples 
because they are so difficult to iđentiíy (Table VI).

The identification o f m arine benth ic invertehrates is 
problem atical not ju s t because of lack of taxonom ic 
coverage but b eca u se  the ta x o n o m ic  State o f  the a n  is 
inadequate. For many o f the soft bodied groups, ihe 
species concept (i.e ., the crileria used to define a spe- 
cìes) is poorly defined. For exam ple, the apparently 
w ell-know n opportunistic polychaete specìes C apitc lỉa  
cap itata  and Streblosp io  benedecti have been found to 
be a com plex of genetic sibling species (15  in  the case 
o f c. cap ita la ) .

The lack of species d escriptions of small m arine ani- 
m als m a k es  it  difficult to assess regional diversity, and 
this is another factor ihat encourages m arinc biologists 
to consider diversity only over sm all scales. O nly m arine 
megafauna have an adequately censused taxonom y.

V. GLOBAL DIVERSITY

It is im possiblc accurately to assess the total num ber 
of spccies in the oceans because of limited sam pling, the 
nonrandom ness of sam pling locations, and inadequatc
taxonom y. The best estim ate has com e from Grassle



and M aciolek, who sampled benthic m acroíauna íor 
176 km along a bathym elric gradicnt 1.2 km to 2 .0  km 
ciecp in the bathval zonc of the northeast Atlantic. They 
discovered a rate o f species turnover o f One new species 
dctected every km . Assum ing one new species per km 2, 
given that there is 10's km 2 o f dcep sea, this im plies that 
there may be up to 10s (1 0 0 ,0 0 0 ,0 0 0 )  species in the 
seas. Such exirapolation techniques are notoriously in- 
accurate so this figure should be treated with caution 
bul Grassle and M acio lek s calculation is surprisingly 
sim ilar to the estim ate obtainecl for insect diversity of 
rain íorests by Erwin who used substantially the same 
lechnique, suggesting that m arine ben th ic and terres- 
Irial diversity may be sim ilar. A m uch better knovvledge 
o f  the gcographic ranges o( the sm aller benth ic organ- 
ism s is essential for an accurate estim ation o f global 
m arine diversity. This will only be possible whcn som e 
of ihe taxonom ic problem s surrounding these organ- 
ism s are resolved.

The m arine environm ent certainly dem onstrates a 
greatcr diversity at higher taxonom ic levels than the 
lerrestrial dom ain. Li le evolved in the oceans and many 
phyla never evolved lo survive in the harsher lerrestrial 
environm ent. It is highly likely that new  m etazoan 
phyla remain to be discovered, especially am ong the 
sm all organism s in m arine sedim ents. The íree-living 
phyluĩĩi Loriciĩera was only described in 1983  and the 
com m ensal phylum , C ycliophora, was íirst íound in 
1995 (Table V II).

The d istribution o f benthic invertebrate species rich- 
ness around the global ocean basins has not becn com - 
prehensively assessed. Schop f has shovvn that both  ecto- 
procts and bivalve m ollusks are twice as divcrse in the 
Paciíìc than the Atlantic. T h is may reíìect the relative 
SÍ2CS of the two oceans, or it may be the product o f the 
relative age oi the basins; the Atlantic is younger than 
the Paciíìc.

There is still some controversy over whether the 
high est  m arin e  b e n th ic  inv ertebrate  d iversity  is found 
in Coastal regions or the deep sea. C ertainly the deep 
sea is a m uch larger environm ent than shallovv water, 
so it m ighi be expected to be hom e to m ore species; 
but it is unclear w hether it is more diverse per area 
sam pled. O riginally, the low abundance o f anim als 
found in the deep sea caused scientists to assume that 
thc highest diversities m ust occur on the Coastal shelf. 
Hovvever, in the 1960s Saunders found the deep sea 
unexpectedly diverse, indeed with a higher species rich - 
ness than shallow water. A series o f studies appeared 
to coníirm  this view but recently an analysis has re- 
opened the dcbate. Gray carried out a sim ilar study to 
that of G rassle and M aciolek (notecl earlier) but on the

TABLE Vll

C o m p a riso n  o f  F rce -L iv in g  In v e r ie b ra lc  D iv ers ity  o f  

T e rr e s tr ia l  an d  M arin e  E n v iro n m cn is  at a  H igh 

T a x o n o m ic  L evel

E n d em ỉc E n d em ic C o sm o p o liia n

m arin e  phyla Icrres iria l phyla phyla

B rach iop o d a O n y ch o p h o ra A n n elid a

C h aeto g n ath a A rth ro p od a

C ien o p h o ra c h o rd a ta

E ch in o d erm ata C n id aria

E ch iu ra E cto p ro cta

G n ath o sto m u lid a C a stro tr ic h a

H em ich o rd ata K am p tozoa

K in o ry h n ch a M o llu sca

L o ric iíe ra N em aio d a

Ph o ro n id a N em eriea

P lacozo a P la tv h clm in ih cs

Priapula Po riícra

R o tiícra

S ip u n cu la

Tard igrad a

Norwegian Coastal shelf. He found a sim ilar, or even 
higher, rate o f accum ưlation o f species with sam pling 
on the shelf com pared to the cleep sea.

VI. PELAGIC DIVERSITY PATTERNS

Van der Spoel and H eijm an sum m arized the general 
distribưtion pattern types and biogeographic regions in 
the open ocean for phyto- and zooplankton species as 
Arctic, Subarctic, C ool-Tem perate, W arm -Tem perate, 
Tropical, Tem perate and Subtropical, Subantarctic, and 
A ntarctic. These regions principally reílect seaw ater 
tem perature and latitude. C ontrary to earlier belieís, 
relalively few plankton and nekton species have a true 
cosm opolitan circum global d istribution. Despite the 
lack o f obvious barriers in the oceans, there is a surpris- 
ing variety o f the types o f species distribution. Species 
speciiíc characteristics and ecosystem  relations play an 
im portant role in com bination with abiotic íactors in 
determ ining distribution patterns, but many are ĩurth er 
modiRed by regional in íluences such as ocean basins, 
currents, and divergence and convergence zones. Typi- 
cal and easily recognizable biogeographic patterns are 
belt-shaped patterns relaied to latitudes (tem perature 
regim es) and neritic distributions (basically around the 
Continental coasts and shallow  water areas). The distri-



T ype R egion E x am p le  sp cc ie s

C ircu m -g lo b a l C o sm o p o litan Stylocheiron  m aximum

B clt-sh ap ed  p au ern s C o sm o p o lita ti R hizosolen ia  a la ta

(S u b ) trop ica! C lm isocalaniis paupulus

C en tra l W a ie rs Stylochciron  suhmi

T em p e ra te  N and  s Sagítci plantonis f  zetesios

High la titu d e N C aìanụs g lacia lis

High la liiu d c  s Thvsanoessa  m acm ra

C e n ira l w ater p a itern s A tlan tic , In d ian , PaciRc Euphausia brevis

In d o -P aciíìc Hydrom yles g lobu losa

E n d e m ic p a tlern s A tlan tic Euplưiusia am crican a

Indian D esm optcris gardinerí

PaciR c Sag ilta  p seu dosen au x lcn u n a

N erú ic p a tte m s C old w atcr n orth G am m arcllis  hom arís

C old w ater sou lh Euphausia c iy sta llo ivph iư s

W arm  w alcr C harybdis smitlúi

B alh y p clag ic  p attern s D eep w ater C yclothonc pseudopallicla

TABLH VIII 

P elag ic D is tr ib u tio n  P a tte m s

bution around the A nlarctic continent o f E uphausia  su- 
p erba  (the shrim p com m only know n as krill) is an 
example of a neritic d islribuúon (Table V III).

Many widely distributed pelagic plankton species 
show N orth-South or East-W est variation. W ithout ac- 
tive m igration, genetic contacts belw een populations 
from o n e  end of th e  range to the O lh e r  are l im i te d  or 
even nonexistent, prom oting genetic drift. In addition, 
the differing environm ental circum stances (ab io lic and 
biotic) at the ends o f each range can give rise lo pheno- 
typic differences. T h is is reflected by bolh  m orphologi- 
cal and ecotogical variation vvithin a species, a fìrst step 
toward the developm ent of new species. An exam ple 
ol N orth-South variation is found in the shell shape 
and size o f many species of Pteropoda (pelagic Mol-

lusca). East-W est variation can be íound lor exam ple 
in E ucalanus subtenuis (copepod, Crustacea).

It is expected thai over Corning decadc, knowledge 
o f pelagic biogeography and open ocean distribuúons 
will develop exponentially (Table IX).

VII. BENTHIC LARGE-SCALE 
D1VERSITY PATTERNS

A. Latitudinal Gradients
Latitudinal gradients of terrestrial taxa com m only dis- 
play a decline in species richness from the equator to

TABLE IX

Species Divcrsity in the Atlantic (A), Paciíìc (P), and Indian (I) Oceans for three examplc groups: 
chaetognatha, Pteropoda, and Euphausiidae (largest diversity is íound in ihc cquatorial region)

c.h aetog n ath a Ptercipođa Eu p h au sid ae

A p 1 A p 1 A p 1

A rctic 1 1 __ 3 4 — 5 5 —

S u b a rcú c 9 6 — 20 17 — 10 10 —

4 0 oN -4 0 ''S 25 3 4 29 120 9 0 9 5 25 3 0 Ì0

S u b an tarc lic 9 8 8 17 17 17 10 10 10

A n tarctic 4 4 4 11 ] ] 1 1 5 5 5

T otal 4 8 53 41 171 139 123 55 6 0 45



the poles. M any different processes have been suggested 
to explain such gradients including com petition, preda- 
tion, m utualism , parasitism , and host diversity, but the 
m ost convincing explanalion is that the díversity gradi- 
ent follow s the gradient o f solar energy. There are two 
potential m echanism s that m ight cause this relation- 
ship. O ne suggestion is that latitudinal gradients in 
solar radiatíon cause concom itant gradients in produc- 
tivity and hence điversity. The other suggestion is that 
the relationship betw een solar energy and diversity is 
the result o f increased  evolutionary speed in w arm er 
conditions. The explanations are not m utually ex- 
clusive.

T he relationsh ip  betw een latitude and diversity for 
raarine benth ic Coastal fauna could best be described 
as coníusing, w ith  different studies and different taxa 
yielding con ílictin g  results. For exam ple, if the diversity 
o f core sam ples is com pared using diversity indices, 
then no significant difference is found betvveen tropical 
and tem perate sam ples. This experim ent has been re- 
peated for bơth m acroíauna by W arw ick and colleagues 
and m eiofauna by B oucher and Lambshead.

However, Roy and colleagues were able to test for a 
latitudinal diversity gradient for prosobranch, gastro- 
pod m ollusks using data based on num ber of species 
per degree of latitude. ư nusually  for m arine studies, 
this data is sim ilar in scale and form at to the terrestrial 
diversity data used for analyzing large-scale patterns 
and it is notew orthy that ít produces convincing latitu- 
dinal diversity gradients (Fig. 3 ) . Furtherm ore, the pro- 
sobranch diversity gradient follow s the solar energy 
gradient in a sim ilar way to terrestrial latitudinal gra- 
dients.

T h e deep sea is  an intriguing location  to search for 
latitudinal gradients because solar energy can have no 
d irect im pact on deep-sea diversity. The deep sea is

uniform ly cold and relatively stable so it can be argued 
that tem perature cannot be a factor in controlling  diver- 
sity though iníluencing evolutionary rates. Purther- 
m ore, productivity gradients in the deep sea are the 
result o f gradients in the food flux to the seaíloor, w hich 
vary according to a num ber o f processes.

Rex and colleagues found that deep-sea gastropod 
m ollusks, bivalve m ollusks, and isopods shovveđ a de- 
cline in  diversity írora the equator to the N orwegian 
Sea in the N orth Atlantic (Fig. 4 ). The expianation is not 
obvious, as productivity tends to increase northward.

°s Latitude N

FIG URE 3 T h e  n u m b e r  o f  A m e rica n  Coastal sp e c ie s  o f  p ro so b ra n cb  

g astro p o d s p er d eg ree  o f  la titu d e . O n  b o th  co a s tlin e s  ih e  d iv ersity  
p ca k s  at 10  to 30 °N . (F ro m  R oy et a ỉ 1 9 9 8 ) .

F1GURE 4  T h e  ch an g e in  sp ec ies  d iv ersity  w ith  la titu d e ío r A tla n tic  

d eep -sea  (a )  iso p o d s, (b )  g astro p o d s; and  ( c )  b iv alv es. R ex and  co l-  

leag u es d em o n stra ted  th a t sp e c ie s  ric h n e ss  for th ese taxa ĩa lls  fro m  

th e e q u ato r n o rth w ard  in to  th e  N o n v eg ian  Sea. S p e c ies  r ic h n e ss  h as  

b e en  ca lcu la ted  u sin g  th e  S an d ers ra re ía ctio n  in d ex. (R e p rin te d  by 

p e rm iss io n  fro m  Nciture 3 6 5 ,  6 3 6 - 6 3 9  ©  (1 9 9 3 )  M acm iỉlan  M aga- 

z in es  L td .) .



Sim ilar gradients have been searched for in ihe South 
Atlantic by Brey and colleagues but have not been 
íound, so it is possible that the North Atlantic gradient 
is due to som e individual feature of this ocean, possibly 
the Q uaternary glaciation.

Analysis o f the sm aller invertebrates by Lambshead 
and colleagues has show n different paiterns. Nematode 
diversity appears to be correlated with the food ílux 10 

the seaíloor (i .e ., a productivity gradient). In the North 
A tlantic, there is a weak increase in diversity northward. 
In the Paciíìc, nem atode diversity declines northward 
away from  the equator. as does the food flux to the 
seaíloor (Fig . 5).

B. Bathymetric Gradients
Bathym etric gradients are probably better understood 
than any other large-scale diversity pattern for marine 
benth ic invertebrates and for once a consistent pattern 
is íound in all size classes. Rex showed that a num ber 
of m acroíaunal taxa followed a parabolic diversity curve 
with depth, diversity peaking at about 2 to 3 0 0 0  m 
(Fig. 6 ). A num ber of studies have since coníìrm ed this 
íìnding. A sim ilar pattern was found for m egabenthos

Latitude °N

FIGURE 5 T h e  co u n t o f the rm m ber o f n em atod e w orm  sp ec ies  per 

s ta tio n  in  th e N orth  A tlan tic  p lo tted  ag ain st latitu d e. T h e re  is a 

gradual in cre ase  in sp ec ies  r ic h n e ss  fo llo w in g  thc in cre a se  in  food 
supplv from  the eq u a lo r norihvvard. T h is  pattern  ex ten d s as far n orth  

as the N orw egian  Sca (m ark e d  N S) w h erc  th cre is a m ark ed  d rop  in 

sp ec ies  rich n e ss. T h e  pattern  o f  d iv ersitv  be in g  p o sitiv e ly  lin k ed  to 
food in p u t appears w id esp rcad  for sm all in v ertch ratcs .

by Haedrich and colleagues and for nem atodes by Bou- 
cher and Lam bshead (Fig. 7).

The exact peak in each bathym etric diversity gradi- 
ent varies with different taxa and with different loca-

FIGURE 6 T h e te la tio n sh ip  b c tw ccn  gasirop od  d iv ersity , as m easu red  by th c  San d ers ra re ía cũ o n  
in d cx , and d ep ih  in  8 5  ep ib cn th ic  sledge sam p les from  v ariou s lo ca tio n s  in th e A tlan tic  O cea n  and 

N on v egian  Sea. R ex  and co lleag u es  shovvcd th at d iv ersity  peaks ai bathal d c p ih s  d c đ in in g  in b o th  
sh allow  and d cep er sed im en ts. T h e p aliern  is probab ly  cau scd  bv thc c ffe c ts  o f  d istu rb a n cc  and 

food av ailablilv  on diversity . N ole ih ai ihe reg ressio n  lin es and 9 5%  co n fid cn ce  lim its  a rc  for thc 
sam p lcs from  th c N orth  A m erican  Basin  only . (F ro m  O rm o n d  ct a i ,  1 9 9 7 ).
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PIGURE 7 T h e sp ec ies ric h n e ss  o f  m arin e n em ato d es in sedim enLs 

from  s ix  b io to p es , tcm p erate  estu aries , tro p ica l shallcnv w aler, tem p er- 

a tc  shallovự w atcr, bathval d e p lh s , aby ssa l d ep th s, and hadal đepths. 

S p e c ies  rich n ess  is m easu red  u sin g  th e San d ers ra re íactio n  in d ex. 

D iv ersity  is h ig h esl in bathy al sed im en ts .

TABLEX

1 he S p c c ie s  D iv ers ity  o f  N em atod e S a m p le s  from  D ifferen t 
D e p th s  an d  H a b ita ts  from  the B r ítish  Is le s  W e slw a rd  

in to  th e D eep  Sea

ỉ o ca lin n  

o f  sam p le D ep lh  m
Sp ecies

rich n css

N u m b er o f 

in d iv iđ u als 
slu d ied

C lvde E stu arv H igh w atcr, bcach 20 2 7 2

Clyde E stu arv Mid \valer, bcach 30 1 2 6 8

C lyde E stu ary Lovv w aler, bcach 56 5 4 9

Irish  Sea 56 4 6 1 5 0

R ock all T ro u g h 545 45 1 0 4

R ock all T ro u g h 8 3 5 50 102

R ock all T ro u g h 1474 56 127

P o rcu p in c A bvssal 
Plain

4 8 4 0 71 4 9 3

tions and, for all we know , there may be temporal 
variations. However, the basic pattern  of diversity peak- 
ing in the bathyal or upper abyssal region appears con- 
sistent. This consistency suggests that sim ilar processes 
are responsible for all taxa and locations. Two obvious 
explanations are that both productivity and disturbance 
decline with depth. Com puter m odels ( e.g. those pro- 
duced by H uston) have dem onstrated how the interac- 
tion of productivity and disturbance gradients can theo- 
retically give parabolic diversity patterns.

The exact species com position o f the benth ic com - 
m unity changes rapidly with depth for som e taxa with 
species having a preferred depth range. O ther taxa have 
wide depth ranges. This has been better studied for 
the larger organism s than for sm all organism s due to 
taxonom ic reasons. A wide variety of reasons probably 
explain  the diílerent strategies displayed by different 
taxa bul, in general, the sharpest d iscontinuity is found 
at the shelf break with a second boundary at about 1000  
and 2 0 0 0  m. So the basic pattern is o f zones of gradual 
change in species com position  separated by areas of 
rapid change.

VIII. BENTHIC SMALL-SCALE 
DIVERSITY PATTERNS

O ne of the m ost intriguing observations about marine 
benth ic invertebrates is the high species richness found 
in individual core sam ples (T ab le X ).

The observation that a large num ber o f sim ilar spe- 
cies can be found together in  sam ples of apparently 
íeatureless sedim ent has always represented a challenge

for “equ ilibrium " explanations for the ecological pro- 
cesses that control diversity. Such explanations depend 
on the hypothesis that coexisting species must avoid 
com petition by each possessing som e unique adapta- 
tional specialization. Thís hypothesis is difficult to ac- 
cept for su ch  a sim ple organism as a Iree-living nema- 
tode w orm , many of which seem to have sim ilar 
Cunctional requirem ents.

An alternative explanation is that large num bers 
of species can coexist because. the sedim ent is divided 
into transient patches by biological and physical sm all- 
scale d isturbance and uneven distribution of the verti- 
cal food flux. Grassle and colleagues have coined the 
phrase sp a tio -tem p ora l m osaic  to describe this process 
(Fig. 8 ). A new patch is initiated by a disturbance 
event, or a food fall, and colonization to exploit the 
new situation increases diversity. As the patch ages 
and is exploited , com petition increases and diversity 
drops. But at som e point, a new event will recreate 
a new patch. ĩn  this theory, the sedim ent consists 
o f a heterogeneous m osaic o f unique patches of diữer- 
ent ages and histories. For any given species, there 
is a suitable habitat w ithin dispersion distance in the 
m osaic, and when that patch becom es unsuitable, 
another opens up nearby. The theory depends on 
lim ited large-scale disturbance and a lack of barriers 
for dispersion so it is considered m ost applicable to 
the deep sea (and possibly rain forests!).

This spatio-tem poral m osaic theory predicts that 
areas of the deep-sea sub ject to a flux of phytodetritus 
would have a m ore patchy distribution of anim als and 
higher species diversity than other locations. This has



FIGURE 8 T h e  sp a ú o -tem p o ra l m osaic th co ry  o f G rasslc  and to llc a g u cs . T h e  co n cep t is thai 

the sed im en ts  co n sis t o f  a series  o f  p a ich e s, cach  o f w h ich  evolves ih ro u g h  an u n p rcd ictab k ' 
cycle . T h e  ex am p lc  sh o w s th rc c  p a tch es , A, R, and c  th ro u g h  tim es T|, T j,  T ), and IV  Eacli 

v ertical b ar is  a s p c d e s  and th c hight I)f the har rep rescn ts  the ah u n d an cc o f  tlial species. 

At T ], p a tch  A is p h y sica lly  d istu rb cd  rem ov in g  all the an im als by T j.  T h e  p atch  is reco lon ized  
from  the w ater co lu m n  (d ark  arrow ) and by m ig ra lio n  from  ad ja cen t p a tch cs  (lig h t arrow ). 

By T j and  T 4, th e p atch  is d iv erse w ith s ix  s p ec ics , Rve o f  w h ich  are equally  abu n d an t. P atch  
B is u n d is lu rb e d  ih ro u g h  ú m e. As ih e p atch  m atu res and is ex h au sted , the diversiLy drops 

to fou r sp ec ies  th o u g h  co m p eú tio n . O n e o f  tliesc  sp ec ies b e co m es co m p lete ly  d o m in ant. 

In itia lly , p a tch  c  is s im ila r to p atch  A, bu t it is b io lo g ica llv  d istu rbed  by ih e fced in g  beh av io r 

o f a large o rg an ism  at T 2. T h is  cm p tics  the p atch  allovving re co lo n iz a lio n , ío rm in g  a d iversc 
co m m u n ity . T h is  th eo ry  cx p la in s  how  ap p aren tly  [eatu re less m arin e  sed im cn ls  can support 

su ch  a h igh  d iv ers ity  o f  Hfe. F o r any sp ec ies  th ere is a lw ays a su itab lc  new  p atch  av ailablc 
nearby w h en  it ex h a u sts  o r is o u tco m p eted  in  its  cu rre n t lo ca tio n . (F ro m  P a lcrso n ).

been tested for nematode w orm s by com paring the 
sm all-scale spatial d istribution and species diversity of 
nem atodes from a station in the phytodetritus-enriched 
P orcupine Abyssal Plain w ith a station from the more 
o ligotrophic Madeira Abyssal Plain. N em atodes from 
the enriched  site were m ore diverse and m ore species 
show ed aggregation. Interestingly, the species were not 
aggregated in concordance together around the food or 
evenly random ly aggregated w ith respect to each other 
but show ed discordance (i.e ., species tended to aggre-

gate in different places). This is consistent with 
Grassle’s theory.

IX. DIVERSITY OVER 
EVOLƯTIONARY TIME

The marine fossil record is more com plete than the 
terrestrial because the ocean íloor tends to accumulate



seđim ent. Even so, only certain fauna, notably those 
with “hard parts,” will form an adequate fossil record. 
The dom inant rnacrofauna group, the polychaetes, pres- 
erus a lim ited fossil record, and the dom inantm eiofauna 
group, the nem atodes, has no record at all. The avaìlable 
fossil record suggests that marìne species have an exis- 
tence o f about 4 m illion years. This indicates on average 
a 25%  species turnover per m illion years. Assuming 
that the oceans contain 10' (1 0 ,0 0 0 ,0 0 0 ) species, we 
might predict that 2.5 species would becom e extincl 
due to natural processes every year. In practice, the 
fossil record  suggests that there are periods of relative 
quiescence followed by mass extinction  and subsequent 
speciation. The íossil record also im plies that 95%  of 
all the m arine species that have ever existed are extinct.

The history of marine biodiversity is best tracked at

the fam ily rather than the species level to remove som e 
of the noise associated  w ith an incom plete íossil record. 
This does tend to m ake the mass extinction  events 
appear less dram atic. For exam ple, only 54%  of m arìne 
íam ilies were lost in the Perm ian extinction event, but it 
is estim ated that 77  to 96%  of all species becam e extinct.

The early C am brian show s a rapid increase in diver- 
sity that tends to ílatten out in  the middle and late 
Cam brian (Fig. 9 ) . M ost anim al phyla appear in the 
record in this phase. The C am brian diversity includes 
a num ber o f “arch aic” form s such as trilobites, hyoliths, 
and inarticulate brachiopods that decline aíter the Cam- 
brian period. Diversity is n ot high in the Cam brian 
and rather unspecialized detritus and low suspension 
feeding organism s íunctionally  dom inate com m unities, 
suggesting a sim ple ecology.

Geological time (106 years)

FIGURE 9 T h e  fam ily  d iv ersity  o f m arin e an im als as m easu red  b y  th e ir  lo ss il reco rd  fro m  6 0 0  M  years 

ago to th e p resen t day. G rap h  c  sh ow s the rise and  fall o f th e d iv ersity  o f  the C am b rian  íaun a o f 

u n sp ecia lized  d etritu s an d  low  su sp e n sio n  feed in g  o rg an ism s, p sh o w  the rise  an d  fall o f th e diversity  

o f the P alaeozo ic fauna o f scssile  b e n th ic  org an ism s, and M  sh ow s th e rise o f  th e diversiLy o f ih e m od ern  
fauna o f  sed im en t m overs and sh ell b reak in g  pred ato rs. N ote th at sam p lin g  erro r  m ay h av e exag g erated  

m od ern  diversity . T h e  arrow s in d ica te  p eriod s o f m ass e x ú n c tio n , 1 is a t th e  end o f  th e  O rd o v ic ian , 2 

in  the late D ev o n ian , 3  at th e en d  o f  the T ria ss ic , and 4  a t the en d  o f  th e  C re ta ce o u s  (th e  d in o sau r 

e x t in c tio n ). p in d icates the m assive P erm ian  e x tin c tio n . (G ra p h  fro m  S y stem a tics , E c o lo g y , an d  the 

Biod iv ersity  C risis , ed. by  N. E ld red g e , ©  1 9 9 2  C o lu m bia  U n iv ersity  Press. R e p rin ted  w ith  p erm ission  
o f th c p u b lish e r.)



The O rdovician sees a steep rise in diversity but the 
curve then ílattens for some 200  m illion years. Periods 
o f mass extinction  are detectable, notably at the end of 
the O rdovician and in the late Devonian, but in general 
diversity stabilized. This new Palaeozoic diversity was 
associated with an evolutionary radiation of sessile ben- 
thic organism s such as crinoids, articulate brachiopods, 
stenolom ate bryozoans, and tabulate and rugose corals.

The Palaeozoic period ended with the catastrophic 
Perm ian-Triassic mass extinction. Diversity then appar- 
ently rose steadily, with a small extinction  at the end of 
the C retaceous, past the levels achieved in the Paleozoic 
until the unique peak of the present day. Current [amily 
diversity is apparently twíce as hìgh as the Palaeozoic 
stable level. The Palaeozoic com m unity never seems 
lo have recovered and the modern high diversity is 
associated wìth a new fauna of shell-breaking predators 
and sedim ent movers. This íauna includes the fam iliar 
sea urchins, bivalve and gastropod m ollusks, and crus- 
taceans such as shrim ps and crabs.

A variety of explanations have becn given for this 
patiern. A num ber of authors have pointcd lo the associ- 
ation betw een the rise in taxonom ic diversity and a rise 
in íunctional diversity. This alm ost certainly explains 
the O rdovician increase in diversity, vvhich is essentially 
because of increased exploitation of marine sedim ents. 
E xplanations for the M esozoic-C enozoic explosion in 
diversity are more controversial. One argum ent is that 
the breakup of the Pangaea supercontinent caused in- 
creased diversity through increased clim atic variation 
leading lo tnore endem icity. lt is not clear how lliis 
argum ent would apply to the deep sea, where the bulk 
o f m arine diversity is to be tound. Another suggestion 
is that evolution in the exploitation of the terrestrial 
dom ain has increased nutrient runoff into the oceans 
concom itantly  increasing marine diversity. A sim ilar 
argum enl has com bined these two explanations sug- 
gesting th a t  volcanism  associated with C o n t in e n ta l  

breakup increased nutrient ílux into the oceans.
F inally , Raup has suggested that the high m odern 

m arine diversity is an artifact of the fossil record. He 
observed ihat across the M esozoic-C enozoic time peri- 
ods there are more younger rock available for study 
than older rock. If Fig. 9 is adjusted to allow for this, 
then there is a slower recovery from the Perm ian mass 
extin ction  and modern diversity peaks at m uch the 
same level as in the Palaeozoic. l f  true, it implies that 
there is a m axim um  global carrying capacity for marine 
biodiversity and that the Perm ian-Triassic extinction 
was even m ore devastating than Figure 9 suggests since 
the new graph would show that the Palaeozoic benthic 
fauna has declined consistently since the extinction

event. This is possible as the new M esozoic fauna in- 
cluded many organism s ihat would tend 10 disrupt the 
stable sedim ent environm ent on which the sessile 
Palaeozoic fauna depended.

X. HYDROTHERMAL VENTS 
AND COLD SEEPS

The special biological com m unities around hydrother- 
mal vents were íirst discovered in 1977 on the Gala- 
pogos Rift at a depth of 2500  m. They are now know n 
to be vvidely distributed in the oceans at tectonically 
active sites such as subduction and ừaciure zones, 
ocean-íloor spreading centers, and back-arc basins. 
Venls are íorm ed w herc sea water penetratcs through 
(ĩssures in the ocean Iloor deep into the earths crust. 
The water becom es heated and escapes back to the 
surface through hydroiherm al venis. The water lem pcr- 
ature al a vent varies from mildlv warm, 23°c, to super- 
heated, 350°c and can be rich in sulphide and m etalliĩ- 
erous ions. The hottest vents are called “sniokers” from 
the precipitation ol m inerals in the waler.

Cold seeps that release sulphide and ìneihane-en- 
riched waler have been recorded from a num ber of areas 
in the Atlantic and Pacitìc Oceans. Sim ilar chem ical 
conditions have been found around whale carcasses 
that are oil rich.

These sulphidc-rich habitats are small and ephein- 
eral. The evidence is tliat many havt’ a lilc span that 
m easures in decades, although cold seeps may last 
longer. However, they do appear to be com m onplace 
and may be thought of as chains of islands across the 
seaíloor, separated by distances of 1 to 100 km.

Vent com m unities have a noúceably different biocli- 
versity Irom the surrounding ocean íloor. The fascinat- 
ing ĩeature of vent com m unilies is that they derive their 
energy from chem osynthetic primary production, by 
reducing com pounds such as hydrogen sulphide, rather 
than photosynthetic sources. Il is not clcar vvhether 
these com m unities are entirelv chem ically independent 
of the photosynthetic world but certainly thev are ener- 
getically independent.

Biom ass is high at hydrolhermal vents and prim arv 
productiviiy may be double or triple thai oT the overly- 
ing water. D ensc mats o f bacicria are íound, noiably 
T lùom icrnspira. A num ber of invertebrate spccies feed 
in dense colonies either directly on thesc hacteria or 
by means of sym hiotic chem oautotrophic hacleria. Evo- 
lutionary selection pressure has been lor large, fast- 
growing spccies at these productive but ephcm eral sitcs.



Conversely, species diversiiy is m uch lower at vents 
than at other ben th ic habitats, illustrating once again 
Rosenzweig’s “parađox of enrichm enl.,, The dom inant 
spccies varv (rom place to place and írom depth to 
depth. For exam ple, the shallow  vents off the Palos 
Verdes Peninsula in California are dom inated by the 
bỉack abalone, H alỉoctis  crach erod ii; the M id-Atlantic 
Ridge vents are characterized  by two species o f caridean 
shrim p; and the E astern Pacilìc Rise and Galapagos 
Spreading Centre vents are dom inated by the red- 
plum ed, tube dw elling vestim entiferan w orm s (notably 
Ri/tia p a ch ỵ p tila ) and the ỉarge bivalves C aỉyptogen a  
m agnijĩca  and B athỵm od io ìu s therm ophilus. The fauna 
a ro u n d  the v ents  are o fte n  íound  to be new  to Science. 
O th e r  fauna in c lu d e  a n u m b e r  o f  p o lychaetes ,  c rustacea  
(notabỉy inclu ding a num ber o f decapods, ancỉ a new 
prim itive genus o f  b arn ađ e, w hich is a relic ol the M es- 
ozoic).

M o re than 150  new species, 50 new genera, and 20 
new íam ilies or subfam ilies have been identiíìed with 
sulphide-rich  vents and seeps. Endem ism  is considered 
to be high and it is notew orthy that m any o f the ĩauna 
do nọt appear to be particularly well adapted for high 
dispersal. G enetic studics on B athym odio ìu s  have shown 
strong genetic sim ilarity  betw een organism s at sites only 
8  km apart but high dissim ilarity at sites separated by 
2 2 0 0  kin. Vents that are d istinctly separatecl [rom the 
chain  o f sulphide-rich  habitats such as the Mariana 
T  rough or Hawaiin volcanic seam ounts do show  consid-

erable íaunistic differences from the norm  and the At
lantic sites are less diverse than the Pacific.

See Also the Following Articles
E N D A N G E R E D  M A R IN E ĨN V E R T E B R A T E S  • IN V E R T E B R A T E S , 

F R ESH W A T EĨR , O V E R V IE W  • IN V E R T E B R A T E S , T E R R E S T R IA L , 

O V E R V IE W  • M A RI N E  E C O SY ST E M S • PELA G 1C 

E C O S Y S T E M S  * PL A N K T O N , S T A T U S A N D  R O L E  O F  • V E N T S

Bibliography
B u tm an . c .  A ., C a rlto n , J .  T ., and  m an y o th c r  au th o rs. ( 1 9 9 5 ) .  V nder- 

stcmding M arine D ixersìty. N aiio n a ỉ A cadem y Press, W a sh in g - 

to n , D C .

C u lle n , V. (E d .) ( 1 9 9 5 ) .  M arịnv B ioảiversỉty  I. O ceanus. W o o d s  H ole 
O cea n o g ra p h ic  In s tiu u io n , VVoods H ơỉc.

G age, ]. D ., and T y ler, p. A. ( 1 9 9 1 ) .  D ccp-Sca Bioĩogy. C am brid g e 

U n iv ersity  P ress, C am bridge.

H cy w oo d , V. H. (E d .)  ( 1 9 9 5 ) .  G lobal Biodiversity Assessm ent. U N EP .

C am brid g e U n iv ersity  Press, C am brid g c.

L arn bsh cad . p. J .  D. ( 1 9 9 3 ) .  R ecen t d ev elop m en ts in ìn arin e  b e n th ic  

b io d iv ersitv  research . O céanis  1 9 , 5 

O rm o n d , R. F . G -, G age, J .  D ., and A n g el, M. V. (E d s .)  ( 1 9 9 7 ) .  

M arinc Biodiversity, Patterns an d  Processes. C am brid g e U n iv ersity  

Press, C am bridge.
R oy, K ., ja b lo n s k i, D ., V e le n ũ n e , Ị. w . . ,  and  R o sen berg , G . ( 1 9 9 8 ) .  

M arin e la titu d in al d iv ersitv  g rad ien ts ; le s ls  o f  cau sa l h y p o th e ses . 

Proc. Natl. Acad. S ã .  USA' 3 6 9 9 - 3 7 0 2 .

S p o cl, van d er, s . ,  and H eijm an , R. p. ( 1 9 8 3 ) .  A co m p ara tiv e  atlas 

o f  z o o p la n k io n . Đ iologỉcal p a tte m s in th e o cean s. B u n g e , 
U trech t: 1 - 1 8 6 .





INVERTEBRATES, 
TERRESTRIAL, 
OVERVIEW
0 1 o f  A ndrén
Sw edish University o f  A gricu ltural Sciences

l. The Terrestrial Inveriebrates
II. The Terrestrial Environm ent

GLOSSARY

A nnelida Segm ented worms, a relatively species-poor 
phylum .

A rthropoda Jo int-legged  anim als, the m ost species- 
rich  phylum  existing today. 

en ch ytraeid s Segm ented worms that are related to but 
sm aller than earthworms. 

in vertebrates Animals w ithout ab ack bon e (vertebrae), 
ranging from unicellular Protozoa to m ulticellular, 
com plex organism s such as insects. 

phylum  H ighest level o f taxonom ic division in the ani- 
m al kingdom , followed in descending order by class, 
order, fam ily, genus, and species.

TH E TERRESTRIA L IN VERTEBRA TES C O N TA IN  THE  
M A JO R ITY  O F THE W O R LD ’S ANIM AL SPEC IES, al- 
though m arine environm ents harbor m ore phyla repre- 
senting m ore widely separate anim al groups. O nly com - 
paratively few o f the phyla have managed to adapt to 
terrestrial conditions, that is drought, ultraviolet radia- 
tion, no support of water against gravity, as well as 
rapid tem perature [luctuations. However, som e of the

phyla that have adapted to the terreslrial environm ent 
have been very successĩu l from a biodiversity stand- 
point, particularly the insects (phylum  A rthropoda, 
class Insecta). W hen the basic dem ands for terreslrial 
life are fulfilled (w ater m anagem ent, e tc .), the terrestrial 
environm ent is well suited for the evolution o f new 
species. It contains m any areally deíìned habitats, for 
exam ple, deserts, m ountains, and forests, as well as 
vertical strata, for exam ple, the air volum e, treetops, 
hilltops, valleys, bushes, grasses, the litter layer, topsoil, 
and subsoil— each with a different evolutionary 
pressure.

I. THE TERRESTRIAL INVERTEBRATES

A. Taxonom ic Groups, Fully Adapted to 
Terrestrial Conditions

The truly successíu l and w ell-adapted terrestrial inver- 
tebrates belong  to only two phyla, Arthropoda (jo in t- 
legged anim als) and M ollusca (snails, e tc ,). O ther taxa, 
such as Protozoa, A schelm inthes (nem atodes, e tc .), and 
Annelida (earthw orm s, e tc .), are lim ited by their need 
of an aquatic or at least w ater-saturated environm ent, 
such as in the litter layer and in  soil, and a lack of 
pro tecúon  against ultraviolet rays. These groups can 
only m ove in the irue terrestrial environm ent durìng 
nights w ith favorable w eather cond itions.

The Insecta are the largest class o f anim als. About
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one m illion species are described, but there are possíbly 
as many as íìve m illion species present in the world 
today. The bulk of the insect species are in the orders 
Coleoptera (b eetles), Lepidoptera (butterAies and 
m oths), H ym enoptera (wasps, ants, bees), and Dìptera 
(flies) (Table I and Figs. 1 - 3 ) .  O ther Arthropoda that 
successíully  cope w ith the terrestrial environm ent in- 
clude the classes Diplopoda (m illipedes) and Chilopoda 
(centipedes) and the sim ilarly built but sm aller and less 
know n Symphyla and Pauropoda.

In the class Arachnoidea, scorp ions (order Scorpi- 
onidea) and spiders (order Araneae) may be the most 
obvious. However, the sm aller m ites and ticks (order 
A cari) are a highly diverse group, containing parasiles, 
predators, íungivores, and detritivores, and are com - 
m on in alm ost all litter layers and soils (Fig. 4).

T A B L E 1

In se et O rd e rs , C o m m o n  N am cs o f  T y p ic a l M e m b e rs , and 

A p p ro x im a te  N u m b e rs  o f  D e scr ib cd  S p cc ie s

O rd er T y p ica l m em b ers N u m h er o f  sp cc ỉes

P rotu ra T e ỉs o n ta ils 100

T h y san u ra B rist le ta ils , s ilv críish 7 0 0

C o lle m b o la S p rin g ta ils 2 0 0 0

E p h em ero p tera M ay ílies 1 5 0 0

O d o n ata D rag o n ílies, dam selA ies 5 0 0 0

O rth o p tera G rassh o p p e rs , c r ic k e ts , 

c o c k ro a c h c s , m an tid s

2 3 ,0 0 0

Iso p tera T e rm ite s 2 0 0 0

P leco p tera S to n e íiie s 1 5 0 0

D crm ap tera E an v ig s 1 1 0 0

H m bioptera W cb sp in n e rs 150

P so co p tera Psocicls 110 0

Z o rap tcra Z o rap teran s 20

M allo p h ag a C h ew in g  lice 3 0 0 0

A n o p lu ra S u c k in g  lice 2 5 0

T h y sa n o p tera T h rip s 3 2 0 0

H em ip tera Bu gs 2 3 ,0 0 0

H o m o p tera C icad as, ap h id s, h op p crs 3 2 ,0 0 0

N eu ro p tera D o b so n flies , íĩshíH es. 
sn a k c llie s , a n llio n s

4 7 0 0

C o leo p iera B eetles 2 7 7 .0 0 0

Strep sip tera T w istcd -w in g  p arasites 300

M e co p tera S co rp io n ilic s 3 5 0

T rich o p te ra C ad d isd ies 4 5 0 0

L ep id o p tera B u tte r ílic s  an d  m oth s 1 1 2 ,0 0 0

D ip tera T ru e  llies 8 5 ,0 0 0

S ip h o n ap tera F lca s 110 0

H y m en op tera Saxvílics. \vasps. an ts , bccs 1 0 3 .0 0 0

FIGURE 1 T h e  co llem b o la n  (springLail) P ro la p h on u a  sp. (c lass  in - 
secta, order Collem bola). (From  Colem an and Crossley, 1996.)

The crustaceans (phylum  Arthropoda, class Crusla- 
cea) are mainlv aquatic, but the terrestrial isopods (or- 
der Isopoda, the “pill-bugs”) are quite widespread, even 
in dry clim ale zones. Hovvever, they lack the waler 
regulation of, for exam ple, insects and spiders and arc 
restricted to moist m icro-environm ents and nocturnal 
habits.

Arnong the m olluscs (phylum  M ollusca) only a few 
classes have terrestrial capabìlity, and the snails (class 
Gasiropoda) have successiu lly  coped w iih the dry atmo- 
sphere by devetoping a shell into w hích ihev can escape.

PIGURE 2 E xan ip le  o f  b io d iv crs ity  am o n g  L ep id o p icra . ÍP ro tn  Biltĩcr 
ur nalurcn. En gâva íi// g oda  bcim. P .A . N orstẽd t iSr S õ n c r . 1 8 4 2 . 

S can n cd  fro m  D al, 1Q 96, w ith  p e rm iss io n  from  th c a u ih o r.)



FIGURE 3 An carlv  m icro g rap h  (w oodcar\’in g ) o f  a ílea (c la ss  In- 

s e c ia , o rd cr S ip h o n ap tcra ). T h e  le ttcrin g  is not exp la in cd  in ihe 

o rig in al. (Pvom  S w cm ka  M eiru iiiis,  1 6 8 2 . S ca n n cd  fro 111 D al, 1 9 9 6 , 

vvilli p erm ission  ['rom th c  a u lh o r .)

B. Taxonomic Groups with 
Limited Adaptations

T he subkingdom  Protozoa contains m icroscopic ani- 
mals such as [lagellales, ciliates, and am oebae. These 
are found alm ost everywhere but are restricted to water 
íìlms or water bodies. However, several groups have 
resting stages that can w ithstand severe desiccation and 
have the capacity to rapidly reproduce w hen conditions

improve. Thus Protozoa can regulate bacterial biom ass 
and num bers in the soil.

The phylum Platyhehninthes contains prim itive flat- 
worms that lack an anus and sornetim es even guts. They 
are mainly parasitic (e.g ., tapew orm s), but there are 
free-living species in the class Turbellaria.

Nematodes (phylum  A schelm inthes, class Nema- 
loda) are unsegm ented, mainly m icroscopic worm s that 
oíten have the capacity to form  resting stages that can 
withstand drought and low tem peratures. Thus the 
nem atodes have successíu lly  invaded m ost environ- 
m ents, including arable land (several are pests, but the 
m ạjority are not) and the inside o f other anim als (sev- 
eral are internal parasites o f m am m als, insects, etc.) 
(Fig. 5).

Segm ented worm s are in the phylum Annelida, class 
O ligochaeta, and contain  the w ell-know n “ecological 
engineers”— the earthw orm s. W ell over 1200  species 
o f carthsvorms have been described. Lesser know n but 
very abundani in boreal forests and w etlands are the 
sm aller enchytraeids, w h ich are  also segm ented (Fig. 6).

II. THE TERRESTRIAL ENVIRONMENT

The terrestrial environm ent is harsher than m arine or 
freshw ater environm ents. Shortage of w aier, ultraviolet 
radiation, rapidly íluctuating tem peratures, and a num-

FIG URE 4  V cn tra l an d  d orsal sca n n in g  e lc c tro n  m icro g rap h s o f ih c o rib a tid  m ite  C arabod es  sp. 
(c la ss  A rach n oid o a , o rd e r A ca ri), íou n d  in boreal íorcsi litter. (P h o to  co u rtesy  o f T . P e rsso n .)



FIGURE 5 M icrograp h  o f  a frce-liv in g  rh ab d itid  n cm a io d c  (class 

N em ato d a . o rd er R h abd iũ d a). (P h o to  co u rtcsv  o f J .  L ag erloL )

FIGURE 6 M icro grap h  o f  a so il-liv in g  en ch y traeid  w orm  (p h y lu m  

A n n elid a , c lass  O lig o ch aeta ). (P h o to  co u rtesy  o f J .  L ag erlõ f.)

ber of obstacles against m ovem ent and/or the dissem i- 
nation of offspring create survival problem s, but also 
opportunities for evoluúon and speciation. The fact that 
m ost o f the know n anim al species are terrestrial is due 
to the diversity of habitats and a fairly high probability 
for isolation of populatìons— a necessary condition 
for speciation.

Invertebrate biodiversity ranges from the very low 
in the polar deserts (a few insect and nem alode species) 
to the extrem ely high diversity íound in som e rain 
forest areas, particularly of insects. Note that the high 
biodiversity in rain forest may be due partly to the high 
hum idity, w hich reduces the environm ental lim itations 
of anim al groups that have lim ited terrestrial adapla- 
tions (e.g ., slugs). The various ecosystem s and habitats 
that harbor terrestrial invertebrate diversity are de- 
scribed elsevvhere in  the Enc\'dopedia.
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ISLAND BIOGEOGRAPHY

D ie te r  M u eller-D o m b o is
University o f  H aw aii

I. C lariíìcation of Concepts
11. Three Inspiring Theories

IU. Vegetation Analysis M ethods
IV. An Experim ental Sam pling Design íor Island

Biogeography Research
V. The Pabitra Initiative

Paciíic upland íorests, together with vertical transects 
to study w atershed  fun cl ion s  d o w n  to the Coastal and 
near-shore m arine habúats. This program is now being 
initiated as the PABITRA (P aciík-A sia Biodiversity 
Transect) net, the Paciíic Island Branch of DIW PA (D i- 
versitas in W estern  Paciíìc and Asia).

TH IS A R T IC LE  EXPLAIN S  íìrst the concepts of bioge- 
ograp hy  as a Science c o n c e r n e d  with organ ism ic  pat-  
terns of d istribution and abundance on our planet. Is- 
land biogeography speciíìcally  deals with such patterns 
in relation to isoỉated land [ragments. The chapter then 
iniroduces a botanical and ecological view point by the 
su b ject m atter o f geobotany in tabulated form. Three 
biogeographic theories are briefly described, w hich are 
generally inspirational, especially for the geobotanical 
approach. This approach contributes particularly to bio- 
geography by a set o f proven m ethods used in vegetation 
Science for plant biodiversity surveys. These m ethods 
arc outlined as íloristic checklist, vegetation sam pling, 
and data P r o c e s s i n g  and display techniques. The latter 
arc illustrated by an island example. This is followed 
by a new experim ental design for coordinated Paciíìc- 
wide biodiversity research, w hich refers to a com bina- 
tion of horizontal and vertical transect approaches. 
They involve a w ithin biom e com parison across the
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I. CLARIFICATION 0 F  CONCEPTS

A. Island Biogeography
Biogeography is a scientiiĩc approach to understanding 
the d istribution and abundance of living things, the 
biota, on our planet. Island biogeographers are primar- 
ily interested in isolated areas and the study of frag- 
m ented life zones and their relation to ihe b iola. But 
what living things or biota are included? N early all 
groups are studied: plants, birds, insects, other anim als, 
hum ans, fungi, íìshes, disease organism s, and so on. 
From  this list it is clear that biogeography is not a single 
discipline. Instead, it is a unifying principle for scientists 
of d ifferent disciplines. The unifying principle is their 
interest in the d istribution and abundance of the organ- 
ism s with w hich they have a greater fam iliarity. Thus, 
botanists, ornithologists, entom ologists, m am ologists, 
m ycologists, and anthropologists can all com e together 
and be un iíìed  by their interest of biogeography.

rcsened. 565



B. Biogeographic Scales
The study of distribution and abundance of bioia can 
be applied at any level of scale in space and time.

1. S p a tia l S ca les

Traditionally, biogeographers were, and still are, inter- 
ested in biotic patierns occurring at global and intercon- 
tinental scales. Geographically speaking, these are small 
scales that provide for broad overviews on maps or 
satellite images. Scientists were concerned with distìn- 
guishing and mapping large-area distribution patterns, 
based on landscape physiognomy, such as tropical rain 
íorests, deserts, savannas, and temperate grasslands, 
com m only called “biom es.” A parallel concern was to 
distinguish broad patterns of species distribution, 
which could be mapped as “biotic provinces,” areas 
distinguished as diííerent centers o f biodiversity with 
their “ow n” íloras and faunas. Lately, biogeographers 
have becom e concerned with distribution patterns oc- 
curring at more detailcd spatial scales, such as within- 
archipelago m igration patterns, or the distribution of 
biota along individual m ountain slopes. M oreover, the 
aspect o f abundance versus rareness of species and olher 
taxa has becom e of concern to biogeographers, an area 
treated traditionally by ecologists.

2. Tim escales

Present-day distribution and abundance patterns oi bi- 
ota are usually the result o f past evenls and historícal 
processes. H istorical processes thai led to presenl-day 
distribution patterns of biota are often measured at 
geological tim escales in m illions of years. Similarly long 
tim escales are considered for biological evolution. But 
organic evolution by mutations and hybridization can 
occur at any timescale. Other timescales o f biogeo- 
graphic interest relate to the concepts of succession 
follow ing disturbances and to phenological change. 
Successional change in terms ol primary succession, 
w hich refers to vegetation development on new geologi- 
cal surfaces, can be considered at long tim escales involv- 
ing hundreds and thousands of years. Primary suc- 
cession can also be relaled to soil developm ent 
( =  pedogenesis). Secondary succession, deíĩned as tol- 
lowing disturbances on alreadv developed soils or 
previously vegetated substrates, may be considered at 
planl-dem ographic timescales, involving a few years, 
decades, or hundreds oíyears, if based on the life cvcles 
of certain long-lived tree species. Phcnologv relates to 
seasonal changes in biota. The ìaiier iwo biotic change- 
with-tim e concepts— succession and phenology— vvere 
developed from ecological research in biogcography. 
Thus, biogeographv as a research approach to discover

chronological changes overlaps with those aspects of 
ecology that deal with distribution and abundance of 
biota at successional and phenological tim escales and 
also with evolutionary research that seeks to unveil 
m igration patterns and phylogenetic relationships over 
long and short tim escales.

3. G eobotany

The term g eobotan y  is derived from geographical bot- 
any, the biogeographical study of plants. In an effort 
to clariíy Central European and Anglo-Am erican term i- 
nology in this broad study area, M ueller-D om boìs and 
Ellenberg (1 9 7 4 ) synthesized the specializations w ithin 
the area of geobotany in tabular form, which is repro- 
duced in Table I.

Biogeography was originally understood as con- 
sisting prim arily of phytogeography and zoogeography. 
Today, follow ing a review of recent textbooks (e.g., 
C oxand  M oore, 1993 ; Hengeveld, 1990 ; Huggett, 1998; 
and others), one can consider all the ecological disci- 
plines lìsted under Anglo-Am erican equivalents (Table 
I) as aspects o f plant biogeography.

II. THREE INSPIRING THEORIES

A. The Theory of Island Biogeography
This theory, originally proposed by M acArthur and W il- 
son (1 9 6 3 , 1 9 6 7 ), is practically synonym ous w ith the 
concept of “island biogeography." l i  proposes that spe- 
cics equilibria are íorm ed on islands in relation to the 
size of land area and its distance from biotic source 
areas. An equilibrium  is suggested where the rate of 
ìnvasion equals the rate o f extinction  oí' island biota. 
These are the in tersection  points on Fig. 1. Curves 
sloping irom  the left to the abscissa represent decreasing 
rates of invasion of b iota, from near to far source areas; 
curves sloping from  the zero point on the abscissa up 
to the right ordinate represent increasing rates of extinc- 
tion, from large to sm all islands. The curves are based 
on a com plicated m athem atical model. However, the 
model is easily understood from Figure 1. For exam ple, 
a large archipelago, such  as the F ijian  Islands, situated 
nearer to Continental source areas for the dispersion of 
biota, would have richer species equilibria than a large 
archipclago, su ch  as the Hawaiian Islands, w hich is 
m uch farther rem oved from  any b iotic source area.

The reality o f species equilibria is highlỵ question- 
able, yet the theory has been and continues to be very 
inspirational. I f  applied not simply to species per se, 
but instead to d iíĩerent life forms, such as indigenous 
trees, ferns, or shrubs, the results may show differing



A reas  o f  S p e c ia liz a tio n  w ỉth in  th e  F ie ld  o f  G e o b o ta n y , T h e ir  S y n o n y m s, and A n g lo -A m erican  E q u iv a le n ts '

A rea o f  sp ec ia liz a tio n  (an d  sy n o n y m s, A n g lo-A m erican  eq u iv a len ts  (an d
E u ro p ean  te rm s) S u b jec t m atter sy n o n y m s)

F ỉo r is t ic  g eo b o ta n y

S o c io lo g ic a l g e o b o ta n y  (v eg etạ tio n  Science, 
p lan t so c io lo g y , p h y to so cio lo g v , p h y to co e- 

n o lo g v)

E c o lo g ic a l g eo b o ta n y  

(p la n t eco lo g y )

A u teco lo g v  (eco p h v s io lo g v )

D em eco lo g y  (p o p u la tio n  eco lo g v )

Sy n eco lo g y  (h a b ita t Science; eco sy stem  
re search )

Historical geobotany

Stu d y  o f  g eo grap h ic d is tr ib u tio n  o t p lant 

taxa and  th e ir  ev o lu iio n ary  re la tio n sh ip s  

S tu d y  o f  co m p o sitio n , d ev elo p m en t, g eo - 

g rap h ic  d is tr ỉb u tio n , and  en v iro n m en ta l 
re la tio n sh ip s  o f  p lan t co m m u n ities

S iu d y  o f  p h y sio lo g ica l fu n clio n s  o f  in d iv id - 

ual o rg an ism s in  th e íìe ld  en v iro n m en ts  

and  co R im u n ỉties ; liíe -h is to ry  s tu d ics  o f  
s p cc ie s  or ecotv p es 

Stud y o f  s iru c tu re  and  íim ctio n  o f  p o p u la - 

tio n s

S tu d y  o f  g en etic  v aria tio n  in  p o p u la tio n s 

S tu d y  o f  h abìtat íacto rs  and  ih e p h y sio lo g i- 
ca l resp o n se  o í sp ec ies and  sp ec ies 

g ro u p s to th ese ĩa c to rs ; s iu d y  o l co m m u - 

n ity  íu n ctio n in g , and n ich e  íu n c t io n s  o f  

p lan t p o p u la tio n s  in  an  ecosv stem  

c o n te x t

Stud y o f  h is io rie a l o rig in s and  d ev elo p m en t 

o í p o p u la tio n s  and  co m m u n iiies

P lan l geography (p h v tog eog rap h v )

Sv n eco log y  (co m m u n itv  eco lo g y , p lan t e c o l-  

ogy in  part)

A u tecolo gy  (p h y sio lo g ica ỉ eco lo g y , p o p u la - 
tio n  eco lo g y  in part)

Po p u latio n  ecolo gv  

G en éco lo gy

E cosy stem  eco lo g y  (co m m u n ity  p ro ce ss  

eco lo gy , íu n e tio n a l eco lo g y , sy stem s 

ccơ log y )

P aleob otan y  (p a leo eco lo g y )

a F ro m  M u elle r-D o m b o is  and E llcn b erg  (1 9 7 4 ) .

PIGURE 1 T h e  M acA rth u r and  W ilso n  ( 1 9 6 3 ,  1 9 6 7 )  m o d els  o f  dy- 

n a m ic  s p ec ies  eq u ilib ria  as co n tro lỉed  by  d is ta n ce  o f  is lan d s from  

b io tic  so u rce  areas (fro m  n ear to fạr) an d  by  s ize  o f is lan d s (fro m  
sm all to la rg e).

values of species richness and endem ism  in relation to 
size of island areas and degrees of isolation. M oreover, 
these in turn may lead, with additional ecological stud- 
ies, to a better understanding of the function of biodiver- 
sity in different island ecosystem s.

At this point, anoiher lim itation of this theory should 
be m entioned. This relates to the fact that size of island 
area is only a raost general predictor of species richness. 
At least elevational range and substrate type should be 
added to m ake the theor)' more predictable. This brings 
us to the next theory.

B. The Biome Theory
This theory predicts that there are broad life zones that 
are indicated by groups of biota o f key plant life fonns, 
which are controlled  by  certain broad-area clim atic and 
edaphic (soil) param eters. For exam ple, the biom e the- 
ory predicts that in m ountainous environm ents there 
are altitudinal life zones (Holdridge, 1967 ) or vegeta- 
tion zones (M ueller-D om bois and Ellenberg, 1 9 74 ) that 
can be distinguished by tree species and other life form s 
into lowland, upland, and high-altìtude zones. Also,



such fam iliar term s as desert, g rasslan d , d ec id u ou s/o rest ,  
con i/erou s /o r es t , and tundra  depict d ifferent latitudinal 
biom e types, w hich in  turn can be deíìned by clim atic 
param eters as “zonobiom es” (W alter et a ì., 1 9 7 5 ). It is 
assum ed that cond itions for life w ithin  a biom e are 
m ore hom ogenous than life cond itions across different 
biom es (such  as grassland versus desert).

Applied to island biogeography, the biom e theory 
lends itself to a m ore appropriate reíìnem ent in  the 
analysis o f b iodiversity than is offered by the two ecosys- 
tem param eters— size and iso lation— in the above de- 
scribed theory o f island biogeography. F o r exam ple, 
com parative biodiversity research w ithin  a Pacifìc-w ide 
biom e type, such as the m ontane rain forest on volcanic 
high islands of basaltic origin, is scientiíĩcally  m ore 
satisfying than biodiversity research based sim ply on 
size of island area. The size approach groups different 
types o f islands into the same category, w hich thus can 
be a very heierogeneous category that includes atolls, 
raised lim estone, and volcanic high islands. U sing the 
biom e theory, environm ental gradients can be sludied 
am ong physically sim ilar islands. Exam ples o f environ- 
m ental gradients for island research o f the same hiom e 
type are given in Fig. 2. Atoll and reef islands can 
be considered as belonging to the same biom e, in this 
case, the same “pedobiom e,” m eaning they have sim ilar, 
m arine-derived, substrates and sim ilar low elevations.

c. The Theory of Succession
Both the island biogeography and biom e theories thus 
outlined contain  elem ents of su ccession  or com m unity 
and ecosystem  developm ent. M acA rthur and W ilson
(1 9 6 7 ) speak o f five íundam ental processes as the m ost 
diffìcult to study in biogeography. These are listed as (a) 
dispersal, (b ) invasion, (c) com petition , (d) adaptation, 
and (e) extin ction  of species. In  his concep t o f succes- 
sion , the early, iníluential A m erican ecologist C lem ents 
(1 9 1 6 )  recognized six  p rocesses:(a) nudation, (b ) m i- 
gration, (c) ecesis (establishm ent by reprodu ction), (d) 
com petition , (e) reaction (habitat change through 
organism s), and ( 0  íìnal stabilizaúon, the clim ax com - 
m unity. All o f these processes are o f concern  in b iogeo- 
graphic research. For exam ple, the process o f “dis- 
persal” and “m igration” of species am ong islands and 
their “adaptation” in terms o f speciation  were chosen  
as the m ain topics in a recent treatm ent of Hawaiian 
biogeography (W agner and Fu n k, 1 9 9 5 ). O ther pro- 
cesses, such  as the establishm eni and regeneration of 
populations (ecesis) aíter m ajor disturbances (nud- 
ation s), their “invasion” relative to “extin ction ” or their 
"final” assem blages in com m unities or ecosystem s, also 
fall into the realm  of biogeographical research. Clem -

ents proposed a final stabilization, called clim ax, while 
M acA rthur and W ilson  proposed a dynam ic (íìnal) spe- 
cies equilibrium  as explained earlier. Both, the clim ax 
and species equilibrium  concepts have been severely 
criticized. Yet dynam ic equilibria rem ain an area of 
ecological and biogeographical in terest because an un- 
derstanding of dynam ic processes is essenúal for an 
im proved theory of island biogeography.

In connecú on w ith our long-term  research on the 
native M etrosideros íoresl dieback in Hawaii, I in tro- 
duced a model of ecosystem  developm ent based on the 
theory o f succession (M ueller-D om bois, 1 9 8 6 ). T his is 
diagram m atically portrayed in Fig. 3. The m odel ad- 
dresses the concepts o f clim ax as well as those of pri- 
mary and secondary succession and habitat change with 
tim e in a single island biom e, the m ontane tropical rain 
forest o f Hawaii. Here, the process o f nudation can be 
a new pãhoehoe lava flow or a volcanic ash blanket. 
B oth, the volcanic ash and pãhoehoe substrates, may 
achieve a “clim ax” in vegetation developm ent in about 
1000  to 5000  years in the rain forest clim ate. Alter that, 
a regression phase sets in very slowly, characterized 
by cation leaching, increasing occlu sion  of phosphorus 
(C rew s et a l., 19 9 5 ), ĩorm ation of seconđary alum inum  
(gibbsite) and iron (goeth ite) m inerals, and advanced 
desilication (Fox  ct a i ,  1 9 9 1 ). W ith  tim e, here esti- 
m ated as 1 m illion years, the íorest undergoes a num ber 
o f generalion lurnovers in the form  of canopy break- 
dow n or gap lorm ation and recovery. These may be 
synchronized over larger or sm aller areas, depending 
on the disturbance regim e, the cohort structure, and 
the aging pattern in the forest m osaic. The different 
kinds of dieback or canopy íailure, depicted on the 
diagram  as dem ographic events, reílect the habitat 
changes in term s of soil w aler and nu trient relations 
that occur over the long tim escale. The model also 
im plies that after the plani b iom ass or biophilic nutrient 
clim ax, forest recovery yields successively less tall M et- 
rosideros íorests. A ssociated w ith the P r o g r e s s iv e  and 
regressive phases o f ecosystem  developm ent, different 
species assem blages also occur. Species equilibria have 
not been detected am ong native species. The question 
of invasive nonnative species is a separate m ạịor prob- 
lem  o f island biogeography that is discussed in another 
chapter of this book.

III. VEGETATION ANALYSIS METHODS

A. Floristic Checklist Methods
“F loras” are lists o f plant species. W hen m ore elaborate, 
they are books with species descriptions, keys, and illus-
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trations forp lant idenliíìcation. Floras usually give little 
in form atioa on vegetalion, vvhich is the most visible 
com ponent in terrestrial ecosystem s, there períorm ing 
the íu n ction  of primary producer. “Vegetation” is the 
plant cover of an area in  w hich species play different 
roles in term s o f their abundance or rareness and in 
term s o f their life íorm s, life histories, and physiology. 
In nature, plants often interact with One another in 
com m unities. “Plant com m unities” can be distin- 
guished by differences in life-form  structure— such as 
forests versus shrub- or grassland— or by differences 
in species assem blages. In the study of island biogeogra- 
phy, íloristic checklist m ethods can be applied at the 
level o f biogeographic provinces, w hich may serve for 
íloristic com parisons of archipelagoes. They can also 
be applied am ong individual islands of the same archi- 
pelago. At both these broad levels of scale, tests of 
sim ilarity versus dissim ilarity can be applied from flo- 
ristic records or subregional tloras where these exist. 
Hovvever, field research is needed if one wants to com - 
pare the íloras within the same biom e on different archi- 
pelagoes, because this inform ation is usually not avail- 
able. A sim ple “w alk-through m ethod” can provide this 
in form ation  Nvithoui formalized sam pling designs, such 
as plots or transects. Such broad Qorisiic surveys also

help in fam iliarizing with the territory and, when used 
together with aerial photographs and topographic maps, 
they can result in vegetation maps outlining tentative 
com m unities. However, íloristic com parisons among 
com m unities o f the same biom e in an archipelago, such 
as the rain íorest across the high Hawaiian islands, 
require a m ore form alized checklist method in represen- 
tative sam ple plots, such  as describeđ by the relevé 
m ethođ (M ueller-D om bois and Ellenberg, 1974, dis- 
cussed later).

B. Vegetation Sampling Methods
A num ber of íìeld m ethods are available. Their proper 
use depends on the purpose of sampling and the type 
o f vegetation. Here, I vvill consider planl biodiversity 
as ihe general ob jective of sampling.

1. T h e  R elev é  M e th o d

This is a vvidely applied and proven íloristic checklist 
m ethod, ideal for many, if not inost, plant biodiversity 
surveys. It is based on plots, called rclevés (m eaning 
abstracts), whose sizes are based on the “minimal 
area concept."



a. D cterm ining Relevé Size

A minimaỉ area íbr vegetation sam pling can be estab- 
lished by the “nested plot technique.’' This lechnique 
consists o flin in g  out a small quadrat, 0 .5  X 0 .5  m, and 
then enum erating all specíes encounterecl in this small 
quadrat. N ext, the quadrat size is doublcd into a rectan- 
gle of 0 .5  X 1 m, and additional species are noted. The 
next doubling is a 1 X 1 m quadrat, followed by 2 m 2, 
then 4, 8 , 1 6 ,3 2 , 6 4  m 2, and so on. At each enlargem ent, 
thc new species encountered are added. W hen plotting 
thc cum ulative num ber of species over the area sam ple, 
a species/area curve is obtained. In a hom ogenous vege- 
tation segm ent, this usually takes the form of a steeply 
rising curve ihat levels off with each enlarged quadrat. 
The result is a curve o f “dim inishing returns” in term s 
o f  num ber of species encountcred with still greater en- 
largem ent o f area. The area over vvhich the curve levels 
can be used as the “m inim al area.” The usual practice 
is to use a slightly larger area for the size o f a relevé. 
In tem pcrate grasslands, a 10 X  10 m quadrat is o íten  
su ííicien t to satisfy the m inim al area requirem ent. In 
tem perate íorests, 20 X 20  m quadrats may give a satis- 
faclory relevé size. In m ultispecies tropical rain íorests,
1 ha (1 0 ,0 0 0  n r )  may not be large enough (see Fig. 4 ). 
But 1 ha is now often considered a practical Standard 
for biodiversity re-search of tropical rain íorests.

b. Recording Species in Layers

A relevé record should contain all plant species íound 
in its boundaries. In forest com m unities, recording is 
best done in horizontal layers by vertically defined 
height strata. F or exam pỉe, one may distinguish two 
tree layers T I  as trees over 10 m tall, T 2  as trees from  
5 to 10 m tall (subcanopy trees), then a shrub layer 
from  2 to 5 m (including sraaller trees), then a low er 
shrub laycr from 1 to 2 m high, and further a herb layer 
from  0  to 1 m high, including sm aller woody shrubs 
and trees (usually seedlings). The vertical stratiíication  
is an aid in  recording. It also can docum ent if canopy 
trees are regenerating in the same sam ple stand (or 
relcvé).

c. Distributing Relevés in Predeíỉned Strata

Relevés are best laid out in  predeíĩned strata. On m oun- 
tain slopes, these may be predeíìned elevaũonal s tra ta, 
such  as 2 0 0  m contou r intervals or the like. In other 
areas, these arc the tentative vegetation segm ents or 
com m unities identiiied on air photos in con ju n ctio n  
w ith  íield reconnaissance and check  listing. W e have 
called this process “entitation” (M ueller-D om bois and 
E llenberg, 19 7 4 ), w hich m eans defining o f entities or 
map units from air photographs. D epending on the

scalc and hom ogeneitv o f the initial strata or cn tities, 
from  2 to 5 relevés are oíten used to characterize a 
stratum  or entity. Also, depcnding on the size and com - 
plexity o f plant biodiversity in an area, from 20 to 140 
relevés can am ount to a satisíactory biodiversity survey 
in term s of plant species and plant com m unities.

d. Estimating Species Quantities

The relevé m ethod as describecl here is merely a íorm al- 
ized íloristic checklist m ethod, w hich reports the pres- 
ence (and absence) of species. F o r classiíying plant 
com m unities it is desirable 10 record how abundant or 
rare a species is in an area. This can be done sim ply 
by adding an abundance Symbol to each species on the 
relevé recorđ sheet. The m ost widely used rating system  
in European vegetation surveys is the Braun-Blanquet 
cover/abundance scale consisting of seven sym bols as 
follows:

5 Any num ber of individuals, with cover more than 
3 /4  of the reíerence area (> 7 5 % )

4  Any num ber, with 1/2  to 3 /4  cover (5 0 -7 5 % )
3 Any num ber, with 1 /4  to 1 /2  cover (2 5 -5 0 % )
2 Any num ber, with 1 /20  to 1 /4  cover (5 -2 5 % )
1 Num erous, but less than 1/20  cover, or scattered, 

with cover up to 1 /2 0  (5% )
+  Pronounced cross) fcw, with small cover 
r Solitary, with small cover

This estim ation scale is applied by walking diago- 
nally through the relevé, several tim es if  necessary. It 
is a crude scale and thus is often criticized, but it takes 
little  tirae and tells a lot m ore about the plant com posi- 
tion o f a relevé than a m ere presence/absence record.

However, estim ation m ethods are oíten not satisíac- 
tory in more com plex vegetation. In forest vegetation 
it may be useíully applied only to the undergrovvth 
species and only in relevés that are sm all enough to 
allow such estim ation w ith confidence.

2. Q uantitative M ethods

In forest vegetation it is not possible to get a satisĩactory 
estim ate of the quantity of tree species by the cover/ 
abundance scaling m ethod as described earlier. In such 
m ore com plex vegetation, at least the tree eom ponent 
needs to be measưred to obtain  a satisĩactory abundance 
or cover estim ate. The reason for this is prim arily that 
relevé sizes are too sm all for obtaining an adequate 
density or cover estim ate o f  trees.
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a. The Count-Plot Melhod

To get an adequate estim ate of tree density per unit 
area, such  as a hectare, one should count trees in many 
sm all plots, such as 3 X 5 m. The small size of such 
cou nt plots is m erely a convenience for an accurate 
(1 0 0 % ) enum eration per plot. Larger plots may lead to 
accidental double counts or om issions, thereby intro- 
ducing serious errors. Count plots are conveniently laid 
out along transects. They must be repeated until the 
cum ulative mean num ber of trees does not íluctuate 
anym ore radically w ith each additional cou ni plot. This 
may be accom plished by counting at least 30  to 50 
trees/species. It is obvious that rare tree species can 
hardly be adequately counted by this method. Rare tree 
species can only be reasonable assessed by searching 
an area o f know n size for such species, thereby at- 
tem pting a 100%  survey of their presence. In counting 
trees as a measure of tree density per un it area, it is 
necessary for plant biodiversity surveys to count trees 
by species and by m easuring som e tree-size parameters. 
A m ong tree-size param eters, usually the diam eter at 
breast height (D bh) is measured. From  this, tree basal 
area is obtained by the area íorm ula T2ĨT. However, the

true basal area is ihe stem cover at ground level. W hcre 
this param eier is dcsired, one necds to nieasure also 
tree diam eters at ground level. The Dbh m easure is 
usually preferred in tim ber volum e surveys. Tree vol- 
ume is established by com bining the basal area with a 
height m easure and a tree [orm factor. More elaborate 
íorm ulas can be developed for total tree biom ass, often 
sought in productivily studies.

b. Distance Methods

An alternative to the count-p lot raethod are the distance 
m ethods. They often lead m ore rapidly to an adequate 
count of trees, since they do not require the layout of 
plot boundaries. Instead, the average distance between 
trees is used to determ ine the mean area per tree and 
thereby the density per unit area. The mean area per 
tree ís obtained by squaring the mean distance. This 
m ethod works well under certain  restrictions. Two 
m ethods are briefly outlined.

i. T h e  P o in t-C en tered  Q u arter  M ethod  A random 
starting point is established in the forest to be measured. 
Four distances are measured from this point to the



nearest tree in four quarters, torm ing each a 90° exclu- 
sion angle over the point. The sam pling point therefore 
is used like a recLangular cross, and the distance [rom 
the point to the nearest tree is measured in each quarter. 
W hen  repeated ai 20  sam pling points, established at 
random or along a com pass line, One obtains 80  dis- 
tances. The mean distance squared then gives an esti- 
m ate of the mean area per tree. The num ber of trees 
per acre ( =  4  0 0 0  rrr) or hectare (1 0 ,0 0 0  rrr) is obtained 
by divíding such reíerence area by thc mean area/tree. 
The point-centered  quarter m ethod ís relatively simple 
to apply, and it com pares w ell to the count-plot m ethod. 
However, two restrictions apply: the trees should be 
random ly distributed, and no tree should be measured 
twice. The second requirem ent is usually easy to follow 
as it requires that the sam pling points are far enough 
apart so that no tree is measured twice.

ii. T h e  W an d er in g  Q u arter  M elh od  This second 
recom m ended distance m ethod is often less affected by 
the distribution paitern of trees (random  versus 
clum ped) as ii ưaverses lor the same num ber ofd istance 
m easures through a larger area. The m ethod begins 
w ith establishing a random  sam pling point in the foresi 
segm ent to be sam pled. A 90° exclusion angle is estab- 
lished in a certain  com pass d irection, and the nearest 
tree to the sam pling point is measured. That nearest 
tree then becom es the next sam pling point over w hich 
a 90° exclusion  angle is established in the same com pass 
direction. From  this tree the distance is measured to 
the n ext tree in that exclusion angle. The procedure is 
continued for 20  dislances in that same direction, raov- 
ing from tree to tree and ahvays using the same 90° 
exclusion  angle. This results in  a wandering m ovem ent 
or zigzag line depending on where the next tree occurs 
w ithin the 90° exclusion  angle. After 20  distances, ihe 
direction may be changed follow ing a right angle for 
another 20  distances, ihen  once m ore at a right angle 
in a parallel reverse d irection  to the first zigzag Iine, 
and finally, 20  distances in direction of the starúng 
point. In this case, the sam pling also includes 80  dis- 
tances, bul the area traversed is larger than in the point- 
centered  quarter m ethod.

c. Measures Obtained in Count-Plot and
Distance Methods

The two types of m ethods provide for the same three 
param eters desired often in quantitative vegetation sur- 
veys. These are írequency, density, and cover.

“Frequ ency” is sim ply the occu rrence o f a species in
any num ber of plots in relation to the total num ber

of plots in the sample. In the distance m ethods, 
frequency is the occurrcnce of a species at a sample 
point out o f the total num ber of sample points. Fre- 
quency is a m ixed measure of abundance and disper- 
sion or d istribution. It is a relative measure as it 
depends on the plot size used in sampling. 

“D ensity” is the actual count of individuals per species 
in the total num ber of count plots. The sample plot 
a r e a  is  t h e n  a d ju s t e d  to a S ta n d a rd  r e f e r e n c e  a rea ,  

such as a hectare. In the distance m ethods, the num - 
ber of individuals is obtained írom  squaring the mean 
distance of all trees and dividing this measure into 
the reference area. The num ber of individuals per 
species is then obtained from the proportion of spe- 
cies am ong the total num ber of individuals.

“Cover” as stem  cover per species is obtained [rom 
totaling the individual basal area m easurem ents in 
the sam ple of count plots or points and by relating 
this m easure to the reference area. For exam ples, see 
M ueller-D om bois and Ellenberg (1 9 7 4 ).

A nother aspect relates 10 the tree-size stratiíication 
in cou nt-p lot and distance sampling. In addition 10 

sam pling rnaiure trees/species, it is ecologically desir- 
able in biodiversity inventories to also establish the 
density ol seedlings and saplings. First, m ature trees 
have to be deíìned. This is often done by setting height 
and /or diam eter lim its. “Mature trees,” for exam ple, 
may be all individuals 5 m and taller, ihereby íbrm ing 
a broad size class. “Saplings” may be detìned as individu- 
als from 0 .5  to 5 m tall and “seedlings” as those from 
0.1 to 0 .5  m lall. Sm aỉler individuals may be considered 
as “germ inants” (i.e. not yet w đl established or ephem - 
eral individuals). Sm aller subplots are oíten required 
for seedling counts because of their sm aller size and 
írequently greater density. In the distance m elhods, 
usually only m ature trees are measured because of the 
random patiern requirem ent for accuracy. In such cases, 
seedlings and saplings may be counted in subplots of 
appropriate sizes at predeterm ined sam pling points.

A pplication of appropriate sam pling m ethods re- 
quires som e basic understanding of sample theory and 
field experience. W hen the sam pling objective is clari- 
fied and the nature of the vegetation experienced, it is 
usually possible to prescribe an appropriate approach 
from a com bination of established íĩeld analysis 
m ethods.

d. Size of Sample Plots

Figure 5 displays six sample plot sizes that have been 
used in proven studies. They are drawn to the same
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scale. Like the sm all, 20 X 10 m grassland relevé, all 
plots were placed in predeterm ined entities or tentative 
map units to obtain  representative data. D aubenm ire’s
(1 9 6 8 ) preĩerred p lot size o f 15 X 25 m  was applied 
in the m ountainous in terior ĩorests o f the Paciíìc North- 
west. He preferređ to assess the undergrovvth vegetation 
w ithin such plots along 25  m transects by determ ining 
írequency out o f 50  system atically placed 0 .1  m 2 frames. 
Percent cover in term s of shoot cover was also estim ated 
sim ilarly as w ith the Braun-Blanquet cover/abundance 
scale. But 50  placem ents only gave an area sample of
5 m 2, w hich likely did not íulíill the m inim al area re- 
quirem ent as used in the relevé m ethod. The larger 
plots in Fig. 5 refer to quantitative studies as discussed 
earlier. Their sizes are based on the principle thai tree 
species need to be counted in num bers that give reliable 
density and basal area estim ates. For obtaining a m ini- 
m um tree count o f 30 to 50 trees/species, larger plot 
areas are necdcd, since individual mature trees can oc- 
cupy mean areas of 25 to ] 00  rrr or larger.

The larger sam plc plots with quantiíĩcation of tree 
cou nts obviously require a m uch greater time effort 
than a relevé with a species record supplied with a

cover/abundance estim ate. Thus, one has to be very 
clear about the purpose o f the íĩeld effort. The relevé 
m ethod is particularly useiul in plant biodiversity stud- 
ies aim ing at classiíying vegetation by species groups, 
while quantitative m ethods are essenúal if the objective 
is repeated m onitoring of plant biodiversity in perma- 
nent plots.

c .  Data Processing and Display Methods
1. D ata A n aly sis: A n Islan d  E x a m p le

During the 1970s, we did a m ultidisciplinary study in 
Hawaii under the auspices of the International Biologi- 
cal Program  (IBP). Our m ain objective was to study the 
biological organization in relatively undisuirbed nalural 
com inunities. W e focused on two areas, an upper mon- 
tane rain íorest (the Kilauea Rain Forest) and the east- 
slope of Mauna Loa in Havvaii V olcanoes Naiional Park 
(Fig. 6 ). ỉn the Kilauea Rain Porest, which was domi- 
naled hy ihree native keystone spcc ies, Acacia koa, Met- 
rosideros polym orpha, and tree ferns (C ibotium  glau- 
cu m ), we established a large sample plot, 1000  X  80 0  
m =  8 0  ha greater by 20 ha ihan the largest plot on 
Fig. 5. O ur data sets were processed by species in life 
form and guild categories to gel quickly from íorest 
com m unity structure to íunction hy nichc differentia- 
tion. T h is a sp c c tis  d ealtw iih  in part 111 o ío u r  synthesis 
volume (M ueller-D om bois, Bridges, and Carson, 1981), 
and will not be elaborated here.

On thc east slope of Mauna Loa, \vc triccl to answer 
a basic question asked by M acArthur (1 9 7 2 , p. 161), 
“Do different plant species change synchronously, or 
does each have independent distribution?” T his ques- 
tion arose from a dispute over the nature of species 
distribuúon within and across neighboring vegetation 
zones or biom es. To clarily this question, we cstablished 
14 transect sam pling sites ( 1 - 1 4  on Fig. 6) in prede- 
fined alútudinal intervals ['rom 1100 to 30 8 0  rn. Thcse 
sites were studied for 12 othcr organisin groups besides 
plants. For the planl distribution study, we cslablished 
48  relevés throughout this m ountain transect, approxi- 
mately three relevés clustered around each of the 14 
transect sites.

2 . T w o -W a y  T a b le  an d  D en d o g rap h
T e c h n iq u e s

Follow ing the field studv, the 48  relevés vvere processed 
hy the “two-\vay table technique." That required cnter- 
ing all relevés into a single 'raw table,” whereby ihe 
relevé num ber appears at the head ol ihe table and all 
species nam es appear ai the left side of the table. I  ht'



I s  L A N O  B I o  G  E o  G  R A p H Y

F1GURE 6 Map ol Hawaii V o lca n o cs  N ational Park w iih  ih c  14  M au n a Loa Iran sect s itc s  and the 

8 0  ha K ilauea lorcst s ite  uscd  for in leg ratcd  b io d iv ersity  sam p lin g  d u rin g  the Havvaii In te rn a tio n a l 
B io log ica l Program  (IB P ), prom  M u cller-D o m b o is , B ridges, and C a rso n , 1 9 8 1 .

TABLE II

h x tra c t o f  a F in a l T w o -W ay  T a b lc

IBP Focal site no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
][  0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1

Relevé no. 1 0 5 4 4 5 4 1 5 4 1 2 4 2 9 0 9 0 0 8 0 1 2 1 2 8 2 2 7 2 3 7 3 3 1 1 7 4 6 6 6 6 3 6 6 7 3 4 4
\l  4 4 4 9 2 5 8 0 7 9 0 6 1 6 0 2 3 4 3 8 5 4 7 1 1 3 5 7 9 0 5 2 3 1 4 2 4 3 4 5 6 8 7 9 0 9 0 2

Species group 2 *
PELTẼR + + + + 1 1 1 1 + 1 1 1 1  + + 1
ASPADI R + R + + + 1 1 1 R R R + R
ASP TRI R + R R + 1 1 + + R R R R
AGR SAN R R R 1 + 1 1 + + + + 1

Species group 1 •
MAC GAH + 1 1 1 1 1 1 1 1 1 1 + 1 R 1
COP ERN 3 + + 1 2 1 2 2 1 2  2 2 2 +
LUZ HAW 1 1 2 + + 1 1 1 1 + 1 R +
RAI CIL R 1 + + 1 + 2 1 1 R
COP MON 1 1 2 1 2 2 2 2 2
PLE THU + R + + 1 + + 1 +
POLPEL + + 1 2 + + 1 +

S p e c ie s  group 3 • *
HOL LAN + + R 3 2 2 2 1 1 1 2 1 1 1 1 1 1 2 2
CAR WAH + R + 2 + 1 1 1 1 2 2 2 1 1 1 1 1 1 +
ACA KOA 2 2 2 5 4 3 3 3 3 4 4 3 5 4 3 3 2
STYTAM 2 3 3 3 2 1 3 2 2 2 1 2 3 3 2
PAN TEN 1 1 1 2 1 1 1 2 2 2 1 2 2 2

S p e c ie s  group 4 * ,  .  .

DESĂUS 1 + 2 2 1 1 3 1 1 3 2 2 4 2 2 2 2 2 1 1 1 1 1 1 1 1 1
PTE AQU 1 2 2 2 3 2 2 2 2 1 2 1 1 + 1 + + 1 1 2 1 1 1
DOD SAN + 1 2 2 + 2 1 R + 2 2 2 2 2 2 1 1

* * * * * * * * * * * * * * *

N o t e :  Ruíes used: 50% inside, 10% outside.



species m agnitude, or score values, are entered for each 
species in the respective “relevé co lu m n s.” W hen all 
data are entered in this way, one can see in the “species 
rows” w hich species are present (and w ith what score 
value) or absent in  the “relevé co lu m n s.” The process 
then begins o f sorting species o f sim ilar distribution 
together by repositioning the “species row s,” then also 
the “relevé co lu m ns” are resorted to bring those relevés 
together in  the table that contain  species of sim ilar 
d istribution. The “row  and colum n sorting  process” is 
reiterated until the table displays an optim al structure 
in the sense that one can interpret the clustering of 
species and relevé group in an ecologically  rneaningful 
way. This data P rocess ing ,  form erly done by hand, can 
now be done m alhem atically by using One of inany 
m ultivariate analysis techniques and sim ilarity indices.

An exam ple of a two-way table extract o f our 48  
Mauna Loa relevés is given in Table II. F o r corrobora- 
tion o f species d istribution and relevé clustering trends 
one can use various m athem atical ordination methods

or data classiíication methods. O rdination m ethods (not 
illustrated here) present the same data geom etrically, 
while classiíìcation m ethods present the same data in 
the form of dendrographs (see Fig. 7). The three data 
Processing and display techniques are corroborative an- 
alytical tools. Particularly the ordination and dendro- 
graph techniques are rather abstract and diffìcult lo 
interpret by the reader.

3 . Im p ro v e d  D isp lay  M e th o d s  

It is m ore “reader ừ iendly” to go a step íurlher in  dis- 
playing the results of a mulúvariate data analysis as 
show n in Fig. 8. This data display over the M auna 
Loa transect with its 14 IBP transect sites clarifies that 
b oih  m ultivariate analyses, the two-way table and the 
dendrograph techniques, gave closely sim ilar results. 
Both data treaim enis resulted in the defm ilion of seven 
altitudinal vegetation zones as named in the legend ol 
Fig. 8.

The answer to M acArthur’s (1 9 7 2 ) question is given

4 8  R e l e v é s  , 3 Ũ 77129 7 2  „  144 5 4  ) 45 6 3  140 70 5 9  , 3 5  5 5  104 115 92 50 147 146 103 24 21 117

110 10 1 0 Ị | l2  12] |1  T Ị 0  [ Ĩ 3 l | l4  14 ĨT Ị  113 131 0 0 0  |3  3 | [ T Ị  0  0  0 0

x-axis
B e t w e e n - G r o u p  D i s t a n c e

FIGURE 7 D cn d ro g rap h  fo r c lu s tc r  an alv sis  based on  4 8  re lcv cs so rtcd  b y  th e  q u ạn lita tiv e  S o ren scn  in d cx  o f s im ilarity . 
B lo ck cd  o u t n u m b ers  are IBP ira n se c t s ites  1 - 1 4 .  N u m b ers n o i b lo ck cd  G U I  are r e l e v é  n u m b crs. From  M ueller-D om boL s, 

B rid g es, an d  C arso n , 19 8 1 .
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FIGURE 8 Altitudinal vegetation zones on thc east slope oí Mauna Loa derivcd from Com pute r  Processing of 48 
relevésby dcndrograph and two-way tahlc lechniques. Zone 1 =  Sparsc alpine heath scrub, II =  Subalpine Metrosideros 
scrub forest, III =  Mountain parkland with Acacia koa colonies, IV =  Sapindus-Acacia koa savanna, V =  Open 
Mclrosĩderos drv íorest, VI =  Open Metrosideros rain forest, vu =  Closcd Metrosideros rain forest. From Mucller- 
Dombois, Bridges, and Carson, 1981.

in Fig. 9. It displays the distribution o f 17 key species, 
w hich are prim arily responsible for the pattern of the 
seven vegetation zones identified by m ullivariate tech- 
niques. Several species clearly change synchronously, 
while others have independent d istributions along this

island m ountain slope. The answ er to M acA rthur’s 
question is this: There is m ore than one pattern of 
plant specìes d istribution along this geologically young 
tropical m ountain slope. Som e d istribulions coincide 
closely with one another; others do not. However, the
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FIGƯRE 9 D istribuiion and abundancc of nativc key species along 
the Mauna Loa transeci. Spccies groups derived from iwo-way table 
analysis. Computer dcrived group numbers shovvn at righi; u =  
ungrouped spccies. Symbols at ỉeft are, s =  shrub, rept =  rcptatc or 
creeping, G =  grass, T =  irec, H =  herbaceous plant oiher than 
grass. F =  fern, TF =  irec fern. Froni Mueller-Dombois, Bridges, 
and C a rso n , 1 9 8 1 .

species dislribution data give clear evidence ol the exis- 
tence o f alútudinal vegetation zones as established from 
m athem atically independent m ultivariate analysís tech- 
niques.

IV. AN EXPERIMENTAL SAMPLING 
DESIGN FOR ISLAND 

BIOGEOGRAPHY RESEARCH

T ransects are generallv the m ost efficient sampling de- 
signs in ecological íĩelcl research. They can often be

arranged to cut through a m axim um  of variation in 
representative hahitals and biodiversity assem blages of 
an area to be studied, using the shortest d istance. A 
slill m ore im ponant aspect is the use of transecls to 
control environm ental variaúon in its effcct on biodi- 
versity. In this way, transects can be used as “experi- 
mental sam pling designs” by aligniĩig them  along 
changing environm ental control factors to study their 
effects on biodiversity in envừonm ental settings that 
are relatively uniform  or constant. Sampling transects 
along a ưiountain slope, on vvhich mean annual lem per- 
atures and rainfall change in predictable ways, are good 
exam ples. A nothcr exam ple is given in Fig. 2, in \vhich 
the western Paciíìc atoll islands are alignecl along mean 
annual rainĩall gradients in both the norihern and 
Southern  h em isp h eres.

A. Horizontal within Ecosystem Gradients
In addilion 10  the atoll islands ihere are several olher 
Pacific-w ídc biom es. A particularlv imporuint onc is ihe 
upland rain forest on the volcanic íslands of the tropical 
Paciíic. This fores[ is im portanl for tvvo primary reasons: 
it is still extant on m any volcanic high islands as indige- 
nous 1'orest harboring m osl of the endem ic species, and 
it perlbrm s the íunction  as walershed cover in ihe 
m ouniainous in ieriors o f these islands. The volcanic 
high islands typically are sm all, isolated land íragments 
that protrude as m ountainous terrain above ihe vasl 
Paciíìc ocean surface. T h eir in ierior upland íorests like- 
wise are ừagm enis thai bclong lo ihe samc larger ecosys- 
tem or biom e. Hovvever, from archipelago to archipel- 
ago, these biom e ĩragm ents are occupied by differenl 
sets o f species due to their pasi biogeographic isolation. 
C onnecting these biom e ừ agm cnts horizontally across 
the ocean by a system  of transects provides for a w ithin- 
biom e research design. lle re , the broad habilat features 
are kept uniĩorm , w hile the indigenous biodiversity sets 
change from island to island. T his truly is a research 
approach to biodiversity, w hich Pielou (1 9 7 9 ) definecl 
as “geoecology,” ihe study o f recurrence of sim ilar com - 
m unities in  sim ilar habitats, vvhich are occupied bv 
different sets ot species. The term gcoeco log }’ is an abbre- 
viation o f geographical ecology in the conceptual sense 
used by M acA rthur (1 9 7 2 ) , w ho contributed substan- 
tially 10  the íòundation of island biogeographv.

B. Vertical between Ecosystem Gradients
A functioning vvatershecl cover is an essential resourcc 
com ponent in all Pacific high islands. From  here, ihc 
fresh water flow begins to be rcgulated and then inílu- 
ences alm ost all lower lying island ecosystem s, the



íreshvvater vvetlands, m angroves, estuaries, íĩsh ponds, 
Iringing reefs, the entire  C o a sta l zone, and agriculturally 
uscd lovvland areas. The ecosyslem  services ol the up- 
land forest vvatersheds have not been sluclied in the 
Paciíìc islands, in spite of the fact that they have been 
part o f the traditional land-use systeni in the Paciíìc 
high islands, in Hawaii knovvn as the ahupua a system. 
This vertically arranged land-use system  vvas recognized 
in ihe Havvaiian Islands as com prising four integrated 
m anagem ent zones, “wao la‘au," upland forest or wilder- 
ness arca, to be left alone, “kula,” the m ore open lool 
hill region, “wao kanaka,” the agricultural zone in the 
l o w la n d s ,  and “k a h a k a i ,” th e  C o a s ta l z o n e .  This v e r t i -  

cally arranged m ultiecosystem  hum an support system  
provcd to be an optim al land-m anagem eni schem e for 
the indigenous islanders in the past. V ertically  arranged 
transect sites, using the fresh w ater flow and hydrology 
as unifying param eter, may also prove to be a good 
organizing principle for in ierdiscip linary research fo- 
cused on the function of biodiversity at the landscape 
levcl.

V. THE PABITRA INITIATIVE

The acronym  PAB1TRA reĩers to the Pacific-A sia Biodiv- 
crsity Transect outlincd on Fig. 10. The transect system

conn ects the high island archipelagoes with indigenous 
tropical rain forests still extanl in their interior uplancls. 
They range from east to vvesi, (rom the paleotropical 
outlier islands, the Hawaiian archipelago and the Mar- 
quesas, to the b io tica lly  rích Continental islands of 
southeast Asia. The PABITRA concept arose from the 
concluding chapter of a recent book (M ueller-D om bois 
and Fosberg, 1998 ) with ihe chapter heading “The Fu- 
ture of Island Vegetation.” Simply put, the indigenous 
island vegetation only has a future if the scientiíìc com - 
m unity and conservation managers redouble their ef- 
forts in learning to understand the function of island 
biodiversity and thereby take appropriate conservation 
m easures. A nother im petus came from  a Japanese re- 
search initiative, called DIW PA, Diversitas in the W est- 
ern Paciíĩc and Asia. This program is the Pacilìc-Asia 
representaúve o f the new worldwide program “D ĩ- 
VERS1TAS,” prom oted hy the International U nion of 
Biological Sciences (IU BS) with suppon from U N ESC O  
and 1CSU (T he International Council o f Scientiíìc 
Unions in Paris, France). The prom otion of DIVĨÌRSI- 
TAS started effectively with a w eek-long forum litled 
“Biodiversity, Science and Developm ent: Tow ards a 
New Partnership” in Septem ber 1994  (Younès, 1 996 ). 
Since then, D1WPA has focused on a “Green Belt," a 
north-south transect in vvestern Asia lor m onitoring

FIGl!RE 10 The P A B IT R A  (Paciíit-Asia Biodiversity Transect) neivvork as curremlv being initiated. F o r more iníormation sce lexL.



biodiversity o f forests and freshw ater lake system s at 
4 2  transect sites. A parallel running “Blue Belt” is also 
planned with focus on Coastal zones and nearshore 
m arine habitats. The PABITRA Initìative is considered 
a separate, but attached, “Paciíic Island Branch of 
D IW PA ,” w orking cooperatively under the Ecology, 
Conservation, and Environm ental Protectìon (E C E P ) 
Division of the Task Force on Biodiversity in the Paciíìc 
Science A ssociation, w hich is chaired by the \vriter.
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ISOPTERA

Takuya Abeí and Masahiko HigashiỶ
C en ter Ị o r  E co log ica ì R esearch , K yoto  University, ìapan

I. Introduction
II. Proíìle o f Term ites

III. Sym biosis
IV. Social Life
V. The Global D iversification of Term ites 

VI. Term ites in Ecosystem s

GLOSSARY

alaie An imago still possessing its wings. 
casie A group o f individuals in a colony thai are both 

m orphologically d islin cl and specialized in behavior. 
im ago The adult insects; the fìnal developm ental stage 

w hen insects possess wings. 
larva An im m ature individual w ithout an external sign 

of wing buds or soldier m orphology. 
neoten ic A secondary reproductive with ju venile  mor- 

phological characters. N eotenics derive Irom larvae, 
nymphs, pseudergates, or workers through at least 
one special m oult. 

nymph An im m ature individual on the developm ental 
pathway to the imago and w hich possesses external 
wing buds.

p resold ier A transitional m orph that always precedes 
the soldiers; an unsclerotized  individual whose head 
show s signs of soldier differentiation. 

primary reprod u cúves D ealate reproductives that 
íounded a new colony after nuptial ílight.

1 D cceased .

pseudergate (false w orker) A tem porarily nonrepro- 
ductive individual serving the colony in nu trition, 
conslru clion , or brood care, w hich results from  a 
late, reversible devialion from the pathw ays to the 
imago and is characterized by reduced w ing buds 
com pared to nym phs o f the same stage. 

secondary reprodu ctives Reproductives that differen- 
tiated in an established colony, w hatever their origin 
and m orphology. They may be supplem entary repro- 
ductives if older reproductives are still present or 
replacem enl reproductives if  not. 

so ld ier An individual with a strongly sclerotized head 
shovving deíensive adaptations, such as enlarged 
m andibles, a stopperlike shape, or a ĩrontal gland 
able to produce a defensive secretion . 

queens and kings Fem ales and m ales actively repro- 
duce in a colony. 

w orker An individual resulting from an early, irrevers- 
ible deviation from  the p ath w ay to the im ago, and  
perĩorm ing helper tasks. W ork ers are prim arily char- 
acterized by the loss o f the ability to proceed to the 
vvinged imago, but they need not be perm anently 
sterile.

1SOPTERA (TER M ITES) is a sm all order o f insects con- 
taining about 2 6 5 0  specìes. The oldest fossil is íound 
in lim estone deposits o f 130  m illion  years ago (C reta- 
ceous). Term ites consum e cellu lose, the m ost abundant 
organic m atter on the earth, and are superabundant in 
tropical regions. T hen  term ites are one o f the most
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prosperous anim als  on ihe earth [rom the viewpoint of 
history length and abundance. This chapter presents the 
global diversification process of term ites with special 
reíerence to theìr social evolution and digeslive sym bio- 
sis w ith m icroorganisras.

I. INTRODUCTION

The Isoptera  is a relativ ely  small order of insects that 
consist of 31 orders, including about 2650  described 
species. The order name Isoptera originates from the 
fact that the imago (adult) has wings of equal size ( Isos 
in G reek m eaning the same and ptera  m eaning wings). 
The insects o f Isoptera are com m only called term ites 
in English. Due to their poor abdominal sclerotization 
and vvhiie appearance, thev are often called “white ants” 
in m any tem perate regions. However, they are not phy- 
logenetically closely related to ants, but to cockroaches 
and m antises. Term ites are som etim es black, reddish 
brow n, or yellow in body coloration in tropical re- 
gions.

Term ites are widely distrìbuted in tropical and sub- 
Iropical regions, spreading from humid ĩorests to savan- 
nas and even arid areas. Their biom ass approaches 
10 g wei w eight/m 2. Only a few anim al groups such as 
hum an beings, earthvvorms, herbivorous mammals in 
Alrican savanna, and anls claim this order of biom ass. 
The basis o f this extraordinary prosperity of term úes 
lies in their íeeding habits. They consum e cellulose, 
w hich is the m osl abundant organic m atter on the earth. 
The ecological basis o f their prosperily is iheir svmbio- 
sis w ith m icroorganism s and their highly developed 
social organization.

The sym biosis produces novel abilities that cannot 
be attained by either of the partners alone. In particular, 
the sym biosis betvveen higher organisms and m icroor- 
ganism s oíten creates capabiliúes for exploiting new 
food resources such as dead plant material coniaining 
la rg e  a m o u n t  o f  c e l lu lo s e ,  w h i c h  IS a p o te n t ia l  e n e r g y  

source but difficult for most anim als including human 
beings to utilize. O n the other hand, sociality enhances 
the effìciency of resource exploitation. Either of these 
or both  together may cause a rapid growth and spatial 
expansion of the populalion, leading to diversiRcation.

Anim als in the tropical rain torests where the species 
diversity is ihe liighest in the world are characterized 
by the dom inance o f social insects (term ites, ants, social 
\vasps, and social bees), and the domirtance of sym hiotic 
associations. Term ites possess both of those attributes. 
T e rm ite s  and ants occupv about one-third of total ani- 
mal biom ass in Amazonian tropical rain íorests. The

sym biosis and sociality  in term ites, together with their 
super abundance, brings them to play a keystone role 
of “super decom poser” of dead plant material in tropical 
terrestrial ecosystem s. They consum e and transform  a 
large am ount of n itrogen-p oor dead plant m aterial into 
nitrogen-rich term ite body, w hich is in turn consum ed 
by a great variety o f anim als ranging from ants and 
spiders to chim panzees and hum an beings. Thus ihey 
form the basis for a large food web in the ecosystem s, 
although they are w ell-know n pests of agriculture and 
wooden buildings.

Furtherm ore, term ites are prom inent ecological en- 
gineers, m odiíying the soil properties by constructing 
huge m ounds and long subterranean galleries and pro- 
viding many anim als and plants with hetrogenous habi- 
tats. It is also possible that they are an im portant player 
in global change scenarios because they have high bio- 
mass and emit a large am ount of greenhouse gases such 
as methane as well as C O ị .

There are several landm arks in ihe process of glohal 
diversiíicaúon o f term ites: (a) acquisition and loss of 
sym biotic [lagellates, (b ) social evolution, (c) change 
of liíe lype [rom one-p iece type to separate type, and 
(d) change of dom inant feeding habiis from wood feed- 
ing to soil íeeding. This chapter explains an outline of 
the diversiRcation of term ites in relation to those events 
as well as their ecosystem  íunctions.

A textbook of term ites, B iology ũ f T crm itcs, was ed- 
ited by Krishna and W eesner (1 9 6 9 , 1970 ), and m ono- 
graphs o f term ites were published by Grasse (1 9 8 2 , 
1 9 8 4 ,1 9 8 6 ) . A new textbook , T crm ites: T h á r  Symbiosis, 
Sociality  and G loba l D iversi/ication , was recently ediied 
by Abe et al. (2 0 0 0 ).

II. PROFILE 0 F  TERMITES

A. Phylogeny and Fossil Records
The lsopiera, w hich includes 28 0  genera and m ore than 
2650  đescribed species, is a sm all order, considering 
that m ore than 0 .9  m illions species of insects have been 
described. Term ites include seven families: M astoter- 
m itidae, H odoterm ilidae, Term opsidae, Kaloterm itidae, 
Rhinoterm itidae, Serriterm itidae, and Term iúdae. Prin
cipal genera of the w orld term ite fauna and their distri- 
bution are given in Table I.

The phylogeny o f term ites is shovvn in Fig. 1. Three 
íam ilies, M astoterm itidae, Hodoterm itidae, and Ter- 
m opsidae, are the oldest living lineages. These threc 
fam ilies together with Kaloterm itidae, Rhinoterm itidae. 
and Serriterm itidae are called low er term iies, which are



TA BLE I

List o f  P a m ilics  an d  P rin c ip a l G e n c r a  o f  th e  VVorld T e m iite  F au n a , T o g e th c r  w ith  D is tr ib m io n s  o f  the G cn era  in T c rm s  ol M a jo r

Z o o g eo g rap h ic  R egio n s

Di Vision D istrib u lio n D iv ision D istrib u tion

Pam ily  M asto term itid ae M ỉcroccrotcrm es W o rld w id e ex c ep t íor
M asLotermes A u stra lia N orth  A m erica

F am ily  K a lo tcrm itid ae Am itcnncs W o rldw ide

K ưloierm es W o rld w id e D repanoterm es A ustralia

Cryptoterm cs W o rId w id e, ex c ep t fo r tem - 
p erate  E u rasia

G natham iterm es  

Su b fam ilv  T erm itin a e

N o rlh  A m erica , tem p era le

N eotcrm es W o rld w id e B asỉâen titen n es, c ren e te rm es , O ld W o rld  iro p ics
RugiLermes P o ly n e sia , Nevv VVorld 

tro p ics
cu b iterm es, Euchilotcrm es, 
Fastigiterm es,

G lypiotcrm es W o rld w id e , ex c ep t for 

N o rth  T em p e ra te  Z one
Foram in iíerm cs, 
M egagìiat hoterm  es.

C ư ỉcarilerm es  

Fam ilv  T erm o p sid ae

N ew  W o rlcl N oditerm es, Oph ioterm cs,
P er icap r itam es, Procubitcrm cs,

A rchoterm opsis,
H odotcrm opsis

E u ra sia , T em  pe ra te Z one T horacoterm cs,
prom  i rotcm ì es , T horacotcrm cs,

Z ootcn nopsis N orth  A m erica ƯnguiteiTnes,

Stoĩoterm es A ír ica , A u stra lia , New 
Z ealan d

CaviLermes, D cntispicotcnnes, 
N eocapriterm es,

N ew  W o rld  iro p ics

Poroterm es A ír icạ , A u stra lia , New 
W o rỉd  (C h ile  o n ly )

0  rt hognath 0 te nn e.s, 
sp icoterm es , 5 pin itcrmes

Fam ily  H ođ o ierm iiid ae Term cs W o rld w id e, in tro p ics

H odotertnes , M icrohodoterm es A írica Anguìiterm es E u rasia , A írica

A nacanthơterm es  

F am ily  R h in o te rm itid a c  
P sam m otennes  
C optoterm cs

A sia , A írica

E u rasia , A ír ica  

W o rld w id e , raain ly  trop ical

D icuspidỉteim cs, H om ạỉìo len nes, 
M icrocapritenn es  
Procapriterm es  

Capriterm es

Asia

M adagascar

H eteroterm es W o rld w id e , m ain ly  trop ical Su b íam ily  m acro te rm itin ae

R eticuỉitennes E u rasia , N o rth  A m erica , 
te m p era te  only

A can thotennes , Alìodontcrm es, 
A ncistroterm es , Proterm es,

A frica

Prorhin oterm es W o rld w icle , tro p ica l islan d s 

and  sh o res

Pseudocan í hoterm es, 
Sphacrotenn es,

Tcrm itogeton Asia Svnacanthoterm es

Pựrrhinoterm es A sia, A u stra lia M acroterm es, M icrotcnn cs , Asia, A íríca

Sc hcclo rh inote  rm  es A sia, A frica , A u stralia Odontoterrnes

R/i inoterm es N ew  W o rld  tTopics Su b ĩam ily  N asu titerm itin ae

P am ily  S errite rm itid ae E literm eỉỉus, M im euterm es, A ín cạ

'Serritermes 

F a m ily  T erm itid a e  

Sư b íam ìly  A p ico te rm ítln ae

N ew  W o rld  trop ics V errucositerm es  
Bulbiterm es, H irtitcrm cs, 

H ospitaỉiterm es, 
Lơcessititenrtes

A sia, N ew  G u in ea

Specuỉiterm es A sia, N ew  W o rld  Lropics
G raĩiatoterm es, Trinervitennes A sia, N ew  G u in ea , A írica

A noploterm es A ỉrica , N ew  W orlcỉ
A nn iterm es; c 0nstrictoícnncs, 

Convexi term es, C o m  í te rmes, 
Curvỉtcrm es, L a b io tn m cs ,
Pa m corn  í te rm es,

Euham iterm ựs, Euryterm es, 
In dơtennes, 
P roloham iten n es

Asia
N ew  W o rld  trop ics

A picoterm es,
Hopỉ ognat hoterm  es, 
L epidoterm es, 
T rỉchotem ies  

A ham iterm es, Incoliterm es

O ld World tro p ics  

A u stralia

ProcorniLennes, 
Rhynchotetm es, Subuliterm es, 
Synterm es, V elocitcrm es  

Tenuirostritennes  
N asutiterm es

N ew  World 
W o r!d w id e, in  trop ics

B ascd  on  W ils o n , 1 9 7 1 .



Mastotermitidae 

Hodotermitidae 

Termopsidae 

Kalotermitidae 

Serritermitidae 

Rhinotermitidae 

Macrotermitinae 

Foram initerm es-gp  

A picoterm es-  gp 

A noploterm es-gp  

C ubiterm es-gp  

T erm es-gp  

A m iterm es-qp  

C orniterm es-gp  

N asutiterm es-gp

]
T erm itin ae

A p icoterm itinae

T erm itin ae

FIGƯRE 1 Phylogeny o f te rm ites. P rom  K am bh am p ati and  H gglcton, 2 0 0 0 .

characterized  by ihe presence of sym biotic Aagellates 
(P rotozoa) in the gut. A rem aining family, the Term iti- 
dae, is made up of the so-called  higher term ites, which 
are characterized by the absence of sym biotic ílagellates, 
although som e higher lerm ites harbor sym biotic 
am oeba in the gut. The species diversity is ihe highest 
in Term itidae (the higher term ites, ca. 1900  species), 
occupying about 70%  of all species, while the Kaloter- 
m itidae have the highest species diversity (ca. 4 1 0  spe- 
cies) am ong the lower termites.

The ĩossil record of term ites is ừagm entary and has 
not been know n from Aírica. The num ber of fossil and 
living species of each íam ily is show n in Table II. The 
oldest fossil is the w orker of M eiaterm es bertran i (Ho- 
doterm itidae) found in lim estone deposits of Spain, dat- 
ing to 130  m illion years ago (C retaceous). A related 
species, M. arar ip en a , was discovered in lim estone de- 
posits o f Brazil, dating to 110  m illion years ago. The 
next oldest ĩossil species is V aỉd iterm cs bren an ae  (M as- 
toterm ìtidae) from England dating to 120 m illion years 
ago and V. acutípennis  from M ongolia. O ther Cretaceous 
species include C retaterm es carpen teri (Term opsidae), 
Lu teiterm es prisca  (H odoterm iúdae), and M astoterm es 
sarth en sis  (M astoterm itidae). Those M esozoic term iie 
íossils are íound from Europe, Asia, and North and 
South Am erica, indicating a broad Pangean distribution 
in both  tem perate and tropical habitats. A living term ite, 
M astoterm es danvin ien sis, whose distribution is con- 
íìned to Australia, may well be called a living fossil.

M any fossil species of the Kaloterm itidae and Rhinot- 
erm itidae, as well as M astoterm itidae, Hodoterm itidae,

and Term opsidae, have been found in Tertiary period, 
w hile only a few fossil species o f the Term itidae (higher 
term ites), w hich have the highest living species diver- 
sity, have been found in the Tertiary period.

Thus, the adaplive radiation of the higher term ites 
seem s to have occurred in the late Tertiary or Quar- 
ternary (P leistocene) after the breakdow n of Gond- 
wana, yei they show a worldwide distribution. This

TABLE II

N u m b e rs  o f  Knovvn S p e c ie s  o f  T e rm ite s

C rc tace o u s T ertiary P le islocen L iv ing

C ro u p s sp cc ies sp ecies sp ecies sp cc ie s

“L o w cr” term ites

M asto tcrm itid ae 3 19 1

K alo lcrm id ae 3 3 0 4 1 ]

T erm o p sid ae 1 7 0 20

H od oterm itid ae 3 14 2 15

R h in o tcrm ilid a c 16 1 Ì0 5

Serrile rm itid ae 1

"H ig h er” term ite s

T crm itid ae

A p ic o lcrm itin a c 186

T erm itin a e 4 7 0 2

M a cro term itin a c 3 .132

N asu tiierm itin ae 6 5 9

T ota ls 7 96 3 2(132

A ĩter K am bh am p ati and  E g g le io n , 2 0 0 0 ; T h o rn e  ct a i ,  2 0 0 0 .



FỈGƯRE 2 G lo b a l g en e ric  d is tr ib u tio n  o f  te rm ites. T h e  d a rk c r  th e  sq u are ih e  h ig h er th e g en e ric  r ich n e ss. M axim u m  g en eric  

r ich n e ss  is th e  Southern C a m ero o n  sq u are. F ro m  H ggleion , 2 0 0 0 .

is an interesting problem  rem aining lo be explained 
because the ílight distance o f term ite alates is usually 
lim ited to som e kilom eters.

Based on the C retaceous íossil record and living spe- 
cies diversity, two lower term ite groups can be distin- 
guished, prim itive and m odern. Prim itive lovver term ites 
characterized by C reataceous species and low -living 
spccies diversity include M astoterm itidae, H ocioterm iti- 
dac, and Term opsidae. T he three fam ilies are the oldest 
living lineage as show n in Fig. 1. M odern low er term ites 
characterized by m oderate Tertiary and living species 
diversity include K aloterm itidae, Rhinoterm itidae, and 
probably Serriterm itidae.

B. Distribution
Global generic d istribution o f term ites is show n in 
Fig. 2. Term ites occu r betw een the latitudes o f 3 0 -  
4 5 N ~ 4 0 - 4 5 S  and are m ainly distributed in tropical 
regions, especially in w estern and Central A írica, sou th- 
east Asia, northeastern Australia, and South A m erica. 
The species diversity drops from 10 degrees north and 
south o f the equator, but this gradient is not un iíorm  
on both sides o f the equator (Fig . 3 ).

T he three groups o f term ites— prim itive low er, m od-

ern low er, and higher term ites— show  different clistri- 
butions. Prim itive low er term ites show  a íragm ental or 
disjunctive distribution. T he M astoterm itidae ha ve only 
one species, M astoierm es darvviniensis, w hich is d istrib- 
uted in the savanna o f northern Australia, allhough

Northern sphere Southern sphere
Latitude

PIGURE 3 L atitu d in a l g rad ien ts  o f  te rm ite  g en e ric  r ic h n e ss  n o rth  

an d  so u lh  o f  th e eq u ato r. F ro m  E g g le to n , 2 0 0 0 .



m ore than 20 species o f Terũary ĩossils are know n from 
Europe, Australia, and North and South Am erica. The 
H odoterm itidae including three genera ( H odoterm cs, 
M ícrohodoterm es, and A nacan thoterm es) and 15 species 
of grass feeders are distributed in the savanna and arid 
grassland o f Africa and Asia although the family was 
widely distributed (Spain, Brazil, Europe, Japan, United 
States) in the Cretaceous and Tertiary periods. H oảoter-  
mes and M icrohodoterm es  occur in Africa, while A nacan- 
thoterm es  occurs in north Aírican deserts, the Middle 
East, and Southern India. The Term opsidae containing 
20  living species show an am phitropical distribution: 
Three species of P oroterm es  are distributed in temperate 
regions of three Southern continents (one species in 
each of C hile, Australia, and South Africa). Several spe- 
cies o f Stoloterm es  are íound in Australia, New Zealand, 
Tasm ania, and South Aírica, whereas the other three 
genera are distributed in the temperate and subtropical 
north hem isphere (A rchoterm opsis  in Kashm ir of India, 
Z ooten n opsis  in North America, and H odoterm opsis in 
Jap an , V ietnam , and China).

The m odern lower lerm ites except the Serriterm iti- 
đae show a worldwide distribution. The Serriterm itidae 
includes only one species, Serriterm es serriỊer  in Brazil, 
and its phylogenetic position is under debate. The Ka- 
loterm itidae are distributed worldwide but tend to be 
d is tr ib u ted  in Coastal forests or islands. A m o n g  ihem , 
G lyptoterm es, C ryptoterm cs, and N eotenn es  are pantrop- 
ical, w hile K alotcrm es  shows a bipolar distribution. The 
Rhinoterm itidae are widely distributed across tropical, 
subtropical, and lem peraie regions, and from wet to 
dry areas. For exam ple, P sam m oterm es  is one of the few 
insecis persisting in deserts o f Aírica, the Middle East, 
and norlhvvest lndia. C optoterm es , som e species of 
w hich are serious pests o f wooden buildings, are pan- 
tropical, partly because they are carried by humans. 
The distribution of H eteroterm es and that o f R ctku li- 
term es  are com plim entary: H eteroterm .es is distributed 
in all tropical regions except for Aírica, while Reticuli- 
term es  show s a Holarctic distribution. P rorhinoterm es  
is m ainly distributed on tropical oceanic islands.

The higher term ites, including the íour subfam ilies 
o f the Term itidae— M acroterm itinae, A picoterm itinae, 
T erm itinae, and N asutiterm itinae— are characterized 
by Central (tropical) distribution. The M acroterm iúnae 
( fu n g u s-g r o w in g  term ites) are d is tributed  in the Central 
areas o f tropical Aírica and southeast Asia. Three gen- 
era, (M acroterm es, O dontoterm cs, and M icrotcrm cs) are 
com m on. The Apicoterm itinae include the A picotenncs  
and A n oplotcrm es  groups. The A picoterm cs  group, most 
species o f w hich arc soil íeeders, is distributed in tropi- 
cal A írica, while the A nopỉotcrm cs  group, w hich is a

soldierless soil feeder, is distributed in tropical Aĩrica, 
southeast Asia, and South America. The Term itinae are 
pantropical, including dom inant genera of C ubiterm es, 
Term cs, A m iLcrm es, and M icroceroterm es. The N asutiter- 
m itinae are also pantropical, including dom inant genera 
of N asutiterm es, T rinerviterm es, and C on iilerm es.

It is interesting to note that the higher term ites and 
som e lower term ites (the Term opsidae, the Kaloterm iti- 
dae, and P rorh in oterm es  o f the Rhinoterm itidae) are 
com plem entary in geographic distribution: the former 
sh o w  a Central d is tr ibution  (o ccu p y in g  tropical m ain-  
land), while the latter show a marginal distríbution 
( localized  in tem perate  reg ions  and tropical Coastal 
areas and islands).

c. Termites as Eusocial Insects
An excellent in lrod uclion  to eusocial insects was given 
by W ilson (1 9 7 1 ). Eusociality  is generally characterizcd 
by Lwo gcnera t io ns  o f  c o n sp ec iR c  adults living logether 
(thai is, form ing a group called a colony) and coopera- 
tion with each other to the extent thai a strong repro- 
ductive skew is observed— that is, only one or a few 
adults in the group lay viable eggs (i.e., division of 
reproduction). The interior ol the nest of a higher tcr- 
m ite, A m iterm es hastatus, is show n in Fig. 4. The pri- 
mary queen (the largest individual) and king sii in the 
middle cell. W orkers attend to ihe queen, to w hich they 
otĩer regurgitated food. Developm ental pathways of the 
fungus growing term ites are schem atically show n in 
Fig 5.

The eusocialily  of lerm ites has evolved at least tour 
times as sterile castes (once for the soldier caste and 
three times for the w orker caste). Some wasps, som e 
bees, all ants (H ym enoptera), and all lerm ites (Isoptera) 
are typical eusocial insects, and sterile members have 
been found also in gall-form ing aphicls (Hem iptera) 
(soldiers), gall-form ing thrips (Thysanoptera)(sol- 
diers), an am brosiabeetle  (C oleoptera) (vvorkers), some 
m ole-rats (w orkers), and a coral reef shrimp (soldiers), 
which are included in eusocial animals.

Term ites have sim ilar social organization to the Hy- 
m enopiera but differ from them in several im portant 
aspects (Table III). Term ites are characterized by the 
diversity of soldiers, vvhile the Hym enoptera are charac- 
terized by the diversity oí vvorkers. Furtherm ore, in 
term ites, (a) females and males are both diploid 
(w hereas females are diploid and males are haploid 
in the H ym enoptera), (b ) íemales (queens) and males 
(kings) both take care of brood and male remains with 
íemale through life (w hereas m ales are produced ju st 
before the m ating season and die soon after m ating in



FIGURE 4  T h e  in te r io r  o f  a n e s t o f  Am iterm es hastatus  o f  S o u th  A írica . T h e  p rim ary  q u een  ancl m ale sit sid e by  sid e in th e 
m id d le ce ll. T o  th e  lo w cr le ĩt is  a seco n d ary  q u cen , w h ich  is a lso  íu n ciio n a l in  ih is  case . In th e ch a m b e r at top  c e n te r  are 

rep ro d u ctiv e  n y m p h s, ch aracterized  by th e ir  partia lly  d cv c lo p cd  vvings. VVorkcrs a ttcn d  the q u ee n s and are esp ecỉa lly  a ttractcd  

lo  th e h ead s, to  w h ich  th ey  o ííe r  regurgitated  food  at íre q u e n t in terv als. O th e r  w o rk ers  care íor ih e  n u m e ro u s eggs. A so ld ier 
and  p reso ld ier (n y m p h al so ld ie r  s iag e) are seen  in  th e  lo w er rig h t ch a m b e r, w h ile  w o rk er larvae in v ario u s stag es o f  d e v elop m en i 

are ío u n d  sca tte re d  th ro u g h  m o st o f  th e ch am b ers . F ro m  W ils o n , 1 9 7 1 .

the H ym enoptera), (c ) w orkers and soldiers are either 
male or female or both  (w hereas they are all fem ales 
in the H ym enoptera), and (d) term ites are hem im etabo- 
lous (w hereas they are holom etabolous in the Hyme- 
noptera).

D. Food and Predators
Aním als are divided in to two large groups in relation 
to their feeding habits: cytoplasm  consum ers and cell 
wall consum ers. M ost term ites are cell wall consum ers, 
whereas the H ym enoptera, including social insecis such  
as bees, wasps, and ants, are cytoplasm  consum ers. The 
cell wall o f plants consistin g  o f cellulose, hem icellu lose, 
and lignin is very poor in nitrogen but tends to be 
abundant and clum ped, w hile cytoplasm  is rich  in nitro-

gen bưt tends to be sparsely distributed. C ellu lose, a 
m ajor com ponent of plant cell wall, is cỉecomposeđ 
to glucose, an im portant source o f energy and body 
construction  for anim als. However, cellulose is d ifficult 
for m ost anim als to decom pose, especially w hen it is 
com bined w ith lignin, w hich is extrem ely resistant to 
chem ical degradation.

Term ites as a w hole íeed on li ve and dead vegetation, 
lichens, algae, fungi, dung, soil rich in organic m atter 
(so-cạlled  hu m us), other inclividuals o f the same colony 
(cann ibalísm ), organic-rich portion of term ite nests, 
and skins o f vertebrate corpses (W ood, 197 8 ). M ost 
term ites in natural ecosystem s do not attack living 
plants, although M icroceroterm es  som etim es attacks 
native living trees in  M alaysia and som e term ites con- 
surae living native grasses in savannas and grasslands.
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Low er term ites eat dead wood except H odoterm itidae, 
w hich are grass feeders, while higher lerm ites are rich 
in íeeding habits. Some higher term ites take specialized 
food. Som e genera of the N asutiterm itinae feed on li- 
chens on tree trunks: H ospitaliterm es  in southeast Asia, 
C onstrictoterm es  in South Am erica, and G ralỉatoterm es  
in east Africa, India, the Philippines, and New Guinea. 
A ham iterm es  and Incoliterm es  in  Australia and O phioter- 
m es and T ubercu literm es in A ừica are obligate inquilines 
in the nest o f other term ite species and feed exclusively 
on the carton of nest material o f their hosts.

Soil feeders, w hich are recognized in the Term itinae, 
A picoterm itinae, and N asutiterm tinae of higher ter- 
m ites, include 1100 species, w hich is approxim ately 
45%  of the described termite species. The developm ent 
o f soil feeding is a landm ark in the evolution of term ites, 
considering that it is rare am ong animals. The real food 
source for soil íeeders is unknow n.

T erm ites are included in the diets o f a wide range 
o f anim als. Ants are the m ost dom inant predators. They 
are either obligatory or opportunistic predators. Some 
ponerine ants, such as T erm itopone com m utata  in South 
Am erica, Leptogenys chinensis in Sri Lanka, and M ega-

pon era  Ịo e ten s  and som e subterranean D orylus  spp. in 
A írica, are typical obligale predators. The ant w ith lethal 
effects on a term ite colony changes with the colony’s 
developm ent. For a colony of the fungus grow ing ter- 
m ite, M acroterm es m ichaeỉsen í in Kenya, it is opportu- 
nistic predatory ants (individual foraging ants such as 
P achycon dy la  and O phthatm opone  and ants w ith recruit- 
m ent system  such as CamponoLus and P h eid o ỉe ) at their 
early stage, ants w ith marked recruitm ent by trail phero- 
m one (e .g ., M egaponera ịo e ten s )  at the m iddle stage, 
and subterranean group foraging doryline ants (e.g., 
D orylus ỳuvenculus) at the late stage.

M am m als that specialize in digging out lerm ite nests 
are pangolins in Africa and India and aardvarks in tropi- 
cal A ữica. O ther vertebrates specializing in predation 
on term ite brood centers include armadillo in Texas of 
the United States, anteaters in South Am erica, sloth 
bear (M elurus ursinius) in  India, and the num bat and 
echidna in Australia. W ild  chim panzees in Africa make 
and use tools for “fishing” term ites (Fig. 6 ).

E. Nests and Life Types
Term ites are ecosystem  engineers. They constru ct nests 
o f various shapes and sizes, som eúm es reaching to 5 
m in height (Fig. 7). The diversity of nests is related 
to the diversity of social evolution, colony size, and 
íeeding habits as well as the establishm ent o f a m icrocli- 
mate suitable for term ites to defend their colony against 
predators. The inner parts o f carton nests o í som e spe- 
cies contain a large am ount of wood íìbers, w hich are 
eaten by the builders or utilized by inquiline termites. 
The m ost rem arkable example is fungus gardens of 
M acroterm itinae.

Nest m aterial has two origins: exogenous material 
such as particles o f soil and wood transported by colony 
m em bers and fecal. The cohesion of the nest construc- 
tion is achieved by saliva m oistening of exogenous ma- 
terial. Term ites usually use both o f fecal and exogenous 
m aterials for nest construction except for the M acroter- 
m itinae, w hich do not use fecal material. Soil feeders 
and arboreal nest builders m ainly use íecal material. 
Soil m aterial is im portant in m ost epigeous nests 
(Abe, 19 8 7 ).

Three life types are distinguishable in relation to 
nest and feeding sites: (a) a one-piece type, w hich nests 
in a piece of wood and consum es only that piece, (b) 
an interm ediate lype, w hich nests in a piece vvood and 
consum es it as food but also constructs gallerìes to 
consum e other wood pieces, and (c) a separate type, 
w hich nests in various sites such as on living tree trunks. 
in soil, on  the ground surĩace, and so on, constructing



B a s ic  S im ila r it ie s  an d  D iffe r e n c e s  in  S o c ia l B io log y  b e tw e e n  T e rm ite s  and  H ig h e r S o c ia l H y m en o p tera  (w a s p s , a n ts , b e e s )

D ifferen ces

S im ilaritie s

1. T h e  c-astes are s im ilar in n u m b er and  

k in d , esp ecia lly  b e tw een  te rm iies  and 

an ts

2. T ro p h a lla x is  (e x c h a n g e  o f  liq u id  foo d ) 

o ccu rs  an d  is an  im p o rta n t m ech an ism  
in  soc ia l reg u lation

3 . C h em ica l trails are  used  in  re cru itm en t 

as in the an ts , an d  th e  b e h a v io r  o f trail 

lay in g  an d  fo llo w in g  is  c lo se ly  s im ila r

4 . In h ib ito ry  caste  p h e ro m o n e s  ex is t, sim i- 

lar in a c tio n  1 0  th ose fo u n d  in  h o n e y - 

b ees and  an is

5 . G ro o m ỉn g  b e tw cen  in d iv id u a ls  o ccu rs  
Ireq u en tly  and  íu n c tio n s  at least partially  

in ih e  tran sm issio n  o f  p h ero m o n es

6 . N est o d o r and  te rr ito ria liiy  a re  o f  g en - 

era l o ccu rre n cê

7 . N esi s tru ctu re  is o f co m p a ra b lc  co m p le x - 

ity an d , in  a few  m em b ers  o f  the te rm iti- 
dae (e .g ., A picoterm es , Macro term es),  o f 
co n sid erab ly  g rca ter c o m p le x iiy ; regula- 

ù o n  o í  te m p eratu re an d  h u m id ity  w ith in  

ih e  n esi o p era tcs  at a b o u t th e sam e level 
o f  p recisio n

8 . C an n ib a lism  is w id esp read  in  both  

g ro u p s (b u t n ot ư n iv ersa l, a i least n o t in 

ih e  H y m cn op tera)

M o d iíìed  from  W i1son , 1 9 7 1

T erm ite s

1. C aste d e term in a tio n  in  th e low er ter- 

m ites is based  p rim arily  o n  p h e rm o n e s; 

in  so m e o f  ih e  h ig h e r te rm ite s  it in - 

v olves sex , b u t th e o th e r  ỉa c io rs  re m ain  

uniclentified

2. M ost s p ec ies  p o ssess so ld iers

3 . T h e  w o rk er caste s  co n sis t o f  b o th  fe- 

m ales an d  m ales

4 . L arvae and  Iiy m p h s c o n tr ib u tc  to  co ỉo n y  
lab o r, at least in  ỉa ter in stars

5 . T h e re  are n o  d o m in a n c c  h iera rch ie s  

am on g  in d iv id u als  in  th e sam e c o lo n ie s

6 . S oc ia l p arasitism  betvveen s p ec ies  is al- 

m ost w h o !lv  ab se n t

7 . E x ch an g e  o f  ìiq u id  anal ỉoo d  o c c u r s  u n i- 
versally  in  th e low er te rm ite s, an d  tro- 

p h ic eggs are u n k n o w n

8 . T h e  p rim ary  rcp ro d u ctiv e  m ale (th e  

“k in g ”) stay s w ũh  ih e  q u een  a íte r  th e 

n u p lia l ílig h i, h elp s h er co n stru c t th e 
íìrs l n esi, an d  fertílizes  h er in ie r m it-  

len tly  as ih e  co lo n y  d ev elop s; fertiliza- 
tion  d o es n o t o ccu r  d u rin g  th e n u p tía l 

íỉíght

E u so cia l H y m en op tera

1. C aste  d e ierm in atio n  is b ase d  p rim arily  

o n  n u tr itio n , a lth o u g h  p h ero m o n es  plav 
a ro le  in  som e cases

2. A few sp ec ics  p o ssess so ld iers

3 . T h e  vvorker castes co n sis i o f  íem ale s  

o nly

4. T h e  im m atu re stag es (larv ae  and  pup ae) 

are  h elp le ss  and  alm ost n ev er co n trib u te  

to  co lo n y  labo r

5. D o m in an ce h ìerarch ie s  are co m m o n - 

p lace , b u i n ot un iversal

6 . S oc ia l p arasitism  betvveen s p e c ie s  is co m - 

m on  and w idespread

7. A nal tro p h a llax ìs  is rare, b u t tro p h ic  
eggs are  ex ch an g e d  in  m an y s p ec ies  o f 

b e es  and  an ts

8 . T h e  m alc  fertilizes  the q u een  d u rin g  the 
n u p tial ílight an d  d ies s o o n  afterw ard  

w ith o u i h c lp in g  the q u een  in n esi co n - 

s tru ctio n

galleries to consum e various dead plant m aterial outside 
of the nest.

The one-piece type is supposed to be the most prim i- 
úve. An e v olu tionary  trend  o f  life type is a P rogressive 
separation betw een food and nest. The fìrst step is the 
developm ent of a subterranean gallery system , w hich 
allow s the colonization  o f new w ood pieces (interm edi- 
ate type), and the second  step is the distinction of the 
nest írom food (separate type). This change of life types 
seem s to have occurred  independently at least three 
tim es (M astoterm itidae, H odoterm itidae, and Rhinoter- 
m itidae) in the evolution of term ites. The one-piece 
type is observed in prim itive low er term ites (Term opsi-

dae) and m odern lower term ites (K aloterm itidae and 
P rorh inoterm es  o f R hinoterm itidae). The Term opsidae 
usually nest in large damp wood and are called damp 
wood term ites, while the Kaloterm itidae usually nest 
in dry w ood o f living and fallen trees and are called 
dry wood term ites. P rorh in oterm es  of the R hinoterm iti- 
dae nest in ordinary wood. In  the one-piece type, the 
size, grow th, and longevity of the colony are constrained 
by the size o f a wood piece.

The interm ediate type is observed in prim itive lower 
term ites (M astoterm itidae) and the m odern low er ter- 
mites (m ost Rhinoterm itidae). The separate type is ob- 
served in prim itive lower term ites (H odoterm itidae),



FIGURE 6 A ch im p an zee  fish in g  lerm ites  vvith a stick  in a íu n g u s- 

g ro w in g  le rm iie  m ou n d . Fro m  B e h n k e . 1 9 7 7 .

m odern lower tcrm ites (a few Rhinoterm itidae), and 
the higher lerm iies (Term itidae). Separate type nests 
are classified into three categories: (a) subterranean 
nests consiructed  below ground, (b) epigeous nests pro- 
truding above soil surĩace, and (c) arboreal nests built 
on a tree irunk or a tree branch bul always linked with 
soil by covered galleries.

III. SYMBIOSIS

A. Digestive Tube
Term ite sym biosis is an obligate nutritional m utualism  
betw een the term ite and m icroorganism s in the gut and 
nest o f term ites, although sym biosis, in the general 
sense, m eans the living together of two or m ore organ- 
ism s that are noi closely related in phylogeny, w ithout 
the im plication of beneíìcial exchanges.

The digestive organ of lower term ites is schem ati- 
cally show n in Fig. 8. The digestive tube consists of 
foregui, m idgut lubular (site for secretion of digestive 
enzymes and for absorpúon of soluble nutrients), and 
hindgut (volum inous site for digestion and for absorp- 
tion of nutrients). The sw ollen portion of the hindgut is 
called the paunch. M alpighian lubules, which transport 
urine and urinary m etabolites ior excretion, empty at 
or near the ịunction of mid- and hindgut. Midgut and 
salivary glands produce the enzyme for decom posing 
cellulose into glucose. In the hindgul, cellulose is de- 
com posed into acetic acid by sym biotic flagellat.es.

The m icroenvironm ent becom es more anoxic [rom 
foregut to hindgut. The hindgut used to be considered 
an anaerobic ferm entation cham ber, but recenily this 
has been found to be false. The hindgut cơnsists of an 
anoxic lum en surrounded by a m icrooxic periphery 
(Fig. 9 ). This is eonsistent with the occurrence of both 
anaerobic and O i-dependent m icrobial m etabolism  in

FIGURE 7 N csts o f N asutitcim cs triodĩac  in A u stralia . Sct' a lso  co lo r  in scrt. V olu m e 1.



the hindgut. Bacteria on or near ihe gut wall constitute 
an oxygen sink, consum ing the inwardly diííusing O 2 

and thereby creating anoxic conditions íavorable for 
íerm entative production o f acetate, a m ajor energy

P a r tia l p r e s s u r e  o f  g a s e s  (m b a r )

0  2 0  4 0  6 0  8 0  1 0 0

FIG U RE 9 M icro cn v iro n m e n t o f  th e  h in d g u i o f  a tcrm ite . F ro m  

B re rn a k , 2 0 0 0 .

source for term ites. The hindgut o f term ites typically 
has a low redox potential (from  —50  to — 2 7 0  m V ) and 
a pH around neutrality (6 .2  to 7 .6 ), although som e 
portions o f the hindgut o f soil-feecling term ites have a 
pH as high as 11.

B. Two Types of Symbioses
W oody tissue, a m ạjor food o f term ites, contains only
0 .0 3  to 0 .1%  nitrogen and their C/N  (carbon /n itrogen ) 
ratio Ịs 3 5 0  to 5 0 0 , whereas term ite tissues contain  5 
to 14%  nitrogen and their C/N  is 4  to 12. Thereíbre 
term ites have to solve the “carbon-nitrogen b alance” 
problem  in addition to “cellulose decom position prob- 
lem ” (H igashi et a i ,  199 2 ). Term ites use free-living and 
sym biotic fungi, gul bacteria, and protozoa for assis- 
tance in decom posing cellulose and m etabolizing and 
conserving nitrogenous com pounds.

Thu s, two sym bioses are distinguished in term ites: 
“cellulose decom position sym biosis” and “C-N balance 
sym biosis” (Fig. 10). All the species o f term ites are, 
though to diíferent extents, able to produce their own 
cellulase. T h is seem s reasonable because they have no 
way to gain glucose, w hich is used not only for energy 
production but also for biological synthesis, o th er than
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digesting cellu lose for them selves. The low er term ites, 
w hich harbor sym biotic ílagellates, need cellulose de- 
com position sym biosis lo increase the efficiency of cel- 
lulose decom position.

O n the other hand, C-N balance sym biosis is neces- 
sary for all term ites, because they are not able to s o l v e  
the problem  alone. Two m echanism s are possible for 
C-N balance: adding N to their food, reíerred to in Fig. 
10 as route N - l ,  and selectively ou tputting c ,  referred 
to as routes C-l and C -2. Term ites obtain N either 
through their food or by íixing atm ospheric N. Term ites 
tend to feed selectively  on food with above average N 
context. Som e species feed on plant tissue only when 
it is partially decom posed, and by this m eans, take 
advantage of the reduced C/N  ratio that results from 
fungal and m icrobial decom position. As selectively 
elim inating carbon is a “w ood -consum ing” m anner, 
one-p iece type term ites, w hich  stay in their wood nest 
and consum e it, are expected to develop m echanism s 
to add N, such  as sym biosis with n itrogen-íìxing  bacte- 
ria. O n the other hand, separaie type term ites that are 
free from  the lim it in  resource utilization are expected 
lo make a full choice among possible mechanisms for 
C-N balance, including association  w ith m ethanogenic 
bacteria. Am ong the separate type term ites, the íungus- 
grow ing habit brings additional m echanism s for C-N 
balance; term ites both add N through local N -recycling 
(route N -2b) and selectively elim inate c  ihrough fungal 
resp ira tion  (ro u te  C -2 ) .

c. Cellulose Decomposition Symbiosis
The phylogenetic trend of sỵm biotic m icroorganism s 
in term ites and cockroaches is show n in Fig. 11. Low er 
term iles harbor ílagellates in their hindgut. More than 
40 0  species o f Aagellates o f three orders, Oxymonadicla, 
Trichom onadida, and Hypermastigida, have been de- 
scribed from 20 5  species of lower term ites. Each species 
o flo w er term ites usually harbors more than one species 
o f ílagellates. The class Parabasalea, to which Trichom o- 
nadida and Hypermastigida belong, is One o í the oldcst 
groups am ong eukaryotes, lacking m iiochondria and 
peroxisom es. M em bers of this class use hydrogeno- 
som es for energy production and, like the prokaryotes, 
have a 70S ribosom e.

All colony m em bers of lower term iles except eggs, 
newly hatched larvae, and individuals just after m olting 
harbor ílagellates. They are transmitted through procto- 
deal íeeding (i.e ., iransm ission of gut contents from 
anus of a donor to m outh ot a receptor). The ílagellales 
of the m oiher colony are transm itted to oíìspring colo- 
nies by alates. The paunch of the worker is íìlled with 
ílagellales and bacteria; they occupy 61%  by weight of 
the hindgut contents o f R eticu literm es /ĩavipes (R h inoi- 
erm itidae). The population of ílagellates in a gut of 
Reticulitermes speratus  oíten reaches more than 105 in- 
dividuals.

The association between lower term ites and ílagcl-
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lates is well know n, since Cleveland (1 9 2 4 ) showecl 
ihat the lower term ite died in 3 to 4  if the ílagellates 
were removed, but rein fection  by them  enabled their 
host to survive. Hovvever, more than 70%  of termite 
species belong lo the Term itidae, w hich lack sym biotic 
ílagellates. Lower term ites in addition to higher term ites 
arc m ore 01' less able to produce cellulases by them - 
selves. They secrete end -)8-l, 4-glucanases from the sali- 
vary gland, while h igher term ites secrete it from the 
midgut. The first cellulase gene for the endo-/3-l, 4- 
glucanas was sequenced from a Japanese lower term ite, 
R eticu literm es speratus, in  1998.

A biochem ical overview of the m ajor processes in- 
volved in the sym biosis betvveen term ites and their gut 
m icroorganism s is show n in Fig. 12. The Aagellates 
ingesi wood taken by the lower term ites and decom pose 
eellulose as fo]lows.

Q H . A ,  +  2H ịO  - >  2C H 5C O O H  +  2 C O , +  4 H;

The ílagellates provide acetate for term ite and bacterial 
m etabolism  as well as H2 and COi for bacterial metab- 
olism .

Celullose in the p lant cell vvall is com bined with 
lignin to form lignocellu lose. Except for fungus-grow- 
ing term ites, the lignin degradation in termite guts re- 
m ains ambiguous. Som e term ites such as M astoterm es

darw in ien sis  and C optoten n es a c in a á /o rm is  are incapa- 
ble of digesting lignin, w hereas N asu titerm es exítiosus  
seem s to he able to degrade lignin at least in  part.

D. C/N Balance Symbiosis
Lower and h igher term ites harbor a high densily and 
diversity of bacteria in  the gut: 109  to 1011 cells per 
ml of gut fluid. M ost bacteria are distributed in the 
paunch o f the hindgut, but no clear evidence to support 
a signiíìcant role for bacteria in cellu lose hydrolysis has 
been given. Intestinal bacteria are im portant in  nitrogen 
Rxation, nitrogen enrichm ent o f the diet, pyruvate m e- 
tabolism , or the m etabolism  or acetogenic reduction 
o f CO ,.

Carbon elim ination  through the activities o f m icro- 
organism s is the m ost general m echanism  of C/N  bal- 
ance. It entails the release of carb on -rich , n itrogen-poor 
products o f digestion leaving an assim ilatable íraction of 
digesta enriched  in nitrogen. G aseous form s of carbon 
released are principally  carbon dioxide and m ethane, 
w hich is form ed through respiration, ferm entation , and 
m ethanogenesis. Alm ost all term ites em it m ethane and 
soil-feeding term ites tend to em it m ore m ethane than 
wood-feeding term ites. D iverse prokaryotes are capable 
of participating in such  transform ations.

As long ago as 1 9 25 , C leaveland suggested that ter-



m ites use nítrogen fixation to cxplain their survival on a 
diet low in nitrogen. Nitrogen íìxation, vvhich is energy 
dem anding, is only know n from bacteria. Nìtrogen fix- 
ation in term ite was fưst reported by Benem ann (1 9 7 3 ) 
and B reznak et a i  (1 9 7 3 ). Tayasu ct aỉ. (1 9 9 4 ) estímated 
the extent o f nitrogen Hxaúon in term ites by com paring 
the natural abundance oí l5N in term ite tissues with 
that o f their food and air, show ing that 30 to 60%  
of the nitrogen in the body of N eolerm es koshunensis 
(K aloterm itidae) was derived from N, íìxation. How- 
ever, the variation in the im portance of nitrogen íĩxation 
in the term ite colony is not clear.

N itrogen is conserved by internal recycling of nitrog- 
enous vvaste from tennites, by recycling of fec.es, or 
by cannibalism  and nectophagy. N itrogenous wastes 
excreted into the gut ihrough ihe M alpighian tubules 
are broken down by gut m icroorganism s and recycled. 
T erm ites have sym biotic, uricolytic bacteria, which use 
uric acid as an energy source, producing am m onia as 
the m ajor end product. Am monia provides a rcadily 
available source of nitrogen for protein synthesis in 
many bacteria.

E. Symbiosis with Fungi
H igher plants and animals have developed various sym- 
bioses w ith fungi. The M acroterm itinae of higher ter- 
m ites cultivate the basidiom ycete íungus, T erm itom yces , 
on íungus gardens (fungus com bs) in the nest and are

called fungus-grow ing term ites. T erm ilom ỵces  is known 
only from m acroierm itine nests. The íruiling body of 
T cn n itom vces  grow ing on the com b of O dontoteim es  

Jo rm osan u s  at the beginning of rainy season in Okinawa, 
Japan , is shovvn in Fig. 13. Ascom ycetes o f the genus 
X ylaria  grow rapidly on the com b, w hen the com b is 
rem oved from  the nest.

Fungus-grow ing habits are know n from ants as well 
(e.g. A tta). It is a curious fact, possibly coincidental, 
that fungus-grow ing term ites, w hich consum e both 
fungi and fungus com bs, are distributed in Aírica and 
southeast Asia, w hereas fungus-grow ing ants, w hich 
consum e only fungi growing on fungus gardens, are 
distributed in Am erica.

In M aciv term es m ichaelsen i in the grassland of Kenya, 
old vvorkers (m ainly m ajor w orkers) go out of the nest 
and collect dead grass pieces. Young workers in the 
nest consum e the pieces and build fungus com b in the 
mound cham bers by depositing fecal pellets ol partially 
digested grass pieces. The com b, w hich is shaped into 
round form s resem bling brain or sponge, is inoculated 
with T erm itom y ccs , w hich develop small round white 
nodules called conidia. Young w orkers conlinually de- 
posit the íecal pellets on the top of the com b and con- 
sum e the conidia, w hich contain  cellulase as vvell as 
glucose. Old w orkers and soldiers consum e the old part 
of the com b from  undernealh.

The role o f T erm itom yces  has been controversial 
since Konig and Sm ealhm an discovered ihe fungus in 
the 18th century. Suggested roles o f the fungus are (a)

F1GURE 13 T n  nillomvccs ( íruit bodv) grovving on the íungus com bs o f O d ontoicrm cs formosanuắ 
in Okinawa. Japan. Photo by K. Sugio.



degradation of lignin in the (ungus com b, (b) ingesùng 
and utilization of íungal cellu lolvtic enzym es in conidia 
to com plem ent its ovvn digestive enzym es, and (c) im- 
provcm ent of núrogen econom y in term ite nutrition.

Tcnnitom yccs is able to break down lignin in addition 
to cellulose in the com b to sim pler com pounds, w hich 
arc reingested by old term ites together vvith the fungi. 
In M acroterm es m u ller i, a synergistic interaction be- 
tween the cellulolytic enzym e of the term ite and fungal 
origin in the gut is know n, w hile in  M. subhyalinus  and 
M. michacỉsen i, most (90% ) o[ the glucose requirem ents 
of w orkers can be m et by the activity of endogenous 
iniestinal cellulases. The extent to w hich iimgal en- 
zytncs contribute to cellulose digestion after ingestion 
by term ites is under debate.

The sym biotic fungi seem  to be an im portant nitro- 
gen source for term ites, because n itrogen concentration 
in the fungi is m uch higher than that in the fungus 
com b. Thus, all of the three suggesled roles of' fungus 
are partly true. The size and m orphology o f ihc com bs 
arc differeni am ong m acroterm itine species, and the 
role o f fungi may vary am ong them . The com b plays a 
role as reserved food for term ites, especially at times 
when food is scarce out o f the nest.

Alates o f M acroterm es bellicosu s  and M icroterm es  spp. 
carry the spores o ỉT erm íto m y c es  in their rectal cham ber, 
whiie A n cistroterm es cav ithorax , A. guinecsis, M ac- 
ro term es subhyalinus, O don toten n cs pciupcrus, and o . 
sm eath m an i do not carry the íungal spores. They may 
depend on the source of spores from  tungi growing on 
the soil surface, w hich the íìrst w orkers colleci.

IV. SOCIAL LIFE

A. Caste Differentiation
A lerm ite colony usually consists o f a pair o f reproduc- 
tives and their offspring inclu ding w orkers or pseuder- 
gates (false w orkers), soldiers, nym phs, larvae, and 
eggs. Term ites are hem im etabolous, and their develop- 
m enial pathw ay consists o f several instars with litLle 
m orphological change until the final m olt to alates. The 
d ilĩerenú ation  into castes su ch  as w orkers, soldiers, 
and neotenics occurs w hen im m alures deviate from the 
pathvvay leading from  egg to w inged im ago (alaie). The 
m orc evolved the species, the earlier the caste differenti- 
ation.

The m ost im portant difference in the caste differenti- 
ation exists betw een the one-p iece nest type and sepa- 
raie and interm ediate nest types. The one-piece type 
produces pseuderagtes (false w orkers), while separate 
and interm ediate types produce w orkers. The pseuder-

gates, which funciionally correspond to workers in sep- 
arate and interm ediate types, retain the capability to 
be reproductive (alate and ncotenic), presoldier, and 
another pseudergate insiar. In this sense, pseudergates 
are helpers.

The developm ental pathways of K alo term es/ìav ico lỉis  
o f Kaloterm itidae (one-piece type) and M acroterm es mi- 
chaelscn i o í Term itidae (separate type) are show n in 
Fig. 14. K. Jìav ico llis  is characterized by ílexible or late 
caste differentiation. On the way to the imago, w hich 
develops from  the egg through seven m olts, two irre- 
versible deviations to sterile soldiers and neotenics and 
one reversible deviation to pseudergates occur. There 
is no sexual dim orphism : the sex ratio am ong pseuder- 
gates and soldiers usually depart little from 1.

Caste differentiaúon is controlled by pherom ones. 
Reproductives (king and queen) secrete sex-specific 
pherom ones that inhibit the m etam orphosis o f imma- 
turcs into reproductives, although the inhibitory phero- 
m ones have not been chem ically identiíĩed (Fig. 15). 
Two inhibitory pherom ones are produced by the queen 
and the king and are passed out of their anuses (proc- 
todeal íeeding). w h en  the reproductives die, pseuder- 
gates or nymphs molt to neotenics and inherit their 
parents' colony. The presence of soldiers inhibits the 
m etam orphosis o f pseudergates into soldiers, but its 
physiological basis is not yet know n.

The ílexible caste differentiation in K. Ịíav ico lis  is 
associated w ith its nesting habits. The Kaloterm itidae 
to w hich K. Ịìav icolis  belongs nesi in the dead branches 
of living trees, standing dead irees, and rarely fallen 
trees, consum ing the wood. Those nests are unstable, 
because wood consum ption by nesting term ites leads 
to nesl destruction.

In M acroLcrm es m ichaelsen i o f the Term itidae, the 
second instar is an irreversible decision point separating 
two developm ental pathways to imago and sterile w ork- 
ers and soldiers. The num ber of larval instars is three 
in the M acroterm iúnae and two in the other Term itidae. 
A sexual dim orphism  ừequenily occurs in w orkers, 
while soldiers are o f one sex. In Macroterm es, m ajor 
w orkers are m ales and m inor workers are íem ales, while 
m aịor and m inor soldiers are íem ales. In T rinerv iterm es  
of the N asutiterm itinae, soldiers are males and w orkers 
are females. Replacem ent reproductives of the Term iti- 
dae arise either from alates and nymphs or w orkers.

B. Evolution of Workers and Soldiers
All species o f term ites, with some exceptional groups 
in higher term ites, have soldiers. They are adapted to 
living in the darkness and lack com pound eyes. The 
soldiers o f m ost species are sterile, but fertile soldiers
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F1GURE 14 C aste  d ev elo p m em  in low er and higher te rm itcs . Fro m  R o isin , 2 0 0 0 .

that are able to be neotenics are present in Z ooterm opsis, 
A rchoterm opsis  and Stoloterm es  o f Term opsidae, a fam- 
ily o f prim itive low er term ites.

Soldiers, w hich are specialized in the deĩense of nest 
and loraging w orkers, are rich  in the variety o f m orphol- 
ogy. Tw o types can be distinguished; m andibulate and 
nasute types. M andibulate soldiers occu r in  all fam ilies 
and rely on large, prom inent m andibles to defend ihe 
nest and colony m em bers by b iting or snapping with 
m andibles. In nasute soldiers occu rring  only in Nasuti- 
term itinae of the Term ilidae, the front o f the head is 
m odiíìed to chem ical warfare and the m andibles are in 
many cases reduced. D eíense by nasute soldiers are very 
effecíive to ants, m ajor predators o f term ites (Fig. 16). 
Soldiers are of one size in  m ost species, but are di- 
or trim orphic in Schedorhinoterm .es  o f R hinoterm etidae 
and Term itidae (e .g ., M acroterm cs  and A canthotcrm cs 
of the M acroterm itínae).

The proportion of soldiers to vvorkers (or false work- 
ers) in m ature colonies varies considerably. Soldiers 
occupy up to 30%  of colony members in the Nasutiter- 
m itinae w ith nasute soldiers, w hich are usually sm aller 
than w orkers, w hile they occupy about 5% in most 
term ites with m andibulate soldiers, which are usually 
larger than w orkers. The proportion of soldiers de- 
creases in soil íeeders and some of them (mainly Apicot- 
erm itinae of Term itidae) lack the soldier caste.

W orkers are num erically the largest caste in the col- 
ony and consist o f sterile males or íemales w hich are 
vvingless, in m ost cases unpigm ented, and lack special 
external m odifications. Com pound eyes arc usually ab- 
sent. W orkers provide labor íor gathering food, feeding 
dependant castes (larvae, soldiers, nymphs, and repro- 
d uctives), tending eggs, and repairing and enlarging the 
nest and gallery system. W orker polyethism is based 
on age and sex; old workers tend to predom inate in
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Caste stimulation

FIGURE 15 T h e path w ays o f p h cro m o n e actio n  in  ih e co n tro l o f 
rep ro d u ctiv c caste  forvn;Uion in ih e te rm iie  K alo lerm es íla v ico llis . In  

the top row  the pair of "crovvnecT íỉgures re p rcscn ls  ih c  rep ro d u ctiv es: 
thc k m ctio n a l mali* (k in g ) to ihe lcft and ih c liin ctio n a l fcm ale 

(q u ccn ) lo iht’ rig h t. T h e  rcm ain in g  tigures all rep resem  p scu d crgales. 

T h e  k in g a n d q u e e n  p rod u ce su b stan ccs  (labeled  1 and 2 , rcsp ectiv ely) 
th ai in h ib it  tran síb rm atio n  o f  pseu dergates in to  th eir  ow n royal casles. 

T h cse  in h ib ito ry  p h cro m o n e s are passcd  d irectlv  from  the rcp ro d u c- 
livcs to ih e  p seu d erg atcs and  are also  c ircu la tcd  in d ireclly  through 
the d ig esliv e tracts o f  the pscu d crgates. A n o lh er m alc su b stan ce  

(p h cro m o n e  3 ) stim u la tes  the fcm alc pscu d erg ates 1 0  ch an g e in to  
ih e rcp ro d u ctiv e  caste , but the reverse re la tion  does n ot h o ld . w h e n  

sup ern u m erar>’ royal m ales are p resen t, th cy  re co gn ize cach  o th e r 

(ih ro u g h  p h ero m o n e 4 )  and íig h t; s im ilarly , su p crn u m erary  royal 
lcm ales rcco g n izc  each  o th e r  (th ro u g h  p h ero m o n e 5 ) and tighl. F i- 

n ally, royal m ales s tim u la tc  p ro d u ctio n  o f p h ero m o n c 2  in  royal 

feraales, and royal íevnalcs stim u late  prod u ctio n  o f  p h ero m o n c 1 in 
royal m ales; the n a tu rc  o f ih e s tim u li labeled  A and B is un k n ow n . 
F ro m  W ilso n , 1 9 7 1 .

outer lasks, w hile young w orkers tend to predom inate 
in inner tasks. W orkers are o f one size in m ost species, 
but are dim orphic in som e species. M ạjor workers tend 
to engage in outer tasks, while m inor w orkers tend to 
engage in inner tasks.

The presence or absence of sterile castes is shown 
in relation to life type on the phylogenetic tree in Fig. 
17. Sierile soldiers appeared earlier than sterile workers,

FIGURE 16 D eíc n s iv c  p o stu rc  o f a vvorker and n asu te  so ld iers  o f 

N asutitcim es  ag a in st an an t w o rk er . F ro m  B c h n k e , 1 9 7 7 .

evolved once in one-piece type prototerm ites w iih false 
w orkers, and disappeared secondarily in som e soil-feed- 
ing term ites. On the other hand, the sterile w orker caste 
has evolved polyphyletically. Separate and interm ediate 
lype term ites (M asloterm itidae, H odoterm itidae, m ost 
Rhinoterm itidae, and Term itid ae) possess a vvorker 
caste, w hereas one-p iece type term ites (Term opsidae, 
K aloterm itidae, and P rorh in oterm es  o f R hinoterm itidae) 
possess a false w orker caste. The sterile w orker may 
have evolved from  the false w orker at least three times 
independently in accordance w ith the change irom  one- 
piece nest 10 interm ediate and separate types.

c. Diversity in Social Life
The social organization o f term ites is sim ilar to that of 
social H ym enoptera in that the colony  is organìzed 
based on the division o f labor due to caste and age. 
However, there is an im portant difference between 
thern. In contrast to H ym enoptera, whose active raem - 
bers are im ago (adult, w hich  are suppressed to be repro- 
ductive), active m em bers such  as w orkers and soldiers 
of term ites are individuals w hich  are suppressed to 
be imago.

The degree o f eusociality , íecundity o f reproductives, 
and the other life h istory ch aracteristics are diverse 
am ong term ite species, and they are sum m arized in 
relation to life type in Table IV. T he reproductive skew, 
deíìned as the probability that w orkers and soldiers 
forego d irect reproduction, is a good indicator of eusoci- 
ality (0 : all colony  m em bers reproduce; 1: colony mem - 
bers forego d irect reproduction except a single colony 
breeder). The skew  is low in the one-p iece type, where 
pseudergates have the potential to be reproductive, 
while it is high in the interm ediate or separate type, 
where w orkers have little chance to becom e reproduc- 
tives.



N o. o f  sp ecies 411 1 2 0 15 3 0 5 1879

D istribu tion w w Au Am p A f,A s P T *  w w PT

N est site w w .s w s w W,S,E,A

F ood w w w DG w W.DG.DL.

S y m b io n ts P ,B P ,B P ,B P ,B P ,B B ,F

C o lo n y  size lo’ 106 104 7 w *  106 10"

L ife  type 0 I 0 s o* ỊS s

S te rile  caste s s,w s s,w s* s,w S (-) .W

FIGURE 17 S ix  fam ilies o f tcrm itcs  and a su m m ary  o f th c ir  ch a ra ctcr iz a lio n  in term s o f  d is tr ib u tio n , n est s ilc , food, 

s y m b io n ls , co lo n y  s izc , life Lype, and s tc r ile  castc . D istrib u tio n : A u, A u stralia ; w w , w o rld w id c; A ỉ, A lrica ; As, Asia; 
A m p, a m p h ilro p ica l; PT, p a n tro p ica l. N cst site: w, wood; s, su b lerra n ca n ; E, cp igeal m ound; A, a rb o rca l. Food: w. 
w o o d ; D G , dead g rasses; D L , dead leav es; s ,  so il; L i, lich en . Sy m bion ts: p, Pro lo zoa; B, b a c ic r ia ; F , fungi. Lifc typc: 

o ,  o n e -p ie c c ; 1, in tcn n e d ia tc ; s , sep ara ie . S te rilc  castc : s ,  so ld ier; w, vvorkcr. Hrom H igashi and A b e, 199 7 .

T he reproductive skew is negaúvely correlated with 
the extent o f noeten ic production. The percentage of 
genera producing neotenics is high in  the one-piece 
type (100%  in Term opsidae and Prorhinoterm .es o f the 
R hinoterm itidae) except the K aloterm itidae (48% ), me- 
dium  (100%  in M astoterm itidae and 71%  in R hinoier- 
m itidae) in  the interm ediate type, and low (67%  in 
H odoterm itidae and 0 -2 0 %  in  Term itid ae) in sepa- 
rate types.

A rem arkable difference am ong life types is the fe- 
cundity of prim ary reproductives. It is low in the one- 
piece type, w hereas it is som etim es extrem ely high in 
the separate type (e.g ., a queen of M acroterm es subhyali- 
nus lays 3 6 ,0 0 0  eggs per day).

In  com parison w ith m ost insects, prim ary reproduc- 
lives survive for a long tim e— 10 to 12 years for In á s i-  
ten n es m ín or  (one-piece type) and 20  to 50  years in 
M acroterrnitinae (separate type). It is notevvorthy that 
the longevity of reproductives is sim ilar to that of pseud- 
ergates in the one-p iece type, w hereas it is m uch longer 
than that o f w orkers in the separate type.

The age at w hich term ites begin to reproduce is 
early (beyond the second year in  K aloterm es fỉa v ico ỉìis , 
beyond the fourth year in Incisiterm es m in or , after the 
fourth year in Z ooterm opsis, after the sixth year in N eo- 
term es tecton ae) in the one-p iece type, and late (after 5 
10 10 years in many species o f Rhinoterm itidae and 
Term iúdae) in interm ediate and separate lypes. The 
size of m ature colonies producing alates ranges from a 
few hundred individuals for Kaloterm itidae (one-piece 
type), many thousands or m uch more in M astoterm iti- 
dae, R hinoterm itidae (in tcrm ediate type), and Term iti- 
dae (separate type).

The colony size is show n in Table V, although the 
accuracy of estim ation is different. The one-piece type 
such as the Kaloterm itidae and Term opsidae is small, 
usually up to 1 0 ,0 0 0 , w hile the separale type such as 
m ound builders of the Term itidae, in particular M ac- 
roterm cs  and N asutitcrm cs, is very large up to som e 
m illions. The interm ediate type, including the Rhinot- 
erm itidae and M astoterm itidae, is som etím es very large 
up to som e m illions.



TABLE IV

D is lin g u is lìin g  S o c ia l C h a ra c tc r is t ic s  A sso c ia ted  w ith  E a ch  N esl T y p e

Life tvpe: O n e p ie ce  tvpc ln term ed ia te  lype Sep arate  type

T erm ite  group T erm o p sid a e , m o s t K a lo term iú - M astoLerm iũdae, few  K a lo tcrm iti- H o d o te rm itid aê , so m e R h in o terrn id ac
dae and Pror/iiMOítrmc.s o f d ac, m o si R h in o te rm itid a e  and an d  m ost T erm itid ạe
R h in o ie rm itid a e som e T erm itid ae

R ep ro d u cũ v e sk cw 0 - 0 . 5 0 .4 - 0 .7 5 0 .7 - 1 .0

T ask  sp ec ia liza tio n s S te rile  so lc liers , fal.se w o rk ers S terile  so ld iers , s ie r ile  vvorkers S te rile  so ìd iers , ste r ile  w o rk ers  and
an d  age p o ly e th ism and age p o ly e th ism age p o ly e th ism  s ie r ile  so ld iers  (e x -  

ce p t in  so m e  so il fe c d e rs ), s terile  

w o rk ers  an d  age p o ly e th ism

F ecu n d ity  o f  prim ary  re- Sm all Large
prođ u ctiv e (eg g s/d ay ) C ryptoterm es havilandi: 8 O dontotcrm es obesus: 2 6 ,0 0 0 - 8 6 .0 0 0  

M acrotcrm cs suhhyalinus: 3 6 ,0 0 0  

N asutiterm es surianam ensis: 3 ,9 0 0  
C ubiterm es severus: 5 0 - 6 0 0

Age o f  p rim ary  rep ro d u c- F ie ld -o b se rv ed  rep ro d u ctiv e  4 - 5 M astotennes cỉarw in ienũs  lab - P rim arv  re p ro d u ciiv e s  2 0  y ears;
tives y ears  in  2 ooterm opsis  spp. and reared  re p ro d u ciiv e s  up  Lo 17 q u ee n s  2 0 - 2 5  y ears in  M a cro ier-

1 0 - 1 2  years in  ín cisiíem ies y ears; c. /onnoscínu.s at least 9 m iLinae spp . (e s tim a ics  b ased  on
m inor y ears; R. Iu ãfu gus  p rim aries  

and n eo ten ics  u p  to  7 y ears in 

th e lab

size  o f  p h y so g astric  q u e cn )

Agc ol w o rk ers and  so l- 2 ooten n opsis  ía lsc  w o rk ers  up 1 0 Rt,Mí:uỉíícrmt'.s lucifugus  so ld iers M acroterm es  spp . \vorkers an d  sol-
cliers 4  y ca rs , so ld iers  4 —5 ycars in up to  5 y ears in  th e lab ; R. d ie rs  less  th an  a  y ear in  ih e  íiclcl

ih e  lab ; N eoten n cs isuỉarìs  so l- hesperus  w o rk ers  3 - 5  y ears  in an d  lab ; M acroten n es nataỉensis  up
cliers ancì fa lse  w o rk ers  m o re the íield ; C optoterm es acin aci- to 1.5 y ear in  th e lab ; C ubiterm es
th an  6  years in  th e lab jo n n is  w o rk ers an d  so ld iers  4  

ỵears in  the lab

ugandensìs  w o rk er 1 9 6 - 3 3 9  days

C o lo n y  íou n d atio n A m ale  an d  íem ale  clealate pair A m ale and  íem alc  d ca la te  p a ir 

by a co h o rt o f  n c o te n ic s  and 
w o rk ers

A m ale  and fem ale p a ir (so m e tim es  
m u ltip le  re p ro d u ctiv es) o r  so c io - 
Lomy o r seco n d ary  d ea la tes  rep ro - 

d u ciiv es , b ra ch y p tero u s  n eo ten ics  
w íth  w o rk crs , rare ly  crg a to id  rep ro - 

d u ctiv es

D ispersal d istan ce  o í S h o rt Sh ort Long
alates C ryptoterm es: l - 4 5 m  

K aloterm es : 2 0 - 5 0 m  
Incisiterm es: 1 2 0 m  

Z ooterm opsis: 3 0 0 m

Reí i cu 1 iterm es : 1 0 -  2 0 0 m O dontoterm es: o v e r  0 .8 k m  

M acroterm es: a few  k m

A fter S h cllm a n -R ce v e , 1 9 9 7 .

D. Organization of Foraging
Foraging of term ites has evolved in concert with the 
change of life type. The one-piece type of term ites do 
not torage out o f nest, and the nest site selection by 
alate reproductives plays a role o f food research. Dealate 
reproductives of Z ooterm opsis  (Term opsidae) look for 
a colony íounding site in the w ood cam bium  layer con- 
taining nitrogen o f relatively high concentration.

In interm ediate and separate type nesters, a group 
of w orkers and soldiers go out of the nesi and search 
for new food sources. M any species show  aggressive

behavior tovvard the other colony m em bers o f the same 
or different species, and ihe foraging territory, which 
is intra- and interspeciíìcally  defended, is know n from 
many Lermite species.

The division o f labor in foraging activities is based on 
caste and age. Soldiers usually defend íoraging w orkers, 
and in som e species they explore new areas for food 
and recruit w orkers to new food sites. W orkers mainly 
collect and process food, and they also deíend forag- 
ing territory.

Foraging activities are m ediated by trail phero- 
m ones em itted from the sternal gland. Several sub-



TABLE V

C h a ra c te r s  S h o w in g  E v o lu ù o n a ry  C h a n g e  w ith in  T e rm ite s

C h a ra c iers  shovving ad v an ce C h arac ters  sh o w in g  regression

P rim itiv e  co n d iũ o n D erivative co n d itio n P rim itiv e  co n d itio n D erivative co n d itio n

B eh av io ra l-p h y sio lo g ica l lm ag oes (p rim ary  rep ro d u ctiv es)

Sm all n u m b ers  in  th e n a tu re Large n ư m bers in  the m a tu re Y -su tu re  o f  h ead  p resen i Y -su iu re  o f h ead  red u ced  o r

co lo n y co lo n y absen t

E x ca v a te d  n ests  w ith  little  co n - E lab o ra te ly  co n siru cted  carto n T w o  w e ll-d ev elo p ed  o celli O ce lli reducecl o r absen t

s tru c tio n nesLs p resen t

R e la tiv e ly  little  care  o f  eggs, R elativelv  great care  o f  eggs. A n ten n ae w ith  n u m e ro u s seg- A n ten n ae vvith few er seg m en ts

n y m p h s, an d  aclults n y m p h s, and  ad u lis m en ts

F o o d  n o t  sto re F oo d  stored M an d ib les w ith  2  o r  3 p rom i- M an d ib les w ith  redu ced  tee ih

N u tritiv e  d e p en d en ce  upon sy m - Nu tri ti ve in d cp e n d e n ce  from n en t m arg in al teeth  w ith and n o tch es

b io tic  in tcs tin a l ílag eỉlates sy m b io tic  in testin a l ílag ellates sh arp  basal n o tc h e s

D am p -w oo d  ca te rs D rv-w ood eatcrs F iv e tarsal jo in is  p resen t S eco n d  tarsal jo im  red u ced  o r

W o o d  ea tcrs D eaf lea f and grass eaters
ab sen t

W o o d  ea ters H um u s eaters
A roliu m  p resen t b eu v een  Larsal 

claw s

A roliu m  abseni

No íu n g u s gard en s F u n g u s gard en s
C arc i w ith  n u m e ro u s seg m en ts C e rc i red u ced , usuallv  w ith  2

F ew  o r  n o  term ito p h ile s T erm ito p h ile s , o íte n  sp ec ies-sp e-
(u p  to  8 ) seg m en ts

đ í ic  an d  h ighly  m od iíied
Sty lỉ p resem Styli ab scn i

W o rk e rs  íorag e o n ly  vvithin ex - W o rk e rs  forage o u isid e  n est,

cav ated  tu n n e ls  in  w ood so m e tim es in  co v ered  Lunnels
Egg m ass in  c lu ste r E ggs laid separaiely

and so m e tim es on ex p o scd G en ita lía  s im ila r  an d  clearly  h o - G en ita lia  red u ced  or absc.nl

o d o r tra ils m o lo g o u s to  th o sc  o f  co ck -

R ep ro d u ctiv e castes
ro ach es

Sm al) a b d o m cn  o f  q u een  vvitlì L argc abd om en  o í q u een  w ith
Hincỉ w in g  w ith  an al lob e H ind w ing  vviihoui anal lob e

sm all o v aries and  g lan d u lar large o v arics  and  g ỉan d u lar P ro n o tu m  w id e and  ílat P ro n o tu m  narrow  and sad d le -

LỈssue Lissue sh aped

C ap aciiy  LO p rod u ce su b stitu ie R ep ro d u ctio n  co n ỉìn e d  to  p ri- W o rk ers

(n e o te n ic )  k in g s  and  q u een s m ary re p ro d u ciiv e  casie C o m p o u n d  cy cs  ĩa ce ted  and pig- C o m p o u n d  cy es red u ced  o r

(im ag e) m cntecl abseiH

P ro n ta l g lan d  ab se n i F ro n ia l glancl presen t M an d ib les as in  p rim itiv e M an d ib les as in d crivatìve

F ro n t c o x a e  sm o o ih F ro n t  co x a e  with ridge o r pro- imagoes imagocs

je ctio n Sold iers

W o rk e rs A n te u n a c  w ith  in an y  seg m en ts A n tcn n a c  w iih  fcw er seg m cn is

F a ls e  vvorker caste p resem T ru e w o rk er caste  p resen i (u p  to  2 9 ) (A s few  as 10)

So ld iers C o m p o u n d  eyes p ig m en ted  and C o m p o u n d  eyes u n p ig m en ted .

H ead e lo n g a te , large, sm o o ih . H ead rouncl, o r e x irem e ly  íla t,
íaced o r  n o n íace ted  o r ev en  a b scn t

so m e w h at íla tten ed , w iih o r p h ra g m o ú c; su r ĩa ce  ro u g h O c e llu s  sp o t p resen i O c e llu s  sp o i absent

large, curved, and toothed bit- o r w iih  ridges and  p rọ je c - M an d ib les w ith  2  o r 3 large M an d ib lcs  w ith  red u ced  m ar-

in g  m an clib les tio n s, m an d ib les elo n g ate  and marginal teeth g in a l teeih

th in , o r  tw ised  for sn ap p in g . So ld iers  p resen t S o k iie rs  absent
o r  w ith  p ro e jc tio n  fo r ĩro n ta l
gland

M a n d ib lcs  w ith  sm o o th  cu ttin g M an d ib les vvith serrated  cu ttin g

ed g es o r  w ith  red u ced  teeth cdges

P ro n o tu m  w ide, ílatlv  co n v e x . P ro n o tu m  n arrow , saddle-

and w ith  srao o th  ed ges shapecl and  so m e tim es w ith  

serrated edges

F ro n t c o  x a  sm o o th F ro n t co x a  rid ge 0 1 ' p ro je c tio n

T h e s c  ch ạn g es  have o ccu rre d  a t v ario u s p laces  in  term ite  ev o lu tio n . M od iB ed  í rom  W ils o n , 1971



stances are isolated from ihe gland: n-hexanoic acid 
in Term opsidae, doclecatrienol in Rhinoterm ilidae, and 
neocem brene in N asutiterm itinae o f the higher ter- 
mites. Many chem icals that are not endogenous to ter- 
mites cause an orientation response. 2- phenoxyethanol 
from the ink o f certain ball-point pens have a trail- 
follow ing effect on C optoterm es ịo rm o sa n u s .

Territoriality  and elaborate division o f labor in forag- 
ing were studied well in the M acroterm itinae and the 
N asutiterm itinae of higher term ites, because som e spe- 
cies o f them forage on the ground. A fungus grower, 
M acroterm es m ichaelsen i in Kenyan savanna, constrưcts 
a large m ound and has a very large íoraging territory 
based on subterranean galleries that extend up to 50  m 
from the m ound, run horizontally, and lead to foraging 
holes on the groưnd suríace. The species possesses four 
sterile castes, m ajor and m inor soldiers, and m ajor and 
m inor w orkers. M aịor soldiers mainly deíend the 
m ound, while m inor soldiers mainly deíend íoraging 
w orkers. M ajor w orkers are íoraging specialists, while 
m inor w orkers m ainly períbrm  intranidal works. The 
division of labor betw cen m ajor and m inor w orkers is 
m ore or lcss different am ong species o f M acroterm es.

D uring thc night, m ajor w orkers em erge írom  the 
ĩoraging hole, cut o ff dead grasses, ĩallen twigs and cow  
dung on the ground, ancỉ bring them  in to the íoraging 
hole. They form íòraging colum ns (up to 1 m) betw een 
the íoraging hole and the íoraging site, both sides o f 
w hich are guarded by m inor soldiers and rarely m ajor 
soldiers. The colum n is attacked by various species o f 
ants. The íbraging areas o f M acrotetm es carbon ariu s, a 
m ound builder in  southeast Asia, change irregularly 
but seem  to be arranged to avoid redundant íoraging 
in the long term (Fig. 18).

Black m arching term ites of H osp italiterm es  o f the 
N asuiiierm itinae in southeast Asia form soldier-led  for- 
aging colum ns reaching up to 100 m in length from  
the nest at the base o f trees to íeeding sites on standing 
tree trunks w here w orkers collect lichens. Solcliers ex- 
plore the íeeding site and recru it w orkers to the íeeding 
site, deíending the w orkers. Three w orker castes show  
division o f labor during food co llection ; m inor w orkers 
gnaw at lichens and form  a food ball that is passed on 
medium  and m ajor w orkers, w hich carry the food ball 
to the nest. M edium  w orkers also form food balls.

Tw o arboreal species of N asutiterm itinae, N asuti- 
term es n ig r icep s , and N. nigriceps  form a clear íoraging 
territory in a Panam anian mangrove íorest. They build 
arboreal nests and forage along carton-convered tunnels 
on branches, w h ich  radiate from  the nest, and have a 
nonoverlapptng íoraging area that is intra- and interspe- 
ciíically  deíended.
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FIGURE 18 D aily ch an g c o f  ío rag in g  areas and  p av em en t track w a y s 

o f  a  fu n g u s-g ro w in g  le rm iie s , M . carb o n ariu s  in  T h a ila n d . F ro m  

Su g io , 1 9 9 5 .

E. Life History of Fungus-Growing 
Termites

A new colony is ĩounded by dealates or budding o f the 
parent colony. In  m ost cases, a pair o f dealates found 
a new colony to be prim ary reproductives. M ultiple 
alate-derived queens are restricted  to the Term itidae 
(ca. 40  species are knovvn). C olony budding is achieved 
by active m igration o f swarm s containing all castes or 
by division of a diffusely organized colony. The form er, 
called a “sociotom y,” is know n only in the Term itidae 
(e.g ., Trinerviterm es betton ianus, T. gratiosus, Sỵnterm es  
territu s , and A nopỉoterm es  spp .). The latter is know n in 
M astoterm itidae, Kaloterm itidae, Term opsidae, R hinot- 
erm itidae, and Term itidae, w here the extension o f nests 
is coupled of production o f  supplem entary reproduc- 
tives.

The life cycle o f Macro term es m ich ae ỉsen i, a socially
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FIGURE 19 Lilc cyclc o f thc fungus-growing termite, M acroterm es m ichaelsen i, in iht' grassland o f Kenya. From Abc, 199:5.

advanced fungus-growing species of the Term ilidae in 
the grassland of Kenya, is show n in Fig. 19. After the 
nuplial ílight at the beginning of rainy season, a male 
(king) and female (queen) pair of dealates form a tan- 
dem , dig a small cell in the soil, copulate, and initiate 
a subterranean incipient colony. O ccasionally three or 
m ore dealates found a new colony together. The pri- 
m ary queen begins to lay eggs vvithin a tevv days after 
m ating. They hatch after som e weeks.

T he íirst brood is tended by the king and queen and 
is differentiated into soldiers as well as workers. The 
íìrst w orkers begin íoraging at about lOth week after 
colony íbunding in the fungus grower M icroterm es. The 
king and queen are sim ilar in body size at colony found- 
ing, but the abdom en of the queen becom es m uch larger 
than that o f the king with time.

W ith in  a few years, M. m ichaelsen i constructs a 
m ound that reaches 3 m in height at the mature stage. 
A large m ound builder has a terrúory based on subterra- 
nean galleries, which run horizontally in a shallow layer 
( 1 0 - 1 5  cm ). Young subterranean colonies can survive 
w ithin the terrítories o flarg e  m ound builders, because 
they are located at a deeper layer ( 2 0 - 4 0  cm ) than the 
subterranean galleries of large mound builders and are 
able to avoid their attack. However, with colonv growth 
they construct íbraging galleries in the shallow layer and

are killed by large m ound builders. Thus in M acrolerm es  
m ichaelsen i, large m ounds tend to be uniíorm ly distrib- 
uled due to territoriality , and small (young) m ounds 
are rare in Kenya.

On the other hand, both large and small m ounds 
of M. beỉlicosus  are distributed random ly in Nigerian 
savanna. The m ortality rate of large m ound builders of 
M. bellicosus  is very high due to predation by doryline 
ants and aardvarks. Thus, young subterranean colonies 
are not seriously aíĩected  by the proxim ity of m ound 
builders and survive 10 construci sm all mounđs, w hich 
are random ly distributed.

A m arked increase in the num ber of small m ounds 
follow ing the death of large m ound-building colonies 
due to the severe drought has been reported M. 
bellicosu s  in Senegal and M. subhyalinus in Kenya. 
Thus, when the m ortality rale o f large mounds ís low, 
they show uniform  distribution due to iheir territorial- 
ity, whereas when their mortality rate is high, young 
m ounds are continuouslv  added and mounds as a whole 
tencl to show random  distribution. The duralion of 
m ound occupation has been poorlv understood: 80  
years for M acrotcrm es  in  Aírica, m ore than 100 years 
for a large mound of N asutitcrm cs triodictc in Australia, 
and 20 to 40  years for A m itcrm cs vitiosus in northern 
Australia.



V. THE GLOBAL DỈVERSIFICATION 
OF TERMITES

A. Major Events in Termite History
T hrec m ajor events o f global d iversiíìcation that Isopt- 
era has experienced are identified (Higashi and Abe, 
1997): (a) the evolutionary radiation of original ter- 
m ites, (b) the expansion  and diversification of separate 
type term ites and the d iversiíĩcation  o f one-piece type 
term ites driven bv the expanding separate type term ites 
into fragm ented habitats, and (c) the radiation of 
h igher term ites.

As stated earlier, C retaceous íossil species belonging 
to H odoterm itidae, Term opsidae, and M astoterm itidae 
are knovvn írom  Europe, Asia, and N orth and South 
Am erica. This show s that prim itive low er term ites had 
been globally d istributed and diversiíied in ihe Creta- 
ceous. Thereíore, the first event, the evolutionary radia- 
tion of original term ites, m ust have occurred at latest 
in th e ju ra ss ic  and C retaceous periods of the M esozoic. 
All living species o f H odoterm itidae are specialized in 
grass fceding, w hile living species o f Term opsidae and 
M astoterm itidae are wood feeders. Grass ĩeeding habils 
of the H odoterm iúdae m ust have evolved in the Tertiary 
period, and C relaceous H odoterm itidae m ust have con- 
sum ed wood, because grasses evolved in the Tertiary.

The fact ihal the oldest fossil record  is the worker 
of H odoierm itidae is in teresting, because this suggests 
thai the evolution o f the w orker casie occurrcd  in the 
M esozoic. W e do not know  if C relaceous term ites of 
H odoterm itidae nestecl in wood or soil.

Many fossil species o f the Kaloterm itidae whose liv- 
ing species are m ostly of the one-p iece type have been 
(ound in the Tertiary period. Ít is probable that the 
second m ajor event, the expansion and diversiíìcatìon 
of separate type term ites and the diversiíĩcation of the 
one-p iece type term ites driven by the expanding sepa- 
ratc type term ites into ừagm ented habitals, occurred 
in the Tertiary.

Only a few  íossil species o f the higher term ites are 
know n from  the Tertiary. The third event, the radiation 
of higher term ites, may have occu rred  in the late Ter- 
tiary or the Q uarternary. O n the other hand, the world- 
wide d istribution o f higher term ites suggests their early 
evolution and dispersal beíbre the breakdow n of Gond- 
wanaland in the Cretaceous. As show n later, it is quite 
difficult for term ites to cross the oceans. It is probable 
that the radiation o f h igher term ites may have occurred 
in the late Tertiary or the Q uarternary, although the 
origin of higher term ites may be beíore the breakdow n 
of G ondw analand in the C retaceous.

B. Dispersal Ability of Termites
Islands sterilized by volcanic eruption are good for 
studving the process of colonization. In 1883 , Krakaiau, 
located about 60  kin from Java and 40  km from Sum alra, 
erupted violently and more than half of thc island disap- 
peared, leaving the rem aining Krakatau and two neigh- 
boring islands. The entìre ílora and fauna of ihe islands 
were alm ost destroyed, but they were rapidly colonized 
by organism s of Java and Sumatra.

In the Krakatau Islands, three, three, and seven spe- 
cies o f term ite werc collected in 1908 , 1 9 1 9 -1 9 3 3 , and 
1982 , respectively. They vvere characterized by the 
dom inance of the lower term ites (Kaloterm itidae and 
Rhinoterm itidae), the one-piece type, and the absence 
of soil feeders, although a wood-feeding arboreal species 
of N asutiterm cs  o f the higher term ites was íound ìn the 
Krakatau Islands. On ihe other hand, the supposed 
source area (the tip of W est Java) was characterized by 
higher species diversily (13  species), the dom inance 
of higher term ites and separate type, and the presence 
o f soil feeders. In the úp of W est Java, the one-piece 
type term ites of the Kaloterm itidae are confined to the 
C oastal  íorest, w h i le  s o i l  fe e d e r s  are  c o n R n e d  to  i n n e r  

íbrests.
Alates o f lerm ites are specialized for dispersal w ithin 

a zone of calm air near the ground. The dispersal dis- 
tances are short in lower term ites (up to 300  m ) and 
a little long in higher term ites (a few kilom eters). It is 
not im possible but difficult for term ites to disperse 
widely or to rcach rem ote islands by ílight. Therefore, 
term ites usually cross the sea by rafting. The K aloterm it- 
idae, the first colonizers, have some preadaptive attri- 
butes for oversea dispersal: (a) they tend to be confined 
l o  th e  Coastal  a r e a  a n d  may b e  e a s i ly  swept into th e  

sea, (b ) they are more tolerant to sea water than other 
lypes, and (c) their caste differentiation is ílexible.

On the other hand, it is difficult for soil-feeding 
term úes to cross the sea because they have little oppor- 
tunity to be in rafting wood. Thus the dom inance of 
the Kaloterm itidae (one-piece type) and the R hinoter- 
m itidae (interm ediate type) in many islands is explained 
in terms of ihe differential dispersal ability of term ites.

c. The Evolutionary Radiation of 
Original Termites

The íìrst eveni, the evolutionary radiation of the original 
term ites ìnto a new habitat o f wood throughout the 
world, may have been driven by an efficient utilization 
o f wood as an abundant and stably supplied food re- 
source and ncst substrate, w hich becam e possible by



the evolution of two sym bioses for term ites (i.e ., the 
cellulose digestion sym biosis with cellulolic ílagellates 
and the C-N balance sym biosis with nitrogen fixing 
bacteria). All descendants of the M esozoic fam ilies of 
H odoterm itidae, Term opsidae, and M astoterm itidae 
harbor sym biotic ílagellates and nitrogen-fixing bacteria 
in  the gut.

O nce a term ite obtains a means for digestion and 
C-N balance through association w ith m icroorganism s, 
then w ood, w hich is superabundant but extrem ely hard 
to digest and C-N unbalanced, becom es a “well-pro- 
tected” íood resource that can be m onopolized by the 
term ite. The diversiíìcation of term ites into the Hodot- 
erm úidae, Term opsidae, and M astoterm itidae together 
w ith their worldwide distribution in the Crctaceous 
may be viewed as an exam ple of niche opening, w hich 
often leads to an adaptive radiation.

C onquering ihe wood habitat should prom ote the 
evolution of a false w orker caste, because life in a piece 
of wood causes (a) greater need for concentrating nitro- 
gen, (b ) higher possibility o f nesi succession due to the 
longer duration time of the nest relative to the longevity 
of reproductives, and (c) lower possibility of finding 
an alternative nesting place due to the heterogeneity 
o f resource (w ood) distribution. The evolution of this 
subsociality  should íurther have enhanced the opporlu- 
nity for eusociality— that is, the production of sterile 
soldier caste.

D. Separate Type Expansion and One- 
Piece Type Diversification

The second m ạjor event came with the developm ent of 
separate type term ites, w hich separate their feeding sites 
from  their nest. They may have expanded, replacing the 
existing  one-piece type term ites through a com petitive 
exclu sion  process, the detail of w hich was exam ined 
by Higashi and Abe (1 9 9 7 ). This is a consequence of 
asym m etrical com petition betvveen one-piece and sepa- 
rate types due to the fact that a piece of wood is food 
and nest for the one-piece type but only food for sepa- 
rate type term ites. On the other hand, som e groups of 
one-p iece type term ites, w hich vvere driven out by the 
expanding separate type term ites into ữagm ented habi- 
tats, should have gone through a diversiíìcation process.

T his process could be reconstructed based on the 
present peculiar distribution patterns of one-piece type 
term ites and separate type term ites. The three groups 
of one-pìcce termites shoNV' quite differe.nt margínal dis- 
tribution patterns. Damp wood term ites (all species of 
Term opsidae) show a clear am phitropical distribution 
(Fig. 2 0 ). Ordinary wood term ites of P rorhinoterm cs are 
\videly distributed in tropical and subtropical regíons

but tend to be coníìned to islands. Dry wood term ites 
(Kaloterm itidae) are also widely distributed in the tropi- 
cal and subtropical regions but tend to be coníìned to 
dry dead parts o f standing trees.

On the other hand, separate type term ites, repre- 
sented by the Term itidae, are widely distributed in trop- 
ical m ainlands, the Central areas of terraite distribution. 
lnterm ediate type term ites, represented by Rhinoter- 
mitidae, are widely distributed from  tropical to temper- 
ate regions. Thus the distribution of the one-piece type 
and separate type is com plim entary, while that o f inter- 
mediate type covers the ranges of both types.

A lthough a full explanation of such d istribution pat- 
terns requires one to take into consideration other fac- 
tors such as plate tectonics and global change of clim aie, 
ecological m echanism s, speciíìcally interspeciíĩc inter- 
acúons and differential dispersal ability, have been a 
m ajor force in determ ining the ranges of distribution.

The asymnnetrical coinpetition theory predicts ihat 
as the latitude (ocean) gets higher (closer), the resource 
supplv rate of the one-piece type increascs relative to 
that o f the separate type, because more wood is available 
to the one-piece type due to the slovver decay rate of 
damp (dry) wood at higher latitude (seacoast) areas 
under a given predation pressure. Thus, the one-piece 
type may com pensate ils disadvantage from its asym- 
m etrical com petition with the separate lype and be- 
com es dom inant at higher latitude (seacoasi) areas. This 
explains the questioned marginal disiribution paiterns 
of damp and dry wood term ites. The dislribution of 
ordinary wood term ites confined to islands may simply 
be explained as a result of escape from asym m etric 
com petition due to their dispersal abiliiy.

Separation of ĩeeding site from nesl (reproductive 
site) should enhance the C-N balance sym biosis by 
adding the option of selective carbon elim ination and 
prom oting the evolution of a true w orker caste. These 
should further have enhanced the superiority of the 
separate type in resource utilization, ihus driving the 
expansion and diversiíĩcation of separate type termites.

Am ong the one-piece type termites driven out by 
the expanding separate type termites, those groups 
driven into fragm ented habitais along seacoasts and 
islands are expected to have gone through a diversiíìca- 
tion process. In fact, dry wood term ites show a high 
species diversity as a íamily.

E. The Radiation of Higher Termites
The third m ajor event, the radiation of higher term ites 
that are free from Aagellates, may have been driven by 
the advantage that a termite would have if it could 
digest cellulose efficientlỵ enough and clim inate cellu-
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FIGURE 20 D istrỉb u tio n  o f  ih e  T erm o p sid ae . F ro m  E g g leto n , 2 0 0 0 .

lolic ílagellates, w hich becam e possible by elim inating 
the lignin cover, the m ajor obstacle in cellulose utiliza- 
tion, perhaps through the sh iít o f their diet írom w ood 
to a food w ith less lignin cover.

Those term ites that becam e higher term ites m usl 
have obtained their own cellulase activity. The present- 
day term ites have their own cellulase activity. W h ai 
prevents the elim ination  of cellu lolic ílagellates from  
low er term ites may be the inefficiency o f the term ites 
in  cellulose d igestion, w hich should cause the term ites 
a shortage o f (n o t glưcose but) energy supply. T hu s, 
cellu lolic ílagellates are still sym bionts to low er ter- 
m ites, though they are not for cellulose digestion but 
for energy supply. Higher term ites are those that su c- 
ceeded in increasing the effìciency of cellulose digestion 
to the extern that they no longer need help from  cellu - 
lo lic Aagelìates for energy supply either. This may be 
the driving force for their radiation.

For increasing the effìciency o f cellulose digestion, 
the elim ination o f the lignin cover is expected to b c 
the m ost effective. An obvious m eans to achieve the 
eliin ination  o f the lignin cover is to shift the diet from  
wood to a food with less lignin cover. The nest-food 
separation m akes possible the selection  o f food. T hu s, 
it is expected  that higher term ites may appear only from  
separate type term ites, w hich is indeed the case.

Three m ajor groups of higher term ites are recog- 
nized: nasute term ites (N asutiterm itinae), soil (hu - 
m us)-feeding lerm ites, and íungus growing term ites, 
although there is som e overlap am ong them. They seem  
to have succeeded in the elim ination o f the lignin 
cover.

The N asutiterm itinae show  the broadest distribution 
and the highest species diversity am ong the higher ter- 
m ites. T heir radiation was driven by the evolution of 
a new type o f soldier w ith a chem ical weapon against 
ants, their m ajor predator, w hich made it possible to 
íorage out m ore freely and select food with less lignin 
cover. The radialion o f soil íeeders was driven by the 
sh ifi o f diet from  wood to hum us, w hich contains less 
lignin. The radiation of fungus-grow ing term ites was 
driven by broadening the diet and a new sym biosis w ith 
fungi for C-N balance and for lignin reduction.

VI. TERMITES IN ECOSYSTEMS

A. Terrestrial Ecosystems
Terrestrial ecosystem s have som e characteristics differ- 
ent from  aquatic ecosystem s— for exam ple, the dom i- 
nance o f the detritus chain am ong grazing, detritus,



and m icrobial chains; the rare cascading effect of preda- 
tors on vegetation; the abundance of fungi; and so on. 
This is partly because vascular plants in  terrestrial eco- 
system s produce lignin, an organic m atter exirem ely 
resistant to chem ical degradation. Plants cover cellulose 
w ith lignin to form lignocellulose as a m ajor com ponent 
of the cell wall. Cellulose is an energy source for many 
heterotrophs, but its availability decreases markedly 
when covered with lignin.

Lignin makes it p o ssib le  for t e r r e s t r ia l  plants to sup- 
port leaves horizontally and transport water írom root 
to leaves and branches, providing various heterotrophs 
with heterogeneous habitats. Furtherm ore, lignin regu- 
lates the decom position process o f dead plant material, 
and its rem nants play an im portant role on the forma- 
tion of hum us associated wiih soil fertility.

Therefore, lignin is a key substance for understand- 
ing the architecture and the material flow in terrestrial 
ecosystem s. Considering ihal m icroorganism s, espe- 
cially fungi, are m ajor decom posers of lignocellulose, 
fungi are reasonably abundant in terrestrial ecosystem s,

whereas they are poor in aquatic ecosystem s that 
lack lignocellulose.

Brown rot am ong fungi mainly decom poses cellu- 
lose, whereas white rot decom poses both lignin and 
cellulose. M ost soil anim als are not able to decom pose 
lignin chem ically but decom pose it physically and pro- 
mote the chance of con iact betw een lignocellulose and 
m icroorganism s. Term ites are distinct among soil ani- 
mals in that som e of them decom pose lignocellulose 
efficiently with the aid of m icroorganism s in the gut or 
in the nests.

Many term ites live in lovvland tropical forests, where 
50 to 8 0  species are found in 1 ha area in Fig. 21. 
Theìr food is rich in variety including dcad branches 
of living irees, fallen logs, íallen leaves, lichens, and 
soil. Those term ites are functionally largel)' divided into 
two groups: soil ĩeeders and litter íeeders. Litier íeeders 
are íurtherm ore divided into lignocellulose íeeders and 
cellulose feeders.

Soil íeeders, conRned to threc subíam ilies o f higher 
term ites, are concerned with the form ation of humus

K aloterm itidae R liinoterm itid ae T crm itin ae  M acro lerm itin ae N asutiterm itinae

FIGURE 21 T erm ites  in  low land dipterocarp ío res i in W cst M alaysia . K alm erm iú d ae : 1. G ìyp loterm es ; 2. 

N eoterm es; R h in oterm ilid ae : 3 . Tennitageton : 4 . C optolcn n es; 5. P a rrh in o tam es ;  6 . S chedorhinotcn nes; 7. Hetcro- 
tm n es ;  T erm itin ae : 8. P rotoham itcrm es ; Q. Pivham iterm cs; 10. Labritcrm cs: 11. Cilobitennes: 12. MÚIOCÍ'1'otcnncs: 

13 . A m itennes; 14. Procapi iterm es; 15. P a ica p ríterm es ; 16. C oxacapriterm es;  17 . O ricncapritcrm es; 18. Sỵncaprí- 
icrm cs; 19. M irocapritcnncs; 2 0 - Dicuspidilcrmi-s; 2 1 . Homc.Uoíermcs: 22. Tcnncs  (in  H ospitaỉitcrm es  ncstV. 
M acro term itin ae : 2 3 . M acio len n es ; 2 4 . M icrotcrm cs: 25. O d o iu o lm n es ; 26. H ypotenncs; N asu tite rm iiin ae : 27 . 
H iit itam cs ,  2 8 . H avilanditcnnes; 29. Nasutitcrm cs; 3 0 . Bulbiterm es; 31 . LaLCSsititcnncs; 32 . H ospítiilitcrm cs; 33. 

Longipcditcrm cs; 34 . Leucopitcrm cs; 3 5 . A c icu litam e s; 3 6 . A ciculio iíliterm es; 3 7 . S iibu ỉio íiiírn n cs: 38. M alavsio tcr- 

mes; 3 9 . P roaácu litcrm es; and 40 . O riensubuìitcrm es. F ro m  M ah berley , 1 9 9 2 .
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o  Soil-teeders
D Wood-feeders, wood/soil intertace-teeders 
A M. parvus (wood-feeder)
A A. acanthothorax (fungus-grower)

FlGURE 22 P lo i o f  m ean  Ổi5N ag a in si m ean <5nc  for th e  tissu e s  o f  

w o rk er ca s te  te rm itcs  from  th c M b alm ayo  P o rest R eserv e , C am ero o n . 

Soil íccd ers  (c o lo n ỉe s  o f  e ig h i s p e c ie s , o p cn  c ir c lc s )  c lu ste r  at th e  top 

right and c o lo n ie s  o f  th e w o o d -fecd in g  M ìcroceroterm es pcuvus (o p cn  

tr ian g les) a i lovver lc fi. S p e c ies  íeed in g  on h ig h ly  d ecaved  vvood 

(C eplư ilotennes rectcỉngulcỉris; Tenn es hospes)  are in term ed ia te . A s in - 

g le íu n g u s g ro w er, A canthoterm es acan lhothorax ,  an d  th e  w ood-feecl- 

in g  N asu iiícn n es ỉơli/rons  are  a lso  sh ow n . F ro m  T ayasu  cl Cil., 1997.

associated with soil íertility. Lignocellulose feeders 
(íungus grovvers o í M acroterm itinae) decom pose both 
lignin and cellulose rather com pletely w ith the aid of 
the white rot, T erm itim ỵces. As they do not leave many 
lignin rem nants, they may íim ctionally  well be called 
giant m oving white rot. Cellulose ĩeeders, including 
m ost o f the other term ites, decom pose cellulose in dead 
plant m aterial, leaving lignin rem nants. They may func- 
tionally well be called giant m oving brow n rot. Roughly 
saying, soil feeders, wood íeeders, and lignocellu lose 
íeeders occu py about 45% , 45% , and 10%  o f living 
term ite species, respectively.

W e do not know  w hat substrates soil íeeders really 
eat. Soil íeeders can generally be distinguished from  
litter íeeders by intestinal m orphology, the stable iso- 
tope ratios o f carbon and nitrogen (Fig. 2 2 ), and by 
the higher activity o f certain gut bacteria, notably m eth- 
anogens and organism s able to íerm ent reduced and 
recalcitrant substrates, including arom atics. An inter- 
esting idea that soil íeeders eat m icroorganism s such

as bacteria and íungi in ingesied soil, and thereíore are 
im portant m em bers of m icrobial chain in the tropical 
forests, is partly supported by the stable isotope analysis 
and the detection of lysozym e decom posing cell wall 
o f bacteria, but this theory has not been proved.

B. Functional Role of Termites
T axonom ic com position and feeding habits o f term ite 
assem blages in som e A ỉrican habitats are show n in Ta- 
b le V I. The species diversity is the highest in the tropical 
íorest and decreases from íorests to arid ecosystem s. 
The dom inant feeding habits gradually change írom  
soil-feeding lo wood- and litter íeeding (cellu lose and 
lignocellulose íeeding). The species diversity o f íungus 
groxvcrs (M acroterm itinae) is the highest in  slightly clry 
areas such as savannas and dry íorests where soil íungi 
are poorer than in m oist íorests. A sim ilar tendency is 
recognized in tropical ĩorests o f southeast Asia.

The change may be explained in relation to the activi- 
ties o f fungi. Soil íeeders are abundant and divcrsified 
in  tropical rain íorests where fungi, in  particular white 
rot, may be active and decom pose lignocellu lose effi- 
c iently , decreasing the litter accum ulation on the 
ground. On ihe other hand, lignocellu lose ĩeeders cu lti- 
vating white rot o f T erm itom ỵces  in the nest cham bers 
vvith high hum idity and tem perature are dom inant in 
slightly dry tropical areas where the low hum idity may 
suppress thc decom position o f lignocellu lose by white 
rot. Cellulose feeders arc widely distributed in areas 
w here íungi may be inactive due to low tem perature 
and inadequate hum idity.

A bundance o f lerm ites som etim es exceeds 1 0 0 0 0 /m 2 
and 10 g wet w eight/m 2, although it is usually up to 
4 5 0 0 /m 2 and 10 g wet w eight/m 2. The biom ass o f 10 g 
wet height/m 2 is equivalent to 2 5 0  persons/km 2 and 4 0  
kg/person in hum an beings. In the tropical rain foresi 
o f Malaysia where ĩungus growers are dom inant, as 
m uch as 30%  of the leaf litter supply is consum ed by 
term ites. In a Guinea savanna in Nigeria where fungus 
growers are dom inant, term ites consum e up to 55%  of 
suríace litter. Term ites are responsible for up to 20%  
o f total carbon m ineralization in the savannas o f Africa. 
Consum ption o f dead plant m aterial by term ites in- 
creases w hen íungus growers are dom inant, because 
they consum e five to six  tim es m ore food per unit of 
biom ass than other term ites.

Term ites are consum ed by a great variety of anim als 
ranging from ants to hum an beings, íorm ing a large 
detritus chain. Furtherm ore, a large num ber o f alates 
produced by m ature term ite colonies are eaten by birds
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and spiders in the canopy, jo in in g  the grazing chain  of 
terrestrial ecosystem s.

c. Termites and Soil
W h ile  the d istribution and abundance o f term ites are 
in íluenced  by clim atic cond itions (air tem perature and 
hu m id ity), soi! properties, and vegetation, term ites 
m odiíy local clim ate cond itions, soil properúes, and 
vegetation through the activities o f build ing m ounds 
and excavating subterranean galleries. The effect o f ter- 
m iies on soils has been w ell exam ined in the textbook 
T erm ites an d  Soils  by Lee and W ood (1 9 7 1 ) .

Term ites can m odify the soil proRle by rem oving 
soil from  various depths (up to 70  m ) and transporting 
it tơ the ground surface in the form  of runvvays, sheet- 
ings, or m ounds, from  where it is redistributed by water 
and wind erosion. In Central Africa, term ites o f M ac- 
roterm s  form  huge m ounds up to 10 m  in height and 
3 0  m  in diam eter. Excavation o f subterranean galleries 
has positive effects on the hydraulic conductivity  and 
in íìltration  rates.

Large m ounds built by species o f M acroterm itinae 
in A írica and Asia oíten  support a vegetation com prising 
trees and shrubs that is quite d istinct from  that of the 
surrounding soils. This difference is considered due to

protection from fire, improved drainage, greater soil 
dcpth, higher soil moisture, and improved soil ĩertility. 
Cation change capacities (C E C ), exchangeable cations 
(C a, Mg, Na, K ), and base saturation decrease with 
increasing distance from the mound of M acroterm cs  
m ichaelsen i in  the grassland o f Kenya and available 
phosphorous and N 0 3' nitrogen are high near the 
m ound. This causes the change o f vegetation; m axim um  
stạnding stock  o f plants occu rs near the m ound base and 
the number of plant species increases with increasing 
distance from a m ound. Figure 23  show s a schem atic 
diagram depicting the in íluence o f term ite m ounds on 
plant growth.

T he term ite m ound supports a higher level o f bacte- 
rial aciivity than ad jacent top soil, especially o f cellu lose 
decom posers, and the activities o f these m icroorgan- 
ism s result in  the release o f nutrients in to the m ound 
soil. M any species o f higher term ites have developed to 
store the íragm ents o f grasses and leaves in  the m ounds 
m ainly in som ew hat dry regions. The stored íragm ents 
are heavily colonized by m icroorganism s. The storage 
cham bers may have the specific íu nction  o f decom posi- 
tion cham bers and the process may be sim ilar to the 
fungus gardens o f the M acroterm itinae in that it pro- 
vides the colony with organic m aterial enriched  in ni- 
trogen.



Termite Abundancc and Bioinass in Tropical Regìons 
(AFR, Aírican; NEO, Neolropical; ORI, Oriental

A b u n d an ce B io m ass g 

E co sy stem s R egion  n os. IT T 2 m ~'

Primary or near-primary lorest

R iverin e forest (C o n g o )

R iverin c Ibrest (N igeria )

S em id ecid u ou s forest (N igeria) 

S en iid ecid u ou s forest (C a m ero o n ) 

R ain íorest (P u erto  R ico )

R ain tbrest (A m azo n ia)

R ain foresl (P a so b , w .  M alavsia)

W el ev ergrecn  (S. In d ia)

M o n ian e (G u n u n g  M u lu , E. M alaysia) 

R ain íoresi (d ip le ro ca rp , E. M alavsia) 

R ain íorest (k eran g as  lica th  lorest) 

Secondary foresl or tree plantation 

Term inalia plantaticm  (1  y r) (C a m ero o n ) 

T erm inalia plantalion  (5  y r) (C a m ero o n ) 

Secon d ary  lorest ( 4 0  y r) (C a m ero o n ) 

T ro p ic a l sav ann a 

Grass sav ann a (C c m ra l A írica)

D erived savann a ( w .  A lrica)

G u in ea  savann a ( w . A írica)

G u in ea savann a ( w . A frica)

A cacia savann a (S . AIYica)

Broad lcaved park lan d  (S o u th  A ừ ica )

Agro-ecosystcms

G razed  p astu rc (W . A írica)

M aize (1  yr, w .  ATrica)

M aize ( 8 - 2 4  yr, w .  A írica)

Sugar can e (W . A frica)

T e m p e ra le  scrubs

Medilerranean scrubs (W. Australia)

A FR 1 0 0 0 ca. 11

A FR 2 6 4 6 6 .9

A FR 3 1 6 3 8

A F R 2 2 8 2 - 6 9 5 7 8 .3 1 - 1 2 3 .2

N E O 8 7 - 1 0 4 0 - 1

N EO 1 865 6 .0 - 7 .5

ORT 3 2 0 0 - 3 8 0 0 ca .9

OR1 2 0 1 1 - 2 4 4 9 3 .6 2 - 3 .7 2

O RI 3 8 - 2 9 5 0 .0 1 - 0 .7

OR1 7 7 9 - 1 6 0 3 1 .1 - 1 .8

OR1 2271 c a .4

A F R 2 4 4 - 2 9 5 9 0 .4 3 - 1 9 .8 9

A F R 5 1 7 0 - 6 7 0 3 1 0 .9 8 - 3 5 .1 3

A PR 2 3 2 8 - 1 0 4 8 8 3 9 . 1 1 - 1 1 4 .K

A F R 6 1 2 - 7 0 1 L .3 - 1 .9

A F R 861 1.7

A FR 2 9 6 6 3 .6

A FR 4 4 0 2 11.1

A FR 7 3 2 0 .9 8

A F R 3 3 0 0 8 .4 3

APR 2 0 1 0 2.8

A FR 155 3 1.7

A FR 6 8 2 5 18 .9

A FR 4 8 0 0 5 .4

AUS 2 7 - 4 5 0 .9 7 - 1 .9 3

D. Termites and Human Disturbances
The abundance and species diversity of term iles tend 
to decrease when tropical ỉorests and savannas are 
cleared and modified (Table V II). At first soil íeeders are 
replaced by fungus growers and then by wood íeeders in 
Aĩrica and Asia. Hovvever, the destruction of natural 
ecosystem s and their replacem ent by other ecosystem s 
in som e cases provides suitable habitats for som e groups 
of term ites, leading to an increase in their population. 
Zinimerman ct a l. (1 9 8 2 ) were the fưst to draw attention

to the topic in relation to the production of greenhouse 
gas by termites.

The global concentration  o f atm ospheric m ethane, 
a greenhouse gas, is increasing in recent years at an 
annual rate of about 1%. This has been mainly attributed 
to paddy rice cultivation, enteric ferm eniation (m ainly 
by rum inants), biom ass burning, and fossil fuel con- 
sum ption. Term ites have high biom ass and em it m eth- 
an e in many tropical ecosystem s.

Much research has been done on the global estim ates 
o f terinites, m ethane production by various groups of



lerm ites, oxid alion  o f m ethane produced bv term iies 
in the soil, and the im portance o f m ethane production 
by term itcs on global clim atic change. The rate o f emis- 
sion o f m ethane by term ites điffers betw een species 
and íeeding habits. Soil feeders tend to produce more 
m ethane than wood feedcrs on a biom ass-sp eciíìc basis. 
An im portant fact is that a large am ount o f m ethane 
produced by subterranean term ites is oxidized by mi- 
croorganism s in the soil. Thus the annual contribution 
by term ites is estim ated to be less than 20  Tg and 
probably less than 10 Tg (ca. 4%  and 2% of global total 
from  all sources, respectively).

Term ites usually consum e dead plant m aterial and 
do not attack living plants in natural íorests. However, 
som e term ites that are able to survive in agricultural 
ecosystem s becom e harm íul to crops (H arris, 1971). 
T h is tendency is stranger w hen the crops are exotic. A 
few hundred species o f term ites cause damage and only 
about 50 species are serious pests (P earce, 1997 ).

See Also the Following Articles
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GLOSSARY

d om inani sp ecies Species that owe their influence to 
iheir high abundance. Such organism s accou nt for 
m ost o f the b iom ass in a com m unity , and thus are 
the prim ary com ponents o f com m unity structure. 
Trees in íorests, m ussels in rocky intertidal habitats, 
grasses in  grasslands, and kelps or corals in near- 
shore sublidal h a b i t a t s  are all dom inant species. 

intcraction webs (íunctional webs) Subset of species 
that through their in teractions and responses to abi- 
otic factors m ake up the dynam ic core o f food webs 
or com m unities. These webs include keystone spe- 
cies, d om inants, and other strong interactors. 

key-industry  sp ecies  Prey of interm ediate trophic sta- 
tus that support a large group o f consum ers. 

keystone sp ecies C onsum ers that have a large effect, 
and one that is d isproportionately large relative to 
their abundance, on com m unities and ecosystem s. 
U niquely, the strong effects o f keystone species on 
their in teracting species exert extensive in íluence, 
oíten indirectly , on the structure and dynam ics of 
com m unities and ecosystem s. T hey  are a d istinct 
subset o f a m ore broadly deíĩned set o f “strong inter-

actors” that also include species having strong effects 
on interacting populations but not necessarily on 
com m unities or ecosystem s. Keystone species can 
include predators, parasites, pathogens, herbivores, 
pollinators, and m utualists o f higher trophic status, 
but generally are not plants, sessile anim als, or “re- 
sources.”

s tro n g  in te ra c to r s  (íò u n d a tio n  s p e c ie s )  Species that 
have a large effec( on ihe species (one or a few) w ith 
which they interact. Com m unities and ecosystem s 
may have many strong interactors, and such species 
may occur at al] trophic levels. “Strong interactors” 
is a more general term that can include keystone 
species, but not all strong im eractors are keystone 
species. A sim ilar idea is “foundation species,” de- 
íìned as the group of critical species whose effects 
and interactions deíine m uch of the structure of a 
com m unity.

w eak in teractors Species that have little effect on other 
species, at least under average conditions. Under 
som e circum stances, weak interactors may occupy 
im portant roles in ecological com m unities as a result 
of changes that lead to temporary increases in their 
abundance, size, or biom ass.

KEYSTO N E SPECIES W ERE  originally defined as spe- 
cies high in the food web that greatly modify the com po- 
sition and physical appearance of an ecological com m u- 
nity. The original keystone species was a carnivorous
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sea star occurring in a m aríne rocky intertidal habitat 
dom inated bỵ macroalgae, m ussels, barnacles, and 
other invertebrates (Paine, 1966). Im plicit in the iniiial 
deíìnition was the idea that keystone species have effects 
that are disproportional to their abundance. This con- 
cepl was formalized bv Robert Paine in the 1960s: “the 
patterns of species occurrence, distribution and density 
are disproportionately affected by the activities o f a 
single species o f high trophic status” (see Power ct a i ,  
1 996 ). W ith  tim e, the number o f exam ples of apparent 
keystone specíes grew, leading to heightened awareness 
that the phenom enon was more general, and therelore 
more im portant, than originally ihought. This increas- 
ing fam iliarity with, and em bracing of, the concept of 
keystone species led vvorkers to broaden its deRnition 
and, perhaps inevilably, to extend it to questionable 
applications (M ills et a i ,  1993). Thus, in additíon to 
keystone predaiors, vvorkers deíined “keystone herbi- 
vores,” "keystone prey,” “keyslone m utualists,” “key- 
stone hosts ,” “keystone resources,” “keystone guilds,” 
and “keystone m odiíiers.” One idea, the “extended key- 
stone hypolhesis,” considered that every com m unity or 
ecosystem  has several keystone species, which are ihose 
that dom inate com m unity structure. and dynam ics. Si- 
m ultaneously, many researchers sim pliíìed the deíĩni- 
tion of keystone species to refer to those m em bers of 
a com m unity that had some large eiĩect, regardless of 
ihe keystone’s relative abundance or trophic status. 
These alterations led Mills and covvorkers to queslion 
the uselulness o f the concept. Their critique stimulaied 
a com prehensive review of these and relaied issues 
(Pow er et a i ,  1996 ; see Section II). One outcom e of 
the recent controversy has been lo reĩocus attention on 
keystone species and the overall im portance of this 
concept in understanding the dynamics o f ecological 
com m unities. This article surveys the roots of the issue, 
considers the precise meaning of ihe term , and revievvs 
several case sludies. It then addresses problem s in m eth- 
ods of docum enting keystone effects, in the identiíica- 
tion  of keystone species, and in determ ining the context 
under w hich keystone effects are likely. Finally, it evalu- 
ates the concept in the broader context o f the strength 
o f in teractions am ong species, and concludes with com - 
m ents on future directions of research.

I. HISTORICAL PERSPECTIVE

A. Identiíìcation of Pisaster ochraceus as a 
Keystone Species

In  19 6 6 , Paine (1 9 6 6 ) reported the results o f a study 
o f the role of predatory sea stars in structuring marine

intertidal com m unities on a rocky shore on the ouler 
coasi o f W ashington State. In temperate regions, such 
com m unities typically display a striking spatial pattern 
calìed “zonation .” The hallm ark of this pattern is that 
dom inant space-occupying organisms are arranged in 
vertically stackecl horizontal bands. For exam ple, tem - 
perate shores com m only have a band of barnacles and 
fucoid algae on the upper shore, a band ol m ussels on 
the middle shore, and a band of m acroalgae on the 
lovver shore. O n the W ashington coast, the m acroalga- 
dom inated “low zone” also harbors various m obile and 
sessile invertebrates, incliiding limpets, ch itons, sea ur- 
chins, w helks, anem ones, and, signiíìcantly, the sea star 
P isaster ochraceu s. A particularly intriguing íeature of 
the zonation pattern was the sharp dem arcation be- 
tween the mussel bed and the low algal zone. O bserving 
that low -zone-occupying sea stars fed regularly on mus- 
sels, and ihat the only abundant source of m ussels was 
higher on the shore in ihe middle zone, Paine postulaled 
that predation by sea stars determ ined the sharp lower 
lim il to m ussels. Speciíìcally, he speculatecl thai at high 
tide, sea stars rnoved up from their low tide resting 
places in the low zone to remove prey from the lower 
edge of the m ussel bed, then retreateđ back to the low 
zone where the prey were consum ed.

To test the hypolhesis that sea star predation deter- 
mined the lower limit of the mussels, hc periodically 
removed P isaster  from a sectìon of a rocky ouicropping 
and com pared this section to an area in w hich sea stars 
had been left at natural densilies. W ithin  3 years the 
mussel Mytilus cali/umianus had increased in abun- 
dance, causing a reduction in local species richness o f 
m acroorganism s from 15 lo 8  species (Paine, 1966). 
U ltim ately, after 10 years of excluding sca siars, a single- 
species m onoculture of M. cali/orn ianus  dom inated the 
shore (Fig. 1). Ancillary siudies suggested thai this 
change depended on two im portant m echanism s. First, 
P isaster  preíerentially fed onm ussels. This sea star actu- 
ally will feed on many invertebrate species, but given 
a choice, it selects m ussels. Second, mussels were domi- 
nant com petitors for space. Fiekl observations, and later 
experim ents, indicated that mussels could displace all 
other occupants o f space, including m acrophytes, ses- 
sile invertebrates, and m obile invertebrates, by crowd- 
ing them  out. In so doing, m ussels also created habitai 
for a sharply different set of invertebrate cryptoíauna 
that occupied the bvssal “forest” (the íìbers that mussels 
use to attach to the rock) beneath the m ussels.

Paine later repeated this experim ent on a nearbv 
Coastal island (Tatoosh Island) vvith esseniially identical 
results, further dem onsirating thai under natural condi- 
tions P isaster  indirectly enhances the persistence of 
other space occupiers by preventing mussels írom in-
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vading the low intertidal zone. The strik ing difference 
in species com position and physical appearance of the 
low zone com m unity wrought by the sea star, a com m u- 
nity m em ber that was now here close to being “dorni- 
nant” either num erically or in biom ass, was the basis for 
Paine’s identiíication o f P isaster  as a keystone predator. 
Note that contrary to som e uses of the concepi, the 
original deRnitions did not com m ent on keystone spe- 
cies as determ inants o f species diversity. Although the 
changes in species diversity that occurred in Paine’s 
(1 9 6 6 ) íield experim ents revealed an im portant role of 
such  species, Paine and other early w orkers on the topic 
(E sies ct a ì., 1978 ) evidently did not consider these 
changes to be íundam ental to the concept o f key- 
stone species.

The íorm ulalion of the keystone species concept con- 
tributed to a gradual sh iíl in  ecological thought.

Throughout the I9 6 0 s  and 1970s, m ost ecologists be- 
lieved that com petition  was the most im portant process 
slructuring com m unities. By the late 1960s, ađvances 
in ecological theory and m odeling, in con ju n clion  with 
com parative and experim ental íìeld studies, dem on- 
strateđ that processes other than com petition could be 
im portant. E xperim ents such as those leading to the 
keystone species concept were am ong the íìrst to de- 
scribe how predation can dram atically affect com m u- 
nity structure. Follow ing Paine's pioneering work, ecol- 
ogists began to identify keystones in other system s.

B. Are There Others? Keystone 
Predators Elsewhere

One of the íĩrst docum ented exam ples of a keystone 
predator in an o lh er system  was the sea otter, Erthydm
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lutris. Estes and cow orkers (E sles et a l ,  1 978 ) observed 
that subtidal com m unities in  ihe Aleutian lslands, 
Alaska, where sea otters were abundant, differed from 
those in nearby areas where sea otters had been locally 
extirpated by hunting. In w aters surrounding islands 
w ith sea otters, kelp ĩorests at shallovv depths dominated 
nearshore subtidal com m unities, and vvithìn these kelp 
forests sea urchins, an im portant consum er of kelp, 
were relatively sm all and urchin  biom ass was low (Fig. 
2 ). On rieighboring islands w ithout sea otters, however, 
sea urchins were large, urchin  b iom ass was high, and 
kelps vvere absent. On the basis o f these data and the 
observation that sea otters preferentially ĩeed on sea 
urch in s, Estes and cow orkers postulated that sea otters 
are a keystone species in this com m unity. They argued 
that predation by sea otters reduced sea urchin grazing, 
thereby m aintaining kelp íorests and associated species.

By docum enting the “keystone predator” phenom e- 
non in a different ecosystem , this rescarch bolsLered 
the view that such dynamics were potentially vviđe- 
spread.

Subsequent w ork both supported this hypothesis and 
expanded our understanding of the conditions íacilitat- 
ing a keystone role for sea otters. In  a large-scale studỵ 
published in 1995, Estes and his colleague David Dug- 
gins determ ined the spatial generality o f sea otter effects 
and tested the predicúon that after sea otters colonize 
new areas, sea-urchin-dom inated subtidal com m unities 
would becom e kelp-dom inated. Surveys in the Alcu- 
tians and in southeast Alaska showed that the differ- 
ences associated with sea otter presence or absence in 
the earlier studies were general in  space— kelps were 
abundant in the presence oí sea otters and scarce in ihe 
absence of sea otters. Further, considering all surveyed 
sites, sea urchin and kelp abundance were strongly 
inversely correlated (Fig. 3). Finally, sea urchin abun- 
dance declined sharply at sites invadeđ by sea olters 
but did not change at sites vvhere sea o iicr abundance 
rem ained constant. An interesting regional difference 
was that rates o f increase in kelp abundance in ihe 
presence of invading sea otters were higher in southeast 
Alaska. Estes and Duggins suggested thai higher rates 
o f kelp increase resulted from differences in the recruit- 
m ent of sea urchins, w hich was m uch greater in ihe 
Aleutians than in southeast Alaska. Coupled with sea 
otter preíerence for larger, adult urchins, higher recruit- 
m ent rates of ịuvenile urchins presum ably led lo moder- 
ate rates of grazing on kelp sporelings and ju vcn iles in 
the Aleutians, slovving rates o f increase in kelp abun- 
dance relative to that in southeast Alaska.

A recent com plication with troubling conservation 
im plications suggests that killer whalc (O rcinus o rc a ) 
predation has begun to eliminate sea otters from their 
native habitals with predictable conscquences for abun- 
dances o f sea urchins and kelp (Fig. 4). During the 
1990s, sea otler abundance declined sharply at several 
A leulian Islands. O nce freed from sea otter predation, 
sea urchin  populations increased, leading to severe de- 
clines in kelp and associated species. Estes and covvork- 
ers suggested that killer whales may have shiĩted their 
diet from large m arine mammals to sea otters ultim ately 
as a consequence of human activity. O veríishing and 
increased ocean tem peratures (due to global climate 
change) are associated with declines in lorage fish for 
sea lions and seals, and consequently these marine 
m am m als have declined sharply in number. Historically 
these large m arine mammals have been the primarv 
prey of killer vvhales; in their absence, soine orcas have 
shifted their diet to otters. Because sea otters are STĩiall
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relalive to pinnipeds, rates of predation loss have evi- 
dently been high, with substantial direct and indirect 
consequences for subtidal com m unities.

c. Generalization and Liberalization 
of the Definition: Other Types 

of Keystone Species
Thcse earliest exam ples of keystone species were of 
consum ers that modiíìed the com m unity through pre- 
dation. However, some investigators suggested that spe-

cies other than top prcdators could play keystone roles 
in com m unities. Subsequently, a variety o f diíĩerent 
types of organism s were tenned “keystone” species, in- 
clucling herbivores, plants, pollinators, pathogcns, habi- 
tat m odifiers, and m utualists. The rem ainder of this 
article presents cxam ples of such altcrnative keystones, 
sum m arizes a critiqu e of thesc ideas, and offers propos- 
als for íu riher clariíìcation  o f keystone and other func- 
tionally im portani species.

1. H e rb iv o re s

By consum ing prim ary producers, keystone herbivores 
can have dram atic im pacts on com m unity structure. 
Among species ìdenliíìed  as keystone herbivores are 
kangaroo rats and bison. In the C hihuahuan Desert, 
Brown and colleagues (see sum m ary in Brow n, 1998 ) 
suggested that a guild of kangaroo rats played a key- 
stone role. In plots vvhere kangaroo rats were excluded, 
grass cover increased tbreeíold. T h is was accom panied 
by a change in species com position ; species shiĩted  from 
those typical o f desert shrubland to those characteristic 
of arid grasslands (Fig. 5 ). The m echanism s responsi- 
ble for this transition w ere seed predation and soil 
disturbance by kangaroo rats. By preferentially eating 
the seeds o f com petitively dom inant grasses, kangaroo 
rais indirectly  released subordinate plant species from 
com petition. Furtherm ore, kangaroo rat burrow ing 
íavored d istu rbance-tolerant plant species. H ence, the 
presence or absence o f kangaroo rats determinecl 
w hether the com m unity was a desert shrubland or 
an arid grassland.

Note that this exam ple both extends the concept 
to herbivores and attributes the keystone effect to a 
m ultispecies group instead o f a single species. Recently 
Brown (1 9 9 8 )  suggested that the kangaroo rat effect 
was altributable prim arily to two species, D ipodom ys  
m erriam i and D. sp ectab ilis , and one o f these (D. specta-  
bilis) went locally  extin ct in  1994. If  the system  persists 
unchanged well beyond this extin ction , these ĩortu itous 
changes m ay suggest that D. m erriam i is a keystone 
species. In our view, how ever, the original interpreta- 
tion of these herbivores as a keystone “guild” may con- 
tribute to confusion  in term inology. This study is an 
excellent exam ple of the strong effects o f consum ers 
on com m unity stru cture, but as explained later, it was 
not designed to discern belw een keystone versus “dif- 
fuse" (m u ltisp ecies) predation.

Bison have also been identified as keystone herbi- 
vores (K napp et a l ,  1 9 9 9 ). Studies at Konza Prairie 
have docum ented  strong effects o f bison on species 
com position, diversity, and several physical and chem i- 
cal aspects o f ecosystem  íim ction  o f grassland com m u-
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FIGƯRE 5 D ensities oỉ perennial and annual grasses in the prescnce 
an d ab se n ce  o f  k an garoo  ra ts  (D ípoclom ys). D ata arc m ean  p e rce n t 

c o v cr  ( ± 1  S E ) o f  E ragrostris ỉehm anniana  (E R IN ), o th e r  ta ll p eren n ia l 

grasses (P E R G ), Aristicla  adscensionis (A R A D ), o ih e r  tall an n u al 

g rasses (A N N G ), an d  ih e  s h o r i an n u a l grasses B outeioua arisliiloicles  
(B O A R ) and B. ba rb ata  (B O B A ). T o p : D aia  from  tra n sc c ts  in sid e 

cnclosures from which kangaroo rais had been removed or allovved to 
reinain. Asterisks above bars indicate signiíìcant differences between 
+  kangaroo rat and — kangaroo rat enclosures. Bouom: Data írom 
transects ouiside thc respective enclosures. Asterisks between pancls 
indicate signiíìcani differences betvveen iransects inside and outsidc 
p lo is  w h cre k an garoo  ra ts  vvere p resen t o r  a b se n t. A n alv ses em p lo v ed  

ANOVA w ith plois as units o f  rc p lica tio n ; * ,  p  <  0.05; * * , p <  0.01; 
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nities. These patterns occu r across scales ranging from 
the plant level to patches to landscapes, and are largely 
a consequence o f bison preference for com petitiveỉy 
dom inant grasses and íor persistent habitat íeatures. 
As will be discussed later, Knapp and cow orkers also 
evaluated the question  o f w hether or not bison are truly 
keystone herbivores using the operational procedure 
recom m ended by Pow er et aỉ. (1 9 9 6 ) .

2. Plants (R esources)

Terborgh (1 9 8 6 ; citcd in Power ct CIỈ., 1 996 ) suggested 
that certain plants in Peruvian rain íorests can provide 
keystone “resources.” M ost tree species in thesc tropical 
rain íorests íruit in synchrony. However, vvhen these 
species are out o f season, palm  nuts, íìg trees, and 
nectar-bearing plants can provide a crucial resource to 
írugivores. Less than 1% of the plant biom ass o f tropical 
íorests is made up by these species and yet virtually all 
ừugivorous anim als rely on them  during the 3 m onths 
w hen other food sources are ra re. Consequently, Ter- 
borgh argued thai these plants m aintained high anim al 
diversity in these com m unities and therefore occupied  
a keystone role. Although T erborgb ’s w ork íocused on 
Peru, he suggested that keystone plant resources may 
be widespread in tropical rain íorests.

In another cxam ple, anadrom ous íỉshes sw im m ing 
upstream  to spawn, or their carcasses, were suggestecỉ 
to be keystone resources. It was argued that a large 
num ber o f vertebrate predators and scavengers, espe- 
cially terrestrial species, rely on  the energy input pro- 
vided by anadrom ous fishes retu rning to their natal 
stream s. Such energy sources can  be strong interecosys- 
tem links and are suggested to have an iníluence on 
the diversity o f terrestriaỉ m am m al assem blagcs.

W e do not dispute the notion  ihat such species or 
resources can be im portant to com m unity dynam ics, 
but for two reasons we question calling them  keystones. 
F irst, in m ost such cases, the evidence for keystone 
effects is weak and con jectural; the invesiigators have 
not dem onstrated that rem oval o f the rcsources w ould 
lead to vvholesale com m unity changes. Second, w ith 
m any others we believe that top-dow n cffects (su ch  as 
keystone predation, keystone herbivory) are qualita- 
tively distinct from bottom -up effects (e.g ., prim ary 
production, food suppỉy). W e therefore suggest that 
exam ples in w hich plant-level processes are thought to 
determ ine consum er effects, and w hich thus suggest 
that the plant is the keystone speci.es, serve to con íu se 
rather than clariíy the concept by com bining under 
a single idea a heterogeneous co llection  o f ecological 
processes. Although there is increasing evidence in fa- 
vor o f the role o f bottom -up effects as im portant deter- 
m inants o f com m unity dynam ics, these effects com - 
m only lead to variation in top-dow n effects, often with 
singlc species (i.e ., keystones) having large effects that 
are disproportionate to their abundance. W e therefore 
argue that retaining the original d istinction o f keystone 
species as consum ers is sim pler and clearer, and hence 
better serves both  understanding and insight into com - 
m unity dynam ics and policy decisions regarding eco- 
system  m anagem ent and conservation. Studying the



role of bottom -up processes as determ inants ol com - 
m u n it y  s t r u c t u r e  is a n  e x c e e d i n g l y  i m p o r t a n l  a rea  o f  

research, but we believc progrcss botli in this area 
and in the role o f keysione species vvill he enhanced if 
they are treated as distinct but dvnamically linked con- 
cepts.

3 . M u tu a lis ts  (P o llin a to rs , Seed D isp e rse rs)

Flying foxes (Pteropus spp.) have been proposed to be 
keystone “m utualists” in tropical rain ỉorests. Flying 
foxes are large tropical bats thai are im portant pollina- 
tors and seed  d ispersers in  O ld YVorld ío rests and on 
tropical islands. Especially on isolatcd islands where 
other vertebrate pollinators are scarce. ihese bats can 
be responsible for dispersing 8 0 -1 0 0 %  oí the seeds. 
Cox and covvorkers (cited in Power ct a l 1996) argued 
that, through these pollination and dispersal "services,” 
Hying loxes may be responsible for m aintaining high 
plant diversity in the íorest com m unities in vvhich they 
occur. Com parisons of the proportion of fruits and 
seeds dispersed by ílying toxes on Guam, where riying 
foxes have been driven nearly to exú nction , and on 
Samoa, with abundant Aying foxes, were consistent with 
this idea (see Rainey et a i ,  1995, ciled in Povver cl a i ,  
1996).  Between 0 and 100%  of fruits werc disperscd by 
ílying foxes on W estern Samoa, vvhereas 0 -1 %  ol seeds 
were dispersed by Aying foxes on Guam. Such data are 
only suggestive, however; lurther study is needed to 
dem onstrate that forest com niunity structure reílects 
ihese differences in fruit and seed dispersal, and thai 
[lying ioxes play a keyslone role iu dcterm ining com m u- 
nity structure.

4 . H a b ita t M o d iíìe rs

O rganism s that intluence the availability of resources 
for other species by modifying the physical environm ent 
also have been considered keysione spccies (m ore re- 
cently the term “ecosystem  engineers” has been coined 
to identiíy such organism s; see Lawton an d Jon es, 1995, 
c ited in  Powereí: a i ,  1996). Beavers, red-naped sapsuck- 
ers, kangaroo rats, and prairie dogs are all cxam ples 
of species that, through their noníoraging acúvities, 
modify and/or create habitat for other species. Bv alter- 
ing the hydrology of rivers, beaver dams can have pro- 
founđ effects on sedim ent retention, nutrient cycling, 
and the condition of the riparian zone (Naiman ct a i ,  
1986). Sapsuckers create habiial íor tvvo species o f swal- 
lows by drilling holes in aspens. In addition, their ieed- 
ing holes in willows create sap [lovvs, providing a re- 
s o u r c e  f o r  several s p e c ie s  of h ird s ,  m a m m a l s ,  and  

insects (see D aily ct a l 1993, ciiecl in Power ct a i ,  
1996). The acùvuies of kangaroo rats and prairie dogs

cause soil d isturbance, w hich affects com m unity struc- 
ture. These habitat m odiiĩers were all thought to have 
im pacts disproportionate to their abundance and were 
thus dubbed keystone species.

II. CRITIQƯE AND REEVALUATION

Paine's original d eím iũon of keystone sp ecies  reícrrcd 
to lop predators ihat greatly modiíĩed the species coin- 
position and physical appearance of ihe ecosvstem by 
preferentially íeeding on dom inant com petilors lor 
space. AUhough not quantitative, the lerm was clcar 
in conccpt and interpreiation . As docum ented in the 
previous section, how ever, ihe terrn was subsequently 
applied to a variety of organism s other than top preda- 
tors and to actions thai affected com m unities in ways 
olher ihan íeeding 011 com petitive dom inants. Applica
tion to groups of species (e.g., keystone guilds) ralher 
than to a sin glcsp ecies hlurred thc concept even ỉurther. 
These defm iúonal liberalizations, com bined with a lack 
of rigor in determ ining if candidate species meet the 
necessary criteria to be lerm ed “keystone,” eventually 
underm ined the useíulness ol a poientialỉy povverlul 
concept (M ills ct a i ,  1993). Here vve evaluaie thcse 
issues and suggest a schem e ol classiíìcation and defini- 
tion (slightly modified from  that offered by Power et 
a i ,  1996) that we believe further clarifies and advances 
the useíulness and application of the concept of kcy- 
stone species.

A. Reevaluating the Keystone 
Species Concept

The seem ing lack o f a vvorking definition of keyslone 
species prompted M ills et a l. (1 9 9 3 ) to argue that care- 
less usage had sufficientlv degraded the value of the 
concepl to justify  rem oving it from usage. They ĩurther 
argued ihat because the term was poorly defined il was 
íunctionally  useless and conservation strategies there- 
fore should not bc based on protecting keystone species. 
They advocated íocusing on interaction strengih rather 
than on a species’ keystone or nonkeystone status as a 
more useful m anagem ent strategy.

In response to the criticism  by Mills ct aI. (1 9 9 3 ) , a 
group of ecologists with expertise in the study of kcy- 
stone species and strongly interacting species met to 
evaluate the k ey sto n e  sp ecies  co n cep t. T h e  p u b lica tio n  
that resulted (rom this meeting was a signal achieve- 
m en t, and  m u ch  o f the present artic le  is patterned  a lter 
this synthcsis (Pow er cl a i ,  1996 ). The group agrced



w ith M ills ct ai. (1 9 9 3 )  that th ro u g h  m isap p lica tio n  and 
queslionable redefìnition, ecologists and conservation 
biologists had obscured the m eaning of the term key- 
stone species. Rather than abandoning the concepl, 
however, the group proposed clariíĩcation  and ad- 
hevence to a set of m ore sharply deíĩned concepts for 
com m unity dynam ics. They d efined  a keystone species 
as "One w hose im pact on its com m unity  or ecosystem  
is large, and disproportionately  large relative to its 
abundance” (Pow er et a l., 1 9 9 6 ). This deíìnition re- 
tained the essence of Paine’s original usage, but ex- 
pandcd it m ore broadly to include species other than 
prcdators.

Power e t a l .  (1 9 9 6 ) stressed the im portance of having 
a rigorous, quantitative m ethod of assessing the com - 
munity- or ecosystem -level effects o f a species when 
deierm ining if it is a keystone. To assess a species’ 
im pact on a com m unity they proposed a com m unity 
im portance (C I) index, vvhich in practical terms is 
quantified experim entally  as

C I , =  I (tN -  íD) / í N]( l/p ,ĩ

where p, is the proportional abundance of the species 
i bcfore it was deleted, ÍN (for “norm al”) is a quantitative 
mcasure of a com m unity or ecosystcm  trait under usual 
conditions (e .g ., productívity, nutrient cycling, species 
richness, relative abundances o f sp ecies), and t|, (for 
“dcleted”) is the trail in the absence o f species i. Key- 
stone species are those vvhose com m unity  im portance 
(Cl) is large relative to tlial o f Olher species (Fig. 6). 
On the basis o f  these consid erations, Pow er el a ỉ. (1 9 9 6 ) 
suggested that if the total im pact o f a species is plotted 
against ils proportional abundance, keystone species 
vvould cluster toward the upper left o f the graph in Fig. 
7. Power et a ì. (1 9 9 6 ) deíìned another group of species, 
“dom inants,” as those that had large toial im pacts but 
in proportion to their abund ance— these would lie to 
the upper right of the ab u n d an ce-im p act diagram.

Im portantly, keystone species are not necessarily 
sim ply “strong” interactors, al least as we deíìne the 
terms. Keystone species not only  have disproporlion- 
aiely large effects, but also have a com m unity-w ide or 
ecosystem -w ide impact through direct and indirect ef- 
iects cascading through the system  (Pow er et a l., 1996 ; 
see Fìg. 1). Strong interactors are species that have a 
large im pact on the species w ith vvhich they interact, but 
this large im pact could affect only  a single interacting 
species. O nly when strong interactors have m ultispecies 
effects that alter the structure o f the com m unity, or the 
íunctioning o f ihe ecosystem , are they also keystone 
species.

Community importance

FIG liRE 6  P o ssib le  írcq u e n cy  d is tr ĩb u lio n s  ol co m m u n ity  irap o r- 

lan ce  (C.I) values íor all sp ec ies Í 11 a co m m u n ity . P o sitiv c v a lu cs o c c u r  

w h cn  a co m m u n ity  trait d e cre ases  a ticr  a sp cc ic s  is đ c lc lcd . F o r 

in s ta n ce , in  ih e a b se n ce  o f  a m u tu a lis i, thc target d o m in an t sp ec ies  

w oultl also  d ccrease. N egativc v alu cs o ccu r vvhcn a co m m u n ilv  trait 

in tre a s e s  a íte r  rcm oval ol a  sp e t ie s . F o r in sta n ce , in th e  a b se n ce  o f 
a  co n su m er , th c  larget d o m in a n i sp cc ie s  w ould  in crease . C o m m u n iiy  
im p o ria n ce  v alu es m ay be n o n n a lly  d istr ib u tcd  aro u n d  zero  (a ) , 

indicaiing lliat m osi spccies have small effects and kcystoncs arc ra re. 
In sọ m e co m m u n itic s  (b ) . C I v alu es m ay have sev era l Iiio d es, vvith 

k ey sto n e  sp ec ies  in d icated  bv values far from  zcro . (F ro m  Povvcr ct 
a i ,  1996.)

B. Related Concepts
The idea that not all species have equal signiRcance in 
com m unity dynam ics is an old one, and m any efforts 
have been made to assign nam es or terms to distinguish 
species or groups o f species w ith im portant roles. E lton 
(1 9 2 7 ) advanced the concept o f “key-industry species” 
as single species of anim als supporting a large num ber 
of consum ers (e.g., copepods, herring, anchovies, sea 
pens). “Foundation species” were deíìned as the “group 
o f critical species which defme m uch of the structure 
of a com m unity” (D ayton, 1972). Related ideas include 
“in leraction  webs” and “íunctional w ebs,” w hich are 
deíìnecl as the subset o f strongly interacting species 
that regulates com m unity structure. A sim ilar idea, the 
“extended keystone hypothesis,” states that ecosystem s 
are controlled by a sm all set of key plants, anim als,



F1GƯRE 7 Tolal impaci of a speeies (absoluu* valuc of communiiy 
impaet X proportional abundance o f a spccics) versus ils proportional 
abundancc, p,. Species whosc to ta l impact is p rop o rtio nal to iheir 
abundance Nvould fall along ihe điagonal ỉine X = V. Kcysione species 
have effects that greatly exceed their proportional ahundance. boih 
on a per-capita (or pcr-biom ass) basis and a per-population basis. 
and would cluster ioward the upper leíi region of ihe dỉagram. To 
illustrate, some organisms (c.g., rhinovirus. V',;. vvhicỉì causes colds 
in wildlife) may have eiĩccts thai arc greater ihan cxpected from ihcir 
biom ass, bui because the irnpact on the comniunity is rclativcly niinor, 
Lhey are not keysione species. Olhers U\g.. clisicmpcr virus. V|,, a 
killer o f lions or wild dogs) may have collective ellects on ihe comm u- 
nity that are disproporiionately largc, and vvould be kcystone species. 
Examplcsof keystonespeciesarcPisastn (P). S(Mouers(O), preclatory 
whelks (Conchoỉepas, C ), and írcshvvaier bass (B). Dominanis are 
h igh  p ro p o rtio n a l b io m ass  s p e c ie s  w h osc large c íle c ls  arc n ot d is- 

proportional to their biom ass, such as trccs (T ), giani kclp (K ), 
prairie grasses (G), and reef~builcling cn rals (t-ì'). Posỉtions ol each 
spccics or group rcprescni cclucateil gnc^ci (From Po\V(T rí ( li, 
1 9 9 6 .)

and abiotic processes. No le, hovvever, thai the latter 
phrase adds environm ental stresses (“keystone pro- 
cesses”) such as fire, wave-induced damage, substra- 
tum m ovem cnt, and other kinds of clisturbances to 
the biological forces slressed by the other concepts. 
A contrasting view, that b iotic and abiotic íorces 
are qualitatỉvely d istinct, suggests the term “critical 
processes” to describe abỉotic cffects ihat can struc- 
ture com m unities.

c. Recommended Terminologv
Although the various generalizations o f the kevstone 
concept and the lum ping of several relatcd concepts 
in to a broad keystone species deíìnition vvcrc welì inien- 
tioned, we agree w ith M ills ct al. (1 9 9 3 ) and Power eí 
a i  (1 9 9 6 ) that such usage sharplv reduces the utility

of the keystone species concept. On the basis o f current 
usage and the docum ented need and desire for clarity 
in standardized term inology, we propose the adoption 
o f the follow ing term inology. Species in com m unities 
can be defined as:

• Keystone specỉes: Consuraers having a disproportion- 
ately large effect on com m unities and ecosỵstem s. 
By this deíinition, keystone species can include 
predators, parasites, pathogens, herbivores, pollina- 
tors, and m utualisls o f higher trophic status but 
noi plants, sessile anim als or ‘resources” (e.g ., 
salm on carcasses, salt licks, deep pools). T o  date 
we know  o í no convincing exam ples o f com m uni- 
ties with more than a single keystone species. W e 
thereíore suggest the hypothesis that m ost com m uni- 
ties vvill have at mơst a single keystone species. At 
the ccosystem  level, w hich m ight include severai dis- 
linct com m unities, there may be several keystone 
species. Evaluation of these predictions awaits fu- 
ture research.

• Strong interactors (critical species): Species having a 
large effect on the species (one or m ore) with 
w hich they interact. Com m unities and ecosystem s 
may have many strong interactors, and such  spe- 
cies may occu r al all trophic levels. Strong inter- 
actors would lie toward the upper side oỉ the abun- 
dance-im pact diagram (Fig. 7 ), and thereíore 
include both keystone species and dom inanis.

• W cah in teractors: Species having little e íĩect on 
olher species, at leasl under average cond iiions. Un- 
der som e circum stances, weak interactors may oc- 
cupy im portant roles in ecological com m unities as
a result o f changes that lead to lem porary increases 
in abundance, size, or biom ass (Berlow , 199 9 ). 
W eakìy interacting species would all lie toward the 
lower portion o f Fig. 7.

• D om inant species: As noted above, dom inant spe- 
cies are ihose strongly interacting species that 
owe their iníluence to their high abundance (Fig. 
7 ). Such organism s are the species that com prise 
a large proportion o f the bioraass in a com m u- 
nity, and thus are thc dom inant com ponents oí 
com m unity structure. Trees in íorests, m ussels in 
rocky intertidal habilats, grasses in grasslands, 
and kelps or corals in nearshore subtidal habitats 
are all dom inants.

• K eỵ-industry species: As de&ned earlier, key-indus- 
try species are prey that support a large group of 
consum ers. Follovving E lto n s  (1 9 2 7 ) usage, key- 
industr\7 species are thereíore anim als o f interm edi- 
ate trophic status.



Groups of species in com m unities or ecosystem s 
can include:

• ỉn teraction  w ebs: Interaction webs (=  íunctional 
webs) are the subset o f species that through their 
interactions and responses to abiotic ỉactors make 
up the dynam ic core o f food webs or com m unities. 
Interaction webs include keystone species, dom i- 
nants, and other strong interactors.

III. IDENTIFICATION 0F 
KEYSTONE SPECIES

Lack of experim entation and other rigorous approaches 
to identiíy keystones continues to be a pervasive prob- 
lem. In many cases, species are named kcystones based 
on superíìcial evidence such as natural history observa- 
lions. A lack o f rigor in identiRcation could result in 
m islabeling a species as a keystone and inferring that 
it is the prim ary determ inant o f the structure o f its 
com m unity when it is in íact noi. As noied by M ills et 
a i  (1 9 9 3 ) , this can yield a serious loss o f credibility 
wilh respect lo policy and m anagem ent decisions.

Despite lim itations o f spatial and lem poral scales and 
other shortcom ings, experim entation supplem ented by 
com parison rem ains the m osl powerful tool available 
for revealing the dynam ics o f com m unities and ecosys- 
tems (Paine, 1994 ). In many cases, how ever, practical, 
legal, and ethical concerns preclude m anipulations of 
suspected keystones (e.g ., sea otiers, k ilier w hales, or 
prairie dogs). It is clear, ihereíore, that identiíìcation 
o f keystone species raust necessarily use a variety of 
approaches. In addition to the com parative-experim en- 
tal approach, alternative approaches include path analy- 
sis, sensitivity analysis, the study o f natural or acciden- 
tal invasions, the study o f the consequences of 
overexploitation, and exhaustive and detailed com pari- 
son coupled with natural history and ideally sm all- 
scale ancillary experim entation (Pow er et CIỉ., 1996 ). 
In íerences based solely on descriptive natural history 
krìOwledge (e.g ., diet com position and írequencies, be- 
havior, abundance) are likely to be m isleading. For 
exam ple, under natural conditions a keystone predator 
may rarely consum e the com petitive dom inant in a 
system  (because it has sharplỵ recluced the prey’s avail- 
ability) and thus be overlooked as a possible regulator 
o f the dom inant or the com m unity. In the sea star 
systera studied by Paine (1 9 6 6 ) , for exam ple, barnacles, 
not m ussels, were the m ost frequently consum ed prey. 
Thu s, although natural history know ledge is íưnda-

m ental lo the understanding o f the dvnarnics o f any 
ecological system , m uch additional evidence is neces- 
sary b elorc the ecological role o f a species can be deter- 
m ined.

A. Experimental Approaches
K eystone species are o ílen  identified by rcm ovai or 
exclu sion  experim ents; that is, the presum ed keystone 
is deleted from a portion o í  the habitat, and the effect 
o f the rem oval on the com m unity is com pared to a 
separate, control portion o f the habitat. O ne problem  
with this approach is that if a suspectecỉ keystone species 
is rem oved but there is no detcctable response by the 
com m unity , it is not possibie to conclude that the com - 
m unity lacks a keystone species. In such a case, three 
alternative interpretations are possible. (1 ) Predation is 
w eak overall such ihat no predator deletion will pro- 
duce an effect. (2 ) Predation is strong and there is a 
keystone species in ihe com m unity, bul it was not the 
species rem oved. (3 ) Prcdation is strong but d iííuse, 
and m ultiple predators would neecl to be rem oved to 
produce an effect.

T o  tease apart these alternatives, an appropriate ex- 
perim ental protocol in testing for keystone predation 
(M enge ct a i , 1994 ; Navarrete and M enge, 1996 ) 
should include:

• T re a lm e n t • E x p la n a tio n * T c s t s

• 1. + Pred- • Lntacl co m m u n iiy , all • C on  troi o r  re íer-

a to rs p red a io rs  p resen t en ce

( “na tu  ra i” c o m - 

m u n ity  S ta te )
• 2. — Pred- • Q u an tifie s  to tal preda- • S iro n g  v ersu s  w eak

ato rs tion effect, all preda- 
to rs  re m o v cd  o r ex- 
c lu d ed

p red atip n

• 3 . — S in g le • Q u a n tiíie s  sin g le -sp e- • K ey sto n e v ersu s  d ií-

P red a to r c ie s  e íle c ts , d e letio n  
o f  each  p red ato r 

sp e c ie s  s in g ly , leav- 

in g  th e  o th e rs  

p resen t

fu se p red a tio n

F o r exam ple, if  consu m er species are rem oved both 
collectively  and singly, b u t predation is w eak, the total 
effects o f preclation and the effects o f each species with 
respect to their im pact on com m unity structure w ill he 
sm all (F ig . 8a ). W ith  strong predation regim es, key- 
stone predation w ould be indicated if  total rem ovals 
and rem oval o f ju s t  one o f the predator species were 
sim ilarly large (F ig . 8d ). Finally , diffuse predation 
w ould be indicated if rem oval o f each predator species
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FIGURE 8 Tolal LÍĨects (solid bars) of a consum cr group and eííccts of singlc spccics (open bars) undcr three 
rcgimes of predation đ ĩe c l, wúh possible responses lo sequential Ioss o f singlc specics. 1’ancls a, d, and g 
rcprescm  the iniaci assemblagc; b, e, and h represenl the changes in the absence of spccics 1; and c, f, and i 
rcprescnl the changcs if both spccics 1 and 3 are removed or lost. Pancls a. h, and c show changc with wcak 
predation; d, c, and I show changcs witb slrong kcystone prcdation; and g, h, and i show changes wilh sirong 
diffus(‘ prcdation. In the abscncc ol the keystone spccics, ihc remaining species have a small im paci on ihc 
comm unity (D. In tom rasl, with diffu.se predation, ihe rcm aining spccies com pensatc slrongly for ihc loss of a 
consum er so ihal prcdaúon rcmains Slrong. (From  Allison l i  a l., 199(1. Copyrighi lolin W ilcy &r Sons. Rcproduccd 
vvilh pcrm ission.)

singly led to signiíìcant but substantially sm aller effects 
than retnoval o f all predator species (Fig. 8g).

This protocol also has im portant im plications for 
understanding how coram unities or ecosystem s might 
respond to losses of trophically high species (Allison 
ct a l., 19 9 6 ). In a system where predation is weak, of 
course, loss of species should have little effect (Fig. 
8a—c). W ilh  strong diffuse predation, where each con- 
sum er has an impact on com m unity structure, species 
loss may lead to little change in the system as a result 
of com pensation by the rem aining consum ers, ai least 
until m ost consum ers have been lost (Figs. 8 g - i  and 
9). In both  cases, the com rnunity response lo species 
deletion is relatively prediciable (A llison  ct a i ,  1996). 
W ith  strong keystone predation, however, the conse- 
quence of species loss is relatively uncertain (Figs. 
8d —f and 9 ). By cìetiniúon, com pensation by the 
weakly interacting predators, while possible, is not

likely to fully account for the loss o í the keyslone 
species, and if the identity of this species is not known 
a priori, ihe system response is highly uncertain (see 
Fig 9 ).

This prolocol has rarely been used, but two examples 
illustrate ils efficacy. M enge et al. (1 9 8 6 ) evaluated the 
separate and com bined im pacts o f m ost com binations 
of four groups of consum ers in rocky intertidal com m u- 
nities in Panama. The cxtrem ely high divcrsity of this 
tropical com m unity im posed an im m ediate com pro- 
m ise  in their design: sim ultaneous single  spccies  reinov- 
als were essentially im possible because > 4 0  consum er 
species were relaiively abundant. The com prom ise was 
to remove mạịor consum er groups  (i.e ., om nivorous 
crabs, om nivorous fishes, predatorv vvhelks, and graz- 
ing m olluscs), each consisting of several cotnm on spe- 
cies. T h e ir  parúal ĩactorial  design (difficulties  in sepa- 
raúng crab and fish effects m eant only 12 o[ a possible
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FIGURE 9 Relationship bclw een ihe ability of a group of consum crs 
10 maimain a System at som e persistent State ("ecological rolc ful- 
íilk'd’’i  and the regimc oi predation. (a) D ilĩusc prcchuion: in moving 
from left to right 011 ihe abscissa, ihe rcm aining spccics compensate 
fur the loss of othcr specics, m aintaining sim ilar structural paltcm s 
in ihe c o m m u n ity  o r  e c o s y s iem  unti l m o s t  are  lost. (h )  Kevstonc 
prcdalion: as specics are losl, dram alic changes ín slructure can o ctu r 
vvilh cach removal. but unless the identity of ihc keyslone specics is 
known, prediction of when sucb changcs occu r is uncertain. (From  
Allison ct at., 1996. Copyright Jo h n  W iley &  Sons. Rcproduced 
wilh perm ission.)

16 treatm ents co u ld b e  cond u cted) included treatm ents 
assessing the effects o f rem oving consum ers in single 
groups and in total. After three years, none of the single- 
group removals produced an effect sim ilar in magnitude 
to excluding all the consum ers (Fig. 10 ). Removals of 
two groups and three groups produced changes in prey 
that were im erm ediate betw een single-group and total 
exclusion  treatm ents. Thu s, total predation pressure in 
this system  was high but the effect o f individual groups 
was sm all. The lack of prey responses from  single-group 
rem ovals com pared to the increasingly strong responses 
from removals o f two, three, and all four groups sug- 
gests three things: that, up to a point, groups can com -
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FIGURE 10 Effect of consumcrs, collectivclv and by cach of four 
single groups (íishes, crabs, w helks, m olluscan grazers), on toial prcy 
a b u n d an ce  in th e ro ck y  in tercidal reg ion  at T ab o g u illa  ls la n d , Pan am a. 

Prey in clu d ed  sess ile  in v erteb ra tcs  (m o stly  b arn acles  and  b iv a lv es), 

co lo n ia l in v erteb ra tes  (h y d ro z o a n s), and  algae. T h e  e s iim a te  o f  the 
eữ éct o f  co n su m ers  vvas based  o n  the p e rce n i co v er o f  prey in  ihe 

a b se n cc  and p resen ce  o f all co n su m ers  ( lo ta l)  and  each  g ro u p  scp a- 
rately . S in gle  groư p e ffe c is  w ere estim ated  by  d e term in in g  th e cỉiíĩer- 

en c e  b e iw ee n  ư ea tm e n ts  th a t diíTcred in  w h cth e r o r 1 1 0 1  th e p a n ic u la r  

g rou p  w as in clu d ed  in  the trea tm en t. F o r  cx a m p lc , íìsh c í íc c ts  w cre 

estim ated  by trea tm en ts  + F  +  C + W  +  G  versus “ F  +  C + W  +  G , 
+  F  +  C  — W  +  G v crsu s —F +  C —W  +  G , e tc . E rro r b ars are 1 SE . (P ro m  
M engc í*í a i ,  1 9 8 6 .)

pensate for reduciions in other groups; that there was 
no keystone species in this system ; and that predation 
was diffuse.

ĩn another siudy, Navarrete and Menge (1 9 9 6 ) 
tested the relaúve intensities o f predation on the sinall 
m ussel M ytiìus trossulus by the original keystone 
species, the sea star P isaster ochraceu s, and coexisting 
predatory w helks, N ucelỉa  em arg in ata  and N. can alicu - 
lata , on the O regon coast. In a fully ĩactorial design 
they quantiíìed rates of predation on m ussels in all 
com binations of presence or absence of each. Their 
results indicated that, as predicted, P isaster  had the 
strongest effect, by far, on mussel survival (Fig. 11). 
Although w helk effects were alm ost undetectable in 
the presence of sea stars, they were relatively strong 
in the absence of the sea stars. Thus, P isaster  was 
the keystone predator in these experim ents. w h e lk s  
w ere w eak in teracto rs  in the p resence  o f  sea stars, but,  
via com pensatory increases in density, had moderately 
strong effects on m ussel survival w hen sea stars 
were absent.
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HIGURE 11 Resulls of a mussel iransplant expcrim cnl. Data arc ilit' 
mean proporúons of mussels (± 1  SE) surviving in each of four 
trcatm cnts at wave-exposed and wave-protecied siLes ai iwo siudy 
sitcs, Boilcr Bay (BB) and Slrawberrv Hill (SH). Trcatm ents vvcre all 
com binations oi presence and abscnce o f whclks (N ucella  spp.) and 
sea slars (P isaster). o, —Pisaster —N ucella; Ả , — Pisastci' +N iu'í’lla; 
M, + P is a s lc r  — Nuceìla; ▼ ,  + P isa ster  + N u ce lla . The experim eiu was 
begun 3 Ju ly  1993 and compleled 30 August 1993. (From  Navarrcte 
and M enge, 1996.)

B. Nonexperimental Approaches
To be convincing, com parative evidence needs to be 
extensive in space and time and needs to incorporate 
a wide range of approaches. One o f the m osl convincing 
exam ples of the determ ination of keystone species on 
the basis ol description and com parison is the sea otter 
exam ple described earlier. A nother convincing example 
is that o f beavers as keystone species (Naim an et a l ,  
1 9 8 6 ). By building dams across streams and ihrough 
ĩeeding activities, beavers can have proíound effects 
on the structure and dvnam ics o f aquatic ecosystem s. 
Beavers alter hydrology, channel geom orphology, pro- 
ductivity, and biogeochem ical cycling at a vnagnitude 
far exceeding their proportional biom ass in these 
system s.

Bison are another good exam ple of keystone species 
designation based on largely nonexperim ental evidence 
(Knapp ct a l ,  1999). Extensive and detailed studies at 
ihe levcls o f individual lcaves, individual plants, plant 
populations, and landscapes show ed ihat selective graz- 
ing at the level o f species and patch greatly altered 
patterns of com m unity structure. Bison preíerred

grasses in burned areas, and revisited these sites repeat- 
edly, establishing a distinct, high-diversity m osaic pat- 
tern of vegetation. Their grazing 011 grasses and avoid- 
ance of forbs resulted in high levels of spccies diversity, 
high spatial heterogeneity, and high nitrogen availabil- 
ity in tallgrass prairie. M orcover, bison grazing inter- 
acted with fire, another natural elem ent of tallgrass 
prairies, in ways that enhanced the patchiness, diversity, 
and nitrogen availability, and generated intermecliate 
levels o f net primary productivity. As m entioned earlier, 
estim ates o f the CI of bison indicate thai these large 
grazers clearly have a large effect, one disproportional 
to their b iom ass, on plant com m unity structure and 
ecosystem  íunctioning.

Space does not permit further detailed đtation , but 
other convincing exam ples of keystone species are avail- 
able from m arine, Ireshvvater, and terrestrial habilais, 
including those ciied in Table 1 in Power ct al. (1 9 9 6 ). 
Many m ore exam ples than these are available in the 
lilerature that are based on limited evidcnce and thus 
remain conịectural. It seems clear, howcver, thai the 
phenom enon of keystone species is rcal and wide- 
spread, and that a variety of approaches are available 
to docum ent their existence and im portance. W hat re- 
mains unclear from the foregoing is (1 ) whether or not 
there are keystone traits that allow a priori identificatii)n 
o f keystone species, and (2) w hether or not there are 
predictable conditions under which keysionc spccies 
will evolve and persist. W e consider these issues next.

c. Identiíìcation of Keystone 
Species a Priori?

Field experim entation is not always feasible. Moreover, 
even w here and when feasible, such studies are often 
tim e-consum ing and expensive. It seems obvious that 
we cannoi hope to study each and everv system on 
Earth to determ inc the nature of interactions among 
species and how these induence com m unity dynamics. 
For these reasons an ultim ate goal in ecology is lo 
gain the ability to predict the roles o f species and the 
processes underlying ihe dynam ics of com m unities and 
ecosystem s. ldeally, predictions would be based on ob- 
servation and m easurem ent of organism al, population, 
and com m unity iraits and patterns. Evaluaúon of the 
reliability of such predictive traits would depend on 
cycles o f studv that identilìed im portani traits in partic- 
ular system s and tested their predictivc capacitv in 
novcl system s.

Traits originally suggested to characterize keysione 
species were differential im pacts on prcy spccies, high 
consum ption rates relative to prev production, and a
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focus o f the keyslone’s im pact on dom inant com petitors 
in the system . A recent survey of well-studied keystone 
prcdator exam ples in m arine and freshw ater habitats, 
hovvever, suggesiecl thai ihese, and several other postu- 
lated “keystone-identiĩying” traits, were not predictably 
associated with keystone species (M enge et a l ,  1994 ; 
Table 1). In all, 17 studies o f strong predation were 
considered. Eleven were dom inated by keystone precla- 
tion and six w ere dom inated by diffuse predation. As 
indicatẹd in  Table I, dilTerential predation and dom i- 
nance o f the com m unity by a single prey species in 
the absence o f the predator were characteristic of both  
keysione and diffuse predation system s, and thus do 
not serve as a distinguishing trait o f keystone predation. 
Although data were lim ited, prey production rate was 
the only trait that consistently  distinguished keystone 
(h igh  prey production) and diffuse (low prey produc- 
tion ) predation system s. No other potential trait was 
consistently  associated with either type o f system . 
Clearly íurther research is needed, but based on present 
know ledge, a priori identiíìcation o f keystone species 
using traits alone does not seem  possible.

D. Context Dependency
The role o f a species as keystone can be con tex t depen- 
dent (M enge et aỉ., 1994 ; Power et a l., 1 9 9 6 ), that is,

a species ihal serves a keystone role uncler som e set of 
b iotic and/or abiotic conditions may not under other 
conditions. F or exam ple, at exposed headlands along 
the Oregon coast, the sea star P isaster o ch raceu s  was 
found to occupy a sirailar role to that docum ented íor 
this species in com parable habitats on the W ashington 
coast (M enge et a l ,  1 994 ; Paine, 19 6 6 ). On m ore wave- 
sheltered rocky shores, how ever, P isaster’s role was 
w eak to absent, despite the presence of populations of 
ihis sea star at all locations studied (M enge et ư i ,  19 9 4 ). 
The basis for this change was that environm ental condi- 
tions changed w ith dim ìnished wave im pact. At one 
sheltered site, prey production rates (a com bination of 
recruitm ent rates and prey grow th) were so low  that 
the sea star population consistecl o f a few scattered  
individuals. This and other studies suggest that sea star 
abundance is highest w here food concentrations are 
high. At the other sheltered site, perioclic and unpredict- 
able burial by sand, not sea star predation, elim inated 
the com petitively dom inant m ussels (M ytilus caliỳor- 
nianus) from  the low er shore (M enge et ai., 1994 ). Key- 
stone predation in this system , then, depended on the 
spatial and environm ental context in  w hich  the com m u- 
nity occurred.

Keystone effects may also be altered by tem poral 
environm ental changes. Recent studies on the O regon 
coast show ed that P ỉsaster  [oraging activity is strongly
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FIGURE 12 Seawaicr lem pcrature and sca siar-m u ssel interaciion 
strengih (IS) during consccutivc 14-day periods (ahscissa). Daia are 
means ( +  ] SE) of valucs rccordcd ai ihrec sitcs. (A) High tidc vvaier 
lem peraiurcs (the mcan írom two hours betore 10 1W 0 hours aíicr 
cach high lide). Tem peratures ahovc thc abscissa arc thc ovcrall 
raeans for ihe 27 hígh lides ()f cach pcriod. (B) Mcan per capita IS 
of sea stars on iransplanted mussels during cath  14-day period. (C) 
Mean pcr-populaúon IS of sca stars during rach pcriod. Both per- 
capiiaand per-populaúoii IS xvcrc lovver during upw flling than during 
ihc o lhcr four pcriods. (From  Sanlord. 1999.)

suppressed by cold water tem peraiures such as those 
occu rring during periodic upwelling (Sanford, 1999; 
Fig. 12 ). Although lurlher study is needed to determ ine 
the broader significance of ihis result, sea temperature 
variation in time or space could also m odify the com m u- 
nity role o f this species. In particular, alteration of up- 
w elling palterns by global clim ate change could lead to 
com m unity- and ecosystem -level m odiíìcations or shiíts 
in com m unity pattern over a broacl geographic region. 
Thus, investigations conducted over a wide range of 
environm ental conditíons indicated tbat vvhether or not 
a species can fi.ll a kevstone role is dependent on physi- 
cal and biological conditions (i .e ., context).

In a second example of context-dependent keyslone 
predation, ịuvenile steelhead were dem onstrated to con- 
trol sum m er food wcb Slructure  in  C aliíornia rivers in 
vears experiencing w inier ílooding. Steelhead were the 
top predator in a four-level food chain, and when pres- 
ent they controlled  invertebrate predators, íreeing her- 
bivorous insects from  consum er control and allovving 
ihem  to control the abundance of algae (Pow er, 1990, 
cited in Power et a i ,  1996). W hen steelhead were ex- 
đ ud ed, invertebrate predators increased and controlled
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herbivorous insects, resulting in a high biom ass of algae. 
W inter Aoods swept these com m unities avvav, leading 
to annual cycles of com m unity redevelopm ent, with 
shifts in algal biom ass reílecting the developm ent of 
successive trophic levels through the sum m er inio 
autumn.

In years w ithout vvinter Aooding, predation-vulnera- 
ble herbivorous midge larvae (P seu doch iron om is) were 
replaced by predator-invulnerable herbivores (e.g ., 
aquatic m oth larvae P etroph ila , caddisílies T inodes  and 
G lossosom a)  (Pow er, 1992 , 1995 , cited in Power ct a i ,  
1996 ). The invulnerable herbivores sharpl)' suppressed 
algal abundance and, due to their eííective defenses 
against predators, effectively shortened the [ood chain 
from four to two levels. Thus, fishes (juvenile steelhead) 
were kevstone predators in the context of years wúh 
w inter Aooding and were not in the con iext o f years 
w ithout w inter ílooding.

A variety of sim ilar exam ples are available from all 
m ajor habilats (see Table 2 in Power et a ì 1 9 9 6 ), 
suggesting that context dependency is cornm on and 
perhaps near-universal in ecological com m unities. Such 
variation may be a useful tool in invesúgating the condi- 
lions under w hich keystone species will evolve and 
persist. Understanding the conditions under w hich a 
species plays a keystone role is critical il ecologists are 
to build a predictive fram ew ork 10 evaluate the effects 
of global changes in biodiversity.

E. Interaction Strength
As noted earlier, keystone species are distinguished by 
both the strength of their interactions with other species 
and the large indirect consequences oT ihese effects. 
Since determ ination of w hether or not a species is a 
keystone depends on rigorous application o f m ethods 
that can quantiíy these effects, it is im portant to brieíly 
consider the meaning of the concept of in teraction  
strength and the m ethods used to estimate it.

The concept of interaction strength has ditĩerenl 
m eanings depending on the context. Theoretical mod- 
els, such as the L otka-V olterra  models o f interspecific 
com petìtion, include a coefficient, a,,, w hich “m easures 
how strong the interactions a rè ’ (M acArthur, 1972 ). 
This coefficient reílects the per-individual or “per-cap- 
ita” effect of one species j  on another, species i. Sim ilar 
coefficients are included in predator-prev m odels as 
well. M acA rthur (1 9 7 2 ) also suggested a sccond mean- 
ing of interaction strength: interactions can be consid- 
ered as sirong if their “removal would produce a dra- 
m atic effect.” In ihis case, interaction strength refers to



populalion-level, not per-capita, im pacts o f one species 
on others.

Despite iis long history in ecology, the concept of 
in teraction  strength has only recently  been explored bv 
experim ental field ecologists. Paine (1 9 9 2 ) , for exatn- 
ple, quantified per-capita in teraction  slrengths in íielcỉ 
enclosure/exclosure experim ents involving herbivores 
(sea urchins, lim pets, and ch itons) grazing on kelp spor- 
elings. Speciíic im pacts o f individual herbivore species 
were determ ined by com paring the densities o f kelp 
sporelings that occurred in the com plete absence o f all 
herbivores (a m easure o f total herbivore pressure) to 
those occurring in the presence o f single herbivore spe- 
cies (a m easure o f a single species’ effect). Per-capita 
effects were eslim ated by díviding by the num ber o f 
herbivores used in each single-species treatm eni.

This anạlysis show ed that per-capita species in ler- 
action  strengihs varied am ong the species of this hcrbi- 
vore assem blage. T h rce  interactors were described as 
“strong.” Sea urchins and a large ch iton had large nega- 
tive effecis ơn algae. A sm aller ch iton  had relatively 
largc positive effects on kelp sporeling densities in one 
experim ent and weak effects in  another, show ing that 
in teraction  strength can vary w ithin species. The other 
four species had no distinguishable per-capita eíĩects 
and were thereíore weak interactors. Sim ilar efforts 
have been m adc with preying m antis interactions with 
its insect prey, with predation effects on muddy inter- 
ticlal com m unity stru cture, and with bird predation on 
rocky  intertidal invertebrates (see Berlovv et a ì . , 1999 , 
and citations the re in ).

One im portant outcom e of these studies, consistent 
w ith expectaù on, was that these com m unities or assem - 
blages consisted  of a few strong and niany weak inter- 
actors (Paine, 1 9 9 2 ). M ore broadly, this approach is a 
potentially powerful toơl in distinguishing system s with 
w eak predation from those w ith strong predation. Fur- 
ther, in  those system s with strong predation, this 
m ethod should separate keystone predation regim es 
from  “diffuse” predation regimes.

Q uantiRcation o f in teraction  strength is sensitive to 
the particular m etric used in its estim ation and to the 
particu lar theoretical concept o f in teraction  strength 
(Berlow  et a i , 1 9 9 9 ). Estim ates o f per-capita effects can 
vary w ith density o f the prey and predator, with the 
proxim ity  o f the system  to equilibrium , and with the 
particu lar index used. F or exam ple, both the CI index 
given earlier and the index used by Paine (1 9 9 2 ) yield 
m easures that are asym m etric about zero, inílating ei- 
th er negative (C I) or positive (Paine’s index; PI) values 
in  one d irection  but bound at a m axim um  of 1 (or — 1) 
in ihe other d irection  (Berlow  et a i ,  1 9 9 9 ). A nother

index, the “dynamic index” (D I; an index that is based 
on the rate of change im m ediately after a p ertu rbation), 
provides sym m etrical estim ates o f in teraction  strength 
bounded at - 1  and + 1 .  The C1 and P1 indices provide 
consistent estim ates when abundances are at or near 
equilibriưm  bụt DI does not; w hen abundance is chang- 
ing, DI provides consistent estim ates but CI and P1 do 
not. It is thus im portant that investigators pay close 
attention  to the specific experim ental protocol, the un- 
derlying m odel for the in teractions studied, and the 
type o f index used.

U sing these approaches, keystone species will be 
those w ith large per-capita effects. Identiỉying such  in- 
teractors in this wav might shed light on the traits, both  
individual and com m unity, that generate species vvith 
high per-capita effects. As im plied by the alternalive 
m eanings for in teraction  strength offered by M acA rthur 
(1 9 7 2 ) , how ever, species im pacts will alsơ vary w ith 
density. Regardless o f how  large its per-capita effect, a 
single individual will never have the same im pact as 
that o f many individuals (Berlow et a l ,  1999 ; Navarrete 
and M enge, 1 9 9 6 ). Thus, íuller understanding o f inter- 
action  web dynam ics, and w hether a species is a key- 
stone, a strong intcractor, a weak interactor, or a dom i- 
nant, will depend on  knovvledge ol both per-capita 
in teraction  strength and population in teraction  
strength or “species ím pacts.” Note also that only a 
keystone species will have high values o f both  per-capita 
and per-population indices o ĩ in leraction  Strength, at 
least at the com m unity 01' ecosystem  level.

IV. CONSERVATION IMPLICATIONS

Biologists are being increasingly asked to in íorm  m an- 
agem ent decLsions concerning the preservation o f bio- 
logical diversity and ecosystem  “integrity.” Because key- 
stone species can be critical to the m aintenance of 
species diversity and ecosystem  íunctioning, som e have 
argued that íocusing conservation on them  should bc 
a priority. A current topic o f debate is how to best 
design reserves, both  m arine and terrestrial, that will 
protect species diversity.

M any species have been presum ed to be keystones 
based on observation and con jecture. In inany cases 
no experim ental rem ovals were done to determ ine the 
actual effect o f the species presum ed to be a keystone 
on the rest o f the com m unity. As outlined earlier, identi- 
Hcation o f keystones should involve m anipulations to 
quantiíy the effect o f the suspected keystone on the 
com m unity. However, from a m anagem ent standpoint 
this is not always íeasible. It som etim es takes years for



íìeld m anipulations to yield results, while conservation 
decisions often need to be made in a m uch shorter 
period o f time, Also, as noted earlier, in addition to 
potential time constraints, m anipulations of som e sus- 
pected keystones may not be practically feasìble or ethi- 
cal. Rem oving killer whales, sea otters, lions, polar 
bears, or other large, charism atic, and often endangered 
species is not a realistic option. The logistic difficulties 
in designing controlled  exclosure or removal experi- 
m ents for anim als o f large size and/or with large ranges 
are daunting.

D espite the diffìculties, and accepting the view that 
conservation should focus on ecosystem s rather than 
species, the keystone species concept offers several im- 
portant insights that are relevant to management 
(Pow er et a l , 1996):

• Seem ingly scarce and unim portant species may 
have unexpectedly large, dram atic effecls on com - 
m unities and ecosystem s;

• Conserving species may depend s t r o n g ly  on other 
species in the com m unity with w hich the target spe- 
cies has little seem ing associaúon, w hether as prey, 
com petitor, m utualist, or predator; and

• Loss o f a species, particularly one high in the food 
chain , may have surprising and exiensive conse- 
quences for the rem ainder of the com m unity or eco- 
system .

All o f these points suggest that great caution is neces- 
sary beíore decisions are made that may result in the 
loss o f a native species or the introduction of exotic 
species. W e recognize, and agree w ith, the need to make 
m anagem ent and policy recom m endations on the basis 
o f present knowledge. W e also argue that, although 
m uch has been learned and the pace of new knowledge 
is i n c r e a s i n g ,  th e  c u r r e n t  State  o f  k n o w le d g e  is s t i l l  

insufficient to allow m aking such  recom m endations 
w ith a high level o f confidence. In particular, we need 
additional study on those putative keystones for which 
evidence is scant, and continued study on vvays to detect 
keystone species and system s w ith keystone species. 
O ther urgent issues are to determ ine the com m onness 
of kevstone species and keystone-dom inated svstems, 
the patterns of interaction strengths in  representative 
com m unities, and the environm ental and organismal 
cond itions and traits that foster keystonc species.

W e conclude that the concept of keystone species 
is a powerful one, having broad im portance and applica- 
úon to ecological thcory, ecosystem  dynam ics, and con- 
servation. Many problem s rem ain to be ansvvered, but

we have made great progress and are in thc m idst of a 
period of dram atic advances on these issues.
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V. M ajor T hreats to Biodiversily in Lakes

GLOSSARY

ancient lakes Lakes with a persistence o f m ore than 
100 ,000  years are called long-lived or ancient lakes. 

e u tro p h ic a tio n  T h e  process o f enrichm ent o f a w ater 
body due to an increase in nutrienl loading. 

species ílo ck s An aggregate o f closely related species 
that share a com m on ancestor and are endem ic to a 
geographically circum scribed  area.

COM PARED TO THE SEA, freshw aters are deíìcient 
in m ajor taxa and there are no uniquely freshw ater 
m etazoan phyla (M ay, 1 9 9 4 ). In river lakes, aquatic 
biota ís sim ilar to the biota o f the river basin. The 
great m aịority o f existing isolated lakes (around 1 0 ,0 0 0  
exceeding 1 km 2 in  extern) are geologically very young 
and their ílora and fauna are usually depauperate com - 
pared to ancient lakes that exhibit a rich endem ic fauna 
for several m ajor groups of anim als. Species ílocks for 
fìsh and invertebrates are know n from ancient lakes and

represent a unique biological heritage to be preserved. 
M ajor threats to the lakes biota include habitat alter- 
ation, Hsheries practice, po llution , and ihe in trod u ction  
oí exotic  species.

I. BROAD CHARACTERISTICS OF THE 
BIODIVERSITY IN LAKES AND PONDS

Freshw ater habitats are widely considered to be tran- 
sient in time and space in  com parison with both  terres- 
trial and marine habitats. This is true for m any lakes 
and ponds. However, depending on the origin o f  lakes 
there are grcat differences in the nature and the diversity 
o f their biota. Three broad categories o f lakes m ay be 
recognized:

1. L a k es  and ponds that a r e  perm an en tỉỵ  o r fr eq u en tỉỵ  
con n ected  to large river system s. This category includes 
river-lakes (i.e ., Lake o f Geneva) or lakes that are part 
o f a large Aoodplain system such as “varzear’ lakes. In 
these lakes, exchanges of ílora and íauna o ccu r with 
the m ain river system  so that their b iota is ưsually 
greatly sim ilar to the biota o f the river system  itselí 
w ith the exception o f a few species adapted to still 
vvaters. M any endoreic lakes (Lakc Chad, Aral Sea) also 
belong to this group.

2. ỉso la ted  lakes  vvith a  ỉim ited  d ra in ag e system . The 
biota o f the lakes in this category has evolved in  isola- 
tion from  others for a m ore or less long period o f tim e 
leading to speciation and endem icity w hen the period

L n c y c lo ỊH i l ia  o ị  B io i l iv c r s ũ v ,  V o lu m c  J
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is long enough. The associated ice ages at higher lati- 
tudes and altitudes were the phenom ena that created 
m ost o f the lakes in existen ce today. Thereíore the great 
m ạịority of existing lakes (around 10 ,000  exceeding 1 
k n r  in  exten t) are geologically very young and occupy 
basins íbrm ed by ice m asses or glacial erosion after the 
retreat o f Continental  ice sheets som e 1 0 ,0 0 0  years ago. 
All such lakes are expected to íĩll slowly with sedim ent 
and to disappear in the íuture, along with any isolated 
biota. Com pared to ancient lakes, they acquired their 
fauna and ílora via the rivers that supply them with 
w aler as a result o f runoff in iheir basin and from aerial 
transport by wind or anim als. O nly a few existing lakes 
are knovvn to be m uch older, and m ost o f them  occupy 
basins form ed by large-scale subsidence. They may date 
back at most 20  m illion (Lake Tanganyika) or 30 mil- 
lion (Lake Baikal) years. These so-called  ancient lakes 
are of particular interest for biodiversity because they 
exhibit a rich endem ìc fauna for several m ajor groups 
of anim als. There is also good evidence that som e ex- 
tincl lakes were also very large and long-lived under 
different clim atic and tecton ic conditions.

3. T em porary  la k e s  and ponds w hose vvater budget is 
con tro lled  by th e  c lim ate regim e. The fauna and ílora 
in these lakes exh ib it special biological adaptations to 
seasonal drying.

A. Origin and Peculiarities of 
Freshwater Biota

II is thought that the early evolution o f all the mạịor 
anim al phyla took place in the sea. M osl phyla are 
predom inantly m arine and benth ic: 32  phyla are [ound 
in the sea w ith 11 exđ usively  m arine, w hereas 14 are 
represented in íreshvvater and only 12 are ĩound on 
land (M ay, 1 9 9 4 ). Com pared to the sea, freshwaters 
are detìcient in m ạịor taxa and ihere are no uniquely 
freshw ater m etazoan phyla. The osm otic challenges of 
life in  freshw aters probably discouraged invasion of 
ihe habitat by many m arine invertebrates. ll explains 
probably the tendency in freshw ater invertebrates for 
larger but fewer eggs than in m arine relatives: they musi 
eclose with fully developed osm oregulatory capacities 
to be at a m ore advanced stage to cope with the highly 
dilute surrounding.

A nother difference betw een the species richness of 
m arine and freshw ater zooplankton  derives from the 
necessity of diapause or other resting m echanism s as a 
con d ilion  for persistent successfu l radiation in freshwa- 
lers (Lehm an, 1 9 8 8 ). Freshw ater invertebrates devel- 
oped anabioúc devices: special resistant eggs, cysts, and 
Olher resting stages ihat are produced to tide the animal

over periods of desiccation, extrem e cold, heat, anaero- 
bic situations, lack of food, and other adverse condi- 
tions. In ađdilion to vvithstanding uníavorable condi- 
tions, resistant stages have the íurther íunction of 
m aking overland transport and geographical dissemina- 
tion possible. W ithout such a function , colonization of 
freshw ater areas would be slow and diffìcult in the 
discontinuum  of isolated lakes and ponds.

B. The Latitudinal Gradient
It is usually assumed that species diversity increases 
from high to low latitudes for m osl o f the m ajor groups 
o f plants and anim als and thai highest values occur at 
low latitudes. lndeed, the diversity o f marine planklon 
decreases from low latitudes to high ones, so ihat iropi- 
cal and subtropìcal ocean waters exhibit rich diversity 
of zooplankton whereas Arcúc and Antarctie waters 
tend to be dom inated by copepods and euphausiids. In 
freshwaters however, the latitudinal trend in species 
richness is the opposiie. Tropical lakes have abbreviated 
zooplankton íaunas comparcd vvith temperate locales 
(Fernando, 19 8 0 ); ihey are depauperale in large-bodied 
species o f copepods and Cladocera, and lim netic rotiíers 
are likewise poorly represented.

lt could be assumed that ihe associated ice ages at 
higher latitudes and altitudes were the phenom ena that 
created m ost o f ihe lakes in existence today. They are 
ihereíore very young compared lo ancienl lakes, and 
they acquired their fauna and lìora via the rivers ihat 
supply them  w ilh water via runoH in iheir basin and 
via aerial iransporl by wind or animals.

For fish, the species richness is aclually  sm aller in 
north  tem perate lakes of glacial origin than in long lived 
lakes ừom  tropical areas. At least the endem icity is 
m uch lower in lemperate lakes than in tropical lakcs.

D um ont (1 9 9 4 ) , in a review of the species richness 
of the pelagial zooplankton in ancient lakes, provided 
also evìdence ihat these water bodies have simple 
pelagial com m unities. Among 14 pre-Pleistocene lakes 
across the vvorld, at least one Cyclopoicl copepod 
species is present, often in ihe genus Cyclops or 
M esocyclops, a group of m icroraptorial species íeeding 
on rotiíers, sm all Crustacea, and im m ature stage of 
other copepods.

The num ber of species regularly found in the pelagic 
plankton o í ancient lakes (pre-Pleislocene) varies from 
3 (Lake Tanganyika) to approxim atelv 15 to 20  (up to 5 
copepods, 5 cladocerans, 10 rotifers) in Lakes Victoria, 
Biwa, and Titicaca. In contrast, “young” lakes may havc 
up to 10 species o f copepods, 10 of Cladocera, and 10 
to 15 species of rotiíers occurring Logether. In the oldest



lakes (B a ik aỊ Tanganyika), w hich also happen lo be 
the deepest, this sim pliíìcation has gone extrem e and 
the food web reduces to a linear chain.

The question has been raised as to why Cladocera 
have been alm ost com pletely eliminated from som e an- 
cieut lakes such as Tanganyika, Baikal, and even Malawi 
(D um ont, 1994). They are able to eat both large item s 
and m icroplankton and seem all but com petitively iníe- 
rior to other species for food acquisition. Predation had 
becn advocated as a possible cause. In clear-w ater lakes 
such as Tanganyika and Baikal, visual predation by fish 
is tnore effective than in turbid lakes, and large clum sy 
svvimmers like big Daphnia are likely to be preyed to 
extinction  before the relative small iransparent, agile 
sw im m ers like the Calanoids. An experim ental dem on- 
stration of this hypothesis has been the disappearance 
o f all Cladocera from the pelagial o f Lake Kivu, w ithin 
a decade, aíter the introduction of the zooplanktivore 
đupeid Lim nothrissa m iodon, native from Lake Tan- 
ganyika (D um ont, 1986).

c. Vertical Distribution in Lakes
Aquatic organism s are not evenly disưibuted along 
depth. W ater characteristics are relatively uniíorm  in 
shallovv lakes, w hich are m ixed by winds. However, 
deeper lakes exhibit patterns of vertical gradients for 
tem perature and light. Brieíly speaking, the lake is di- 
vidcd by a therm ocline in io an upper layer, the epilim in- 
ion, and a lovver layer, ihe hypolim nion. Life occurs in 
llie o.xygenaled upper layer while the lower layer is 
deoxygenated. In m ost stratified lakes therefore, b iola 
is very depauperated, except for bacteria, below a few 
10 m eters in depth. There is an exception, Lake Baikal, 
w hich is the deepest lake in the world with a m axim um  
depth of 1620 m. The m echanism  of m ixing of the deep 
vvater zone ìs still not com pletely understood, but the 
entire water colum n is well oxygenated. Life for fish 
and invertebrates is the re ío re possible from  surface to 
m axim um  depth, w hich is exceptional for freshw ater 
sysiem s. Lake Baikal is thereíore unique am ong ìnland 
sysiem s to the study o f bathym etric segregation and 
includes som e of the deepest occurring freshwater ani- 
mals. Am ong tìshes, the íamily A byssocollidae contains 
20  species distributed throughout the depths o f the 
lake. Species o f the genera A byssocottus, C ottin ella , and 
N eocottus  are adapteđ to ihe deep water way of life in 
that they do not occu r above 40 0  m, the size of the 
eyes is reduced, and they are physiologically adapted 
to resisting high pressures (Sideleva, 1994).

T he discovery o f a deep sea hydrotherm al fauna in 
thc 1980s was a surprise for marine biologists. Sim ilarly,

hydrotherm al vents have heen discovereci in Lake Bai- 
kal, ai a depth o f 4 4 0  m  on the sedim enl tloor o f Fro li- 
kha Bay (C rane et a ì., 1 9 9 1 ), at the foot o f an east-west 
trending fault. Photographs reveal ihat the center of 
ihe venl field is covered by a near-conúnu ou s bacterial 
mat. A w hite sponge encrusts small cobbles at the 
periphery of the vent íìeld. Coiled gaslropods and 
w hitish translucent am phipods are found am ong the 
sponges and on the sedim ent at the edge of the 
bacterial raat.

D. Relationship between Species Richness 
and Area in Lakes

Com m unity ecologists usecl lo com pare isolated íresh- 
water system s to biogeographic islands. The relation- 
ship of species num ber to area contain ing those species 
is a w ell-know n em pirical observaúon, and a power 
function is widely used to describe this pattern m alhe- 
m atically: 5 =  cAZ , where s  is the num ber o f species, 
A the area, z  ihe slope of the regression line, and c a 
co n sta n t. It can also be expressed as log s =  c +  z logA.

The effect of lake size on species richness o f inverte- 
brates has been dem onstraled. For crustacean zoo- 
plankton, species richness is also signiíìcantly  corre- 
latecl with lake suríace area (D odson, 1 9 9 2 ). The specics 
area curve for N orth A m erican lak es is statistically  dif- 
íerent írom  and steeper than the corresponding Euro- 
pean curve (slopes, respectively, 0 ,0 9 4  and 0 ,0 5 4 ). The 
log species richness is also correlated to log of the 
average photosynihetic flux per cubic m eter and log 
num ber o f lakes w ithin 20  km  of the target lake. For 
66  North A m erican lakes, the three variables can be 
com bined in a m ultiple linear regression m odel, w hich 
explains 75%  o f the variation in log species richness 
(D odson, 1 9 9 2 ).

Species richness o f aquatic birds also increases vvith 
lake size. In Svviss lakes, the species num ber increase 
steeply with lake size up to 50  km 2 and species richness 
depends m ore closely on lake area in fìsh eaiers and 
diving ducks than in dabbling ducks (Suter, 1 9 9 4 ). 
Actually lake size explains 70  to 85%  o f the variation 
of abundance and species richness in fish eaters and 
divìng ducks but only 64%  o f species richness in dab- 
bling ducks. In Florida lakes, bird species richness was 
also posúively correlated to lake area and to total water 
colum n phosphorus concentration  value (W C P ) for 
each lake. The m ultilinear Log (species richness) =  
1 .12 +  0 .5 6  Log (Lake area) + 0 . 1 2  Log (W C P ) and 
accounts for 77%  of the variance in  species richness 
(Hoyer and C aníìeld, 1 9 9 4 ).



E. Morphometry and Species Richness
The species diversitv in a lake is a [unction of the 
diversity of habitats: the m ore ecological niches in the 
lakes, the m ore species may be expected. The lake s 
m orphom etry is basic to its structure: deep, steepsided 
lakes do not offer as many bíotops than shallow, ílat 
lakes. For the latter, most o f the lake bottom  may be 
colonized by plants and anim als (the benthìc flora and 
fauna), while in deep lakes, only a small part of the lake 
bottom  is colonized. Generally speaking, deep lakes are 
dom inated b)' plankionic organism s, which are íloating 
or vveakly sw im m ing organism s, usually associated w ith 
suspended parúcles. In shallow  lakes, benthic organ- 
ism s are dom inant and the heterogeneity of lake bottom , 
as well as the developm ent of m acrophytes, may in- 
crease the diversity of benth ic species.

II. EVALƯATING BIOLOGICAL 
DIVERSITY

Despíte the efforts o f laxonom ists, a good estim ation 
o f the total num ber of species occurring in freshwater 
lakes and ponds does not exist. W c shall provide here 
som e recent Endings about aquatic biodiversity.

A. Diversity of Plankton and 
Microbial Loop

Three m ajor size classes are usually recognized in pe- 
lagic plankton: m icroplankton ( 2 0 - 2 0 0  fẦ.m), nano- 
plankton ( 2 - 2 0  /xm ), and picoplankton (0 .2 - 2 .0  ỊJLm ). 
In the late 1970 , photoirophic picoplankton was discov- 
ered in great abundance in  both m arine and freshwater 
ecosystem s. However, identifying picoplankton causes 
considerable taxonom ic problem s due 10 the very small 
sizes o f these organism s. W e do not know how many 
bacterial species exists in  the world, because bacteria 
cannot be differcntiated under the m icroscope; we do 
not even know  the right order of magnilude. A new 
way of classiíìcation  has been proposed, based on the 
sequences of ribosom al RNA thai led to a phylogenetic 
classiíĩcaúon o f bacteria. It is becorning apparent that 
the genetic diversity am ong bacteria is m uch wider ihan 
that am ong the anim als and planis.

Most heterotrophìc nanoplankters are small ( 2 - 5  
/im ), colorless Aagcllated protists. Thev grow at about 
the satne rate as bacteria and are capable of consum ing 
the entire bacterial production. M eamvhile, ihcv regen- 
erate significanl am ounts of nutrients and serve as prey 
for m icro- and m esoplankton.

The im portance of bacteria and protozoa activiùes 
in the trophic structure of lacustrine food chain has 
been largely underestim ated in the past. The m ajor role 
played by m icroorganism s in controlling energy and 
nutrient íluxes is now better understood follow ing the 
discovery of the rnicrobial loop and its role as a source 
or a sink for carbon and energy flow to higher trophic 
levels in pelagic system s. W e know now that these 
m icroorganism s can control mạịor íluxes o f energy and 
nutrients. In some cases, 50%  of the photosynthetic 
production does not pass directly to higher ư ophic level 
but is diverted into a m icrobial loop where nutrients 
are rapidly rem ineralized and fed back to the dissolved 
inorganic pools.

B. Diversity in Freshwater Sediments
About 175 ,000  species o f organism s associated with 
freshwaler sedìm ents have been described, but the true 
num ber is m uch higher than this (Palm er ct a  1.. 1997). 
The num ber of species in m osl laxa can scarcely be 
estimated and global estim ate of m icrobial diversity 
rem ains controversial. For exam ple, som e specialists 
estim ate that there are hundred of thousands of aquatic 
nem aiodes and only a sm all percent of ihese have been 
described. Rotiíer species diversity is also poorly know n 
for freshwater sedim ents, but il is estim ated that there 
are thousands of undescribed species.

M osi freshwater sedim enl species are small and con- 
centraied in the upper sedim eni layers. Availability ol 
lìght limits the developm ent of plants and photosyn- 
thetic bacterìa, w hich are therefore scarce or absent in 
most sediments. M oreover, oxygen level may iníluence 
species richness and the num ber of species is low in 
anoxic waters (sce Table I).

c. Diversity in Fish
Presently, 2 5 ,0 0 0  fish species have been described. 
Some 10 ,000  species are lound only in freshw aiers, a 
large proportion of w hich occurs in lakes and ponds. 
The freshwaters are thereíore disproportionately rich 
in species of fishes on the basis o f area when compared 
to oceans. That could be vìewed as the result o f ihe 
patchy nature of inland vvaters and the resulting high 
endem icity of the biota. Fish live in alm ost every con- 
ceivable type oi aquaúc habitat. They exhibii enorm ous 
diversity in size, shape, and biologv.

O ther vertebrates species occu r in íreshvvaters: a few 
mam mals, several repliles, and many birds and am phib- 
ians. There is no quam itativc evaluation of the num hcr 
of vertebratcs vvhose life cycles include lakes or ponds, 
but it is íar from negligible (see Table II).



T A B L E I

S p e c ie s  R ic h n c s s  o f  th e F rc s h w a te r  S e d im e n l B io la  fo r M any H ab ila l T v p cs

Ta xon
N u m b e r o f  sp ec ies 

d escrib ed
Prob able n u m b er 

df sp cc ies
Range o f local 

sp cc ie s  rich n e ss

B a c te r ia > 1 0 .0 0 0 U n k n ow n > 1 ,0 0 0

A lgae 1 4 ,0 0 0 > 2 0 ,0 0 0 0 - 1 0 0 0

Fu n g i 6 0 0 1 ,0 0 0 - 1 0 ,0 0 0 0 - 3 0 0

P ro to z o a < 1 0 , 0 0 0 1 0 - 2 0 ,0 0 0 2 0 - 8 0 0

planls 1 ,0 0 0 U n k n ow n 0 - 1 0 0

In v e rte b ra te s 7 0 ,0 0 0 > 1 0 0 ,0 0 0 1 0 - 1 ,0 0 0

A sch e lm ĩn th e s 4 ,0 0 0 > 1 0 ,0 0 0 5 - 5 0 0

A n n elid a 1 ,0 0 0 > 1 .5 0 0 2 - 5 0

M o llu sca 4 ,0 0 0 5 ,0 0 0 0 - 5 0

A carii 5 ,0 0 0 > 7 ,5 0 0 0 - 1 0 0

C ru s ia cea 8 .0 0 0 > 1 0 ,0 0 0 5 - 3 0 0

In secta 4 5 ,0 0 0 > 5 0 ,0 0 0 0 - 5 0 0

O th c rs 1 ,4 0 0 > 2 ,0 0 0 0 - 1 0 0

N u m b crs  are ro u g h  estim ate s  an d  dcrivod [rơm  m any souvccs. C o lle c te d  by Palm er 
et al. (1997)

TABLE II

N u m b c r  o f  F is h  S p e c ie s  R e co rd e d  Irom  S ev e ra l L ak es C o n n e cte d  

to  R iv ers  S y s tem s

Lake L atiiu d c A rca N u m ber o f  fish

C h ad A frica 13°N 1 0 - 2 0 ,0 0 0 137

T u rk a n a A írica 3°N 6 ,7 5 0 51

ch ilv v a A frica 1 5 °s 6 7 5 31

N gam i A frica 2 0 °s 150 48

G eo rg e A frica 0° 2 7 0 30

H u ron N orth  A m erica 44°N 5 9 ,6 0 0 9 9

E rie N o rth  A m erica 42°N 25,700 113

M ich ig an N o rth  A m erica 44°N 58 ,000 114

S u p e rio r N o rih  A m erica 47°N 8 2 ,400 67

G rea t Bear N o rth  A m erica 66°N 31 ,150 12

G rca t S lavc N orth  A m erica 61°N 2 7 ,2 0 0 2 6

Big  T ro u i N orth  A m erica 54°N 6 1 6 2 4

c lia p a la C e n tra l A m erica 20°N 1 ,0 8 0 14

N icarag u a C en tra l A m erica 11°N 8 ,2 0 0 4 0

M aggiore Eu rop e 46°N 6 7 6 21

\V inderm ere E u ro p c 54°N 15 9

Ladoga E u ro p e 61 1 8 ,4 0 0 4 8

A ral sea E u ro p c 45°N 6 4 ,5 0 0 17



III. BIOLOGICAL DIVERSITY AND 
ECÕSYSTEM FUNCTIONING

E n erg y  an d  n u trien ts  in an eco sy stem  are transferred  
th ro u g h  su ccessiv e  tro p h ic levels. P h o to sy n th esis  pro- 
v id es th e  b a s ic  food  for h erb iv o ro u s an im als , w h ich  are 
ea ten  by the carn ivores. T h e re ío re , kn o w led ge o f the 
ro le  o f  ind iv id u al sp ecies  and  th eir re la tio n sh ip s  in 
a q u a tic  sy stem s is  critica l to u n d erstan d  the íu n ctio n in g  
o f  the sy stem  as a vvhole. L im n o lo g ists  p o in ted  o u t 
several k ey  issues to the study o f the re la tio n sh ip s  be- 
tw een  sp ecies  d iversity  and lake fu n ctio n in g .

A. Food Webs
F o o d  w ebs are d iagram s d ep ictin g  w h ich  sp ecies in  a 
c o m m u n ity  in teract in  íeed in g  and d escrib in g  w h ich  
k in d s o f  o rg an ism s in  a co m m u n ity  eat w h ich  o th er 
k ind . F o o d  w ebs are thus carica tu res  o f  n atu re , b u t they 
give a p ictu re  o f the p ro cesses at w o rk  in ecosystem s. 
C o n n e ctiv ity  food  w ebs are d escrib in g  p athw ays along 
w h ich  íeed in g  in te ra c lio n s  o ccu r . T h ese  in lera ctio n s  
ch a n g e  at least seasonally  and n o t all in te ra c lio n s  are 
eq u ally  s tro n g . T h e  in te ra ctio n  w eb em p h asizes c o n n e c- 
lio n s  that appear to have a large effect on  the d ynam ics 
o f the food  w eb stru ctu re  and fu n ctio n . F o o d  w ebs 
o ccu p y  a Central p o sitio n  in corn m u n ity  eco logy . M any 
im p o rta n t in te ra c lio n s  (e .g ., c o m p e titio n , p red atio n ) 
c a n n o t be  iso lated  from  a food  w eb co n te x t b ecau se  the 
o u tc o m e  o f  ih ese  in te ra c tio n s  can  be m od ified  d irectly  
and  in d ire c tly  by o th er m em b ers o f the  w eb.

F o r  a lo n g  tim e food  w ebs served  p rin cip a lly  as h eu - 
r is tic  d ev ices , u se íu l in  d ep ictin g  co m p le x  eco system s 
as d iag ram s com p o sed  o f m any in tera ctiv e  parts and 
e n h a n c in g  o u r un d erstan d in g  o f pathw ays o f energy 
and  m ateria l transfer in  aq u atic  eco system s. H ow ever, 
ih e  re ce n t surge o f in terest in  food  w ebs seem s related  
to che q u e stio n  o f ihe  ỉu n c tio n a l ro le  o f  b iod iv ersity  
(d iscu sse d  la ter).

Few  if  any o f the aqu atic  food w ebs are u n im p acted  
by h u m an s b o th  at a local and a g lobal sca le . F o r  exam - 
p le, R sh eries  food  w ebs are co m p lex , in v o lv in g  m u ltip le  
tro p h ic  lev els  at several spatial and tem p oral sca les. 
F ish  sp e cie s  offer a w ide range o f body sizes and ĩeed ing  
h a b its , and  thus have a variety  o f food w eb ro les  and 
in te ra c ú o n s  w ith  o th er sp ecies. E x p lo ita ú o n  o f fishes 
m ay re su lt in  m a jo r changes in  food  w ebs. H ow ever, 
ih e  c o n se q u e n ce s  o í  sp ecies  rem oval th ro u gh  íìsh eries  
are an  a lm o st u n exp lo red  fìeld o f  research  in m ost ừ esh - 
w ater system s.

B. The Top-Down Control
In  the c lassíca l lim n o lo g ica l ap p ro a ch , it w as u su al to 
co n sid er  fresh w aler eco sy stem s as o p era ú n g  in  a p h y si- 
ca l-ch e m ica l m ilieu  th at, largely  th ro u gh  n u trien t avail- 
ab ility , co n d itio n s  the food ch a in  from  p rim ary  p ro d u c- 
ers to top p red ators, In  this “b o tto m -u p ” c o n tro l, 

co m p e titio n  b etw een  p rim ary  p ro d u cers ío r lim itin g  
n u trien ts  d eterm in es  the sta ie  o f h ig h e r tro p h ic  levels. 
A reverse v iew p oint, the "top-dovvn c o n iro l” s lo w ly  be- 

cam e p ro m in en t. It argues that the e iĩe c ts  o f top  p red a- 
tors cascad e dow n the tro p h ic  c h a in  and  are resp o n sib le  
for co n tro llin g  the State o f the en tire  eco sy stem . T h e  
p red ato rs , near or at the top o f  the tro p h ic  p yram id , 
m ay be íìsh es but also  m ay b e b ird s , m am m als, and 
so o n , as w ell as in v erteb ra tes. T b ro u g h  grazin g , for 
in sta n ce , íish  have d irec t eư ects  on  the co m p o sitio n  
and a b u n d an ce  o l'p h y to p la n k to n , p erip h y to n , and m ac- 
ro p h ytes, as w ell as o n  the d y n a m ics  o f p la n k to n  and  
b en th ic  co m m u n itie s . S iz e -se le c liv e  p red atio n  by fish 
m ay n o t on ly  play a m a jo r  ro le in  the  p o p u la tio n  d ynam - 
ics o f prey sp ecies, but also  resu lt in  sh iits  in the relativ e  
a b u n d an ce  o f  sp ecies.

P redation  is  now  co n sid ered  to  be a m ạịo r d riv ing  
lo rce  in  sh ap in g  z o o p la n k to n  co m m u n iú e s . A great 
n u m b er o f  papers em p h asized  th e  s ize-re la ted  a lter- 
a tion s in  z o o p la n k to n  co m m u n itie s  as a co n se q u e n ce  
o f p lan k tiv o ro u s fishes, w h ich  se le c t the largesi avail- 
able prey and m ay rapid ly  red u ce th e  d en sity  o f  large 
z o o p la n k ters , resu ltin g  in  a sh iít o f  the  prey co m m u n ity  
to sm all sp ecies , p red o m in an tly  ro tiíe rs  and sm all cla - 
d o ceran s. E x ú n ctio n  o fla rg e  zo o p la n k to n  has b een  d oc- 
u m en ted  in several h a b ita ts , usu ally  fo llo w in g  the in tro - 
d u ctio n  o f  nevv sp ecies  o f  p la n k ú v o ro u s fish.

T ro p h ic  cascad es fro m  fish es to  vvater q u ality  in  lak es 
are am o n g  the c learest exa m p les  o f  Teedbacks fro m  pop- 
u la tio n  to eco sy stem  p ro cesses  (C a rp e n le r  and  K itch e ll, 
1 9 9 3 ) . A sh ift in the  sp ecies  c o m p o sitio n  and size d istri- 
b u tio n  o f  ihe  fish assem b lag es a lters  the co m m u n ity  
co m p o sitio n  and  size  d is tr ib u lio n  o f  ihe h erb iv o ro u s 
zo o p la n k to n . T h e  im p a cl o f h e rb iv o ry  on p h y to p lan k - 
ton  d ep ends o n  the re la tiv e  ab u n d a n ce  o f cer ta in  h erb i- 
vores w ith  w idc d iets , h igh  graz in g  rates, and rapid 
p op u latio n  grow th  rates . P op u la tio n  o f th ese  key sto n e  
herb iv o res are sen sitiv e  to  íìsh  p red ation . In  ad d itio n , 
the  size d is trib u tio n  o f fish es and  z o o p la n k to n  and  their 
m igrato ry  b eh av ior largely d eterm in e  the rate and spa- 
úal p attern  o f n u ir ie n t re cy c lin g  in  p clag ic  eco system . 
In vvhole-lake ex p e rim em s, m an ip u la tio n s  o f fish com - 
m u n ity  s tru ctu re  have cau sed  s ig n iíìca n t ch a n g es  in 
p rim ary p ro d u ctio n , algal b io m a ss, n u tricn t recyclin g , 
and sed im en ta tio n  rates.



c. Relationships between Biodiversity and 
Ecosystem  Stability

A m a jo r  c ọ n ce rn  fo r  lim n o lo g ists  is to p red ict resp o n se 
to stress . F o r  a lo n g  tim e , the so -ca lle d  co n v en tio n a l 
w isdom  in e co lo g y  w as that in creased  co m p lex ity  
vvithin a c o m m u n ity  lead s to  in creased  stab ility . C o m - 
p lex ity  is  used h e re  to  m ean  m o re  sp ecies , m ore 
in tcra ctio n s  betvveen th em , and  m ore pathw ays. T h e  
b asic  assu m p tio n  is  th at i f  the n u m b er o f  p athw ays 
in creases, any b lo ck a g e  at o n e  p o in t o f  th c  n e tw o rk  
w ould  be co m p e n sa te d  fo r by  the o p e n in g  o f  a n o th e r  
p athw ay. H ow ever, u n til now  th is con v en tio n a l w is- 
dom  h as not re ce iv e d  ra u ch  su p p o rt íro m  íìe ld  or 
e xp erim en ta l w o rk . T h e re ío re  som e b asic  q u e stio n s  
rem ain  op en  and  are o f  p a rticu la r co n ce rn  íor fresh - 
w ater lakes:

• H ow  is sy stem  s ta b ility  and  resistan ce  affected  by 
sp ecies  d iv ersity , an d  to w h at e x ten t co u ld  the in - 
tegrity  and su s ta in a b ility  o f  eco sy stem s be m ain- 
ta in ed  in  sp ite  o f  sp e c ie s  d ele tion s resu ltin g  from  
d eg rad atio n  o f e n v iro n m e n ta l co n d ilio n s?

• Are rare sp cc ies  an  In su ra n ce  o f  e co sy siem  stab il- 
ity? D o these  ra re  sp e c ie s  play a ro le  in  eco sys- 
tem  íu n c tio n in g ?  O n e  h y p o th esis  is th at the m ost 
stab le  e co sy ste m s in  te rm s o f  key  íu n c tio n s  are 
th o se  rich e st in  sp e cie s . H ow ever, well d o cu m en ted  
s lu d ies  o f  rare sp e c ie s  su b stitu tin g  for d ec lin in g  
co m m o n  sp e c ie s  in  th e  m a in te n a n ce  o l k cy  fresh- 
w ater eco sy ste m  iiin c tio n s  fo llo w in g  d istu rb an ce  
a re  sca n t.

D. Role of Intra- and Interspecies 
Com munication Systems in 

Ecosystem  Dynamics
T h e  s tru c tu re  o f  th e  b io ta  is  d eterm in ed  by c o m p le x  
in tc ra c tio n s  betvveen in d iv id u al o rg an ism s a c tin g  at 
d iííe re n t tro p h ic  lev els. I t  is now  b e co m in g  c le a r  
that b esid es e n erg y  tra n s íe r  from  o n e tro p h ic  level to 
a n o th er , there is a n  e x c h a n g e  o f  in íb rm a tio n  b e tw een  
tro p h ic  levels th ro u g h  in lo ch e m ica ls . M o reo v er, s e x -  
ual p h e ro m o n e s, b u t a lso  so u n d s, e lec tr ic  s ig n a ls , 
and v isu al c o m m u n ic a tio n  p lay a ro le  in sh a p in g  
th e s tru c tu re  o f  th e  b io tic  co m m u n ỉty . T h is  d iv erse  
c o m m u n ica tio n  n e tw o rk  h as b io lo g ica l c o n se q u e n ce s  
and m ay m od iíy  the b e h a v io r  o f  aq u atic  a n im a ls , 
su c h  as m ig ra tio n s. T h is  is a fairly new  íield  o f  re -  
search .

E. Biological Productivity and 
Biodiversity: The Case of Eutrophication

T h e  b io lo g ica l s tru ctu re  and  in ternal b io lo g ica l c o n tro l 
m ech a n ism s o f  ừeshvvater lakes are h igh ly  a ffected  by 
lake  w ater n u trien t level an d  by th e extern  o f  nu tria l 
load ing . L im n o lo g ists  d is tin g u ish  o lig o tro p h ic  lak es, 
w h ich  are g en era lly  deep w ith  s teep  s lo p e  and  are ch a r- 
a cterized  by low  n u trien t levels and  c lea r w ater. T h e  
b io m a ss  at all tro p h ic  levels is  sm all. O n  the o p p o site , 
eu tro p h ic  lakes are o ften  sh a llo w  w ith  gradu ally  s lo p in g  
edges. T h e  m o st c h a ra c ter is tic  íea tu res are h ig h  n u tri- 
en ts  levels, the ab u n d an ce  o f  p la n k to n , and  low  w a- 
ter c larity .

O n e co n ce p t o f  lake  su cce ss io n  co n sid ers  that lakes 
pass th ro u gh  d ifferen t tro p h ic  s ta tes , b e g in n in g  w ith  
low  íertility  o r o lig o tro p h y , grad u ally  m ov ing  to a m od - 
erate ly  p ro d u ctiv e  or m e so tro p h ic  State to rea ch  íìn a lly  
the eu tro p h ic  stage. T h is  s u c ce s s io n  m ay h ap p en  in  
u n d is iu rb ed  lakes. H ow ever, eu tro p h ica tio n  (so m e - 
tim es ca lled  cu ltu ra l cu tro p h ica tio n ) is now  w id esp read  
as a resu lt o f  hu m an a ctiv ities . E u tro p h ica tio n  m ay be 
d efined  as th e  p ro ce ss  o f  e n rich m e n t o f  a w ater b ody due 
to an  in crea se  in  n u trien t loading . T h e  m o st im p o rta n t 
n u trien ts  cau sin g  e u tro p h ica tio n  are p h o sp h a tes , n i- 
trates, and  am m o n ia . All th ese  ch e m ica ls  are a b u n d an t 
in  w aters re leased  fro m  sew age trea tm en t w o rk s and 
from  su ría ce  and  gro u n d w ater ru n o ffs  in  in te n s iv e  agri- 
c u ltu re  areas.

The most obvious consequence of eutrophication is 
the increased aquatic plants and phytoplankton grow th, 
an o v era ll in crea se  in  b io m a ss, an d  a sh iít  in sp ecies  
co m p o sitio n  o f  th e lake. F o r  e x a m p le , at low  p -c o n ce n - 
tra tio n s , n o rth  E u ro p ean  sh a llo w  frcsh w ater lakes are 
u su ally  in  a c learw ater stag e ; su b m erged  m a cro p h y tes  
are ab u n d an t, p o ten tia l p isc iv o res  are p resen t in  large 
n u m b e rs , and p red atio n  p ressu re  on  z o o p la n k to n  is 
co n se q u e n tly  low . At so m e  h ig h er P -co n ce n tra tio n s , 
there is a shift to a turbid stage: submerged macrophytes 
d isap p ear and  the íish  s to c k  ch an g es. T h e  fish  b io m a ss  
rises and there is a shift from a system dominated by 
p ik e  (Esox lucius) and  p erch  (Perca Jỉuvíatiỉis) to  o n e  
exc lu siv e ly  d o m in ated  by p la n k tiv o ro u s-b e n th iv o ro u s  
fìsh , m ainly  b rea m  (Abramis bram a ) and  ro ach  (R u íi- 

ỉus rutiỉus).

IV. THE CASE 0 F  ANCIENT LAKES 
SPECIES FLOCKS

A b o u t a d o zen  lakes in  the w o rld  are up  to  th ree  o rd ers  
o f  m ag n itu d e o ld er than  m o st o th ers  (T a b le  III) (M ar-



TABLE III

S u m m arv  o f  P h y sica l and B io lo g ica l C h a ra c te r is t ic s  o f  S o m e o f th e L arg cr E x ta n t A n cie n t L akes

La k e
Age

(M y)

M ax. 

depth . (m )

Area
(k n r )

N u m ber o f 

an im al sp ec ies

N u m b cr o f 

en d em ic

N u u ib er of 

íisli sp ecies
N u m b er o f 

fish  en d em ic

B aik al 3 5 - 3 0 1 ,7 0 0 3 1 .5 0 0 1 .8 2 5 9 8 2 5 6 27

T an g an v ik a 9 - 1 2 1 ,4 7 0 3 2 .6 0 0 1 ,4 7 0 6 3 2 3 3 0 241

M alaw i 4 .5 - 8 .6 7 8 5 3 0 ,8 0 0 > 6 0 0 > 6 0 0

V icto r ia 0 ,6 ? 7 0 7 0 ,0 0 0 > 5 0 0 > 5 0 0

T itica ca 3 2 8 4 8 .4 4 8 5 3 3 61 29 23

O h rid 2 - 3 2 9 5 3 4 8 17 2

Biw a 4 104 6 7 4 6 0 0 54 57 11

In part from  M artens, 199 7 .

tens, 1 9 9 7 ) .  S u ch  lakes have e x ce p tio n a lly  high íaunal 
d iv ersity  and levels o f en d em icity .

A n im p o rtan t ch a ra cter is tic  o f  a n c ien t lakes b io d i- 
v ersity  is the e x iste n ce  o f “sp e c ie s -ílo c k s .” A n aggregate 
o f  sev eral sp eeies sh o u ld  b e id em iíied  as a ílo ck  o n ly  
if  its  m em b ers  are en d em ic  to the  geo g rap h ica lly  c ir- 
cu m scrib e d  area un d er co n sid era tio n  and are each  o th - 
ers’ c lo se s t liv ing relatives. B rieíly  sp eak in g , a sp ecies  
flo ck  h a s  to he m o n op h y letic . At p resen t, d ifferen t rich  
sp ecies  ílo ck s  for fish and in v erleb ra ies  have b een  iden- 
tified  in  variou s a n c ien t lakes, w h ich  are th ere ío re  excep - 
tion a l n atu ral s ites  for the study o f  sp e c ia tio n  p atierns.

T h e  p ro cesses  a cco u n ù n g  lo r these rad ia iio n s are a 
m a tter o f  d eb a le , b u t there  is m ore and m ore ev id ence 
ih at sy m p a tric  sp ecia tio n  m ay o cc u r  in iso lated  vvater 
b o d ies. T h e se  sp ecies  ílo ck s  are so m etim es con sid ered  
to  b e  a w orld  heritage that is end angered  and  has to be 
p reserv e  from  d estru ctio n  by h u m an  a ctiv ities  (C o u lte r  
et a l ,  1 9 8 6 ; N agelkerk e et a i ,  1 9 9 5 )  (see  T ab le  III) .

A. Fish Species Flocks
T h e  m o st s trik in g  íea lu re  o f  th e  G reat E ast A frican 
L ak es (V ic to r ia , T an g an yika , M alaw i) is that each  has 
its  ow n  h igh ly  en d em ic la cu strin e  C ich lid  fauna. In 
L ake V ic to r ia , acco rd in g  to o u r p resen t knovvledge, 
th ere  is a c ich lid  sp ecies  ílo ck  o í  m ore th an  5 0 0  en d em ic 
h a p lo ch ro m in e  sp ecies. T h e  true sp ecies  n u m b er is al- 
m o st cer ta in ly  even h igh er (S eeh a u sen , 1 9 9 6 ) .  T h e  age 
o f  th is  f lo ck  w as estim ated  at 2 0 0 ,0 0 0  years, but it is 
m o st lik e ly  that Lake V ic to ria  had e n tire ly  dried  up as 
re c e n tly  as 1 2 ,4 0 0  years ago, so  ih a t m ost o f  the en d em ic 
c ic h lid  ílo c k  w ould  have evolved  d u ring  the pasi 1 2 ,4 0 0  
years Q o h n so n  et a i ,  1 9 9 6 ) . In  L ake M alaw i, the d iverse 
c ic h lid  fauna o f th is lake cou ld  also to ta l m u ch  m ore

than 5 0 0  sp ecies. S p ecies  flo ck s  are also  rep o rted  for 
the clariid  ca tíìsh  Dinolopterus ( 1 0  sp ecies).

T h e  L ake T an g an yika  c ic h lid s  are sligh tly  less d i- 
verse. H ow ever, m o rp h o lo g ica l and  e lec tro p h o retic  data 
b o th  suggest that several lin eag es o f  c ich lid s  from  Lake 
T an g an y ik a  are m u ch  o ld er ih an  the L akes V ic to ria  and 
M alaw i lin eag es and can  be traced  b a ck  to at least seven 
clistinct an cestra l lin eag es. S p ecies  ílo ck s  also o cc u r  in 
n o n c ich lid  fam ilies: seven  M astacem b eliđ  sp ecies, six  
sp ecies  o f  the bagrid Chrysichthys, seven  sp ecies  o f 
Synodonlis, and Tour sp ecies  o f ih e  C en tro p o m id  Lates 
(D e Vos and  S n o ek s , 1 9 9 4 ) .

Rates o f  sp ecia tio n  in  c ich lid s  can  be aston ish in g ly  
fast. T h a i has b c e n  k n o w n  s in cc  the d isco v cry  o f  íivc 
en d em ic  sp ecies  o f c ic h lid s  in L ake N abugabo, a sm all 
lake less th an  4 0 0 0  years old and  sep arated  by a sand bar 
from  lak e  V ic to ria . Still faster sp ecia ú o n  rates w ere sug- 
gested  by the find ing  that the Sou thern  end  o f  Lake 
M alaw i w as dry on ly  tw o cen iu rie s  ago, w hile it is 
now  in h ab ited  by n u m ero u s en d em ic  sp ecies  and  “co lo r 
m o rp h s" that art' on ly  found  ih ere  and are believed  to 
have o rig in ated  d u rin g  the pasi 2 0 0  years.

T h e  rem ark ab le  d ív ersity  o f  the  large b arb s (genus 
Barbus) in  L ake T an a  (E th io p ia ) c o n stitu te s  a p o ten ú al 

sp ecies  f lo ck  that h as b een  d iscovered  recen tly . N agel- 
k erk e  et ai. ( 1 9 9 5 )  h y p o th esised  that ia tra la cu strin e  
sp ecia tio n  has o ccu rred  am ong the barbs o f L ake Tana 

and p ossib ly  is still g o in g  on.
In  S o u th  A m erica , the native íĩsh  fauna o f  L ake T iti- 

caca  in c lu d e s  the gen era  Trichomycterus and Orestias. 
b o th  e n d em ic  to the A ndean A ltip lano . T w en ty -fo u r 

Orestias sp ecies  are p resentlv  reco g n ized  in L ak e  T iti- 
caca  (L a u z a n n e, 1 9 9 2 ) .  Hovvever it is p ro b ab ly  n o i a 

m o n o p h y le tic  group b u t rather an  assem blage that in- 
clu d es, in p art, several sp ecies  ílocks.



Lake Baikal (E ast S ib e ria ) ho sts  a very d iverse fauna, 
w ith som e 2 5 0 0  d escrib ed  sp ecies  (m o st o f w hich  are 
en d e m ic), w hich  m ig h i c o n stitu te  5 0 %  o f the total 
am o u m . At p resen t, L ake Baikal co m p rises  5 6  sp ecies  
and su b sp e cie s  o f f ish , vvhich b elo n g  to  14  íam ỉlies  
(S id elev a , 1 9 9 4 ) ,  a gro u p  o f s ix  sp ecies  and su b sp ecies , 
b e lo n g in g  to three fa m ilies  (T h y m a llid a e , C o reg o n id ae , 
and A cip en serid a e), w h ich  are re lativ ely  en d em ic; an - 
o th er gro u p  of n o n e n d e m ic  fauna in c lu d es  21 sp ecies  
and su b sp ecies , w h ich  b e lo n g  to C y p rin id ae, P ercid ae, 
C o b itid a e , E so cid ae, G ad id ae , Sa lm o n id ae, S ilu rid ae, 
and E leo trid ae .

In A sia, L ake L anao  w as fo rm ed  by a lava flow  that 
dam m ed  the stream s flow in g sou th w est. T h e  cyp rin ìd  
fauna p resen ts a w idely acknovvledged exam p le  o f  adap- 

tivc rad ia tio n . O f the 2 3  cyp rin id  sp ecies  p resen tly  
k n o w n  írom  M ind an ao  Islan d , 15 are rep orted  from  
Lake L anao (K o tte la t and W h itte n , 1 9 9 6 ). UnCortu- 
nately  o v erexp lo ita tio n  and  e x o tic  in tro d u ctio n s  have 
d ecim ated  the launa, so  that now  on ly  few  en d em ic  
cy p rin id s  are still p resen t.

Lake B iw a is the larg esi and  old est lake  in  Japan. 
T h e  d eep  b a s in  as seen  p resen tly  is  su p p o sed  to have 
been  lorm ecl 3 0 0 ,0 0 0  years ago. M ost en d em ic  fishes 
ex ist a lso  s in c e  th ai tim e (K aw an ab e, 1 9 9 6 ) . Som e 5 0 0  
p lant and  6 0 0  anim al sp e cie s  have been  recorded . At 
p resen t th ere  are 71 sp ecies  and su b sp e đ e s  if  freshw ater 
tìshes fo a n d  in Lake Biw a and its trib u iaries. T h e re  are 
13 en d em ic  sp ecies  and su b sp e cie s  o f  fish in Lake Bíw a.

T h e on lỵ  m ore or less p ris tin e  sp ecies  flocks leít in  
A sia are to be found  in  the lakes the M alili R iver d ra in - 
age o f  the Sulavvesi Islan d  (C e le b e s ) in  In d o n esia  (K o t- 
te lat &r w h it te n , 1 9 9 6 ) .  M alili lak es  (la k e s  T o w u ti, 
M atan o , M ah alon a, W a w o n to a , and M asap i) co n stitu te  
a System  o f lakes p artia lly  iso la ted  from  each  o th er and 
co m p le te ly  iso lated  [rom  o th e r  freshw aters. As a resu lt, 
m ost o f  the anim al sp e c ie s  kn o w n  [rom  the lakes are 
en d em ic.

B. Invertebrates
M o llu sk s  fo cu s  ou r a tte n tio n  o n  p arts o f the w orld  ihat 
seem  lo  be hot sp ots o f  e n d e m icily , w here the res id en t 
clacles are rem arkab ly  m o re  d iverse than  in o th er s im ila r 
en v iro n m en ts . L o n g-liv ed  lak es  are p rim e exam p les o f  
th ese  ev olu tio n ary  th eaters . P articu lar c lad es, su ch  as 
th e  h y d rob io id  and cera tio id e a n  p ro so b ra n ch s  and the 
p la n o rb ìd  p u lm o n ates, sh o w  repeated  p attern s o f  d iver- 
s ifica tio n  in  b o th  e x ta n t an d  íossil long-livecl lakes, 
rev ca lin g  the co m m o n  p a tte rn s  that m ake them  p ro n e  to 
sp e cia te  (M ich e l, 1 9 9 4 ) . T h e  p ro c e ss o fd iv e rs iíìc a ú o n  ís 
tied  to in trin sic  ch a ra c ters  sh ared  by m any o f these

clad es: re p ro d u ctiv e  and d isp ersal stra teg ies  (b ro o d ers  
and p o o r d isp e rse rs), gen etic  stru ctu re  (tig h tly  co n - 
stra in ed  g e n e tic  sv stem s), m orp h olog y  (o ften  relatively  
th ick  and  o rn a m en ted  s h e lls ) , su b stra te  sp e c iíìc ity  
(hard  b o lto m  s te n o lo p y ), and  p hy sio logy  (d ep th  to ler- 
a n c e ). T h e  m o st n o la b le  exam p les o f  ih ese  e v o lu tío n a ry  
th eaters  are  e x ta n t lakes T an g an yika , B aikal, O h rid , 
T itic a ca , and  fo ss il lakes Id ah o , B iw a, and T u rk a n a . 
H ow ever, e x a m p les  o f gastrop od  rad ia tio n s are also  
foun d  in riv er sy stem s (see  T ab le  IV ).

A m o n g C ru sta ce a , gam m arid s have also  u n d erg o n e 
an e n o rm o u s  ev o lu tio n a ry  rad iatio n  in  Lake B aik al, 
w ith  a to ta l o f 2 5 9  sp ecies, 9 8 %  o f  w h ich  are en d em ic. 
T h e re  are a lso  several sp ecies  flo ck s o f  O stra co d s re- 
p o rted  [rom  a n c ie n t lakes (M a rten s  et ai., 1 9 9 4 ) .

V. MẠỊOR THREATS TO BIODIVERSITY 
IN LAKES

T h e c o n c e n tr a tio n  o f p eop le  arou nd  fresh w ater sy stem s 
has resu lted  in  a  m u ch  g reater degree o f d egrad ation  
to  ih ese  sy ste m s th an  m o st o p en  m arin e o r even  terres- 
iria l sy stem s.

A. Competition for W ater
C o m p e ú tio n  for w ater m ay resu lt in  the total or p ariia l 
d e s icc a ú o n  o f  la k e s  and  p ond s th ro u gh  v arìou s d iver- 
s io n  and  im p o u n d m e n t o f  trib u iaries. W a ie r  is w ith - 
draw n m o sl o ftc n  from  aq u atic  sy ste in s for irrig a tio n , 
ílood  c o n tro l, a n d  u rban  and  in d u stria l co n su m p tio n . 
A sp e cta cu la r  e x a m p le  is provided  w ith  the Aral Sea, a 
large sa lin e  la k e  in  the term in u s o f an  ex ten siv e  in lan d  
d rainage b a s in  in  so u th -ce n tra l Asia. W a te r  d iv ersio n  
for irrig a tio n  p u rp o se s  o f  in o st o f  the w aters in  in flow in g  
riv ers o f  the  A ral sea , as w ell as p o o r a g ricu ltu ra l p rac- 
tices , resu lted  in  a m arked  fall o f  w ater level (c . 15  m ) 
an d  an in cre a se  in  sa lin ity  (fro m  c. 10  to  3 0  g/1) s in ce  the 
1 9 6 0 s . T h is  ch a n g e s  have resu lted  in the d eg rad atio n  o f  
the  n atu ra l en v iro n m e n t. F is h  have v irtu ally  d isap- 
p eared  from  th e  lake and the d iversity  o f asso cia ted  
b ird  and w ild life  c o m m u n itie s  has d ecreased . M an y  in - 
v erteb ra tes  a lso  clisappeared (W illia m s and  A lad in ,
1 9 9 1 ) .

B. Habitat Alteration
S ilta tio n  fro m  e ro s io n  o f  the lake b asin  has d irec t ad- 
v erse  e ffects  o n  fish  by co v erin g  sp aw ning sites , d estro y - 
in g  b e n th ic  food  so u rce s, and red u cin g  w ater c larity  to



TABLE IV

Endemism in Ancient Molhisk Fauna (ancient lakcs and rivers)

Lak cs Baikal O hriđ T angan . TiLicaca Biwa

Mussels 2 1 12 0

% cnd. 0 0 75

Sphacridae 10 9 3 4

%  end. 3 0 22
Prosobranchs 72 47 52 16 11

% cnd . 9 3 91 8 4 93 72

Pulmonates 61 25 1 6 3 16

% cnd. 77 4 8 6 33 62

Total species 145 82 81 19 27

v isual íeed in g  an im als. Hovvever, the  ín crease  turbid ity  
m ay have also  in d ire c l e ffects  on  b iod iv ersity  in lakes. 
S e eh a u sen  ct al. ( 1 9 9 7 )  provided  ev id ence that increas- 
in g  tu rb id ity  (as the co n se q u e n ce  o f d efo resta tio n  and 
a g ricu ltu ra l p ra c tice s ) by cu rb in g  the im pact o f sexual 
s e le c iio n  o n  sexual iso la tio n  is resp o n sib le  lor the de- 
c lin e  in c ich lid  d iversity  in  Lake V icto ria . A ctu ally , m ate 
c h o ic e  in these c ich lid s  is  d eterm in ed  on the basis o f 
c o lo ra iio n , and stro n g  assortiv e  m atin g  can  q u ick ly  leacì 
to  sex u a l iso la lio n  o f  c o lo r  m o rp h s, w hich  is in creasin g  
and  p ro b ab ly  slarted  in ih e  1 9 2 0 s . By co n stra in in g  co lo r 
Vision, tu rb id ity  inieiTeres w ilh  m ate  ch o ice  (Seeh au sen  
et a i ,  1 9 9 7 ) .  T h e  reduced e íĩe c tiv e n e ss  o f s ig n a ls  cau ses 
re la x a tio n  o fse x u a l se lec tio n  ío r co lo r, w ith co n seq u en t 

lo ss  o f m ale nu p tial co lo ra tio n  and ero sio n  o f sp ccies  
d iv ersity  due lo  a b reakd ow n o f rcp ro d u ctiv e  barriers. 
D u ll Eìsh co lo ra tio n , few co lo r  m o rp h s, and low  sp ecies  
d iv ers ity  are íbund  in areas ih a l have b e co m c  turbid 
as a re su lt o f  recen t e u tro p h ica tio n . T h is  is p ro o f thai 
h u m a n  a ctiv ities  that in crease  turb id ity  d estro y  the 
m e c h a n ism  o f d iv ers iíìca tio n  and  the m ain ten an ce  o f 
d iv ersity .

c .  Species Introductions
T h e  in tro d u ctio n  o f a llen  íìsh  in to  in land  w aters has 
o ccu rre d  all arou nd  the w orld . T h e  m ain  goals o f  d elib- 
e ra te  iru ro d u ctio n s  by Rshery o fficers  w ere in itia lly  10 

im p ro v e sp o rt íìsh eries  ancl a q u acu liu re , o r to develop  
biological control of aquaúc d iseases, insects, and 
p la n ts , o r  else to  fìll sup p osed  "v acan t n ich e s” and im - 
p ro v c w ild  s to ck s  in old  o r  nevvlv crealed  im - 
p ou n d rn en ts .

T h e  in tro d u ctio n  o f a lien  sp ecics  has been  con sid - 
ered  as the  m ain cau ses o f e x tin c ú o n  o f en d em ic sp ecies 
ílo c k s  in several a n c ien t lakes. In  L ake Lanao, the in tro-

d u ctio n  o f  ih c vvhiie goby (Glossogobius ỹiurus) in  the 
earỉy L 960s resu lted  in the e lim in atio n  o f n u m ero u s 
sp ecies  o f  en d em ic cyp rin id  lish . In L akc T itic a c a  the 
raínbovv trout Salmo gairdncri was accu seđ  o f  serio u sly  
th reaten in g  the en d cin ic  Orcstias fauna and for hav in g  
been resp o n sib le  for the d isap p earance of sp ecies  su ch  
as Orcstias cuvieri. In Lake Biw a, the recen t in creases  
in n u m b ers o f  the ex o tic  b luegill Lepomis m acrochirus, 
b lack -b ass  M icroptcrus salmoides, and Chaima m aculata, 
have b een  m irrored  by seriou s d eclin es in the n ativ e  
s p e c ie s Onchorhynchus rhodurus rhodurus (an  e n d e m ic ), 
Hemigrammocyprís rasborclla, and Hymcnophysa CUI ta.

M u ch has heen said ab o u t the im pact o f  the  in tro d u c- 
tion  o f the  N ile perch on the hund reds en d em ic  

hap lo ch v o m in es o í  Lake V icto ria  (L év êqu e, 1 9 9 7 ) .  In  
the early 1 9 8 0 s  th is im pact was con sid ered  an e co lo g ica l 
and co n serv a tio n  d isaster (C o u lte r et a i ,  1 9 8 6 ) .  H ow - 
ever, it was la ler recognized  that p red ation  by Lates 
m ay n ot b e  so lely  responsib le  for the  d ep leđ o n  o f 
h a p lo ch ro m ín e  s to ck s , and that the h a p lo ch ro m in e  
s to ck  w as already affected  by íìsh eries  b efo rc  the  esiab - 
lish m en i o f Lales, p articu larly  by u n regu lated  íìsh in g  
o r by traw ling  tech n iq u es  in trod uced  in  ihe  T an z a n ia n  
part o f the lake. L ake V icto ria  is now  invaded by w ater 
h y a cin th , and the rem ain in g  fish fauna is th ere íb re  m ore 
and m ore threatened .

T ra n sp o rt throu gh ballast w ater is p robably  o n e  o f 
the  m o st im p o rtan t pathw ays for a lien  spec ies  in v asio n s 
in several p laces, in c lu d in g  the N ortli A m erican  G reat 
L akes (M ills  et C(!., 1 9 9 3 ) . T hat is the case for ih e  zebra 
m u ssel in tro d u ced  in to  the G reat L akes, ap p aren tly  in 
1 9 8 5  o r 1 9 8 6 , vvhich spread d ram atically  th ro u g h o u t 
thc w aterw ays o f b o th  Canada and U nited  S ta tes  exp an - 
sion vvith serio u s eco n o m ica l and eco lo g ica l con se- 
q u en ces. T he recen t íìnding o f individual m itten  crabs 
(Eriochcir sincnsis), a E u rop ean  [lounder (Platichlhys



/ìessus), and  th e e sta b lish m en t o f  th e  alien  g astrop od  
Pơiamopyrgus antipodanim  in  La ke O n ta rio  in 1 9 9 5  
d em o n stra te  th at the p ro cess  o f  in v asio n  is s till  go in g  
on  at a fast ra te.

O n e o f  th c m a jo r  p ro b lem s in  fresb w ater sp ecies  
in tro d u c tio n s  is  th e ir  irrev ersib ility , at least on  sca le  o f  
a h u m a n ’s liíe tim e . O n ce  in tro d u ced  and  esta b lish ed , 
it is im p o ssib le , g iv en  c u rre n t tech n o lo g y , to erad icate  
a fish , a m o llu sk , o r a p lant sp ecies  from  a large n atu ra l 
w ater body. As a co n se q u e n ce , w e are lik e ly  to  see  a 
co n tin u e d  re d u ctio n  in  n ative a q u atic  b io đ iv ersity  and  
an  in crea sed  h o m o g e n iz a tio n  o f  the  w o rld ’s  freshw a- 
te r  b io tas.

D. Fisheries Practices
O n e o f  th e  m a jo r  th rea ts  Lo the un tq u e sp ecies  ílo ck s  

o f  a n c ien t lak es  are the íìsh in g  p ra c tice s  an d  p articu larly  
o v er íish in g  and in tro đ u ctio n  o f  new  íish in g  p ra ctices . 
A cco rd in g  to  C o u lte r  et aỉ. ( 1 9 8 6 ) ,  th e  co lle c tiv e  e x p e ri- 
e n ce  in  recen t years on  th e A írica n  G rea i L akes seem s 
to  sh o w  th a t la rg e-sca le  m ech a n iz ed  R shing is in c o m - 
p atib le  w ith  ih e  co n tin u e d  e x is te n ce  o f  the h igh ly  d i- 
v erse c ich lid  c o m m u n ilie s . C ich lid s  ap p ear e sp ecia lly  
v u ln era b le  to  u n se lectiv e  íìsh in g  b eca u se  o f  th e ir  p a rtic - 
u la r rep ro d u ctiv e  ch a ra c ter is tics . T h e  s lru c tu re  o f  en - 
d ein ic  c ich lid  fish  co m m u n itie s  in  the A írican  G reat 
L ak es  can  ch an g e  d ram atica lly  w ith in  a few  years w hen  
travvlers and  o th e r  su ch  íìsh in g  g ear are used. A ctu ally , 
a n u m b e r o f  a u lh o rs  have reco rd ed  th e e ffects  o f  o v er- 
íìsh in g  in L ake  V ic to ria , from  the d ec lin e  o f  so m e sp e- 
c ie s  to  the  Virtual d isap p earan ce  o f  o th e rs , and  the 
h is lo ry  o f  the fishery  w as b rie íly  review ed  by W itte  et 
a i  (1992).

Ít has a lso  b e e n  suggested  that p arks sh o u ld  b e  d evel- 
o p ed  (C o u lte r  et a i ,  1 9 8 6 )  and th at H shing sh o u ld  be 
ren d ered  im p o ssib le  in  certa in  areas b y  p lacin g  o b stru c - 
tio n s  o n  th e b o tto m  that w ou ld  snarl traw ls. L ake  M a- 
law i N a tio n a l P a rk  w ill very p ro b ab ly  afford  p ro te c tio n  
to  w idesp read  sp e c ie s , b u t no da ta are a l  p resen t av ail- 
ab le  lo  co n tìrm  th is h y p o th esis . lt  is  u n k n o w n  yet 
w h e th e r  these  reserv es can  ad eq u ate ly  p reserv e  the in -  
teg rity  o f  p o p u la tio n s , b u t that is p ro b ab ly  o n ly  p o ssib le  
fo r s te n o to p ic  p o p u la tio n s  w h o se  d is trib u tio n  c o in c id e s  
w ith  th e  p a rk  area . T h e  size  o f  the reserv es, the in te n s ity  
o f  íish in g  in  n ea rb y  areas, and  the p o ssib le  in ílu e n ce  
o f  p o llu tio n  o r in tro d u ce d  a lie n  sp ecies  sh o u ld  a lso  be 
ta k e n  in to  a cco u n t.

E. Pollution
P o llu tio n  ca n  a ffect a q u atic  b io ta  th ro u gh  d irec t m o rta l- 
ity  a t any  life  stage or by  su b le th a l e ffects  in A u en cin g

p red a tio n , fo rag in g , and  rep rod u ctiơ n . T h e  eu tro p h ica - 
tion  o f  L ake  V ic to r ia  d u rin g  the past 25  years is q u ite  
w ell d o cu m e n te d . E n h a n ce d  q u a n tities  o f n u trie n ts  ap- 
p ear to  have b e e n  e n te rin g  th is lake for m an y years, 
b o th  th ro u g h  riv ers  and from  a ero so ls  as a resu lt o f  
hu m an  a c tiv itie s  in  its  w atersh ed s. T h e  e u tro p h ica tio n  
cou ld  lead  to  in creased  o xy g en  dem ancl in  th e la k e ’s 
deep  w ater and  th u s d ecrease  the h y p o lim n e tic  v o lu m e 
hab itab le  b y  íỉsh  d u rin g  seaso n al s tra tiíìca tio n . T h is  
p h e n o m e n o n  is  p artly  re sp o n sib le  fo r th e  th re a te n in g  
o r d isa p p ea ra n ce  o f  c ic h lid  sp ecies  b e lo n g in g  to  the 
h a p lo c h ro m in e  ílo ck .

T h e  re le a se  o f  su líu r  an d  n itro u s  o x id es  fro m  the 
b u rn in g  o f  fo ss il fuels m ay  be tran sp o rted  great ciis- 
tan ces b e ío re  b e in g  tran sĩo rm ed  ch em ica lly  in to  su líu - 
r ic  and  n itr ic  a c id s  and  d ep o sited  as ra in , sn ow , o r dust. 
W h e n  acid  ra in s  o cc u r o v er areas w h ere  w aters are 
p o o rly  b u ffe re d , the ch e m istry  and  b io lo g y  o f  fresh w a- 
ters can  b e  ch a n g ed  d ram atica lly . M any softw ater lakes 
have b e e n  acid ified  b o th  in  N o rth  A m erica  and  E u ro p e , 
but e v id e n ce  h as a ccu m u la te d  for its  o cc u rre n c e  in 
C h in a , th e  fo rm er Soviet U n io n , and So u th  A m erica . 
M o n ito rín g  stu d ie s  in d ica te  a gen eral im p o v erish m en t 
o f  sp e cie s  n u m b e rs  in  lakes as they  b eco rn e  m o re  a c id ic . 
M any la k e s  in  the  n o rth ea stern  U nited  S tates  have lo st 
3 0 %  o r m o re  o f  th e  sp ecies  in  som e ta x o n o m ic  gro u p s. 
in  m an y  n o rth e rn  E u ro p ea n  co u n trie s , a c id iR ca tio n  
s tro n g ly  m o d iR ed  ih e  fish co m p o sitio n  and  ab u n d a n ce  
in  lakes.
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GLOSSARY

a lp h a  lan d sca p e  d iv e rs ity  N u m b er and d o m in an ce  o f  
p atch  types w ith in  a land scap e. 

c o r r id o r  Strip  o f lancl o r w ater that d iffe rs  from  the 
a d ja ce n t land scape on  b o th  sides. 

gam m a landscape diversity T o ta l n u m b er of p atch  
typ es co n ta in ed  w ith in  a g eo g rap h ic  region . 

la n d sca p e  Sp atially  h e tero g en eo u s area com p o sed  o f  a 
m o sa ic  o f  in teractin g  co m p o n e n is  (p a tch es, co rri-  
d o rs, and area o f m a trix ). 

m a ir ix  B ack grou nd  land form , h a b ita t, o r eco system  in  
a lan d scap e, ch aracterized  by exten siv e  area, h igh 
co n n e ctiv iiy , and m ajor c o n tro l over lan d scap e dy- 
nam ics.

p a tch  A rea that is relatively  h o m o g e n e o u s  w ith  re sp e ct 
to  ih e  ch a ra cteris tics  b e in g  ex a m in ed , and that d if- 
lers from  its su rrou nd in gs.

reg io n  L arge g eo g ra p h ic  area  th a i c o n ta in s  m o re  than  
one lan d scap e.

LANDSCAPE DIVERS1TYIS A DESCRIPTION OF THE 
NƯMBER AND DOM1NANCE OF DIFFERENT PATCH  
TYPES c o n ta in e d  w ith in  a sp aú ally  h e te ro g e n e o u s  area. 
T h is  a rtic le  d escrib es  la n d sca p e  đ iv ers ily  and  its  im p o r- 
tan ce , as w ell as its  re la ú o n sh ip  to  sp e cie s  d iv ersity .

I. INTRODƯCTION

W h ile  b io d iv ersity  is u su ally  co n sid ere d  at th e  sp ecies  
level, m a in te n a n ce  o fb io d iv e rs ity  re q u ire s  m a n a g em en t 
at h igh er lev e ls  o f  o rg a n iz a tio n , p a rticu la rly  at the  land- 
scap e sca le . It is  d ifficu lt to  m an ag e for ea ch  th reaten ed  
sp ecies  in d iv id u ally . A ltern ativ e ly , m a n a g e m e n t can  fo- 

cu s  on  the e co sy ste m s th a t c o n la in  th ese  sp e c ie s , and  
o n  the la n d sca p es  in  w h ich  e co sy ste m s are fo u n d . T h e  
relatively  n ew  d isc ip lin e  o f  lan d sca p e  e co lo g y  p rovid es 
in sig h t in to  b o th  lan d scap e d iv ers ity  and  sp e c ie s  d iver- 
s ity , and su g g ests  a th e o re tica l an d  p ra c tica l b asis  for 
co n se rv a tio n  p lan n in g .

T h ere  are  th ree  b a sic  c h a ra c te r is tic s  o f  lan d scap es  
that a ffect th e ir  d iv ersity : s tru c tu re , fu n c tio n , and  dy- 
n am ics. S tru c tu re  is  the m o st w e ll-u n d ersto o d  e lem en t 
o f  lan d sca p es. It is  a lso  the m o st o b v io u s— n early  any

tn c 'V I l o Ị h - d u i  o f  BiOílivcrsity, Volunu’ 3
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aerial vievv w ill show  a m ix tu re  o f d ifferen t lan d ío rm s, 
h a b ita ts , o r v egetatio n  types. T h e  p atch  is  the  b asic  u n it 
o f lan d scap e  stru ctu re . T h e  ch a ra c ter is tics  o f p atch es 
and the sp atia l re la tio n sh ip s  am o n g  p a tch es  are im p o r- 
tan t co m p o n e n ts  o f land scap es. T he d istrib u tio n s  o f 
en erg y , m ateria ls, and sp ecies  am o n g  p atch es  d iffering  
in  s ize , shap e, ab u n d an ce , and co n fig u ratio n  are p artic- 
u larly  im p o rta n t to p attern s in  d iversity  at th e  land scap e 
sca le . T h e  o th er two e lem en ts o f lan d scap es go b eyo n d  
a d escrip tio n  o f spatial hetero g en eity . F u n c tio n  is  co n - 
cern ed  w ith  in te ra ctio n s  am on g the spatial e lem en ts  o f 
a lan d scap e, in clu d in g  flow s o f energy, m ateria ls, and 

sp ecies  am o n g  patches. L and scap e d ynam ics in clu d es 
ch a ra c te r is tics  o f  b o th  s tru ctu re  and  íu n c tio n  in  ord er 
to e x a m in e  ch an g es in p attern  and p ro cess over tim e. 
T h e  co n serv a tio n  and  m an agem en t of b io d iv ersity  re- 
q u ire  u n d erstan d in g  o f all three  e lem en ts, in c lu d in g  
the e ffects  o f  hu m an activ ities  on the system . T h is  artic le  
d iscu sses  each  elem en t in turn , and also co n sid ers  the 
u n d erly in g  d eterm in an ts o f  land scap e s tru ctu re , inclu d - 
ing en v iro n m en ta l h e tero g en eity  and d istu rb an ce  pat- 
terns. W e  th en  d iscu ss c lassica l and cu rren t issu es in 
b io d iv ersity  m an agem en t, and con clu d e  w ith  a case 
stud y o f  land scap e d iversity  at the  Sev illeta  N alio n al 
W ild life  Retuge L o n g-T erm  E co lo g ica l R esearch  site  in 
Central N ew  M exico , U nited  States.

ĩt  is essen tia l to keep  the co n cep t o f “sca le ” in m ind  
w hen co n sid er ìn g  land scape d iversity . Spatial sca le  has 
tw o e lem en ts: grain  and ex ten t. G rain  is the  m in im u m  
re so lu iio n  sam p led , usually  the cell size or quadrat size 
for eco lo g ica l stu d ies. T h e  ex tern  is the d o m ain  o f ihe 
stud y, w h ich  is typ ically  the size o f the  study area. 
E co lo g ica l p ro cesses often  have ch a ra c ter is tic  spatial 
and  tem p oral sca les. T h is  m ean s that the  grain  and 
ex tern  o f  sam p lin g  in  b o th  sp ace and tim e m ay strongly  
aíTect the  resu lts o f a study. F o r  exam p le, as quad rat 
size (g ra in ) in creases, sp ecies  r ich n ess  m ay  in crease , 
y et d iv ersity  o f p atch  types w ith in  a land scap e m ay 
d ecrease  s in ce  few er large quad rats can  b e ío u n d  w ith in  
a giv en  area (F ig . la ) .  As lan d scap e size (e x te rn ) in - 
crea ses , m ore sp ecies  and m ore p atch es o f  a co n sta n t 
size m ay b e foun d  that w ould  in crca se  b o th  sp ecies  and 
lan d scap e  d iversity  (F ig . lb ) .

II. DESCRIPTION 0 F  
LANDSCAPESTRƯCTƯRE

L an d scap e stru ctu re  can  be m ost easilv d escrib ed  at two 
h ie ra rc h ica l sp atial levels, b o th  o f  w hich  are relevan t to 
lan d scap e  d iversity  as well as to sp ecies  d iversity . At the

a

b

FIGURE 1 L an dscape grain  and extern : (a) as ihe grain  or qu ad rat 

sizc o f  a lan d scap e in cre ases , ycL the extern  rcm ains tha sam c, ihe 

div crsitv  o f  patch  types d ecreases sin ce  fcw cr quadruts can b c  found 

in th c sa m c arca ; (b ) as lan d scap e extern  o r size in crca scs , m orc 
s p cc ics  and m ore p atch  lypes oi ih c sam e s iz e  can  hc fou nd ih al 

rcsu lt 1 11 h ig h e r lan d scap e diversity .

low er level, the fo cu s is on the a ttrib u tes  o f ind iv idu al 
p atch es, p articu larly  size and shape. D escrip tio n  at the 
h igh er sp atial level is co n cern ed  w ilh  the co m p o sitio n  
and p attern  o f the en tire  land scape and its m o sa ic  o f 
p atches. T h e  ab ility  to q u an tiíy  land scap e stru ctu re  at 
b o th  levels allovvs the co m p ariso n  o f d ifferen t land - 
scap es. M o re  im p o rtan tly , in te ra c tio n s  b etw een  land - 
scap e s tru ctu re  and  fu n ctio n  have im p lica tio n s  for b o th  
sp ecies  and  lan d scap e diversity.

A. Patch Description
A p atch  is a re la tiv e ly  h o m o g en eo u s n o n lin ea r area 
that d iffers from  its su rrou nd in gs. T h e  d efin iú o n  and 
id en titìca tio n  o f  individual p alch es and their b o u n d - 
arìes are im p o rta n t step s in ch a ra cteriz in g  the stru ctu re  
o f a lan d scap e. In  som e svstem s, b o u n d aries  m ay be 
easily id en tiR ed , su ch  as b etw een  p atch es  o f agricu ltu ral 
íìeld  and  a d ja ce n t vvoodland in h u m a n -d o m in a ted  Sys
tem s. In  m an y cases , hovvever, the bou n d arv  is not so
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c lca r, and p a tch es  are m ore d ifficu lt to  d elin eate . M ost 
m eth od s o f  p atch  id en tiíìca tio n  co m b in c  q u alita tiv e  and 
q u an tita tiv e  ap p roach es. A su b ịectiv e  d eterm in a tio n  o f 
how  d iffe re n i tw o areas m u st be in o rd er fo r ih em  to 
be co n sid ered  sep arate  p atch es  is o ften  need ed . A nu m - 
b e r o f  q u an tita tiv e  tech n iq u es  have b e e n  d evelop ed  to 
grou p  s im ilar ce lls  in to  h o m o g en eo u s p a tch e s  o r to 
id en tiíy  rep ea tin g  p attern s a cro ss  a lan d scap e (T u rn e r  
and  G a rd n er, 1 9 9 0 ) . A p p roaches su ch  as b lo ck in g  tech - 
n iq u es , sp ectra l analysis, and  n e a re s t-n e ig h b o r analysis 
are co m m o n ly  used. O th e r  tech n iq u es  rely on  the d etec- 
tion  o f  edges o r  bo u n đ aries  ra th er th a n  id en tiíy in g  
p a tch es  d irectly . T h ese  m eth o d s in clu d e m o v in g  w in- 
clow analysis and  im age an alysis to ch a ra c ter iz e  lan d - 
scap es w ith sh arp  tran siiio n s.

P atch  id e n tiíìca tio n  p rov id es an  e x c e lle n t exam p le  
o f  the im p o rta n ce  o f  th e  spatial sca le  o f  th e ob server. 
F ro m  in sid e  a forest, c lu m p s o f  trees and  grass- 
d o m in ated  o p en in g s  ap pear to b e  sep arate  p atch es  w ith  
d ifferen t v egetatio n  and reso u rce  av ailab ility . F ro m  an  
aeria l vievv, the e n tire  ío rest app ears to  b e  a s in g le  p atch . 
T h is  illu stra tes  th e  im p o rta n ce  o f  the se le c tio n  o f  spatial 
sca le  based  on  slu d y  o b je c tiv e s  p rio r to th e  d eterm in a- 
tion  o í  p a tch e s  and th eir edges.

O n ce  the p atch es in  a land scap e ha ve b een  id en ti- 
íiecỉ, th ere  are m an y w ays to d escrib e  and quantiTy 
th em  (R iite rs  et a i ,  1 9 9 5 ) . O n ly  p atch  s iz e  and  shape 
w ill b e  ciiscussed  here, s in ce  the re lev an ce  o f  these 
tw o a u r ib u te s  fo r sp ecies  d iversity  is the m o st w ell 
u n d ersto o d . T h e  re la tio n sh ip  b etw een  p atch  s izc  and 
sp ecies  r ich n ess  goes b ey o n d  th e íam iliar s p e c ie s -a re a  
cu rv e  (F ig . 2 ) . A lth ou gh  the n u m b er o f  sp ecies  p resen t 
in  a p a tc h  ten d s to in crea se  w ith  p a tch  size  up  to  a 
certa in  lim it, the  k in d s o f  sp ecies  fo u n d  a lso  tend  to
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FỈGỰRE 2 S p e c ie s -a re a  cu rv e sh o w in g  th e in crca se  in  sp ec ies  n u m - 

b e r vvỉth in cre asin g  p atch  size ten d in g  tow ard a reg io n a ỉ limiL.

vary w ith  size . T w o  gen eral types o f  sp ecies  can  be 
d is tin g u ish ed . In te rio r  sp ecies  are found  p rim a rily  in  
the in te r io r  o f  large p atch es. T h ese  sp ecies  o fte n  have 
very sp eciR c  h ab ita t re q u irem en ts  and are re la tiv e ly  
rare. M ig rato ry  so n g b ird s  that are p articu larly  sen sitiv e  
to  p a tch  sÌ2 e an d  ad versely  affected  by h ab ita t írag m en - 
ta tion  are in te r io r  sp ecies. By co n tra s t, edge sp e cie s  
are fou n d  n ea r th e  edges o f  large p atch es  and  th ro u g h - 
o u t sn ia ll p a tc h e s  that co n s is t  m o stly  o f  edge h a b ita ts . 
Edge sp e c ie s  are  co m m o n ly  o ccu rrin g  g en era lis ts  th a t 
ca n  use v ario u s  h a b ita t typ es, and  are o íte n  in tro d u ce d  
sp ecies. B eca u se  sm all p atch es co n sis t m o stly  o f  edge 
w ith  little  in te r io r  area, they  o ften  have the h ig h e st 
sp ecies  d e n s itie s , b u t co n ta in  few o r no  rare sp e cie s . 
Large p a tc h e s , o n  the o th e r  han d , are m o stly  in te r io r  
area w ith  lo w er sp ecies  d en sities  p er u n it area , b u t 

th ey  c o n ta in  m o re  rare sp ecies  and  a h ig h er to tal 
n u m b e r o f  sp e cie s .

In an im p o rta n t stud y o f  tro p ica l d efo resta tio n  in  
th e A m azo n  rain  ío rest, sp ecies  in  p a ich es  oí v ario u s 
s izes w ere c o m p a re d  to evalu ate th e im p o ria n ce  o f  p a ich  
size  to sp e c ie s  n u m b e r (L o v e jo y  et a i ,  1 9 8 4 , 1 9 8 6 ) .  
Large p a tch e s  w ere rich e st in  sp ecies  and  sm all p a tch e s  
w ere fo u n d  to  c o n ta in  o n ly  eclge co n d itio n s. P atch  size  
had  im p o rta n t e ffe cts  on  d ifferen t sp ecies , in c lu d in g  
trees, in se c ts , b ird s, and  m am m als, th a t w ere n o tice a b le  
in  a sh o rt tim e. T h is  stud y is o n e  o f  the few  w h ere  
p a tch  s iz c  w as e x p e r im en ta lly  m an ip u lated  to  allovv 
co m p a riso n  w ith  p rc trea tm en t c o n d itio n s  as w ell as 
c o n tro l p a tch e s .

A s im p le  m e a su re  o í  p a tch  sh ap e is the p e rim e te r : 
area ratio . T h is  m easu re  is  o ften  stand ard ized  so  that 
th e m o st c o m p a c t  p o ssib le  íorrn , e ith e r  a sq u are  o r 
c irc le , is  e q u a l to  1. M ore co m p le x  sh ap es have in c re a s- 
ingly h ig h e r  n u m b e rs . A n o th er co m m o n  in d ex  o f  sh ap e 
co m p le x ity  is  th e  íracta l d im e n sio n , w h ich  is a lso  d e- 
rived from  th e  p e rim e te r  and  area  o f  a p atch . T h e  íra cta l 
d im en sio n  o f  a p a tch  is  b e tw een  1 and  2 ; a s im p le  sh ap e  
w ill have a lo w er íra cta l d im e n sio n  th an  a m o re  c o m p le x  
shap e. F ig u re  3  illu stra tes  th e  a m o u n t o f  in te r io r  area 
availab le  in  p a tc h e s  o f  d ifferen t shap es. B oth  p a tch e s  
have an area  o f  2 5 ,  b u t th e  p erirn eter o f  sh ap e a is  2 0  
w h ile  th e  p e rim e te r  o f  sh ap e b is 3 2 . ư s in g  a sca led  
p e rim e te r : a rea  ra tio , a h as a valu e o f  1 and  b  h as a 
valu e o f  1 .6 . A ssu m in g  th ai in te rio r  area is at le a st 1 
u n it íro m  a n y  p a tch  edge, a has an  in te rio r  area  o f  9 ,  
b u t b  has an  in te r io r  area o f  o n ly  2. T h u s, a is  m o re  
co m p a ct an d  less  co n v o lu ted  th an  b , w h ere m o re  o f  the  
area is  c lo s e r  to  its  edge and can  in te ra ct w ith  th e  area  
su rro u n d in g  th e p atch . T h is  su gg ests  that the o v era ll 
flow  o f  sp e c ie s  an d  reso u rces  b etw een  b and  its  su r- 
ro u n d in g s is  h ig h e r  th an  that b e tw een  a and  its  su r-



rou nd ing s. Ít is also  exp ected  that a w ou ld  have higher 
rich n ess  o f  in te rio r  sp ecies  than  b , w h ich  w ould  havc 
h igh er r ich n e ss  o f edge sp ecies.

B. Landscape Description
At the lan d scap e level, there  are two b a s ic  co m p o n en ts  
o ĩs tru c tu re : co m p o sitio n  an d  p attern . C o m p o sitio n  re- 
fers to the  parts ( i.e ., p a tch  typ es) th at m ake up the 
land scap e, and  p attern  re íers  to how  th ese  p atch es are 
arranged . T h o u g h  these tw o co m p o n e n ts  are co n cep tu - 
ally d ifferen t, in  p ractice  they are o fte n  related. For 
exam p le, the p attern  o f a gricu ltu ra l fields on a land- 
scap e is lik e ly  to be d ifferen t from  the p a itern  o f undis- 

turbed  w ood land .
Land scap e co m p o sitio n  can  be m easu red  in ways 

an alogou s to m easu rem en ts o f sp ecies  co m p o sitio n  
(R o m m e, 1 9 8 2 ) .  T h e  m ost s ira ig h tfo rw ard  ap p roach  is 
land scap e rich n ess  o r the n u m b er o f  d ifferen t patch 
types in a lanclscape. A n o th er ap p roach  in c lu d es  the 
relative a b u n d an ce  o r d o m in a n ce  o f d itfe ren t p atch 
types a lo n g  w ith  rich n ess. T h e se  lan d scap e ind ices were 
derived  fro m  in ío rm atio n  theory  and are c lo se ly  related  
to sp ecies  d iversity  m easu res, su ch  as the  s h a n n o n -  
W ien er and  S im p son  in d ices, vvhich are used  to d escribe  
alpha sp ecies  d iversity  (T u rn e r , 1 9 8 9 ; H u sto n , 1 9 9 4 ) . 
U sing o n e o f these in d ices, a land scap e c o n ta ín in g  m any 
sm all p a tch es  o f  d ifferen t types w ould ha ve a h igh er 
d iversity  valu e than  a land scape co n sis tin g  o f o n e  large 

p a lch  and  several sm aller p a tch es, cvcn  if thc lo ta l num - 
b er ot p a tch e s  is the sam e for bo th  lan d scap es. Land- 
scap e m easu res o f r ich n ess  and ev en n ess w ere used  in  a 
stud y co n d u cted  in  d ifferen t p atch  types in  Y e llo w sto n e  
N atio n al P ark  (R o m m e, 1 9 8 2 ) . C h an g es in  landscape 
d iversity  th ro u g h  tim e w ere related  to íire  íreq u en cy ,
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b. com plex shape

FIGURE 3 A sim p le  sh ap e and a m ore co m p lex  sh ap e oí equal arca. 

T h e  in te r io r  area is shaded .
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and w ere h y p o th esized  to have im p o rtan t e fle c ts  on  
sp ecies  d iversity  as w ell as w íld life  h ab itat (R o m m e and 

K n ig h t, 1 9 8 2 ) .
M easu rem en ts  o f lan d scap e d iversity are an a lo g o u s 

to co m m o n  m ea su rem en ts  o f  sp ecies  d iversitv  (W h itla -  
k c r , 1 9 6 0 , 1 9 7 2 ) .  A lpha sp ecies  d iversity is a m easu re- 
m en t o f sp ecies  r ich n e ss  (n u m b e r) and ev en n ess (d o m i- 
n a n ce  o r d is tr ib u tio n ) w ith in  a patch . S im ilarlỵ , alp ha 
lan d scap e d iv ersity  is a m easu re o f the n u m b er o f p atch  
typ es in  a reg io n  ( 0 ’N eill ct a i ,  1 9 8 8 ) . L arg e-sca le  spe- 
c ies  d iv ersity  is ca lled  gam m a diversity . G am m a land - 
scap e  d iv ersity  o f e co sy slem s is  som etim es called  eco d i- 
v ersity  (R o w e, 1 9 9 2 ; L a p in a n d B a rn e s , 1 9 9 5 ) .  T h e  th ird  
forin  o f sp ecies  d ìv ersity , beta  d iv ersity , d escrib es spe- 
c ies  lu rn o v er a lo n g  a grad ient. B eta d iversity  has no 
an alo g  at the land scap e level, h u t is som etim es esú - 
m ated  as gam m a d iv ers ity /a lp h a  d ív ersily . w h ich  gives 
an average reg io n a l beta d iversity .

Becau se d ifferen t p atch  types provide d ifferent h ab i- 
tats a n d s p e c ie s  c o m p o sitio n s , One m ight exp ect that the 
to tal n u m b er o f  sp ecies  in  a lan d scap e  vrould in crea se  as 
land scap e r ich n e ss  in creases . T h is  idea was su p p o ried  
by a stud y th at co m p ared  p lan t sp ecies r ich n e ss  in 
R h od e Island A u d u b o n  re íu g es varying in te rra in  and 
soil p ro p erties  (g e o m o rp h o lo g ica l m easu res) (N ich o ls  
et a l ,  1 9 9 8 ) . In a re lated  stud y o f  one lan d scap e, ihe  
d iv ersity  o f trees and sh ru b s w as h ig h cr on p lo ts  w ith  
the greatest g e o m o rp h o lo g ica l hetero g en eity , in d ica tin g  
an im p o rta n t c o n n e c tio n  b e tw een  land scap e d iversity  
and sp ecies  d iv ersity  (B u rn ett tu a l ,  1 9 9 8 ) . A lth ou gh  
th is  s im p lc  re la tio n sh ip  betvveen land scap c and sp ecies  
d iv ersity  is gen era lly  tru e, the in te ra ctio n s  betw een  
lan d scap e co m p o s itio n  and  sp ecies  d iversity  are m ore 
c o m p le x , in p art b e ca u se  o f  sp ecies  p re ieren ces  to edge 
o r in te rio r  typ es oi h ab ita ts. T h e  sp ecies fou n d  in a 
d iv erse  lan d scap c w ith  m an y  sm all patches are m o stly  
edge sp ecies. In te r io r  sp ecies  are tound on ly  in  land - 
scap es  w ith  large p a tch e s, even thou gh  these land scap es 
have a low er d iversity . T h e  to ia l n u m b er o f in te rio r  
sp e cie s  in crea ses  w ith  the n u m b er o f large p a tch es  on 
a lan d scap e, s im ìla r  to the s p e c ie s -a re a  re la tio n sh ip  in 
Fig. 2. T h u s, the  type o f sp ecies  that in cre a se s  w ith 
in cre a sin g  lan d scap e  d iversity  d ep ends on the ch an g e 
in  the size and co n fig u ra tio n  o f p atch es w ilh in  the land - 

scap e.
L an d scap e p a tte rn , o r the  spatial a rran g em en t o f 

p a tch e s , can  be m easu red  in a n u m b er o f w avs, som e of 
w h ich  are e x te n s io n s  o f ih e  p atch -lev el m etrics  already 
d iscu ssed . T h e se  m easu res ío cu s  on patch  a b u n d a n ce  
\vithout regard  to  lo ca tio n  in the landscape. T h e  d istri- 
b u tio n  of p a tch  s iz es  can  be d eterm in ed  vvithin a land- 
sca p c  and u sed  as in lo rm a ú o n  in the m an agem en t ol



h a b ila t p atch es for sp ecies  thai are  sen sitiv e  to p atch  
size  or spatial a rra n g em en t, su ch  as the sp o tted  ow l in 
the P acific  N o rth w est. T h e  ef'fects o f  fo rest c le a r-cu ttin g  
on  ch an g es in p a tch  s tru c tu re  and im p lica tio n s  for in te- 
rio r and edge sp e c ie s  provide a n o th e r  exa m p lc  o f  the 
im p o rta n ce  o f th ese  m easu res. S h a p e  c o m p le x itie s  and 
b o u n d a ries  can  a lso  b e  scalecl up from  the p a tch  to 
the  lan d scap e level u sin g  ih e fracta l d im e n sio n  and 
p erim eter : area ra tio  (M iln e , 1 9 8 8 ) .

T h e  seco n d  typ e o f  m easu rem en t for lan d scap e pat- 
tern  ex p lic itly  co n s id e rs  the lo ca tio n  o f  p a tch es  re lativ e  
to  each  o th e r an d  in c lu d es  p atch  a b u n d a n ce  as w ell. 
D isp e rsio n  in d ica te s  the ten d en cy  o f  p a tch es  o f  one 
type to be d is trib u te d  e ith e r  u n iíb rm ly , ran d o m ly , or 
aggregated . C o n ta g io n  d escrib es  the  ten d en cy  o f 
p a tch e s  o f  tw o d ifferen t lyp es to  b e  n ea r each  o th er. 
C o n n e cte d n e ss  ca n  be q u an tified  u s in g  n ea re s t-n e ig h - 
b o r  p ro b a b ilitie s  th at re íle c t  the  tleg ree o f  ừ a g m e n ta lio n  
in  ih e  lan d scap e. A ll th ree  o f  these in d ic e s  have im p lica - 
tio n s  for the flow  o f  sp e cie s  and  re so u rce s  b etw een  
p a tch e s  o f  the sam e and d ifferen t typ es, and  thu s have 
im p o rta n l e ffects  o n  sp ecies  d iversity .

T w o ad đ itio n a l s tru c tu ra l e le m e n ts  o th e r than 
p a tch e s  m ay b e re co g n iz e d  in m an y  la n d scap es. T h e 
se c o n d  e lem en t is  the m atrix  or the b a ck g ro u n d  land - 
fo rm , h ab ita t, o r eco sy stem  in a la n d sca p e . T h e  m a trix  
is  ch a ra cter iz e d  by e x ie n s iv e  co v er, h ig h  c o n n e ctiv ity , 
an d  m a jo r  co n tro l o v er lan d scap e  d yn am ics. P o re st 
p a tch e s  c o n ta in e d  w ú h in  a m a trix  o f  su b d iv isio n s  are 
fu n ctio n a lly  very d ifferen t from  ĩo re st p a tch es  su r-

rou nd cd  by a g r icu ltu ra l land. C o rrid o rs, strip s th at d ií- 
fer from  the a d ja ce n l land scap e on b o th  sid es, are the 
th ird  e lem e n t o fla n d sc a p e s . C o rr id o rsa re  u sually  lin ea r 
and  alw ays h ig h ly  co n n ected ; stream  n etw o rk s  and  
roadvvays are co m m o n  exam p les. C o rrid o rs  m ay also  
c o n n e c t la rg er p a tch e s  o f a s im ilar type, su ch  as a s tream  
flow ing betvveen tw o lakes.

T h e  p a tc h -m a tr ix -c o r r id o r  m od el o f  lan d scap e 
s tru c tu re  is  illu s tra te d  in Fig. 4 . C o rrid o rs  m ay be p ar- 
licu la rly  im p o rta n t for preserv in g  sp ecies  d iv ersity  by 
allovving m o v e m e n ts  o f  sp ecies acro ss d iverse lan d - 
scap es. C o rr id o rs  can  also adversely a ffect sp ecies  cỉiver- 
sity  by a llo w in g  n o n n a tiv e  or e x o tic  sp ecies  to invade 
and red u ce  th e  n u m b e r o f native sp ecies  in  an  area. An 
exam p le  is  the  e x te n s iv e  spreacl o f c h eatg rass, an an n u al 
in tro clu ced  to N o rth  A m erica  in sh ip m en ts  o f  gra in  
fro m  A sia and  E u ro p e  in the 1 8 8 0 s  (M a ck , 1 9 8 1 ) .  M ove- 
m en t o f  c h e a tg ra ss  seed  a long  ra ilro ad  and  ca ttle  trail 
co rrid o rs  in  the early  1 9 0 0 s  sprcad  th is grass th ro u g h - 
o u t m u ch  o f  th e  n orth w estern  U n ited  States, re su ltin g  
in  ch a n g es  in  sp e cie s  co m p o siú o n  and d o m in a n ce  as 
w ell as lo sses  o f  d iversity .

III. CONTROLS ON 
LANDSCAPE DIVERSITY

H etero g en e ity  o r d iv ersity  o f  land scape stru c tu re  a rises  
from  a n u m b e r o f factors. P atch es can  be p ro d u ced

F1GURE 4 A m atrix  o f  a g ricu llu ra l lan d  w ith  p a tch es  o f tw o types: vvoodlots and a farm  pond. 

W in d b re a k s  o f  trees act a s  c o rr id o rs  c o n n e c tin g  ih e  w o od lo ts . H ed g cro w s and w ooded w in d b reak s 

o fie n  crea te  travel ro u te s  for w ild lifc.



th ro u g h  b io tic  o r ab io ú c cau ses , ìn c lu d in g  n atu ral- or 
h u m an -cau sed  d istu rb an ce , frag m en tatio n , reg cnera- 
tion , and  p ers is ten t d ifferen ces  in  en v iro n m en ia l re- 
so u rces. O n ce  a p atch  is fo rm ed , en v iro n m en ta l con d i- 
tion s o r in te ra ctio n s  am o n g  o rg an ism s m ay ch an g e 
ih ro u g h  tim e, lead in g  to su cce ss io n a l d yn am ics o n  ihe 
p atch . A land scape co n sis tin g  o f p atch es  in  variou s su c- 
cessio n al stages is called  a “s h iỉt in g  m o sa ic” (B orm an n  
and L ik en s, 1 9 7 9 ) .  T h e  sp atia l p attern  o f p atch  form a- 
tion  and the ch an g es vvithin p atch es are collectiv ely  
called  “patch  d y n am ics” (P ic k e ll  and white, 1 9 8 5 ) . T he 
patch  d ynam ic m o saic  is p art o f the  b ro ad er land scap e 
tran sfo rm aú o n  that in c lu d es  ch a n g es  in co rrid o rs  and 
the m atrix , as w ell as in the d y n am ics o f sp ecies  and 
eco system  p ro cesses. T h ese  d y n am ics are d iscu ssed  in 
S e ctio n  V.

B io tic  cau ses o f patch  g en era tio n  in clu d e the local 
d ispersal o f seed s in to  a lan d scap e , su ch  as by an inva- 
sive w eed, and the spatial seg regation  o f p op u lations 
or co m m u n ities  as a result o f co m p e tilio n . Spatial stru c- 
ture can  also be gen erated  hy clifferences be lw een  spe- 
c ies  in  their d ispersal a b ilities  and  ra les  o f m ortality . 
N alu rally  o ccu rrin g  and h u m a n -cre a te d  d istu rb an ces 
are co m m o n  cau ses  oí p atch ío rm atio n . A w ide variety 
o f natu ral d is tu rb an ces  are p o ssib le , in c lu d in g  m ud 
slid es, av aian ch cs, vvindstorm s, ice  s to rm s, h erb iv ore  
o u tb reak s, an im al grazing, tram p lin g , and d igging, as 
w ell as fire. M ou n d s prod uced  by bad ger d igging activ i- 
ties in  tallgrass prairie  are an exam p le  ol p atch -p ro d u c- 
ing d istu rb an ces  that have im p o rtan t in flu en ces  on 
patch structure as wcll as spccics divcrsity (rlalt, 1975). 
H um an activ ities , su ch  as foresi cu ttin g , a ltercd  fire 
reg im es, cu ltiv a tio n , urban d ev elo p m en t, in tro d u ctio n  
o f pests, and strip  m in in g  for su ría ce  coal and m in erals, 
also  p rod u ce d islu rb an ce  p atch es. M anv land scap es are 
in ilu en ced  by b o lh  n atu ral- and h u m an -cau sed  d istur- 
b an ces, and d istin g u ish in g  the sep arate  effects  on  land- 
scap e d iversity  ca n  be diffĩcuU . In a re ce n t study, p olien  
and ch a rco a l w ere co lle c te d  from  sm all lak es in M assa- 
ch u setts  in  o rd er to  re co n stru c t lo n g-term  v egetatio n  
d yn am ics as related  to d is tu rb a n ce  h isto ry  (F u lle r  ct 
a l ,  1 9 9 8 ) .  T h is  re co n stru c tio n  o v er the past 1 0 0 0  years 
in clu d ed  the period  o f tim e p rio r to E u rop ean  settle- 
m ent w hen the prim ary d istu rh an ces w ere fire and 
w ind. Land scap e p attern s in  forest c o m p o siú o n  ĩollovv- 
ing sc ttle m e n t by E u ro p ean s w erc largelv in ílu en ced  by 
c lea rin g  o f forests for agricu ltu ral p u rposes and  tim ber. 
T h ese  research ers  íound that ih e  past h isto ry  o f  d istu r- 
b an ce  as a resu li o f  se ttle m e n t has p ers is ten t e ffects  on 
cu rren t land scap e p atterns.

Land scap e írag m en ia tío n  is c lo se ly  related  to d istu r- 
b an ce . M any Corms o f d istu rb a n ce  e ffcctiv ely  b rcak  up

large p atch es in to  sm a lle r  p ieces. D ecreases  in p atch  
size , co n n e ctio n s  betvveen p atch es, and total in terio r 
area as a resu lt o f (rag m en tatio n  have im p o rta n t im p li- 
ca tio n s  ío r  sp ecies  and  land scap e d iversity . As land - 
scap es b eco m e m o re  írag m en ted , p atch  d iv ersity  ín - 
creases w ith  su b seq u e n t in cre a se s  in  eclge sp ecies , 
e x o tic  sp ecies , and g en era lists . R ich n e ss  in in te rio r  sp e- 
c ies  tend s to d ecrease . F ra g m en ta tio n  o f lan d scap es b y  
hu m an activ ities  is  co n sid ered  a m a jo r  threat to b io d i- 
versity  w orld w id c (S a u n d ers  ct a i ,  1 9 9 1 ; B ierregaard  
et a l ,  1 9 9 2 ) . A n iạ ịo r fo cu s o f the  íìeld  o f conser\’a tio n  
b io lo gy  is the d esign  o f  n atu re reserv es to m axim ize  
the lik e lih o o d  o f  sp cc ie s  e x is te n ce  and  to m in im ize  
the lo ss  o f sp ecies  to  e x tin c tio n . T h ese  p ro cesses  are  
d iscu ssed  in  S e ctio n  VI.

A n o lh er cause o f  p atch  fo rm atio n  is e n v iro n m en ta l 
h etero g en eity , w h ich  re íers  to v a ria tio n  in so ils , topog- 
raphy, and o th er lan d lo rm  featu res. T h is  v ariation  in 
the p hysical e n v iro n m e n ta l leads to  h etero g en eo u s or 
p atchy  spatial d is trib u tio n  o f  re so u rc e s , in c lu d in g  w a- 
ter, n u lr ie n ts , and lig h i. P lant sp e c ie s  found in a re- 
so u rce  patch  can  d iffer fro m  sp e c ie s  in o th e r  p atch es 
co n ta in in g  d ifferent levels o f re so u rces. T h e  im p o rta n ce  
o f sp aiia l h e tero g en ity  lo  sp e cie s  d iv ersity  h as been  w ell 
d o cu m en ted , and is m o st c lo se ly  related  to beta sp ecies  
đ iv ersiiy . T h e  e x te n s io n  o f  th ese  ideas to  land scap e 
d iversíty  has o ccu rred  m o re  re ce n tly , and sev eral stud - 
ies have lin ked  m easu res o f  a lp ha and beta sp e cie s  d ivcr- 
sity  vvith land scape d iv ersity  (R o m m e , 1 9 8 2 ; Lapin and 
B arn es, 1 9 9 5 ) . L arg e-sca le  grad ien ts  in  land scap e d ivcr- 
sity  ca n  also bc rc la te d  to b ro a d -sca le  p a itern s  in the 
e n v io n m en t. F o r  exam p te , spatial v a ria iio n  in  c lim a te , 
top ograp hy , and so ils  w as found to  be s tro n g ly  related  
to la titu d in al grad ien ts  in rich n e ss  o f land  co v er types 
acro ss  thc C on tinen tal U n ited  S ta tes  (W ick h a m  ct a i ,  
1 9 9 5 ) .

IV. LANDSCAPE FƯNCTION

In te ra ctio n s  am o n g  the spatial e lem en ts  o f  a land scap e 
are the  m a jo r  c o m p o n e n ls  o ĩla n d s c a p e  lu n c tio n . T h cse  
flow s o f energy, m a teria ls , and sp ecies  am o n g  p a tch es, 
o r am on g p a tch es, co rrid o rs , and  the su rro u n d in g  m a- 
tr ix , are at least as im p o rta n i to the  m a in ten an ee  o f 
d iv ersity  as patch  size  and co n R g u ra iio n . H ow ever, 
these flo\vs have not b een  as w ell stu d ied  as land scap e 
stru ctu re . An exam p le  o f  ílovvs am o n g  d ifferen i p atch  
types is  the d isp ersal o f  seed s from  ío rest p a ich es  in to  
c le a r-cu ts , w h ich  h as im p o rtan t e ffects  o n  v egetatio n  
d vn am ics in these o p en  areas. B o u n d a ries  o r eclges be- 
tw een p atch es or betvveen p a tch es  and  thc m o sa ic  o íten



co n tro l the s tren g th  o f  in te ra c tio n s  or the  am o u n t and 
kínd s o f m ateria ls  that can  m ov e b e tw ce n  the land scap e 
e lem cn ts . B ecau se  o f the im p o rta n ce  oT ed ges, b o u n d - 
aries ol p atch es can  have very d iffe re n t ch a ra c te r is tics  
th;in in terio rs . F o r cx a m p le , edges o f  re ce n tly  d isturbed  
tro p íca l forest p atch es ha ve g rea ter tree m o rta litv  and 
in creased  recru itm en t o f e a rly -su c ce ss io n a l sp ecies  
co in p ared  to in te rio r areas (B ierreg a a rd  et aỉ., 1 9 9 2 ) .  
B o u n d aries  can also ch an g e lo ca tio n  th ro u g h  tim e w ith  
resu ltin g  effects  on  la n d sca p e  s tru c tu re . In  c o n tra s t to 
b o u n d aries , w here m o v em en t is g en era lly  re s tric te d , 
co rrid o rs  lìn k in g  s im ila r la n d sca p e  e lem e n ts  lend  to 
im p rov e o r en h a n ce  flow s. M o v e m e n ts  o f o rg an ism s 
th ro u gh  co rrid o rs  b e co m e  in cre a sin g ly  im p o rta n i as 
thi' lan d scap c b eco m es m ore frag m en ted  (S au n d ers  and  
H o b b s, 1 9 9 1 ) .

T h e re  have b een  several s tu d ie s  o f  the  in flu e n ce s  o f 
land scap e s tru c iu re  on flow s o f  o rg a n ism s and  m ateri- 
als. P a tch y  e n v iro n m en ts  in Y e llo w sto n e  N atio n al P ark  
w ere found  to b e m ore re s is ta n t to large fires than  w ere 
h o m o g en eo u s la n d scap es, an d  a íte r  b u rn in g  they had 
a g rea ter ab ility  to m a in ta in  w a te r q u a lity  (K n ig h t and  
W a lla ce , 1 9 8 9 ) . H is io rica l m ig ra tio n  p a ttern s  o f  w ild 
u n g u la tes , su ch  as w ild eb eest in  the  S eren g eú  o f  A trica 
and b iso n  in N o rth  A m erica , w ere  m o stly  re lated  to 
p a ite rn s  ol rain íall th a t w ere sp atia lly  v ariab le  b o th  
lo ca lly  and  reg io n ally  (rev iew ed  in  C o u g h e n o u r, 1 9 9 1 ) .  
C h an g es in  land scap e s tru c tu re  th ro u g h  le n c in g  and  
u rb a n iz a tio n  have re s tr ic te d  m ig ra ú o n  p a tte rn s  and  re- 
su lled  in  an im al o v era b u n d a n ce  and  o v ergrazin g  in 

w ild life  p rcserves. B io g e o c h c m ica l ílu x e s , su ch  as C O ) 
and v ario u s form s o f  n itro g e n , can  also  be a ffecied  by 
p a lch e s  vvithin a m o sa ic  s tru c tu re  crea ted  by  h u m an  
land  use, G en e flow  and  m e ta p o p u la tio n  d y n am ics are 
o th e r  exam p les o f p ro ce sse s  that resp o n d  to  sp atia l 
s tru c tu re  in a land scap e. A p o p u la tio n  that is sp atia lly  
su b d iv id ed  in to  p atch es that are co n n e c te d  th rou gh  
d isp ersa l is called  a m e ta p o p u la tio n . M o v em en t o f  ind i- 
v id u als  betvveen su b p o p u la tio n s  ca n  red u ce  the r is k  o f 
loca l e x tin c tio n  o f sp ecies  w ith in  sm all iso la ted  p atch es.

V. LANDSCAPE DYNAMICS

L an d scap e  stru ctu re  and  fu n ctio n  can  ch an g e for m an y 
rea so n s  and in m any w ays. C h a n g es  can  h ap p en  over 
very sm a ll or very large area s , and  o v er sh o rt or lo n g  
tim e sp ans. T h e  gap cau sed  b y  a s in g le  tree  ĩa llin g  in 
thí’ fo rest d u rin g  a s to rm  is sm a ll and  tem p o rary , w hile  
an  e n tire  ío rest m ay be lev eled  b y  a h u rrica n e  and take 
d ecad es  to cen tu ries  to  reco v er.

V u ln erab ility  or sen sitiv ity  to ch an g e varies from

land scap e to land scape. T h is v u ln erab ility  (o r, co n - 

v ersely , stab ility ) is trad itionallv  d ivided  into  two co m - 
p o n en ts: re s is ta n ce  and rcsilien ce . R esis ta n ce  is the ab il- 
ity o f  a p atch  o r land scap c to rem ain u n aíĩected  by a 
d istu rb an ce . A grasslan d  is m u ch m ore resistan t to w ind  
d am age than a ío rest, s in ce  grasses can bend  w ith  the 
w ind  w ith ou t break in g . R esilien ce  is the ab ility  o f  a 
p atch  or lan d scap e to recover after a d istu rb an ce . T em - 
perate forests reco v er after c learin g  m u ch  m ore q u ick ly  
than  tro p ica l lo rests  (w h ich  m ay n ev er reco v er) ow ing 
to d ifferen ces in  so il d ep th  and  fertility .

C h ange in a p atch  or land scape can  be caused  by 
any n u m b er o f íacto rs . Som e o f  th ese  are in trin sic  to 
the p o p u la tio n  b e in g  stud ied , in c lu d in g  re cru itm e n t, 
gro w th , m o ria lity , and spread or m ig ratio n , w h ich  can  
lead to in v asio n s or e x tin c lio n s  as w ell as ch an g es in 
p atch  b o u n d aries . O th er cau ses are e x tr in s ic  to the e co - 
system  and are im p osed  by ou tsid e ío rce s , su ch  as c li- 
m ate chang e and  d istu rb an ce  even ts. H um an tran sfo r- 
m atio n s  o f the land scap e in clu d e d eỉo resta tio n  and 
re ỉo re sta tio n , u rb a n iz a tio n , co rrid o r co n stru c tio n , and 
a gricu ltu ral co n v ersio n . T h e effects  o f co n su m er, p ath o - 
gen s, and esp ecia lly  people can b e  co n sid ered  e ilh e r  
in tr in s ic  or e x tr in s ic  d ep en d ing o n  the p articu lar p o in t
oi view . T h e  p o ten tia l cau ses o f  ch an g e  m ay b e in te rre - 
la ted  in co m p lex  w ays. A d ro u g h t m ay m ak e a ío rest 
m ore vu ln erab le  to p ath o g en s, or a new  c learin g  
m ay in crease  the v u ln erab ility  o f  a d ja ce n t trees to 
w ind throw .

C h anges in  land scap e s tru ctu re  can  have several spa- 
tial and tem p oral form s. P alch es can  sh rin k  or exp an d , 
or be lost en tire ly . S u ccessio n a l d yn am ics on  p atch es 
can  lead to a sh iítin g  m o saic  o f  p a tch  types th ro u gh  
tim e. Sp ecies  in te ra c tio n s  w ith  o th e r sp ecies  and w ith  
th e ir  e n v iro n m en t, as vvell as d isp ersal o f  new  sp ecies  
in to  p atch es, are prim ary d eterm in ats  o f the regrovvth 
o f p lants on  th ese  su cce ssio n a l p atch es. C h anges in  
patch  size and shap e can o ccu r a lo n g  edges, su ch  as 
the  c learin g  o f  fo rest to in crease  the size o f  a cu ltiv ated  
field (F ig . 5 a ). A new  p atch  type m ay spread  outw ard  
(rom  a co rrid o r (F ig . 5 b ) . F o r  exam p le, ho u sin g  d evel- 
o p m en ts  o ften  spread from  the co u rse  o f new  roads. 
A ltern ativ ely , a p a tch  type m ay sp read  o u t from  a n u - 
c leu s  that cou ld  be a rem n an t o f a p rev io u s v egetatio n  
type, o r an in tro d u ctio n  s ite  for a new  p atch  type (F ig . 
5 c ) .  Som e ch a n g es  are nearly  in sta n ta n eo u s and o ccu r 
over very sh o rt p erio d s o f tim e, su ch  as the e ffect o f fire. 
O th er ch an g es o c c u r  slow ly  and  take a longer p eriod  o f 
tim e to d evelop , su ch  as su b u rb an izatio n  and d esertiíi- 
ca tio n .

P a tch  co n fig u ra tio n  on  a land scap e can  also ch an g e. 
P a tch es  can  b e co m e  p erío ra ted  b y  o th e r  p atch  types,



FIG URE 5 T h re e  co m m o n  pattern s o f lan d scap e ch an g e. A rrow s 

in d icạ te  th e  direcLion o f  spread. (a ) An ed ge w h ere  ag ricu k u ra l land 

e n c ro a c h e s  o n  íbrest a lon g  a íìe ld  bou n d ary . (b )  A co rrid o r w h ere 

d ev e lo p m en t sp read s outw ard from  a new  roacl. (c )  A p o in i w h ere 

re íb re s ta tio n  p ro ceed s outw ard  fro m  an iso la teđ  forest p atch .

TABLE I

T ra n s it io n  M a trìx  fo r  a H y p o th e tica l L a n d sc a p e  w ith  

T h r e e  L an d  ư s e  T y p e s '1

F o rest A g ricu h u rc D evelopcd

F o resl 6 0 25 15

A g ricu llu rc 10 75 15

D evelopcd 0 2 9 8

a E a ch  ce ll shovvs th e  p e rce n ta g e  o f  th e  lan d scap e area that 
ch an g ed  from  the p a tc h  ty p e in  th a t row  to  the p a ich  tvpe in 

ih a i co lu m n  o ver a s in g le  ũ m e step . F o r  ex am p le , 2 5 %  o f the 

o rig in a l ĩo rest lancl w as c le a re d  fo r a g ricư lta re  an d  15%  was 

d ev elop ed . F ig u re  6  sh o w s th ìs  p rọ ịcc ted  ch a n g c  over 25  

tim e step s.

and  large p atch es  can  be íragm ented  in to  several sm aller 
p a tch es. L and scap e íragm en tatio n , particu larly  in the 
tro p ics , is hav ing  severe e ffects  on  sp ecies  b iodiversity . 
Som e o f  the  p o ten tia l co n seq u en ces  o f ĩrag m en taú o n  
in c lu d e  th e  loss o f p atch  types and  th e ir  ch a ra c le ris tic  
sp e c ie s , d ecreased  co n n ectiv ity  w ith  its rep ercu ssio n s 
for sp ecies  m o v em en ts, and d ecreased  in terio r area. 
T h e  b iggest co n seq u en ce  for sp ecies  d iversity  is  the 
a sso c ia ted  lo ss  o f in terio r sp ecies  and the in crease  o f 
g en era lis t o r edge sp ecies.

L an d scap e-lev el d ynam ics are often  stu d ied  w ith 
eco lo g ica l m od els s in ce  the tem p oral sca les o f in ierest 
are o fte n  greater than  the hu m an life  sp an , and exp eri- 
m e n ts  are d ifficu lt to  p erform  at large spatial sca les. 
T h e re  are fo u r gen eral classes o f m o d cls  ih a t arc used  
to p re d ic t land scap e d ynam ics: tran sú io n  p ro b ab ility  
m o d els , ind iv ìd u al-based  m o d els , eco sy stem  p ro cess 
m o d els , and  b io geo grap h ic  m od els. T ra n s itio n  p ro cess  
m o d els  are u se ĩu l w hen the facto rs  cau sin g  land scap e 
c h a n g e  are  n o t rep resented  m ech an istica lly . F o r  exam - 
p le , assu m e that a land scape w ith  three p atch  types w as 
sam p led  tw ice , b e fo re  and after an event. A table can 
be co n stru c te d  shovving the p ercen tag e  o f each  p atch  
typ e th a t stayed  the sam e or that was tran sío rm ed  in  to 
a d iffe re n t p atch  type in  th is h y p o th etica l land scape 
(T a b le  I ) .  E ach  row  show s the fate o! a p a rticu lar p atch  
type. O v er a s in gle  tim e step , 60 %  o f the forest land  
rem ain ed  ío rested , 25%  w as con v erted  to agricu ltu ral 
u se s , and  15%  w as developed. T h ese  tra n sitio n  p ro b a- 
b ilit ie s  ca n  b e used  to ex trap o la te  in to  the fu tu re by 
in d iv id u al tim e step s. F igu re 6  show s the p ro jec ted  
c h a n g e  o v er 2 5  tim e steps i f  th is orig inal land scape had 
5 0  u n its  o f  ío rest, 2 5  u n its o f agricu ltu re , and  10  u n its  
o f d ev elo p ed  land. T h is  land scape w ill stabilize  w ith  a 
h ig h  p ro p o rtio n  o f developed  land and a very sm all 
ío re st area. T ra n s itio n  analyses are very sim p le to co n -

d uct and can be u se fu l for e x a m in in g  the e ííe c ts  o f 
various p ro b a b ilities  and  in itia l co n d iú o n s. In the sim - 
ple form  p resen ted  h e re , n o  a llo w a n ce  w as m ade for 
v ariaú o n s in  the ra te  o f  ch a n g e , and  no sp ecific  spatial 
c o m p o n e n l was in c lu d ed .

ln d iv id u al-b ased  s im u la tio n  m o d els  are useful w hen 
in fo rm a tio n  is k n o w n  a b o u t the m e ch a n ism s un derly - 
ing ch an g es in  lan d scap e  s tru c tu re . T h ese  m o d els  in co r- 
p orate  life -h istory  tra its  o f  in d iv id u als  and the m ech a- 
n ism s by w hich  they in tera ct w ith  th e ir en v iro n m en t 
in  ord er lo  p red ict lan d sca p e-lev e l d yn am ics. Land- 
scap es are s im u lated  b y  lin k in g  p lo ts  to g e ih e r  in a grid 
or tran sect. P lots are sp atia lly  in teractiv e  th ro u g h  p ro- 

cesses su ch  as sced  d isp ersa l. S p atia lly  in tera ctiv e  indi- 
v id ual-based  m o d els  ca n  rep rese n t a variety  o f  env iron- 
m en tal co n d itio n s , in c lu d in g  d ifferen ces  in soil 
p ro p erties , c lim ate , a n d  d is tu rb a n ce  reg im e (C o ifin  and 
L a u en ro th , 1 9 9 4 ) .  T h e se  m o d els  are m o st co m m o n ly  
used for evalu atin g  ch a n g es  in  th e  d iv ersity  o f groups 
o f s im ilar sp ecies  ( i .e .,  fu n ctio n a l lyp es) ra th e r than 
sp ecies  d iversity .

A th ird  class o f m o d els  s im u la te s  eco lo g ica l pro- 
cesses, in clu d in g  ra tes  o f  n u tr ie n t cy c lin g , w ater bal- 
a n ce , and  prim ary p ro d u ctio n . T h e se  m o d els  have been  
lin k ed  w ith  g eo g rap h ic  in ío rm a tio n  system s (G IS ) to 
s im u late  large reg io n s. E ffec ts  o f  c lim a te , so il tex tu re , 
and m an agem en t o n  soil o rg an ic  c a rb o n  d y n am ics w ere 
sim u lated  for the Central grasslan d s o f  the U n ited  States 
(B u rk e  eí a i ,  1 9 9 1 ) .  A cross th is  large reg io n , so il or- 
g an ic carb o n  in crea sed  w ith  p re c ip ita tio n  an d  decreased  
w ith  tem p eratu re  and  p ercen ta g e  sand  co n te n t. B io g eo - 
grap hic  m od els are a ío u rth  c lass  o f m o d els  that can 
b e used to in v estigate  v eg eta tio n  resp o n ses  to  environ- 
m en ta l h e tero g en eity . T h e se  m o d els  in co rp o ra te  large- 
sca le  v ariatio n s in c lim a te  and  so ils , as w ell as w ater



T im e

FIGURE 6 T ra n s it io n  m a trix  an a ly sis  o f  a h y p o th ctica l lan d scap c \viih ih re e  p a tch  lypes o f d ifferin g  ab u n d an ce : forest, 

5 0  u n its ; a g ricu ltu rc , 2 5  u n its ; an d  đ ev elop ed , 10 u n its . T ra n s ilio n  p ro b ab ilities  a re  shovvn in  T a b lc  I

and en erg y  c o n stra in ts  on  p lan t g ro w th , to s im u la te  
Continental and global p a tte rn s  in  v egeta tio n . B io g eo - 
g rap h ic  m od els are m o st u sefu l for s im u la tin g  resp o n ses 
o f p la n t fu n ctio n a l typ es at large sp atia l sca le s , to e ith e r  
e q u ilib riu m  or tra n s ie n t e n v iro n m e n ta l c o n d itio n s  
(P re n tice  et a i ,  1 9 9 2 ; N e ilso n  and  D rap ek , 1 9 9 8 ) .  T h e se  
m o d els  do n o t e x p lic itly  in c o rp o ra te  la n d sca p e-sca le  
p ro cesses  o r  flow s a m o n g  p a tch e s .

A llh o u g h  ea ch  o f  th ese  typ es o f  m o d e ls  has tra d itio n - 
a lly  b e e n  used independently, the  lin k in g  o f  d iffe re n t 
m o d els  to g eth er is a re c e n t d ev e lo p m e n t that has co n - 
sid erab le  p o ten tia l for a d d ressin g  issu es re lated  to lan d - 
scap e d iversity . B eca u se  o f  im p o rta n t feed b acks b e - 
tw een sp ecies  and  rates o f e co sy ste m  p ro ce sse s  (S ch u lz e  

and M o o n ey , 1 9 9 4 ) ,  l in k in g  a sp atia lly  In tera ctiv e  in d i- 
v id u al-b ased  m o d el w ith  an  e co sy ste m  m od el h a s  a 
large p o ten tia l ío r  s im u la tin g  th e  d y n a m ics  o fla n d s c a p e  
s tru c tu re  and lu n c tio n  as  w ell as ch a n g es  in  sp e c ie s  
d iv ersity . An im p o rtan t íìrs t s tep  w as illu stra ted  by c o n - 
n e c tin g  a n o n sp a tia l in d iv id u a l-b a se d  m od el w ú h  a n u - 
trien t cy c lin g  m od el to  e x a m in e  the im p o rta n ce  o f  so il 
h e tero g en eity  to  fo re s t re sp o n ses  to  g lo b a l c lim a te  
ch an g e  (P a sto r and P o st, 1 9 8 8 ) .  T h e  in c o rp o ra tio n  o f

lan d scap e-sca te  flow s o f  w aier, c a rb o n , and  n u trien ts  
in to  a sp atially  in teractiv e  in d iv id u al-b ased  m o d el is 
an  im p o rta n i research  area for p re d ictin g  lan d scap e 
d iv ersity  d yn am ics. R ecen t lin k ag es b e tw een  b io g eo - 
ch e m ica l and  b io g eo g ra p h ic  m o d els  are a n o th e r area o f 
p o ten tia l ap p lica tio n  to land scap e d iv ersity , esp ec ia lly  
if  the p lan t íu n c tio n a l t ^ e s  b e co m e  m o re  reso lv ed  and 
lan d scap e-sca le  p ro cesses, su ch  as d is tu rb a n ce  reg im e, 
are inclu d ed .

VI. BIODIVERSITY PLANNING AT THE 
LANDSCAPE LEVEL

T o  p reserve sp e cie s  d iversity  m o st e ffectìv ely , m an age- 
m en t p lans m u st p reserve the h a b ita ts  and  lan d scap e 
stru ctu re s  need ed  by the target sp e c ie s , ra th er th an  
sim p ly  p reserv in g  the sp ecies  in  iso la tio n  fro m  the 
larger, p o ten tia lly  ch an g in g  en v iro n m en t. M an ag em en t 
p ra ctice s  a im ed  d irectly  at a p articu la r sp ecies  ru n  the 
risk  o f  lo sin g  eco sy stem  fu n ctio n s  th at m igh t a ctu a lly  
be cru c ia l for the target sp ecies, b u t th at w ere u n k n o w n



w h en  the m an ag em en t p lan  w as created . F u rth e rm o re , 
m a x im iz in g  b e n e íìts  for o n e  sp ecies  m ay th reaten  o th - 
ers. T h e  ideal is to p reserve overall eco system  h ea lth , 
in c lu d in g  sp ecies  d iversity . U n ío rtu n a te ly , th is is easier 
said  th an  d one. M u ch  o f  the effort o f  co n serv a tio n  b io lo - 
g ists h as b e e n  d irected  tow ard lea rn in g  how  to m anage 
eco sy ste m s, at b o th  th e o re tica l and p ra ctica l levels.

O n e o f  the c la ssic  d eb ates in  co n serv a tio n  b io lo gy  
c e n te rs  aro u n d  the “b e st” reserve d esign . I f  lim ited  re- 
so u rce s  are availab le to p u rch ase  land , is ú  b e tte r  to 
e sta b lish  o n e  b ig  reserve o r a few sm a ller o n es?  T h is  
has b e co m e  su ch  a fam ou s and  co n tro v ersia l issu e that 
it has its  ow n a cro n y m , SL O SS  (sin g le  large o r several 
sm a ll). A large reserve p rovides the m ost p o ten tia l hab i- 
tat for in te r io r  sp ecies, w h ich  are usually  the o n es m o st 
in need  o f p ro te c tio n . H ow ever, a sin g le  reserve is vul- 
n era b le  to all sorts o f d isasters. If  a m a jo r  h u rrica n e  or 
a p a th o g en  h its  ih a t reserve, th ere  are no o th e r reserves 
10 take its  p lace . T h e  esta b lish m en t o f  several sm aller 
reserv es m in im izes ih e  risk  o f  lo sin g  ev ery th in g  at the 
sam e tim e. Hovvever, a m in im u n i size is need ed  to su s- 
ta in  p o p u la lio n s  o f  in te rio r sp ecies  as w ell as to preserv e 
the c h a ra c te r is tic  sp ecies  d iversity  and sp cc ies  co m p o si- 
tion  o f  the eco sy stem . F u rth e rm o re , reserv es do n o t 
o p era te  lik e  iso lated  islan d s, thu s c o n n e c tio n s  betw een  
reserv es and  the su rro u n d in g  h a b ila ts  are also  im - 
p o rtan t.

A re la ted  c o n ce p t involved  in  d eterm in in g  the o p ú - 
m u m  siz e  o f a n atu re  reserve is ihe  m in im u m  d ynam ic 
area (P ic k e tt  and T h o m p so n , 1 9 7 8 ) .  A ssu m in g the dis- 
tu rb a n ce  reg im e o f  an area is k n o w n , ih c  [rcq u en cy , 
areal e x te rn , and reco v ery  tim e can  be used  to d eterm in e  
the sm a lle s t  reserv e area in  w h ich  th ere  w ill alw ays be 
som e m atu re  p a tch  types to p rovide a sp ecies  so u rce  
for the rest o f  the area as it reco v ers  from  d is lu rb a n ce . 
I f  a p a tch  is  sm aller th an  th is m in im u m  d yn am ic area, 
it w ill lik e ly  be e lim in ated  th ro u gh  tim e sim p ly [rom  
n atu ra l d istu rb an ces .

G iv en  the large n u m b er o f  sp ecies  on  the p lan et, it 
is itn p o ssib le , or at b est im p ractiea l, to m anage for every 
one o f  th em . In stead , co n serv a tio n  b io lo g ists  are now  
try in g  to  id entify  w ays to s im p lify  the task  o f  land scap e- 
level m a n ag em en t. T h e  m ost p ro m isin g  m eth od s id en- 
tify  o n e  o r  a few im p o rtan t sp ecies, and co n ce n tra te  on 
th e ir  m an ag em en i. O n e ta c tic  is to m anage key sto n e  
s p e c ie s , th o se  on  w h ich  im p o rtan t eco sy stem  ĩu n ctio n s  
o r o th e r  sp ecies  dep end. A n o th er ap p roach  is to target 
u m b re lla  sp ecies, th o se w ith  large ran ges o r b road  hab i- 
tat re q u ire m e n ts. M anagin g  for these sp ecies  w ill au to - 
m a tica lly  save m any o th er sp ecies  w ith  sm aller o r less 
in c lu siv e  req u irm en ts. A sim ila r m eth od  id en tiíìes  a set 
o f  fo ca l sp ecies, each  o f w h ich  is sen sitive  to a p articu lar

asp ect o f  lan d scap e stru c tu re  or íu n ctio n . O n e o f the 
focal sp ecies  m igh t be esp ecia lly  v u lnerab le to h ab iia t 
frag m en tatio n , w hereas a n o th er m ight req u ire  a high 
level o f co n n ectiv ity . T h e  p ro tecú o n  of this set o f  sen si- 
tive sp ecies  p rovìd es ih e  m an agem en t goals. W h e n  the 
req u irem en ts  o f  the sen sitive  sp ecies arc m et, o th er 
sp ecies  w ill be provided  for as well.

VII. CASE STUDY: SEVILLETA 
NATIONAL W ILDLIFE REFƯGE

T h e  Sev ille la  N ational W ild life  R eíuge (SN W R ; 3 4 .5 °N , 
1 0 6 .9 °W ), lo ca ted  a p p ro x im ate ly  75 km  South o f A lbu- 
q u erq u e, N ew  M ex ico , p rov id es an e x ce lle n t exam ple 
o f  lan d scap e d iv ersity  and  its re la tio n sh ip  to sp ecies 
d iversity . T h is  1 0 0 ,0 0 0 -h a  w ild life refugc w as estab- 
lish ed  in  1 9 7 3  and is cu rren tly  m anaged  by the U nited  
S la le s  F ish  and  W ild life  Serv ice . T h e refuge is also a 
L o n g -T erm  E co lo g ica l R esearch  site  fundeđ by the U .S. 
N aiio n al S c ie n ce  F o u n d a tio n . T h e  c lim a ie  at the S N W R  
is sem iarid  to arid , w ith  low  am o u n is  o f p recip ita tio n  
and high  tem p eratu res d u rin g  the April to O cto b e r  
grovving sea so n . M ean an n u al p re đ p ita tio n  over the 
past 6 5  years w as 2 3 .4  cm . (sd  =  7 0 .4  Ctrl) and average 
ann ual tem p eratu re  w as 14.1°c (sd =  0 .7 °C ).

T h e  SN W R  is un iq u ely  located  at ihe eco to n al 
bo u n d ary  b etw een  fo u r m a jo r  g ra ss la n d -sh ru b la n d  b i- 
o m es íou n d  w ith in  the C o n t in e n ta l  U nited  States. T w o 
of these bìomes, shorigrass stcppe ccosystcms and Chi- 
h u ah u an  d esert grasslan d s, form  tran sitio n  zones in  the 
eastern  part o f  the refuge (F ig s . 7a and 7 b ). P atch es o f  
variab le  s ize  ( < 1 0  m 2 to  > 1 0 0 0  rrr) and  shap e o ccu r 
and resu lt in  h igh  land scap e d iversity  (F ig . 7 b ). T h ese  
p atch es can  b e  d ifferen tia ted  in to  one o f two p atch  types 
based  on  the cov er o f  the d o m in a n t p lan i sp ecies  (G osz , 
1 9 9 5 ; K rồ e l-D u la y  et a i ,  1 9 9 7 ) . T he vegetation  o f  som e 
p atch es co n s is ts  m o stly  o f b lu e gram a (Bouteloua graci- 
ỉ is ), the d o m in a n t sp ecies  in  sh o rtgrass step p e ecosys- 
tem s. A seco n d  p atch  type o ccu rs  w here the m a jo rity  
o f co v er is  b la ck  gram a (Bouteloua eriopoda) , a d o m in an l 
grass in c .h ih u a h u a n  d esert eco system s. S p ecies  r ich - 
n ess is  s im ila r for b o th  p atch  types, a lthou g h  the cov er 
o f p lan ts  is h ig h er in b la ck  gram a com p ared  to b lu e 
gram a p a tch e s  (C o ffin , 1 9 9 7 ) . A transect acro ss the 
co n cep tu a l lan d scap e  show n in  Fig. 7b  goes throu gh 
each  p a tch  type as w ell as the m atrìx  v egetation  vvhere 
s im ilar co v e r o f b o th  sp ecies  o ccu rs (F ig . 7 c ).

W ith in  each  p atch , a sm aller scale o f h etero gen eity  
also  e x ists  due to d is tu rb a n ces  associated  w ith the bur- 
row ing a c tiv itie s  o f  b an n erta il kangaroo rats (see  Fig.
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FIGURE 7 P a tch  ty p es at th e S ev ille ta  N ation al W ild life  R e íu g e  L T E R  s itc  (S N W R ). (a )  L o ca tio n  o f  th e SN W R  in  Central N ew  

M e x ico , U n ite d  S ta te s , an d  lo c a tio n  o f  p atch  tvpes in  th e e a ste rn  part o f  th e refuge. (b )  L o ca tio n  o f  tw o p atch  ty p es on th e 

lan d scap e. T h e  tra n se ct a cro ss  th e  lan d scap e g o es th ro u g h  p a tch e s  d o m in ated  b y  e ith e r  b lu e  g ram a, b la c k  g ram a, o r th e  m atrix  

co n ta in in g  b o th  s p ec ies . ( c )  C o v e r o f  b lu e  gram a and b la c k  gram a a lo n g  ih e  tran se ct, sh o w in g  One ap p ro ach  to  id en tiíy in g  an d  

d e lin e a tin g  p atch es.
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F!G URE 8 Sm all-sca le  h e te ro g en city  \viihin o n c  b la ck  gram a p aich  from  Fig. 7b . T h re e  types o f  m ou nds can  be dcíìnccl based  

on  p lan t sp ec ies  co m p o sitio n  and burrcnving a c tiv itics  o f  b a n n cr ia il k an garoo  rats. (a )  M o u n d s ch an g e íro m  o n e  type to a n o th e r  
th ro u g h  lim e as k an garoo  rats ab an d on  so n ie  m ou n d s and invadc o th e rs . (b )  N u m b cr oỉ p lan t s p cc ic s  and average p lan t s izc  íor 

each  m ou n d  typc. ( c )  B ecau se  ih e  n u m b er o f  m ou n d s vvithin cach  o f  ih c  ih re e  ly p es is co n sia n i in  ih is h v p o ih c iica l lan d scap c , 

th e  lo ta l n u m b er o f sp ec ies íou n d  on ih e lan d scap e is a lso  co n stan t.



7 b ). M o u n d s can  b e  d istin g u ish ed  in to  o n e  o f  th ree  

typ es b ased  on p lant s p e c ie s  d iv ersity  as vvell as co m p o - 
s it io n  (F ig . 8 a ) . A ctive m o u n d s are  the s ite  o f  íreq u en t 
b u rro w in g , thu s o n ly  p lan t sp ecies  w ell ad ap ted  lo  d is- 
tu rb a n ce  can  surv ive th ere . T y p ica lly  th is  v egetạ tio n  
c o n sis ts  o f  sm alỉ p la n ts  re p rese n tin g  few  sp e cie s  (F ig . 
8 b ) . A fter m o u n d s a re  a b a n d o n ed  and  b u rro w in g  activ i- 
ties  cea se , m ore p la n t sp e c ie s  can  surv ive to larg er sizes 
on th ese  e a rly -su cce ss io n a l m o u n d s. T h ro u g h  tim e, 
c o m p e titio n  am o n g  p la n ts  typ ica lly  red u ces  th e  n u m b er 
o f  sp e c ie s , a lth o u g h  p la n t s izes  ca n  be q u ite  large as 
o n e  o r a few  p lants c o m e  to  d o ra in ate  la te -su ccess io n a l 
m o u n d s. T h is  in v a s io n -a b a n d o n m e n t cy c le  re su lts  in  
a sh iít in g  m o sa ic  o f  m o u n d  typ es th ro u g h  tim e acro ss  
th e  lan d scap e  (F ig . 8 a ) .  A lth ou g h  the sp e cie s  d iversity  
on  m o u n d s ch an g es th ro u g h  tin ie , and  the lo ca tio n  o f 
m o u n d  typ es v aries sp a tia lly  a cro ss  th e  lan d scap e, the 
to tal n u m b ers  o f  sp e c ie s  and  p atch  typ es rem ain  co n - 
sta n t o n  the sca le  o f  th e  lan d scap e  (F ig . 8 c ) .  T h e re ío re , 
lan d scap e  d iversity  b o th  re íle c ts  and  d ete rm in e s  pai- 
te rn s  in  d iv ersity  at sm a lle r  levels o f  o rg a n iz a tio n , and  
in  p a rticu la r sp ecies  d iv ersity .

VIII. CONCLUSIONS

A lth o u g h  m u ch  o f  th e  cu rre n t em p h asis  o n  b io d iv ersity  
h as b e e n  at the level o f  sp e c ie s , lan d scap e  d iv ersity  is 
a lso  im p o rta n t. T h e  p reserv a tio n  and  m a in te n a n ce  o f  
m u ltip le  levels o f  o rg a n iz a tio n , in c lu d in g  sp e c ie s , p op u - 
la tio n s , co m m u n itie s , an d  e co sy ste m s, req u ire  an u n - 
d crs ta n d in g  o f  how  th ese  v ario u s levels in te ra c t w ith  

th e ir  en v iro n m e n t a c ro ss  a  ran g e  o f  sp atia l sca les . M ain - 
te n a n ce  o f  lan d scap e  d iv ersity  p ro v id es a sp atia l tera- 
p la te  for the p reserv a tio n  o f  th e sc  sm a lle r  levels o f  org a- 
n iz a tio n , and  in  p a rtic u la r  fo r sp e cie s  b io d iv ersity . 
C h a n g es  in  lan d scap e s tru c tu re  and ĩu n c tio n  th ro u g h  

tim e have im p o rta n t e ffe c ts  o n  the d is tr ib u tio n  o f  re - 
so u rc e s , w ith  re su ltin g  in ílu e n ce s  on  th e surv ival o f  
sp ecies . B eca u se  o f  th e  overvvhelm ing n u m b e rs  o f  sp e- 
c ie s , it m ay b e  im p ra c tica l to  a tte m p t to  co n se rv e  sp e cie s  
d iv ersity  p er se. By ío c u s in g  on  lan d scap e d iv ersity  and  
th e p e rp e tu a tio n  o f  d y n a m ic  p ro ce sse s  a cro ss  m u ltip le  
sca le s , an  a ttem p t ca n  b e  m ad e to  p reserv e e n tire  e co sy s- 
tem s w ith  th e ir  full c o m p le m e n t o f  g en etic  d iv ersity .
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aíiorestation P ro cess  o f p lan tin g  trees in  areas cur- 
ren tly  d evoid  o f th em . Ít is d one in d esert reg io n s and 
is in crea sin g ly  co m m o n  in  E u ro p e, w here grasslands 
and  p astu res are b e in g  co n v erted  in to  w oodlanđ s 
an d  ío rests .

a g r ic u ltu ra l in te n s ií ìc a t io n  M an ag em en t o f agricu l- 
turai land  to  in crea se  yield  p rin cip a lly  th ro u gh  the 
use o f h ig h -y ie ld in g  crop  v arieties , ch e m ica l fertiliz - 
ers and p estic id es, irrig a tio n , sh o rte r  ro ta tio n s, larger 
field s, and m ech a n iz a tio n .

d e s e r t i íìc a t io n  R e d u ctio n  o f the b io lo g ica l p o ten tia l o f 
lan d  that u ltim a te ly  leads to the c rea tio n  o f d esertlik e  
c o n d itio n s . It o cc u rs  p rim arily  th ro u g h  overu se o f 
m arg inal land s by h u m an s for ag ricu ltu re .

g ru ssla n d  L and  that h as a v eg eta tio n  cov er d o m in ated  
by grasses.

h a b ita t  íra g m e n ta tio n  S p lin terin g  o f o n ce  co n tig u o u s 
lan d  co v er in to  iso la ted  p ieces. F ra g m en ta tio n  hap- 
p en s w hen  h a b ita t is lo st íro m  the in terio r, ra th er 
th an  the edge, o f a large b lo ck  o f cov er. T h e  resu ltin g  
h ab ita t p a tch e s  are som etim es re íerred  to as “h abitat 
is la n d s” and  the in terv en in g , co n v erted  land  is ca lled  
th e  “m a tr ix .”

lan d  c o v e r  P h y sica l and  b io tic  c h a ra c te r  o f  the e a rth ’s 
te rre stria l su rface . L and  co v er is  ty p ica lly  the  vegeta- 
tion  (e .g ., tro p ica l ío re s t, m a rsh , d esert, co rn fie ld , 
sh ru b la n d ) o r h u m a n  c o n s tr u c l  (e .g ., road , d w elling , 
in d u stria l area) th at co v ers  th e  su ría ce . It m ay be 
gro ssly  d efin ed  as in  the  p re ce d in g  e x a m p les , o r de- 
fined  at fin er sca les  (e .g ., m o is t d ec id u o u s  tro p ica l 
ío rest, m o is t ev erg reen  tro p ica l forest, dry tro p ica l 

ío re s t) .
lan d  u se  T h e  use that h u m a n s m ak e o f  the e a rth ’s 

te rrestria l su ría ce , u sually  to o b ta in  go o d s o r b en e- 
fits. E x a m p le s  in c lu d e  a g r icu ltu re , m in era l exp lo ra- 
tio n , se ttle m e n t, n a tu ra l reserv e, and  tim b e r p ro d u c- 
tion . L an d  use re íers  to the d o m in a n t h u m a n  activity  
that o cc u rs  o n  the e a rth ’s su r ía c e , and  it  o íte n  m od - 
ifìes n atu ra l c h a ra c ters  to  ch a n g e  lan d  co v er (e .g ., 
rep la cin g  n ativ e  g rasslan d  w ith  a co rn fie ld  or a ro ad ).

s e tt le m e n t L and  used  for h u m a n  h a b ita tio n , in c lu d in g  
for th e  c o n s tru c ú o n  o f  c it ie s , to w n s, v illages, ru ral 
se ttle m e n ts , and  roads. In  a g ro ss  sen se , se ttlem en t 
is also  a lan d  co v er w h e n  u sed  to re fer to  the  land 
o ccu p ied  b y  th e  v ariety  o f  trap p in g s a cco m p a n y in g  
h u m an  liv ing  sp ace , in c lu d in g  h o m es , gardens, 
road s, ira n sp o rta tio n  c e n te rs , an d  in d u str ia l areas.

LAND ƯSE 1SSƯES CONCERN THE PROCESSES by 
w h ich  h u m a n  a ctiv itie s  d e te rm in e  land  cov er. Im p o r- 
tan t issu es are ag ricu ltu ra l d ev e lo p m en t an d  in te n s ilĩ-  
ca tio n , se ttle m e n t, a n d  e x tra c tio n  o f  n a tu ra l reso u rces.

Em v í : / p /W í /Ì£ ỉ  o f  B iod iv ers ity , V o ỉu m e 3
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In  resp o n se  to  h u m a n  land  u se , the  earth 's  land cov er 
has ch an g ed  ÍYom a m o sa ic  o f n ative  w o o d lan d s, forests, 
and grasslan d s to an in crea sin g ly  im p a cte d  m ix tu re  o f 
d egrad ed  and frag m en ted  n ativ e h a b ita ts , e x o tic  cro p - 
land s, and im p erv io u s  u rb an  su rĩa ces . In  the  last three 
c e n tu rie s , m o d els  su gg est th at fo rests  hav e d eclin ed  
19% , grasslan d s have d ec lin ed  8 % , an d  cro p lan d  has 
in crea sed  o v er 4 0 0 % . T h is  a rtic le  d iscu sse s  how  land  
u se p ro ce sse s  hav e ch an g ed  th ro u g h  tim e and  how  they 
have cau sed  th e  n a tu ra l p a ttern  o f Iand  co v er to chang e. 
T h is  tra n s ío rm a tio n  o f  the  p la n e t’s la n d sca p e  is w idely 
re co g n iz ed  as the  p rim ary  d riv er in  th e  cu rren t g lobal 
lo ss  o f  b io d iv ersity . Several e x a m p les  o f  h o w  land  use 
ca n  in ílu e n ce  b io d iv ersity  are a lso  co n sid ered .

G r o w in g  G lo b a l  

H u m a n  P o p u la t io n

R egio n al M o d iíiers  
Local Hu man Population Density 
Technology and lndustrialization 
Socỉo-econom ỉc Development 
Political System

Land U se 
Agricultural Development 
Agricultural lntensification 
Settlement 
Extraction ơ f  Natural 
Resources

Habitat Com vrsion  
Hahìiut Frugme>Uĩititm 
Habitat Degradution

C h a n g e d  

L a n d  C o v e r

I. LAND USE ISSUES

H um ans o b ta in  fo o d , energy , and sh e lte r  from  the earth  
by h arv estin g  n atu ra l re so u rce s  an d  c re a tin g  new  re- 
so u rces. B o th  o f th ese  a cú v iú e s , e sp ec ia lly  the  c re a tio n  
o f new  re so u rce s  by a g r icu llu ra l and in d u stria l a c tio n s , 
m odify o u r e n v iro n m e n t at a sca le  u n k n o w n  for o th er 
org an ism s. O u r u n p ara lle led  re c e n t su c ce ss  as a sp ecies  
(incre.asin g  in  p o p u la tio n  size  b y  n ea rly  2%  p er year 
from  1 9 5 0  to 1 9 8 5 )  and  o u r tre m e n d o u s  ab ility  to  m od - 
ify the e n v iro n m e n t have allow ed  us to  d ram atica lly  
tra n sfo rm  the ea rth  (T u rn e r  eí a i ,  1990). It is estim ated  
th at w e have tra n sío rm ed  or d egrad ed  from  3 9  lo  50 %  
o f the  e a rth ’s su rfa ce  and n ow  co m m a n d  25 %  o f the 
w orld ’s to ta l n e t p rim ary p ro d u ctiv ity  (V ito u se k  cl ai., 
1 9 8 6 , 1 9 9 7 ) .

W e  can  co n ce p tu a liz e  o u r e ffe cts  o n  the e a r th s  su r- 
face by re la tin g  o u r land  and  re so u rce  use to ch an g es 
in  lan d  co v er (F ig . 1 ). As o u r p o p u la tio n  in crea ses , we 
g a rn er m ore o f  the  earth  to su p p ly  o u r needs. T h e  
asp ects  o f  the h u m a n  p o p u la tio n  th at d rive ch an g es in 
land  u se and re su ltin g  lan d  co v er are k n o w n  on lv  in  a 
gen eral way. P o p u la tio n  size  is o b v io u sly  an  im p o rtan t 
d ete rm in a n t o f  o u r land  use. B u t its  im p o rta n ce  relative 
to g lo b al a fflu en ce , te ch n o lo g ic a l cap a city , p o litica l or- 
gan iz a tio n , an d  so c ia l s tru c tu r in g  is h o tly  co n tested  
(M ey er and T u rn e r , 1 9 9 2 ) .  R e cen t in s ig h ts  suggest that 
p o p u la tio n  size m ay d irectly  d e te rm in e  land  use at a 
g lo b al sca le , b u t lan d  use lo ca lly  is d eterm in ed  by the 
in te ra c tio n  o f  reg io n a l p o p u la tio n  size , tech n o lo g y , so- 
c io e c o n o m ic  d ev e lo p m en t, in d u str ia liz a tio n , and p olicy  
(see  F ig . 1). T o ta l b io lo g ica l d em an d  for reso u rces  and 
re su ltin g  co n v ers io n  o f  land co v er are d eterm in ed  by the 
to ta l vvorld p o p u la tio n . w h e r c  o n  the p la n et ch an g cs in 
land u se o cc u r  is affected  b y  reg io n a l p o p u la tio n  size, 
te ch n o lo g y , p o lic ie s , co n v e n tio n s , cu ltu ra l a ttitu d es.

R educed  
B iodiversity

PIGURE 1 Tht' growing global population of humans rcduccs biodi- 
vcrsitv primarilv ihrough land usc thai convcris, ừagmems, and de- 
grades land cover. Human populaúnn grovvth dirccilv affccts land 
use by demanding more food, living spacc, and nalural rcsources. 
The specitìc elĩects on regional land usc arc inodiRcd hy the lotal 
human density, local cconomy, local tcchnology and industrializa- 
tion, and local political system.

and  e co n o m ic  fo rces th at d iscou rage or rew ard land 
co n v ersio n  at the lo ca l sca le  (M eyer and T u rn er, 1 9 9 2 ) .

T h ree  m ain  land  uses are resp o n sib le  for ch a n g es  in  
the ea rth ’s land cov er. T h e se  arc ( l ) agrículture, w h ich  
in clu d es  cu ltiv a tio n , grazing, irrigatio n , and d rainage;
(2 )  extraction o j  natural lesou ices, p rim arily  for ỉo restry  
and energ y  p ro d u ctio n ; and (3 )  settỉement, w h ich  we 
d efine lo o se ly  to iriclud e use o f  land for hu m an  se ltle -  
m en ts  ran g in g  fro m  rural v illages to c ities. O ur d o m in a- 
tion  o f  the earth  is c learly  re ílected  bv the earth ’s cu rren t 
land  cov er, w h ich  is  p rim arily  a m ixtu re o f íragm en ted  
and d egraded  n ativ e h ab ú ats, e x o tic  crop land s and pas- 
tures, and settle m e n ts  (F ig . 2 ). T h is  tra n sfo rm a tio n  o f 
land  co v er p er se is reco gn ized  as the driving fo rce  in 
the lo ss  o f  b io lo g ica l d ivcrsity  worldvvide. A d d itionally , 
land  use affects  ih e  b io sp h ere  in d irectly  by m o d ify in g  
eco sy stem  p ro cesses  and  in tro d u cin g  e x o tic  sp ecies  (V i- 
to u sek  et at., 1 9 9 7 ) .

A. Agriculture
O u r ag ricu ltu ra l p ra c tice s  have hacl the greatcst in flu - 
en ce  on  the e a r th s  land  cover. B efore ihe d ev clo p m en t 
o f ag ricu ltu ra l so c ie ty , several lin es o f evid ence suggest
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■  Tropical íorest c u  Tundra L U  D esert
■  Tem perate evergreen forest WÊ Grassland ■  Shruhland B i  lce

Tem pcratc dcciduous forest c u  M oist Grasslanđ n  Woodland [IU  Water

FIGURE 3 E stím aled  lancl co v er b e ío re  th e d ev elo p m en l o f  ag ricu ltu re. C .lim atic co n đ iiio n s  w ere m o d clcd  by Matihexvs 

( 1 9 8 3 )  1 0  es tim ale land co v er. W c crea tcd  th is itnage by ag grcg alin g  th c m a jo r U N E SC O  v eg cta tio n  classcá. (Hrnni

E. M alth ew s, G lobal V cgeuuion, NASA G odd ard  In stitu ie  for Space S tu d ies, W ash in g to n , D .C ., 1 9 8 3 .)

that. the  earth  w as cov ered  w ith  a co m p le x  m o saic  o f 
ío re st, w o o d lan d , grassland , w ed and , tu n d ra, and d esert 
(F ig . 3 ) . D u rin g  the last 3 0 0  years we have cu ltiv ated  
a p p ro x im a te ly  12%  o f the ea rth ’s su ríace . T h is  repre- 
sen ts  an  ap p ro x im ate  in crease  o f  3 9 0  lo  4 6 6 %  sin ce  

1 7 0 0  (F ig . 4 ; R ich ard s, 1 9 9 0 ) .  In creases  in  cu ltiv atcd  
lan d  cam e m o stly  at the exp en se  o f  n ative forests  (o th e r

1700 1850 1920 1950 1980 1996
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FIGURE 4 A rnount oi ihe world under CLihỉvation (croplanđ) from 
1 7 0 0  tó  1 9 9 6 . (F ro m  R ich ard s, 1 9 9 0 , u p d a ied b y  1 9 9 6  F A O  s ta tis tics .)

than tro p ica l rain  ío re st) and native grasslands (F ig . 5 ) . 
W e tra n sío rm  the earth  by b u rn in g  and clearin g  ío rests , 
tillin g  grasslan d s, d rain in g  w etlan d s, and irriga tin g  arid 
lands. A g ricu ltu ra l d ev elo p m en t is resp onsib le  for the 
o v en v h elm in g  m a jo rily  o f  w etland  con v ersio n  (th e

Ecosystem s

FIGURE 5 A reas o ccu p ied  bv  m ạ jo r cco sy sicm s I)f thc vvorld be ío re  

ag ricu ltu re  iM au h cv vs. 1 9 8 3 )  and in 199 1  (M cy cr and T u rn cr , 1 9 9 4 ). 

C u ltiv a lio n  has mostlv  a lĩcc tcd  tcm p e ra tc  and tropical lorcs is  Ollier 

ih an  rain ío re s is , as \vcll as grassland  ccosy iem s.



g lohal lo ss  ol w etlands is n o t aecu ra ie ly  estim ated ; 
M eyer and T u rn er, 1 9 9 2 ) .  T h e  p a ttcrn  o f in creasin g  
h iim a n  p o p u la tio n , in cre a sin g  cro p lan d , and d ec lin in g  
(b rests  and  grasslan d s is co n s is te n t acro ss the c o m i 
n c n ts  excep t in  E u rop e, w h ere  cu rren t a ffo resta tio n  is 
in c rca s in g  ío rest and w o o d lan d  cov er (F ig . ỏ ).

A lth ou g h  co n v crs io n  o f  n ativ e  land to e x o tic  cro p - 
lan d s has s low eđ , o u r use o f a g ricu ltu ra l land has in te n - 
s iíied  s in ce  ‘ the G reen  R e v o lu tio n ” b cg an  in  the 1 9 6 0 s  
(M a tso n  ct a i ,  1 9 9 7 ) . A g ricu ltu ra l in te n sifica tio n  a lters  
land  co v er by (1 )  crea tin g  h ig h ly  p ro d u ctive  m o n o cu l- 
tu res, (2 )  d iverting  w aier re so u rce s , and (3 )  fu elin g  
te ch n o lo g y  to p ro d u ce  b e tter seed s and m ore fertilizers , 
p e sú c id e s , and in sectic id es .

In creasin g ly  in ten siv e  use o f  grasslan d s for ag ricu l- 
ture has resu lted  in  w orld w id e overgrazing  (F ig . 7 ) . A 
d ire c t e flect o f th is is “d e se rtiíìc a tio n ” or the d egrad ation  
o f  land  to d esertlik e  co n d itio n s . C u rren t estim ates in d i- 
ca te  that 6%  o f  the e a r th s  land  has b e e n  co n v erted  to 
d eserts  by agricu ltu ra l a c tiv iiy ; nearly  2 5 %  oi the earth  
is th reaten ed  vvith d ese rtiíìca tio n  (M ey er and T u rn e r ,
1 9 9 2 ) .

B. Natural Resource Extraction
W e e x tra c t a variety  ol re so u rces  from  the earih  for 
sh e lte r  and energy, but al a g lo b a l scale tim b er Harvest 
and  m an ag em en t have the largest e ffect am o n g  e x tra c - 
tive a c tiv ities  on  lan d scap e c o m p o sitio n  and land  cov er. 
R o u gh ly  o n e-th ird  o f  the e a rth  is forested  and 1.8% 
( 6 5 0  m illio n  ha) ol ĩo rests  are cu rren ily  m ain ta in ed  as 
p la n ta tio n s  or m anaged for g o o d s and serv ices  (N o b le  
and  D irzo , 1 9 9 7 ) . H um ans a ffect all forests by h u n tin g , 
g a th e rin g , recrea tin g , and  su p p ressin g  fire. H ow ever, 
o n ly  fire su p p ressio n  has the p o ten tia l to chang e ío re st 
c o v e r  type (if  su ccessfu l, il  in itia lly  slow s forest gro w th  
by re d u cin g  n atu ra l th in n in g  b u t m ay allow  for g rea ter 
d ev e lo p m en t o f  la te -su ccess io n a l forests by re d u cin g  
d is tu rb a n ce ).

N atural reso u rce  e x tra c tio n  has a less d irect effect on  
fo re s i co v er th an  d oes ag ricu ltu re . R eso u rce  e x tra c tio n  
m o d iíie s  the forest by ch a n g in g  seral stage, d eg rad in g  
fo rest in teg rity , and frag m en tin g  co n tin u o u s  ío rest, b u t 
is asso cia ted  vvith red u ced  ĩo re s t cov er in on ly  a few  
lo ca tio n s  (so u th e a ste rn  A sia and  parts o f  A frica , L a tin  
A m erica , and  Ind ia). A g ricu ltu re , in  co n tra st, is the 
p rim ary  agen i o f forest lo ss , a lth o u g h  it also m o d iíìes  
fo rest íu n c tio n . Som e o f  the  fo rest lo ss  to a g ricu ltu re  
is co m p en sa ted  for by m a in te n a n ce  and  p la n iin g  o f  
fo rest for tim ber. F ro m  1 9 8 0  to  1 9 9 5 , o n e -te n th  o f  ih e  
13 m illo n  ha o f forest lo st p e r  year to a g ricu ltu re  w as 
co m p en sa ted  for by the c re a tio n  o f fo rest p la n ia tio n s.

M uch oí th is  tra d e -o íĩ is o ccu rrin g  in  E u ro p e , w here 
a ffo re sta iio n  cam p aig n s are in crẹasin g  forest lancl at ihe 
exp cn se  o f  cro p la n d  (see  Fig. 6 c ) .

c. Settlement
T h e c le a rin g  o f  native land  cov er and  d rainage o f  w et- 
lands for h u m a n  settlem en t are the m o st p erm a n en t 
form s o f land  co n v ersio n . O v erall, 2 .5  to 6%  o f  the 
earth  is n o w  o ccu p ie d  by h u m an  d w ellings and  th eir 
su p p o rtin g  in fra s tru c tu re  (road s, in d u stria l areas, reser- 
v o irs, e tc .) .  A b o u t 10%  o f th is area is a ctu a lly  b u ilt area 
w ith  im p erv io u s su rface  (M eyer and  T u rn e r , 1 9 9 2 ) .  
H um an se ttle m e n ts  typ ically  o ccu p y  less than  2 0 %  o f  
even the m o st d ev elop ed  co u n try ’s area, b u t th is  varies 
vvidely (F ig . 8 ) .  E ach  n ig h t we ad vertise o u r se ttle m e n ts  

hy tu rn in g  o n  lights. V iew ing this sp e cta c le  from  the 
air p ro v id es a s tr ik in g  rep resen ta tio n  o f  the d egree to 
w h ich  se tt le m e n ts  o ccu p y  the earth  (F ig . 9 ) . H um an 
s e ttle m e n t a ffe c ts  nearly  all land in  E u ro p e, eastern  
N orth  A m e rica , Ind ia , and parts o f  A sia.

S e ttle m e n t h a s  in creased  d ram atica lly  over the last 
3 0 0  years as ev id en ced  by the in cre a sin g  n u m b e r o f 
large c itie s  (F ig . 1 0 ). As hu m an p o p u la tio n s  have 
grow n, w e hav e settled  w ith in crea sin g  ĩre q u e n cy  in 
u rb an  areas. T o d a y  nearly  hall o f  all h u m a n s live in 
u rban areas (p rim a rily  in the develop ed  c o u n tr ie s ) , 
com p ared  to  o a ly  14%  at the start o f  the tvventieth 
cen tu ry  (M e y e r and T u rn er, 1 9 9 2 ) . A resu lt o f  ou r 
in cre a sin g ly  u rb a n  life is an in crea sed  o ccu p a tio n  o f  

area by c itie s  an d  su rro u n d in g  lovver-density h o u sin g  
and  in d u stria l areas (u rb an  and su b u rb an  sp raw l). T h is  
e x p a n sio n  o f  u rb a n  areas in develop ed  co u n trie s  and  the 
in cre a sin g  d en sity  o íla rg e  u rban  areas in  the d ev elo p in g  
tro p ics  are re sp o n sib le  fo r the d ram atic  and  lik e ly  irre- 
v ersib le  tra n s íb rm a tio n  o f  the eartlVs su rface .

D. H istoiy Repeats Itselí: Past and Future 
Effects of Land Use on Land Cover

O u r ira n sfo rm a tio n  o f  the e a rlh  d u rin g  the last íìve 
c en iu rie s  h as p ro ceed ed  by p io n eers exp an d in g  ừ o n tie r  
se ttle m e n ts  in  a fa irly  reg u lar way. w h e n  h u m an s settle  
an  area, th ey  o p en  a new  fro n tier w here n atu ra l re- 
so u rces  are a b u n d a n t, ch eap , and  read ily  ob ta in ed . As 
reso u rces  are co n su m e d  and p o p u la tio n  in crea ses , we 
expand  o u r “lo o tp r in t” on  the su rro u n d in g  lan d  in  a 
series o f  ra d ia tin g  vvaves. W e  tran sfo rm  the lan d  at 
su ccessiv e ly  g re a te r d istan ces  from  a se ttle m e n t’s c e n ie r  
by c le a rin g  an d  d ra in in g  land , e x tra c tin g  re so u rce s, and  
c o n v ertin g  lan d  cov er to su it ou r n eed s (B erry , 1 9 9 0 ) .

T h e  c o n v e rs io n  o f  land  cov er w as fu eled  on a g lob al
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FIGURE 6 Land usc tren d s and p o p u la lio n  cs tim a tcs  o f m ạ jo r reg ion s ol th e earth . Land usc tren d s betw ecn 1 7 0 0  and 198 0  
(c lo se d  sy m b o ls ) a rc  co m p ilcd  from  R ich ard s  ( 1 9 9 0 ) .  A íter 1 9 5 0  (o p cn  sy m b o ls ), lan d  use estim ates  arc dcrived from  PA O ST A T  

(w w w .fao .o rg , O c to b e r  1 9 9 8 ) . P o p u la tio n  estim ale s  in (a ) are for A frica onlv . Panel ( f )  in clu d cs  Ja p a n , N orth  and So u th  K o rca , 

and O cca n ia .
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■  A reas affected by overgrazing

FIGURE 7 A reas o f ih e w o rld  affecied  by overgrazing . T h is  h um an - 

in d u ccd  activ ity  has been  id cn tilĩcd  as One o f  ih c m a jo r cau se s  for 
so il d eg rad atio n . O vergrazed  areas are thc resu lt o f actu al rcm oval 

o f  b io m ass  b y  grazin g  an im als and the effcct o f  tram p lin g . T h e  c ííe c ts  
a rc  en h an ce d  w herc too  m any an im als o r th e w ro n g  k in d  o f  an im als 

a rc  grazed . (F ro m  U N E P /IS R IC , W orlíl A llas o J  DcserlịỊĩcaLion, p. 4 4 , 
U n ited  N atio n s C n v iro n m en t P rog ram m e, p u b lish ed  by A rn o ld /Jo h n  
W ilcy  &  S o n s , N ew Y ork , 1 9 9 7 .)

sca le  by W e ste rn  E u ro p ea n  n a lio n s  and th eir seab o rn e  
p io n eers  from  the 1 7 0 0 s  to the early 1 9 0 0 s  (R ich ard s, 
1 9 9 0 ) .  O n ce  the E u ro p ean  fro n tiers  w ere settled , the 
a p p etite  for am en ity  and su b sis ten ce  reso u rces p ro- 
p elled  the o p en in g  o f  new  íro n tie rs  aro u n d  the w orld . 
T h e s e  Iro n tiers  th en  had  to  satisíy  local and E u ro p ea n  
n e c d s , so  reso u rces  w ere harvested  vvith frenzied  zeal 
as o p p o rtu n itie s  seem ed  b o u n d less on  the íro n tier. 
L a n d sca p es  w ere q u ick ly  degraded and tra a sío rm ed , 
an d  as reso u rces  dvvindled, the ừ o n tie r  c lo sed  and p io -

Country

FIG U RE 8 U rban areas as ex p ressed  as a p ercen iag e  o f land arca  

(e x c lu đ in g  w ater b o d ie s), in  sc lected  co u n irie s , (F ro m  Human Settle- 
m ent S ía íis íic s  C om ọendium , FA O , R om e, 1 9 9 0 .)

n eers m o v ed  o n  to  nevv íro n tie rs . H ow ever, the  old 
Iro n tier vvas rarely  le ft to  re tu rn  to a n atu ra l State. 
R ather, a m o re  o rd erly  se ttle m e n t usu ally  p ersisted , 
lead ing  to s lo w er, b u t m o re  p e rm a n e n t, land  tran sfo r- 
m atio n . M any o f  these se ttle ra e n ts  b ecam e new  cen te rs  
in  a ch a n g in g  w orld  e co n o m y , th ereb y  b ro a d e n in g  the 
base from  w h ich  re m a in in g  [ro n tiers  w ere exp lo ited .

T h e  g lo b al p a tte rn  o f u rb a n iz a tio n  o v er th e  last 3 0 0  
years (see  F ig . 1 0 )  illu stra tes  the  c o n se q u e n ce s  o f  ou r 
o p en in g  an d  c lo s in g  th e  e a rth ’s íro n tie rs . Nevv fro n tiers  
o p en  in  a reas in cre a sin g ly  far fro m  E u ro p e , an d  d evelop  
large u rb an  areas as they  c lo se . T h e  fro n tiers  o f  E u ro p e , 
eastern  N o rth  A m erica , In d ia , an d  A sia have c lo sed , 
leaving  d en se  h u m a n  se ttle m e n t to p e rm a n e n tly  ch an g e 
land  cov er. As the rem o te  íro n tie rs  o f  th e  tro p ics , m o u n - 
ta inou s re g io n s , an d  n o rth e rn  ío re s ts  an d  tu n d ras are 
e x p lo ited , s e ttle m e n t w ill lik e ly  in cre a se  an d  land  w ill 
be lra n sfo rm ed  to  a la slin g  u rb an  S ta te . E u ro p e  can  be 
vievved as a cry sta l ball for m u ch  o f  the  e a rth ’s fu tu re 
land  use. T h e  ío re ca s t is for d ra stic  s im p liíìc a tio n  o f  a 
o n ce  d iv erse  n ativ e  land  co v e r  to  o n e  d o m in ated  by 
se ttle m e n ts , in ten siv e  a g r icu ltu re , an d  íra g m e n te d  ves- 
tiges o f n ativ e hab ita t.

II. EFFEC TS 0 F  LAND ƯSE 
ON BIODIVERSITY

T h e cu rre n t e x tin c ú o n  c r is is  is fu eled , at a p ro x im a te  
level, by ( 1 )  h a b ita t c o n v e rs io n , ( 2 )  h a b ita i ữ a g m en ta - 
tio n , and (3 )  h ab ita t d eg rad atio n . T h e se  are th e  m o sl 
co m m o n  re a so n s  giv en  to ex p la in  w hy m o d ern  sp ecies  
are at r isk  o f  e x tin c tio n  (IU C N , 1 9 9 6 ) .  T h e se  three 
p ro cesses are the  d irec t re su lt o f  o u r  land  u se and  they 
íu n c tio n  as th e  m e ch a n ism s th at c o n n e c t  c h a n g in g  land  
co v er to  b io d iv ers iiy  (see  F ig . 1 ). C o n v e rs io n  o f  n a liv e  
land  co v e r  to  a g ricu ltu re  and  se ttle m e n t is u n q u e stio n - 
ably the m a in  cau se  o f  h a b ita t lo ss  o n  a g lo b a l sca le . 
T h is  c o n v e rs io n  ty p ica lly  o cc u rs  in  a p iecem ea l ĩash io n  
and is a sso c ia ted  w ith  e x le n s iv e  ro ad  b u ild in g  th at frag- 
m en ts  h a b ita t as it is b e in g  lo st. N ative an d  con v erted  
h ab ita ts  th at are alread y u tiliz ed  b y  h u m a n s are fu rth er 
degraded  by a g r icu ltu ra l in te n s iíìc a tio n , re so u rce  ex - 
tra c tio n , an d  re cre a tio n .

T h e  e ffe cts  o f  lan d  use o n  b io d iv ersity  ca n  b e  illu s- 
trated  by co n s id e r in g  h a b ita t c o n v e rs io n , írag m en ta- 
tio n , and d eg rad atio n  in  sev eral reg io n a l s tu d ies , and 
w e have se le c te d  w e ll-d o cu m e n te d  stu d ies  to illu stra te  
the gen eral p ro cess . It is im p o rta n t to  c o n sid er  reg io n al 
ch an g es in  lan d  co v er b e ca u se  th e  fa c to rs  th at drive 
lancl use an d  lin k  it to land  co v e r  are  b e st u n d ersto o d



FIG URE 9 T h e  w orld  a l n ig h t. V iew cd from  sp ace , the d is irib u tio n  o f  lig h ts  (w h iie  b lu rs ) in h u m an  s e tt lcm cn ts  itu lica tcs  the 

o m n ip re s e n c c  o f urban  sp ace . T h is  im age lak en  fro m  a s a ie llite  is a co m p o site  o f  c lo u d -fre e  o b serv a tio n s  m ade o v e r ;I 6 -m o n th  
p erio d . T h e  red is th e resu lt o f  fires, and  the y ello w  in d icates n atu ral gas ílares. (F ro m  N ational C eo g r a p h k  Maps, O c to b e r  1998 , 

N atio n a l G eo g rap h ic  S o c ic ty , W a sh in g io n , D .c.)

A.D.I700 A.D.1800

A.D.1900 A.D.1985

F1GURE 10 D is irib u tio n  o f  the sizes  o f w orld  c ii ie s . bel\veen 1 7 0 0  and 1 9 8 5 . T h e  gro\vth ra ie  o f  c itie s  in 

the A m ericas is  m o rc rap id  re lativ e 1 0  th at o f c ilie s  on ih e H uropean and East Asian co n lin e n ts . T h e  b lack  

dots rcp re sen l c ìtic s  o f  v arying s iz cs  (•■ 2 0 0 ,0 0 0  1 0  5 0 0 .0 0 0 ; • ,  5 0 0 ,0 0 0  1 0  1 ,0 0 0 ,0 0 0 : • .  1 ,0 0 0 ,0 0 0  to 

1 0 ,0 0 0 ,0 0 0 ) .  From  Bcrry  (1 9 9 0 ) .



at “su b g lo b a ĩ1 lev els  (K u m m er an d  T u rn e r , 1 9 9 4 ) . T h e  
fo llo w in g  se c tio n s  e xa m in e  (1 )  th e  co m p le x  vvavs thai 
b io p h y sica l and  so c io e c o n o m ic  ía c to rs  a ííe c t  land  use,
(2 )  the lin k ag e  b e tw een  land  use and  h a b ita t co n v er- 
s io n , ĩra g m e n ta tio n , and  d eg ra d a iio n , an d  (3 )  the e ffects  
o f  land  use on  b io d iv ersity .

A. Habitat Conversion
1. D eíorestation in Southeast Asia

T h e  tro p ica l rain  ío re sts  o f  S o u th e a st A sia  have d ec lin ed  
c ỉram atically  s in ce  the end  o f  W o rld  W a r  II ( in  the 
late 1 9 4 0 s ) .  B e ío re  h u m an s arriv ed , th e  P h ilip p in es , 
In d o n esia , M alaysia , V ietn am , an d  T h a ila n d  w ere co m - 
p le tely  ĩo re ste d  (see  F ig . 3 ) .  T h e ír  r ic h  d ip tero ca rp  for- 
e sts  w ere h eav ily  logged  (p rim a rily  fo r e x p o r l)  a fter the

w ar en d ed . T h e  P h ilip p in es cu rren tly  re ta in s  lcss  than  
2 0 %  o f  its  o rig in al forcst cov er; M alaysia re ta in s  m o rc  
ío rest, b u t it is b e in g  exten siv e ly  harvested  (F ig . 1 1 ) . 
T h e  rates o f  d eío resta tio n  in the P h ilip p in es  are w ell 
d o cu raen ted  and  staggerin g  (C o llin s  et a l ,  1 9 9 1 ; K u m - 
m er, 1 9 9 2 ) .  F ro m  1 9 4 8  to 1 9 8 7 , 5 5 %  o f  the ío re st w as 
lost. F ro m  1 9 6 9  to  1 9 8 8 , the rate o f  d e ío re s ta lio n  w as 
ov er 2%  p er y ear— o r 2 ha every 5 m in u tes!

T h e  p ro cess  o f  h ab itat loss (d e ío re s ta tio n ) in  th e P h iì- 
ip p in es serv es as a m od el for all o f  S o u th ea st A sia (K u m - 
m er and  T u rn e r , 1 9 9 4 ) . T w o lin k ed  land  u ses, lo g g in g  
and  su b s is te n ce  ag ricu ltu re , are resp o n sib le  fo r c o n - 
v ertin g  la n d  cov er fro m  tro p ica l rain  fo rest to  ara b le  land. 
L ogging  d ip tero ca rp s  con v erted  the p rim ary  ra in  fo rest 
to  a s im p le r  seco n d a ry  ío rest. T h e  resu ltin g  partial c le a r- 
in g  and  road  c o n stru c tio n  allow ed  p o o r, lan d less  p eo p le  
to  rem ov e the seco n d ary  ío rest and  exp an d  a g ricu ltu re .

FIGURE 11 C u rre n t lan d  co v er in  S o u th e a s t  A sia. T h e  iro p ica l rain  forests  th a t o n c e  co v ered  th e area are  now  red u ced  to  p a ich e s  

in an  a g ricu ltu ra l lan d scap e. (F ro m  T he N ational G co^raph ic  A tlas o f  the XVorỉd, N ation al G eo g rap h ic  So c iety , W a sh in g io n , 
D .C ., 1 9 9 2 .)



T h is  tw o -step  p ro cess  illu s tra te s  how  hu m an  d ensity , 
g lo b al m ark ets, and lo ca l so c io e c o n o m ic  co n d itio n s  
w o rk  to g eth er to cau se c h a n g es  in  land  cover. D esp ite the 
P h ilip p in e s ’ ex trem ely  d en se  ( 2 1 7  p e o p le /k m 2 in 1 9 9 3 )  
a n d ra p id ly  g ro w in g p o p u la tio n  ( 2 .5 % in  1 9 9 3 ) ,d eío res- 
ta tio n  is n o t d irectly  d riven  by the lo ca l pop u lation . 
R ath er , a g lo b al d em and  for w o o d , cou p led  w ith  corru p t 
and  u n re str ic te d  logging , c leared  land  and m ade it acces- 
s ib le  to p eop le  in  need  o f  a g ricu ltu ra l space. A su rp lu s o f 
la n d less  p eop le  w as n eed ed  to d rive the forest con v ersío n  
to  a g ricu ltu ra l land , b u t w ith o u t logging  to op en  a new 
fro n tie r , u rb a n iz a tio n  m ig h t have in creased  and agricu l- 
tu re  m ig h t have rem a in ed  m o re  cen tra lized  and in ten se  
ra th e r th an  d ispersed  as it is now .

S o u th e a st Asia in  g en era l, an d  the P h ilip p in es in 
p a rticu la r, has trem en d o u s b io d iv ersity . D iversity  in the 
P h ilip p in e s  is p o o rly  know r), b u t there are > 1 2 ,0 0 0  
p lan ts an d  íungi and  > 9 5 0  terrestria l vertebrates. T h is 
in cre d ib le  d iversity  is p rim arily  foun d  in  a large n u m b er 
( > 5 9 )  o fs c a tte re d  and  p o o rly  p ro tec ted  natio n al parks. 
L ess th an  1 .3%  o f the  P h ilip p in es is m anaged  for con ser- 
v a tio n , and m u ch  o f th is area is still logged and settled  
b y  la n d less  ag ricu ltu ra lis ts .

T h e  co m b in a tio n  o f  h igh  b io d iv ersiiy , h igh  ende- 
m ism , and  ex trem e h a b ita t co n v ersio n  resu lts in ex- 
trem e risk s o f e x tin c tio n . T h e  m agnitud e oỉ' threat to 
b ird s an d  m am m als in  S o u th e a s i Asia is p articu larly  
w ell k n o w n  (IU C N , 1 9 9 6 ) .  W o rld w id e, Ind on esia  has 
the larg est n u m b er o f b ird s ( 1 0 4 )  and m am m als (1 2 8 )  
th rea ten ed  w ith e x tin c tio n . T h e  P h ilip p in es leads the 
w orlcl in  the  p ercen tag e  o f  Lls av iíau na that is threaiened  

w ith  e x tin c tio n  (1 5 % ). T h ese  c o u n lrie s  are seco n d  only 
to  M ad ag ascar in  the  p ercen tag e  o f  m am m als threatened  
w ith  e x tin c tio n  (3 2 % ). V ie tn a m , T h ailan d , and M alay- 
sia are all in  the w o rld ’s top 2 0  co u n trie s  for sp ecies 
en d an g erm en t.

T o  su m m arize , d e íb resta tio n  in So u th east A sia is an 
exa m p le  o f  how  o u r land  use fo r am en ity  (d ip tero carp  
lo g g in g ) and su b s is te n ce  (a g r icu ltu re ) reso u rces 
c h a n g cs  lan d  co v er and  affects  b io d iv ersity . H abitat con - 
v ersio n  th reaten s  b io d iv ersity , b u t the greed  (e x o tic  
w o o d ) and  need  (a g r icu ltu re ) o f  a grovving g lobal hu- 
rnan p o p u la tio n  fuel the co n v ersio n .

2 . U r b a n iz a t io n  in  W e s t e r n

W a s h in g t o n  S ta te  

A n  e x p a a d in g  p o p u la tio n  and th e  w orld ’s appetite  for 
re so u rce s  have tran sío rm ed  m u ch  o f N o rlh  A m erica 
from  e x ten siv e  fo rest and grasslan d  to agricu ltu ra! and 
u rb an  lan d  (co m p are  Figs. 2 and 3 ). T he g cn eral story 
is s im ila r  to the case  in So u th east Asia. H ow ever, in 
the P acific  N orthw est a m ore d ram atic  and perm anent

co n v ersio n  o f land is o ccu rrin g  at a rapid rate. L ogging  
d u ring  the last 5 0  years has con verted  m ore than tw o- 
thirds o f the prim ary ío rest in  W ash in gto n  to seco n d ary  
forest. R ath er than  co n tin u in g  to m anage ih ese  ío rests  
for ú m b e r p ro d u ction , m u ch  o f the land is now  b ein g  
con v erted  to hu m an settlem en ts . In  w estern  W a sh in g - 
ton , for exam p le, hu m an  p op u lations have d o u b led  in 
the last 5 0  years and  are exp ected  to d ou ble  again  in 
the n e x t 5 0  years. F ro m  1 9 9 8  to 2 0 0 0 , W a sh in g to n  is 
e x p e ctin g  a n et gain  o f  one p erso n  every 5 m in u tes! 
T h is  p laces a prem iu m  value on  land  for settlem en t. 
T h e  p red ictab le  resu lt is a rapid  con v ersio n  o f ío re st to 
u rban  and  su b u rb an  settlem en ts. Indeed , from  1 9 7 0  to 

1 9 9 7 , W a sh in g to n  lo st 2 .3  m illio n  acres o f m anaged  
ĩo restlan d . U rban  exp an sio n  w as resp o n sib le  for ab o u t 
h a lf  o f th is loss. R igh ts-o f-w ay and a gricu ltu re  ac- 
cou n ted  for the rest.

T h e  in crea sin g  urb an ization  in  w estern  W a sh in g to n  
th reaten s to red uce b iod iv ersity . W ater llow s altered  
by se ttle m e n t have red u ced  the spaw ning and rearin g  
h ab ita l fo r the reg io n ’s sp ecta cu la r salm on d iversity . As 
a resu ll, several sa lm o n  ru ns have been  extin g u ish ed  
and m any are now  listed  as end angered . Loss o f forests  
and in ten siR ca tio n  o f reso u rce  e x tra c tio n  and recreatio n  
on rem ain in g  forests have con trib u ted  to the end anger- 
m en t o f several b ird s (e .g ., Spotted  O w ls, S trix  occidcn- 
talis, and  M arbled  M u rre le ts , Brachyramphus m arm ora- 
Lus), m am m als (e .g ., G rizzly  Bear, Ursus arctos, and 
G ray W o ]f, Canis lupus), and am p h ib ian s (L a rch  M o u n - 
tain S alam an d er, Plethodon ỉarselli). D rainage o f w et- 
lands and settlem en t o f  native w oodland s and grass- 

lantls have end angered  am p hib ians (O reg o n  S p o iied  
F ro g , Rana luteiventris), in sects  (O regon  S ilv ersp o t b u t- 
teríly , Speyeria zerene), m am m als (W estern  G ray Squ tr- 
rel, Sciurus griseus), and rep tiles (W e ste rn  Pond T u rtle , 
Clemmys m arm oratà).

So m e sp ecies  b en efìt w hen ev er land cover ch an g es. 
A good exam p le  o f su ch  a sp ecies  is the A m erican  C row  
(Corvus brachyrhynchos) in w estern  W a sh in g to n . 
C row s are  found o n ly  in  close  asso cia tio n  w ith  h u m an  
settlem en t. As a resu lt, their n u m b ers have in creased  
10-fo ld  from  1 9 6 0  to 1 9 9 5 . In creases in  h u m an  com - 
m en sals lik e  crow s m ay have a ripple e ííe c t  throu gh  
the native b iota . C row s prey on  the eggs and y o u n g  of 
o th er b ird s, w h ich  m ay lim it their rep ro d u ctio n  and 
red u ce o verall b io d iv ersity  clo se  to hu m an  settlem en ts  
even in  rem ain in g  fo rest reserves.

B. Habitat Fragmentation
T h e lo ss  o f native habitat as lands are co n v erted  for 
hu m an use sp lin ters  the rem ain ing  h ab itat in to  sm all
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FIGURE 12 F ra g m em a tio n  o f  ih c  w orld ’s  lo re s ts  at p resen i (B ) co m p ared  1 0  in p reag ricu ltu ra l tĩm e 
(A ). T h e  o rig ìn a l d istr ib u tio n  o f  Ib rests  is estim ated  from  c lim a tic  m o d els . C u rren t d is tr ib u lio n s  are

hased o n  a v ariety  o f  so u rce s  co m p ilcd  from  th e 1 9 8 0 s  lo  early  1 9 9 0 s . (F ro m  T h e W o rld  C o n serv aíio n  

M o n ito r in g  C cn te r , C am brid g e, U nited K in g d om , w w w .w cm c.o rg .u k .) See  also  co lo r  in sert, V o lu m e 1.

(Yagm ents a float in  a h u m a n -d o m in a ted  m atrix . S u ch  
“h a b ita t fra g m en ta tio n ” is  m o st ev id ent o n  a g lobal sca le  
w h en  w e co m p a re  th e  o rig in a l and cu rren t d is tr ib u tio n s  
o f  ỉo re sts  (F ig . 1 2 ) . C o n tig u o u s  p rim ary  ío rests  have 
b e e n  rem ov ed  to v ary in g  d eg rees, re su ltin g  in  a p a tch - 
w o rk  o f  fo rest “is la n d s” in  a “se a ” o f  se tlle m e n t, a g ricu l- 
tu re , an d  seco n d  g ro w th  ĩo rests .

F o re s t íra g m en ta tio n  a ffects  b io d iv ersity  by (1 )  o u t- 
righ t lo ss  o f  h ab ita t (re c a ll  S o u th ea st A sia ), (2 )  c re a tio n  
o f  fo rest edges that d iffer fro m  in te rio r ío rest in  m an y 
p h y sica l and  b io lo g ica l p ro p erties  (e .g ., w ind  sp eed , 
h u m id ity , tem p era tu re , and  p red a to r p o p u la tio n s), and

(3 )  d isru p lio n  o í  m o v em en t and d isp ersal p a tte rn s  o f 
ío rest sp ecies. T h e  e ffects  o f  h ab ita t íra g m e n ta tio n  de- 
pend  o n  the type o f land co v er that su rro u n d s  the 
frag m en ls  (th e  “m a tr ix ”). In  gen eral, w h en  th e  m a trix  

is s im ila r to  the  native h ab ita t (e .g ., seco n d a ry  ío re st 
su rro u n d in g  nativ e  ío re s t) , the  effects  o f  íra g m e n ta tio n  
are less th an  w h en  the m a trix  is  d o m in ated  by h u m an  
se ttle m e n ts  o r ag ricu ltu re . T h e  size  o f  th c re m a in in g  
frag m en t is a lso  im p o rtan t; large ĩrag m en ts con serv e  
m o re  b io d iv ersity  than  sm all ones.

A variety  o f re ce n t stu d ies o f ừ a g m e n ta tio n  in  the 
tro p ics  su ggest that h ab ita t frag m en tatio n  red u ces
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g lo b al b io d iv ersitv  b u t not n ecessarily  local b io d iv ersíty  
(S ch e lh a s  and G reen berg , 1 9 9 6 ; L au ran ce  and B ier- 
reg aard , 1 9 9 7 ) .  T h is  seem in g  p arad ox o ccu rs  b ecau se  
so m e sp ecies  b en e íìt \vhile o th ers  su ffer from  ĩragm en- 
ta tion . T h e  resu lt is that local co m m u n iú e s  ch an g e com - 
p o s itio n  a fter ừ ag m en tation , b u t the o v erall n u m b er o f 
sp ecies  in a lo ca l area does n o t n ecessa rily  d eclin e . 
F o re s t in te rio r  sp ecia lists  and w id e-ran g in g  sp ecies, 
n o tab ly  p red ato rs , m ay go e x tin c t w ith  e x ten siv e  frag- 
m e n ta tio n , thu s lovvering g lobal b io d iv ersity . G en era list 
and  e x o tic  sp ecies  typ ically  in crease  in  frag m ented  habi- 
tats. R esea rch  suggests that m any forest sp ecies  to lerate  
co n sid era b le  ừ ag m en tation  becau se they ca n  u tilize  the 
su rro u n d in g  m atrix . T he e x tern  o f their ab ility  to sus- 
ta in  v iab le  p o p u latio n s d ep en d s on  re so u rce s  bein g  
av ailab le  in the m atrix  and sim ilarity  o f  the m a tr ix  to 
the  re m a in in g  native habitat.

R esearch  in  S ingap ore and H ong K ong is  b eg in n in g  
to reveal the lo n g -term  effects  o f frag m en tatio n . F o res t 
íra g m e n ls  on  ih ese  islands have been  iso lated  for 1 5 0  
lo  3 5 0  years. E x lin cú o n  o f  b ird s and m am m als has 
b e e n  sev ere , but m any p lants are able to  p ersist. F o res t 
in te r io r  p lan ts  that are sen siliv e  to ch an g es in  tem p era- 
tu re  and hu m id ity  (su ch  as o rch id s and ep ip h y tes) are 
also  e x tin g u ish ed  by fragm entation .

c. Habitat Degradation
C h an g es  in  land use can  affect b io d iv ersity  w ith o u t 
c h a n g in g  land cover. Land cov er can  rem ain  essen tia llỵ  
the sam e w hìle  the in ten sity  o f use in crea ses  and 
d eg rad es h ab ita t. T h ree  form s o f land  use that de- 
grade lan d  co v er ra th er than  d rastica lly  ch an g in g  it 
are (1 )  ag ricu ltu ra l in ten siR catio n , (2 )  re cre a tio n , and
( 3 )  fo rest m an agem en t for su sta in ab le  tim b er p ro- 
d u ctio n .

1. A g r ic u l tu r a l  I n t e n s i í ìc a t io n  in  E u r o p e

A g ricu ltu re  is the d o m in an t form  o íla n d  u se in E u rop e. 
C o n v e rs io n  o f forests to ag ricu ltu ra l lands has resu lted  
in  d ra m a tic  ch an g es in  land cover. F o rests  o n ce  covered  
m o re  th a n  8 0 %  o f E u ro p e, b u t today they cov er on ly  
o n e -th ird  o f the land. In  co n tra s t, s lig h đ y  m ore than  
4 0 %  o f th e  E u ro p ean  land m ass is now  a g ricu ltu ra l. O ver 
o n e -th ìrd  o f th is land is p erm an en t grasslan d  m ain - 
ta ined  for grazing; the  rem ain d er is  arable land . C o n v er- 
s io n  o f forest to agricu ltu re  is no  longer a m a jo r co n ser- 
v a tio n  co n ce rn  in p o rtio n s o f E u rop e lik e  B rita in  that 
have few rem ain in g  prim ary [orests. ln stead , the in te n - 
s iíìca tio n  o f agricu ltu ral p ra ctices  is d egrad in g  the co n -

serv a iio n  valu e o f lands w ith grave co n se q u e n ce s  for 
b iod iv ersity .

A gricu ltu ral in te n s iíìca tio n  in E u ro p e  com es in  m any 
g u ises (N ew to n , 1 9 9 8 ) .  (1 )  In creased  use o f ch em ica l 
p estic id es an d  fertilizers . (2 )  R em oval o f hed ges to in - 
crease  íĩeld  size . (3 )  P low ing in  late su m m er after har- 
v est ra th er th an  w aitin g  un til the fo llow in g  spring . (4 )  
D ra in in g  w etlan d s to  in crease  arable and  pastu re  land s. 
(5 )  C o n v ersio n  o f  m ixed  farm s that p rod u ced  a variety  
o f anim al and  p lan t p ro d u cts  to m o n o cu ltu re  cereal 
farm s. (6 )  E a r lie r  h arvest dates. (7 )  In ten siv e  grasslan d  
m an agem en t to  in crea se  grass grow th. (8 )  In creased  
s to ck in g  d en sity  o f sh eep  in h ill cou n try .

T h ese  ch a n g es  in  agricu ltu ral p ra c iices  cau se  de- 
c lin e s  in  b ird  d is tr ib u tio n  and d en sity  for three m ain 
reaso n s (N ew to n , 1 9 9 8 ) :  (1 )  ch e m ica ls  and early  har- 
v ests red u ce b re e d in g  su cce ss  and su rv ivorsh ip  o f  b ird s; 
( 2 )  b reed in g  and forag in g  h ab itat is reduced  by hedge 
rem ov al, land  d ra in ag e , late  su m m er plovving, in tensiv e 
grassland  m a n a g em en t, and in creased  grazing; and (3 )  
habitat d iv ersily  and  resu ltin g  b ird  co m m u n ity  d iversity  
are red u ced  w h en  m ixed  farm s are con v erted  to  m o n o - 
cu ltu res . T h e  resu lts  o f these ch a n g es  have b een  dra- 
m atic . It is su sp ected  that in te n s iíìca tio n  has affected  
4 2 %  o f  bird  sp e c ie s  o f con serv atio n  co n ce rn  in E u rop e. 
N early 9 0 %  o f the  2 6  [arm land  b ird s in  B rita in  d ecreased  
th e ir  range o f  o cc u rre n c e  from  1 9 7 0  to  1 9 ^ 0 , and  those 
sp ecies  u sin g  p astu res w ere neg aliv ely  alfected  by in- 
crea sin g  grazin g  in len sity . Sp ecific  asp ects  o f agricu l- 
tural in te n s iíìca tio n  affect p a rlicu la r  sp ecies, b u t on 
the w hole th is  form  o f  hab ita l d egrad ation  th reaten s  a 

s ig n iíìca n t p o rtio n  of' the  co m m o n , as w ell as the  rare, 
E u ro p ean  av iíau n a .

2 . I n í lu e n c e  o f  R e c r e a t io n  o n

W ild l i f e  C o m m u n it ie s  

As o u r lan d scap e b eco m es m ore d o m in ated  by urban 
and ag ricu ltu ra l lan d , o u r p sy ch o lo g ica l need to  visit 
and exp lo re  th e  last rem ain in g  w ild  p laces in creases. 
W e  o íten  íu líĩll  th is  d esire by cam p in g , h ik in g , natu rc 
w atch in g , h u n tin g , and íish ing  in  w ild lands. T h esc  
seem in gly  b e n ig n  activ ities  can  affect b iod iv ersity  bv 
h arassin g  a n im a ls , tram p ling  p lants, and a lterin g  com - 
p etitiv e , fa c ilita tiv e , and  p re d a to r-p re v  re latio n sh ip s 
(K n ig h t and  G utzvviller, 1 9 9 5 ) . A lth ou gh  recrea tio n  in 
w ild land s rarely  ch a n g es  land cov er, its eO ects are often 
greatest n ear s e ttle m e n is , thereby  e x ten d in g  the actual 
area m od iR ed  b y  settlem en t.

How ca m p ers  and  íìshcrm en  a ffcc t sa lm o n -scav en g- 
ing birds in  the P a ciíĩc  N orthw est o f N orth  A m erica  is .1 
good  exarap le  o f  the su b tle  w avs that o u r land  u se  a ffe ctỉ



bio d iv ersity  vvithout ch an g in g  land cov er. T h re e  sp ecies  
o f b ird s  I A m erican  C row , C o in m o n  R aven (Corvus 
corax), and Bald Eagle (Hciliacctus leucocephalus)] vie for 
sa lm o n  thai die a íter sp aw ning e a ch  fa ll and  w in ter. Bald 
E agles are the largest and  d o m in a n t sca v e n g e r , but they 
are a lso  the least to leran t o f  h u m a n  a c tiv ity . S p o rt fish- 
erm en  íloat and vvade rivers in sea rch  o f  liv e  sa lm o n  and 
o ftcn  Plusb eagles from  th eir m eals. T h is  d isru p ts  eagle 
ío rag ìn g  and  m ay lead to lo w er overvvinter surv ival and  
red u ced  p o p u la ú o n  viability . T h e  rarity  o f  eagles and 
their s ta tu s  as a n a tio n a l ico n  in cre a se  th e  d esire  o f  n atu re  
w a lch ers  to  o b serve them  d u rin g  th e  vvinter, th ereb y  d is- 
tu rb in g  ih em  even fu rih er. R e c re a tio n  e ffe c ts  do n o t stop  
here. C a m p ín g  areas a lo n g  riv ers are  c o m m o n  and they 
p rovide co n s is te n t so u rces  o f  food  th a i fu e l and  in crea se  
in  the Nvildland crow  abunclance and  d is tr ib u tio n . C row s 
are to lera n t o f h u m an s and q u ick ly  re tu rn  to  ca rca sses  
after d is tu rb a n ce . T h ey  a ttem p t to  eat c a rca sse s  d o m i- 
nated  b y  eagles and  ravens b u t rarelỵ  su c ce e d  u n til h u - 
m ans d isp lace  the eagles (an d  o lte n  ra v e n s), th ereb y  in c i-  
d en ta lly  a llo w in g  cro w s to eat w ú h o u t th e  c h e c k  o f  
co m p e tito rs .

3. E íĩects of Intensive Tim ber M anagem ent 

T im b e r harvest d irec tly  a ffects  b io d iv ersity  by  ( 1 )  ía c ili-  
ta tin g  land  co v er chang e th ro u g h  c le a r in g  land  for agri- 
cu ltu re  and  se ttle m e n t and (2 )  ừ a g m e n tin g  co n ú g u o u s  
p rim ary  reserves as d iscu ssed  e a rlie r . In te n s iv e  forest 
m an ag em en t to prod u ce tim b e r m ay  a lso  a ffe c t b io d i- 
v ersity  in m ore su b tle  w ays by ( 1 )  re d u c in g  the average 
age o f  ih e  Corest, (2 )  s im p lify in g  th e  age s lru c tu re  and  
d iv crsity  w ith in  forest s la n d s, and  ( 3 )  in cre a sin g  the 
íre q u e n cy  o f  d is tu rb an ce  in  fo rests.

An in ten siv e ly  m anaged  fo resl is  l ik e  an  in ien siv e ly  
m an aged  ag ricu ltu ra l fìeld , w ith  th e  fo cu s  o n  p ro d u c- 
ing th e  m o st m arketab le  tim b e r in  th e  le a si am o u n t 
o f  tim e. Hovvever, the e ffects  o f  t im b e r m an ag em en t 
on b io d iv ersity  ap p ear to b e m u ch  less  th an  the e ffects  
o f ag ricu ltu ra l in te n s iíìca lio n . A n iin a ls  w ith  Iarge sp ace  
re q u ire m e n ts , esp ecia lly  re q u ire m e n ts  ?or the  in te rio rs  
o f  m atu re  ío re sts , do n o t fare w ell in  m an ag ed  forests. 
B u t a n im a ls  and  p lan ts  that u tiliz e  c le a r in g s , th ick e ts , 
and  y o u n g  ío re sts  thriv e in  m an ag ed  ío re s ts , w h ich  
can  a c tu a lly  in crease  lo ca l b io d iv ersity  by p ro v id in g  
h a b ita t for su ch  sp ecies. N o n e th e le ss , th e  loss o f 
sen sitiv e  in te r io r  ío rest sp ecies  u su a lly  lead s to lo w er 
global b iod iv ersity .

T h e  lo n g -te rm  effects  o f  in te n s iv e  tim b e r  m an age- 
m en t o n  b io d iv ersity  are p o o rly  k n o w n . W e  do n o t 
kn o w  i f  m an aged  ío rests  provide ad eq u a te  re so u rce s  
for m an y  b ird s d u rin g  the n o n b re e d in g  se a so n , n o r  d o

we kn o w  h o w  Lhe sh iítin g  natu re  o f  ío rest p a tch es  in 
tim e and sp a ce , so  typ ical o f m anaged  fo rests , a ffec ls  
the a b ility  o f  p la n ts  and  a n im als  to m ain ta in  viable 
p o p u la tio n s  co n n e c te d  by d isp ersal. It is safe to  co n - 
c lu d e that m a in ta in in g  ío rested  land  co v e r is an  im p o r- 
tan t c o n tr ib u tio n  to g lobal co n serv a tio n . T h e  m a in te - 
n an ce  o f  m an ag ed  ío rest, that p erp etu ate  native forest 
trees and so m e o f  the b io d iv ersity  d ep en d en t on th em  
certa in ly  h e lp s  s tem  the global loss o f native h ab ita t to 
a g r icu ltu re  an d  settlem en t.

III. METHODOLOGICAL ISSUES IN THE 
ESTIMATION 0 F  LAND COVER AND 

LAND ƯSE

M u ch  o f  th e  in fo rm a tio n  p resen ted  in  ih is  a rtic le  de- 
p en d s on  the e stim a tio n  o í  cu rren t land  use and  land 
c o v e r o n  a g lo b a l sca le . O u r co n clu s io n s  d epend d irec tly  
on  the q u a lity  o f  ih ese  estim a ies . T h e re ío re  it  is im p o r- 
tan t ío r  th e  read er to have so in e  in s ig h ts  in to  how  
these data are  o b ta in ed  and  the degree o f  u n ce rta in ty  
they c o n ta in .

A. How Are Land Cover and Land 
Use Estimated?

Land co v e r is  esú m a te d  d irectly  by aerial p h o to g rap h y  
at sm all sca le s  a n d  by sa tellite  ìm agery  at large sca les. 
A erial p h o to g ra p h s  reso lv e íìne d etails  in  land co v e r at 
lo ca l o r re g io n a l sca les. S a te llite  im agery d etects  íea tu res  
o v er h u n d re d s  o f  k ilo m e te rs , b u t sm all d eta ils  are 
m issed  b e ca u se  th e  re so lu tio n  is co arser.

A n im p o rta n t sa te llite  u sed  for im agin g  the earth  is 
L and sat. I ts  im ag in g  a b ilities  have im proved  o v er the 
years: c u rre n l L an d sat T M  (th e m a tic  m ap p er) im ages 
have b e tte r  re so lu tio n  (3 0  m X 3 0  m ) that p erm its  
the  fin e -sca led  d iscr im in a tio n  o f land  cov ers. A n o th er 
sa te llite  th at is  w id ely  used is  the A V H R R  (A dvanced  
V ery  H ig h  R e so lu tio n  R a d io m eter). I ts  w id er sw ath  and 
co a rse r re s o lu tio n  (1 .1  k m ) are good  for d escrib in g  
large areas o f  v eg eta tio n .

W h ile  m o d e rn  land  cov er ca n  be estim ated  d irectly  
using p h o to g ra p h y  and sa te llite  im agery, land  use can - 
n o t alw ays b e  d eriv ed  from  the im ages. H en ce s ta tis tic s  
o f  land  u se  su p p le m e n t or su b stitu te  fo r im agery. T h e 
F o o d  and  A g ricu ltu re  O rg an izatio n  o f the U n ited  N a- 
tio n s  (F A O ) h a s  rep orted  tabu lated  d ata on  lan d  use 
and  co v er o n  an  an n u al b asis  s in ce  the 1 9 5 0 s  (th e se



d aia are used  in  F ig . 6 ) .  T h e  FA O  d o es n o t g a lh er dala 
in d ep en d en tly  b u l ra th eer co m p ile s  n a tio n a l dala from 
retu rn ed  q u estio n n a ìres . G lo b a lly , the FA O  is a n  im por- 
tant so u rce  for tim e-series  estim a tes  o f land  u se and 
cov er o v er the last h a lf  o f th is  cen tu ry .

B. Limitations in Estimating Land Cover 
and Land Use

V irtu ally  every d eterm in a ú o n  o f  land  use and land 
cov er is  a n  estim ate  that in c lu d e s  som e level of 
sm o o th in g , averaging , and gu essin g . T h e  gen eral con- 
c lu sio n s  w e m ake abou t h ow  lan d  use affects  land 
cov er and b io d iv ersity  are n o t affected  by these lim ita- 
tion s. H ow ever, the a p p lica tio n  o f ih e  m aps and 
p ro cesses to sp e c iíìc  areas on  the p lan et m ay fail 
becau se o f  estim a ú o n .

An im p o rta n t lim ita lio n  o cc u rs  in larg e-sca le  m ap- 
p ing  o f lan d  use and  cover. So m e m in im u m  m apping 
u n it (th e  re so lu tio n ) is  used in  all co m p ila tio n s  o f land 
cov er and use. O n ly  one use or co v e r can  be assigned  
to this m in im u m  u n it, and it is  the  d o m in an t use or 
cov er th at is assigned  and assu m ed  lo o cc u r  u n iío rm ly  
over ihe  en tire  u n it. F o r exa m p le , a unit ih a t is sim ply 
reco rd ed  as “fo rest” m ight actu a lly  be covered  by 40%  
ío rest, 3 0 %  lake , 20 %  grasslan d , and  10%  huilding. 
R eco rd in g  on ly  the d o m in an t co v er red u ces the o ccu r- 
ren ce  o f  d isp ersed  (rare ly  d o m in a n t) cov ers  that typiíy 
m any h u m a n -d o m in a ted  lanđ  cov ers . T h e re lo re , large- 
sca le  m ap s lik ely  u n d erestim ate  the actual e ííe c t ihat 
hu m an s have on  land cover.

P ro je c te d  early estim ates o f land  use and cov er are 
by n ecess ity  ap p ro x im atio n s. T h e  m ap o f p reag ricu l- 
tural land  cov er (see  Fig. 3 )  w as d erived  en tire ly  by 
m o d elin g  the p lan t grow th su sp ected  u n d er varying 
c lim a io lo g ica l and so il co n d itio n s. C rop lan d  estim atcs 
in  ihe  1 7 0 0 s  w ere eslim ated  by assu m in g  that 0 .2  ha 
o f land  w as c leared  tor each  h u m an  (R ich a rd s, Ì9 9 0 ) .  
Even the p o p u la tio n  size at that tim e w as an  estim ate. 
R egional e stim a tes  o f land co v er and use are also o f 
in c o n s is te n t quality . FA O  data vary greatly  in  quality  
by co u n try  b eca u se  u n ilo rm  sca les  and cov er categ o ries  
are n o t used . Y el ev en  ihese large so u rces  o f estim atio n  
and in a ccu ra cy  do n o t affect the gen era l co n clu s io n  thai 
at a g lobal sca le  ag ricu h u re  h as in creased  trem en d o u sly , 
rep laced  native  forests  and grasslan d s, and caused  de- 
c lin es  in b io d iv ersity .

A n o th er im p o rtan t bias is an  u n d erestim atio n  o f hab- 
itat d eg rad ation . M apping and nn agery cap tu re  the basic 
p attern  o f  h ab íta t co n v ersio n  and írag m en tatio n , but 
rarely  d etec t ch an g es in the qu alitỵ  o f h ab ita ts  that 
retain  th e ir  basic  s tru ctu re . Se lectiv e  loggìng, un-

d ersto ry  tram p lin g  an d  rem ov al, and d is tu rb a n ce  by 
hu m an  p resen ce  are  n o t reco rd ed  on  g lo b al sca les . Re- 
g io n al, lo ca l, and m ore su b je c tiv e  m easu res are need ed  
to assess these ch a n g es  in land  use.
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1. In tro d u c tio n h e a th  O p en  v eg eta tio n  d o m in ated  by d w arf un d er-
II. H um an A ctiv ities  and  C lim a tic  C h an ge sh ru b s u su ally  o f  the íam ily  E rica cea e .

III. P ro p erties  o f  C rop s and  D o ra e stic  A nim als m ead o w  G rasslan d  m ain ia in ed  by  m ow ing .
IV. F ie ld s , H edges, and  T e rra ce s m o o r o p e n  v eg eta tio n , d o m in a ted  esp ec ia lly  by d w arf
V. F o res t an d  W o o d la n d E rica cea e  an d  Sphagnum  m o sses , on  p eaty  so il.

VI. W o o d -P a stu re  an d  Savan n a p a stu re  G rass lan d  m a in ta in e d  by  grazin g  d o m e stic  an-
V II. G rasslan d im als.

V III. H eaih lan d p o lla rd  A tree rep eated ly  cu t at ab o u t 6 - 1 0  feet above
IX . M o o rlan d gro u n d  to p ro d u ce  su ccessiv e  c ro p s  o f  w ood.
X . B u ild in gs and  B u ilt-U p  A reas sa v a n n a  G rasslan d  (o r  o th e r  n o n ío re s t v eg eta tio n )

XI. T h e  R ise  ancỉ Fall o f  H isto ric  L a n d -ư se  P attern s w ith  sca ttercd  trees.
X II. Im p lica tio n s  for B io lo g ica l C o n serv a tio n se m in a tu ra l V eg eta tio n  th at ow es its  c h a ra c le r  to  hu-

m an  a ctiv ity , b u t in  vvhich th e  p lan ts  are  w ild , n o t

sow n  o r p lan ted . E x a m p les : co p p ice  w o o d s; m ost
h eath lan d ; som e savan nas.

GLOSSARY w ild w o o d  W h o lly  n atu ra l ío rest n o t a ffected  by  sed en -
tary h u m a n  a ctiv ities  su c h  as a g ricu ltu re  and  p astu r- 

climax The stable ecosystem thai is supposed to result aỗe’ vvidespread in prehistoric times (including ear-
from a sufficiently long period of unchanging envi- lier inlerglacial periods) and still surviving in
ro n m en t. rem ote  p laces.

c lo n e  A gro u p  o f  in d iv id u als  fo rm ed  by  v egetativ e  re- w o o d lan d  F o re s t fo rm in g  p art o f a cu ltu ra l land scap e. 

p ro d u ctio n  fro m  a p aren t. T h is  term  ap p lies  p a rtic u - w o o d -p a stu re  C u ltu ra l e co sy ste m s, ọ íte n  sa v an n a-lik e ,
larly to th o se  trees and  p la n ts  that rep ro d u ce  by  c o m b in in g  trees and d o m e stic  an im als.

creep in g  s te m s  o r  b y  su c k e rs  fro m  ro o ts , fo rm in g  —
circu la r p a tc h e s  o f  g en etica lly  id en tica l in d iv id u als . 

co p p ice  R e g ro w th  o f  a íe lled  tree fro m  the s tu m p . SOME OF THE W ORLD’S BIODIVERSITY  is asso cia ted
c u ltu ra l e c o s y s te m  E co sy stem  p ro d u ced  by  the lo n g - w ith  ‘V irg in  ío re s t” an d  o th e r  e co sy stem s th a t are  sup -

term  in te ra c tio n  o f w ild  p lan ts  and  an im als  w ith  p osed  to  have escap ed  h u m an  in te r íe re n ce  u n til now .
hu m an a ctiv itie s . T h is  categ o ry  sh rin k s  as a rch a e o lo g ica l re se a rch  reveals

e n d e m ic  P la n t o r  a n im a l sp e cie s  lim ited  to a sm a ll a rea  m o re  o f  th e  ex tern  and p erv asiv en ess o f past h u m an
o f the w o rld , for exa m p le , o n e  is la n d  o r m o u n ta in  ac tiv ities . T h e  lan d scap es  o f m o st o f  the w o rld ’s  land
range. su rface  resu lt fro m  lo n g  and co m p le x  in te ra c tio n s  be-
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tw een h u m a n  activ ities  and natu ral p rocesses. C o n ser- 
v a tio n ists  need  to  u n d erstan d  how  su ch  activ ities  have 
shaped  m an y  lan d scap es that are now  cen ters  o f b io d i- 
versity .

I. INTRODƯCTION

H um an in terv en tio n  often  d oes n o t efface all signs o f 
p rev io u s eco sy stem s. T h e  traveler in  T e x a s , d esp ite  1 6 0  
years o f  o ften  in ten se  activ ity  by se ttle rs , has no  diffi- 
cu lty  in  reco g n iz in g  the p re se ttlem en t v egetation  re- 
g io n s (P in ey w o o d s, B lack lan d  P rairie , P ost O ak  Sa- 

v anna, e tc .)-
E ven in B rita in , after 6 5 0 0  years o f  se ttlem en t, the 

lan d scap e is  still n o t w holly  a rliíìc ia l. By ca re íu l sea rch , 
o n e  s till íĩn ds rem ain s o f  the m id -H o lo cen e  v egetatio n  
ca teg o ries  (lim evvoods in low land E ngland , o akw ood s 
in  the n o rth  and w est, p inew ood s in  east S co tla n d ). 
S u p erim p o sed  o n  ih ese  are the largely artìíĩc ia l eco sy s- 
tem s o f  arab le  íarm lan d , sow n grasslan d , and  ío resiry  
p la n ta tio n s ; the sem in a iu ra l eco sy stem s p ro d u ced  by 
the re sp o n ses  o f  w ild p lants and  an im als  to co n tin u in g  
land  u se  (old p astu re , hed ges, m o o rlan d ) or to past 
land  u se  (ab an d o n ed  m in es, d ere lic t ío restry  p lan ia- 
t io n s); and  the w ealth  o fb io d iv e rs ity  co n ta in e d  in  c ities , 
o ld  p its, and in d u stria lly  d ere lic i land.

C u h u ra l eco sy stem s are o ften  c o n ira sle d  w ith w ild- 
w ood o r  “Virgin ío re st,” the ab o rig in al v egetation  o f 
m u ch  o f  the w o rld ’s land su rĩace  b efo re  the im p act o f 
se ttle d  h u m a n  cu ltu res . W ild w o o d  itsc lí, hovvevcr, m ay 
a lread y have been  aliered  by the activ ities  o f  n o n se ttled  
p eo p les. T h e re  is ab u n d an t ev id en ce to sh o w  that h u n t- 
in g  an d  g a th erin g  w ere n o t s im p le , un organ ized  activ i- 
ties, b u i cou ld  have p ro íb u n d  effects  on lan d scap e and 
e co lo g y , even in  p laces rem o te  from  the activ ities  thera- 
selves. A n exam p le  is the e x te rm in a tio n  o f  e lep h an ts  
and  o lh e r  great m am m als b y  P a le o lith ic  p eop les. T h e  
lo ss  o f  the on ly  an im als  cap able  o f  b re a k in g  dow n b ig  
trees co u ld  hard ly  fail to  have p ro ĩo u n d , i f  as yet little  
k n o w n , co n seq u en ces . F ro m  the early H o lo cen e , il not 
e arlie r . land m an ag em en t bv  b u rn in g  atTected the eco l- 
ogy w h ere  v eg eta tio n  w as co m b u stib le , esp ecia lly  in  
A u stra lia  an d  N o rth  A m erica. T h ese  activ ities , as far as 
w e k n o w , created  only  sim p le  lan d -u se p attern s: they 
w ou ld  a lter , for exam p le, the b o u n d aries  b etw een  ío re si 
and  p ra irie  o r b etw een  co m b u stib le  and  n o n co m b u sti- 
b le v eg eta tio n . S o n ie  o f the T e x a s  eco sy stem s, su ch  as 
the Edvvards P lateau savan nas, w ere p ro b ab ly  p rod u ced  
by N ativ e A m erican  land  use and  tak en  over by settlers . 
T h e  in tro d u c tio n  o f se ttlem en ts , d o m eslic  an im als , and 
cu ltiv a ted  p la n ts— in E u ro p ean  term s, ihe Corning o f

N eo lith ic  cu h u re s  w ith in  the pasi 8 0 0 0  years— b egan  to 
create  the d iv ersity  and co m p lex ity  o f  lan d -u se p atterns 
that is ía m ilia r today.

II. HƯMAN ACTIVITIES AND 
CLIMATIC CHANGE

It used to be th o u g h t that, g iven  en ou g h  tim e, the p lanl 
and  an im al co m m u n itie s  in an  area w ould settle  đow n 
to a stab le  clim ax  State, determ ined only by the climate 
and (m ay b e) geology and  ch a n g in g  only  slovvly in  re- 
sp on se lo ev o lu tio n . T h is  m ay have been so in  the 
T ertiary  g eo lo g ica l p eriod , b u t in  ihe Q u atern arv  the 
d o m in an t facto r has been  c lim a tic  ch an g e. G lacia l cycles  
in  high  la titu d es d estro y ed  all v egetation  over large 
areas, in c lu d in g  m u ch  o f B rita in . In m iddle la tú u d es 
and  even in the tro p ics , a k h o u g h  there has been  liltle  
ice  cov er, c lim a tic  ch a n g es  su ch  as d rought have been  
su ffic ie n t to  d isp lace  o r d estro y  m o st o f  the in terg lacia l 
p lant co m m u n iú e s .

T h ere  have b een  m any g lacial cycles  over the past
2 m illio n  years. In m u ch  o f  the w orld , f'orest has been 
the “n o rm a l" v egeta lio n  only  in in terg lacia l p eriod s like 
the p resen t, o f  at m o si a few tens o f  thou sand s o f  years 
each . C h an g es o f  c lim a te  have been  100 rapid for p lants 
and an im als , ap art from  an n u als  and O lhcr fast-rep ro - 
d u cin g  sp e c ie s , to keep  up w ith them  by ev o lu tio n - 
ary  ch an g e.

H um an activ ity  has recen tly  b e co m e  the p red o in i- 
nant fo rce  sh ap in g  the w o rld ’s ecosystem s. H ow ever, it 
did n o t b u rst in to  a vvorlđ o f  stable  cn v iro n m en t in 
w h ich  ev o lu tio n  had  p rev iou sly  b een  the p red om inant 
force . ĩt  cam e on top  o f  a period  o f  unusual instab ility : 
c lim a tic  ch a n g e  had  b een  o p eratin g  o n  a tim e sca le  no l 
m u ch  lo n g e r than  that o f  h u m an activ ity  itse lí. In  B ritain  
h u m an ized  eco sy stem s have ex isted  for ab o u t 6 0 0 0  
years; th e  “v irg in  ío re s t” p reced in g  them  had  existed  
for at m o st a n o th e r  6 0 0 0  years and  w as itse lí  affected  
by the a c tiv ities  o f M e so lith ic  and  P a leo lith ic  p eople.

C lim a tic  ch an g e  and  h u m an  activ ity  overlap  in  lim e, 
and th e ir  e ffects  can  be d ifficu lt to sep arate. In  ihe 
M ed iterra n ea n , the p resen t, ra th er arid, eco sy stem s are 
v ariou sly  attrib u ted  to ihe strongly  seasonal c lim ate  
w ith  its h o t dry su m m ers  and to the  activ ities o f  people 
“d eg rad in g” w hat w ould  o th erw ise  be a m ore íorested  
land scap e. In rea lity , the  p resent c lim ate  th ere  is onlv  
ab o u t 6 0 0 0  years old  and set in at the sam e tim e thai 
N e o lith ic  p eo p le  w ere b eg in n in g  to have a p ro fo u n d  
effect on the landscape.



F IG l'R E  1 Ja p a n e s c  cu ltu ra l lan d scap e o f  te rraced  rice  íĩelcls and 

n io u n ta in  ĩo rests . In th c  p asi h u n d red  y ears, th e h ig h er te rra ces  havc 
been ah an d o n cd  and rep laced  by  fo resi. Shugahuin, Kyoto

III. PROPERTIES 0 F  CROPS AND 
DOMESTIC ANIMALS

L and -u se p a tle rn s  d ep en d  on  the eco lo g ica l b eh a v io r 

o f  a few  sp e cie s  o f  m a jo r  cro p  p lan ts  and  d o m estic  
an im als , vvhich are  u su ally  n o t in d ig en o u s to the reg io n .

Most of the crop plants of European-style agriculture 
o rig in ated  in  the s tep p es  o f  so u th w est and  Central A sia 
and have a particular set of ecological requirements. 
T h ey  have m o d est m o istu re  n eed s, ra th er high n eed s 
for m in era l n u trie n ts , and  are  very in to le ra n t o f  w ater- 
logg ing  and  shad e. As th ey  sp read , first to E u ro p e  and  
later to European colonies, farmers strove to convert 
m ore and  m ore o f  the w o rld ’s e co sy stem s to  an im ita tio n  
o f a T u rk ish  step p e in  w h ich  w heat and  b arley  are at 
h o m e. O f the m u ltitu d e  o f  in d ig en o u s A m erican  cro p  
p lan ts , o n ly  a few — c o rn , p o ta to , and  to b a cc o — have 
b een  w idely grow n in  E u ro p e ; th ese  are  the few  w h o se  
e co lo g ica l re q u ire m e n ts  are  n o t too  d ifferen t from  those 
o f  S o u th w est A sian  c ro p s , a lth o u g h  th ey  need  m ore 

m oistu re . R ice  is  a S o u th e a st A sian  cro p  w ith  very d iffer- 
ent re q u ire m e n ts, g ro w in g  in  w etland s and m ak in g  p o s- 
s ib le  th e great w etland  c iv iliz a tio n s  o f  A sia. H ence it 
co m e s  a b o u t th a t g e n era tio n s  o f  ía rm ers have sou g h t 
to d estro y  E u ro p e ’s fens a n d  co n v ert th em  in to  artiR cia l 
s tep p e, w h ereas Ja p a n e s e  ía rm ers , w ith  th e  u tm o st inge- 
n u ity , have co n triv e d  to  tu rn  h ills id es  in to  a rtiíic ia l fen 
(F ig . 1).

M an y  tro p ica l c ro p s, on  the o th e r  h an d , w ill grow  
in  m o d erate  sh a d e , and  so m e  req u ire  it. T h e  d is tin ctio n  
b etw een  fo rest and  fa rm lan d , w h ich  is so  sh arp  in m o st 

E u ro p ea n -sty le  a g r icu ltu re , is n o t alw ays c le a r in  the 
trop ics.

K eep in g  d o m estic  a n im als  also  involves d estro y in g  
o r  m o d iíy in g  natu ral eco sy stem s. C a ttỉe , sh e e p , and  
g o ats  eat tree leaves but are not fo rest a n iin a ls. I f  kep t 
in  the shad e o f  trees, ihey  so o n  eat a ll the leaíage w ith in  
re a ch , cre a tin g  a “b ro w se -lin e ” b en eath  w h ich  n o th in g  
is a llo w ed  to grow . T o  k eep  them  in  m an ageab le  n u m - 

b ers  re q u ires  at least som e gap s b etw een  the trees, in  
w h ich  g rasses and  low  herbage w ill grow . P igs, a lth o u g h  
o ften  th o u g h t o f  as a co rn  ĩeed ers , ca n n o t be k ep t in  

ío re st a lo n e . A co rn s are availab le for o n ly  a few  m o n th s  
o f  th e  y ear and  co n ta in  in su ffic ie n t p ro te in  to  su sta in  
p igs b y  th em selves. T h e  w orld ’s cu ltu ra l eco sy ste m s 
w o u ld  b e  very d ifferen t had  rao n k ey s b e e n  d o m e siica te d  
fo r h u m an  food.

IV. FIELDS, HEDGES, AND TERRACES

In  som e parts o f  th e  w o rld , arab le  íìe ld s are im p erm a- 
n e n t, b e in g  crea ted  o u t o f  forest o r grasslan d , cu ltiv a ted  
for a few  years, and  th en  allovved to rev ert to n a tu ra l 
v eg eta tio n . T h e  lan d scap e co n sis ts  o f  a m o sa ic  o f  areas 
in  diH erent stages o f  rev ersio n . T h is  shi/ting cultivatỉon  
is  typ ical o f reg io n s too  in fe rtile  to su p p o rt even p rim i- 
tive a g ricu ltu re  p erm an en tly , esp ec ia lly  in the tro p ics . 
In  m ore ĩertìle  reg io n s , su ch  as m o st o f  E u ro p e , p eo p le  
avoid  having  to rep eat the im m e n se  lab o r o f  c re a tin g  
n ew  ĩarm lan d . F ie ld s  are p erm a n en t and tend  to  be 
p riv a ie  prop erty  w ith  fìxed  b o u n d aries .

In  reg io n s  n o i yet rea ch ed  by w eed k ille rs , a rab le  
R elds are  sem in a tu ra l eco sy stem s. M any w eed s carne 
fro m  th e  o rig in a l h o m ela n d s o f  th e  cro p s  th ey  a cco m p a - 
n ie d , and  som e an n u a ls  have evolved  in  p aralle l w ith  
p a rticu la r  crop s: for exam p le, co w -w h eat (M elam pỵm m  
cuyense), w hose seed s re se m b le  a gra in  o f  w h eat, so  
th a t th ey  are sow n a lo n g  w ith  th e  w h eat cro p . In Ja p a n , 

r ic e  Relds are co m p le x  aq u a tic  e co sy stem s in v o lv in g  
cy a n o p h y te s, vvater fern s, a m p h ib ia n s , and  in s e c ts ; 
so m e  o f  the p lan ts  fìx  n itro g e n  and  so  b e n e íìt  th e  
r ic e  crop .

F ie ld s  tend to be d isco n tin u o u s . As w ell as b o u n d - 
a ries  w h ere they  a d jo in  ío rest, p astư re , or road s, they 
hav e  b o u n d a ries  sep aratin g  o w n ersh ip s  o r su b d iv isio n s  
w ith in  a n  o w n ersh ip  (F ig . 2 ) .  T h e se  are  d eterm in ed  
b o th  by  p ra ctica lities  (e .g ., e ro s io n  c o n tro l)  and  by  a n - 
th ro p o lo g ica l ĩa c to rs , su ch  as land  ten u re , in h e r ita n c e , 
o r  co lle ctiv iz a tio n . T h e  b o u n d a ries  (h ed g es, b a n k s , 

w a lls , e tc .)  p rov id e a n e tw o rk  o f  re la tiv e ly  n a tu ra l e co - 
sy ste m s p erm eatin g  th e farm lan d . T h e  s ize  o f íìe ld s 
v a ries  fro m  c o u n tĩy  to  co u n try . In  p arts o f  C an ad a 

o r  A u stra lia , 1 0 0  a cres  is  a sm all íìeld . In  T e x a s , the 
n in e te e n th -c e n tu ry  a llo tm en ts  o f  1 sq u are  m ile  ( 6 4 0



F1GURE 2 A n g lo -W e ls h  cu ltu ra l lan d scap e o f sm all irreg u lar íield s. 

th ick  h ed g cs, m an y  h cd g cro w  tre cs , and sca tte re d  íarm stead s, o f 

u n k n o w n  o rig in  b u l lik c lv  to  be vvell o v er 5 0 0  y ears o ld . Llanvcynoc, 

H erefordsh ire, England

a cre s) are by now  divided  in to  at lea st 3 0  com p a rtm en ts  
in several o w n ersh ip s . In  the hed ged  p arts o f m ed ieval 
E n g la n d , a typ ical field w ou ld  b e o f  a b o u t 4  acres. In 
C re te , íields tend  to b e o f  a b o u t 1 acre . In Ja p a n , w ith 
rice  as an im m en se ly  h ig h -y ie ld in g  c ro p , even this 
w ou ld  b e a b ig  íĩeld .

A hedge (in  N o rth  A m erica , a fence-vow ) is a row  or 
s lr ip  o f trees o r sh ru b s  ío rm in g  the b o u n d ary  o f a íìeld. 
In  E u ro p e , th ese  are  o íte n  m ain ta in ed  b y  cu ttin g  in 
p a rticu la r s ty les  lo  form  a b a rrie r  10 k eep  ca ttle  or sheep  
from  stray in g  in to  th e  n ex t íìe ld ; o íte n  irees  are left ai 
in ierv a ls  e ith e r  u n cu t or p o llard cd  (F ig . 3 ) . In A m erica , 
they  are less m an aged .

In  A m erica  and  to  som e e x tern  E u ro p e , m ost hedges

F1GURE 3 A n cie n l h ed ge betvveen tw o (iek ls . n ian ag cd  bv co p p icin g . 
II has becn CUI dovvn (leaving a fcw trecs sianding) and is beginning 
lo  sp ro u t. In 2  years it will b e  back 10 ÍLS n o rm a l State. Polslctìíì, 
SuJjoik, Englaiul

have arisen  sp o n tan eo u sly  as trees have taken  ro o t from  
w ind - o r b ird -d isp ersed  seed at the bases o f  íe n ce s  o r 
on balks o r w alls betvveen íielcls. In  E n g lan d , h ed ges 
are th o u gh t o f  as d elib erate ly  p lanted , but can  arise 
natu rally , as tnany o f  the  o ld er hedges p ro b ab ly  did. 
In  A u stra lía , hed ges are rare, evid ently  b eca u se  m o st 
eu calyp tu ses and o th er native trees have p o o r p o w ers 
o f seed dispersal.

H edges p resu m ably  go b ack  in som e c o u n tr ie s  to 
the b eg in n in g s  o f a g ricu ltu re . In E u rop e, th e  ea rliest 
ev id en ce fo r them  is a b o u t 2 0 0 0  years o ld ; they p ro b ab ly  
go b a ck  m u ch  íu rth er , b u t leave little  a rch aeo lo g ica l 
record . In E n glan d , they are vvell d ocu m ented  for ab o u t 
1 2 0 0  years. M any ind ividual hedges arc at least 5 0 0  
years o ld ; these tend to be m ixed  in th eir c o m p o sitio n , 
u n lik e  the m o n o to n o u s  hed ges o f m ore recent o rig in .

H edges are o íten  th o u gh t o f as linear w o o d -lo ts. T h is  
is partly tru e: in  E n glan d , m an y hedges w ere p eriod i- 
ca lly  felled  as if  they w ere vvoodland, y ield in g  cro p s ol 
fuel w ood  and tim ber. H ow ever, in England and (fro m  
w hat I have seen  o f  th em  in A m erica ), hcd ges are clis- 
tin ct v eg eta lio n  typ es in  th em sclv es, scld o m  co rre - 
sp o n d in g  in  d etail to  the  local ío rest. T hev  usu ally  lack  
ihe  m o re  e x a c lin g  vvoodland p lants, apart from  those 
few h ed ges that are ihe  su rv iving  edges o f g ru b b ed -o u t 
w o o d -lo ts.

Heclges are im p o rtan i as d iv ersiíy ing  w hat m igh t 
o th erw ise  be íea tu re less  larm land . T hey in tro d u ce  tree- 
liv ing (th o u g h  n o t forest b ird s) 10 open  c o u n try  ih at 
w ould lack  n estin g  sites. T h ey  are o lten  regarded  as 
co rrid o rs  for m o v em en t ol m am m als acro ss íarm land .

In  m any m o u n ta in o u s  and denselv  p op u laled  p arts 
o f the w o rld , slo p es are shaped into  terraces to crea te  
n a ltish  su ría ces  on w h ich  lo  grow  crop s (F ig . 4 ) .  B an ks 
o r w alls betw een  terraces, like hedges b etw een  Relds, 
can  be s ig n iíìca n t s ites  for sem in atu ral v egetatio n .

V. F0R E S T  AND W 00D LA N D

lt is o íte n  sup p osed  that w ildw ood co n sis ted  o f trees, 
trees, an d  n o th in g  b u t trees, and onlỵ  sh ad e-b earin g  
grou nd  v eg eta tio n ; gaps arising  throu gh th e  d eaih  of 
trees w ould  p rom p tly  be íĩllecl bv ihe grow th o f new  
trees. E xa m p les  can  be seen vvhete ihe d o m in a n t trees 
are o f sh a d e-b ca rin g  k ind s su ch  as Abies and  F agus 
sp ecies. T h e  arg u m en t thai w ildw ood was like  th is is 
o íten  basecỉ on the general d o ctrin e  o f c lim a x  vegeta- 
tion , ra th er than  on  ev id ence o f the h isto ry  ol sp eciíìc  
ĩo rests . P o llen  analysis can  exaggerate the d o m in an ce  
o f  trees, m any o f vvhich prod uce m ore p o llen  th an  her-



F IG l’RE 4  C re tan  cu ltu ra l lan d scap c in a sem iarid  c lim ate . In thc 

bo tto m  o f th e b asin  are h ou ses g rouped  in to  h am le is , w ith  garden s, 

o rch ard s, and sm all Pielcis d em arcated  by  d ry -sto n c  vvalỉs. Exten clin g  

up  the m o u n ta in s are rcm ain s  o f  te rraces, o n  vvhich grain  uscd to 

b c  grovvn. A sphẽndou, Sphalĩici, C rcte

FIGURE 5 A co p p ice  vvood. T h e  fo rcg ro u n d  h a s  ju s t  b e en  ĩe lled , 

leav in g  the s to o ls  fro m  vvhich n ew  grovvth w ill arise . In  th e m id d le 
is an  arca  o f  2  v ears ’ g ro w th  s in ce  last íe llin g . A n o ld cr  part o f  the 

vvood form s th c  b a ck g ro u n d . Bratựìeld \Voods, S u ffoĩh , Engìand

b a cco u s  p lan ls. If  th is is a llow ed for, som e w ildw oods 
w ere m u ch  m ore diverse.

In  so m e tro p ica l ĩo rests , ih ere  is vast b iod iv ersity , 
o w ing to  th e  m an y sp ecies  o f  trec and the ab u n d an ce  
o f  v in es, ep ip h y tes, and term iles, w h ich  en ab le  the  trees 
th em selv es to su p p ort co m p le x  eco system s. In o th er 
p arts o f  the w orld , co n tin u o u s  forests, esp ecia lly  o f  
d en sely  sh ad in g  trees, are relatively  p o o r h ab ita ts: m any 
o f  th e ir p lants and an im als are co n ce n lra te d  in  gaps, 
c liffs , w a terco u rses, b u rn t areas, and o th e r breaks in 

th c  co n tin u o u s  shade.
A n cien t p eo p les destroyed  som e areas o f  forest to 

crea te  farm lan d , grasslan d , and  h eath ; they also  affected  
ih e  rem a in in g  forest by v ariou s rorm s of land  m an age- 
m en t. C o n tin u o u s  forest is n o i very p rod u ctive for m ost 
h u m an  p u rp o ses. E d ib le  an im als and  p lants o ccu r 
sp arsely , i f  at a ll, and the an im als are d ifíìcu lt to ca tch . 
T re e  íru its  are o u t o f  rea ch  in  the h igh  canopy.

P o re sts  w ere n o t gen erally  d estroyed  by people cu t- 
tin g  d ow n the trees in  o rd er to use them . I kn ow  o f no 
in s ta n ce  in  E u ro p ean  h isto ry  o f a ío rest b e in g  de- 
s tro y ed — co n v erted  to n o n ío re s t— sole ly  by p eop le  u s- 
in g  up ih e trees. N o rm ally  they  w ould  cu t the trees 
su ita b le  for the pu rpose in hand  and leave the o th e r  
trees. T h e  resu lt w ould be a d ep leted  forest, u n su itab le  
fo r ih a t p u rp o se  u n til a new  g en eratio n  o f  trees had 
grovvn. T h is  is n o t to be con fu sed  w ith  a d estroyed  
forest.

G reat trees do n o t easily  íu ro ish  w ood for fuel and 
tim b er fo r co n stru c tio n . A big tree, w hen  cu t d ow n, is 
a very in tra c ta b le  o b je c t. U n til the co m in g  o f saw m ills , 
v e h ic le s , and  ra ilro ad s cap ab le  o f  red u cin g  g iant trees,

p eo p le  p referred  to  use the sm a lle s t log  th at w ould  
serve the p u rp o se  an d  to  m an ag e  fo rests  to  p ro d u ce  a 
su c ce ss io n  o f  trees  sm all en o u g h  to  han d le .

C o p p ic in g  is  an  im p o rta n t ía cto r . M o st E u ro p ean  
and N o rlh  A m e rica n  trees, o th e r  th an  c o n ife rs , surv ive 
b e in g  cu t d ow n  and sp ro u t from  the stu m p . C lo n al 
trees, lik e  E u ro p ea n  e lm s and  A m erican  b e e ch , su ck e r  
from  the ro o ts . C o p p ic in g  is o n e  o f  the w o rld ’s m ost 
im p o rtan t p ra c tice s  in  h is to r ic  fo rest m an a g em en t. By 
c u tlin g  d ow n w o o d lan d  every 5 - 3 0  years and a llo w in g  
it to  grovv ag a in  fro m  th e  s tu m p s, a p erm a n en t su cce s- 
s io n  o f sm a ll s tem s ca n  b e a ssu red , o f  s iz e s  that are 
easily  h an d led  a n d  su ita b le  for l ig h t c o n s tru c tio n  and 
fuel. l l  w as o fte n  th e  p ra c tice  to  leave a s c a tte r  o f  trees 
o f  se lec ied  s p e c ie s  to grow  o n  for th ree  o r  fo u r cy c le s  
to y ield  c o n s tru c ú o n a l tim b e r (F ig . 5 ) .

C o p p ic in g  h as b e e n  the n ea rly  u n iv ersa l w ood lan d  
m an ag em en t in  B r ita in , w ell d o cu m e n te d  for the past 
th o u san d  years and  knovvn o n  a rch a e o lo g ica l ev id en ce  
for som e 6 5 0 0  years. Ít is the b asis  o f  h is to r ic  forest 
m an ag em en t in  m an y  p arts  o f  th e  b ro a d -lea v ed  and  
M ed iterran ean  z o n e s  o f  E u ro p e  and a lso  in ja p a n . It w as 
ap p aren tly  n o t m u ch  p ra c tice d  by N ative A m e rica n s  but 
w as vvidely in tro d u ce d  b y  E u ro p e a n  se ttle rs  in  A m erica , 
w here th ere  are  large areas o f  e x -c o p p ice d  w o o d -lo ts.

C o p p ic in g  a ffects  b io d iv ers ity  by d ra stica lly  red u cin g  
the shade at the  s ta rt o f  e a ch  cy c le  o f  íe llin g  and  re- 
grow th. T w o o r th ree  years o f  re la tiv e ly  o p en  co n d itio n s  
fo llow , e n d in g  as the  n ew  gro w th  c lo se s  in . T h is  favors 
v ario u s w o o d lan d  p lan ts  and  an im a ls . L o w -gro w in g  
herb s su ch  as sp e c ie s  o f  Viola and  Primula flow er in 
ab u n d an ce  in  the years o f e x tra  lig h t (F ig . 6 ) .  O th e rs



FIGURE 6 O x lip  (Prim uìa e ỉa t io r ) fìow erin g  in  ab u n d an ce  am on g  

h azel (Cof7 Ỉus) sh o o ts  o f  1 y ear’s  g row th  s in ce  co p p icin g . H ayley  
W ood, C am bridgeshire, England

F1GURE 7 E u ca ly p iu s  ío rest 2  years a fie r  b e in g  loggcd for ih e  th ird  

o r  ío u rth  tim e. N ote th e ab u n d an t reg ro w th  an d  ground v eg etation . 

M erim biiỉa State Forest, Ncvv South W aìes

su ch  as Euphorbia  sp ecies  app ear íro m  b u ried  seed  pro- 
d uced  by th e ir p aren ts  at ihe lasl íe llin g . M any in sects  
feed on the leaves o r n e c ta r  o f  these  p lants. T h e  m id dle 
stages o f  reg ro w th , w h en  there is a ih ick e t o f you ng 
stem s, favor w arblers and  sim ila r sm all b ird s— a fam ous 
E n g lish  exam p le  is the n ig h tin gale  (Luscinia mega- 
rhynchos). T h e  d o rm o u se  (M uscardinus avelìanarius), 
an E n g lish  w oodland  m am m al, favors the la ter stages.

C o p p ic in g  is o íte n  th o u g h t to be artiíic ia l, b u t the 
a b ility  to co p p ice  is w idespread  am o n g  the w orld ’s trees 
and  p resu m ab ly  w as an ad ap tatìon  to som e p ro cess  in  
w ild w ood . S o m etim es it is a resp o n se  to fire, but it is 
n o t co rre la ted  w ith  [lam m ability : few p in es  (am o n g  the 
w o rld ’s m ost [lam m able trees) w ill co p p ice , b u t fire- 
p ro o í trees su ch  as e lm s and  p oplars cop p ice  or su ck er. 
A m erican , E u ro p ean , and Ịap anese sp ecies  o f  Tilia 
(lim e , b assw o o d ) are se lf-co p p ic in g  and grow  n atu rally  
in  a m u ltistem m ed  form ; so do A m erican  a n d ja p a n e s e  
sp ecies  o f  M agnolia. P ossib ly  co p p ic in g  b eh a v io r is an 
a d ap tatio n  to tree -b rea k in g  m am m als: the axes o f  w ood- 
cu tte rs  are a rep la cem en t o f  the m issin g  e lep h an ts  etc. 
I have observed  so m e th in g  lik e  a co p p ic in g  eco sy stem  
d ev elop ed  in  eu ca lyp tu s lo rests  in  N ew  S o u th  W ales 
a fter o n ly  the th ird  o r fo u rth  su ccessiv e  logging (F ig . 7 ).

A n o th er h is to r ic  w o o d lan d  p ra c tice  is the crea tio n  
o f  p erm a n en t edges and  o p en  areas. In  E ngland , w ood - 
lo ts  have p erm a n en t edges (m an y o f  th em  are over 
a th o u san d  years o ld ) d eíìn ed  by b a n k s and d itch es, 
co n stru c te d  as a co n serv a tio n  m easu re (F ig . 8 ) .  T h ey  
m ay also  have p erm an en t tracks and o th e r o p en  areas 
in  the in terio r. In a tvpical w ood  lo t, w ell over h a lf the 
p lan t sp ecies  are asso cia ted  w ith  the b ou n d ary , w ith 
re ce n tly  íe lled  areas, or w ith  p erm an en t o p en ing s. T h e  
sp ecies  o f  p erm an en t o p en in g s tend  to co n stitu te  p lant

c o m m u n itie s  o f th e ir o w n, d istin ct fro m  those ol tem p o- 
rary c learin g s and o f  grasslan d  aw ay from  w oodland . 
O n p ollen  ev id en ce, so m e th in g  lik e  these p erm an en t 
o p en  areas alread y ex isted  in  w ild w ood .

VI. WOOD-PASTƯRE AND SAVANNA

W h ere  the en v iro n m en t b e co m e s  too  dry or co ld  for 
forest or w here there is too  m u ch  grazin g , íorest ch an g es 
in to  n o n fo res t in  v ariou s w ays. T h e  trecs  may sud denly  
stop , or th erc  m ay be a zone o f  trees red uced  10 the 
sta tu re  o f  sh ru b s, o r a m o sa ic  o f  p a tch es  o f fo rest and

P1GURE 8  Edge o f  an E n g lish  w ood . T h e  b a n k  w ith e x tern a l clitch 

w as co n stru ctec i ab o u t 1 0 0 0  vears ago by  th c m on k s o í Bu rv  St- 

E d m u n d s A bbev 1 0  d cm arca te  th cir w ó o d -lo t. T h e  irces o n  th e ban k  

have ju s t  b een  cu t; in  th c  in ie r io r . ih ey  are o f  1 v c a rs  gro w th . Bradpeỉcl 
\Voocis, SuỊỊoỉk, England



F1G I!RE 9  Sav an na in m id d le T ex as . T h e  p ra ir ic  (r ic h  in  sp rin g  and 
su m m e r flow ers) is d otted  w ith  m o tts— clo n a l p a tch e s— o í  T e x a s  

liv e o ak  and T e x a s  e lm . T h is  is a  cu liu ra l ỉan d scap e o f  N ative A m erican  

o rig in , w h ich  vvas a lrcad y  in  p lace  w h cn  th e area \vas se ttlcd  in 1 8 4 6 . 

It n ee d s to  be m ain ta in ed  by g razin g  0 1 * b u rn in g , w iih o u t w h ich  it 

is invaded by ịu n ip cr  Ụuniperus a sh e i)  and tu rn s  in to  forest. V alley  
Mills, Texas

p a tch e s  o f  n o n ío re s i. A ltern ativ e ly , th ere  m ay b e  a z o n e , 
o ften  o ĩg re a t  e x tern , o f  sca ttered  trees a m o n g g ra ss la n d . 
T h is  c o n stitu te s  tro p ica l and su b tro p ica l savan n a e co -  
sy stem s and th e ir  e x te n s io n s  in to  n o rth e rn  la titu d es. 
T h e  irees  m ay be s in g le, as in  th e  vvood-pasture e co sy s- 
tem s o f  E n g ỉan d , the dehesa  lan d scap es o f  southvvesiern 
S p ain , and th c  eu ca lv p tu s savan nas o f  A u sira lia . O r they  
m ay be in g ro u p s, as w ith  the o ak  and elm  m o tts  o f 
m id dle T e x a s  (F ig . 9 ) .  T h is  d ep en d s o n  the p ro p crtie s  
o f  the trees: T e x a n  Quercus fusỉform is  and ưỉrrnis crassi- 
Jo lia  are  c lo n a l trees that su ck er.

ĩt  u sed  to b e  th o u g h t th at th e  “n a tu r a r  savan n as o f 
A frica  and  A u slra lia  w ere very  d is tin ct fro m  the sem ia r- 
tiílc ia l treed  grasslan d s and  treed  h e a th s  o f  E u ro p e , 
w h ich  w ere reg ard ed  as “degrad eđ  fo re s t,” m ean in g  for- 
est fro m  w h ich  som e trees had b een  rem ov ed . R e cen t 
resea rch  m ak es th e  d is tin ctio n  less  c lear: m an y tro p ica l 
savan n as are a t least p artly  the resu lt o f  a n c ie n t lan d  
m an ag em en t, esp ec ia lly  by  b u rn in g . T h e  p o llen  re co rd  

o f  E u ro p ea n  w ild w ood , m o reo v er, o ften  c o n ta in s  n o n - 
sh a d e-b e a rin g  u n d e rsh ru b s and h erb s , sh o w in g  th at it 
m u st have had o p en  areas as w ell as trees.

C u ltu ra l treed  g rasslan d s are  u su ally  d ifferen tia ted  
fro m  fo rest by th ere  b e in g  en o u g h  b ro w sin g  a n im a ls  to 
p rev ent trees from  o ccu p y in g  all the sp ace. T h e  a m o u n t 
o f  b ro w sin g  n eed ed  to do th is  varies. W h e re  th e c lim a te  
is  so  dry o r co ld  as to  b e  m arg in al fo r tree g ro w th , it 

takes less  b ro w sin g  th an  in  reg io n s , su c h  as E n g la n d , 
w ell w ith in  th e  c lim a tic  lim it o f  ío rest. ( In  so m e h o t- 
c lim a te  sa v an n as, co n v erse ly , th e  grasses are the d o m i-

n an t p artn ers, and  too  m u ch  b ro w sin g  e n co u ra g e s  
trees.)

T h e  lim its  oí "n a tu ra l” treed  grasslan d  are v ag u e and 
co n tro v ersia l. T h e  am o u n t o f  b ro w sin g — th e n u m b e rs  
and  b eh a v io r o f  the a n im a ls— is the m o st d ifficu lt a sp e c l 
o f  p re h is to ric  e co sy stem s to a scerta in . T re e s  ten d  to 
be exag gerated , b e ca u se  m any n o n tre e  p lan ts p ro d u ce  
sp arse  or n o n d ia g n o stic  p o llen  g ra in s and  a lso  b e ca u se  
p o llen  an alysts are trained  to in terp re t tree p o lle n  in  
term s o f  forest ra th er than  o f s in g le  trces.

ỉn  glacia l tim es, p arts o f  E u ro p e  n o t co v ered  by  ice  
w ere ev id en tly  dry as w ell as co ld . T h e  n atu ra l v egeta- 
tio n  co n sis te d  o f  e ith er p a tch es  o r sca tte rs  o f  trees, 
w h ich  p o lle n  an a ly sts  ca ll “ío rest s tep p e .” T h is  w as the 
s itu a tio n  fo r at least fo u r-fifth s  o f  the past 2 m illio n  
y ears, p u n ctu ated  by  in terg la c ia ls  w here large areas o f 
ío re s tb e c a m e  p o ssib le . In  ih c  p re se n i in te rg la c ia l, w hen  
th e  c lim a te  b e ca m e  favorable for trees, n o n -sh a d e -b e a r- 
in g  p la n ts  b ecam e very lo c a l— e x c e p t in  th e  d r ie r  p arts 
of Southern E u ro p e , where íorest was still patchy and 
sav an n a-lik c.

W h e n  p eop le  to o k  to k e e p in g  ca ttle , sh e e p , and  

g o ats , th ey  rep laced  an  u n k n o w n , b u t p ro b a b ly  sp arse , 
s ca tle r  o f  w ild h erb iv o res  by lo ca l c o n c e n tra tio n s  o f 
d o m e stic  an im als . T o  feed th em , they  tu rn ed  ío re s t in to  
grasslan d ; bu t th cy  a lso  kep t d o m e stic  a n im a ls  in  the 
re m a in in g  forest. T h is  involved  m an agin g  th e  ío re s t in 
a d ifferen t w ay from  w here w ood w as th e  p ro d u ct. T h e  
irees w ould  have to  be sp arse  en o u g h  for p a stu re  to 

grow  b ctw een  th em  o n  vvhich th e liv e sio ck  m ig h t feed. 
T re e s  w ere a lso  cro p p ed , not by c o p p ic in g — fo r ihe 
an im als  w ould  eat the y o u n g  sh o o ts  and  ki 11 the 
s to o ls — but by  the p ra c tice s  o f  p o llard in g  and  sh re d - 
d in g , c u tlin g  th e  tree h igh  en o u g h  for the s h o o ts  to 
a rise  o u t o f rea ch . S o m etim es w ood w as the o b je c tiv e , 
b u t in  c lim a te s  w here grass did n o t grow  all y ear , it 
w as the p ra c tice  to  H arvest leafy  tree b ra n ch e s  to  s to re  
in stead  o f  hay  fo r feed ing  the a n im als  in  th e  colcl o f  

w in ter o r d ro u g h t o f  su m m er.
S u ch  sem in a tu ra l w o o d -p astu re  e co sy stem s ca m e  to 

o ccu p y  large areas o f  E u ro p e  and  A sia, o ften  a sso c ia te d  
with comìTiunal land management. In E n g lan d , there was 
a íu rth er  d ev elo p m en t w ith  d eer as sem id o m e stic  live- 
s to c k  fro m  the e lev en th  cen tu ry  A.D. onw ard . L an d o w n - 
ers  w ould  keep  d eer (n ativ e  and  in tro d u ced ) fo r m e a t and 
as a status Symbol in encloscd parks. T h e  king, m oreover, 
had the righ t to k eep  d eer o n  cer ta in  c o m m o n la n d s , s u ch  
as E p p in g  F o res t and  the N ew  F o re s t, and  to k ill and  eat 
them . P arks and  F o re s ts  o ften  co n ta in e d  treed  g rasslan d  
o n  w h ich  d eer and  o th e r  liv e s to c k  fed. T h e re  c o u ld  also  
b e  e lab o rate  sy stem s o f  tem p o rary  e n c lo su re  to  c o m b in e  
liv e sto ck  w ith  co p p ice  w oods.



FIGURE 10 A co m p le x  m ed iev al w o o d -p astu rc , co m b in in g  o ld  grass- 

lan d , a n cỉe n t pollard  trees, an d  co p p ice  vvood-lots: a p articu larly  
im p ortan t ju x ta p o s ilio n  o f h a b ita is , rep ro d u cin g  so m c ch a ra c ic r is iic s  

o f vvildwood. H alfield  F orest, Esscx, Engìơnd

W o o d -p astu re  is a m ost im p ortan t eco sy stem , espe- 
cially  for in sects  and b ird s that req u ire  b oth  trees (for 
exam p le as nest s ite s ) an d  grasslan d  (F ig . 1 0 ). T he 
in land  b ird  launa o f  E ngland  as a w hole falls in to  this 
ca ieg ory . W o o d -p a stu re  a lso  can  preserve a n c ien t trees. 
A large p ro p o rtio n  o f the fauna and Qora oí trees, csp e- 
cially  b e e tle s  and lich e n s , is a sso cia ied  w ith  the sp eciíic  
habita ts o f  old  trees: old dry b ark , heartvvoocl ro ttcd  by 
p articu lar 1'ungi, and cav ities oí various sizes. T h e se  are 
sp ecia lized , poorly  d isp ersed  an im als  and p lants and 
p resum ably  ex isted  in  vvildvvood. F o resi trees are not 

an idcal h ab ita t, for th e  lives o f oltl trccs  are o ítcn  
sh o rten ed  by the co m p e titio n  o f  n e ig h b o rin g  trees. C op- 
p ice w ood s and m anaged  ĩo rests  are in h o sp ila b le  to 
them , u n le ss  the a n c ien t bases o f co p p ice  s to o ls  are a 
su itab le  hab ita t. H ow ever, w o o d -p astu re  is o ĩte n  very 
good for old trees and the o rg an ism s that live 011 ihem . 
T h e  trees are free lrom  c o m p e titio n  and ca n  live to a 
great age, esp ecia lly  as p o llard in g  p ro lo n g s the lives o f 
m any sp ecies . M o si o f the  in íb rm a tio n  so far com es 
from  E n g lan d , w here the N ew  F o res t, W in d so r F o res l, 
and Shervroocl F o res t are m a jo r sites for the inverte- 
b rates o f a n c ie n t trees.

W o o d -p a stu re  is now  m u ch  red u ccd  in n o rth ern  
laú tu d es, but I have found traces o f it as far n o rth  as 
Svveden. T h e  area su rv iving  in E ngland , thou gh  sm all, 
co n ta in s  som e su p rem ely  co m p le x  and im p o rtan t exarn- 
ples. It s till ílo u rish es in  Sou thern  E u ro p e, cov ering  
abou t o n e -s ix th  o f P ortugal and o n e-e ig h th  o f Spain, 
a lthou g h  l'ew o f these co n ta in  a n c ien t trees. Ít exten d s 
eastw ard in to  ihe  H im alayas. At One tim e, it vvas evi- 
d en tly  e x ten siv e  in  Ja p a n , vvhere old p ollard  trees can 
still b c  found  em bed ded  in  ío rests . In N orth  A m erica,

N ative A m erican s and settlers  b o th  operated  savan na- 
lik e  lan d scap es, but po llard ing  w as rare. In A u stra lia , 
savannas are vvidespread and som etim es co n ta in  trees 
d atin g  from  p rese ttlem en t tim es, but often the grasslan d  
co m p o n en t has been  d isplaced  by in tro d u ced  grasses 
and herbs.

W o o d -p a stu re  is an im p o rtan t ecosystem  for b io d i- 
versity : it p erp etu ates a d ifferent set o f p lants and an i- 
m als from  cop p ice  w oods. T he m o st s ig n ifican t exam - 
p les rem a in in g  are those few in w h ich  a n c ien t trees and 
sem in atu ral grassland  are b oth  preserved.

VII. GRASSLAND

M any o f the w orld ’s grasslands are regardcd as natu ral 
p ra iries, in reg io n s too dry, o r too  cold , or lo o  m u ch  
grazed for trees. O th ers  are part o f  a cu ltu ral lan d scap e 
in reg io n s thai w ould natu rally  be ío rcsted ; i f  not 
grazed, they rcv ert to foresl. T h ere  are large in term ed i- 
ate areas w here natural grassland  has been e x te n d e d  by 
b u rn in g  and o lh e r form s ol land  m an agem en t.

M uch grassland  in E u rop e, A m erica, and A ustralia  
is sow n p aslu re , liu le  d ifferen l fro m  o th er arab le  cro p s. 
T h is  p ra ctice  goes b a ck  on ly  three cen tu ries. P rev io u sly , 
grassland  was p erm an en t, m anaged  as e ith e r p astu re  
(grazed ) or m eadow  (m ow n for hay). P astu rage often  
goes w ith  com m u n al land use, as in the A m erican  W ild  
W est Dĩ the ch alk  d ow nlands o f  England.

S em in a iu ra l p astu re  grasslanđ  in E ngland  goes b ack  

to the N co liih ic  p erio d , vvhen th e  ĩo rests  that cov ered  
the ch a lk lan d s w ere converted  in to  op en  land ; p re b is- 
to ric  m o n u m en ts  su ch  as S to n elien g e  w ere m ean t to be 
v isib le from  a d istance. O ften  there vvas a phase o f  
íarm land  b eío re  the h isto ric  grasslan đs w erc estab - 
lished .

M eadow  is a m ore p rod uctive kind  o f grasslancl, 
y ie ld in g  hay w h ich  is  dried  and stored  to feed  an im als  
in vvinter w hen  the grass is n o t grow ing. T h is  req u ires  
iro n  to o ls  w ith  w h ich  to cu t the grass. As a larg e-sca le  
lancl u se , ineadow  is m ainly  o f the past 1 5 0 0  years. li  
w as lo cated  esp ecia lly  in  flood p lain s, w h ich  in  m edieval 
E ngland  w ere the m ost valuable land. In  the  s ix te e n th  
cen tu ry , elabo rate  irrigation  system s w ere d evelop ed  to 
ad van ce the grow th o f m eadow  in  spring. G rasslan d s 
w ere o ĩte n  p arl o f a h igh ly  in teg ra led  p attern  o f  land  
u ses that tran síerred  n u trien ts , via the d ung o f ca ttle  
and sh eep , to plow land and m eadow .

A co n tra s tin g  type of hay m eadow  is that o n  m o u n - 
ta in s, for exam p le, in  n o rth ern  E ngland  o r in  the  A lps. 
In  the n o rth crn  A p ennínes, the grasslands, o rig in a tin g  
in  the Iro n  A ge, w ere m ain ta ined  for cen iu rie s  to  fced



FIGƯRE 11 H ea ih lan d , sev era l h u n d red  years o ld , now  in suíT icien ilv  
g razed : if  trecs are allovved to  take it o v er, th ey  vvill d estro y  its  v a lu e 

as a h a b ita i. Holt, N or/o lk , Engỉand

lo ca l liv e sto ck  and  th o se  o f  ihe City o f  G en o a ; re ce n tly , 
they have largely  tu rn ed  in to  forest and  ih e ir  d is tin ctiv e  
p la n t co m m u n itie s  have b een  lost.

O ld  g rasslan d s are the c la ss ic  “s e m in a tu ra r  v egeta- 
tio n . T h e y  are a r tiíic ia l in  th at they w ere crea ted  by 
h u m a n  a ctiv iiy , and  d isap p ear i f  that activ ity  is w ith - 
d raw n . T h e y  are n atu ra l in  th at n o b o d y  sovved the 
g rasses and  o th e r  p lants o f  w h ich  they are co m p o sed . 
T h e y  are o f  m an y k ind s, d ep en d in g  o n  w h eth er th ey  
w ere p astu re  o r m ead ow , o n  the geo logy , and  on w h ich  
a n im a ls  fed on  th em . C h a lk  p astu re  is a clry, re la tiv e ly  
in fe rtile  form  oí grasslan d  thai is o n c  o f  the rich e st 
p la n t c o m m u n itie s  ( in  term s o f  p lan t sp ecies  p er sq u are  
m e te r )  in  B rita in . W h e n  grazed  by sh eep  o r ra b b its , it 
is  p a rticu la rly  r ic h  in  d w arf h erb s  and  sm all u n d er- 
sh ru b s. At the o th e r  e x tre m e , w et m ead ow  is rich  in  
tall g rasses, sed g es, and  o rch id s .

VIII. HEATHLAND

H eath lan d  in n o rth w e ste rn  E u ro p e is o p en  v cg e ta tio n  
o th e r  than  g rass lan d , d o m in aied  by  d w arf u n d e rsh ru b s  
e sp ec ia lly  o f  the fa m ily  E rica ce a e . It  can  b e  a very r íc h  
p la n t co m m u n ity , w ith  m an y  h erb s and  a lso  c h a ra c ter is -  
t ic  b u tte rílie s  and  b ird s. It  is  a sem in a tu ra l eco sy ste m , 
m ain ta in ed  by  graz in g  and  cu ttin g ; w ith o u t th ese , it 
q u ick lv  tu rn s  in to  w oodland  (F ig . 1 1 ) .

H eath lan d  b eg a n  in  a sm all way in the M e so lith ic  
p erio d , a b o u l 1 0 ,0 0 0  years  ago ; p eop le  m ay have e n - 
cou ragecl it as p a rt o f  lan d  rn anagem en t in  favor o f  d eer. 
It e xp a n d ed  in  la ter  p reh isto ry , e sp ecia lly  as brovvsing 
by  d o m e stic  liv e sto ck  e n cro a ch ed  on  forest. T h ro u g h -

F1GURE ] 2 M edieval lan d scap e o n  the b o rd cr o f  W a le s , w ith  hed ged  

íìcld s and farm siead s in th e v a llcy  and m o o rỉan d  o n  th e th in  so ils  

o f  th e p la teau  and  o n  scre cs  belovv ih e  c liffs . Civni O ỉchon, H cre- 
Io rd sh ire , Engỉand

ou t th e h is to r ic  p erio d , it w as e x ten siv e  in  E n g la n d , 
esp ec ia lly  o n  acid  so ils  in lo w -ra in fa ll areas.

H eath lan d  sh o u ld  p erh a p s be seen  as a n o rth w ard  
e x te n s io n  o f  th e  u n d ersh ru b b y  p lant co m m u n itie s  o f  
th e M ed iterra n ea n , kn ow n as garrigue and  phrỵgana. 
T h e se , 10 0 , are o ften  th o u g h t o f  as the resu lt o f d estru c- 
tion  o f  ío rest: o n  p a ly n o lo g ica l ev id en ce, they w ere 
re la tiv e ly  lo ca l and  sp ecia liz ed  eco sy stem s u n til the 
N e o lith ic  p eriod . H ow ever, they are m o re  stab le  th a n  
h e a th , o cc u rr in g  in  p la ces  to o  dry fo r tree grow th . O ften  
they  fail to tu rn  in to  ío rest i f  grazin g  is rem oved . P h ry - 
gana is o n e  o f  ih e  r ich e s l eco sy stem s in  en d em ic  p lan ts .

T h e  h eath s o f  northvvestern  E u ro p e  have fared v ery 
bad ly  in  the past 2 0 0  years. L ittle  rem ain s o u tsid e  B rit- 
a in , and  even th ere , h eath s , w here n o t m ad e in to  arab le  
Relds o r  ío restry  p la n ta tio n s , ha ve been  allow ed  to  tu rn  
in to  vvoodland.

IX. MOORLAND

M o o rla n d , a lth o u g h  o ften  co n fu sed  w ith  h ea th , is  rea lly  
a sou th w ard  e x te n s io n  o f  th e p eaty  tun dra o f  the A rctic . 
I t  is ch a ra c te r is tic  o f  n o rth w e ste rn  E u ro p e , esp ecia lly  
m o u n ta in s  (F ig . 1 2 ) ; it  s till  cov ers h a lf o f  S co tla n d .

M o o rlan d  is  d o m in ated  u su a lly  b y  erica ce o u s  u n d er- 
sh ru b s , e sp ecia lly  h ea th er, Caỉluna vulgaris. U n lik e  
h e a th , it  o cc u rs  in  h ig h -ra in fa ll areas and  has a p eaty



su b stra tu m . lt  grades in to  b la n k e t b o g , w ith  p o o ls  and 
ab u n d a n t Sphagnum.

M o o rla n d  is m ore stab le  than  h ea th  and less obvi- 
o u sly  a cu ltu ra l eco system . It gradu ally  exten d ed  d u ring  
the H o lo ce n e , cov erin g  areas that o n ce  had  ío rest. 
S o m e tim e s  there w as an in term ed ia te  stage o f  p astu re  or 
even  arab le  land: on  the p lateau o f D a rtm o o r, sou th w est 
E n g la n d , the  b o u n d aries  o f  B ro n ze  Age Relds can  still 
be traced . H ow ever, it is n o t c lear h o w  far the spread  
o f m o o rla n d  w as due to the lapse o f  tim e and a ccu m u la- 
tio n  o f  p eat, to  a chang e to a w etter c lim ate  en co u rag in g  
p eat to  grow , or to h u m an  a ctiv ities  tip p íng  the b a lan ce  

again st forest.
In  h is to r ic  tim es, m o o rlan d  has b e e n  m u ch  used  for 

p astu re  and  for d igging p eat as fuel. Large su p p lies o f 
p eat have m ade up for the sca rc ity  o f  w ood fuel in 
S co tla n d  and  Ireland. A sk illed  trad itio n  o f p erio d ic  
b u rn in g  has grow n up to m ain ta in  the paslure. In  the 
past 2 0 0  years, m o o rlan d  reg ions have lo st h u m an  pop- 
u la tio n s , b u t w ith ou t forest re tu rn in g . T h e  m ain  uses 
o f m o o rla n d  now  are for g rou se (Lagơpus scoticus) and 
d eer as gam e anim als.

X. BƯILDINGS AND BƯILT-ƯP AREAS

M an y  p la n ts  and an ìm als live on b u ild in g s, in đ u d in g  
so m e  q u ite  rare sp ecies: for exam p le, the s lo rk  in Eu- 
ro p e , w h ich  nests a lm ost exclu siv e ly  on  b u ild in g s and 
s tru c tu re s , som etim es o n  p la tío rm s provided  for it. In 
E n g la n d , bu ild ing s and ab an d on ed  m in es are the c h ie f 
s tro n g h o ld s  o f bats.

C itie s  are o ften  the c h ie f  c o n ce n tra tio n s  o f w ild life  
in  th e ir  reg io n s: w ell-k n o w n  exam p les are C am bridge 
and  Glasgovv, w h ich  c o n ta in  m ore w ild  p lan t sp ecies  
in a g iv en  area than  anyw here else in  th e ir  su rrou n d in gs. 
T h is  is b ecau se  o f  the d iverse h ab ita ts  provided  by gar- 
d en s (d esp ite  the p rev alen t use oi gard en  c h e m ica ls ) , 
b u ild in g s , and esp ecia lly  ru in s and d ere lic t land.

D e re lic t  ind u stria l land  can  be an im p o rtan t h ab ita t. 
In  E n g la n d , the quarry  that provid ed  the e x ce lle n t B ar- 
n a c k  b u ild in g  ston e  is now  one o f the  b est exam p les 
o f  lim e s lo n e  grassland. L o n g -stan d in g  ch em ica l co n - 
ta m in a tio n  can  p ro d u ce  its ow n eco sy stem s, esp ecia lly  
w here h eav y -rn eta l-to leram  p lan ts  have evolved.

S acred  sites d evelop  in  p ecu liar w ays. In Ja p a n , tem - 
p les and  sh rin es o ften  ow n ío rests , w h ich  may p reserve 
a n c ie n t trees and cv id en cc  o f  past m an agem en t prac- 
tices . In  E ngland , m any ch u rch y ard s are e x c e lle n t habi- 
ta ls  (F ig . 1 3 ). T h e y  often  co n ta in  their ow n p ecu liar 
typ es o f  grassland . T o m b sto n e s  and the s to n e w o rk  o f

FIGURE 13 C h u rch y ard s have a range o f h abitats Iron i old  grassland  

(im p o rtam  for rcp tiles  and am p h ih ian s) to ih c s io n e  and  b r ick  su r- 

taces ol lhc boundary wall, lombsiones, and thc church ilself (lichcns) 
and the ih a tch ed  or tilcd  ro o f (b ry o p h v tcs , flow crin g  p la n ts ). Rocklancl 
Si. Petev, NorỊulk

the c h u rch  itseU  are im p o rtan t sites for rare lich e n s , 
esp ecia lly  in areas that la ck  natu ral ro ck  o u tcro p s .

XI. THE RISE AND FALL 0 F  HISTORIC 
LAND-ƯSE PATTERNS

H um an in te rv e n tio n  crea tes  new  eco sy stem s as w ell 
as d estro y in g  o ld  on es. C u ltu ral e co sy slem s are o ften  
co m p le x , d iv erse , and  stable . S o m eiim es they are m odi- 
íìca tio n s  and  e x te n s io n s  o f  a n c ien t natu ral eco sy stem s. 
C h a lk  grasslan d , for ẹxam p le, is in som e resp ects  n 
p ro lo n g a tio n  in  tim e o f the grasslands oi the glacial 
p eriods. M o o rla n d  is in som e resp ects  an c x te n s io n  of 
tundra in to  S o u th e r n  la titu des. S om e, h o w ev er, seem



to  be new  cre a tio n s : I h es ita te  to g u ess  w h at the hab ita t 
o f  the p lan t Fritiỉlaria m eỉeagris m igh t have b een  b e ío re  
hay m ead ow s had  b een  in v en ted .

Som e c o n se rv a tio n ists  regard a n c ie n i h u m an  in ter- 
v en tio n  as d estru ctiv e , lik e  the m o d e rn  lo gg in g  o f  the 
O reg o n  rechvoođs o r  the e a rly -m o d ern  rav ag in g  o f  o ce - 
a n ic  ỉsland s. S o m e tim e s  th is  w as so : w e w ould  u n d o u b t- 
edly now  d isap p ro v e o f  the d estru ctio n  o f  a lm o st all the 
nativ e  m am m als o f  C rete  by  its  early  h u m a n  in h a b ita n ts . 
S o m e in te rv e n tio n s  w ere e x p e rim en ta l and  u n su sta in - 
a b le , l ik e  the p re h is to r ic  a ttem p t to  farm  D artm o or. 

O th ers  m ay have b een  a lm o st to o  gradu al to n o tice , 
su ch  as the e ro s io n  o f  tree  co v er o n  a c o tn m o n  p astu re .

T h e  eco sy ste m s o f  cu ltu ra l la n d sca p es  co u ld  b e  p re- 
served  fo r c e n tu r ie s , b o th  by o w n e rsh ip  p a ttern s  and 
by d elib cra te  c o n se rv a tio n . By A.D. 1 3 5 0 , som e 9 4 %  o f  
the ĩo re st o f  E n g la n d  had  b een  c o n v erted  to n o n lo re s t 
u scs. W o o d la n d  m an a g em en t had  b e e n  in v en ted  lo n g  
b e fo re , p ro b ab ỉy  fo r  o th e r  reaso n s, b u t as íorest b e ca m e  
sca rc e , c o n se rv a tio n  p ra c tice s  g rad u ally  sp rcad  to th e  
rem a in in g  forest. It m ay be n o  c o in c id e n c e  that the idea 
o f  su sta in ed  y ie ld  is first set d ow n in  w ritin g  in  1 3 5 6 . 

M any m ed ieval w o o d -lo ts  s till e x is t, and  are o íte n  now  
n atu re  reserv es: “A n cie n t W o o d la n d ” is a sch ed u led  
ca teg o ry  in  m o d e rn  co n serv a tio n .

H isto ric  la n d -u se  p a ttern s  u su ally  w o rk ed  on  a sm all 

en o u g h  sca le  to  re su lt in  u se íu l ju x ta p o s it io n s  o f  h a b i- 
tats. T h e y  o fie n  p erp etu ated  h a b ita ts  fo r n o n -sh a d e - 
to leran t p la n ts  an d  an im als . B ecau se  o f  th e  g lacia l h is - 
to ry  o f  th e p ast 2  m illio n  years, m an y  sp e cie s  are 
aclapted to  n o n ío re s t c o n d itio n s  and  a re  th rea tcn ed  b y  
th e  ad van ce o f  fo rests  in  in te rg la c ia l p erio d s. T h e y  
w o u ld  have fared p a rticu lạ rly  baclly in  th e  p rcsen t in te r-  

g la c ia l, b e ca u se  o f  th e  w id esp read  e x t in c t io n  o f  g ia n t 
tre e -b re a k in g  m am m als. F o r  exa m p le , th e  greatest co n - 
c en tra tio n  o f  e n d e m ic  p la n ts  in  E u ro p e  is in  th e  M ed i- 

te rra n ea n , w h ere  n early  all o f  th e m  a re  n o n fo res t 
sp ecies.

H is to ric  la n d -u se  p attern s  have b e e n  in re ire a t fo r 
so m e 2 5 0  years. ư su a lly  th is w as b e ca u se  o f  o u tsid e  

ideas and  in te rv e n tio n s , n o t  b e ca u se  th ey  w ere u n su s- 
ta in ab le . C o m m o n la n d s  w ere n ơ t d estro y ed  b e ca u se  o f  
th e  o p e ra lio n  o f  th e  “T raged y o f  th e  C o m m o n s :” th e  
su p p o sed  te n d e n cy  o f  co m m u n a l sy s te m s to b rea k  
d ow n b e ca u se  e a ch  p a rtic ip a n t p u rsu e s  h is  ow n sh o r t-  
term  ad van tage reg ard less  o f  the r ig h ts  o f  o th e r  p a rtic i- 
p an ts . T h a t hacỉ a lread y  b e e n  ío re se e n , and  th e p a rtic i-  
p a n ts  in  m o st co m m o n s  had  draw n up ru les  o f  use to  
p rev en t it.

In  th e  e ig h te e n th  cen tu ry , m u ltip le  an d  esp ec ia lly  
c o m m u n a l land  u se s  b e ca m e  u n ía sh io n a b lc . T h e  o n lv  
p ro p er u se o f  cu ltiv a b le  land (o r  land  th o u g h t to  b e

cu ltiv a b le ) w as co n v en tio n a l a g ricu ltu re , carried  on  by 
p rivate o w n ers in  recta n g u la r p lo ts o f  n o t less th a n  10 
acres. F o r  u n cu ltiv a b le  lancl ih e  p ro p er use  w as tim b er 
production organized by the State o n  the model of either 
F re n ch  o r G erm an  “sc ie n tiR c ” fo re s tĩy  (d ep en d in g  on  
w h ich  State). A gricu ltu ra l w riters  in v en ted  th ese  ideas 
and  b e n t the ear o f  g o v ern m en ts  to  get th em  p u t in to  
p ra c tice ; they  w ere n o t d eterred  if th e ir  sch e m e s  ía iled  
to  w o rk . In  th is  w ay, the o p en  fields o f  E n g lan d  w ere 
d estro y ed , and  m o st o f the h e a th la n d  w as co n v erted  
in to  p o o r-q u a lity  arab le . In  co u n trie s  w h ere m o d e rn  
ío re stry  w as in flu e n tia l, su c h  as Sw ed en , G erm an y , and  
lta ly , m o st o f  th e  w oo d -p astu re  e co sy stem s w ere d e- 
stroyecl.

In  th e  tw en tie th  cen tu ry  th ere  have b een  fo u r co n - 
trastin g  p ro cesses: e x te n s io n  o f  cu ltiv a tio n  (in c lu d in g  
p la n ta tio n  ío re stry ) in  to areas n o t p rev io u sly  cu ltiv a ted  ; 
in te n s iB ca tio n  o f  cu ltiv a tio n  in  areas alread y cu ltiv a ted ; 
u rban  d ev e lo p n ien t; and  land  ab a n d o n m en t. O fle n , as 
in  C rete , all ío u r o c c u r  a lm o st sid e by sid e. T h e y  d estro y  
e x is tin g  sem in a tu ra l e co sy stem s vvithout c re a tin g  an 
e q u iv a len t. A co m m o n  ĩeatu re  is th at the grain  o f  the 
lan d scap e is co a rscn ed : th e  sm a ll-sca le  p attern  o f  ju x ta -  
posecỉ lancl uses is rep laced  by  m o n o to n o u s  e x p a n se s  
o f  th e  sam e land  use.

O n e co n se q u e n ce  is lo ss  o f  h ab ita t for cre a tu re s  that 
req u íre  m ore than  o n e  h ab ita t: b ird s that feed in  the 
o p en  b u t nest in  tree h o les; in sec ts  w h o se  larvae feed 
in  ro tte n  w ood  b u t w hose ad u lts  need  a n e c ta r  so u rc e ; 
p lan ts  that are w eakly  co in p etitiv e  w h en  gro w in g  in  the 
o p en  b u t d o n o t flọw er in  sh a d e — all th ese  w ere favored  
by  th e  m o sa ic  o ĩ  h is to r ica l land  u ses, b u t n o t b y  w h at 
h as rep laced  them .

L and  a b a n d o n m en t d oes n o t re -c re a te  w ild w ood  
(w ild w o o d  e ith e r  as it w as b e fo re  hu m an in te rv e n tio n  
o r as it w o u ld  be by now  had  th at in te rv e n tio n  n ev er 
h a p p en ed ). It  ten d s to p ro d u ce  u n iío rm  ex p a n se s  o f  
ev en -aged , d en se ly  sh a d in g  trees: the h e rb a ce o u s p la n ts  
o f  grasslan d , field  ed ges, e tc . d isap p ear w ith o u t b e in g  
rep la ced  by  w o o d lan d  h erb s . In  M ed iterran ean  E u ro p e , 
w here seco n d a ry  fo rest o fte n  co n s is ts  o f  fire-adap ted  
trees, th e  effect is a re c u rre n t cy c le  o f  íìres , w h ich  de- 
s tro y  w h atev er escap ed  th e in cre a sin g  shad e. M any co n - 
serv a tio n ists  d isap p rov e o f  g o ats , b u t the co n se q u e n ce  
o f  rem o v in g  goats is u su ally  to co n v ert a b ro w sin g - 
d o m in a ted  lan d scap e in to  a fire -d o m Ìn ated  o n e  (F ig . 
1 4 ) .

L and  use h as b e co m e  p olarized : fo r exa m p le , lan d  
is n o w  e ith e r fo rest o r p astu re  b u t n o t b o th . M o st o f  
ru ral Ja p a n , for exa m p le , is  ío re st, and  th e  re m a in d e r 
is in ten siv e ly  cu ltiv a ted  r ice  Pìelds. T h e  ĩo re sts  are  n o w  
little  used , and  w ith in  th em  are  the rem ain s  o f  m any



FIGURE 14 T h is  vvas a g oat-b ro w sed  lan d scap e w ith  p a tch es o f ever- 

g rccn  o ak  sav ann a and ío rest. u  w as tak en  o v er hy Ib resters. who 

su p p ressed  g oats and p lanted  p in es  (an  u h ra íla n im a b le  trce ). T h e  

in ev itab lc  resu lt w as a g rca t fire. V alor, A lpụ ịarra , Spain

h is to r ic  e co sy ste m s: co p p ice  w o o d s, w o o d -p astu res 
(F ig . 1 5 ) , terraced  rice  field s, p ine sav an n as, Ja p a n ese  
early -m o d ern  ío restry , and the g ro w in g  o f ihe g iant 
grass w ilh  w h ich  h o u se  ro o fs  w ere th a tch ed .

F o re s ts , o n  ih e  vvhole, have b e co m e  d en ser as savan- 
nas in íìll , co p p ice  w ood s grow  u p , and fo resters  e n co u r- 
age ih e  grow th  o f  tim b er trees. T h e  o ld er trees in  a 
forest are  co m m o n ly  m ore sp rea d in g  th an  the yo u n ger 
o n es , hav ing  grovvn up w h en  ih ey  had m ore ro o m . 1 
have se e n  exa m p les  in  m any c o u n tr ie s  from  C anada to 
N ew  S o u th  W a le s , o íten  in  ío rests  w ith  little  ohvious 
hu m an  in te rv e n tio n .

An im p o rta n t in n o v a tio n  is  the  cu lt o f  tid iness: 
the urge am o n g  p ro íe ss io n a l p la n n ers  to d estro y  old

F1GURE 15 An o ld  p o llard  larch  (LarLx lcp lo lep is)  in  w h;u is Í1 0 W 

ío re s t. Its  sp read in g  h ab ii p ro c la im s th a i it w as o rig in a llv  a  ỉrcestan d - 

in g  tre e  in  g rasslan tl. Tatcshinuí, C hino, Jap an

q u arries , sp o il heap s, ru ined  build ings, p a tc h e s  o f 
ro u gh lan d , and  even old  trees and  n eg lected  to m b - 
s to n es, o n  the grou nd s that the p u b lic  m ig h t n o t lik e  
th e m — even th o u gh , in  p ractice , d ere lict lan d  is o íte n  
a m u ch -lo v ed  p u b lic  am enity .

XII. IMPLICATIONS FOR 
BIOLOGICAL CONSERVATION

Som e co n serv a tio n ists  d isdain  cu ltu ral eco sy ste m s on  
the ground s that they  resu lt from  the “d eg rad atio n ” 
o f w ild erness eco sy stem s, esp ecially  forest. T h e  on ly  
p ro p er b u sin ess  o f  b io lo g ica l co n serv atio n  (th ey  say) is 
to preserve prístine natural ecosystems where ih ey  Slill 
ex ist or to restore  th em  w here they do not.

H ow ever, th is c a n n o t b e the w hole purpose o f  c o n sc r-  
vation . In  m any p arts o f  the  w orld , su ch  as E n g lan d , e co - 
system s have b een  m od ified  by hu m an  activ itv  for m u ch  
o f the H o lo ceu e ; not en o u g h  is k n ow n about p ris tin e  n at- 
ural ecosystems to make restoring them a practical objec- 
tive. C o n serv ation  d ep en d s on p u blic in terest, vvhich it 
can n o t re ta in  i f  ú  is lim ited  to rem ote w ild ern esses that 
few o f the p u b lic  ever see. It is u n rea listic  and im p o litic  
to cu t o ff  b io lo g ica l co n serv a lio n  from  o th er k in d s o f 
con serv atio n : to  sep arate  llie  arch aeo log ica l in lere st in 
an earth w o rk  from  ihe b io lo g ica l in terest in  the vegeta- 
tion  grow in g on it. Ít is essential for stu d en ts to gain  a 
kn ow led ge o f how  lo ca l eco system s w ork b e íb re  pro- 

n o u n cin g  on th o se  ot d istan t cou n tries.
W ild e rn e ss  p h ilo so p h y  often  ignores the re a litie s  o f 

arch aeo log y  o r v eg eta tio n  histor)'. In m any co u n trie s , 
w hen a n atio n a l p ark  is  sch ed u led , ihe  a u th o rities  au to - 
m atica lly  exp el the hu m an  in h ab ilan ts  (h o w ev er lo n g  
and resp ectab le  th e ir  h is to ry ), play dow n th e ir  p art in 
the d ev elo p m en t o f  the land scape and e co sy ste m s, and 
pretend  that the  p ark  is  w ild erness. In Y e llo w sto n e  N a
tion al P ark  they  even  tried  to efface all ev id en ce  that 
se ttlem en t had ev er happ ened. In reality , few  n atio n a l 
parks la ck  h u m an  inA uence a ltog eth er; m an y o f  thern 
are the last s tro n g h o ld s  o f  p recisely  those o ld -fash io n ed  
land uses th at b io lo g ica l con serv atio n ists  o u g h t to  sup - 
p ort. (T h e  N atio n al T ru st, b ìggest landovvner in  ihe 
Lake D istric t N atio n al Park in  England , goes to  m u ch  
tro u b le  to su sta in  íarm ing and p revent lan d  aban- 
d o n m en t.)

C o n serv a tio n ists  are tem pted to start from  th eo ries  
o f w hat n atu ral eco sy stem s ought to b c  and to re -crea te  
them  in the im age o f those theories. T h ey  regard  large, 
co n tin u o u s , m ixed -aged  íorests o f tall irees as natu ral 
and iry to  p reserv e  th o se  ĩorests thai m ost n early  ap-



p ro ach  that idcal. T h e  n o tio n  ow es m ore to c lim ax 
th co ry  and to fo resters ’ n o tio n s  o f an ideal íorest ihan 
to vveighing the ev id ence o f w hat p a riicu la r natural 
lo rests  w ere lik e ; yet its in tlu en ce  leads to n eg lec t of 
d isco n tin u o u s  forests, savanna, and forests o f sh o ri 
trees, how ever rem arkab le .

B io lo g ica l co n se rv a ú o n  has m any asp ects. P rio rity  is 
rightly given to preventing  lo g g in g o f  rem ote  íorests  that 
have nev er b een  logged , w h eth er or n o t la ter resea rch  
show s that they are really  w ild erness. H ow ever, the  real 
m erits  o f c u ltu ra l eco sy stem s sh o u ld  n o l be ov erlooked . 
W ild w o o d  in clu d ed  a great d iversitv  o f ecosystem s. 
T h o se  that involved  o p en  ground  o ften  p red om inated  
d u rin g g la c ia ú o n s. W h e n  giant herb iv o res w ere ex term i- 
naied , th is  p rob ab ly  m ade the forests m ore shad y, and 
the surv ival o f n o n -sh a d e-b ea rin g  p lan ts th ro u gh  in ter- 
g la c ia ls  m ore d ifficu lt. H istoric land tn an agem en t, to 
som e e x te n t, su p p lied  the p lace oi the m issin g  e lep h an ts  
an d  restored  the h ab ita ts  o f savanna and op en  ground. 
M od ern  ch an g es tcnd  to  d estroy  h is to r ic  eco sy stem s al- 
to g e th e r or to rep lace  th em  by u n iíb rm , very shad y ĩorest. 
H is to ric  lan d -u se  p attern s need Lo be resp ected  and  h is- 
to ric  cu llu ra l eco sy stem s m aintained . C o n serv a tio n is ls  
righ tly  cam p aign  again st d estro y in g  trees in tro p ica l rain 
forests. T h ey  o ften  need  to cam p aign  againsi a llow ing 
trees to grow  in u n su itab le  p laces n ear hom e.
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EXTINCTION- 
LIVING DEAD
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I. In tro d u ctio n

II. D efo resta tio n  and  th e  L iv ing  D cad
III. w h e n  ls  a T re e  N ot L iv in g  D ead?
IV. W h a t o f  S m all P lan ts?
V. w h a t  o f  A n im als, T h o se  T h in g s  T h a t M o ve?

V I. A nd W h a t o f  T h o se  T h in g s  T h a t  E at the 
L iv ing  D ead?

V II. A re T h e re  L iv ing  D ead  H abitats and 
E co sy stem s?

V III. R eslo ra tio n  B io lo gy

GLOSSARY

a g ro sca p e  T h e  a g ricu ltu ra l, ra n ch in g , and  p la n ta tio n  

co u n try sid e , w ith  its  ro ad s, irrig a tio n  d itch e s , b u ild - 
ings, and  so  o n . T h e  ag ro scap e  stan d s in c o n tra s t to 
the w ild lan d  co u n try sid e  th at is n o t d irec tly  m an ag ed  
by h u m a n ity  (th o u g h  it is  s tro n g ly  im p acted  by  it) . 
T h e  ag ro scap e  in terg ra d es  w ith  w ild lan d s in  th e  form  
o f  w o o d lo ts , ab an d o n ed  field s, p o o r so il s ite s , h ed ge- 
row s, and  edges o f  w ild land s. 

liv in g  d ead  A n in d iv id u al strip p ed  o f  the e co lo g ica l 
c irc u m sta n ce s  th at a llow  ít to b e  a rep ro d u ctiv e  
m em b er o f  its  p o p u la tio n , b u t w h ich  is  liv in g  o u t 
its  p h y sio lo g ica l life . L iv in g  dead  are m o st easily  
o bserved  as large trees re m a in in g  on  the ag ro sca p e , 
but th ey  a re  a lso  p resen t in  n atu ra l eco sy stem s. 

m eg afau n a  L arge m am m als th at are w o lf-sized , d eer- 
s ized , and  larger. C o m m o n ly  used  in  re fe re n ce  to 
the m an y sp e cie s  o f  e x tin c t  “P le is to ce n e  m eg a fa u n a ”

th at 9 0 0 0  years ago p o p u lated  th e  N ew  W o rld . T h e  

e lim in a tio n  o f  th is  m cg aíau n a  by  h u n tin g  (o f  the 
h e rb ív o re s) and  starv atio n  (o f  th e  h e rb iv o re - 
d ep rived  ca rn iv o re s) w as p ro b a b ly  the Rrst, and  cer- 
ta in ly  th e  m o st d ram atica lly  irrev ersib le , o f  the 
a n th ro p o g e n ic  m a cro a lte ra tio n s  o f  N ew  W o rld  eco - 
sy stem s. T o d ay , o f  th e  e x tin c t P le is to c e n e  m eg a- 
fau n a, o n ly  ih e  h o rse  re m a in s— e v o lu tio n a r ily  in - 
v en ted  in  th e N ew  W o rld  b u i su rv iv in g  in  th e Olcl 

W o rld  u n lil  b ro u g h t b a ck  as a g ift from  th e  P le is to - 
cen e  by  S p an ish  so ld iers .

TREES AND  M ANY OTHER o rg an ism s th a t d o t the 
tro p ica l agro scap e  are  o ften  liv in g  deacl. T h e se  a re  th o se  
in d iv id u als  th a t have b e e n  strip p ed  o f  th e  e co lo g ica l 
c ircu m sta n ce s  th at a llo w ed  th em  to be a rep ro d u ctiv e  
m e m b e r o f  th e ir  p o p u la tio n s  but are  liv in g  0111 a p h y sio - 
lo g ica l life. T h e  term  m ay a lso  be ap p ìied  to  a p o rtio n  
o f  a p o p u la tio n  o r a p a tch  o f  v eg eta tio n . T h e re  are 
d eg rees o f  “liv in g  d ead n ess.1’ A liv in g  dead  in d iv id u a l or 
even  p o p u la tio n  m ay b e  resu scita ted  th ro u g h  e co sy ste m  

re s to ra tio n . E eo sy stem  a ltera tio n  b y  h u m a n s ỉre q u e n tly  
p ro d u ces  liv in g  dead , b u t liv in g  dead  are  a lso  p a rt o f  

natu ral eco sy stem  stru c tu re . T h e  term  and c o n c e p t are 
co n v en ie n tly  ap p licd  to ind iv id u als that live lo n g  
en o u g h  o r are c o n sp ìcu o u s  en o u g h  to  be in c lu d e d  in 
th e  lay  p e rce p tio n  o f  th e  e n v iro n m e n t. T h e  liv in g  dead 

are , in  th e ir  su m , a la ten t e x tin c tio n  o f  a s p e c ie s  in  a 
p lace . T h is  ren d ers  th em  a p ercep tu a l p ro b le m  in  the

Enrvclopcíỉirt o f  B iociivcrsity, V olm n e  .3
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F1GURE 1 L iv in g  dead ư ee s  iso lated  in  p astu re at the edge o f  the ag ro scap e (b a c k g ro u n d ) as ii 

c ree p s  in to  o ld  grovvth ío rcst (ío reg ro u n d ). Los N aran ịo s, S e c io r  C acao , A rea de C o n serv aciò n  

G u an acaste , Ju ly  2 9 , 1 9 8 7 .

p sy ch o log y  o f tro p ica l co n serv atio n  becau se th e ir pres- 
en ce  o b lu sca te s  p end ing e x tin c tio n . B ut liv ing dead 
are also  p rim ary e lem en ts o f n atu ral p ro cesses o f local 
e x tin c tio n , im m ig ratio n , and p o p u la tio n -co m m u n ity  
s tru ctu ra l d yn am ics in  resp onse to sh o rt- and lo n g -term  
e n v iro n m e n ta l ch an g e, be it natu ral or an th ro p o g en ic . 
E x tra -tro p ic a l h ab ita ts  and ex trem e trop ica l eco syslem s 
m ay have few er liv ing dead than  do co m p lex  trop ical 
e co sy stem s, b u i they are n ev erth eless  p resent. As m ag- 
n iíìc e n t as the liv ing  dead m ay be on  the trop ieal co u n - 
try sid e, I suggest th a i we n o t be d istracted  by a ttem p tin g  
to save th em , b u t rath er that w e fo cu s ou r con serv atio n  
e ffo rls  o n  saving  large b lo ck s  o f w ild land  eco system s 
th at are rela tiv ely  com p lete  and (it  is h o p ed ) relatively  
p o o r in  liv in g  dead.

I. INTRODƯCTION

T h e idea o f  the liv ing  dead has gradu ally  em erged in  
m y e co lo g ic a l un d erstan d in g  as I have lived past and 
aro u n d  the m a jestic  forest g ian ts left s tan d in g  as the 
agro scap e  creep s in to  C osta R ic a s  fo rest eco sy siem s 
over the p ast 4  decades (F ig . 1 and Ja n z e n , 1 9 8 6 a , 
1 9 8 6 b ) .  T h is  creep  gradu allý  co n v erls  the íorest to an 
agro scap e  o f p astu res, íìelds, and road sid es d otted  w ith 
the o cc a s io n a l adult tree but few or no ju v e n ile s . T h is  
is an agro scap e  w here a m ag n iíĩcen t flow er crop  now

sian d s b ee-less, an  agro scap e  w here fru ú  cro p s lie ro t- 
ting  b elow  the p astu re  tree, an  agro scap e w here tree 
seed lin gs w ith er in the d ry -seaso n  su n  or are turned  to 
sm o k e in the clry-season a n th ro p o g en ic  íìres.

1 beg in  this a r iic le  w ith  a ío cu s  on adult large trees 
and  use fam iliar e x a m p les  iro m  the C o sta  R ican  cou n - 

tryside. T o  creale  b re a d th , 1 su gg esl that you ịo in  these 
verbs w ith  the n o u n s from  the eco sy stem s you know . 
T h is  is a co n serv a tio n  b io lo g y  q u esú o n , but it applies 
lo  m ore than th ai, and it ap p lies acro ss the o n ce-ío rested  
tro p ics  as w ell as e lsew h ere .

L o o k in g  acro ss the  trop ica l lan d scap e , the  eye is 
greeted  by stately  sin g le  trees (F ig . 2 ) ,  by p atch es  o f 
lo rest, by the blaze o f  a co lo rfu l flow erin g  ep isod e. Put 
an in v en to ry  to the p lan i sp ecies  in  a íĩeld , in  a valley, 
in an eco system . AU th ese  sp ecies  app ear in the list. All 
is m ore o r less w ell, w e co n clu d e , as 9 6 .4 %  of the 
sp ecies  that w ere h ere  5 0  years ago are still present. 
B u t are they? H ow  m any o f them  are liv ing dead , part 
and  p arce l o f laten t e x tin c lio n s?

W e live a p ercep tu a l lie as we b u stle  abou t o u r agro- 
scap es. T h at s in gle  s ta te ly  green  Dipteryx  or Hymcnciea 
o r Swielcnia  or Enterolobium, s tan d in g  in  a íĩeld , pasture, 
or road sid e, is o ften  ju s t  as dead as if it w ere a log in 
the  litte r  or the b a c k  o f a logging  tru ck . T h at tree was 
b irth e d  in som e lavo rab k ' c ircu m sta n ce , a c ircu m stan ce  
for p o llin a tio n , seed  d ísp ersal, seed  g erm in atío n , and 
sap lin g  survival.



F1GURE 2 A liv ing  dead  T crm ín a lia  tree s ta n d s  in s ilh o u e ttc , lefi 

b ch in đ  as th e rain  íorest vvas c ỉe a re d  a ro u n d  it, ih c  n a tu ra l trec  falls 

in w h ich  ÌLS seed lin g s m ig h t h a v csu rv iv e d  lo n g s in c e  rem ov ed . Ri n eo  n 

R ain ío rest, A rea de C o n s c rv a c ió n  G u a n a ca s ie , Ja n u a r y  6 , 2 0 0 0 .

B u i o n e  o r  m ore o f  th ese  c irc u m s ta n c e s  is now  gon e. 
It vvas carried  aw ay w ith  th e  fo rest, p u t o n  the h u n te r ’s 
tab le, p estic id ed  o u t o f  e x is te n c e , o r g lo b a l w arm ed  
in to o b liv io n . T h e  lo n g -liv e d  to u g h  ad u lt liv es o u t its 
p h y sio lo g ica l life , in  th e  a b se n ce  o f  th e  c a rp e n te r  w ith  
a ch a in  saw , b u t ỉt is  e v o lu tio n a rily  dead . Its  p o llen  no  
lo n g er fíow s to  o th e r  m e m b e rs  o í th e  p o p u la tio n , its 
seed s are n o  lo tig er ca rr ie d  aw ay fro m  seed  p red ators, 
o r its  seed s are no lo n g e r  ca rried  to  a fav o rab le  s ite  for 
seed lin g  gro w th  and  sa p lin g  su rv iv a l to ad u lth o o d .

B u t b e ca u se  the ad u lt liv es  o n , w e are  lu lled  in to  
th ia k in g  th at the  e n v iro n m e n ta l d am age rea lly  is n o t 
a ll th a t bad , that e x t in c t io n  h as n o t  a lread y  o ccu rre d . 
I f  w e ca n  s till show  th e tree  to  o u r c h ild re n , it seem s 

n o t to  b c  e x tin c t. It is  so  b ig  and  g re en  and  stro n g . 
E very  year w e see its  flow ers, and  m aybe w e ev en  see 
its  íru its  o n  the g ro u n d  b e lo w . A nd a íte r  a ll, it  has 
c learly  w eath ered  a ll th a t w e have throvvn at it. W h a t 
ev cr ca n  the m atter be?

H u m an ỉty  s in te ra c tio n  w ith  the w o rld ’s  eco sy ste m s 
has an  en o rm o ư s p e rce p tu a l e lem e n t. W e  a c t o n  w h at 
w e p erce iv e , be it th re a t o r o p p o rtu n ity . M u c h  o f  o u r

c o n se rv a tio n  p rag m atics  and u n d erstan d in g  is based  on 
o u r kn o w led gc that we really  are lo sin g  sp e cie s , lo sin g  
e co sy stem s, lo s in g  the cap acity  o f  the en v iro n m e n t to 
a b so rb  o u r ỉo o tp rin ts . But th at kn ow led ge co m e s  fro m  
w hat w e see  and  m easu re. If  all m em b ers  o f  a tree 
sp ecies  w ere to have the trait th a t each  ab ru p tỉy  ía lls  
ov er dead the m o m en t that it ceases to  b e  a rep rod u ctiv e  
m e m b e r o f  its  p o p u la tio n  in  its  e co sy stem , th ere  w ou ld  
b e  far s tro n g er alarm  cries  a cro ss  the tro p ics  ab o u t 
e x tin c tio n  rates  and  rea lities. If  trees, the largest o rg an - 
ism s o n  m o st o f  o u r lan d scap es, w ere ver}7 s h o rt lived 
as co m p ared  w ith  h u raan s, there w ould  b e  less  o f  p er- 
cep tu a l p ro b le m — th o u gh  ju s t  as large a co n se rv a tio n  
p ro b lem .

W h e n  the terrestria l w orld  w as cov ered  w ith  forest 
eco sy stem s, th e s in g le  tree  le ft stan d in g  in  an a b o rig in a l 
co rn B eld  m ay w ell have been  liv in g  dead , b u t th e  p o p u - 
la tio n  fro m  w h ich  it w as d erived  w as n o t u su ally  at risk  
o f  a n th ro p o g e n ic  e x tin c tio n , u n less  p erhaps d ep en d en t 
o n  a seed  d isp erser targeted  by that ab o rig in a l p o p u la- 
tion  (Ja n z e n  and  M artin , 1 9 8 2 ) .  B u t w h en  the agro scap e  
is d o lted  w ith  liv in g  dead in  the w ake o f  co n te m p o ra ry  
o m n ip re se n t eco sy stem  a ltera tio n , la ten t e x tin c tio n  is 
very real. A tree  sp ecies  m ay be ran ked  as “com m o rT -—  
m ea n in g  v isib le  fro m  a car w ind ow  alo n g  m an y ro a d s—  
y et b e  effectiv ely  e x tin c t in  a co u n ty , State, o r reg io n . 
A nd  s in ce  the agro scap e now  s tre tch e s  from  h o rizo n  
to  h o ríz o n , th e  p lant m ay w ell be ab so lu te ly  e x tin c t , 
s in ce  a ll o f  its  fo rm er range m ay b e  p op u lated  b y  liv- 
in g  dead.

II. DEFORESTATION AND 
THE LIVING DEAD

T h e  fo rest n eed  n o t b e  rem oved  to  co n v ert trees  to 
liv in g  dead. It is  ju s t  th at w h en  the forest is  p artỉy  
rem ov ed , th ere  is  a very h igh  ch a n ce  th at th is a lo n e  w ill 
e co lo g ica lly  d ep rive m any ind iv id u als o f  th e  rem a in in g  
tree  sp ecies  su ffic ien tly  to  co n v ert them  to liv in g  dead 
sta tu s. A nd , it  cer ta ín ly  leaves the liv in g  d ead  very 
v isib le .

B u t even w h en  the fo rest is le ft in  p lace , th a t is 
n o  gu aran tee  o f  a h ealth y  tree  p o p u la tio n . w h e n  the 
P le is to ce n e  h u n te rs  and  th e ir ca rn iv o ro u s h elp ers 
h u n te d  o u t th e n eo tro p ica ỉ m asto d o n s and  g o m p h o - 
th e re s , the g ly p to d o n ts and  cam els , th e  g ro u n d  s lo th s  
(Ja n z e n , 1 9 8 3 b ; Ja n z e n  and  M artin , 1 9 8 2 ) ,  they  d id  n o t 
d o  it b y  íb rest c learin g . F o r  d ecad es to  m ille n n ia  after 
th is  9 0 0 0 -y e a r -o id  ev en t, n ia n y  o f  th e  rem n an t in d iv id - 
u a ls  o f  the tree p o p u la tio n s  that th ese  b ig  m am m als
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d isp ersed  (F ig . 3 ) ,  and [or w h ich  they crea ted  safe sites 
for seed lin g s  by th e ir  b ro w sin g  and tram p ling , w ould  
have b e e n  liv in g  dead sca ttered  in  the forest.

I f  so m e p a rticu la r sp ecies— a p o llin a lo r  o r d ispersal 
ag en t, for e x a m p le — in  ih e  forest is ex tin g u ish ed , by 
w h atev er ca u se , there  vvill o ften  be su rrog ates  and a lter- 
n a tes  that w ill assu m e, in  som e form , so m e p o rtio n  o f 
the  “ro le ” o f ihe ex tin g u ish ed  m u tu alisi. T h e  iree spe- 
c ie s  w ill live o n , a lb eit in  som e o th er e co lo g ica l m o rp h , 
and  th e re to re  in  som e te ch n ica l sen se w ill n o t be ex - 
tin ct. T h e  tree  that w as “d ep en d en t” o n  the e x tin g u ish ed  
sp e c ie s  w ill n o t, th en , be liv ing dead. B u t the devil is 
in  the  d eia ils . W e need  to go case by case . T h e  su ite  
o f  in te ra c ta n ts  w ith  a tree sp ecies  g en erates  a given seed  
shadovv, p o lle n  ra in , sap ling d em ograp hy, and m icro - 
g e o g ra p h ic  d istrib u tio n . R em ove One sp ecies  o f in ter- 
a c ta n t. T h e  en tire  n -d im en sio n al hy p ersp ace  sh ifis  in  
th is  o r that d irectio n . In  som e p laces th is  is tow ard  
e v en tu a l e x tin c tio n , in  o th er p laces it is ju s t  a change 
in  d em o g rap h y  and m icro g e o g ia p h ic  d isư ib u tio n .

T h e  h is to ry  o f  any surv iving sp ecies  is  th at it m u st 
have su rv ived  thou sand s o f su ch  h an d o ffs  Irom  o n e 
m u tu a lis t  to an o th er , from  o n e m o m en t to ihe  n e x t 
(e .g ., H allw ach s, 1 9 8 6 ) . what bu m p s in d iv id u als  in to  
the ca teg o rv  o f liv ing dead ís the seren d ip ito u s  even t 
o f lo s in g  irrep laceab le  p artn ers. H u m anity  h as a way o f 
rem o v in g  n o t o n ly  p artn ers, b u t w hole su ites  o f them , 
as w ell as a lter in g  the phy sica l en v iro n m en t. O u r thor- 
o u g h n e ss  and  o m n ip resen ce  crea tes e co lo g ica l irrc-

p laceab ility . Y es, w hen  we lo se  o n e grou nd  s lo th , a 
g lyp tod o n t p ick s up som e of ih e  s la ck , th o u gh  the tree 
is now  a d ifferen t beast. A nd at sorae tim e, lik ely  as n o t, 
som e new  s lo th o id  arrives by ev olu tio n  or im m ig ra lio n  
over the m illen n ia . But lo se  all these b ig  m am m als at 
o n ce , and  the resu ll is gu aranteed  10 be large arrays o f 
liv ing  dead.

W e  have all b een  n o u rish ed  by the m arvels oi' evolu- 
tion ary  u n d erstan d in g , lead in g  to the tem p ta tio n  to 
w on d er if  rapid  ev o lu tio n  w ill n o t resu scita te  a liv ing 
dead p o p u la tio n , if n o t m an y ol its ind iv idu als. N ovel 
p o llin a to rs , d isp ersal agen ts, iru it m o rp h o log y , tlow - 
erin g  p h e n o lo g y — all co u ld  save the day. In  th eo ry  yes, 
b u t in rea lity  n o t on  the tim escales  ord ain ed  by h u m an i- 
ly ’s ch arg e acro ss the lan d scap e. H ow  long w ill it take 
to ev o lu tio n arily  re in v en t a n eo tro p ica l h erb iv o ro u s/ 
ừ u g iv o ro u s m eg aỉau n a? F ra ctu re  the rem ain in g  forest, 
w ith  its liv ing  dead, in to  sm all eco lo g ica l island s (also  
kn ow n as n atio n a l parks and reserv es). T h ereb y  create 
ideal c ircu m sta n ce s  for rapid  and novel ev olu tio n . W e 
still ca n n o i e x p e c t n atu ra l se le c tio n  to crea te  a m ast- 
od on  [ro m  a vvhite-tailed d eer in an y th in g  like the  speed 
requ ired  to b e  an  an tid ote  for n co tro p ica l ra in  íorest 
a n th ro p o g cn ic  a ltera tio n , b cg in n in g  w ith  thc m ega- 
fauna e x ú n c tio n s .

C erta in  k in d s o f hab itat d estru ctio n  are com p atih le  
w ith  som e tree  natu ral h isto ries . Tw o co m m o n  trees, 
the g u an acaste  (Entcrolobiiun cyclocarpum , Fab aceae) 
and ịicaro  ( Crescentia cilata, B ig n o n ia ce a c), ow e their
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Rosa, A rea de C o n se rv ac ió n  G u a n a ca ste , 1 9 8 0 .

co n tem p o ra ry  p ro m in a n ce  on  the M eso a m erica n  P a c iíìc  
Coastal lan d scap e to a p a rtic u la r  k ind  o f  h a b ita t d estru c- 
tion . F o r  b o th , large m a m m a ls— su ch  as free -ran g in g  
h o rse s— sw allow  th e seed s w h ile  ea tin g  th e c o n ie n t o f  
in d eh iscen t fru its  ía lle n  b elow  the p a ren t tree (F ig s . 3 
and  4 ) ,  and  la ter d e íe ca te  them  in  o p en  su n n y  h a b ita ts  
( Ja n z e n , 1 9 8 1 , 1 9 8 2 a , 1 9 8 2 b ) .  F o re s t c le a rin g  u n to  
b ru sh y  p astu res and  scrag gly  ro ad sid es, p o p u lated  by 
w idely c ire u la tin g  w o rk in g  h o rses, m a in ta in s  a h ea lth y  
p o p u la tio n  o f  re p ro d u cin g  gu an acaste  an d  jic a r o  trees 
in a p reca rio u s  b a la n ce  w ith  h u m an ity .

W h a t did th cse  trees do b e ío re  the Sp aniard s b ro u g h t 
th c  h o rse  b a c k  iro m  its  O ld  W o rld  re íu g e  after its  n e o - 

tro p ica l e x tin c tio n  by P le is to ce n e  h u n te rs  ( J an zen  a n d 
M artin , 1 9 8 3 )?  T h ey  p ro b a b ly  survived  in  a p e cu lia r  
h a b ita t ch a ra cteriz ed  b y  am p le in so la ted  g ro u n d  yet 
su ffic ien t rain  fo r th ere  to  b e  large trees a n d  slop p y  seed  
p rcd a to r ro d en ts  (o r  h u m a n  íru it  and  seed  h a rv e ste rs), 
w h ic h  o ffered  su ffic íe n t seed  d ispersal. R iver ed ges, 
m arsh  ed ges, and  the in te rfa ce  betvveen tro p ica l dry 
íorest and  d esert are s u c h  h a b ita ts, and  th e a b o rig in a l

v illa g e /E eld  ed g c adds a seren d ip itu o u s fo u rth . T h e  
Sp a n ish  w o rk in g  h orse  (F ig . 4 )  fou n d  the íru its  a b an - 
d oned  by th e ir  ex tin g u ish ed  a n ce sto rs  and  sp read  these  
tw o trees so  th o ro u g h ly  th at today they are v icw ed  by  
M e so a m erica n  so c ie tie s  as n ative and  natu ral. A nd , in  
the case  o f  Enteroìobium  cyclocarpum , ca ttle  are su rro - 
gate  h o rse s  (Ja n z e n , 1 9 8 2 a ) .

H ow ever, as th e  m o to rb ik e  and  ca r  rep lace  the h o rse  
tod ay , an d  as th e ca ttle  ind u stry  fades, these  tw o trees 
are le ft as v ery v isib le  liv in g  dead sca ttered  a cro ss  th e 
ío rm e r ra n ch  la n d s, th e ir  a b u n d an t fru its ro ttin g  b e lo w  
the p a ren t tre e , th e  n ew ly  g erm in ated  seed lin g s k ille d  
b y  íu n g al p a th o g en s n o u rish ed  by  the an n u ally  re p le n - 
ish ed  seed  c ro p , and  the rare escap ed  seed lin g  k ille d  

b y  h erb ic ic les , grass íìres , and  c o sm e tic  c lea n sin g .

III. WHEN IS A TREE NOT 
LIV1NG DEAD?

E a rlie r  I n o te d  that if  e a ch  m em b er o f  a tree sp ecíes  
w ere to  a b ru p tly  fall ov er dead the m o m en t that it cea ses  
to b e  a re p ro d u ctiv e  m em b er o f  its  p o p u la tio n  in  its 
e co sy ste m , th ere  w ou ld  be far s tro n g er alarm  crie s  
a cro ss  th e  tro p ícs  a b o u t e x lin c tio n  rates  and  rea lities .

H ow ever, th e isolatecl tree , le ft an  ađ ult in ih e  o p e n  
as th e  fo re s t is  m in ed  aw ay from  arou nd  it (F ig . 2 ) ,  is 
n o t n e ce ssa rily  o r  au to m a tica lly  a m em b er o f  th e  liv iiìg  
d ead , o r  at le a st n o t  n ecessa rily  at that m o m en t. At Ieast 

tw o c irc u m s ta n c e s  m ay h elp  to  avoid  th is lab el. F irs t , 
the  p o llin a to r  co m m u n ity  and  the seed  d isp ersa l c o m - 
m u n ity  fo r th at tree  m ay still be o f  a s tru c tu re  su ch  
that they c o n íe r  s u ffic ie n t am o u n ts  and p a ttern s  o f  th e ir  
serv ices  a n d  d o so  w ith  the new  rep rod ư ctiv e  p h e n o lo g y  
th a i w ill b e  exp ressed  by the tree  in  its  un ew ” h ab ita t. 
A nd m ales d o h av e  íitn ess. A p lant m ay n ev er se t a fru it 
o r  n ev er h av e  a su rv iv in g  seed lin g  from  its  seed  c ro p , y e t 
it s till  m ay  b e  v ery  m u ch  a m em b er o f  the  re p ro d u c in g  
p o p u la tio n  (e .g ., A ld rich  and  H am rick , 1 9 9 8 ) .  P la n ts  
c o n tr ib u te  p o ile n  “outw arcT  as w ell as rece iv e  it from  
u n seen  m e m b e rs  o f  the p o p u la tio n . T h ere  m ay b e  so m e 
c irc u m s ta n ce s  w h ere  th is o r th at m e m b e r o f  the p o llin a - 
to r  gu ild  w ill  in  fact carry  p o llen  from  th at iso la ted  tree  
b a c k  in to  th e  ío re st. At le a st p o ten tia lly  th is  m ay rem ov e 
the liv in g  d ead  lab el.

S e co n d , th e  n ew  p attern  o f  see d /see d lin g /sa p lin g  safe  
s ites  fo r th a t sp e c ie s  m ay b e  su ffic ien t for p o p u la tio n  
su rv ival, ev en  i f  d ifferen t. A n o v e l d em o grap h y , rep ro- 
d u ctiv e  p h e n o lo g y , and  m icro g eo g ra p h ic  s tru c tu re  w ill 
e co lo g ica lly  em erg e , re íle c tin g  th e sere n d ip itu o u s  
m a tch in g  o f  th e  tree ’s tra its  to th ese  new  co n d itio n s.



F o r  the surv ivor, su ch  e co lo g ica l fittin g  (Ja n z en , 
1 9 8 5 )  o f an  ind iv idu al (o r a p o p u la tio n ) in to  ih c envi- 
ro n m e n t new ly thru st u p on it is  the sam e p ro cess as 
o ccu rs  vvhen a tree sp ecies  is an th ro p o g en ica lly  in tro - 
d u ced  to a new  place. w h e th e r  in tro d u ced  by hu m an s 
or b y  n atu ra l p ro cesses, its survival there  d em o n stra tes  
that it h as eco lo g ica lly  fit in. S u ch  in tro d u ctio n  m ay 
o c c u r  in to  a n atu ral eco sy stem  o r one v ariou sly  an th ro - 
p o g e n ica lly  pertu rbed . S lopp y d eío re s ta tio n  m ay create 
m an y liv in g  dead, on ly  m ild ly  im p act so m e o th er spe- 
c ies , and  favor yet new  in tro d u ctio n s  in lo  the reg io n  
by h av in g  rem oved  co m p etito rs  o r con su m ers.

A p o p u la tio n  o f p lan ts in  a new ly a ltered  land scap e 
is n o t n ecessa rily  at a given m o m en t e ith e r  ‘ dead" or 
"a liv e .” Ju s t  as the re la tio n sh ip s  o f  an ind iv id u al to its 
eco lo g ica l c ircu m sta n ce s  m ay d ecay slovvly, it is also 
easy to v isu alize  a p o p u la tio n  b e in g  su ffìc ien tly  an th ro - 
p o g en ica lly  im p acted  that it g radu ally  d ecays over sev- 
eral d eca d e s-to -ce n tu rie s-lo n g  g en eratio n s. T h is  State 
o f d ecay  is an  in term ed iate  b etw een  liv ing  dead and 
“n o rm al su rv iv in g .” T he p o rtio n  o f  a p o p u la tio n  o f trees 
at some geographic point may be in a constant State of 
sw in g in g  b etw een  bein g  “ok ay ” and  liv ing  dead, as its 
a sso c ia ted  c lim ate  and co m m u n ity  o f in te ra c to rs  goes 
th ro u g h  th e ir  ow n changes.

A sp e c ie s ’ p o p u la tio n  in iis  to ia lìly  m ay also  be  w ax- 
in g  o r w an in g  in  geog rap h ic  cov erag e, d en sily , “living 
d ea d n ess,” o r all three. L iv ing deacl are foun d  at ihe 
g eo g rap h ic  or d em ograp hic  m argins of all p op u lations. 
lt is ju s t  th at hu m an activ ity  in eco sy stem  m od ification  

(e lim in a tio n , s im p lifica tio n ) s im u k a n eo u sly  im p acts so 
m an y sp e cie s , and is so o m n ip resen t, th a t it creates 
large n u m b e rs  o f liv ing  dead in the sam e p lace  at the 
sam e tim e. T h ese  th en  carry  the tragic p ercep tu a l loacl 
o f tr ick in g  us in to  th in k in g  ihat a ll is m u ch  m o re w ell 
th an  it actu a lly  is.

B u t eco lo g ica l n eu terin g , exp ressed  as h ere  in the 
term s “liv in g  dead” or “laten t e x tin c tio n s ,” is n ot re- 
s tric te d  to the c ircu m sta n ce  o f the sin gle  tree in the 
fìeld  o r a s in g le  p o rú o n  o f a p op u lation . T h e  liv ing  dead 
are an  in teg ra l p art o f  natu ral a g e-stru ctu red  m ortality . 
Any íĩeld  b io lo g ist can  id en tify  a large n u m b er o f  young 
in d iv id u a ls— seed s, seed lin gs, sap lin g s— that have a 
v an ish in g ly  sm all ch a n ce  o f survival as ind iv id u als. T he 
fo rest u n d ersto ry  is densely  p op u lated  vvith them , as is 
each  sq u irre l’s w in ter seed ca ch e , as is the p atch  o f 
seed lin g s  below  the healthy  p aren t tree, as is the ground 
co v ered  w ith  ep hip hyte  seeds th a i fell past the b ran ch es  
o f the  trees  above, as ìs the floo r o f the cave littered  
w ith  b at-d isp ersed  seeds. A very large part o f  the w orld ’s 
h erb iv o re  m ach in e  is ru n  w ith  this fuel and actu ally  
sh o u ld  be labeled  “d etritiv o re” ra th er th an  herbivore.

T he im p lica tio n s  for ev olu tio n ary  b io logy are hư ge, 
g iven  th a t n o  m atter how  m u ch  h erb iv o ry  o cc u rs  on 
th ese  liv in g  dead, there  can  be no  n atu ral se le c tio n  
inA icted  o n  the food  p op u lations.

L iv in g  dead ad ult ind iv idu als are also  a p ro m in e n t 
part o f m an y  u n d istu rb ed  h ab ita ts  and e co sy stem s. 
T h ese  are the w aifs, the strays. E a ch  o f these  is a p lan t 
w hose seed  arrived , grew  to an ad ult, b u t fo u n d  itse lf  
in  a p la ce  la ck in g  w h atev er is need ed  to m a in ta in  a 
v iable p o p u la tio n  (Ja n z e n , 1 9 8 6 c ) .  In  c o m p le x  in te r- 
w oven tro p ica l h ab itats  and eco sy stem s, the sp ecies  list 
in  a g iven  p lace  m ay co n ta in  as m any as 10 to 2 0 %  of 
th ese  k in d s o f liv ing  dead. F o r  exam p le, i f  a valley- 
b o tto m  ío re s t is e lim in ated , over tim e a s ig n iíìca n t n u m - 
b er o f  tree sp ecies m ay d isap p ear [rom  the ad jacen t 
ridge, n ot b ecau se  o f  any  d irec t im p act o n  the ridge 
fo rest b u t b ecau se  the p o rlio n s  o f the p o p u la tio n s  that 
w ere th ere  are no  lo n ger m ain ta in ed  by seed flow  in to 
them  fro m  the valley b o tio m . T h is  p h en o m en o n  is par- 
ticu larly  v isib le  w here a p articu la r soil or s lo p e  is th o r- 
oughly  cleared  ío r a cro p , and  the natu ral v eg e ia tio n  is 
left re la tiv ely  in la c t in  a n e ig h b o rin g  habitat, o sten sib ly  
to p ro tec t it. Som e sp ecies  d isapp ear b ecau se  the co n - 
served  h ab ita t did n ot really have its m u tu alist an im als  
and p h y sica l c lim ate  con serv ed , o r b ecau se  it is  too 
sm all, b u t o th ers  d isap p ear sim p ly  becau se they  w ere 
natu rally  o ccu rrin g  liv ing dead.

N ot to b e lab o r ihe ob v io u s, a tree s tan d in g  d o rm an t 
in the tro p ica l dry season  is n ot rep rod u cin g  in  the 
narrow  sen se , but it is also  not necessarily  liv in g  dead. 
B u i ih is  is  irick y  for the o b serv in g  liu inan . W e  are very 
a ccu sto m e d  to b e in g  arou nd  trees that are n o t, at that 
m o m en t, u n d erg o in g  an y th in g  that appears to  b e  rep ro- 
d u ctio n , yet are m em b ers in  good  stan d in g  o f q u ite  
su rv iv in g  p op u latio n s. T h e  liv ing dead tree d o es n o t 
d isplay an y th in g  m u ch  d ifferen t at first g lance. R eco g n i- 
tio n  o f liv ing  dead statu s req u ircs  in -d ep th  kn o w led g e  
o f its a c tiv ities  over d ecad es, req u ires k n o w in g  if and 
w here its p o llen  is go ing , and req u ires k n o w in g  w here 
its seeds are m ov in g  lo  and w hat hap p en s to th e m  w hen 
they get th ere . T h is  u n d erstan d in g  is not a cq u ire d  w ith 
the casu al g lan ce (e .g ., A ldrich  and H a m rick , 1 9 9 8 ; 
C u rran  et a i ,  1 9 9 9 ; H alhvachs, 1 9 8 6 ) .

IV. WHAT 0 F  SMALL PLANTS?

T h e  iso lated  tree in  the p asture has b ecn  a c o n v e n ie n t 
illu stra tiv e  exam p le, but the worlcì to w hich  th ese  ideas 
applv is far g rea ler than that o f large tro p ica l trees. A 
sm all h erb a ceo u s p lant m av be a p eren n ia l w iih  longev - 
ity lik e  that o f a tree. W h en  the eu g lo ssin e  b ees are



ex tin g u ish ed  th ro u g h  íorest partial c learin g , a Cata- 
setum  o rch id  th ey  p o llin a ted  is left h igh  on  the m ain  
tru n k  o f  a shad e tree  left b eh in d , a liv ing  cleacỉ in  its 
ow n righ t. T h e  o rch id  m ay flow er fo r a cen tu ry , vvaiting 
in vain  for its lo n g -d is ta n ce  p o llin a to rs  ( Ja n z e n , 1 9 7 4 ) . 
T h ey  are lo n g  g o n e, th e ir  y ear-ro u n d  n ecta r and  p o llen  
so u rce s  tụ rned  to ch a rco a l. A liv ing  dead c lu m p  o f  
p e re n n ia l grass on  a lan d slid e  sca r m ay fo r m an y cỉc- 
cad es p ro d u ce  its sm a ll hard  seed s, d esigned  m illio n s  
o f  years ago fo r a trip  th ro u gh  a seeđ -d isp ersin g , novv- 

e x d n g u ish ed , large h e rb iv o re  to a new  d istu rb ed  site  
( Ja n z e n , 1 9 8 4 ) .  It íìn a lly  su ccu m b s to its  ind iv id u al 
s ter ile  fate as th e lan d slid e  sca r rev egetates to ío rest. A 
liv in g  d ead  h e rb a ce o u s  m o rn in g  glory  (C o n v o lv u la - 
c e a e ) , sp ro u iin g  and  flo w erin g  year a ĩte r  year in to  the 
in so la ted  ro ad sid e d itch  from  its u n d erg ro u n d  tu b er, 
m ay n ev er agaín  see th e  bees that o n ce  m oved am o n g  
its flow ers and the ílo w ers o í the m any o th e r  fo rest- 
edge sp ecies  that o n ce  su sta in ed  them  (e .g ., F ra n k ie  et 
a l  1 9 9 8 ) .

B u t as m en tio n ed  ca rlie r  fo r a p o p u la tio n  o f  trees, 
ev en  a p o p u la tio n  o f  a n n u als  m ay a lso  b e  a liv in g  deacl 
p o p u la tio n . Y es, ea ch  year it m ay flow er and  seed  and 
d isp erse  and  th en  again  germ in ate  w ừ h the n e x t rains. 
BuL d id  it m ak e “e n o u g h ” seed s? W e re  thev set at thc 
“rig h t"  tim e? D id  th ey  have th e righ t g en etic  co m p o si- 
tion ?  D id  they m o v e to  the rig h t safe s ites?  W e re  th o se  
s ites  th ere  to  he m o v ed  to? D o es th e  p o p u la tio n  do all 
th is an d  m u ch  m ore to  hold  its  p lace  in the n atu rally  
sh iít in g  n atu re  o f  its  su rro u n d in g s?  E a ch  year the  p op u - 

la tio n  m ay d ec lin e  a b ít. M ay be even in  so tn e years it 
reco v ers . B u t o v erall, grad u ally  it  s lid es in to  local ex - 
tin ctio n .

L o o k in g  b ackw ard  a t ih e  h is to ry  o f  a p la n t p o p u la- 
tion  “g o in g  e x t in c t ,” it m ay b e  p ossib le  to d escrib e  the 
d ecay  o f  su ch  a liv in g  deaci p o p u la tio n . L o o k in g  for- 
warcl, ho w ev er, it  is  m u ch  h ard er to  label than  is the 
liv in g  d ead  tree  in  a co rn íìe ld . A fter all, all p o p u la tio n s  
have th e ir  ups and d ow ns. H ow  to kn o w , o th e r  than 
re iro a ctiv e ly , w h en  a d ow n is a d ow nsw in g v ersu s a 
s lid e in  to e x tin c tio n ?  w h e n  th e  h a b ita t d e stru ctio n  is 
m a jo r  and  o b v io u s, th e  p re d ictio n  is m u ch  easier, b u t 
p erh ap s m o re  sc ie n tific a lly  triv ia l, than  w h en  th e h ab i- 
tat d e s tru ctio n  is p ie ce m ea l, fuzzy, o r w id esp read  yet 
light.

V. WHAT 0 F  ANIMALS, THOSE THINGS 
THAT MOVE?

R e p ro d u c tio n — th at is , m em b ersh ip  in  th e  p op u la- 
t io n — h as tw o c o m p o n e n ts . O n  the o n e  h an d , it is self~

ev id ent that th e ind iv id u al need s to be p h y sio lo g ica lly  
ab le  to  re p ro d u c e . O n  the o th e r  hancỉ, ií it is  e co lo g ica lỉy  
n eu tered , it is as clead as if  s liced  o ff  w ith  a c h a in  saw . 
S e le c tio n  h as n o t gen erally  íavored  the ab ility  o f  a tree 
to “k n o w M th a t it has b een  eco lo g ica lly  n eu tered  by  the 
rem oval o f  its  p o llin a to rs , its d isp ersal a g en ts, o r  the 
safe s ites  fo r  its  ịu v en iles , and  th en  take rem ed ial a c tio n . 
W h a t w o u ld  th e m u tam  tree have to b e  ab le  to  do? 
W a lk  b a c k  to  th e  forest?  A nim als, w ith  th e ir  c h a n c e  to 
m o ve to  a new  e co lo g ica l c ircu m sta n ce , get h o rn y . T h ey  
sea rch  fo r n e s tin g  s ites  and  m ates, they m ay íig h l h ard er 
for th e ir  su rv iv in g  few er ch ild re n , o r they m ay m ig ratc  
o r e m ig ra te  to  o th e r  p laces. B u t, in  the face o f  the 
sw eep in g  and  o m n ip re se n t h an d  o f  h u m an ity , b ư sily  
e x te n d in g  its  ex ten d ed  gen om e to cov er th e  g lo b e  w ith  
b o th  p e o p le  an d  ih e ir  d o m estica tes  (Ja n z e n , 1 9 9 8 ) ,  
w here ỉs  th e  p o ten tia lly  liv ing  d ead  an im al to go , and 
h o w  lo n g  d o es  it  have to  get ih ere?  O n e can  sea rch  
o n ly  so  lo n g  b e ío re  d ying oí old  age, b e co m in g  a road  
k ill, o r  ru n n in g  o u t o f  sto red  food  reserves.

T h e  tro p ica l a g ro scap e , and  m o si w ild land s as w ell, 
are aw ash w ith  liv in g  dead a n im als , an im al p o p u la tio n s , 
and an im al array s (a lso  k n o w n  as “c o in m u n itie s ,” w hat- 
ever th o se  a re ) . L a ten t e x tin c tio n  is ev eryw h ere, b u l it 
op era tes m o re  rap id ly  on  an im als  w ith  th e ir  h ig h  tu rn- 
ov er rate a n d  th e ir  lo w er cap acity  for ex ten d ed  liv es as 
d o rm an t seecls, resp ro u tin g  ro o t s to c k s , c lo n a l p a tch e s, 
and so  o n .

H u m an s co n tr ib u te  in  a cu rio u s  p ercep tu al m a n n e r 
to us b e in g  less  avvare o f  th e an im al liv ing  deacl. At 
the level o í th e  ỉarge an im als , uev erybod y k n o w s” that 
ja g u a rs  and  tap irs  are s till “h ere” b eca u se  ev eryo n e 
kn ow s s o m e o n e  w ho k n o w s so m e o n e  w h o  saw  one 
once. O n e  sighting of One 10-year-old ja g u a r  Crossing 
th e  road  at n o o n  12 years ago w ilỉ su sta in  th e liv in g  
clead ja g u a r  in  that area fo r d ecad es, lo n g  past its  co n - 
s ig n m en t to  th e  litte r . It has tak en  n io re  th an  three 
d ecad es fo r th e  m y th  o f  C o sta  R ican  g ian t a n tea ters , 

w h ich  o n c e  ran ged  these fo rests , to  d ie a n atu ra l d eath .
C o lle c to rs  a n d  c o lle c tio n s  d o th e ir  p art as w ell. T h ere  

is a sn a p sh o t o f  h is to ry  p resen t in  o u r m u seu m  cỉraw ers, 
each  sp e c im e n  w ith  its  n ea t lo ca lity  label. T h e se  c o lle c -  
tio n s  c o n tin u e  th e illu sio n  o f  surv ival lo n g  p ast th e  
reality . R e tro a c tiv e  data cap tu re  [rom  m u seu m s g ives a 
d is tr ib u tio n  m ap  n o t o f  w h at is today o n  th e C osta  
R ican  co u n try s id e , b u t ra th e r  w h at o n ce  ro am ed  w here 
today sw eep s u n b ro k e n  w aves o f  su g arcan e, p astu re , 
p ỉa n ta tio n s , a n d  h o rticu ltu re . In te lle ctu a lly  every  tax- 
o n o m ist k n o w s  th is , b u t th e o rd erly  rnarch  o f  sp e cim e n s  
a cro ss th e m u se u m  d raw ers that read P anam a, C o sta  
R ica , N ica ra g u a , G u atem ala , V era cru z , and  San  L o u is  
P o to sí lu ll o n e  in to  th in k in g  “su re ly  o v er th a t hu ge



g eo g rap h ic  ran ge there are s till v iable p o p u la tio n s ,” 
P lan ts  are n o t im m u n e to these p ro cesses. It is ju s t  
that w ith  th e  m ore illu sive, the sh o rte r lived , the  m o re  
m o b ile , th e  an im al liv ing dead m ay be m ore easily  m an i- 
fest in  h is to r ic a l co lle c tio n s  than  on  lo o k in g  o u t the 
car w in d o w  at 7 0  km ph.

A nd, w h en  one d escen d s from  a field v eh ic le  so m e- 
w h ere, a rare b u tteríly  ílu tters  from  the m u seu m  d raw er 
and  d ow n th e  road sid e d itch , the cru el illu s io n  is  re in - 
fo rced . H ighly  m o b ile  an im als are p articu larly  effectiv e  
at h id in g  the liv ing dead from  p ercep tio n . T h e  last 
liv in g  dead C o sta  R ican  green  m acaw s w ill fly a cro ss  the 
co u n try sid e  for decades. O ne sm all v iable p o p u la tio n  o f 
b u tte rílie s  ca n  create  hu nd red s o f liv ing dead in d iv id u - 
als se a rch in g  acro ss the food -p laru -free  ag ro scap e  u n til 
d ying  o n  w in d sh ie ld s, o f p estic id es, or in  the  co lle c - 
to r ’s n et.

S o m e a n im a ls , like  som e p lants, thrive in  the agro- 
scap e. A re they liv ing  dead as w ell? T h e  agroscap e 
ch an g es  its  b io tic  and its physica l traits at the  w h im  o f 
som e c o m b in a ú o n  o f the m arket and o u r te ch n ica l ab il- 
ity to (re )e n g in e e r  o u r d o m estica tes  (and  p ro d u ce  new  
o n e s ). O v e rn ig h t the agroscape can  ílip frorn heav en  to 
hell for a p a rticu la r sp ecies. W h en  co tto n  w as the cro p  
o[ c h o ic e  o n  the C osta  R ican  co u n try sid e , the w orld  
w as an o ce a n  o f food for native Dysdercus c o tto n - 
s ta in e r  b u g s  (as w ell as for a n u m b er o f o th e r  native 
c o tto n  h e rb iv o re s). T he lo ca l e x tin c tio n  o f  the b u g s ’ 
orig in a l w ild  food p lan ls  (M alv aceae, S te rcu lia ce a e , 
B o m b a ca c e a e ) th a i acco m p an ied  the forest c le a rin g  for 
c o tto n  field s w as in v isib le . But w hen  the d o w n slream  
sh rim p  in d u stĩy  decided  that it cou ld  no lo n g e r to lera te  
th e  p e stic id e  ru n o ff from  the co tto n  fields, and co tto n  
w en t the w ay o f h isto ry , th en  so did the p o p u la tio n s  
o f c o tto n  s ta in ers. So m e rem ain  on  as tin y  (liv in g  d ead ?) 
p o p u la tio n s  on  the seed s o f lo ca l road sid e m alv aceo u s 
and  s te rcu lia ce o u s  herb s, but even these m ay b e  liv in g  
dead  w ith  th e ir  food  p lan ts easing  th e ir  slid e in to  
e x tin c tio n .

D oes the eco lo g ica lly  n eu tered  tree try h a rd er, as 
an a n im al m igh t? C ou ld  th ere  be se le c tio n  for su ch  
b eh av io r?  what does the iso la ted  tree in  the  field  p er- 
ceiv e?  W h a t is p erceiv ed  by an e lep h a n t-d isp ersed  tree 
in  a ío re st w here the e lep h an ts  have b een  e x tin g u ish ed ?  
T h e  tree  in  the field  can kn ow  ih at m u ch  less p o llen  
o f ih is  o r th a i g en etic  co m p o sitio n  novv a rriv es, and 
m ay a d ju s t a cco rd in g ly — it m ay flow er lo n g er, it m ay 
set m o re  seed s that are fertilized  w ith  its ow n p o llen . 
It m ay m a k e  m ore flow ers m ore regularly o r it m av set 
m o re  w o o d  o r  grow  a larger crow n. All o f th ese  th ings 
are s im p le  resp o n ses to a c ircu m sta n ce  that m u st o cc u r  
in  a n a tu ra l fo resi to this o r that ind ìv id u al th at is

n o t liv ing dead. B u t the e x tin c tio n  o f an im al d isp ersa l 
agents and safe sites for ju v e n ile  p lants goes u n h era ld ed , 
w ith  n o t even  a p o ten tia l íeed b ack  loop.

VI. AND WHAT 0 F  THE THINGS THAT 
EAT THE LIVING DEAD?

A ll have th e ir  pred ators, th e ir  parasites, th e ir m u tu al- 
ists , th e ir scav engers. M any o f these are quite d ep en d en t 
on  the traits  o f th e ir  h o sts. F o o d  is n o t food is  n o t food. 
Narrovvly h o st-sp e c iíìc  sp ecia lis ts  abound.

F o r every liv ing dead in d iv id u al, p o p u lalio n , o r spe- 
c ies , ih ere  is a large su ite  o f co n su m e rs— ind iv id u als, 
and even  sp e c ie s— liv ing  at the m argin  o f ih e ir  exis- 
ten ce. A seed  p red ator w eev il— Rhinochenus stigm a—  
passes its la rv a l  stages in  the pod s o f gu ap inol (Hy- 
m enaea courbariỉ) on  the C o sta  R ican cou n try sid e  
(Ja n z e n , 1 9 7 4 ) .  Ít m ain ta in s w hat appears to  be a 
h ealth y  p o p u la tio n  in the ann u al to  su p ra-an n u al fru it 
cro p s that are d estined  to fall and ro i below  the paren t 
in  the ab sen ce  o f b o th  the P le isto cen e  m egafauna and 
the agouti (Dasyprocta punctala), con tem p o rary  in h eri- 
tor o f the gu apinol (H allw ach s, 1 9 8 6 ) . But as ea ch  o f 
th o se  old  gu apinol trees dies at the end ol its 2 0 0  to 
5 0 0  year life sp an , the w eevil pop u lation  takes a n o th er 
h it. O ne day the last liv ing  dead gu apinol trees w ill d ie, 
and a lo n g  w ith  them  w ill go w hat appears today to be 
a p erfectly  h ea lth y  co m m u n ity  o f w eevils.

T h e  g u ap in o l is also fed  on by lea l-eatin g  ca terp illars . 
O n e, a large sa tu rn iid , Schausiella santaroscnsis, eats 
on ly  gu ap in ol leaves and will go the way o f  the  R h in o - 
ch en u s w eevil. A n o th er, Dirphia avia, also a large satu r- 
n iid , ieed s also  on  the foliage o f Spanish  ced ar (C edrela  
odorata ), m ah ogany (Swietenia m acrophyìla) , oak 
( Quercus oleoìdes), and gu area (Guarea cxcclsa) (Ja n z e n  
and H allw ach s, 2 0 0 0 ) .  As the adult guapinol trees d w in- 
d le in n u m b er, how  the Dirphia avia  p o p u la tio n  w ill 
tw ist and ch an g e w ill d ep en d  in part on  h ow  m any 
in d iv id u als  o f the o th er liv ing  dead rem ain. (Y ou  guess: 
H ow  m an y Sp an ish  ced ar, m ahogany and oak  trees w ill 
be left sta n d in g  by the C osta R ican  road sid e?) P erhap s 
Guarea excelsa, its w ood o f n o  com m ercia l valu e, w ill 
be íhe  o n ly  h ost p lan t left. E n o u g h  to su sta in  Dirphia 
avia? W h o  kn o w s, but it certa in lv  w on’t be the sam e 
m o th  p o p u la tio n  that it vvas before.

T h e  flow ers o f the liv ing  dead Ancliiíi trces  w ere 
o n ce  a p rim ary  food so u rce  for tens of th o u san d s oi 
ind iv id u als o f hu n d red s o f sp ecies  o f bees; lodav they 
are visited  by o n ly  a pale shadovv o f ih is bee co m m u n ity  
(F ra n k ie  et a i ,  1 9 9 8 ) . B u t those old  adult Andira con -



Patch of íorest

FIGURE 5 A Ịiving dead patch (left center) of naiural vegetation, 
co m p osed  p rim arily  o f  liv in g  dead in d iv id u a ls , am o n g  rice  fields. 

T h e re  is esse n tia lly  n o  g en e  flow  bet\veen th e p atch  an d  th e  seco n d ary  

su ccess io n a l w iỉ(llan d  in  th e  ío reg ro u n d  d csp ite  th e ih in  c o n n e cú n g  

strip  o f  rip arian  v eg cta tio n . S o u ih w est o f  L ib eria , G u an acaste  P rov - 

in cc . C o sta  R ica , D ec em b e r 1 4 , 1 9 9 9 .

tinu e to p ro d u ce  th e ir  m assive flow er cro p s  and  vvill 
do so for m an y d ecad es to  co m e. I ls  co p io u s  íru its , now  
largely from  p o llin a tio n  by  d o m e slic  h o n ey  b ees, lie 
ro ttin g  b elo w  th e ir  p a re n ts  in  the ab sen ce  o f  th e  m asses 
o f  lYugivorous b a ts  th at o n ce  d ispersecl th em  (Ja n z e n  
et a i ,  1 9 7 6 ) .

As n oted  ea rlie r , th e  liv ing  dead  are  a “n a tu ra l” part 
o f  any p lant p o p u la tio n . T h e y  are  th o se  ind iv id u als that 
have (allen  w here they  have n o  ch a n ce  o f surv ival to  
rep ro d u ctio n . T h e re  are even  liv in g  dead that have lived  
past th e ir  rep ro d u ctiv e  age. H ow ever, these liv ing dead  
d ifíe r  from  th e  tree in  th e  field in a very c r itica l w ay 
fo r th o se  w ho c o n su m e  them . T h e se  liv in g  dead are 

b e in g  co n tin u a lly  re p le n ish ed  b y  th e n atu ral d isp ersa l 
p ro cess. T h ey  d o  n o t h era ld  an  in v isib le  w alk  to  e x tin c -  
tion  for the co n su m er.

VII. ARE THERE LIVING DEAD 
HABITATS AND ECOSYSTEMS?

E ven  w h en  heavily  ag ro in d u stria liz ed , th e  tro p ica l 

agro scap e  o ften  has p a tch e s  o f  w ild land s (F ig . 5 ) —  
ío rcs ts  a lo n g  riv ers and  rav in es, b ro k en  to p o g rap h y , 
svvamps and  m a rsh es , v eg eta tio n  on  bad  so il, n o -m a n ’s 
land  betvveen rival o w n ers , w o o d lo ts , h u n tin g  p re- 
serv es, in d u stria l a c c id e n ts , p a rk s, and  p ark lets . T h is  
re m a in in g  n atu ra l v eg eta tio n  is  a p a tch w o rk  and  a d o t 
m ap , and  it ap p ears to b e  1 to  2 0 %  o f  the o rig in a l 
v eg cta tio n . A nd  it g ives o n e  hop e.

O n e  says, “a h a , there  are rem n an ts . T h e re  is  w ild  
b io d iv ersity  on  th e co u n try sid e , in th e agro scap e . T h e re  
is h o p e  o u ts id e  o f  the reserv es” (w h ich  are so  hard  to 

m a in ta in  and  see m  so  exp en siv e  in  n atio n a l p ark  sta- 
tu s ). T h is  is a c ru e l illu s io n . D escen d  to o n e  o f  these 
p a tc h le ts  o f  fo rest, so green , so  tree-fìlled . It is a b io d i- 
v ersity  d ese rt, la ck in g  5 0  to  9 9 %  o f  its  o rig in a l b io d iv er- 
s ity  th a t i t  had  w h en  it w as o n ce  p art o f  a ío rested  
lan d scap e . As a p ackag e  it is a v eg eta tio n a l liv in g  dead . 
Its  s p e c ie s  lis t is  a m ix  o f  actu a l liv in g  dead  and  a 
few  s p e c ie s  that ca n  m a in ta in  v iab le  p o p u la tio n s  u n d er 
th ese  c irc u m sta n ce s . O u r m a jo r  p ro b lem  is  th at w e v isit 
th ese  p a tch e s  as to u ris ts. W e  w ere n o t th ere  in  1 9 6 5  
to see  th c ir  e a r lic r  b io d iv ersity , to co m p are  it vvith its 
p ale sh a d o w  in  1 9 9 9  (b u t see F ra n k ie  et a l . , 1 9 9 8 ) .

W h y  are th e  su rv ivo rs liv in g  dead , and  w h at hap - 
p en ed  to  th o se  th a i have gone lo ca lly  e x tin c t?  P art o f 
th em  w en t w h en  the area got so  sm all th at th ere  w ere 
n o  lo n g e r c irc u m sta n ce s  fo r a v iab le  p o p u la tio n  size. 
Part o f  th e m  w ere ex p lic itly  m ined  o r  h u n ted . P art o f 
th em  vvent w h e n  th e ir  m u tu alists , prey , and  h o sts  w ent. 
P art o f  th em  w en t w h en  the n e ig h b o rin g  h a b ita t, a 
h a b ita t th at sp it seed s in to  th e rem a in in g  ío re s t and  
ih e re b y  m a in ta in e d  a p o p u la tio n  th ere , vvent to  cro p - 
land s. P art o f  th em  w ent w hen  the seaso n s go t d rier , 
o r w etter, o r  w in d ie r , o r m o re  fư e -r ich , or lo n g e r, or 
s h o rte r , o r, o r, o r.

E v en  th o se  n a tio n a l p ark s th at seem  so secu re  are  at 
m a jo r  r isk  fro m  th is  p h e n o m e n o n . W h e n  th e  S o u th e a st 
A sian  d ip te ro ca rp  trees fru it, the w ild  pigs co m e  fro m  
ev ery w h ere  and  th e co lle c tiv e  seed  cro p  o f  th e  p reserv ed  
fo rest p a tc h  h as n o  ch a n ce  o f  sa tia tin g  th ese  seed  pred a- 
to rs  (e .g ., C u rra n  et al.y 1 9 9 9 ) .  It m ay b e  b e tte r  to 
su rro u n d  a co n serv ed  w ild lan d  w ith  w ild  an im a l-free  
rice  íie ld s  th a n  o ce a n s  o f  seco n d a ry  su cce ss io n  su b sid iz - 
ing  w aves o f  a n im a ls  th a t th en  tu rn  th e  sm a ll o ld -g ro w th  
ío re st in to  yet m o re  seco n d a ry  su cce ss io n  b y  d e íe ca tin g  
seed s a ll ov er it  (e .g ., Ja n z e n , 1 9 8 3 a ) .

T h e  b o tto m  lin e  is  th at the co m p le x  ĩa b ric  w o v en  
fro m  th o u sa n d s  o f  in te ra c tin g  sp e cie s  h as b een  rip p ed  
to  b its . M any o f  th o se  th at seem  to have su rv ived  are 
liv in g  d ead , o r th e  seren d ip itu o u s few  th at fin d  th is 
n ew  im p o v e rish e d  h a b ita t to  th e ir  co m p etitiv e  lik in g . 
In s h o r t , th ese  p a tch e s  are  o n ly  p se u d o -re m n a n ts , n o t 
rea lly  sm a lle r  p ie ce s  o í  w hat o n ce  w as. E v en  th o se  e co - 
sy stem s an d  h a b ita ts  th at have ahvays ex isted  as sm all 
u n its — a m a rsh , a lan d slid e sca r, a v o lca n o  top , a p a tch  
o f se rp e n tin e  s o i l— did n o t live in  iso la tio n . R a th er , 
e a ch  w as m a in ta in e d  by  a c o m p le x  eb b  and  flow  o f 
im m ig ra n ts , w aifs, and  in ílu e n ce s  fro m  the n e ig h b o rs. 
w h e n  th e n e ig h b o rin g  n atu ra l sy stem  is tu rn ed  to  c ro p - 
land , th e  in te g rity  o f  the sm all n a tu ra l p atch  (e .g ., F ig .



5 ) is usual trashed  a lm o st as badly as i f  an arm y of 
ch a in  saw s had ru n  th ro u gh  it. It ju s t  tak es a b it lo n ger 
for the liv in g  dead to live ou l th e ir p h y sio lo g ica l lives.

T h e se  im p o v erish ed  p atch es are esp ecia lly  d ecep tive 
for th e  b io illite ra ie . F o r  th o se to w h om  a ío rest is ju s t  
a b a tch  o f  large w oody p lan ts , for th o se w ho ca n n o t or 
w ill n o t read  the d ifferen ces  b etw een  an  ad vertisin g  
d itty  and  a co m p le x  p o em , the agroscap e w ith  its liv ing  
dead  an d  p seu d o -rem n an t natu ral v eg eta tio n  appears 
to  be n o t m u ch  diíTerent from  a glade and  fo rest m ix  
in  a n a tio n a l p ark . All seem s to be w ell. B ut w hen 
h u m a n ity  e xp ects  so m eth in g  from  that w i]dland  p atch , 
it d isco v ers  that a lm o st all o f  its  tro p ica l b io d iv ersity  
is  g o n e.

T h e se  p a lch es  have also  played a m ean  tr ick  on  ihe 
co n se rv a tio n  co m m u n ity . A huge p o rtio n  o f  the w o rld ’s 
co n se rv a tio n  p o licy  is based  on the u n d erstan d in gs o f 
n a tu re  held  largely  in tu itive ly  by th o se  w h o  have grow n 
up e x tra -tro p ica l and  learn ed  th eir lesso n s from  extra- 
tro p ica l eco sy stem s. T h ey  easily  ad opt the m an tra  o f 
try in g  to save the b io d iv ersity  rem n a n ts  sca ttered  acro ss 
the agro scap e . T h e y  are esp ecia lly  p ron e to do so  in  
the face  o f  the ừ u stra tio n  o f  try in g  to  save very large 
(an d  co m m e rc ia lly  ju icy ) b lo ck s  o f in ia c t v egelatio n . 
T h e  ío re st-p a tch le t-d o tte d  agroscap e o f M in n eso ta  or 
S w ed en  still co llectiv e ly  c o n ta in s  easily  m o re  th an  8 0 %  
ol' the sp ecies  that w ere th ere  w hen the E u ro p ean  co lo - 
n is ts  arrived . Hovvever, the sam e sn a p sh o t o f  a C osta  
R ica n  agro scap e  co n ta in s  at b est 5 lo 2 0 %  o f w hat o n ce  

w as. A nd the p e rce n t is still ía llin g  rapid ly b e ca u se  a 
hu ge íra c tio n  o f  w hat rem ain s today is liv in g  dead.

T h e  m ore b io d iv erse  and the m o re  co m p le x  an  e co - 
sy stem , the  m ore lik e ly  th at h u m an  p ertu rb a tio n  w ill 
c rea te  a n th ro p o g e n ic  liv in g  dead am o n g  the sp ecies  
w ith  lo n g er-liv ed  ind iv idu als. T h is  is b ecau se  p ertu rb a- 
tio n s  s lr ip  away m u tu a lists  and  o th e r b io in le ra c to rs , 
leav in g  b eh in d  the p h y sio lo g ica lly  fu n ctio n a l ind iv idu - 
als to  liv e  ou t th e ir  n eu tered  life  sp ans. T h e  m ore b io d i- 
v erse  an d  the m o re co m p le x , the m ore lik e ly  any given 
in d iv id u al is  to  be d ep en d en t on  o n e  o r m o re  o f  thesc 
in te ra c ta n ts  to rem ain  a m em b er o f  the p o p u la tio n ,

T h is  tro p ica l-to -e x tra -tro p ica l co m p a riso n , derived  
by sp en d in g  m y life  p eering  c lo se ly  at b o th  tro p ica l 

and  e x tra -tro p ica l h ab ita ts  is a m a jo r d river b eh in d  the 
c o n c lu s io n  that in  the tro p ics  a iriage d eeisio n  is 
n eed ed . T h e  liv ing  dead are vvrithing in leth al pain on  
ih e  b a ttle h eld  o f  th e  tro p ica l agroscap e. l f  we expencl 
o u r s ca rc e  R n an cia l, p o litica l, and  so c ia l reso u rces  on 
ih e m  in stead  of saving  a Tevv ỉarge c o h e re n i b lo ck s  o f 
m u lti-e co sy ste m  b io p h y sica l u n its , in the  end we will 
live an  ev en  yet m ore im p o v erish ed  b io d iv ersity  ex is- 
ten ce.

T h e  íu tu re  o f  real co n serv a tio n  in  the tro p ics  lies  in 
b y -an d -larg e  fo cu sin g  o u r e fforts on  the survival o f  a 
re lativ ely  sm all n u m b er o f  very large and  d iverse b io - 
p h y sica l u n its , each  co m p lica ted ly  in tegrated  w ith  lo ca l, 
n a tio n a l, and  in te rn a tio n a l so c ie ties  (Ja n z e n , 1 9 9 8 , 
1 9 9 9 ) .  P ain fu l as i t  m ay b e , reso u rces  sp en t on try in g  
to save ind iv id u al sp ecies  and  sm all h ab iia t [rag m ents 
sca ttered  acro ss  the agro scap e , o íte n  liv in g  dead, is  bad  
co n se rv a tio n  e co n o m ics  and  crea tes  an angry a n tag o n is- 
tic  Homo sapiens.

W e have n o  o p tio n  in  the tro p ics  b u t to reco g n ize  
that co n serv ed  w ild land s are and  alw ays w ill be islan d s 
in  an o cea n  o f  agroscap e. O u r task  is to get on w ú h 
ren d erin g  th em  in to  the h ig h est q u ality  island s p o ssib le , 
and n o t be d istra c ted  b y , n o r lulled  by, the living dcad 

in d iv id u als  and  island lets. Y es, if  ih ere  rem ain s b u t ju s t  
o n c  R em b ran d i p a in tin g , we o f  co u rse  save it even i f  it 
is  b u lle t-h o le d  and faded. H ow ever, we musL recognize 
it tor w hat it is and  n o t c o n v in ce  o urselves th a t by 
d oing  so  we have preserved  o u r know ledge o f E u ro - 
p ean  h isio ry .

VIII. RESTORATION BIOLOGY

T h e  liv in g  dead are largely a n egative 1'orce in the algebra 
o f co n serv a tio n  b io lo gy  and co n serv a tio n  reality . H ow - 
ever, in  those few cases w h ere  eco sy stem  resto ra tio n  is 
d esired  o r seren d ip ito u s , th e ir  life span d clim its a w in- 
dow  o f  o p p o riu n ity  for th e  re in lcg ra iio n  o f th eir sp ecies  
in to  the resto rin g  eco sy stem . R e in tegratio n  is n o t an 
u n q u aliR ed  g iven , how ever. A s in g le  large tree in  a 
p astu re  b e in g  restored  to forest m ay be d rop p ing its 
seed s and íru its  in io  an early  su cce ss io n a l old-field  com - 
m u n ity  that fo r d ecad es is s till w ay too  u n attractiv e  to 
co n ta in  the seed  d isp ersal co te rie  that w ill begin  to 
resto re  the d em ograp hy o f that tree sp ecies. E qually , 
the p o llin a to rs  o f  ils  flow ers may alreadv  be e x lin c t , or 
abhor the young secondary succession Corning up below 
the large old  p aren t. A nd íìn ally , ih e  p hy sica l c lim a te  of 
the h ig h ly  d ec id u o u s and  d ry-season  blasted  second arv  
su cce ss io n  m ay w ell be a d ism al p lace for a seed lin g  or 
sap lin g  o f th at o ld -g ro w th  giant. As every p lan ta tio n  
in itia to r  kn o w s, the  a c t o f stu ffin g  seed s in to the ground  
d oes n o i a p lan ta tio n  m ake.

U n til a verv sh o rt tim e ago, the  C alitorn ia  co n d o r 
w as m ade up o f  liv in g  dead ind iv id u als. T h ey  w ere 
b ro u g h t in to  cap tiv ity  (e .g ., tran sp lan ted  to a safe íìc ld }, 
rep rod u ced  (e .g ., seed s co llected  and grovvn in  p o ts), 
and  have b een  put b a ck  OUI, h o p etu lly  in  an  agroecosy s- 
tem  w ith  a ừ ien d ly  so cio lo g y . T h is  h a b ita t is, how ever, 
very serio u sly  im p o v erish ed  th rou gh  red u ctio n  o f  ma-



rine mam mal populations that so kindly generated the 
cadavers for lunch, and the C aliíornia condor may al- 
waỵs be dependent on hum an subsidy.

M any species o f living dead may be rescued in this 
m anner, if we care enough to spend the resources on 
them  and gather in ĩorm ation about them. But before 
racing out to apply the sam e lechnique to the living deacỉ 
guapinol trees in the centers o f Costa Rican pastures, a 
question very m uch needs to be addressed. W ould not 
the same m oney spent on  saving large b locks o f guapi- 
nol-occupied  vvildlands, com plete vvith their pollinators 
and dispersal agents, not generate vastly m ore conserva- 
tỉon o f guapinol and its hundreds o f thousands o f C01T1- 
patriot species? Yes, even these large b locks o f vvildland 
will contain  som e living dead. The w ild land s biodiver- 
sity will attain an equilibrium  density at w hatever num - 
ber o f species survive the reduction from  a con iinen t 
o f wildland to a large island oí wildland. Those who 
are extinguished during this process will suggest ihe 
lisl o f who were the living dead.
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LATITUDE, COMMON 
TRENDS WITHIN
Michael R. Willig
T exas T ech U niversity

I. Context
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III. M echanism s
IV. Am plification and Synthesis
V. A ssessm ent

GLOSSARY

alpha d iv ersity  The diversity of species, oftcn  esti- 
mated as species richness, w ithin a local com m unity 
or siie.

b eia  d iv ersity  The degree of turnover in species (and 
changes in  theír abundanccs) among com m uniúes 
or siies along a gradient or within a larger area. 

gam m a d iv ersity  The diversity of species, often esti- 
mated as species richness, in a larger area as a conse- 
quence o f both alpha and beta diversity. 

latítudinal gradient A gradual change in a characteris- 
tic ol in terest (e.g., species richness) with a gradual 
change in  latitude; a gradient is vvell deím ed if it 
adheres to a particular mathematical relationship. 

m iddom ain e ffect A gradient \vherein species richness 
increases sym m etrically from latitudinal extrem es to 
iho m iddle of a region as a consequence of the ran- 
dom  placem ent of species ranges w ithin a geographic 
dom ain (also  known as Perinet effect). 

rap op ort e ffe c t A latitudinal gradient wherein the sizes 
o f thc d istribulional ranges of species decrease w ith 
decreasing latitude.

scale dependcnce A condition in w hich either the form 
or the param eters oí a relationship betw een two vari- 
ables (e.g., richness and latitude) is contingent on 
spatial or tem poral attributes. 

species density  The num ber of species w ithin a sam - 
pling unit o f fixed size. 

sp ecies diversity A teature of biological com m unities 
or assem blages thai reílects the variety of organism s 
in an area and that includes two com ponents, species 
richness and species evenness (the degree to w hich 
all species have the same proportional abundance). 

sp ecies rich n ess The total num ber of species in an 
area.

LA TITƯ D IN A L  gradients of diversity are biogeographic 
patterns that cleíìne the way in w hich the num ber of 
species changes w ith laútudinal position on the suríace 
o f the earth. The general |}attern is for species richness 
to increase from polar to tropical regions (Brow n, 1995 ; 
Gaston, 1996 ; Rosenzweig, 1 9 9 5 ), regardless of the tax- 
onom ie affìliation of the organism s (e.g., m am mals, 
fishes, insects, and plants) or geographic setting in 
which they occur (e.g., Africa, South Am erica, and the 
Atlantic O cean). This is true for extant organism s (Fig. 
1) as well as for those organism s alive during the past 
70  m illion years (Fig. 2 ). An increase in  species richness 
with decreasing latitude is the pattern generally ob- 
served at three spatial scales, in clu d in g  the level of
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L A T IT U D E , COM M ON TR E N D S W ITH IN

c

Trees Amphibia

D

Mammalia Reptilia

FIGURE 1 S pecics  r ỉchn ess  ^rad icn ls  in Canada and ỉhc United States for irecs  (A ) ,  m a m m als  (B ) ,  a m ph ib ian s  (C ) .  and rcptiles 

(D ) . C o n t c u r  lincs  c o n n c c l  loca l iúes  \viih approxim aic ly  cqual spocies  r ic h n c ss  ( ro p ro d u ccá  (ro m  Curr ic .  1 W 1 .  wilh pcrm ission  

íroin T h e  Univcrsity  of  C h icag o  Press)-



Latitude

FIGURE 2 Latimdinai gradieni in íossil specics richness íor marine 
Foraminifera írom approximatcly 70 millỉon years ago (modiíìed from 
Roscnz\veig, 1995).

broad clim atic zones (Fig. 3 ), assem blages occupying 
arbitrary geographic subdivisions (i.e ., quadrats or 
bands) o f  the e arth s  suríace (Fig. 4 ) , and local ecologi- 
cal com m unities (Figs. 4  and 5 ). N onetheless, not all 
taxa increase vvith latitude in the same fashion, and a

Latitudinal zone

F1GURE 3 G en er ic  an d  sp ec ies  ric h n e ss  o f  tu n ic a tcs  in each  o f  íìve 

mạịor climatic regions deíìned by latiLude and arranged from norih- 
ern-most latitudes, ihrough the tropics, to southern-most latiiudes 
(mocliíicd írom Fischer, 1960).

íevv groưps do not even exhibii the general pattern o f a 
latitudinal increase in richness. M oreover, considerable 
controversy surrounds thc m echanism s that affect lati- 
tudinal patterns in diversity, with ecological, evolution- 
ary, historical, and stochastic processes (Table I) cham - 
pioned as the cau se(s) o f observed gradients (Rhode, 
1 992). Indeed, m any o í  the m echanism s are circu lar or 
unsubstantiated by em pirical data.

I. CONTEXT

Since the voyages o f Darvvin and W allace, biologists 
have been fascinated with the high species diversity of 
tropical regions com pared to those in  tem perate or bo- 
real zones. ĩndeed, this íascination  w ith tropical diver- 
sity catalyzed in many ways the conceptual develop- 
raent o f the theory ihat currently constitu tes m odern 
ecology. M oreover, increasing concern  about the loss 
o f diversity, especially in tropical regions, has led to 
the rapid d ev elo p m en t o f  the S cien ce  o f co n se rv a iio n  
biology. D ocum enting the way in w hich diversity differs 
across the globe and understanding thc m echanism s 
that produce such variation are critical steps in  the 
design o f global conservation strategies and the im ple- 
m entation o f regional m anagem ent plans.

The m id -1950s to early 1960s saw the em ergence 
o f rigorous quantification o f broad-scale relationships 
betw een species richness and latitude (F isch er, 1 9 60 ). 
W ith in  the n ex t 25 years, scientists convincingly had 
docum ented the ubiquity o f gradients in w hich species 
richness increased toward tropical areas. Sim ilar gradi- 
ents also were docum ented for diversity o f higher taxo- 
nom ic groups (e .g ., genera, íam ilies, and orders) (Figs. 
3 and 4 ). Indeed, the increase in species richness ĩor 
lerrestrial and m arine environm ents was quantiRed suc- 
cessĩully for a wide variety o f taxonom ic groups, such 
as m am m als, birds, reptiles, am phibians, fish, tunicates, 
crustaceans, m ollusks, brachiopods, corals, íoram ini- 
íerans, and vascular plants. N onetheless, som e taxa rep- 
resenting low er levels in the system atic h ierarchy (i.e., 
orders or íam ilies) were notable exceptions in having 
m axim al diversity in polar (e .g ., seals, penguins, and 
sandpipers) or tem perate zones (e .g ., voles, salam an- 
ders, ichneum onid  wasps, and coniíerous trees). Cau- 
tion m ust be em ployed in considering such  exceptions 
because other groups o f equivalent rank w ithin  the 
sam e higher taxon often are restricted to low er latitudes, 
and the higher taxon exh ib its a tropical m axim um  in 
species richness.
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FIGURE 4 Differeniial contribution of mammalian orders 10 the latitudinal gradicm oí 
species richness in ihe New World bascd on daia from 5-dcgrce laũtudinal bands (aher 
Kauhnan, 1995).

II. PATTERNS

A gradient im plies a gradual change in species richness 
with a gradual change in latitude. In an unam biguous 
fashion, the form of that pattern is the precise mathe- 
matical or statìstical relation that describes how species 
richness changes with latitude. As a consequence, three 
considerations are im portant in assessing patierns: the 
general shape of the curve (e.g ., sym m etry, kurtosis, or 
linearity), the parameters that characterize the relation, 
and the degree to w hich the fit of em pirical data lo the 
predicted curve is equivalent to the north and South 
of the equator. Knowledge of these three aspects of 
gradients suggests the kinds of causal m echanism s that 
are in operaúon. In addition, it íacilitates com parison 
of gradients am ong taxa within the same geographic 
domain (Fig. 1; birds versus m am m als versus reptiles 
versus am phibian in North Am erica) as vvell as com pari- 
sons am ong different geographic dom ains for the same 
taxon (Fig. 4 ; N orlh Am erican versus South Am erican 
for mam malian orders).

Patterns are oíten scale dependent, vvith particular 
m echanism s more likely operating at some areal scales 
than at others. Consequently, patterns vvíll be eluci- 
daied for each of two foci: biotic assem blages occupying 
broad areas and ecological com m unities occupying lo- 
cal sites. These scales are intim ately associatcd with

each other. In part, the diversity o f regions, biom es, or 
clim atic zones is a consequence o f the species richness 
thai is accum ulated vvithin local com m uniúes. Sim i- 
larly, the species richness and com position o flo ca l com - 
m unities are affected by the set of taxa that constitute 
regional species pools (Putm an, 1994).

A. Assemblages
Most of the em pirical research concerning the relaúon- 
ship betvveen species richness and latiiude that has been 
done using arbitrary sampling units has been based on 
(i) latitudinal bands, (ii) quadrats of fixed area, or (iii) 
quadrats o f unequal area deíined by lines o f longilude 
(m eridians) and latitude (parallels). A lternatively, re- 
search has íocused on the species richness o f b iom es 
or broad latitudinally deíìned clim atic zones. Because 
the area o f any sam pling unit may have as large or 
larger an effect on variation in species richness than 
does its latitude, it is critical to understand how area 
may affect latitudinal patterns in differenl ways, de- 
pending on the m ethod or approach.

Generally, analyses of quadrats deíìned by m eridians 
and paralỉels are inferior to those based 011 other sani- 
pling units because such quadrats dilfer in area in 3 
system atic fashion and bias quantitative conclusions. 
As m eridians converge tovvard the poles, ihe size o f the
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F1GURE 5 Latùudinal gradient of species richncss (A) and lceding 
guild rìchness (B) wiihin local communities for bats írom throughout 
the Ncw \Yorld (based on Stevens and Willig, 1999).

quadrats becom cs sm aller. C onsequently, any attem pt 
to cơntrol for variation in richness am ong quadrats as 
a consequence o í area will rem ove at lcast som e o f 
the effects o f latitude as well. This confounding effect 
com prom ises the d etection  o f pattern across broađ lati- 
tudinal gradients.

Analyses bascd on latitudinal bands also must con- 
trol for the effect o f area because the w idth o f a con ti- 
nent is not constant at all latitudes. A variety o f m ethods 
havc been used to com pensate for this problem . Im por- 
tantly, care m usi be em ployed when the area of bands 
varies in a system atic fashion with latitude because o f 
th e  shap e o f th e  c o n tin e n t (e .g ., P rogressiv e d ecrea ses

in area with decreasing latitucle in North A m erica versus 
Progressive increases in area with decreasing latitude 
in South A m erica). In such cases, analvses based on 
bands may bc plagued w ith ihe same confounding ef- 
íects as ihose for analyses based on quadrats deíìned 
by m eridians and parallels. Indeed, if  classical statistical 
techniqưes are used to control for the effect o f area in 
bands deíìned by 5-degree m eridians in N orth Am erica, 
the areal relationship is contrary to both com m on sense 
and ecological theory in that species richness increases 
as area decreases. Subsequent assessm ent o f latitudinal 
effects may be severely com prom ised because the width 
o f  N orth A m erica decreases as latitude decreases. 
Hence, ad justing the latitudinal gradient to accou nt 
íor area also rem oves an appreciable latitudinal effect. 
N onetheless, if Continental shapc does not coníou nd  
the effects o f latilude and area, then regression tech- 
niques hold grcat prom ise, especially if appropriate 
nonlinear approaches are taken to adịust species rich- 
ness in accord  w ith species area theory (i.e ., adjust 
richness o f bands to a com m on area based on nonlinear 
regression o f nested quadrats w ithin each band).

Quadrats of' fixed size also have been used to analyze 
broad-scale patterns o f diversity. N onetheless, variation 
in species richness am ong sam pling units could still be 
a consequence o f area, at least partially, when quadrats 
o ccu p y  Coastal positions a lo n g  C on tinen tal b o rd e rs . Ad- 
ju stin g  for area in these cases may obscure the effects 
o f rapid transition zones in terrestrial com m unities as 
they approach la n d -sea  m argins. H ence, ihe consensus 
is to not consid er quadrats unless they are íull o f land. 
Subsequent variation am ong quadrats thai is due to 
lalitude can be assessed through a variety o f statistical 
models. How evcr, here too it is im portant to note that 
patterns are scale dependent. That is, the pattern de- 
tected for qưadrats encom passing 100 km 2 could be 
quite different from  those at 1 0 ,0 0 0  krrr. The im por- 
tance o f scale dependence in  ecology and biogeography 
has been em phasized increasingly during the past de- 
cade. N onetheless, broad-scale biogeographic patterns 
for sam pling units betw een 1000  and 2 5 ,0 0 0  km 2 have 
been show n recently to be scale independent and little 
affected by area (Lyons and W illig , 1 999 ).

M uch o f the early lũerạture on latitudinal gradients 
in diversity was based on the species richness o f broadly 
deíìned clim atic zones (e.g ., n orth  polar, north tem per- 
ate, tropical, South tem perate, and South polar) or geo- 
political units (e.g ., cou ntries, states, and provinces). 
Taxonom ic richness was docum ented 10  increase from 
polar to tropical regions (Fig. 3 ). Even when values 
for richness were not adjusted for the areal extent of 
geopolitical regions (e .g ., snake species in Argentina,



TABLE I

Mechanisms Potentially Affecting the Latitudinal Gradient in 
Species Richness"

Circular Empirically unsubstantiated

Competition Environmental stabilitv
Mutualism Environmental prediciability (contingcncy)
Predation Productivity

Epidemics Abiotic rareíaction
Riotic spatial heterogeneity Physical heterogcncity
Population size Anglc of the sun above ihc horizon
Niche widih Area
Population grovvth rate Aridity
Patchiness Seasonality
Epiphyte load Number of habitats
ỉ losi diversity Rapoport s rule (rangc size gradieni)
Harshness Ecological time 

Evolutionarỵ time
Temperature depedence ol chemical reactions 
Solar energy 
Evoluiionary speecl
Stochastic placement of specics ranges

“ Modiĩìed from Rohtle (1992).

ant species the Am ericas, and breeding bird species the 
A m ericas), the polar to tropìcal gradient was obvious. 
N onetheless, controversy currently surrounds the inter- 
pretation of such data w hen the locus is on broad cli- 
matic zones associated with latitude. Som e suggest that 
the increase in điversity with decreasing latitude pri- 
marily is a result of more tropical regions having larger 
areas than their exlratropical counterparts. In contrast, 
others suggest that extratropical areas are often larger 
but have fewer species than their more tropical counter- 
parts, suggesting that latitudinal correlates other than 
area are the driving íorces behind the gradient.

B. Ecological Communities
The way in w hich latitudinal variation in diversity 
at broad spatial scales (gam ma diversity) is related 
to patterns of species richness at the level of local 
com m unilies (alpha diversity) is unclear. ĩn part, this 
is because ihe geographic boundaries o f a com m unity 
are diffìcuh to designate and are ultim ately arbitrary 
decisions. M oreover, until recently, little was knovvn 
about the com position of local com m unities in tropical 
regions, m aking assessment of broad-scale latitudinal 
patterns o f com m unity richness a prem ature endeavor.

Finally, il is unlikely ihat a single research scientist 
could gaiher sufficienl data across many sites to assess 
latitudinal gradients in com m unity richness w ith suf- 
íicienl power lo disiinguish paueru from noise. Hence, 
com positional data m ust be com piled from the w ork 
o f many different individuals, who oftcn use different 
m ethods, designs, and sam pling intensities, to quantify 
the gradient in  a m eaningíul way. The concern  ex- 
pressed by Voss and Em m ons (1 9 9 6 ) regarding ade- 
quate sam pling w ithin a com m unity musl be tem pered 
by the realization that com m unity com position has 
a tem poral dynam ic. C om m unities represent suites of 
populations w ith the potential to interact, and thus 
they must be constrained to som e extent by bolh 
time and space. Sam pling regim es w hich extend over 
protracted periods of time (e.g ., decades or longer) 
may have inílated estim ates o f richness and inaccurate 
assessm ents o f species com position. N onetheless, re- 
cent progress in this regard allows quantitative evalua- 
tion of patierns in a rigorous way, at least for S01T1C 
taxonom ic groups.

vvhen care is taken so that a local com m unity is 
delim iled as a geographic area in which constiluent 
species have a high likelihood of in ieraction , it be- 
com es clear that species richness increases from polar



through tem perate to tropical regions. The gradient 
can arise from an increase in the num her of íuncúonal 
groups (e.g., guilds or ensem bles) w ithin a com m unity 
as well as from an increase in the num ber oí species 
per funclional group. For exam ple, daia for volant 
m am m als (bats) írom 17 local com m unities (Stevens 
and W illig , 1999) ihat met rigorous standards for 
inclusion in analyses (i.e ., w ell-delim ited local areas 
m ust have been sam pled intensively for at least 1 
year to include all seasons in w hìch species are active) 
elearly exhibit a latitudinal gradient o f increasing 
richness with decreasing latitude (Fig. 5A). A sim ilar 
increase in the num ber of functional groups or feeding 
guilds w úhin a com m unitv  (F ig . 5B) contributes 10 

this trend. Specifically, north  tem perate bat com m uni- 
ties are depauperate w ith 10 o r fewer species, all o f 
w hich are m em bers of carnivorous feeding guilds (e.g., 
aerial insectivore, m ollosid insectivores, or gleaning 
anim alivores). In contrast, tropícal and subtropical 
com m unities on average contained  3 3 .7  and 20.5 
species, respectively. M oreover, functional diversity 
o f com m unites in  these two regions was high (equaling 
5 .9  and 4 .5  feeding guilds, respectively) and included 
sanguinivorous, piscivorous, írugivorous, and neclari- 
vorous taxa in addition to the guilds represented in 
the tem perate com m uniúes.

Species richness of nonvolant taxa (letrapods) in 
m ainm alian com m unities from  North America also 
show s a sign iík an t increase from  polar to tropical re- 
gions (Fig. 6 ; Kautm an, 1 9 9 8 ). Tropical com m unities 
contained  approxim aiely 4 5 .5  species on average, 
vvhereas extratropical com m u nities contained only ap- 
proxim ately 2 5 .8  species. W ith in  these two latitudinally 
deRned clim atic regions, the relalionship  between rich- 
ness and latitude was non sign iíìcam . Most im portant, 
an cxam ination o f species lurnover for these com m uni- 
ties revealed that beta diversity increased tovvard the 
tropics as well. H ence, increasing diversity of broad 
geographic or clim atically defined regions (gamma di- 
versity) w ith decreasing latitude may be a consequence 
o f ihe increase in local diversity (alpha diversity) as 
well as the increase in d ifferentiation am onglocal com - 
m unities w ithin latitudinal regions. This appears to be 
the case for nonvolant m am m als in the New W orld , at 
least at som e spatial scales.

Many factors (e.g., productivity , com petition, pre- 
dation, and disturhance) have been  suggested as the 
d om inant forces affecting the com position  and struc- 
turc o f  local com niunities. Early theoretical and em pir- 
ical w ork stressed the role o f determ inistic íactors 
such as com petiúon in m olding com m unity attributes. 
Subsequent focus on the d istinction  betvveen equilib-

Latitude

FIGURE 6 Latitudina) gradiem of species richness for mammalian 
tetrapods in local communities in North America Cbascd on Kauf- 
man, 19981

rial and nonequilibrial com m unities cast doubt on 
the universality o f determ inislic m echanism s in gen- 
eral and com petition  in particular and raised serious 
queslions about ihe degree to w hich local com m unities 
were saturaled  by species. Indeed, variation in the 
degree to w hich local com m unities attain equilibrial 
richness may contribute strongly to the latitudinal 
graclicnt in diversity (Putm an, 1994). The latitudinal 
progression Irom polar to iropical regions may repre- 
sent a gradient in the degree to w hich stochastic 
density-independent m echanism s or b iotic in teractions 
dom inate the forces affecting the abundance o f local 
populations and the com position of local com m unities. 
Speciíĩcally , the species richness of a com m unity may 
be a consequence of the severity, variability, and 
predictability o f local environm ental conditions. Low 
p red iciability  and harsh conditions predispose com - 
m unities to be regulated by abiotic param eters and 
to have low diversity. High predictability and condi- 
tions that are clem ent favor high divprsity. To the 
extent that high solar insolation and warm tem pera- 
tures represent favorable conditions, and Iow intra- 
annual variation in tem perature and rainíall represent 
predictable cond itions, tropical com m unities should 
be m ore species rích  than their extratropical cou nter- 
parts. In essence, the ĩactors that affect elevated 
richness at the local scale likely contribute io enhanced 
gamma diversity of regions as well (see Section  IV).



III. MECHANISMS

A grand proliferation of hypotheses (Table I), along 
with subsequent a posteriori m odiíìcations, is a charac- 
teristic feature of the literature concerning the relation- 
ship betw een diversity and latitude. A variety of faclors 
contribute to this. Each of these hypotheses represents 
a conceptual model with only qualitative predictions. 
As with m uch of m acroecological research, broad-scale 
data concerning the distribution of species is not avail- 
able for many taxa. M anipulative experim ents designed 
to disentangle the effects of com peting hypotheses are 
not ĩeasible or ethical. In addition, the inherent geo- 
graphic factors that might affect richness are often cor- 
related so that efforts to remove the effect o f one to 
assess the oiher can lead to spurious results due to ihe 
confounded nature of the m echanism s.

Indeed, alm osl all hypotheses provide only a general 
qualitative prediction ihal richness should increase to- 
ward the tropics. The hypotheses represent conceptual 
models that lend insight into how nalurc could operate 
but do not generale unique predictions based on clirect 
features o f the gradient thai allovv conclusive elim ina- 
tion of com peting hypotheses in the sense ol strong 
inference. M oreover, many hypotheses are circular in 
nature and the indirect predictions thai ihey make about 
latitudinal gradients have not been exam ined [rom an 
em pirical perspective. In addition, som e hypotheses 
only pertain to specific taxa or ecological groups so that 
they are not applicable universally.

Rather than elucidate the score of extant hypotheses, 
w hich has been done to greater or lesser extents else- 
where (R ohde, 1992 ; Rosenzweig, 1995 ; Gaston, 1996 ), 
an exposition o f selected hypotheses w hich have gener- 
ated debate in the contem porary literature follows. 
These hypotheses represent areas of research vvhich 
likely  will contribute to the com plexion of the discipline 
in the future.

A. Geographic Area Hypothesis
The latitudinal gradient in w hich richness peaks in the 
tropics may be a consequence of the larger landmass 
o f the iropics com pared to other geographíc zones. This 
sim ple idea had its genesis in the work of Terborgh 
(1 9 7 3 ) , with considerable developm ent and reRnem ent 
by Rosenzw eig (1 9 9 5 ) in subsequent years, during 
w hich the effects o f productivity and zonal blecding 
have been  incorporated into a more com prehensive con- 
ceptual model. N onetheless, the gcographic area hy- 
pothesis has generated considerable controversy and 
contention  (Rohde, 1997 , 1998 ; Rosenzweig and

Sandlin, 1997 ). The controversy does not surround 
w hether an areal m echanism  Dperates; rather. it íocuses 
on the degree lo which variation in area is the dom inant 
faclor m olding latitudinal gradients m richness.

Two íeatures of the earth ’s geom etry predispose the 
sizes of tropical regions to be greater than those of 
their higher latilude counterparts. First, the earth is 
essentially a sphere. The distance betvveen longitudinal 
m eridians at the equator is greaier than that elsew here 
on the globe, and interm eridian distance decreases in 
a regular fashion toward the poles. Second, northern 
and Southern  tropical zones are adjacent, w hereas the 
northern and Southern variants o f other latitudinally 
deíĩned zones are isolated from each other. N onetheless, 
the positions, sizes, and configurations of the carth ’s 
continents will affect the proportion of land or waier 
in tropical versus extratropical regions, and this has 
varied over geological time as a consequence of plate 
tectonics. In addition, the num ber and breadth of zones 
used to subdivide latilude will affect the perception 
of areal dom inance associated with ihe tropics. For 
exam ple, a tripartite division (lorrid , lem perate, and 
polar) reveals that the tropics ranks second in area 
to north lem perate regions at the global scale, wiih 
considerable variation in the proportional area repre- 
senled by the tropics am ong continents (approxim ately 
38 , 12, 8 0 , 4 1 , and 0%  o f Am erica, Eurasia, Africa, 
Australia, and A ntarctica, respectively). In contrast, 
íiner resolulion of zones to tropical, subtropical, tem - 
perate, boreal, and tundra indicates the areal predom i- 
nance ol tropical lands globally.

M ost im portant, the degree of environm ental varia- 
tion w iihin the tropics is less than that in other geo- 
graphic zones, ai least with respect to incident solar 
radiation and tem perature. Speciíìcally, a band of 50° 
centered on ihe equator evinces no or litile change in 
mean annual tem perature w ith latitude (constant at 
approxim ately 27°C ), w hereas mean annual lem pera- 
ture decreases thereafter by approxim ately 0.75°c per 
degree latitude. Hence, regardless of the size o f zonal 
subdivisions chosen to deíìne tropical or extratropical 
regions, tropical landm asses are larger than any other 
landm asses with sim ilar variation in tem perature.

As a consequence of the areal extern and hom ogene- 
ity o f tem perature and solar insolation in the tropics, 
speciation rates there should be higher and extinction  
rates low er than in extratropical regions. Specitìcally, 
the larger area of the tropics allow s its species to have 
larger ranges than do thcir extratropica! countcrparts. 
Larger ranges allow species to be represented b\' 
more populations or populatíons of larger size, both 
dim inishing the likelihood of extinction  resulting from



accìdental cause or from  environm ental perturbation. 
Sim ultaneously, larger areas are m ore likely to contain 
or experience geological events thai produce geo- 
graphic barriers that enhance the rate o f allopathic 
spcciation. The dynam ic balance betw een the ratẹs 
o f speciation and extin ction  thereíore yield higher 
equilibrial richness in the tropics than in extratropical 
areas (Fig . 7).

Rosenzweig and colleagues m arshal many lines o f 
evidence in support o f the geographic area hypothesis 
by citing  two kinds o f observations. F irst, larger b iotic 
provinces, regardless o f  latitude, have m ore taxa than 
do their sm aller counterparts (e.g ., generic, íam ilial, and 
ordinal richness o f m am m als increases w ith provincial 
area). Second, diversities from  the same biom e b u t from 
different continents or provinces differ as a íu nction  o f 
their areal extern (e .g ., rain íorest vertebrates and plants 
as weỉl as tropical freshw ater fish increase in richness 
as iheir areal extent increases). Situations in w hich the 
general pattern does not occu r usually include large 
but unproductive clim atic  zones w ith few species—  
effectively the richness-d iin in ish ing eíTects o f low pro- 
duclivity may counterm ạnd the dom in an I role o f area 
in  these system s. In contrast, Rohcle (1 9 9 7 ) considers 
area not to be the dom inant íactor that affects high 
species richness in the tropics. He illustrates the point 
with Eurasian freshw ater fish.es, and show s that m uch 
sm aller tropical regions have m uch greater species rich- 
ness than do larger cold-lem perate regions. Sim ilarly, 
the expansive deep-sea b iom e with m ore or less con- 
stant tem perature has far fewer species ihan its sm aller

Species Richness

FIGURE 7 G rap h ica l m od el illu s tra tin g  th e d y n am ic e q u ilib r iu m  

b etw e en  rat.es o f  sp ec ỉa tio n  an d  e x t in c tio n  for tro p ica l an d  e x tra tro p i- 

cal latitudes (modified from Rosenzweig, 1995).

tropical counterparts. Clearly, consensus is elusive con- 
cerning the relative im portance o í area in affecting spe- 
cies richness com pared to other m echanism s.

B. Evolutionary Speed
After a broad and incisive review o í the various m echa- 
nism s purported to cause latitudinal gradients in species 
richness, Rohde (1 9 9 2 ) found them  all to be lacking. 
Instead, he suggested that the gradient was a conse- 
quence o f differential rates o f speciation associated w ith 
an im portant latitudìnal correlate, tem perature, rather 
than being a product o f equilibrium -based ecological 
processes that presupposed that local com m unities are 
saturated with species. His conceptual m odel is erected 
on the íoundation o f three prem ises. First, tropical envi- 
ronm ents support shorter generation tim es for many 
hom iotherm s and poikiliotherm s. Second, m utation 
rates increase as tem peraturc increases and are highest 
in the tropics. Third , íaster physiological processes oc- 
cur at higher tem peratures; this, coupled with the first 
two relationships, suggests an accelerated rate o f fixa- 
tion o f favorable alleles in tropical populations. This 
effectively results in greater evolutionary tim e in the 
tropics for m echanism s oí cliversiíìcation to attain 
íruition.

M uch o f the subsequent dialog concerning the evolu- 
tionary speed hypothesỉs has been embeddecl in the 
debate concerning the effìcacy o f area, productivity, 
and zonal blecding in producing em pirical gradients o f 
diversiiy with respect to latitude. Although this debate 
has been fruitfưl in cr)?stailizing assum ptions o f equilib- 
rial conditions and species saturation as they relate to 
the area hypothesis, it has not íurthered our under- 
standing o f the possible role o f tem perature in effecting 
higher speciation rates. Rhode has challenged the re- 
search com m unity with this supposiiion; uníortunately, 
the response is deaíening in its silence.

c. Rapoport-Rescue Hypothesis
As its nam e im plies, this hypothesis is a hybrid o f two 
m echanism s operating in tandem : the Rapoport effect 
ancl the rescue effect. A geographic pattern in w hich 
species range size decreases írom  high to low  ỉatitudes 
recently  has com e to the forefront o íth e  m acroecologi- 
cal literature (Stevens, 1989 , 1 9 9 2 ) and been term ed 
Rapoport’s rule after the A rgentine scientist who first 
discussed the pattern in the context o f many other 
areographic principles. Stevens hypothesized that the 
latitudinal propensity for range size to decrease toward 
the tropics, w hen com bined w ith  differential m ovem ent



of individuals from source to sink habitats (rescue or 
mass effect), can generate the latitudinal gradient o f di- 
versity.

Speciíìcally, at any one locale in the temperate zone, 
an individual m ust be able to tolerate considerable intra- 
annual variation in clim atic conditions; thus, species 
that occu r in the temperate zone can attain a wide 
latitudinal distribution because of the broad tolerance 
of its constituent individuals to varying local condi- 
tions. In  contrast, an individual in the tropics experi- 
ences little seasonal variation in clim atic conditions; 
consequently, species com prising individuals that occur 
in tropical zones are predisposed to have narrower lati- 
tudinal distributions. This creates the Rapoport effect.

The rescue effect is a phenom enon whereby local 
extin ction  of a population, often in marginal or sink 
habitats, is prevented because of im m igration of indi- 
viduals frorn source or high-quality habitats, Because 
sm aller ranges, w hich are differentially situated in the 
tropics as a consequence of the Rapoport effect, have 
greater perim eter to area ratios, they are predisposed 
to having greater rescue effect areas relative to range 
areas. T his differentially inílates species richness in 
tropical areas, generating the latitudinal gradient o f di- 
versity.

The generality o f Rapoport’s rule, as vvell as the de- 
gree to w hich empirical patterns are generated by the 
hybrid m echanism s embodied in rescue and Rapoport 
effects, is controversial. The Rapoport eííect has been 
docum enled for a cỉiversity of taxa (m am m als, reptiles, 
am phibians, fish, crayfish, amphipods, m ollusks, and 
trees) in aquatic and terrestrial environm ents and 
quickly has becom e engrained as the explanation íor 
species diversity gradients in a variety of ecology text- 
books. Additional circum stantial evidence was derived 
from the observation that taxa, w hich do not show the 
general latitudinal gradient in  richness, do not adhere 
to R apoport’s rule, suggesting that both patterns had a 
shared m echanistic basis (Stevens, 1989). N onetheless, 
a grow ing body of evidence suggests that the pattern 
is far from universal (Rohde et a i ,  1993 ; Lyons and 
W illig , 1 9 9 7 ). M oreover, reanalyses o f data on marine 
m ollusks that was used to corroborate the Rapoport 
effect (Stevens, 1989) íailed to produce the same pat- 
terns in  a subsequent study, even though the m ethods 
were the same in both studies (Roy et a l ,  1994 ). In 
addition, Nevv W orld  bats and m arsupials (Lyons and 
W illig , 1997 ; W illig  and Lyons, 1 9 9 8 ),a s w e ll  asnonm i- 
gratory m arine teleosts from surface waters (Rohde et 
a i ,  1 9 9 3 ), each exhibit strong latitudinal gradients in 
diversity but do not adhere to Rapoport’s rule. Hence, 
occu rrences of latitudinal gradients in diversity do not

have one-to-one correspondence wiih the existence of 
a Rapoport effeci.

R ecent sim ulation models provide added insight into 
the phenom enon of Rapoports rule. The three cora- 
m only used m ethods (i.e., Stevens’, m ìdpoint, and m ost- 
distal point) for assessing a Rapoport effect suffer from 
serious lim itations. Stevens’ m ethod is problem atic be- 
cause of a lack of independence associated w ith count- 
ing the same species multiple times in the sam e analysis 
(Rohde et aì., 1993). Midpoint and m ost-distal point 
m ethods suffer from severe m athematical b iases— the 
bounded nature of continents or oceans predisposes 
correlations between range size and latitude even when 
ranges are distributed stochastically with respect to lati- 
tude (C olw elland H urtt, 1994; Lyonsand W illig , 1997). 
Fina!ly, a com prehensive set of sim ulation m odels (Tay- 
lor and Gaines, 1999) suggests that the Rapoport effect 
causes a latitudinal pattern in species richness, but ihe 
gradient is opposite of the pervasive pattern íound in 
nature in thai species richness increases wúh increasing 
latitude. M oreover, incorporation of a rescue effect into 
the m odel so that it reílects ihe R apop ort-rescu e mecha- 
nism still fails to rescue the hypothesis; the predicled 
pattern rem ains a decrease in richness toward the trop- 
ics. Only the incorporation of com peútive effects to 
either the sim ulation model basecl on the Rapoport 
effeci alone or to the com bined R apoport-rescue m ech- 
anism  produces latỉtudinal gradients that are consistent 
with real-world patterns, and in both scenarios, cotn- 
m unities m ust be saturated at equilibrial com positions.

D. Geometric Constraint Hypotheses
The ubiquity of the latitudinal increase in diversity with 
decreasing latitude stimulated the search for a predomi- 
nant m echanism  eíTecting varialion in richness. The 
rationale was essentially that because alm ost all taxa 
on all continents as well as in the oceans followed the 
same pattern, and the pattern has persisted through 
geological tim e, a single mechanism  must be causing it. 
Interestingly, the search for a predominant m echanism  
during the past 25 ycars has generated increasingly 
m ore hypotheses rather than leading to consensus or 
a synthetic understanding of m echanism s producing 
the universal pattern.

Insights during the past 5 years concerning the na- 
ture of geographic constraints in affecting patterns of 
species distribution docum ent clearly that modal pat- 
terns of diversity peaking in the iropics can be a conse- 
quence of the bounded nature of terrestrial and aquatic 
habitals. Indeed, both sim ulation (Colw ell and Hurtt.



FIGURE 8 Graphical representation (parabola) of the gradient of species richness thai arises 
from thc random placemcnt of species ranges vvithin the latitudinal bounds of the Nevv World, 
■scalcd from 0 in the South to 1 in the north  (modiíìed from Willig and Lyons, 1998). The 
nuniber of spccies ạt any latitude is determinecl by iis prpportional distance (ị?) from ihe 
Southern boundary and is given bv (2p — 2 p 2)S. The veriical lines ìabeled A and B represent 
the latitudinal exients oí bats and marsupials, respeciivelv.

1 9 9 4 ; Pineda and Casw ell, 1998 ) and analytical (Lees 
et a i ,  1999 ; W illig  and Lyons, 1998 ) null models sug- 
ges( that species richness of a bioia should increase 
toward the cen ter o f a shared geographic dom ain in a 
quasi-parabolic o r parabolic íashion as a consequence 
o f (he ranclom placem ent of species ranges [the mid- 
dom ain effeci o f Cohvell and Lees (1 9 9 9 ) ] . Three null 
m odels have been  developed that differ in the m anner 
in w hich  species ranges are random ized. ư n lik e  the 
other m echanism s proposed to account for latitudinal 
gradients, w hich only suggest qualitative increases in 
richness w ith decreasing latitude, geom etric constrain t 
m odels m ake quantitative predictions concerning the 
form  o f the latituđinal gradient so that expected values 
for richness occu r for each latitude and can be com pared 
to em pirical data.

In  the fully neutral ĩĩiodel (C olw ell and H urtt, 1 994 ; 
W illig  and Lyons, 1 9 9 8 ), the placeraent o f term ini for 
each  species distributíon is random , w ith the geom etric 
con stra in t that they occur w ithin  a sharecl boundary or 
dom ain. As a consequence, the nuraber o f species at 
any point w ithin the dom ain (5p) is only related to the 
proportional d istance of that point from the boundary 
(p )  and the num ber of species in the species pooỉ (S ) , 
and is gi ven by Sp =  2 p ( l  — p)S . The m odel (Fig . 8 ) 
is an  incarnation o f both the tw o-hit broken stick  m odel 
o f  M acA rthur and the binom ial d istribution. In essence,

if  the latitudinal clomain o f a biota is rescaled to range 
from  0  in the South to 1 in the north, then the likelihood 
o f a species range overlapping any point p that is exactly  
p  from the Southern term inus (and hence 1 — p  from 
the northern term inus) o f the dom ain is

Pr(P ) =  1 -  p 2 -  (1 -  p )2 =  2p  -  2p\

where p 2 is the proportion o í  species vvhose northern 
and S o u th ern  boundaries lies to the South o f p, and 
(1 — p )2 is the proportion ol species w hose northern 
and So u th ern  b o u n d a ries  lie to the north  of p. The 
ĩunctional form  of thc distribution of Pr(P ) =  2p — 
2 p 2 ís a parabola that peaks at 0 .5 , and as a consequence 
the average size range o f species in the biota is half the 
extent o f the dom ain (0 .5 ) .

The Other two m odels have constraints concerning 
either the range size distributions of the biota or the 
d istributions of m idpoints w ithin the dom ain. In the 
second m odel, the placem ent o f ranges w ithin the do- 
m ain is constrained such that the sim ulated ranges have 
a size d istríbution exactly  equal to that o f the b iota  of 
interest. Essentially, the size o f a species range lim its 
the options for the íeasible placem ent o f m idpoints: 
Species with broad distributions m ust have m idpoints 
located near the center o f the dom ain, whereas species 
w ith increasingly narrow ranges can have m idpoints



located ever more distant from the center o f the domain. A 
H ence, random ization of location for the m idpoint oT 
each species range is constrained to only occur within 
a subset o f the dom ain, and w ithin this subdom ain its 
position is determ ined from a uniform  random  distribu- 
tion. This produces a quasi-parabolic curve that be- 
com es increasingly Aattened as m ean range size diverges 
from  0 .5  (the mean value in the totally null m odel). The I
third m odel constrains the d ìstribution of m idpoints to -g
be exactly  the same as that in the em pirical data. It m
essentially allows the extent of each species range to o
vary in a uniíorm  random m anner with ihe only con- ự)
straint being that its distributional m idpoint not change. 
A lthough it exists as a sim ulation null model, its analyti- 
cal analog has not been developed (Cohvell and Lees,
1999 ).

Em pirical support for geom etric constraints is lim- 
ited but increasing. In a com parison of empirical laútu- 
dinal gradients o f richness w ith predictions of a geomet- 
rically constrained null m odel in the New W orld , W illig g
and Lyons (1 9 9 8 ) were able to account for 6 9 -9 5 %  of 
the variation in species richness for bats and m arsupials 
(Fig. 9 ) . N onetheless, system atìc deviations from the 
null d istribution were observed for both taxa. The null 
m odel overestim ated bat species richness near the edges 
of the dom ain and anderestim ated richness near the 
center o f the domain. In contrast, the null m odel consis- w
tently overestim ated species richness for m arsupials al I
all latitudes. Although boih  taxa gradually increase in o
species richness toward the tropics, the m anner in »
w hich they deviated from the predicúons of the null B
m odel is in  sharp contrast, and the residuals were not «
related to the area or the width of the continent at 
each latitude.

The geom etric model constrained to coníorm  to em- 
pirical range size distributions accounted for the spatial 
distribution of endem ic rain íorest taxa (e.g., butterílies, 
frogs, rodents, tenrecs, cham eleons, and birds) in Mada
gascar far better than did m echanism s related to area, 
elevation, tem perature, precipitation, habitat diversity, 
or productivity (Lees et aì., 1 9 9 9 ). Richness peaked at 
or near the m idpoint of dom ains even though values 
for n u m e ro u s  en v iro n m en ta l ch a ra c ter is tics  did n o t do 
so. T h ìs was true for the one-dim ensional domain of 
latitude (the model accounts for 85%  of variation in 
richness) as well as for the tw o-dim ensional domain 
defined by latitude and longitude (the m odel accounts 
for 75%  of the variation in richness).

In an analogous íashion, applications of geom etric 
constraint m odels to elevationaỉ distributions of birds 
(R ahbek, 1997) or bathym etric distributions of gastro- 
pods and polychaetes (Pineda and Caswell, 1998) have

Latítude

Latitude

FIGURE 9 Comparison of ihe empirical Uuiiudinal gradicnt of spccies 
richncss (dols) vvilh the predicled valuos (outcr lincs rcpresent 95°/0 
confidcnce bands, and inner line rcprcsenls prcdictcd valuc) gcner- 
ated by a null model conslrained only bv the distributional bounds 
o f  ihc Pauna for bals  (A) and marsupials  (B) in th e N ew  W orlđ  

(m odif ied from W il l ig  and Lyons, 199 8 ) .

led to considerable insight concerning diversitv gradi- 
ents. This is particularly relevant because elevational 
gradienis are thought to recapitulate latitudinal patterns 
and m echanism s. For New W orld tropical birds, a peak 
in species richness occurred at an inierm ediate eleva- 
tion, after controlling for the effects o f arca. Indeed.



a geom etric model w ithout con sira in is rclated to thc 
elevaiional distribution o f m idpoints or extents, rather 
than other hypotheses, accounied  for a signiRcant 
am ount o f the elevational variation in species richness. 
N onetheless, the actuaỉ m idelevational peak in richness 
was depressed com pared to thc exact inidelevation. In 
contrast, a sim ilar m odel applied to m arine inverte- 
braies in ihe North A tlantic íailcd to accou nt for salient 
íeaiures o f the bathym etric gradient in richness. Al- 
though the location o f a m idgradient peak in richness 
did correspond betw een the m odel and the em pirical 
patiern for gastropods, the m odel íailed to account for 
the curvature and kurtosis o f the em pirical diversity 
gradient. For polychaetes, the m odel predicted the value 
for m axim al richness. N onetheless, the location  o f the 
peak along ihe depth gradient and the curvature o f the 
relationship clid not correspond betw een em pirical da ta 
and m odel predictions.

Clearly, geom etric constrain ts rather than evolution- 
ary, environm ental, or h istorical íactors can produce 
Laiiiưciinal gradients that share many quantitative fea- 
tures with em pirical patterns. Randotn processes may 
predispose various b iotas to produce gradients with 
peaks in richness at m idlatitudes. The challenge to ma- 
croccology is to understand the m echanism s that result 
in deviations from such null m odels, as vvell as lo ac- 
count for peaks in diversity and deíine the form of the 
d iv ersily -la titu d e relationship per se.

IV. AMPLIFICATION AND SYNTHESIS

Đased on firsi principles, Kauím an et CIỈ. (2 0 0 0 )  pro- 
vidcd a synthetic m odel to explain the latitudinal gradi- 
eni in diversity based on  variation in abiotic stress, 
procluctivity, and b iotic in teractions. The m odel is com - 
prehensive because it sim ultaneously considers and 
m akes predictions about other m acroecological pat- 
terns, such  as latitudinal gradients in  range size, habitat 
speciB cily , and species dom inance. C entral to their 
moclel is ihe prem ise that abiotic stress increases with 
increasing latitude. The stress is a result o f three inter- 
acting phenom ena that vary with latitude as a conse- 
quence o f the spherical nature o f the earth and the fact 
that il rotates on a tilted  axis w ith respect to the sun. 
Solar radiation is the ultim ate source o f  energy for all 
íoocl w ebs, and the daily input o f energy per unit area 
decreases from the trop ics to the poles. Sim ilarly, the 
two essential m etabolic pathw ays that dictate energy 
transíbrm ation in  the earth’s living system s—  
p hotosynthesis and resp iration— are tem perature cle- 
pendent, and average daily tem perature decreases from

tropical to polar latitudes, increasing the cosls o í exe- 
cu ting all life-sustaining physiological processes. F i- 
nally, intra-annual variation in both lem perature and 
solar insolation increases from tropical to polar regions. 
Together, these phenom ena result in increasingly en- 
ergy-poor and stressful environm ents toward high lati- 
tudes w hich reduces the richness o f local com m unities 
and assem blages. Increased costs o f m aintaining m eta- 
b olic rates com bined with reduced inputs of energy in 
extratropical regions result in population densities o í a 
species dim inishing al high latitudes, whereas increased 
b iotic pressures resulting from interspeciíìc in teractions 
reduce densities at the tropical edge o f a species bound - 
ary. Consequently, species are expected to have modal 
geographic distributions of population size. Second- 
order b iotic feedbacks (c.g ., parasitism , disease, and 
điffuse com petition) are hypothesized to ỉurth er in- 
crease the costs o f survival where richness is high, 
thereby truncating the extern o f species d istributions 
and the abundance o f local populations in tropical re- 
gions. This would generate a Rapoport effect and in- 
crease thc rate o f species turnover (beta diversily) and 
dim inish dom inance toward the tropics. Although clata 
are insufíicient to test all o f the patterns predicted by 
the synthetic m odel, and there is conlroversy sur- 
rounding the ubiquity o f the Rapoport effecl, for heuris- 
tic reasons alone the conceptual m odel provides a 
springboard from w hich enhanced understanding o f the 
causes and consequences o í the latitudinal gradient may 
be íorthcom ing.

V. ASSESSMENT

The ontogeny o f theory can be viewed from a variety 
o f perspectives that deal w ith the detection o f patterns, 
the linkage o f patterns to particular m echanism s, and 
ultim ately the integration o f those constructs lo other 
iheories in the discipline (P ickett et a l ., 1 9 9 4 ). The 
theory of latitudinal gradients o f diversity has m atured 
considerably in the past 5 years. The general patterns 
o f latitudinal increase are well docum ented from  an 
em pirical perspective. In addition, the m anner in w hich 
particu lar m echanism s could affect patterns o f diversity 
has becom e clearer. E leraents o f the theory have been 
used to understand other gradients o f diversity, such 
as those related to elevation or depth. Finally, latitudinal 
patterns of diversity are being integrated vvith other 
broad-scale patterns concerning  the dom inance and 
turnover o f species as well as to latitudinal patterns of 
range size and abundance. This represents a signiíìcant 
advancem ent in understanding and integration.



Altbough few o f the hypolheses postulated lo affect 
the latitudinal gradient in diversity have been elim i- 
nated in a conclusive m anner, research concem ing 
many of the m echanism s appears m ore likely to advance 
theory in the near future. Indeed, recent synthetic works 
have íocused on them  to a great extern. Understanding 
the contexts and degrees to w hich area, clim atic vari- 
ability or stress, geographic constraints, productivíty, 
tem perature, and their interactions m old the latitudinal 
gradient in diversity rem ains a challenge for the next 
decade o f scien lists to address in a synthetic manner.
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LIFE HISTORY, 
EVOLUTION ỎF
Derek Roff
M cG iỉl ưniversity

I. Im roduction
II. Two Fram ew orks for Analysis

III. Trađeoffs: A Central Feature of Life History 
Analysis

IV. The Evolution of Life Histories

011 single traits. Thereĩore, the appropriate fram ew ork 
for the analysis o f liíe history evolution is the w hole 
suite ol' traits thai interaet to determ ine the Htness of 
an organism . The analysis oí com ponents o f fìtness is 
appropriate in  m any cireu m stances but the lim itations 
of such an analysis m usi always be rem em bered.

GLOSSARY

genotype The genetic constitution of an organism. 
heterozygosity  The presence of alternate alleles at a 

given locus in  a diploid organism (e.g., A|Aị). 
hom ozygosity In a diploid organism , the presence of 

ihe same alleles at a given locus (e .g ., A|A,). 
iterop arity  Repeat breeding (see sem elparity ). 
sem elp arity  Breeding once and dying; som etim es 

t alled "big bang” reproduction.

THF. AN A LYSIS 0 F  L IF E  H 1ST 0R Y  evolution includes 
any trait that im pinges on the reproductive success of 
an organism . More speciíìcally, life history evolution is 
typically concerned w ith the evolution or the age and 
size at (ìrst reproduction, reproductive efíort, clutch  
size, and propagule size. W hile many analyses focus 
only on a single trait, it shoulcl be rem em bered that 
selection  acts on íìtness (as defined later) and not solely

I. INTRODƯCTION

Plants and anim als shovv proíound variation in all as- 
pects oí their lile h islories, w hich inclu de age at m atu- 
rity, age-specifĩc íecundity, survival rate, size at b in h , 
and so on. T h is variation is evident at both  the inter- 
and intraspeciíìc levels. F o r exam p le, at the in terspeciíic 
level, species o f flatfìsh range in size from 2 cm -long 
tropical species that reproduce vvithin their Rrst year 
of life to b ehem oths such  as the Pacific H alibut (H ippo- 
glossus h ippog ỉossu s), w hich exceed  20 0  cm  and take 
over 10 years to m ature. Though the range in variation 
within a species is not as dram atic as betw een species, 
it is still im pressive, as illustrated by variation in  the 
flatfish, H ippog losso id es h ip p og losso id es . In  this species 
m aturation occu rs a l age 3  years at a length of 20  cm  
in poputations o ff the coast o f Scotland w hile the same 
species requires 15 years to reach m aturity at a length 
of 4 0  cm  on  the Grand Banks o f N ew foundland. Longev- 
ity and m axim um  size are equally different in the two 
populations, Scottish  fish reaching a m axim um  length 
of 25 cm and an age of 6 years, com pared to 60  cm
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and 2 0 +  years on the Grand Banks. Sim ilar observations 
on variation in life history characterisúcs could be made 
in m ost taxa. Bul though the diversity of life histories 
is readily apparent, attem pts to understand its origin 
and m aintenance are still in their iníancy.

Beeause íìtness varies quantitativelv am ong different 
life h istories, a necessary lool for analysis is m aihem at- 
ical m odeling. An iníluential factor encouraging the 
use of m athem atical investigation into life history 
variation was Lam ont Cole's 1954  paper, “The Popula- 
tion C onsequences of Life Historỵ Phenom ena,” w hich 
set out the basic m atbem atical fram ework by vvhich 
the consequences of variation in life history traits 
can by analyzed. Cole’s paper ushered in an era of 
research predicaied on the integration of m alhem alics 
and biology in the study of the evolution of lite 
h istory patterns.

In his review, Cole analyzed how changes in dem o- 
graphic attributes, such as the age ai first reproduction, 
iníìuenced  the rate of increase o f a population. C ole’s 
paper gained widespread notice because ol an apparent 
paradox with respect to the value of sem elparity versus 
iteroparity: “F01' an annual species, the abso lu te gctin in 
intrinsic popuhư ion  g n m th  wlìich cou ld  be  ach ievcd  hy 
changing  to the perenn iaỉ rcproảuctivc habit vvould hc 
excictỉy equ ivalent Lo add in g  one indivừlual to the avcrage  
li ííe r  size"  (C ole, 1954, p l l 8 ,  C o le s  ila lics). Thus, an 
annual species with a clutch size of 101 would increase 
in num bers as fast as a perennial thai produces 100 
young every year íbrever. There is obviously som elhing 
am iss w ith ilìis resull, for perennials are com m on. 
W hile  there is good evidence that survival and repro- 
d uction are negatively correlated it seems highly un- 
likely that perennial species are com m itting so much 
energy into reproduction thai they cannot produce one 
m ore oíTspring. C ole’s paradox dcrives from a ỉailurt' 
to consid er the consequences of ju ven ile  and adult sur- 
vival rates; specifically Cole im pliciily  assum ed ihat the 
survival rate of ju veniles is the same as that of the 
adults. In general, ju venile  survival is lovver (often by 
a great am ount) than that o f the adults and this means 
that the reproductive output of the annual must be 
greater than one for the annual to have the same gain 
in rate of increase as a perennial, the precise am ounl 
depending on the m athem atical details o f the model. 
Cole s Paradox illustrates the need to íorm ulate an anal- 
ysis o f life hìstory variation w ithin a m athcm alical 
fram ew ork where the biological assụm ptions arc explic- 
itly stated. Since Lam ont Colc, the theoretical and ex- 
perim ental analysis o í life historv evolution has made 
enorm ous strides using two different analytical perspec- 
tives.

II. T W 0  FRAMEWORKS F 0 R  ANALYSIS

The evolution of life history variation has been ap- 
proached via two different modes oỉ analysis, here 
term ed phenotypic m odels and genetic models.

A. Phenotypic Models
ln  this approach no attem pt is made to model the ge- 
netic basis of traits: it is sìmply assumed that there 
exists sufficient genetic variation ihat cvolution is not 
constrained by genetic architecture. Is this a reasonable 
assum ption? M ost life history traits— such as age at 
íĩrsi reproduciion, ĩecundity, and survival— are noi de- 
terinined by sim ple M endelian m echanism s such as 
single locus, lwo allele svstems. More generally tliey 
show continuous variaiion, or if dichoiom ous can be 
best ínterpretcd under a threshold model in w hich thcrc 
is an underlying continuously varying trait. Neverthe- 
less, polygenic determ ination is not essentially differenl 
from the sim pler case of a single locus with iwo alleles. 
In the one locus case the phenotype is determ ined by 
the additive action of the alleles, or one allele may show 
dom inance. w h en  one allele is dom inant, the effect 
on thc phenotype can be staiistically decom posed into 
additive and dom inance com ponents. W ith two or m ore 
loci controlling a trail there may be interaction betwcen 
loci. These interactions, term ed epistasis, can produce 
a widc range of responses but are generally assumed 10 

he absent (bccau.se most variaúon can be subsumed 
under the addilive or dom inance portion of genctic 
variance, this assum ption is not. as unreasonable as it 
might appear).

The average sim ilarity betw een parent and offspring 
can be measured by the linear regression o f mean off- 
spring value (Y) on m idparenl value (X ),

Y = (1 -  h2)m + h2X (i:

where m is the population mean of the parents and the 
slope of the regression, h\ is termecì heritability in the 
narrovv sense. More generally, heritability is defmed 
as follows:

I , __ VA _  Additive genetic variance
Vp Total phenotvpic variance

Heritability in the narrcnv sense. or generally simplv 
heritabilitv, must 1101 be coníused with heritabilily in 
the broad sense, Vtl/V|., vvhich is a measure ol the overall 
variance in the trail attributable to all genetic intluences.



TABLE [

A Summary of Hcritabilíty Estimalcs for Nondomestic Animals'

Comparison Lifc history Bchavior Physiologv Morphologv

Divsophiỉa 0.12 0.18 ns 0.32

All animals 0.26 0.30 0.33 0.46
Medỉạns 0.26 0.37 0.3 i 0.5]

“ Data are írom Roff and Mousscau (1987) and Mousscau and 
Roíĩ (1987).

O bviously h 2 varies betw een 0  and 1: at 0  there is no 
resem blance betw een parent and offspring due to the 
additive effects o f genes, w hile at 1 the m ean offspring 
vaìue equals the m idparent value. The im portance o f 
heritability for evolulionary theory is obvious: the 
higher the value oí /r , the íaster genetic changes in the 
population can occur. M ost ỉm portant from the point 
o f view of life h istory theory, if heritability is zero for 
a particu lar trait or traits under consicleraũon, then the 
optim al comb.ina.tion cannot be attained because the 
eíỉects o f selectíon  on parents are not m anifested in the 
oíĩspring. H eritability estim ates íor d iíĩerent types of 
Iraits are show n in Table I. w h ile  heriiabilities for life 
h istory traits are typically low er than those less directly 
related (in general) to íitness, ihere is nevertheless suf- 
(ìciem  genetic variaiion to perm it rapid evolutionary 
change even under m odest selection pressure.

W hile  the assum plion o f sufficient additive genetic 
variation is reasonable with respect to the equilibrium  
cond itions, the genetic architecture can considerably 
indu ence evolutionary trajectori.es and hence the phe- 
notypic approach is contingent on the State having at- 
tained an equilibrium . T he m ethod seeks to construct 
the Rtness surĩace and hence the optim al com bination 
o f trait values.

1. O p tim a lity  M o d e lin g

T h e concep t o f tradeoffs is Central to present theories 
o f  the evolution o f liíe h istory traits, for tradeoffs lim it 
the scope o f variation. W ith in  the set o f possible com bi- 
nations there w ill be at least one com bination  that ex- 
ceeds all others in íìtness. O ptim ality analysis assum es 
thai natural selection  w ill drive the organism  to ihat 
p articu lar set. T o  initiate an analysis using the principle 
o f optim ality , vve must designate som e param eter to be 
optim ized, In the present case we assum e that there is 
som e m easure o f íitness ihat is m axim ized by natural 
selection . The second step is to construct a set o f rules 
that deíìne the life history pattern o f the organism , 
hypothetical or rcal, under study. W ith in  these rules

ihere vvilỉ exist a variety o f possible life histories; thc 
optim al life hisLory is that vvhich m axim izes Rtness.

W h at do we do if the predicted life history cỉoes not 
correspond to that w hich is observed? The first point 
to note is that the principỉe o f optim ality is not under 
test. Pailure to get a correct prediction is not taken as 
evidence that fitness is not being m axim ized, but it is 
taken to im ply that the model is deíìcient. Having found 
that the initíal m odel does not w ork we inquire in to 
the assum ptions o f the model, nam ely the rules that 
define the range and scope o f life h istory variation. 
These rules are changed eilher arbitrarily or based on 
further observation until agreem ent is gained betw een 
prediction and observatíon. Having íound congruence, 
wc are not able to say that thereỉore the com ponent 
relationships are correct. The underlying com ponents 
m ust be independently verified; a model is only the 
logical outcom e oí' a set o f  interactions and the onus is 
on the person specifying those rules to dem onstrate 
that they are incleed valid. Note again, that the assum p- 
Lion thai Rtness is being m axim ized is not under test, 
except 10  the extent that the particular m easure chosen  
may be inappropriate. This does not m ean that we as- 
sum e that all traits and tra.it com binations are the resuìt 
o f adaptive evolution. But we do choose those that we 
hàve a priori reason tờ suppose are under selection.

A prim ary purpose o f optim ality m odeling is to orga- 
nize a program  o f experim entation and data collection . 
An adequate fit o f a m odel to clata gives us reassurance 
that a sufficient num ber o f íactors have been taken 
into accou nt. N evertheìess, the validity o f a m odel is 
continually  under question and is challenged by the 
addition o f m ore iníbrm ation. The m ore tests the m odeì 
survives the greater the assurance that it is realistically 
capturing the im portant elem ents that determ ine the 
set o f traits being stuclied.

2 . G a m e  T h e o ry

Gam e theory is really a subset o f optim ality m odeling: 
it is appropriate w hen interactions are írequency depen- 
dent. T he approach com prises two essential elem ents. 
F írst, it is assum ed that particular patterns o f behavior 
will persist in a population provided no m utant adopt- 
ing an alternate behavior can invade. Such stable com bi- 
nations are term ed evolutionarily stable strategies 
(E SS). T he concept o f the ES5 is not uniqưe to game 
theory: the m axim izatiọn o f íìtness m easures in  opti- 
m ality m odels are all ESSs w ithin the context in w hich 
they are appropriate. Second, for each type there m ust 
be an assigneđ gain or loss in fitness when this type 
in teracts w ith another inđiviđual. From  this payoff ma- 
trix we com pute the expected payoff for each behavior.



For two behaviors to be evolutionarily stable, their fit- 
nesses m ust be equal.

B. Genetic Models
Genetic m odeling proceeds by íìrst defining the genetic 
m echanism  determ ining the phenotypic trait and then 
cranks the model through the appropriate mathem atical 
m achinery to obtain ihe equilibrium  trait values. The 
critical problem s are the correct deíinition o f the genetic 
architecture and ihe estim ation of the selection gra- 
dients.

1. S im p le  M e n d elia n  M o d els

Consider a trait whose expression is governed by a 
single locus with two alleles, A[, A ị, A selection coeffi- 
cient ( =  íìiness) representing iheir relative conư ibution 
to the next. generation can be assigned for each of the 
three genotypes (Table II). The change in ihe ừequency 
of A|, p, is then easily obtained as

A =  p q ỉ p ( w II -  Wụ) +  C|('VU -  vv2,)] ^
vv

Al equilibrium  Ap =  0, and hence it is a trivial matter
lo predict ihe írequencies o f the three genotypes at 
equilibrium  and hence the mean trait value. Com plexity 
can be added by making the íitnesses a function of 
density or írequency, but this does not change the basic 
m athem aúcal approach.

M ost traits o f ecological interest, íecundity, age at 
m aturity, clu tch  size, egg size, and so on are continuous 
in character. Even traits that appear d ichotom ous, such 
as liability to disease, wing dim orphism , diapause, and 
sex ratio, are best understood as being the result of 
some underlying contínuously varying factor excceding 
or not attaining a threshold for the expression of the 
trait. The expression of traits that shovv continuous

TABLE II

The Derivation of thc Optimal Trait Valuc in a Simple 
Single-Locus Model

A,A, A|A. a 2a 2 Sum

entry align="Ieft" val- 
ign="top'' colname= 
"cl" Ratios beforc se- 
lection

p2 2pq r 1

Fúness IVII w22
Ralios after selcction p- “'II 2pqw,. q2W22 ũ'

variation are not, in general, ihe result o f a single gene, 
nor two genes, but a large num ber of genes that actíng 
additively produce a continuous spectrum  o f pheno- 
types. The analysis o f such traits is the domain o f quanti- 
tative genetics. This is largelỵ a statistical approach to 
genetic variation and is founded on a m athem atical 
analysis o f variation rather than an understanding of 
how groups of genes interact to determ ine a particu- 
lar trait.

2 . Q u a n tita tiv e  G e n e tic  M o d e ls

The concept o f heritability has already been introduced. 
F or nonzero heritabilities, the rate at which the appro- 
priate com binaúon of trait values can be realized de- 
pends in part on the value of the heritability and the 
intensity of selection, m easured as the selection differ- 
ential, 5 , the difference betw een the mean of the popula- 
tion and the mean of the selected parents. For a single 
trait il can been shown from Equation 1 that the re- 
sponse to selection (the difference betw een the mean 
populalion values in parental and offspring genera- 
tions), R, is equal to ỉừs. Since selection cbanges the 
gene írequencics, heritability m ust change at each gen- 
eration o f selection. This problem  is avoided in the 
application of quantitative genetic theory to natural 
populalions by assum ing that selection is weak and 
population size large, thereby perm itting m utation to 
replace variation eroded by selection. W hether this as- 
sum ption is reasonable can only by answered em piri- 
cally and at present there are insufficient clata to dravv 
any m eaningíul conclusion.

Traits are typically not inherited  as separate indepen- 
dent units; rather, phenoty-pic values of several traits 
are typically controlled  in part by a com m on set of 
genes. Thus selection on one trait will producc a change 
not only in the selected trait but also traits that are 
genetically correlated by virtue of shared genes (genetic 
correlations can also arise through linkage disequilib- 
rium , but these are transitory and are ignored here). 
Selection on two traits, X  and y, will produce standard- 
ized (in phenotypic Standard  deviation units) responses 
R.v and R) ,

Rx =  Px h ị  +  p yh x h ỴrA
(4)

Ry =  /3yhy +  h\- hy Y,\

where rA is the genetic correlation betw een the two traits 
and j8.v, /3) are  the standardized selection differcntials on 
X and Y, respectively. The preceding equation can be 
more conveniently w ritten in m atrix notation, for which 
the typical notaiion is A z =  G ịì. where z is a vector of



FIGƯRE 1 Hvpothetical cvolutionarv traịeciories íor two traits. The 
solid lincs deíìnc comours of equal íitness. Each clot rcpresents ihe 
traiL combination achievecl after some speciíiecl number of gencra- 
tions. The values bcsỉde each iraịectory indicate ihe gcnetic correla- 
tion bctvveen ihe t\vo traits.

trait m eans, G is the genetic variance-covariance m atrix, 
and /3 is a vector o í (unstandardized) selection gradients 
for each character.

The evolutionary tra jeclories for two traits can be 
easily visualized by constru cting  a plot o f isoclines of 
equal Rtness (deíìned by the selection gradients) and 
plolting the changes in trait m eans each generation as 
illustrated in Fig. 1. If there is no genetic correlation 
betw een the two irails, the population will move rapidly 
to its optim al com bination. For genetic correlations 
lying betw een —1 and + 1 ,  the trajectory is “vvarpecT 
and if the genetic correlation  is exactly ± 1 ,  the optim al 
com bination  may be unattainable (Fig . 1). The reason 
for this can be understood by considering the regression 
o f ihe additive genetic values of trait Y ơn X. A ccording 
to ihe quantitative genetic m odel, we have Y =  c 4- 
bx 4- error, w here c and b are constants and the error 
term  is norm ally distributed w ith mean zero. Provided 
the variance in the error term  is not zero, any com bina- 
tion o f Y  and X  is possible; hence, evolution can always 
m ove the traits to such  a com bination. Hovvever, if the 
variance o f the error term  is zero, w hich occurs when 
the (gen eiic) correlation  betw een y and X  is ± 1 ,  then 
the traits arc constrained  to lie on the regression line. 
The num ber o f cases in  w hich rA is exactly  equal to 
unity is very sm all (see Section  IV ). W ith  m ore than 
two traits evolution can  be constrained if one or several 
eigenvectors of the genetic variance-covariance m atrix 
arc zero (singular m atrix).

lt is pọssible for there to be no response to selection

in spite of both genctic variance for the trail and a 
phenotypic correlation w ith another trait uncler selec- 
tion. The second  observation is particularly im portant 
since ii im plies that a trait may be under selection  but 
show  no response. This can be m ost easily seen by 
re la ti ng the selection  differential as a íunction  o f the 
selection gradient and phenotypic variance (VpX) and 
covariance (Covp)

Sx =  PxVvx +  P yC ov p ( 5 :

w ith a sim ilar term for Sy. Now suppose that (a) there 
is no additive genetic variance for trait y, (b ) trait Y is 
phenotypically correlated  vvith X  but genetically uncor- 
related (Cov .4 =  0 ) , and (c ) ihere is no direct selection  
on trait X  (i.e ., /3\ =  0 ) but there is selection on trait 
y  (i.e ., jổy >  0 ). F ro m  Equation 5 it can be seen that a 
positive selection differential is generated (Sx >  0 ) , but 
from  equation 4  (Rx =  VAXfix  +  C ovAj8y) it is apparent 
that there w ill be no response to this selection , even if 
there is addilive genetic variance for X. A likely case 
in  w hich ihis situation can arise is when trait X  is a 
heritable trait such as íecundity and y is a trait such as 
nutritionál status that m ight have zero heritability: thus 
w ell-nourished individuals have high íecunclity, w hich 
gives them  an apparent seleclive advantage, but ih is is 
not realized because selection  is acting only on the 
envirọnm entally determ ined com ponent oi [ecundity. 
The m echanism  described earlier, or ones conceptually 
sim ilar, have been proposed for the observation of d ìrec- 
iional selection vvithout evolutionaryresponse in breed- 
ing date in birds, c lu tch  size in birds, and tarsus length 
in birds.

The theory described here assum es that the genetic 
covariance (i.e ., the genetic correlation) rem ains con- 
stant. As w ith heritability , selection changes allelic fre- 
quencies and hence m ust in principle change the genetic 
correlations, or m ore generally the genetic variance- 
covariance m atrix. The G m atrix  will remain constant 
provided selection  is w eak and population size large so 
that mu ta ti on can replace variance lost ciue to selection  
and driít.

III. TRADEOFFS: A CENTRAL FEATURE  
0 F  LIFE HISTORY ANALYSIS

Tradeoffs are essential elem ents of all the above ap- 
proaches. In the liphenotypic approach” it is im plicitly  
assum ed that the tradeoffs are genetically determ ined, 
otherw ise there could be no evolutionary response. In



quantitative genelic term s, ihis is [lìiíTpreiecl as a nega- 
tive genetic correlation  betvvecn !W(> iraits. Thus it has 
been  supposed that to dem onstraie an evolutionarily 
im p o rta n t tra d eo ff it is su ffic icn i lo d cm o n stra ie  that 
the tradeoff is expressed nol onlv as Li phenoiypic corre- 
lation but also as a negativc genetk correlation. How- 
ever, as discussed earlier, a negativc genetic correlalion 
is not, in  principle, a barrier to movement anywhere 
in param eter space. Thus vvhile ii is necessary for a 
tradeoff to be expressed as a genctic cơrrelation for iL 
to be evolutionarily signiBcanl, ilìis is not a suííicient 
dem onstration that the optimal com binaúon will be 
governed by the tradeoff.

Em pirical investigations oi tradcoíís can be placecl 
into three catcgorics: (a) phenotvpic rclationships 
based on íield or laboratory observaiions ()f unmanipu- 
laled situalions, (b ) experim enls in vvhich organisms 
w ere m anipulated to vary the valuc oí one trait (e.g., 
m anỉpulation o f clu tch  size to invcstigate subsequeni 
survival o f adults or young), and (c) dem onstration 
o f a negative genetic correlalion between two traits, 
obtained by sib analysis or selection. Only the last 
m easure provides deíiniũve proof thai the tradeoíĩ is 
evolutionarily signiíicant bui ihere is, hovvever, merii 
in the second approach because it can establish the 
m echanism  generating the tratleoff. The íìrst approach 
is suspect because o f ihe covarialion of traits that 
could produce false conclusions ií such covariaiion 
is not taken ìnto account. For exam plc, reproduction 
may be determ ined by condition, those in poor condi- 
tion  not breeding; consequciilly il vvoulcl noi be 
surprising to find the survival rate of nonbreeclers to 
be less than breeders.

There is no reason to suppose that all tradeoíĩs be- 
tween life history iraits will be negaũve, but we should 
expect a signiíìcant proportion to be so. In fact, the 
d istribution  o ĩg e n e tic  correlations betvvcen liíe history 
traits is very broad (Fig. 2 ), with 39% being ncgative 
but few estim ated lo be — 1. In contrast, only 23%  of 
genetic correlations between m orpholo^ical traits are 
negative. T hu s there do appear to be tracleoffs that will 
at least im pẹde the evolution of liíc history iraits.

IV. THE EVOLƯTION OF 
LIFE HISTORIES

T he starting point o f manv analyses oí evolutionarỵ 
change, m ost particularlv that of opiim aliiy modcìing, 
is the assum ption that there exisls some variable m ax- 
im ized by selection . The issue oí what is being max- 
im ized has been thc subject oí mu ch discussion, partlv
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FIGƯRE 2 Distributions of ihe geneiic correlation betvvcen Morplio- 
logical iraiis (M X M) and Liíe Hisiory traits L X L.

becausc the appropriate m easure oí fitness changes wiih 
circum stance and m ethod o f analysis. Broadly, mea- 
sures o f Rlness can bc separated in io  tvvo groups: global 
m easures and local measures. A global m easure o f fit- 
ness is one that involves the interaction o f  all life hìstory 
com ponents, the best exam ple being F ish er’s M althu- 
sian param elcr r. Local m easures assum e that m axim iza- 
tion of a Rtness com ponent will also m axim ize the 
overall Etness of the organism : for exam ple, a com m on 
local m easure used in íoraging theory is the net raie of 
energy intake. This is an appropriale m easure if it can be 
show n that m axim izing this rate does not detrim entaliy 
affect o ther com ponents o f fitness, in w hich  case max- 
im izing net rate o f energy intake will also increase 
glpbal Btness.

Local m easures are generally tailored íor the particu- 
lar analysis under consideration, but ihere now exists 
a general consensus, and more im portant sound theo- 
reticaì rationale, o f w hat global m easurcs are likely max- 
imized by natural selection.

A. Static Environments
A population grow ing in an unlim ited, hom ogeneous, 
and constant environm ent follow s the sim ple exponen- 
tial growth function

Ểỉm.  rW 0  
à (6!

N (0 =  N (0)erí

vvhere N (ì) is population sizc at time t and r is the 
in trinsic rate oi increase, com prising ihc d iiíerence be- 
tvveen instantaneous rates of birth and clcath. Equation

Genetic correlations 
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6 can also be written as

NO) =  N (0 ) (e ') ‘ =  N(0)A' (7 )

The Sym bol À is called  the fin ite  rate  o f in crea sc  and 
is som etim es uscd instead o f r.

Suppose there are two clones with population sizes, 
N |(0 and N2( 0 ,  respectively, the fìrst w ith an intrinsic 
ralc o f increase of Vị and the second with r2, w ilh Y\ >  
r2. The ratio o f population sizes after som e time t, given 
thai both  clones start with the sam e population size is,

II is clear thai as time progresses this ralio will increa.se, 
clone 1 becom ing num erically more and m ore dom inant 
in the com bined population. This conclu sion  does not 
depend on the two clones beginning w ith the same 
populatiơn size: differences in starting cond ition  simply 
accelerate or retarcl the ra te at w hich clone 1 increases 
in ừequency re la ti ve to clone 2.

For these t\vo clones, an appropriaie m easure of 
íitness is r, sin ce ihe írequency of the clone with the 
highest vaỉue o f r will increase toward unity. Thus any 
m ụtation in a set o f clones ihat increases r by changing 
rates o f b irth  or death vvill increase in  írequency in the 
population. There are no difficulties in assigning ì as 
a m easure o f íìtness in the preceding circum stances. 
D iíRculties arise, however, w hen sexual reproduction 
and agc structure are introduced. Supposc we have a 
random  m ating population in w hich a m utation arises 
that increases birthrate or decreases death ra te. Since 
the m uiant will initially be rare in the population, its 
íate can be ascertained by considering the birthrates 
and death rates o f the heterozygote alone. lf  the hetero- 
zygote’s rate o f increase is enhancecl, the m utation will 
increase in  ĩrequency in the population, but its ultiniate 
ra te depends on the relative birthrates and death rates o f 
the hom ozygotes and heterozygotes bearing the m utant 
allele. lf  the hom ozygote carrying both m utant alleles 
has a higher birthrate or a low er death rate than the 
heterozygote, the m utant allele will eventually be fìxed 
in the population; othenvise the population will reach 
a slable polym orphism .

The general assum ption, stem m ing from  the vvork 
of Fisher, has been that r can be associated w ith geno- 
types ihat follow  particular life histories and that selec- 
tion will lavor ihat genotype with the highest value o f 
r. In an age-structured population, the rate o f increase 
is obtained by solving the characteristic equation

e~fXl(x)m (x)cbc =  1 (9)

vvherc l(x) is the probability o f  surviving to age X and 
m(.v) is the num ber of tem alc births at agcx . The discrete 
ti m e equivalent o f this is

2  é_,vỉ(x)m (x) =  1 (10 )
X — l

N ote that in  the d iscrete version the initial age is sub- 
scripted as 1 not 0. The im portant issue to be considered  
is ihe íate o f a m ụtant that increases r. Charlesw orth 
dem onstrated that to a rough approxim ation the rate 
o f progress o f a rare gene eventually becom es directly 
proportional to its heterozygous effect on r. In  this case, 
the probability o f survival o f a m u tan t gene o f sm all 
effcct ÌĨ1 a near-stationary population is largely dcter- 
m ined by its effect on  r. Follow ing a m ore detailed 
analysis, Chạrlesw orth (1 9 9 4 )  concluded

that for the case o f  w eak selection and random  
m ating w ith respect to agc, the intrinsic rate of 
increase o f a genotype or, more generally, the 
m ean o f the male and fem ale intrinsic rates, pro- 
vides an adequate measu.re o f íìtness in a density- 
independent and constan t cnvironnient.

Lande tackled the problem  of applying quaniiiative 
geneiic theory to the evolution of r in a population. 
A ssum ing weak selection , large population síze, and 
a conslant genetic variance-covariance m atrix, Lande 
show ed that in a constan t selection regim e, li te history 
cvolution continually increases the intrinsic rate o f in- 
crease o f a populaiion until an equilibrium  is reached. 
T h e intuitive appeal o f  r as a suitable m easure o f íitness 
thus receives qualiRed support from  both population 
genetic and quantitative genetic theory.

I f  the population is stationary, r is zero and the 
ch aracterisiic  equation reduces to

R0 =  l(x )m (x )d x  =  1 (1 1 '

Ro is tcrm ed the net reproductive rate and is the ex- 
pected num ber of ỉcm ale offspring produced by a íem ale 
over her life span. The use o f  Ro m akes analysis easier 
and can be ju stified  i f  r is very close to zero or if the 
d ensity-dependent or o ther factors that m aintain  the 
population at som e relatively stable value do not im - 
pinge on  the traits under consideration. F o r exam ple, 
population size m ight bc controlled  by density-clepen- 
d ent m ortality  in the larval stage, while the o b ject of 
study is the evolution o f ỉeưiale age at m aturity. In this 
cạse we can exam ine the relationship betw een the age



at m alurity and íìtness under the w orking assum ption 
that genotypes do not differ in  the characteristics of 
their larvae. Since population size is stable, the expected 
liíetim e ĩecundity, Ro, Is then the appropriate m easure 
of fitness.

In som e analyses, íitness is determ ined from the 
reproductive value at age X, V(x)

V (x) =  7^ -  í *  e~'rK y )m (y )d y (12 )
l(x ) J '

The reproductive value of an indivìdual o f age X  is a 
m easure of the extern to w hich it contributes to the 
ancestry oí [uture generations. W illiam s (1 9 6 6 ) postu- 
lated that nalural selection  m axim izes r by m axìm izing 
reproductive value at every age. A m athem atieally cor- 
rect statem ent o f the principle is “reproductive value 
at each age is m axim ized relative to reproductive effort 
at that age, although not necessarily with respect to 
effort at other ages.”

The preceding approach has been very successful 
in accounting for variation in lífe h istory traits. An 
illustration o f this is ihe analysis oí the opúm al size 
ai fưst reproduction in D rosop h ila  m elan ogastcr. In D. 
m eỉan og aster  body size increases with developm cnt time 
and ĩecundily increases allom etrically  with adult body 
size, w hich is íìxed 011 eclosion ĩrom  the pupa. The age 
schedule ol female birihs is triangular in shape (Fig. 3) 
and is described by the equalion

m(x) =  -  Cị L‘i ( l  — e“‘»(v~r't, )e~£y' (13)

vvhere the c,s are constants, L is thorax length, and X  

is age. Thorax length, L , scales the age schedule of 
reproduction, larger ĩem ales producing m ore eggs, but 
does not change its position. The constant c, is the 
produci of two constants: the coefficien t o f proportion- 
ality w ithin the allom eiric relationship betw een length 
and íecundity, and the proportion o f eggs thai fail to 
hatch.

D evelopm ent tim e, íì(L ), scales to body size ac- 
cording to the relationship (Fig. 3)

d (L ) =  C„L' +  c„ (14)

Thus deveiopm ent time scales allom etrically  with size 
except for the constant c8, vvhich represents tim e re- 
quired for the eggs to hatch and the developm ent within 
the pupa, both of these com ponents being independent 
of size.

PIGURE 3 R e la lionship  h c iw ce n  body sizc and liíc his torv  trails  in 
D r o s o p h i l a  m c la n u Ị Ịa s t r r .  U p p cr  panel: Agc s ch cd u lc  of r c p ro d u c t io n  
for small  (sol id  l inc)  and largc (dasheđ linc)  lcmalcs.  Lovver pancl:  

D ev c lo p m em  timc and survival lYom cgg lo adull  in re laùon  lo aduh 

th orax  lenglh.

Because iníorm ation on mortalily rates are so poorly 
know n, it was assum ed ihal instantaneous rates rem ain 
constant in the adult and larval phases at M„ and M I, 
respectively. Probability o f surviving thc larval period, 
I(L ), is thus (Fig. 3)

1 ( 1 )  =  e - ^  ( 1 5 )

D rosophiìa  m elan ogaster  is a colonizing species and 
hence the appropriate measure of fitness is r. Com bin- 
ing the previous relationships, we obtain the character- 
istic equation

» 1
_  ^ - r i - v  + i/(ỉ-') +  f 4 | - M (lỉ (p‘ -S íỉl( .v + t4 )-ỉ 5t 4 í . Ị  í ,

2 (16] 

(1 — c~‘T')e~‘ĩx =  1

where, ior convenience age has bcen rcscalcd to begin 
at the Pirst day of egg laving. Though this equation is 
tediously long, its solution presents no great ditíicuhy. 
Brieĩly, the m ethod is, Hrst, to evaluaie the series m aking



Thorax length (mm)

F1GURE 4 Esi im ate d re la t ionship  bctvvccn íitness, as m eas u re đ  by 

tho ra lc o f  incrcasc . and ih ora x  lcngth  in D iv s o p h i l a  m e l a n o g a i t c r .

usc of thc fact that it is a geom etric progression and, 
second, 10 d ilĩerentiate im plicitly to obtain the opúm al 
length at maturity. The optim um  thorax length depends 
on adult m ortality, larval mortality, and the constant 
in itia l “m o rta lity ” co m p o n e n t (p  or C|). Figure 4 show s 
the relationship betw een r and thorax length using val- 
ues oblained from laboratory stocks and estim ales from 
wild populations. The predicted tnaxim um , 0 .9 5  m m , 
falls very nicely w ithin the observed range in thorax 
length of 0 .9 0  to 1 .15 mm.

B. Stochastic Environments
Environm ents are typically variable in both time and 
space. while the assum ption o f a constant environm ent 
may be a reasonable íìrst approxim ation in many cases, 
there will be many others in w hich variation cannot be 
ignored. The sim plest case to consider is where the 
cnvironm ent is stochastic and there is no cue as to 
(uture conditions.

In a stochasúcally , tem porally fluctuating environ- 
m ent, the correct measure of íìtness is the geom etric 
mean of ihe lìnite rate o f increase. The rationale for 
this measure is as follows: the size of a population after 
t time intervals is given by

N (0  =  N (0)À ,À ,. . .  À, =  N (0)  n A, (1 7 )
i=l

The arithm etic and gcom ctric m eans are

A rithm etic m ean =  ~  2 ]  A,
1 1=1

_ _  (18 )

n A, 
i='l

It is obvious that the geom etric m ean describes the 
long-term  average per generation change in population 
size and hence is the param eter that reílects the íìtness 
of different strategies. If r is used in place o( the íìnite 
rate of increase, the appropriate m easure o f tĩtness is 
the arithm etic m ean o[ r. T h is can be dem onstrated 
as follow s: dividing tim e intervals into sm all unils we 
can write

t ’.
N (0  =  \ (0 ) r ' . . .  e'i =  N (0)e  1 (19 )

from w hich it is readily apparent thai the correct mea- 
sure of fitness is the arithm etic average of r.

C onsider two genotypes living in an environm ent 
that com prises two types of year, “good” and “bad,” 
each occu rring w ith equal írequency. In “goođ” years, 
genotype A has a finite rate o f increase of 2 and in a 
“bad” year a finite rate o f increase o f 0 .5 , w hile genotype 
B has íĩnite rates of increase o f 1 and 1.1, respectively. 
The arithm etic averages of A and B are 1 .25  and 1 .05 , 
respcctively, but the gcom etric averages arc 1 and 1,1. 
Thus genotype B has the h ighest long-term  fitness al- 
though it has a sm aller arithm etic íinite rate of increase. 
Genotype A increases m ore than genotype B in “good” 
years but suffers a greater red uction  in “bad” years. The 
relatively high fitness of genotype B resides in the fact 
that although it has a sm aller arithm etic average, it also 
has a sm aller variance in its finite rate o f increase. In 
a stochastic environm ent the h ighest lĩtness may be 
gained not by the production o f a single phenotype but 
by a genotype producing a range of phenotypes. Such 
bet-hedging strategies are com m on, an exam ple being 
the production of both  diapausing and direct-devel- 
oping offspring in both  invertebrates and plants.

c. Predictable Environments
M ost environm ents show  predictable changes either as 
a result o f b iotic  factors (e.g ., overgrazing, com m unity 
succession) or abiotic factors (e.g ., w inter, m onsoons). 
Suppose ỉactors that affect One or m ore life history 
characters are íully pred iciable— that is, given some

G eom etric mean =
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Reaciion norms betvvcen two life historv traits (larval 
development time) and lemperalurc in Drosoplĩila mclano-

where W (x) is size at age X, k is the param eter de- 
tcrm ining the rate al which the asym ptotic size is 
approached, and Cj—c4 are constants.
Adult m ortalitv rate, M„, decreases with grovvth 
rate accordine to the íunction:

M„ = (2 1 )

3. M ortalitv  ra Le o f ịuveniles, M ( , is a íu nction  ol the 
com ponent of adult m ortaluy, plus an am ount 
that decreases with age at m aturity, a ,  and growth 
rate, k:

M, -  c3 + QỊ‘f (22)

cue E the life historv characters will be changed Irom 
thcir present values to values that can be relaled lo E 
by som c ĩunction. For each case thcre is som c optim al 
com bination of trait values: given the predictable nature 
of the cue means tbat the organisnVs life history can 
be altered to accom m odate the new conditions. Sup- 
pose, for exam ple, that w hen the environm enlal condi- 
tions are E, the optimal clutch size is c,.  Upon receipt 
o f the environm ental cue, the organism  produces the 
optim al clutch size, c , . T his relalionship betw een trait 
value and environm ent is called a norm of reaclion, 
w hether or not it is optim al. R eaction norm s are ubiqui- 
tous. Two exam ples of reaction norm s are show n in 
Fig. 5. A reaction norm  may bc adaptive or a nonadap- 
tive (even maladaptive) physiological rcsponse to the 
environm ent. To dem onstrate thai a reaction norm  is 
adaptive requires that we use the set o f tradeolĩ func- 
tions related to the environm eni to predict the optimal 
reaction nortn. Consider, for cxam ple, the question 
asked by Stearns and Koella (1 9 8 6 , p. 8 9 4 ): “How 
should an organism encountering an unavoidable stress 
that results in slow er growth aller its agc at m aturity 
to keep íitness as high as possible despite the conslraints 
im posed by slower grow th?”

To address this question, Stearns and Koella used 
the follow ing hypothetícal m odel

1. Fecundity increases with bodv size, w hich in- 
creascs with age:

W ( x )  =  c , ( l  -  ọ c H;v)

in ( x )  =  Cị \V { x ) +  c4

Stearns and Koella assumed tha! litness is m axim ized 
by m axim izing r. The predicted norm s of reaction be- 
tween age and size at maturity íor lour possible scenar- 
ios are illustrated in Fig. 6:

1. M orlalily rate and growih rate independent (CịỊ =
0, Cụ =  0 ). Decreases in grovvth rate, /ỉ, favors an

Age at maturity

FíGURE 6 Prcdicted norms oi rcaciion bctvveen sizc and age al matu- 
rity lor ihc lilc liisiorv model dcscribcd in ihe Icxi.



increasc in the age at m ạiurity and a decrease in 
the size at m aturity.

2. Ju ven ile  m ortality rate increases as growth rate in- 
creases (Cb =  0, Cụ >  0 ). As with the previous 
casc, decreases in k  íavor an increase in the age at 
ma tu ri ty and a decrease in the size at m aturity.
The actual norm  o f reaction may have the sam c 
shape as case 1 or be sigm oidal.

3. Adult m oriality  rale  increases as grow th ra te cỉc- 
creases (c0 >  0 , à) =  0 ). The optim um  norm  o f re- 
action  has the sam e shape as case 1 but is re- 
versecl, size at m aturity and age at m aturity being 
positively related.

4 . The adult and juvenile rates are variable (cô >  0,
Co >  0 ). The relationship betw ecn agc and size at 
m aturity is “kecl-shap cd .” The portion o f the 
curve in w hich size at m atưrity is an increasing 
íu nction  o f age at m aturity only occu rs when 
adult m ortality  rates exceed ju venile  m ortality 
rates bv a íactor o f 100 or m ore. Thu s, generally 
the trajectory  is determ ined by m ortality rates o f 
ịuveniles.

The m essage from the prececling analysis is thai reac- 
tion norm s can be quite com plex and dependent not 
only on the íunclional relationships determ ining the 
tradeoffs but also the param eter values. The situation  is 
macle even mo re com plex if  the environm ent is spatially 
variable: in this case the appropriate Gtness measure is 
the overall r, not the r that is characleristic o í  a particu- 
lar environm ent. This requircs m odiíying the character- 
istic equation to

/  p (h )  f  |(x, h)m (x, h )e~ rxdxdh  =  1 (23 )

w here p (h ) is the probability o f habitat h occurring. The 
optim al com bination o f trait values can be m arkedly 
d ifferent from  the average sei determ ined by consicler- 
ing each habitat separately.

For reaction norm s to evolve to produce the optim al 
response, there rausi be genetic variation in how  incỉi- 
vicluals respond to the environm ent (i.e ., there m ust 
be genetic variation for phenotypic p lasticity). The evơ- 
lu tion  oí phenotypic plasticỉty  can be addressed using 
two apparently different m athem atical perspectives: the 
character State approach and the reaction norm  ap- 
proach. Both approaches are actually interchangeable 
and each has advantages and disadvantages.

The character State approach is based on the assum p- 
tion  that the sam e trait m easured in two environm ents 
can  be consiclered as two traits that are genetically  corre-

laled. This is illustrated in Fig. 7 , where each lin c repre- 
sents a separate genotype. If the lines jo in in g  the phcno- 
typic values in  the two environm ents (E j and E>) 
intersect at a com m on point betw een E| and E 2, ihe 
genetic correlation betvveen the two traits is — 1 (Fig. 
7, panel D ). If  the lines in tersect outside the range Eị 
to Ey , the genetic correlation is -f-1 (Fig. 7, panel A; note 
that parallel lines also produce a genetic correlation  o f 
+  1, since m athem atically their point o f in tersection  is 
at the point o f iníinity  point bcyond Eị or E2). The 
genetic correlation will differ from  ± 1  i f  there is 
no com raon pọint o f in tersection (Fig. 8 , panels B 
and C ).

W hile  the character State approach sees the pheno- 
type as lwo points in State space, the norm  o f reaction 
approach sees a líne (Fig. 8 ). T hu s, for two environ- 
m ents phenotypic variation can be described  as 
X (E ) =  Co +  C[E +  c, where the two param eters Co and 
C| are viewed as traits, and e  is an error term  that is 
norm ally distributed w ith m ean 0. Evolutionary change 
in X  depends on the heritabilities o f Co and C[ and the 
genetic correlation belw een ihem . l f  the genetic correla- 
tion is ± 1  then the line that is geneùcally íìxed  and 
corresponds, as ít should, to the cases A and D in Fig. 
7. This description is merely an alternate íorm u lation  
o f the c h a ra c te r  State ap p roach . T h e  c o n ce p tu a l ad van- 
tagc o f this approach is that il extends quile naturally 
to continuously distributccl environm ental variables 
such as tcm peraiurc. The preceding m odel can  clearly 
apply to any linear reacũon norm ; if the relalionship  
betw een Lrait and environm eni is niore com plex, a m ore 
com plex íunction  can readily be substituted, for exain- 
ple, the quadratic X (E ) =  Co +  CịE +  C2E 2 +  e.

The evolution to the optim al reaction norm  could 
be constrained. Suppose, íor exam ple, the reaction 
norm  were linear but the optim al reaction norm  were 
quadratic: in this case the optim al reaction norm  cannot 
be attained. l f  som e arbitrarily com plex polynom ial 
function is assum ed, then many shapes are possible and 
no constraint w ill ensue. W hile  there are abundant data 
indicating that genetic variation for phenotypic plastic- 
ity o f life history traits is coram on, there are few da ta 
suggesting that the evolution o f reaction  norm s are con- 
strained.

The study by W eis and G orm an (1 9 9 0 )  on  the 
evolution o f gall size in the insect E urosta  sữ ĩidagin is  
is one o f the few studies that has exam ined selection  
on  a reaction norm  in  a natural population. E u rosta  
so lidag in is  attacks the goldenrod S olidago  a ltiss im a, 
laying its eggs in  the stem s and the larvae causing 
the íorm ation o f a gall. From  field data, W eis  and
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PIGURE 7 Phenoiypic plasiiciiy in two environmenis as V’icwcd 
ừ ora  the c h a ra c te r  State persp ectiv e. The p an els  o n  ih e  le fi shovv 

the character states in ihe two environinenis EI and E2, cach line 
ịoining the trait values of a singỉe gcnotype (the reacũon norms 
of the genotype). The panels on tlic right shovv the rcgression of 
the trait value from the second envlronmcnt, X(E2), on ihe traii 
value from the first environment, X(Ei). A: The reaction norms 
meet at a single point bcyond the rangc of ihe t\vo environments. 
The correlation between trait values is + 1 . Note that parallel 
reaction norms also give a genetic correlaiion of +  1 (mathemaiicallv 
ihis is bccausc the lines meet at iníinùy). B and C: The reaction 
norms cross at several points within the range of ihe tvvo cnviron- 
merus. Depending on the distribmion of inierscctions the genetic 
correlaiion will be positive bui less than +1 (B), zero (C), or 
negative but greater ihan —1 (not shovvn). D: The norms of 
reaction inierseci at a single poinl betvveen ihe Ivvo environments. 
In this case the genetic correlation is —1. The triangles show a 
hypotheúcal optimal combinatỉon oí iraii values. Bccause in cases 
A and D all the points lie on a 'SỈngle li ne (r =  AI), this 
combinaiion may noi be achievable. In all other cases, because in 
principle the distributỉon about the rcgression line is normal (i.e.. 
no value is exclucleđ), selection can movc the populaùon 10 the 
joint optimum.

Environment Environment

FIGƯRE 8 A pictorial represemation of the two vicwpoints of pheno- 
lypic plasticitv. The characier S ta te  approach (upper panel) íocuses 
attention on the Lrait values in ihe tvvo environm ents, vvhile the 
reaction norm  approach (bottom  panel) focuses 011 the linc jo in in g  
the trait vaỉues.

Gorm an determ ined that survival was a com plex 
[unction o[ gall điam eter, with an optim um  at approxi- 
malely 24  mm (Fig. 9 ). On ihe basis ol analysis of 
16 full-sib fam ilies, they obtained a linear relationship 
between final gall diam eter and the time lag between 
oviposiúon and gall initiation (Fig. 9 ). Because the 
time lag showed variation associated wíth plant sibship 
but not among insect sihship, W eis and Gorman 
argued that time lag is a trait of the plants and 
not the insects. Thus tim e lag is, from the insect’s 
perspective, an environm ental gradient associated with 
the plant. The heritability o f the gall-size/lag time 
intercept was determ ined as 0.21 (SE =  0 .1 8 ) and 
the slope as 0 .54  (SE =  0 .2 5 ). Although the former 
estim ate is not signiíìcanlly  different from zero, the 
ANOVA indicated signiỉìcant family effects.

M axim um  survival occurs w hen gall diam eter is 
approxim ately 24 .3  tnm, and hence wc would expecl 
selection to íavor reaction norm s that produced a 
gall o f this size, regardless ũf lag úme. In this regard 
it is significant that thc greatcsl intersection of the 
reaction norm s occurs ai ihe m odal lag time but gives 
a gall diam eter of approxim ately 19 mm (Fig. 9 ) . Thus 
the íìtnesses of the different íam ilies are approxim ately 
equal in the most frequent environm ent bul are lower 
than the m axim um  Rtness. Selection should act to 
shiít this area of intersection upward, w hich could 
be done by increasing the intercepts or changing thc 
slopes. In  ihe lorm er case an overall increase of 
approxim ately 4  mm would achieve the requíred 
m axim ization of íìm ess vviihin the modal environm ent, 
but in the Iatter case it appears ihat a m uch greaier 
range in slopes m ust be achieved. Thereỉorí’ , we mighi 
expect that selection will act most strongly in a



PIGURE 9 B o lto m  pancl : P ro p o rt io n  o f  surviv ors  as a lu n c i io n  of  
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and gall in i l iation .  T o p  panel : Reac l ion  n o r m s  from ih e  16 lu ỉ I - 
s i b  ía m i l i e s .

directional sense on ihe intercept, since the same 
change in all íam ilies is likely to have a greater im pact 
on íìtness than a sim ilar change in the slope. This 
prediction can be tested by estim ating the relative 
strengths o f selection on the two param eters. As 
predicted, d irectional selection  was stronger on the 
slope than the intercept (In tercep t/S lop e =  4 .4 ) , but 
stabilizing selection  acted  approxim ately equally on 
thc two com ponents (In tercep t/S lo p e =  1 .4 ).

This studv reinforces the point that the presence of

genetic variation is necessary for reaclion norm s to 
evolvc to their optim a, but at the sam e time ihe contin - 
ued presence of genetic variation rem ains a phenom e- 
non that itself must be explained.

D. Environments with Both Stochastic and 
Predictable Components

The most realistic scenario of the environm ent is 
that il has both stochastic and predictable elem ents. 
Consider, for exam ple, the problem  taced by a organ- 
ism  in which its propagules (eggs or seeds) can 
survive frost, and so can overw inter, but all other 
stages are killed by a frost. Now suppose the season 
available for growth and reproduction is long enough 
to accom m odate on average two generations. lndividu- 
als that m ature early in the season will lay direct 
developing eggs that give rise to the second generation. 
Individuals o f ihe second generation will all lay dia- 
pausing cggs that will overwinter. Hovvever, individu- 
als o f the first generation ihat em erge late in the 
season face the problem  that there may be insu líicien i 
tim e for a second generation in w hich case they 
should lay diapausing eggs. If the season is long 
enough to accom m odate a seconcl generation, diapause 
eggs have a lower íìtness than d irecl developing eggs, 
because the form er give rise 10 only a single descend- 
ent for that year whereas the latter give rise to rnany 
descendants. In an environm ent in w hich the day ol 
ihe íìrst frost always occurred on the sam e day or 
coulcl be predicted w ithout error by the íirst generation 
iem ales, there would be a sharp sw itch betw een the 
production of diapause and d irect-developing eggs. 
O n the other hand, in general, the day of the firsi 
frost could only be assigned as a probability íuncúon: 
under this circum stance there w ill exist a period 
during the season during w hich the m ost fitl strategy 
will be to lay a inixture of diapausing and direct- 
developing eggs, the proportion depending on ihe 
reliability of the cue.

The phenom enon in w hich a m ixture of types is 
produced is termed b et hedging or risk spreading. Ít 
has been explored theoretically fairly extensively, but 
there have been few em pirical tests. In particular, 
risk  spreading could be achieved by a strategy of 
avoiding risks (e.g., sw itching to production o f dia- 
pausing eggs w henever the probability o f not getting 
in the second generation is less than 1), w hich has 
been termed conservative risk spreading or by a single



genotype producing a range of phenotypes, which 
has been termed diversiíìed risk spreading. In an 
extensive review of insect data Hopper (1 9 9 9 )  con- 
cluded that there is little evidence that risk spreading 
has been  a m ạjor factor in the evolution of insect 
life histories. The im portance of risk spreading in the 
evolution of life histories rem ains to be satisfacto- 
1'ily investigated.

See Also the Following Articles
B I O D l V E R S I T Y ,  E V O L U T IO N  AND • B IO D IV E R S I T Y  

G E N H R A T IO N , O V H R V IE W  • P H E N O T Y P E ,  A H IS T O R 1 C A L  
P E R S P E C T I V E
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I. In trod uction : The Biological Packing M etaphor
II. Tw o Species in O ne C ontainer

III. Expanding the T heory  o f  Packing
IV. Species Diversity and Species Packing
V. C onclusions

GLOSSARY

ch ein o stat Apparaius for grow ing m ieroorganism s in 
a conlinually  replenished  m edium . 

com m unity  A m u ltispeciíìc aggregation o f organism s 
in a particular location  that may interact w ith each 
other.

com p etition  More than one sp ecies utilizing one or 
m ore com  m on resources. 

eco log ical n iche The set o f requirem ents that m usl be 
rnet if a particular species is to survive. It is som e- 
tim es used to m ean the place in  w hich those require- 
m ents are met. 

ecosystem  A region w ith m ore or less clear boundaries, 
w hich contains a particu lar set o f species and may 
be characterized by som e set o f m eteorological, c li- 
m atoỉogical, and geochem ical properties. 

invasive or a lien  sp ecies  Species that have recently 
colonized  som e geographic regions d ilĩerent from  
the one in w hich they were initially described. 

iso clin e  A line along w h ich  som e property rem ains 
constant.

m u ltid im en sion al n ich e  A tem pero-spatial region de-

fined by m eeting a set o f d iíĩerent requirem ents for 
viability o f a parũcular kind o f organism . 

n ich e d im en sion s Ranges o f values of environm ental 
m easurem ents in an ecological niche. A range o f 
tem peratures, salinities, or oxygen concentrations 
may be n iche dim ensions for a population o f fish. 

p ack in g  T h e placem ent o f ob jects in a Container, 
re iíìca tio n  The assignm ent o f em pirical reality to the 

reíerenda oí a word or theory, regardless of the exis- 
len ce o f  any such reĩerenda. 

sp ecies  d iversity  The num ber of different species in 
sorae area o f interest. Global species diversity refers 
to all species. Local species diversity reíers to som e 
geographic region such  as Hawaii or New Y ork City, 

sp ecies  p ack in g  The study o f how species on the sam e 
trophic level coexist in a lim ited region or Container.

SP EC ỈE S P A C K ỈN G  is the study o f the co-occu rrence 
o f d ifferent species of organism s in a particular sam pling 
area. Certain regions are know n to contain  many species 
of particu lar groups. Sam ples of coral reefs, the middle 
depth sea bottom s, and som e tropical íorests contain  
m any species while sam ples from  arctic lakes, northern  
ỉorests, and estuarine bottom s have relatively few. Since 
it is know n that several species sim ultaneously intro- 
duced into a C ontainer cannot persist, there is a question 
about how  so many species can be packed into certain  
situ ations and not into others. The theory of species 
packing was a response to this problem .
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I. INTRODƯCTION: THE BIOLOGICAL 
PACKING METAPHOR

D ifferent locations vary conspicuously  in the num ber 
o f species that are present. Som e, like coral reefs and 
tropical rain forests, are fam ous for their high species 
diversity, while others, like som e Alaskan íorests, are 
notably m onotonous in the num ber o f kinds of trees 
that are present. D ifferences in diversity have attracted 
many researchers, although as yet there is no One all- 
encom passing theory of species diversity. In fact, the 
overall term “species diversity” seem s m ore useful at 
the level of scien tific  policy and public relations than 
it is at the level o f scien tiíic  d iscourse.

There are many theories and m odels o f species diver- 
sity, w hich differ in their foci and assum ptions. The 
theory of species packing is concerned  vvith one aspecl 
o f diversìty, speciíìcally  the coexistence of populations 
o f different species located in a particular space. It car- 
ries elem ents o f the concept of “species richness” in 
that the greater the species richness o f a region, the 
m ore species have presum ably been “packed” into it. It 
also carries im plications for “realized species niches” 
because it m ight be inĩerred that the m ore specics are 
packed into a region, the narrow er ihe realized niches.

Like so many of the lerm s o f theoretical ecology, 
“species packing” often is used in a m elaphorical sense, 
w hich can be m isleading. Ít is best to begin by analyzing 
the concep t in a literal and elem eniary way.

The word “packing” has ai least two m eanings, vvhich 
can cause coníu sion . It may m ean placing o b jecls  inside 
a vvrapper or Container vvithout altering them , or it 
may m ean squeezing them ìn to a fixecỉ-size Container. 
C ontrast the packing of glass tum blers w ith that of 
pillow s. Tu m blers are packed in lo  a Container bul if 
they press hard against eacli other they shatter. Pillows 
can be squeezed into a Container and fluffed up again 
w hen they are taken out.

T he possibility o f either type o f species packing pre- 
supposes som e sort of Container into w hich things are 
packed. ls the iníerred Container equivalent to an envi- 
ronm ent? D oes an environm ent have fixed geom etric 
d im ensions like a wooden box? A pond, a log, a rotting 
íru it— all can, in fact, be thought of as containers. Hovv- 
ever, environm ents can be đetìned in  vvays that may 
have m ore m eaning to investigators than to inhabitants. 
Are the boundaries of a study area like La Selva, a 
p olitical unit like Costa Rica, or a geographic area like 
Central Am erica in som e sense m eaningíuì packing con- 
tainers?

W e vvill introduce the m athem atical iheorv of species 
packing, exam ine how the theory has been exem plified

in laboratory and Tield experim ents, and, finally, con- 
sider the im plicalions o f species packing for field obser- 
vations.

II. TWO SPECIES IN ONE CONTAINER

A. Theory
The problem  of species packing was crystallized in ihe 
apparently sim ple quesúon: “W hy are there so many 
kinds of anim als?” Thereaíter there has been a continual 
slream  of oíten controversial, diííicult, and som etim es 
acrim onious papers on this subịect.

1. L o tk a -V o lte rra  E q u a tio n s

Species packing iheories are concerned vvith species in 
an im plicitly assum ed C o n ta in er . The boundaries o f the 
C o n ta in e r  are usually considerecl to be permeable to 
the flow of resonrces and energy bul, unlcss speciHed, 
im pervious to ihe passage of organisms. These are im- 
poriant assum ptions.

The formal theory o f species packing originated from 
the equation system s o f Lotka, Volierra, and D’Ancona. 
Lotka considered that in ihe entire biosphere all individ- 
ual organistns have sim ilar resource requirem ents, and 
no resource is in in íìnite supply. Therelbre, at soine 
level there must ultim ately exist a limit to the abun- 
dance of organism s and an inverse relation betw een 
num ber o f specics and number of individuals per spe- 
cies. Further analysis is requircd belore this assertion 
becom es interesiing.

V olterra and D’Ancona considered several species 
com peting with each  other Tor resources in a space 
through which resources flowed at a constant rate. 
C om petition betw een species A and B can be considerecl 
in  term s of pairs o f isoclines on a tvvo-dimensional 
phase space with axes N , and NB:

dN Á
~  =  0  =  Ka -  N, -  6«Nb 

clt

dN n
~  = 0 = Kb- N d- /3 N ,

in w hich the subscripts reíer to the tvvo species. The K 
values refer to the num ber of organisms present at what 
was called "population equilibrium ” or "population sat- 
Liration."

It was assum ed ihat any single spccies population 
vvoulđ rem ain num erically consiam  after K  had bcen 
achieved, if the flow o f resources and the physical condi-



lions did nol change. These sim ple equations are the 
starting point for manv species packing iheories.

The K and N  values were initially considered as 
cou nts of organism s, but as the theory developed the 
K  values were taken to designate som e resource divided 
up am ong the organism s. Ít often helps to think of 
spccies abundance as being directly translatable lo rate 
o f consum ption of a temporally renew able resource.

It was usually assum ed that any individual organism 
will negatively afíect the vvell-being of all the others in 
the designated space, as m easured by their b in h  and 
death rates.

Organism s can affect each other by reducing the 
availability o f resources. T hey  can also alter the chem i- 
cal or physical properties o f the local environm ent. 
These alterations are reĩerred to as "conditioning” or 
“crow ding.” Yeast cells secrete alcohol, which affects 
o iher yeast and bacteria. Beetles and m ice change the 
odor o f the environm ent. M ussels and barnacles physi- 
cally crowd each other.

In elem eniary packing theory, a constan l, Oi, repre- 
sents the relative am ount of the resources of species A 
consum ed by each individual o f species B and, con- 
versely, Ịi represents the crow ding of the individuals 
o f species B by one individual o f species A. In the 
m ultìspecies case, a,! is taken as the effect of spccies j 
on m em bers oi species i.

2. T h e  E colog ical N iche

T he possiblc outcom es íor two species were often repre- 
sented  graphically in elem entary texts by using a phase 
diagram  with abundance or concentration  of each of 
the two species as axes. The persistence o f both species 
populations is only possible if the two isoclines cross.

For species NÁ, the isocline con n ects the point 
(N a =  Ka , N,j =  0) to the point (N.t =  0 , N„ =  KB/ à ) .  
At each poinl on this isocline, individuals o f the relevant 
species are crowđed enough that births and deaths are 
equal. The crowding is exercised by either con-specifics, 
the m em bers of the other species, or som e m ixture of 
the two.

]f  two species are inoculated  in to a space in which 
each species can survive if alone, there are basically 
three possible outcom es:

• If an inđividual o f One species im pacts the con-spe- 
ciíìcs m ore than hetero-speciíics, both  species may 
persist. The two isocline cross at a “kn o t.”

• A nother possibility is that individuals o f both spe- 
cies are m ore sensítive to the presence of the other 
species than to the presence of con-spccifics. In 
this case, the outcom e depended on the initial con-

centrations o f the two species. The isoclines cross 
at a “saddle.”

• The fmal case is one in  w hich one species has a 
stronger effect on the other, but the second species 
does not have a very strong effect on the first. The 
isoclines do not cross.

These three cases are related to sim ple deíìnitions 
of the ccological niche. In  the first case, the Container 
is considered to contain  regions from two ecological 
niches. In the second case, the Container is in the inter- 
section betw een two niches, and in the third case the 
Container is w ithin the n iche of the v ictorious species.

B. Laboratory Experiments
W hile the elem entary theory is prim arily oí'pedagogical 
rather than practical value, it did inspire several labora- 
tory population studies in w hich populalions of two 
species were actually placed in a Container, provided 
with renew able resources, and perm itted to interact.

The early invesligations on m acroscopic organism s 
required long periods ot observation and repeated le- 
dious counting. Sonic later laboratory population expcr- 
im ents vvere done. C urrent studies o f laboratory popula- 
tion dynam ics m ainly use m icroorganism s and are 
primarily o f genetic and evolutionary signiRcance. Even 
in these siudíes there are signiíìcant ecological differ- 
ences betw een resulls derived from liquid cu liure in 
tesl tubes, in chem ostats, and those from  colonies on 
sem isolid gels.

W ithou t atieinp ling to review all laboratory studies 
il is possible to sum m arize insights that have proved 
relevant in designing fìeld studies and that have sug- 
gesled theoretical analyses or may be expected  to do 
so in the íuture.

• Laboratory studies have dem onstrated that a single 
Container can be divided in ways that can be more 
interesting than sim ply differences in quantitative 
uúlìzalion of resources.

For exam ple, w hen populations o f a m oth and of a 
beetle were placecl in a Container w ith in tact wheat 
grains or with ílour, the m oths were elim inated. Both 
species survived in cracked  w heat. Broken bits o f glass 
capillary tubing adcled to flour also perm itted two spe- 
cies persistence. The m oth larvae were being eaten by 
the beetles unless they were sheltered inside the grains 
or in the glass tubes. This illustrated that spatial com - 
plexity can m odify the relation betw een com peting pop- 
ulations. In  the absence o f physical reíuges, ihe relation-



ship betw een the m oth and the beetle becom es a 
pređator-prey interaction com bined with some com pe- 
tition for food. Exam ples in w hich the interaction be- 
tween several species can vary betvveen com petition 
and predation are not uncom m on.

No populations, except for those of som e m icro- 
organisms, grow according to the V erhulst Pearl logis- 
tic equation of sigm oid growth. This is interesting 
because there still are those that will defend the use of 
this counter-to-fact equation in developm ent of 
theory.

• As populations becom e m ore crowded there are 
changes in birth and death rates. These changes are 
alvvays accom panied by other physiological, anatom - 
ical, and behavioral changes.

There is abundant evidence oi psychological and 
physiological change caused by individual social history 
in mammals. W hile tbe effects o f past history may be 
mosl dram aúc in m am m als, they have been found in 
essentially all animals and plants. Crowded trees show 
different shapes than those grown in uncrow ded situa- 
tìons.

• The levels of populaúon density that can be 
reached during population growih experim ents are 
very m uch in excess o f what the organism s would 
tolerate in naturc, as indicated by the ubiquitous
lendency of anim als to escape from these contain- 
ers in any way possible.

In one sludy it was possible to com pare responses 
of house m ite  in closed and open spaces. w h e n  the 
coníìned m ice becam e sufficiently num erous to empty 
their food trays thev im m ediately developed reproduc- 
tive and behavioral pathologies. U nconíĩned m ice re- 
mained in a local area around their food trays until 
they could emptv ihem aíter each ĩeeding. They then 
im m ediately dispersed.

Flour beetles w hen crovvded move to the surĩace of 
their m edium  and shovv a strong tendency to íly. This 
cannot be devnonstrated in population vials but bc- 
com es apparent if the ílour containing a crowded popu- 
lation of bcetles is removed from the vials or the vials 
are unstopped (personal ohservation). Dispersal when 
crovvded is also íound in other grain pests.

In Daphnia, w inier eggs (ephippia) are produced ai 
an early stage of food slress. This perm its descendants 
of the population lo survive despite vvhatever occurs 
in the experim ental Container, Any pond or lake that

contains Daphnia or other Cladocerans will contain  
abundant ephippia in its sedim ents. These m ay hatch 
aíter a long dorm ant period, iniroducing genetically  
d istinct anim als from an animal seed bank for many 
years, even if the em ergent anim als o f a parúcular geno- 
type cannot survive in m ost years.

Even Hydra, which have no locom otorv organs, re- 
spond to crow ding and íood shoriage by íloating free 
of their substrate, which removes them from a locally 
crowded situation.

• Laboratory populations can som etim es be used to 
make som e inĩerences about what may be oc- 
curring in nature, but the in íerences arc not neces- 
sarily direct.

Early students of Daphnia assumed ihat Daphnia 
condition  the water in w hich they lived. lt was later 
dem onstrated thai the sizes o f Daphnia populaúons in 
the laboratory, over a crow ding range 10 tim es ihal 
ever observed in nature, vvere linearly depcndent on 
food supply. If conditioning was of im porlance, this 
linearity would be im possible and ihere would have 
been a curvilinear rđ ation  sim ilar lo thai iound in ihe 
relation betw een nulrienl flow and population size in 
chem ostat cultures of m icroorganism s.

This does not imply thai Daphnia populaúons in 
nature are regulaied by their food supply. li does imply 
that they are noi regulated in any signiíicant way by 
causing chem ical deierioration of ihcir environm ent, 
because over a range ol crovvtliug tliiit greaily exceeds 
any that has been found in nalure, no Chemical effect 
has been found.

Clearlv, laboratory experim enls and theoretical 
models cannot adequately im itatc nalure. H ow ever, an 
experim ent can be designed to consider a wider range 
o f conditions than those thai occu r in nature. In that 
sense, nature becom es a subset of the experim ental 
world.

In som e cases there is a clear logical transition be- 
tween theory, laboratory experim enl, and fìeld experi- 
m entation. Gause m athem atically considered predation 
on a tw o-species com petition system . He concluded 
that (he coexistence of two species could, in principle. 
be stabilized by predation.

In laboratory populations, the coexistence of brovvn 
and green species ol hydra was lacilitated by either 
rem oval o f som e of the anim als or bv m aintaining them 
in low illum ination, dem onstraling thai coexistencc 
could be stabilized bv cither a biological or a physical 
change in  ihe Container.



In a íìelcl experim ent, Paine íound thai heavy precla- 
tion o f staríish on m ussels prevented the m ussels írom 
elim inating th cir com petilors. In this casc, thcory pro- 
posed a possibility , laboratory experim ents clemon- 
strated its reality, and the field expcrim ent dem on- 
strated its im poriance in nature. But cven in this casc 
there were dangers o f m isinterpretation. The theory and 
the laboratory and field experim ents dem onstrated that 
under som e circu m stances a predator m ight enhance 
the num ber o f surviving species on the next lovver tro- 
phic level.

Any loss o f organism s im posed on a m uU ispeđes 
system  relieves, to som e extern, com petilive pressure on 
the survivors, so that w eaker com petitors may survive. 
The re is, how ever, an abundance o f cases o f predators 
locally  elim inating prey species, as is now  occurring 
duc to feral cats in Aưstralia and Havvaii.

III. EXPANDING THE THEORY 
0 F  PACKING

Many íorm al thcories o f  species packing begin by com - 
p licalin g  this tw o-species situation. Am ong ihe obvious 
com plications are those in w hich the isoclines are per- 
m itleđ  to be curved lin.es, w hich may be interpreied as 
social in teraciions o f various soris. Also, changing thc 
sign o f the in teractions could  crudely m im ic predation 
or sy m b io s is . Loss o f o rg a n ism s a cro ss  the “C on tainer” 
boundary could  be thou ghi o f as m im icking predation.

A. Expansion of the Theory to 
Multiple Species

The m orc general q u estion  is: How m any species can 
be introduced into a space? M uliiple species packing 
theory is m alhem atically  m orc difficult because a m ulti- 
species theory cannot be conveniently  represented as 
isoclines 011 a tw o-dim ensional phase space. If a third 
species were to be aclded, the phase space vvould have 
to be three-d im ensional and isoplanes vvould be needed 
instead o f isoclines. F or coexistence o f three com peting 
species, the three isoplanes vvould have to intersect 
som ew here in the region below the intersection  o f any 
two o f the species isoclines.

In  the case o f m ultiple species packing, there can be 
a reg ion  in  the m ultid im ensional phase space in w hich 
resou rces are dividecỉ in  such a way that all species can 
share, but only ií  each species is relatively strongly self-

lim iting and relaiivcly mild in its effects on the other 
species prcseni. The m ultiple species theory requires 
clariíìcation o f the notion o f cco log ica l n ichc. The eco- 
logical niche of a species is often considcrcd as the lull 
sei o f m easurem ents o f environm ental properties that 
are relevant to the survival and persistence o f that popu- 
lation. H utchinson and his students developed this into 
an image o f a m ultidim ensional hyperspacc.

If iwo hyperspaces do not contain  com m on dim en- 
sions, then the occu rrences of the species concerned 
are independent o f each olher. As m ore and m ore di- 
m ensions are identical, or very sim ilar, the stronger are 
the com petitive in teractions betwee.n the two species. 
Com petition is one partial explanation for replacem ent 
o f sim ilar species along gradients in such physical fea- 
tures as tem perature and salinity.

B. How Similar Can Coexisting 
Species Be?

M acArthur and Levins asked: W hat m ight be expected 
if a third species invades a space in vvhich two species 
are already resident? They simpliHed the situation by 
considering ihat all species concerned interact through 
com pelition  011 a single niche dim ension, or at least a 
linear represeniation o f a m ullidim ensional n iche. They 
also assum ed sim ple d istribulion  o f resources along thai 
d im ension. If, for exam ple, the n iche dim ension is some 
particular prcy, one o f the species might eat large spcci- 
m ens while ihe oiher eats only sm all ones.

They considered that the n iche o f  any species would 
have a shape on any single niche dim ension. If the niche 
can be represented by a straighi line, the probability of 
an indỉvidual finding a b ít o f resource at som e point 
on  the line can be represented as an ordinate, generating 
a tw o-dim ensional shape. If the shapes for several spe- 
cies overlap, then the intensity o f com petition is mea- 
surable in term s o f the probability o f the several species 
slriving for the same resource— the product o f the indi- 
viclual species-speciĩic probabilities.

They could then consìder specics packing along a 
niche dim ension. Given their assum ptions, packing can 
be closer on any one dim ension as the num ber o f  niche 
dim ensions increases. If species are arranged in a one- 
d im ensional array along a line, the closest stable pack- 
ing is adm issible w hen the n iche spaces are rectangular 
and all K values are equal. These conclu sions were 
strongly dependent on their assum ptions.

M ore general conclu sions were that closer packing 
is possible if n iche dim ensionalitv is high, niche breadth



is sm all, and ihe environm eru is predictable and has 
high productivity. Centers o f ad jacent niches are in 
a m ultiplicative series o f num erical value approxi- 
m ately 1.1.

If the single linear dim ensíon of com petition is con- 
sidered m ore realistically, so that there is a m ulliplicity 
o f niche dim ensions, M acA rthur and Levins concluded 
thai interspecific com petition could be less im portant. 
In fact, it is som etim es considered that m ultispecies 
packing involves as many niche dim ensions as there 
are species. T ilm an considers that this is only valid if 
the organism s are not fìxed spatially (i.e ., they are free 
to  m o v e  a b o u t  in th e  C o n ta in e r ) .

Various aulhors, by slightlv m odiíying the m athe- 
m atical assum ptions, could reach a variety of conclu- 
sions abom  the packing of niches. F o r exam ple, it was 
possible to plausibly argue that n iches could som etim es 
be packed iníinitely closely.

M acArthur and Levins suggested, as a m atier o f con- 
venience, ihat the shapes o f n iches projected onto a 
single niche dim ension mighl be thought C)f as approxi- 
m ating norm al distributions. O ther shapes are, o f 
course, im aginable.

Species packing becam e a rich íĩeld for construction 
of theories, w hich were not necessarily connected  to 
specific biological observalions and m ore. These theo- 
ries each m ake slightly modified assum ptions or focus 
on special cases o f previous iheories. For exam ple, 
Roughgarden and Feldm an considered the signiíìcance 
of shape differences as if the shapes could be em pirically 
dem onstrated. D istributions with “th ick ” tails perm itted 
m ore species to coexist than those vvith thinner tails.

There were also studies of m ultispecies biological 
situations under natural or ariiRcial circum stances, 
vvhich used the term “species packing.” In these the 
connecú on with species packing theory was som etim es 
explicit but very often the general conclu sions of theory 
were presented in the con tex l o f field data without 
explicit theoretical derivation. This appears to be due to 
the fact that explicit formal theory production becom es 
very difficult once m ore realistic elem ents o f natural 
com plexity  are involved. This is typical o f m athem atical 
m odels, ai least prior to the recent developm ent of 
povveríiil com puting m achinery.

Som etim es the models were sufficiently com plex, 
com bining ecological and evolutionary predictions, thai 
self-contradictory assertions were made w ithin the same 
theoretical argum ent and were not noúeed for years. 
For exam ple, one study published in 1983  assumcd 
absence of any genetic heterogeneity and then pro- 
ceeded to discuss the genetic effects o f selection, as 
noted by Taper and Case.

c. Niche Separation and 
Anatomical Difference

The exact ratio o f m inim um  possible distinction be- 
tween adịacent species can be derived trom special, 
sim pliíĩed, and som ew hat arbitrary assum ptions. De- 
pending on assum ptions, it can be asserted that an 
iníìnite num ber of species can coexist, that an inRnite 
num ber o f species could coexisl were it not for statisti- 
cal variance in  the param eters, that coexistence is con- 
tingent on num ber o f dim ensions in the hyperspace, 
or that species must differ anatom ically by a speciíìc 
ratio in order to coexist.

H utchinson suggested the possibility that one might 
find in nature that niche hyper-volum es o f the m ost 
closely sim ilar, often congeneric, coexistent species 
would actually cliffer from each other hy a factor 
w hose value raight be approxim ately 1.3. This seemed 
reasonable based on the com m on observation thai 
genera are often represented in parúcular locations 
by large, sm all, and m edium -sized species. A ttention 
was íocused on this by Lack for D arw in’s íìnches, bul 
its occu rrence can be easily coníìrm ed hy exam ining 
intertidal snails o f the Am erican northeast coast or 
the easiern shores of the M editerranean Sea (per- 
sonal observalion).

“Assem bly rules” for com peting species on islands 
were developed in part on the basis o f size. These results 
were criticized  on statistical grounds. W ere the species 
d istributions really departures Irom random ?

O ne m ajor step was m issing in ailem pting to dem on- 
strate that a theorelical niche overlap in a sim pliRed 
m aihem atical model predicted a m orphological ratio 
betw een analom ical parts. W hile H utchinson expected 
thai trophic structures like jaw s m ight show the appro- 
priate tightly packcd ratio, the theoretical con n ection  
betw een niche shape or size and body shape or size 
seem s absent except in very special cases.

Ii was never really clear why there should be a rela- 
tion betw een the overlap of niche hyperspaces and any 
obvious anatom ical differences. There is no rigorous 
and general way of theoretically deciding w h ich  of the 
infinite possible num ber of anatom ical m easurem ents 
that m ight be made is appropriate in any given case. 
Bỵ choosing  the m easurem ents correctly  or by manipu- 
lating the daia, alm ost any ratio m ight be achieved. 
Sim berloff provided a firm crúique of m easuring the 
niche separaúon bv anatom ical d ifferrnces. There is a 
clear con n ection  beuveen body size and the utilization 
o f preexisting nest holes by snakcs. owls, chipm unks, 
w easels, and others, but any pair o f ncst hole utilizini>



specics is alm ost certain to differ in nianv niche dim en- 
sions.

IV. SPECIES DIVERSITY AND 
SPECIES PACKING

Does species packing set lim its to species diversity in 
na tu re? T his would require that natural aggregations 
o f organism s are organized into com im m ities and their 
com ponent guilds, w hich would act as “containers." 
Are natural aggregations o f organism s in  nature strongly 
m utually interdependent so that “pạcking in” m o re spe- 
cies or rem oving species already present should have 
discernible effccts on those already present? Do cohe- 
sive com m unities o f organism s or ecosystem s actually 
exist in nature? Early ecosystem  theorists believed in 
a “ho listic” or em ergent concept o f ecosystem s and com - 
m unities. If these were real, they would constitu te con- 
tainers in w hich packing theory m ight be applicable.

There is an enorm ous literature related to how  many 
species occu r in particular locations. Recently there 
has been a w eakening o f the basic notion  o f a natural 
com m unity as a “C ontainer1 in any serious sense. There 
is m assive concern  about the dangers o f invasive spe- 
cies, but recent sludies have returned em phasis to indi- 
vidual species and alm ost discarded the idea o f inie- 
grated com m unities. There is a general condem nation 
o f invasive species bui ihey are particularly interesting 
irom  the standpoint o f species packing. lf  invasions do 
n ot occu r, it may be due to lack o f opportunity. Large 
m am m als cannot íloat across an ocean or logs or hi de 
away in ballast tanks. How ever, if  a species can invade 
a region, then in som e sense the region was not packed 
full, or perhaps successíu l invasions necessarily  result 
d isplacem ents o f residcnt species.

The apparent invader purple loosestriíe is som etim es 
found in dense stands that keep out other species, but 
other studies fìnd that purple loosestriíe had no appar- 
ent effect on native plant species and may have beneíìted  
native insect diversity.

Ruiz estim ated that m ore than 90%  o f alien species 
in  estuaries have made no discernible im pact on the 
species diversity or species abundance d istribution o f 
the estuaiy. Levine and D’A ntonio report that a “consis- 
ten t posítive relation betw een exotic  species abundance 
and resident species diversity . . .  [suggesting] that in- 
vaders and resident species are m ore sim ilar than often 
believed .,, Apparently som e invasive species fit into 
n iches that were in som e sense empty.

T o  w hat degree is com petition , and thereíore species 
packing theơry, a serious íactor in nature and how could

orie tell? Attem pts lo answ er this question som eiim es 
hinged on  naluralists’ insights, som etim es on various 
statistical analyses, and som etim es on detailed natural 
history and experim ents conducted  in m ore or less nat- 
ural circum stances. Each o f these has its slrengths, aci- 
vocates, and opponcnts.

In w hat sense do com m unities depend for their con- 
tinuity on  particular spccies? Am erican chestnut trees 
constitu ted  alm ost a third o f the large trees o f the south- 
eastern Am erican íorests in the early 19th century. 
while sm all specim ens still exist, the chestnut trees 
were essentially wiped out by the Chestnut bìight. The 
íorest did not disappear. As noted by H airston et a i ,  
the sou theastern íorest is as dense w ith trees as it has 
ever been. T he general appearance o f the forests have 
n ot changed, but the oaks, w hich have to a large degree 
replaced the chestnuts, produce volatile organic com - 
pounds that are o f b iogeochem ical signiíìcance (M . Ler- 
dau, personal com m unication , 2 0 0 0 ).

Davis, studying the northw ard expansion o f forests 
after glacial retreat, noted that each individual species 
seem ed to m igrate at its ow n ra te— there was no move- 
m ent o f the íorest as a com m unity m arching together. 
W h ittaker noted that distribution o f trees on various 
environm ental gradients was as individuai trees, not 
as com m unities.

V. CONCLUSIONS

Theory, experim ents, and natural history all suggest 
that com m unities are not tightly organized, so that spe- 
cies packing may not be strongly relevant in  nature. In 
short, the popular im age o f an ecological com m unity 
as an airplane in w hich each part has a vital role for 
the integrity o f the whole is dubious. There m ay be 
groups o f species, in w hich each one is closely C011- 
nected  to a few others but only loosely connected  to 
o th er groups.

The term  “coram unity” was once extrem ely useíưl 
and is still o f pedagogic value i í  careíiilly  used. As reified 
o b jects  for research, the concep t o f com m unities is now 
threatening to becom e w hat Sim berloff and Dayan have 
reíerred  to as a “panchreston ,” an idea as likely to gener- 
ate confusion  as enlightenm ent.

T he prospect o f a general species packing theory has 
raelted  away. D espite the unreality o f the m odels, they 
did d irect attention  to what seem ed to be a real phenom - 
enon  and encouraged experim entalists and field biolo- 
gists to ask im portant questions.

D ifferences in species richness can be partially ex- 
plained by a m ultiplicity  o f ĩactors that do not necessar-



ily relate to each other so as to permit (ormation of a 
single coherent theorv. Each o íih e  m ultiplicitv of iheo- 
ries o f diversity focuses on one or a few of the empirical 
íactors that arc know n to enhance or dim inish the possi- 
b ilily  o f species coexístence.

M any of these can be seen in laboraiory experim ents, 
w hich have the advantage of claritvbu t may be of ques- 
tionable applicability. For example, local geometrv 
com plexity  iníluences species diversity in nature as well 
as in the laboratorv.

C ertainly in some cases the term “speeies packing” 
is used in the sense of species bcing squeezed into a 
space. In several cases individuals of particular species 
in species-rich  regions are believed to have a narrovver 
range o f activities than individuals o ĩ the same species 
in spccies-poor situations. Diet or nest sitcs may bc 
m ore restricted. In these cases ihe individual organisms 
can be imagined to have been constricled bv some pack- 
ing process, like individual pillows in a cratc but even 
this has lwo possible m eanings depending 011 vvhether 
we are concerned with the population level or wiih indi- 
víduals.

In com paring dilTereni locales, the range ol variaúon 
am ong organism s withìn a unispecific natural popula- 
tion may be reduced when m ore oiher species are pres- 
ent. In the case oi com parisons of dilíerent islands or 
lakes, this might be lentativelv attributed to species 
packing.

Returning to the initial analogy of packíng actual 
ob jects , an island is clearly a C o n t a i n e r .  Bui il packing 
m eans filling the ecological space, either hy pillows or 
tum blers, we would not expect islands or speciose lakes 
to easily admìt invasive spccies. In lakes there may be 
enorm ous species richness of fishes, as in the ancient 
Aírican lake cichlids, but I d o n ì kno\v of any com pari- 
sons show ing that species-rich  lakes sho\v less within 
species, am ong individual variaúon, than species-poor 
lakes. ĩs the attem pt to crowd m uliispecific collections 
of fish together in the same lake cquivalcni 10 packing 
glass tum blers rather than pillows? There is a general 
im pression that species rich  svstems seem at least as 
likelv to be invaded by exotic spccics as specìes-poor 
system s, violating our sense oỉ vvhat packing might 
mean.

If the C o n ta in e r  walls are not apparent but among 
individuals variation is reduced in one or more popula- 
tions o f a species. is this a sign oi species packing? 
D oes the mere fact that among individuals varialion 
is reduced when m orẹ species arẹ presem imply thai 
there must exist a Container vvall w h ich  mav nol be 
obvious?

T he overall conclusion is that the iheorv ol species

packing does not convenientlv predict verv m uch aboui 
natural Systems but thai ihe images of packing that it 
generates do iníormally suggcst interesting phenom ena 
to look for.
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GLOSSARY

con tin g en cy  Possibility or uncertainty; an event that 
m ay occư r but is not likely. 

e co critic ism  Lnterdisciplinary study o f literature, his- 
tory, relig ion, and philosophy w ith an em phasis on 
places, evolutionary biology, and environm ental 
problem s.

e tio logy  The study o f causes or origins; stories that 
explain  the origins o f phenom ena. 

land  e th ic  V aluing land as part o f a b iotic com m unity, 
not m erely as property. 

lite ra tu re  Im aginative and craíted w ritings, in the form 
o f poetry, prose, fiction, or drama. 

n atu re  The m aterial world and the physical forces or 
processes that control it. 

p asto ra lism  Agrarian life and w ork; also literary ac- 
cou n ts o f rural life, often sim pliRed or idealized.

p laces Areas o f space w ith hum an associaiion ; also 
positions o f status in society.

“D IV E R SỈT Y ” REFERS TO D IFFER E N C E S  or varia- 
tions; “biodiversity” reíers to the variety am ong biologi- 
cal species, som etim es called species richness (N udds, 
1 9 9 9 ). Biodiversity is a recent concept, used since the 
1980s to publicize losses in wildỉife habitat, genetic 
variety, and num ber o f species (W ilson , 1 9 9 2 ). Fieid 
and laboratory studies confìrm  that natural diversity 
sustaíned a healthy planet until hum an beings began 
to acquire global dom inance through technology and 
urbanization. Recent policies o f sustainable develop- 
m ent, especially in first-w orld nations, seek to restore 
biocliversity w ith land-use planning, protection o f en- 
dangered species, and preservation o f wild habitats. 
A lthough m ost definitions o f biodiversity focus on its 
econ om ic value, som ething beyond cash receipts must 
accou nt for the continu ing interest o f societies in  na- 
ture, w ildlife, and open space (W erner, 1990).

The idea o f biodiversity traces b ack  to early concepts 
o f variety and unity , w hich have their sources in h isto ry , 
philosophy, and literature. These cultural íìelds have 
recognized the need for biological variety since the írrst 
days o f recorded tim e. L iterature com prises many acts 
o f language, from  ancient folk chants to poetry on  the 
Internet, often for entertainm ent and instruction , the 
d u lce  et utile praised by C icero in  his vvritings on rheto- 
ric. The m ain goal o f literature is to expand and extend
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ihe hum an im agination. By sim ulating experiences and 
períorm ing ideas, literature helps affirm  the value of 
cliverse places and species, through a vvide range of 
styles and them es. N ot all w ritings are considered litera- 
ture, ju s t  as all experim ents are not Science. Like profes- 
s io n a l S cien ce , the ideal o f  lite ra tu re  im p lies  standards 
of custom  and cultural decree (Tu rner, 1985).

I. LITERATURE AND 
SCIENCE RELATIONS

Over the centuries, literature has com e to mean imagi- 
native w riting, the product o f d isciplined craft that cre- 
ates drama, íìction , poetry, or essay. Critical theorists 
disagree as to vvhether the prim e agent in literature is 
content or form , conveying a message or shaping an 
attractive verbal stru cture, like a story or a poem . In 
the balanced íorm ula ol British poei and criú c Samuel 
Coleridge, poetry is “the best w ords in the best order,” 
w hich affirms that an ideal o f quality guides literary 
writers. But “quality” is an in lrinsic value, one that 
clashes with the extrinsic aim s of Science. Science seeks 
an unbiased view o f what nature is and how Lt operates, 
while liieraiurc observes those cond itions through the 
íìlters o f hum an helief and em olion.

Although novelist c .  p. Snow (1 9 5 9 )  believed that 
Scien ce  and lite ra tu re  are o p p o sin g  c u ltu re s , recen t ob- 
servers find m ore congruency in their aim s. Bơth clisci- 
pltnes use observational m ethods to detect palterns and 
to record ihem  for the beneíit of posterity. Biologisl 
Stephen Jay  Gould (1 9 8 9 ) sees Science and literaturc 
as fo rm s ol h is to r ica l n arra tiv e  that d escrib e  co n lin - 
gency, the recording of u ncertain , unexpected events 
ju s t  beyond current know ledge. L iterature uses conlin- 
gencv in plot sequ ences— as events con n ect and readers 
turn pages “to fìnd out what happens n ext.” Scientists 
unravel nature’s “plots” by reconstru cting  them as pre- 
d ictive narratives.

Literary form s represent natural diversity with vary- 
ing degrees o f accuracy. Dram a is im precise because it 
relies on social situations and voiced sentim ents, en- 
acted on a physical stage. Painúng and photography 
may d ocum cnt a place or species, but pictures vvithout 
words are not sufficiently interpretive. Poetry (vvhether 
epic or cou plet) and the various íorm s of prose (novel, 
storv, essay, m em oir) are considered mcire com prehen- 
sive because they both describe and evaluate, m ingling 
sensory experience wúh calculated tnought. The mean- 
ìngíul conn ection  of image and vvord: literature pursues 
ihat goal in order to represent biodiversity for ihc bene- 
fit o f hum an understanding.

II. LANGUAGE IN SCIENCE 
AND LITERATƯRE

Human beings share a com m on atiribute in language, 
the instrum ent they use 10 construct m eanings. The 
path of language moves from variety to unity: many 
vvords exist; \vhen com bined they form phrases that 
express thoughts. A thought may be social or personal, 
as ii creates a send-and-receive cycle that com m uni- 
cates. To meet the hum an necd to understand both 
surface and depih, literature oíten  asserts that natural 
ob jects are noi alien but conn ecied  to hum an em otỉons. 
As Henry David Thoreau wrote in W aldcn  (1 8 5 4 ) , “Shall 
I noi have intelligence wiih the world? Am I not vegeta- 
ble mould myseir?” Seeking know ledge of nalure’s vari- 
ety is thus a m utual goal for literature and Science, but 
sharp dilĩerences exist in their m ethods.

Scientisls preler to use words precisely, to convey 
strictly limited m eanings. Literary writcrs recognize 
that words have long histories, in vvhich meanings 
change across time and space. As philologists learncd 
in the 19th  century, words behave like organism s 
(grow ing from root 10  stem  10 branch; cross-breeding 
and m igrating lo  o ther habitats). Som e vvords are vi- 
ruses, infecting a host, vvhile others lie in dead heaps, 
like. sedim ent. Through these m orphological changes, 
words shape hum an values 10 form and reinĩorce per- 
ceplions, belieís, and opinions.

W ords are also representational, using speech 
sounds to creaic signs for rain, snovv, lcaf, and rock. 
Com binaúons with othcr w ords produce sym bolic and 
m etaphorical overtones, suggesting laycrs o f possiblc 
meaning. Ezra Pound’s haiku-like poem, "In  a Station 
of the M etro” (1 9 1 6 ) , com presscs a siartlingcom parison  
of culture and nature into two lines: “The appariiion 
of ihese Taces in the crow d;/Petals on a vvet, black 
bough.” Such povvers o f analog) give vvurds a suggcsiive 
and speculalive lunction , vvhich lends itself to slories 
with a didactic purpose.

III. ETIOLOGICAL TALES 0 F  NATURE

The earliest surviving fables and mvths are etiological 
tales, told 10 explain hovv the world began, vvhy rain 
tầlls, and when crops will bloom  or die, Am ong prehis- 
toric people, nature stories about diverse and com plex 
phenom ena becam e a form o f cosm ology, provkling 
the basis for ritual cercm onv, vvhelher for m cdical cr 
spiritual hcaling. Early ideas o f disease, as a condiúon 
o f im balance or disharm ony. encouraged the symbolic



beliel that the earih vvas also a vasl "bodv" that may be 
đeansecl and healed. Sonic observers (B u ell, 1998) note 
thai m edicinal rhetoric continu es to shape current dis- 
course on toxicity, pollu iion, plague, and other forms 
of ccodisaster.

Early tales arc eíToris to define ihe myriad natural 
lorms th a t  shape everyday life, from  land and species 
to clim ate and scasons. At the sam e tim e, literature 
may portray human efforts to resist or control nalure, 
com m only through acts o f labor and art. Farm ers drain 
weilands in ortler to p lant crops on dry land. Thev 
weave nets to lift íĩsh from the sea, then bury ihe fish 
with seeds to help new life cm crge. Stories about these 
actions form  early contributions lo understanding bio- 
diversity by rec.ognizing ihe com plexity o f nature and 
the intricacy of its related elem ents. In a Navaịo creation 
talc, “Changing W om an and Her Hero Tw ins,” the 
siorytellcr pours tinted sands on the earth, forming a 
series o f ob jects and events that are as m ultiple and 
shapc sh iíting  as the identity o f Changing W om an, an 
earlh goddess who has the power to create.

Yet by em phasizing hum an im pact, many early sto- 
ries also teach ihat hum ans and nature are divisible and 
separate. Thai idea is d isùnctly  Ju d eo-C hristian  and 
supporls ihe very concept o f “natu re,” m eaning all that 
is b om , rising from a source. No equivalent term ap- 
pears in Asian culture, where the physical \vorlcl con- 
nects hum anity 10 the w ider universc (Torrance, 1998). 
The Old Testam ent tells two different stories o f hum an 
creation: man is made separately, in the image of God 
(G enesis 1 :26 ), bui is also Ibrm ed Irom dust (G enesis 
2 :7 ). T he first story appears to ju stify  hum an dom inion 
over o ther creatures, w hile the second suggests a hum - 
bler bond with the earth. Belieí in a separate, special 
creation o f human beings continu es to guide m odern 
fundam entalists. who fiercely resist Charles D arwin’s 
unitary theory ol evolution. By inclu ding two narrativcs, 
the Bible leaves open the prohlem  of literal versus meta- 
ỊDhorical in t e r p r e ta t io n .

IV. PASTORALISM IN POETRY 
AND SCRIPTƯRE

ln the carly civilized era, 4 0 0 0  to 5 0 0  B.C., ideas and 
tales o f nature’s variety em erged from the extractive 
activities o f hunting, Rshing, farm ing, herding, logging, 
and m ining. By k arn in g  to harvest natural m aterials and 
process them  into goods, hum ans becam e experienced 
observers o f seasonal events, o f plant and animal lives, 
and of locations Pavorable to cu ltivation. Land use and

property rights becam e the basis for literacy, trade, lavv, 
and tribal identity (C rum ley, 1994). N ations rooi them - 
selves in physical places, and when people are tbrcibly 
displaced, as in the case o f the early Jew s, thev endure 
their nom adic years w ith consoling legends of a M es- 
siah, a vvarrior-shepherd who vvill return them  to the 
lost hom eland. Such early siories reveal a basic íunc- 
tion of literature, to reílect the value of p laces and how 
hum an presence changes them .

In the Old Testam ent, land is an elem ent made by 
God, ihen granted lo hum ans to clear and own. They 
receive ih is gift in  innocence, but later sin and m ust 
accept the burdens o f m ortality: labor, pain, disease, 
and death (G enesis 1 -3 ). The status o f w ilderness is 
even less benign: uncultivated places, like m ountains 
and deserts, display G od’s pow cr and offer a lest to the 
faithful. In the story of Noah (G enesis 6 -9 ) , Gocl d irects 
Noah to build  a great Ark and bring to it at least two 
of every creature that lìves, male and fem ale. Then God 
íloods ihe earth w ith rain, until only the Ark and its 
inhabitants survive. The story ìllustrates noi ju s t divine 
power, but also how  hum an stew ardship may preserve 
the e a rth s  vast d ivcrsity o f species. The later V ision  of 
Isaiah predicts a savior who will restore the earth 10  its 
uníallen State, w hen all species lĩ ve together in har- 
mony: "The vvolí also shall dwell wilh the lam b, and 
the leopard shall lie down with the kiđ; and thc cair 
and the young lion and the ĩailing together; and a liitle  
child shall lead them ” (Isaiah 1 1 :6 ). T h is scene, oft 
paintetl by the 19lh -century  Q uaker arlist Echvard 
Hicks, rcpresents the differences belw een a creation 
marred by original sin and one healed by ihe w orld’s 
innate bounty.

In tim es o f constan t social change, liierature offered 
com ĩorting accou nts o f bygone days and places. The 
very concepts o f City and country , or urban and rural 
land, arose out of literature that invested both realm s 
with ạ com plex reỉation, possessing zones and bound- 
aries o f separation but also con n ecú on  (W illiam s, 
1974 ). As urban centers grew into the great city-states 
o f Alexandria, A thens, and R om e, the poets Hesiod, 
T heocritu s, and Virgil vvrote pastoral poetry, a literary 
form knovvn variously as b u co lic , georgic, and eclogue; 
verses that portray rural life as genlle, principled, and 
close to the soil. Je su s  o f Nazareth also aclapted pastoral- 
ism in his parables about fish and seeds to preach tran- 
scendence o f earih ly lim itations, a literary device 
equally effective w ith audiences in rural Ju d ea and in 
the fast-grow ing cities o f the M editerranean basin.

After the Rom an em pire shiỉted  from paganism  to 
C hristianity in the third century A.D., early Christians 
saw their pastoral m ission as spreading the G ospels



throughout Europe. M onastic enclaves preserved both 
classical Science and literacy in the Dark Ages ( 4 0 0 -  
8 0 0 ) , betvveen R om es fall and the revival o f learning 
in courts and cathedral :ow ns. During the Middle Ages 
(8 0 0 - 1 4 0 0 ) ,  intecúous plagues reduced populations 
and relieved pressure on M editerranean ecosystem s, 
still recovering from Rom an-era deforestation, erosion, 
and pollution (Hughes, 1994 ). Medìeval literature and 
Science becam e twinned endeavors, as clerics and schol- 
ars soughi to describe the fixed Ptolem aic universe, an 
effort that culm inates in D an tes epic poem, The Divínc 
C om cdy  (1 3 2 1 ) . Medieval culture’s ĩascination w ith al- 
chem y likew ise fed early studies of natural history and 
chem istry, described in several of Chaucer’s C anterbury  
T aỉcs  (1 4 0 0 ) .

V. COLONIAL EXPANSION 
AND TAXONOMY

C haucer’s use of lolk tales reílects the popular literacy 
that spreacl rapidly after Johannes Gutenberg invented 
movable lype (1 4 5 5 ) , as printed tracts, manuals, and 
libraries o f books fed a new hunger for learning. Lileracy 
spawned the Renaissance (1 5 0 0 - 1 7 0 0 ) ,  a period of Eu- 
ropean expansion into the continenls o f Atrica, Asia, 
and the Am ericas. Global exploration reíĩned tnapping 
and navigation, while imperial conquest decim aied na- 
tive populations through warfare and disease. Discover- 
ies o f new lands and species also spurred growlh in ihe 
descriptive sciences, especially geography, geology, and 
biology. A buoyant verbal íluency stirred the language 
arts, epitom ized in the writings of Shakespeare, Cervan- 
tes, and M olière. Colonial em pires used their literacy 
to record events and claim  land as properly, Native 
cu ltures often regarded words as totem ic: iheir oral 
chants and stories were prayers, repeated to bless 
earthly cycles. Such radicalìy different uses of language 
also expressed conílicúng views of nature. Europeans 
sought to own the earth, even as their scienccs and arts 
revealed the im m ense biodiversity of wild, untouched 
land.

W ith  the rise of natural Science after 1700 , literature 
began to express grovving respect for nature, especially 
those aspects of it that were rare and varied. Optical 
devices peered into the heavens and the human body, 
while theorists and engineers created new branches of 
know ledge, publicized and m arketed by print, com - 
m erce, and coffeehouse Qardine, 1999). New forms 
o f technology changed the econom ic value of natural 
resources. Land remained a source ol (ood and energy,

bul wealth increasingly came from products and Ser
vices. Cities expanded by dravving rural lenants from 
ihe countryside; new social classes íormed around la- 
bor, m anagem ent, and Capital. An expanding, literate 
middle class called for political reíbrm s, replacing m on- 
archy with representative dem ocracy. Revolutions in 
the Americas pulled masses of immigrants to the new 
W estern nations, where open territory and cheap land 
began to transíorm  agrarian life into republican inde- 
pendence. (As the world has grown tamer in  recent 
decades, wilderness has corae to have a higher value, 
as land existing for itself, rather than for hum an enter- 
prise.)

The study of natural diversity advanced through 
what Thom as Kuhn (1 9 6 7 ) has called changing para- 
digms, theories or conventions that promoted experi- 
m entation. Early naiuralists described organisms with 
conlusing and inconsistent local vernacular until Car- 
olus Linnaeus com piled Systcm a N aturac (1 7 3 4 ) , using 
Latin nom enclature to assign names by genus and spe- 
cies. La tin was dead and thus íìxed, and Linnaeus used 
social d isúnctions (kingdom , phylum , class, order, fam- 
ily) to create taxonom y, a system atic language that de- 
scribed ihe bounty and variety of nature. W hile literary 
authors from ]onathan Swift to Penim ore Cooper 
m ocked scien lisis  for obsessive categorizing, taxonom y 
becam e a consistent model for geology, archaeology, 
and philology. Those Sciences declared that prehistoric 
changes in the earth and in language follow traceable 
lines of descent across long stretches ol úm e. Such 
discoveries replaced m ythic accounls of crealion with 
rational studies o f the unity and diversity of organic 
events.

VI. DARWINISM AND LITERATƯRE

The new sciences spawned a second age of exploration, 
1750  to J 850 , as voyagers from Jam es Cook lo Alexan- 
der von H um boldt surveyed the continents o f Australia 
and the Am ericas. In their wake followed a generation ol 
literary naturalists like Gilbert W hite, W illiam  Bartram , 
and Jo h n  Jam es Audubon, who drevv field sketches and 
wrote evocative accounts of seasonal journ eys through 
rural or rem ote lands. The expeditionary narratives of 
Peter Kalm or M eriwether Lewis and George Rogers 
Clark are read todav as liieralure and history, for they 
verify the im m ense variety of species that led to theories 
of biodiversity. This tradition of genilem an am ateur 
molded Charles Darwin, who spent a 5-year expedition 
on the HMS B eag lc , exam ining pattcrns in geology and 
zoolotỊy along the coasts of South America and on Pa-



eifìc islancls. Darwin was one of the last m ạjor scientists 
to be an independent íicld naturalist, living on his own 
incom e. Alter 1870  Science moved to the laboratory 
ben ch  and university departm ents, a sh iít in proíession- 
alism that also affected w riters, who becam e teachers 
and seekers o f literary prizes Qardine, 1996).

In his m ajor w orks, V oyage o fth e  HMS B eag ỉe  (1 8 3 9 ) , 
T he Origin o f  Species  (1 8 5 9 ) , and T he D escent o f  Man 
(1 8 7 1 ) , Dạrwin argued that species evolvc through the 
effects o f hercdity, variation, and natural selection. He 
had several predecessors in S cien ce , from  G eorges-Louis 
Leclerc Buffon, w ho recognized adaptation, to Alírecl 
Russell W allace, who anticipated and clarified scveral 
o f D arw in’s ideas about selection. The terrn “evolutioĩT  
is quite ancien t, going back to Latin evolvere , to unroll, 
and may describe inscriptive scrolls, the w ritings that 
physically cxpressed a graduaỉ process o f change. The 
Biblical account o f creation (G enesis 1) írames a se- 
quence o f originating events, each a division (night 
froni day, land from water, plant from anim al) that 
m easures the binary logic o f doubling, branching, and 
splitting, all recurrent patlerns in nature. Poetry, trag- 
edy, and biography all dcpict sim ilar sequences of 
ch o ice  and accideni, selection  and reproduction. Those 
lines o f cause and effect link the Bible to H om er and 
Sop hocles, and ihen  to Shakespeare or M ilton. A con- 
stant them e in W estern literature is the relaiion  o f cre- 
ator, m an, and nature, as chains o f interactive events 
lead to hum an survival or extinction .

Literary tradiùons emerged from w orship and theol- 
ogy, w hile Darwin slated that evolution proceeds ac- 
cording lo physical laws, vvithout di vi ne intervention, 
and thai hưm an beings did not arise separately from 
other species. Early confirm ation o f these views ap- 
peared in the research o í  the Austrian m onk G regor 
M endel, whose experim ents in hybridization found that 
reproduction is a process o f encoding and transrnitting 
genetic m aterial. Despite the strong controversy these 
views aroused am ong people o f faith, by the 1860s 
evolution and genetic Science began to alter popuỉar 
ideas o f nature and produce the first authors who con- 
sciously recognized biodiversity.

Tw o leaders in  this m ovem ent were Henry Davicl 
Thoreau ( 1 8 1 7 - 1 8 6 2 )  and George Perkins M arsh 
( 1 8 0 1 - 1 8 8 2 ) .  T heir books ( W aỉdcn , C ap e C od, T he  
M aỉn e W oods, Man an d  N ature) often exam ine the physi- 
cal environm ent o f New England, a region o f low eco- 
n om ic value but rich biodiversity. A self-trained land 
surveyor, Thoreau spent several years studying land- 
form s and seasons. Aĩter reading T he O rigin o f  Species  
in 1 8 60 , he w rote the fìrst raodern accounts o f íorest 
succession  and the dispersal o f seeds (H ow arth, 1 9 8 2 ).

M arsh, a lawyer and cỉiplomal, published early studies 
o f erosion, blam ing land clearance and overgrazing, and 
he arguccl vigorously ihat hu man beings must learn to 
con  troi their dcstructive i rnpact on nature.

Am ong later writers know n as social D anvinisls 
(ch ieíly  Herbert spencer, W alter Bagehot, and W illiam  
Graham  Sum ner), application o f evolutionary theory to 
hum an behavior produced racist theories o f cultural 
history, favoring w hite and Norclic peoples over M edi- 
terranean and Aírican. This bias, basecỉ on fears o f im m i- 
gration by darker races toward the w ealthier nations, 
slants the novels o f Ja c k  London, Frank N orris, and 
Theodore Dreiser. Later these voices were replaccd by 
m odernist w riters like T . s. E liot, W illa Cather, and 
Ernest Heraing\vay, who saw racial diversity as healthy 
and Progressive, a hum an check  on industrial m onopo- 
lies that hacỉ lain waste to natural resources and open 
spaces. Cather explored these issues on the plains o f 
N ebraska, w hile Hemingway exam ined waning biodi- 
versity in several lands, írom  upper M ichigan to the 
savanna o f east Aírica, where great íorests and wild 
herds are steadily destroyecl bv huraan incursion.

VII. ECOLOGY AND INDƯSTRIALISM

T he concepts o f ecology werc slow  to gain acceptance 
am ong bíologists and thus entered literary culture at a 
later date. Ernst H aeckel, a Germ an biologist and advo- 
cate o f Darwin, coined ihe term  “ecology” in 18 6 9  to 
describe how organism s íorm  alliances that shapc thcir 
num ber and d istribution. Based in  part on H aeckers 
political socialism , his views also echoed rising con cern  
that industrial growth in Germ any, France, and England 
had begun to damage both physical environm ents and 
public healih  (Bow ler, 1994 ).

A vivid picture o f decline lay in the w estern U nited 
States, where rapid agrarian settlem ent after the Civiỉ 
W ar clestroyed native tribes, b ison, and grasslands in  a 
few decades. The conservation m ovem ent o f 1 8 7 0  to 
1 9 2 0  sought to stem  those loss.es by creating public 
ỉands and parks for protection o f natural resources. Yet 
in  the popular arts, w riters o f di me novels and outlaw 
ballads glorified ‘V in n in g  the W est,’' a form of h istoric 
trium phalism  sanctioned by the theories o f Fred erick  
Ja ck so n  Turner (1 8 9 3 ) , who held that the frontier 
shaped fundam entaỉ Am erican values o f self-reliance 
and innovation. Later scholars note that the settlem ent 
process was destructive, as pioneers destroyed the very 
Eden they had sought (M itchell, 1 9 8 1 ).

W ith  the experim ental w ritings o f Jam es Jo v ce , Ger- 
trude Stein , and W illiam  Faulkner, a m odern critique



of m ass-indusưial civilization began to emerge. Draw- 
ing on their perspectives as cultural outcasts (lrish  
Catholic, Jew ish  Lesbian, Southern G entry), they 
mounted strong attacks on the spiritual vacuity of urban 
life and, in Faulkner’s case, on the econom ic abuses 
that had sacked agrarian Am erica. In his 14-novel saga 
about a íìctional county in northern M ississippi, Faulk- 
ner assailed proRteering, an ideology that created slav- 
ery, m iscegenation, one-crop íarm ing, and soil erosìon. 
He was the fìrst m odern novelist to com prehend ecolog- 
ical concepts, w hich gained attention in the 1930s from 
New Deal efforts to counter the w ide-scale failure of 
capitalism.

The word “ecology” connotes a desire to coexist, if 
not in sym biosis, at least in a m ix of com petition and 
collaboraúon that m arks the dynam ics of a healthy, 
vigorous ecosystem . Darwin’s image of nature was “an 
entangled bank,” and ihroughout ihe 20th  cenlury, 
ecologists created an interdisciplinary Science ihat de- 
picted nature as a web of interactíng, interdependent 
forces that sustains itseir— not as an unchanging con- 
stant, but as a vigorous dynamism sustained by fre- 
quent, patchy disturbances (Hagen, 1992).

Three writers who affirmed these principles, in 
sbarply varỵing styles, were all C aliíornians: poet Rob- 
inson Jeffers, “hard-boiled” novelist Raymond Chand- 
ler, and John Steinbeck, a social novelist who was 
trained in m arine biology and in the investigative m eth- 
ods of docum entary ịournalism . In his literary works, 
espeđally  T he G rapes o f  YVraíh (1 9 3 9 ) and T he S ea o j  
C ortez  (1 9 4 1 ) , Steinbeck built a Vision of interlacing 
natural and cultural forces, locked in struggles that 
were shaped by biological conditions of production, 
consum ption, and adaptation (Beegle, 1997).

VIII. LAND ETHICS AND 
ENVIRONMENTALISM

After W orld W ar II, two writers emerged who were 
trained ecologists and w illing lo apply their iníluence 
to public polìcy. In their writings, Aldo Leopold and 
Rachel Carson issued firm warnings of cnvironm enlal 
destruction by hum an means. LeopolcTs The Sand  
County A ỉm an ac  (1 9 4 9 ) celebrates a glaciated weilands 
in W isconsin , poor in econom ic value but rích in its 
diversity o f habitats. His farm lies at the intersection of 
prairie, forest, and m arsh, form ing a m osaic of ecosys- 
tems that measure the “intricate tangle” of nature. Out 
o f  this Vi si on ,  Leopold ske tch es  the s t o r y  o f  hovv he  

ab an d on ed  earlv co n serv a tio n ist ideas (a w ild life

ranger, he was paid lo kill vvolves) for a preservationist 
Vision he calls "the land e th ic ,” ihe sense that land 
deserves respectiul protection as a vital elem enl in  the 
biotic com m unity.

In Silent Spring  (1 9 6 2 ) , b iologist Rachel Carson in- 
tensified that sense of respect by analvzing the destruc- 
tive force o f chem ical pesticides. In an incisive passage. 
she dem onstrates how toxicitv spreads through ground- 
water, a system  of transport so invisible that it is easy 
to ignore. F o r  her elĩorts, Carson was attacked by the 
petrochem ical industry as hysterical and unscientific. 
But her logic and eloquence impressed ihe Kennedy 
adm inistration, brought a ban on DDT and other pesti- 
cides, and eventually helped create the Environm ental 
Protection Agency (H ow arth, 1999).

Both Leopold and Carson saw that human values 
are formed by ideas of land, seeing ihat property is 
also a shared earth. Their books brought attention to 
em erging “green" political m ovem ents of the late 20th  
century, from w hich two differcnl land ethics devel- 
oped: landscape, shaped by peoplc and inílected by 
aesthetic beauty, and land use, íocused on food and 
energy extraction  and marked by utilitarian security. 
A llhough oíten in conflict, the two cthics also reílect 
agreem ent thai hum an identity rests on a sense of place, 
while alienation is [eeling displaced, hom eless, or un- 
landed (Spirn, 1 9 9 9 ).

IX. NATƯRAL RIGHTS AND 
ANIMAL FABLES

The perception that land deserves ethical regard soon  
led to extending rights to nonhum an species, both plant 
and anim al, granting them  value and respect whíle seek- 
ing to conserve their populations. Herman M elville’s 
epic novel M oby-D ick  (1 8 5 1 ) anticipates ih isgenerosity , 
expressed in an iconoclastic rhetoric that denounces 
whaling. The cause o f animal rights bcgan with 19th - 
century reform ers, who sought protecúon for religious 
disscnters, ch ild ren , w om en, Indians, slaves, and o lher 
powerless groups. These figures came to be seen not 
as “low er” orders, but creatures having \vhat Darwin 
called “the m utual affinities o f organic beings.” That 
phrase, the title o f his penultim ate chapier in Oriqin o [  
S p ccics, delivers hís beliel that hum ans are descendecl 
from all the creatures tha! have existed and still share 
the earth.

This them e cnters literature in manv animal tales 
written for young readers, trom Anna Sexvelĩs B lack  
B cautv  (1 8 8 7 ) to E. B. w h iic ’s StiiíUi L íttlc (1 9 4 5 ) and



C h arlo tte ’s W eb  (1 9 5 2 ) . They descend from ancient 
beast and fairy tales, in w hich anim als have the power 
to create language, before passing it on to hum ans. Such 
stories describe how things cam e in to  being, and they 
still have great attraction  íor w riters cỉravvn to environ- 
m ental them es (F lyn n , 1 9 9 9 ). A contem porary  exam ple 
is David Q uinn’s novel ỉsh m a e l  (1 9 9 1 ) , a series o f dia- 
ỉogues betw een man and ape, in w hich the ape explains 
h istory as a con ílict betw een Takers and Leavers, identi- 
fied by their divergent approaches to the natural world. 
Takers dom inate resources and evolve into m odern ur- 
banized m an; Leavers are indigenous tribes who lead 
subsistence lives and eventually vanish.

w h ile  such accou nts are ĩantastic, they also urge 
readers to th ink  o f anim als, vvater, so il, ro cks, and food 
as m ore than com m odities. The cu ltural in íorm ation 
provided in  literary texts clariRes that natural ob jects 
result from processes, inclu ding the m oral and ethical 
choices made by hum ans. As such  ch oices recur in 
history, the value o f a creatu rc or a place changes: once 
the sea was thought to con tain  m onsters, later it becam e 
a therapeutic place to ba the and sun; now  it is em piying 
o f fish and clogged w ith  sewage (H end rickson , 1984 ). 
Form erly the íorest w orld was seen as profane and 
lawless, the hom e o f pagans; now it ỉs sacred, a ha ven 
for rest and retreat (H arrison , 1 9 9 2 ).

X. ECOCRITICISM AND BIODIVERSITY

Scientists are now w arning that a global environm ental 
crisis will be the future ou tcom e o f several current 
trends: hum an overpopulation , the rise o f carbon diox- 
íde em issions, a lm ospheric w arm ing, and the loss o f 
biodiversity. These dangers transpire across vast íram es 
o f  time and space that are d iỉB cult for n on scientists to 
im agine. A crisis that occu rs in a locality , su ch  as flood 
o r earthquake, is understandable, but one that w orks 
over a longer period and through evolutionary selection  
is invisible to m ost eyes.

Because its dom ain is Virtual or im aginative, litera- 
ture helps its readers to envision w hat they will never 
directly  experience. Yet m any variables also affect the 
ability  o f literalure to depict the threat to biodiversity. 
A w riter’s personal involvem ent in a story w ill shape 
its tone, bringing nostalgia (W allace Stegner) or ur- 
gency (Bill M cK ibben) to the su b ject m atter. T h e  w ork’s 
form  may illustrate its co n ten t, as w hen Peter M atthies- 
sen  shapes T he Snow  L eo p a r d  (1 9 7 3 )  in to  a m ountain- 
eering ascent, using elevation to provoke m editations 
on  higher m etaphysical them es. An o b ject describecỉ 
w ill take on the character o f  its su b ject, as w hen Annie

Dillard expresses her notions o f w ildness through a 
w easel’s alleged indifference to pain.

The w ork may also have a distinct cultural audience 
(John M cPhee) or veer betw een standards o f elite and 
popular reception (Edward A bbey). Som e w riters are 
sensitive to social and econom ic conditions (Edw ard 
H oagland), others contrast regional and national con- 
cerns (Barry Lopez), still others attend to đifferences 
o f race and gender (Sue H ubbell), or to the im pact o f 
other arts on literature (A nne M atthew s). E nvironm en- 
tal w riting is often a rnixed collection  o f genres; parL 
scholarly research, part serm on-editorial, part w him sy 
and adventure. Sim ilar m aniíestations affect the con- 
tem porary novels o f Thom as Pynchon (G rav itỵ ’s R ain- 
b ow , Vineìand, M ason and  D ixon ) and Don D eLillo 
( W hite N oise).

Because o f the great variation in environm ental w rit- 
ing, a new m odc of reading callecl “ecocriticism ” has 
em erged to establish interpretivc stanclards. W hile  not 
a g reein g  in  all resp ects , e c o c r it ic s  o fte n  seek  to tra n sla te  
the sp ecia lized  langu age o f  S c ien ce , w ith  its  ja rg o n  and  
acronym s, into a com m on vernacular. E cocritics are 
intẹrpreters and bridge builders, looking for ways to 
conn ect the dísciplines that university departm ents 
have long separated (G loư elty  and From m , 1 9 9 5 ). A 
few scíentists, such as Lewis Thom as (1 9 7 4 )  and E. o .  
W ilson  (1 9 9 8 ) , have w ritten popular accounts o f  their 
environm ental concerns, but m ostly the public has 
turned to litcrary w riters lo gain insight in to the causes 
and eĩíects o f waning biodiversiiy. At tim es these voices 
cannot agree about solutions, for the global biosphere 
is too intricate, too com plex, and too unpredictable to 
describe readily, and som e scientists believe that it w ill 
not be managed until it returns to pre-industrial levels 
o f stable com position (Peters, 1 9 9 4 ).

O ther ecologists have grave concerns about genetic 
erosion, throưgh both species loss and also genetic engi- 
neering, w hich in the long term  may produce fewer 
varieties o f plants and anim als. (K araim , 1 9 9 9 ). The 
role o f species biodiversity suggests that its purpose 
may be to provide redunđancy, w hich has a stabilizing 
effect on  w hole com m unities and ecosystem s. In the 
face o f drastic environm ental change, diversity may 
buffer ecosystem s against the collapse o f ecological 
íunction . (Nudds, 1999 ).

ĩ f  biodiversíty w orks because variety protects a com - 
m unity against stress and disaster, then literary ac- 
cou nts o f biodiversity must rem ain equally diverse and 
inventive for the sake o f textual survival. A review o f 
literary history suggests that the continu ance o f hum an 
life on earth will depend in part on  what siorytellers 
m ake o f a changing world. T he gift o f language brings



insight, but also the wisdom to heed ihe silence that 
A nnie Dillard calls “nature’s one rem ark.” The Central  

question for hum an beings is not w hether they will 
survive as a species, but w hether the survivors will 
inherit a world worth sharing (W ilson , 1998).
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GLOSSARY

alpha d iversity  The variety o f organism s occu rring  in 
a particu lar place or habitat; often called local di- 
versity.

beta  d iversity  The variety o f organism s w ithin a region 
arising from turnover o í species betw een habitats. 

canop y Usually the h ighest tree layer in the vertical 
stratiR cation o f íorests. The herbaceous íoods for 
canopy-dw elling anim als are found am ong the 
branches and leavẹs o f the canopy. 

d ip terocarp  A m em ber o f the D ipterocarpaceae Eamily 
(com prising 22  genera) o f South Asian and A frican 
tim ber trees.

ecosystem  A com m unity  o f interacting living organ- 
ism s and its physical surroundings. 

ío rest m anagem ent Broadly, a pattern o f hum an activi- 
ties to derive econom ic or other utility from  a íorest. 
In  its narrow er sen se— as a concept or guiding prin-

ciple for the m ultiple and sustainable use o f a íor- 
est— it is a com plex ecological and sociological con- 
cept in w hich exceptional skill has to bc exercisecỉ 
on the part ol forest manager. Forests coulcl be m an- 
agecl for the extracùon  o f tim ber or nontim ber íorest 
products, forage for anim als, w atershed protection , 
or recreạtional use. 

gap An opening in the vegetation created from distur- 
banccs such as clearing, logging, fires, diseases, 
storm s or the natural death o f a tree. 

inbreed ing  M aling betw een closely related individuals 
m ore often than would be expected by chance. 

logging The operation o f harvesting trees, saw ing them  
in to appropriate lengths (b u ck in g), and transporting 
them  (skidding) to a sawm ill. In m odern day, this 
m ethod is m osily m echanized. 

m ast fru iting  A period or year in w hich a heavy crop 
of ừ uits/seed s is synchronously produced by trees 
and shrubs. This phenom enon, uniquely character- 
ized  b y  s y n c h ro n ic ity , h ig h  v ariab ility , and  p erio d ic - 
ity o l heavy fru it p ro d u ctio n , d istin g u ish es  it  from  
nonm asting plants. 

natu ral regeneration  The process o f replacem ent by 
natural seedlings in gaps created by the selective 
cutting o f m arketable tim ber. 

p ion eer guild The first groups o f species to colonize 
a newly formecl or denuded habitat. 

prim ary forest Forests that appear to be undisturbed 
by hum an íníluence. 

second ary forest Successional íorests growing in areas 
w here in  the past the forest cover had been com - 
pletely removed.
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shifting agriculture The practice of clearing a plot of 
land for cultivation for a short period of time, then 
abandoning it and allow ing it to revert to its natural 
vegetaúon when the cultivation moves to another 
plot.

silv icultu re An applied Science  and branch of forestry 
concerned with the theory and practice of conirolling 
forest establishm ent, com posiiion , and grovvth. 

su ccession  Replacem ent o f one kind of population/ 
com m unity by another in a habitat through a regular 
progression over time. 

taun gya The Burm ese term  for an agricultural sỵslem 
in w hich crops are interplanteđ with plantations of 
trees. As the trees grow and shade the areas, cultiva- 
Lion of crops is abandoned. 

understory  The broad spectrum  ofp lan is at the ground 
level o f forests that often provide íorage for grazing 
animals. These transitory plants are often relatively 
sparse in clense íoresls with closcd canopies.

OVER M ILLEN N IA, HƯMAN SO C IE T ỈE S  have man- 
aged ỉorests for the production of a range of goods and 
services. As long as population densities rem ained low, 
the im pact o f hum ans on íoresl ecosystem s was mini- 
mal, except near population centers of ancient civiliza- 
tions. W ith  the start o f the industrial revolution, the 
demand for íorest products increased considerably. At 
the same tim e, rapidly expanding human populaiions 
started to exert trem endous prcssurc on íorests. The 
demand for úm ber (and nontim ber foresl products) 
grew at an accelerated pace. T iinber extraction on an 
industrial scale becam e the principal goal oi forest re- 
source m anagers in the latter half o f the 19th  century 
and reniained so throughout the 20th  century. Today, 
there is virtually no lorest on the planet vvithout at least 
som e signs of hum an iníluence. W ith m ounting losses 
of forest cover and increasing interest in the conserva- 
tion of biodiversity, attention has 1Ì0W again shifted to 
managing forests for a wider array of goods and services. 
In this new paradìgm shift, m anagem ent plans mav 
include logging as an elem ent am ong others, or they 
may not include logging at all.

I. INTRODUCTION

clearly , forcsts can be managed for a variety o f goals. 
The im pact of different m anagem ent systems on biolog- 
ical diversity is still largely unclear, ahhough thcre have 
been a num ber of studies of forest ecosystem s managed

for ihe production ot timber. Here we provide a perspec- 
tive on changes in biodiversity in forests managed 
largely for timber. The concepts and principles of large 
scale íorest managem ent for a diverse range of goods 
and services are súll being developed, even though tra- 
ditional societies have managed forests for such pur- 
poses for centuries. W e first outline various system s 
of managernent and then describe the extent o f our 
knovvledge about their effects on forest biodiversity. 
The effects of these system s vary according to a num ber 
of factors, including the type o f íorest, ihe landscape 
m atrix in w hich the forest is embedded, the nature and 
intensity of the m anagem ent system , and the scale and 
method of analysis chosen by the observer. Forests are 
com plex ecosystem s with subtle and com plex interrela- 
úonships, many of them unknovvn in detail and chang- 
íng over time. The potenlial for variaùon in each of 
these lactors is great, making generalization across spe- 
cific cases tenuous.

Porest diversity may be exam ined ai various levels, 
including ecosystem , landscape, populaúon, and ge- 
netic levels. Ít is advantageous to keep these m ultiple 
levels in mind as one considers forest m anagem ent 
system s. Since ihe changes effected by m anagem ent 
on lorest biodiversity do not happen all at once, but 
are mediated ihrough a chain or sequence of influences 
both spatially and over time, our discussion is orga- 
nized sequentially. W e begin by describing the struc- 
tural changes imposed on íorests by m anagem ent 
operations or activities. These structural changes deter- 
m inc ihc cnsuing ab iotic  or  cnvironm ental condiúons 
w ithin the foresi at the small and medium (local and 
regional) scales. Structural changcs and allered abiotic 
conditions com bine 10 produce a variety o f biotic  
changes, including changes in  species com posiúon 
and abundance, productivity, population density and 
distribution, and so íorth. It is thought that these 
changes may also affect long-term  eco log ica l interac- 
tions and processes. Thus, the original structural 
alterations to forests result in changed environraental 
conditions, w hich in turn trìgger changes at ihe 
species, populaúon, and com m unity levels. Large re- 
ductions in effective population sizes may result in 
genetic  alterations and im poverishm ent. In addition, 
it is im portant to keep in mind that virtually even- 
managed forest experiences a variety of indirect syner- 
gistic anthropogenic eĩĩects, namely human activities 
not part of the m anagem ent itselí but lacilitated by 
it. These may include increased incidence of wildfire. 
hunting, shiĩting agriculture, and others. Taken to- 
gether, these activíties may m ultiplv the overall impact 
o f the managem ent system.



II. MANAGEMENT SYSTEMS

System s of forest m anagem ent vary widely ihroughout 
the w orld in response to ecological, sociaỉ-institu tional, 
and political íactors. Use o f the phrase m anagem ent 
sỵstem  need not im ply that m anagem ent is in each case 
applied in a planned, thoughtíul, or consistent m anner, 
bui only that it is system atic in the sense o f being a 
pattern o f hum an m anipulative activities governed by a 
speciíìc com m on goal. These activities may be careĩully 
planned and controlled  interventions or they may be 
haphazard patterns o f one-tim e individual extractive 
activities, Nvithoưt niuch overall guidance. Thus, we use 
the w ord m an agem en t  rather broadly.

A. Timber Management
1. C le a r in g  S y ste m s

At one extrem e o f a continu um  of m anagem ent system s 
for the extraction  o f tim ber are system s o f forest clear- 
ing, w ith or w ithout rcplanting to stim ulate regenera- 
tion. C ỉear in g  system s have been used m ost often in 
tem perạte íorests. These íorests have relatively low 
num bers o f tree species and thereíore a relatively high 
density o f com m ercially  useful species per hectare. 
How ever, som e tropical ĩorests, such as sonie o f the 
d ipterocarp-dom inated íoresis of Southeast Asia, may 
also have sufficiently clense stands o f com m ercial trees 
to make clear-cutting  an econom ic option. If there are 
residual noncom m ercial trees, they may be girdled or 
poisoned to produce even-aged stands in w hich com - 
m ercial species predom inate. There have been experi- 
m ents with various geom etries o f đ ear-cu ts, intended 
to aid in natural regeneration and the preservation o f 
wildlife habitat. Exam ples are the checkerboard  pat- 
terns in the P aciíìc  N orthw est o f the U nited States and 
Canada and the strip shelter-belt system  of Palcazu in 
Peru. Patterns o f this type have as their goal the reduc- 
tion in area o f  the individuaì gaps, and thus the reduc- 
tion in distance betw een the edge o f the rem aining 
íorest and the center o f clear-cut areas. The underlying 
idea is to increase the likelihood o f propagules from  
the forest finding their way into the clear-cut area and 
regenerating the stand. There ha ve also been attem pts 
to develop tim ber m anagem ent system s that use natural 
gaps as m odeìs, but these are considered selective log- 
ging system s (discussed below ).

O th er íorest m anagem ent system s involving clearing 
are rep lacem en t system s, in w hich plantations o f indige- 
nous or exotic species are established after clearing. 
T hese have been  widely used in tem perate íorests and

less so in the tropics, partly because they oítcn  involve 
a larger initial investm ent in silviculture. The even-aged 
stands w hich result are seen as advanlageous in term s of 
accou n tin gan d  the efficiency of silvicultural operations, 
but they have been vulnerable to outbreaks o f pests and 
disease and, as highly sim plified ecosystem s, have been 
criticized  as deleterious to biodiversity.

2 . S e le c tiv e  L o g g in g  S y ste m s

In m any species-diverse tropical forests, clear-cutting is 
neither an econom ically  nor an ecologicalỉy interesting 
option, since only a few tree species are com m ercially  
accepted. M oreover conspecifics are widely scattered, 
and in írastructure including roads and rural m ills may 
be sparse. In such m anaged íorests, trees are selectivcly  
logged. Selective logging  is a general term  encom passing 
a wide array o f m anagem ent system s that vary widely 
w ith respect to spatial and tem poral scale, harvesting 
intensity , p lanning, and oversight. Selectivity oỉ species 
to be rem oved does not necessarily translate into selec- 
tivity o f  overall im pact, so the residual forest may be 
affected indiscrim inately even by the selective extrac- 
tion o f  only a few trees per hectare.

Tropical forest m anagem ent system s were adapted 
from the G erm an íorestry tradition, w hich w as ex- 
ported, to India and Burm a during the 19th  century. 
N atu ral regen eration  system s , or p oly cỵ cỉic  sỵstems, m in- 
im ize silvicultural interventions by reỉying on natural 
regeneration after the harvest o f a relatively low nu m ber 
o f trees per hectare. These system s result in uneven- 
aged and m ultispecies stands, w hich are thoughl to 
provide the bcst opportunities for biodiversíty conser- 
vation as part o f the m anagem ent plan. However, a 
variety o f assum ptions aboưt regeneration patterns 
m ust be  made, m any o f w hich have been questionecl 
by som e foresters, and con đ u sive evidence o f  long- 
term  sustainability  is lacking.

Natural regeneration system s w ith adaptations to re- 
gional cond itions have been developed in M alaysia (se- 
lection m anagem ent system ), Ghana (m odiíìed  selec- 
tion system ), Surinam e (C elos silvicukural system ), 
Trinidad (periodic b lock  system ), and Q ueenslanđ, 
Australia (Q ueensland selective logging system ). Each 
o f these has made ím portant strides toward solving 
technical silvicultural problem s, but in m any cases so- 
ciopolitical obstacles have been m ore severe.

B. NTFPs
T im ber is not the only product to be taken out o f  íorests 
and m arketed, nor is it the only product for w hich 
forests are managed. N ontim ber íorest products



(N T F P s) include fruits, nuts, fungi, íibers, medicinal 
and ornam ental plants, m osses, dyes, resins, gums, fuel- 
w ood, charcoal, leaves as [odder, poles for local con- 
s lru ction , honey, syrup, fish, and game, as well as other 
anim al products. In som e forests, these may constitute 
im portant and large-scale com m ercial resources; in oth- 
ers, they may have great local ìm portance but fail to 
appear in com m ercial m arkets. M anagem ent systems 
for N T FP s, too, run the gamut from traditional, socially 
sanctioned  system s to those that are legally organized 
and m onitored. In som e cases, extraction of N TFPs 
may affect ĩorest biodiversity even m ore than tim ber 
extraction , since N TFP extraction is oiten done over a 
long period of tim e— over many hum an generalions in 
p arts o f  S o u th ern  Asia, Southeast Asia, and A írica— and 
may consú lu te an intensive use of som e species or areas. 
M ost o f the econom ically significant N TFP extraction 
system s are today found in tropical forests and include 
extraction  of Brazil nuts, rattans, ornam ental planis, 
and a n im a ls , íruits, and medicinal plants. Maple syrup 
is an econom ically  signilỉcant and com m ercially devel- 
oped N TFP of tem perate forests.

c. Shiíting Agriculture and Traditional 
Long-Term Intensive Forest 

Management Practices
As prim arily agricultural system s, the effects of shiíting 
agriculture on biodiversily are treated extensively in 
another chapter. ShiRing agriculture is by no m eans the 
only tradilional forest m anagem ent practice, however. 
Som e traditional practices have been very intensive, 
especially in  high population density areas of Asia, Eu- 
rope, and Central A m erica, and som e have been sus- 
tained over ihe very long term. In Jap an  and Europe, 
coppicing and pollarding system s, in  w hich trees are 
repeateđly pruned back for their leaves or poles, have 
been practiced for centuries. These tracỉitional systems 
have preserved habitat for a diversity of plants, birds, 
arthropods, fungi, reptiles, and am phibians that are ab- 
sen t from  vounger successional íorests in the same 
areas. Traditions of pasturing dom estic anim als in com - 
m ons w oods, and the retaining of hedgerows, copses, 
and w indbreaks w ithin intensively managed agricul- 
tural landscapes, have all contributed lo the survival 
o f woodland diversity in Europe (Kirby and W atkins, 
1 9 9 8 ). In the tropics, traditional sysiem s of taungya  and 
other intensive agroĩorestry system s have for centuries 
com bined high forest productivity with high species 
diversity. Taungya  is a Burm ese word, but sim ilar tradi- 
tions of agroforestry and the com bination of tree crops

with ground crops and kitchen gardens may be found 
in Brazil, Indonesia, Malaysia, and the Indian subconti- 
nent. There are currently attem pts to reintroduce and 
adapt som e of these traditional techniques to m odern 
conditions, since they are thought to hold prom íse both 
ecologically and econom ically.

Sacred groves found throughout the world that have 
been “managed” for centuries for spiritual, religious, 
and utilitarian reasons are beyond the scope of the 
present discussion.

D. Managed Forests as Distinct from 
Secondary Forests

The phrase secon d a iy  f orcst has been used in a variety 
of ways in the scientific literature o f the recent decades. 
W e reserve the phrase secon dary  forcst  for successional 
forests growing in areas where the lorest cover has at 
some time in the past been com pletely rcmoved, causing 
a break in the continuity of the vegetativc cover over 
tim c, and vvhere this break in continuily  can be detected 
structurally or íloristically. Forest hisiorians, geogra- 
phers, and archeologists have been pushing back the 
daie for earliest detectable hum an impacts on fores(s 
throughout the vvorld, and it is becom ing clear that few 
i f  a n y  f o r e s ts  are  p r im e v a l  in  th e  l itera l  s e n s e  o f  the  

word. N evertheless, we call Ibrests that shovv no obvious 
structural or ílorisúc iraces o f hum an influence undis- 
turbed prim ary forests.

From  the perspective of íorest hiocliversity, the dis- 
tinction betw een secondary and managed primary for- 
ests is im portant. Secondary íoresis consist o f earlier 
successional stages; they are dependent on seed dis- 
persal from outside íor their regeneration and the con- 
tinued process o f succession. The im plicaúons of this 
for biodiversity will be discussed later.

III. STRƯCTURAL ALTERATIONS

ĩo r e s t  structure  is the three-dim ensional arrangem ent 
of trees and other plants, in com bination with nonliving 
spatial elem ents such as soils, slopes, and hydrology. 
In shorl, stru clu re is the physical geographv of the 
íorest, considered at a range of spatial scales. Structure 
includcs such  characteristics as canopy and understory 
geom etrv. continuity or fragm entatìon of canop\' cover, 
hom ogeneity or patcbiness of species distribuúon 
through the landscape, soil structure, and the species 
com position and age structure of stands. Most o f these 
elem ents may be considered at m icro. local, or land-



scape scales. Forest structure iníluences forest biodiver- 
sity directly through the íorm ation o f m icrohabitats as 
well as the determ ination o ílarg er-sca le  habitat charac- 
teristics, but the relationship betw een structure and 
species diversity is com plex and not well understood.

T he m ost im m ediatc effects o f selective tirabcr ex- 
traction Systems on forest structure, o f course, are the 
rem oval o f the indivídual target trees, together with 
the associated incid ental damage. Incidental damage 
generally includes rem oval o f surrounding vegetation 
to con stru ct access roads and skid trails, damage to 
vegetation during felling and skidding, com paction, and 
scraping o f soils. Harvest o f as little as 3%  of the trees 
in an area, as is not atypical in  thc diverse neotropical 
íorests, may reduce canopy cover by half through inci- 
dental damage. Canopy reduction by 75%  is not uncom - 
raon in  Asian dipterocarp íorests, where a total o f nearly 
half the basal area o f the forest may be removed. On 
the other hand, damage to basal area o f as little as 4  or 
5% has been docum ented  in Am azonia, w hen less than 
a single m ahogany tree per hectare was removed. And 
noncom m ercial harvesting p ro jects have obtained even 
b etter harvest-to-dam age ratios in Costa Rica, Ghana, 
M adagascar, and Q ueensland, Australía.

In conventional operations, the im pact on  under- 
grow th can also be substantial. In a logged area in 
neotropical F ren ch  Guyana, nearly half o f the under- 
grow th was destroyed cluring the rem oval o f an average 
of only threc trees per ha. Rem oval and damage of 
vegetation opens the canopy, creating gaps and artiíìcial 
edges, and ofien low ers the average heighl o f the can- 
opy, thus altering the internal vertical habitat structure 
of the rem aining ĩorest and, in som e cases, remơving 
m ost or all individuals o f the larger and older size 
classes.

Little precise in íorm ation  exists on  the sorts o f stru c- 
tural damage ensuing from  N TFP extraction . It is clear 
that damage from  intensive harvesting o f leaves for 
1'odder, poles for constru ction , íruits, and firewood can 
all be substantial.

In the tem perate zone forests, the structural changes 
in managed forests oíten  result from changes in species 
com position  and  age structure o f overstorey trees, as 
the m u ltispecies stands are replaced by even aged popu- 
lations o f com m ercially  valuable native or exotic spe- 
cies. Such changes set in m otion a num ber o f changes 
in  ecosystem  structure (biodiversity) and íunction.

A. Vertical Structure
T h e vertical stratiíìcation  o f forest vegetation has been  
the su b ject o f som e debate am ong plant ecologists. It

is clcar that m any íorest organism s (birds, insects, and 
other arthropods, certain herps) partiũon habitat in the 
vertical dim ension. lt is less clear what effect tim ber 
m anagem ent may have on this dim ension o f íorest 
structure. Selective tim ber extraction  may sim pliíỵ  
stru cture, for instance, by elim inating or preíerentially  
damaging one or several strala. On the other hand, it 
has been suggested that one reason for the increase in 
local abundance o f certain species groups in secondary 
ĩorests is the greater com plexity o f the understory struc- 
ture in  younger, less well developed forests. T h e  en- 
hanced presence o f short-lived treelets, shrubs, and her- 
baceous plants in  disturbed forests is a m atter o f record 
(R ichards, 1 9 9 6 ).

B. Canopy
The íbrest canopy, the highest layer o f the vertical struc- 
ture, includes m osl o f the interface betw een leaf and 
light. As such , it is the area o f greatest energy input into 
the lorest ecosystem . In tropical or tem perate evergreen 
rain forest, this in teríace may be virtually unbroken over 
large areas, and there is often a very d islinct d ivision, in 
term s o f biodiversity, betw cen the canopy layer and the 
understory. In seasonal, d ĩy , or gallery-type forests, the 
canopy may be m uch niore perm eable to incom ing light 
and correspondingly less d istinct in  its ílora and íauna.

c. Gaps and Edges
T he creation o f foresl gaps through dislurbances such as 
selective logging both cnhances and dim inishes species 
diversity and richness in different ways. Gaps increase 
thc local heterogeneity o f habitats and create m icrohabi- 
tats that are rare in  m ature forest, but they sim ultane- 
ously lim it the extern o f undisturbed íorest, thereby 
reducing rcgional habitat heterogeneity. The question 
o í w hich tendency will predom inate is at the heart o f 
d iscussions about m anagem ent for biodiversity. The 
answ er depends partly on the characteristics o f the íocal 
species or group, partly on the extractive m ethods em- 
ployed, and partly on the spatial scale o f analysịs. A lpha  
diversity , w hich is a m easurem ent o f species diversity 
at the com m unity level, does not necessarily covary 
w ith beta  ả ív ers ity , nam ely the overall turnover o f spe- 
cies associations in  contiguous habitat patches across 
a landscape. In  other w orđs, local diversity m ay not 
m irror or represent regional diversity. There have been 
a num ber o f suggestions that the creation o f structural 
gaps through m anagem ent system s can or should m im ic 
the dynam ics o f natural gap creation through treeíall, 
with the idea that com m unity dynam ics would thus be



minim ally affected. O ther authors, however, have been 
less sanguine about ihe practicality of this.

Gaps and forest edges may often constitute habitats 
not unlike the íorest canopy in respect o f abiotic factors 
such as insolation, wind, tem perature extrem es, and 
rainíall, and may thereíore exhibit an analogous flora 
and fauna.

D. Forest Fragmentation
The term  /ragm cn tation  is often used to sum m arize the 
landscape-level structural changes to the forest exerted 
by a range of human activities. Forest íragm entation is 
a process that may take place over centuries, decades, 
or years. O ften, this process starts with selective logging 
w ithin a m atrix of natural forest and may extend over 
time through the developm ent of progressively more 
intensive agricultural landscapes (ag ro scap es ). These 
agroscapes may eventually them selves becorae the ma- 
trix, finally leaving only isolated “islands” ol residual 
íorest. In developed couniries, urbanization, suburbani- 
zation, “exurbanization,” and the establishm enl of ex- 
lensive transport inừastructure have all contributed to 
forest fragm entation, especially over the past 50  years. 
The process of forest íragm entation, and its effects on 
various aspects o f biodiversity, has proven rich  mine for 
ecological study. Several studies show that fragmented 
íorests have less biodiversity than contiguous forests 
and thai ecological and evoluúonary processes that 
m aintain biodiversity are com prom ised in forest írag- 
m ents.

E. Spatial Mosaic of Forest Types
Both short- and long-term  forest managem ent actions 
have been shown to make radical changes in the spatial 
distribution oi' íorest types and com m unities at the land- 
scape scale. Natural forests are m osaics of species associ- 
ations responsive in their d istribution to aspect and 
degree of slope, altitude, exposure to winds and storm s, 
fìre history, and soil characteristics. A forest’s spatial 
pattern and landscape context are thought to influence 
the regeneration of logged areas through seed and pol- 
len dispersal dynamics and recruúm ent rates. M anage
m ent can alter the natural íorest m osaic by superim pos- 
ing on it separate patterns reílecting land-use historv, 
regeneration dynamics and historv, or simply the pat- 
lern of access for logging (C annon ct a l . , 1998 ; Foster, 
1 9 9 2 ). Altered distribution of forest types, even w ithin 
a continu ou s forest cover, can have potentiallv harm íul 
(or beneficial) effects on populations of some wildlife 
species.

F. Soil Effects
Effects o f managem ent Systems on soils include alter- 
ation of the m icrostructure of large areas of forest soil 
through com paction and scraping, alteration of the for- 
est íloor proíĩle ihrough the creation of artiRcial pits 
and m ounds (or the elim ination of natural ones) by 
bulldozers, changes to the hydrology of the affected 
region, and losses o f organic m atter and nutrients that 
potentially threaten íertility of the site. The latter prob- 
lem is perhaps rnost serious in dryland areas and som e 
areas of the hum id tropics, where soil structure is often 
less robust, lacking the highly developed humus layer 
and deep m ineral soil profile of m any íorests in tem per- 
ate clim ates. In some tropical and tem peratc rain ĩorests, 
heavy rainfall tends to exacerbate soil problem s íhrough 
increased runoff from the exposed surlaces and com - 
pacted soils o f roads and irails, the associated erosion 
o f soil surfaces, and increased clogging and silting of 
lakes, stream s, and wetlands. O ld tractor tracks and 
landings may remain sources o f direct runoff for de- 
cades, due to their low infiltration capacities. Am ounts 
of sedim ent washing into slream s have rcgularly been 
shown to be higher and m ore variable after logging 
disturbances. Increases in sediment off-flow by a íactor 
of betw een 2 and 20  have been measured. Thcse sedi- 
m ents oíten contain substantial am ounts oí organic ma- 
terial. Leaching of nutrients, as large volumes ol rainvva- 
ter fall directly onto exposed earth and percolate 
through the soil, is another problem , the severiiy of 
w hich depends both on the charactcristiCS of the soil 
substrate and on the logging techniques employed. 
These soil changes may over tim c alter species com posi- 
tion and structure of forest vegctation at all levels.

The absence of downed logs and decom posing 
woody debris in tem perate zone production ĩorests has 
been blam ed for reductions in soil ferlility. A num ber 
o f plant, anim al, and fungi groups depend on com plex 
forests íloor slructure for habitat and nutrient availabil- 
ity. All o f these problem s with soils have been said to 
be am enable to im provem ent through careíul logging 
procedures. The U.S. State of Ncw Hampshire and the 
Canadian province of British Colum bia have each re- 
cently published suggested guidclincs for m aintenance 
o f coarse woody debris in íorestry operations.

IV. ABIOTIC CHANGES

A. Insolation, Temperature, and 
Wind Patterns

D irect structural changes mav cause changes in a series 
of abiotic factors, again on sevcral scales. O pening of the



canopy alters the insolation  regime in dense-canopied 
íorests, though it may have ỉess effect in íoresls with 
nalurally sparse canopies. Sunlight reaching the íorest 
íloor has been m easured at as little as 2% in closecl- 
canopy tropical íorests; selective logging raises this per- 
centage m anifold. G reater insolation has two kinds o í 
effects: it increases the daily energy ílux, especially to 
the low er strata o f vegetation, and it raises the average 
teniperature o f both  air and soil in the íorest understory. 
Partial or com plete rem oval o f the íorest canopy also 
increases the m ovem ent o f the air colum n throughout 
ihe understory in response to w inds above the canopy, 
affecting water re ten tion , relative hum idily, and tran- 
spiration rates in the understory. These changes affecl 
the m icroclim aies w ithin the forest, m aking it w arm er 
and drier on the average. T h is reduces the suitable 
habitat for som e species o f plants and anim als, while 
increasing it for others.

B. Hydrology
Changes in íorest lloor hydrology may contribute to an 
increase in soil d isturbances such as landsliđes and 
erosion , especially in  the wel tropics, where rainfall is 
cxtrem e. Sueh d isturbances may increase the area o f 
early successional vegetation; in areas where the organic 
com ponent o f the lopsoil layer has been scoured a\vay, 
the process o f su ccession  may be halted in its early 
stages for a long tim e. Even lesser levels o f d isturbance 
to the soil due to logging have been show n to reduce 
con cen tratio n s o f C Ơ 2, organic m alter, and nutrients 
through leaching. Su ch  changes will alter com peiitive 
balances am ong plant populations in favor o f species 
adapted t o disturbed habitats, and to the de tri m en t of 
those specialized for the relatively consistent concliúons 
o í closed canopy forest. Som e íorest ecosystem s are 
especially  sensitive to changes in  hydrology. A m ong 
these are m angrove forests, w hich clepend on the regular 
ílush ing action  o f the tides and may be stranglecỉ by 
in ílu x es o f sedim ent from  eroding soils. Lowlancl 
sw am p íorests, including Brazilian v a rz e a , likew ise may 
be gradually replaced by t e r ra firm a  íorests under cond i- 
tions o f sedim entation. Riparian forests o f various kinds 
are im portant reíuges for specialized plant com m uni- 
ties, especially in  arid regions. Scrub íorest and other 
drylands íorests are vulnerable to regional changes in 
rain íall patterns, since their plant com m unities may be 
at the edgc o f  their ranges or environm ental tolerances. 
Som e of the m ost in teresting  and endangered íorest 
types, in short, may be com prom ised by the hydrologi- 
cal changes ihat often accom pany logging and other 
forest use.

V. BIOTIC CHANGES

ư p  till now we have been describing those m easurable 
structural, ab iotic e ííects o f logging that have been  doc- 
um ented in forests o f various types worldw ide. W hat 
effects do these changes have on the biodiversity, espe- 
cially the species, w hich m ake up the ĩorest?

Plants form  the fìrst, or au to trop h ic , layer o f the forest 
ecosystem . The autotrophs are able to build  organic 
coinpounds from inorganic building b locks, using en- 
ergy from  the sun. The other ( hetero trop h ic ) organism s 
in a forest are directlv or indirectly dependent on the 
transíorm ative power o f photosynthetic plants íor their 
livelihood. Thereíore we will consider planís ĩirst. Fungi 
have been im plicated in crucial sym biotic relationsh ips 
w ith many forest plants and will be considered  next. 
The m ost num erous prim ary  consum ers  o f plants in 
íoresls are the invertebrates. Prim aiy consu m ers trans- 
form  and recycle the organic com pounds they derive 
from  ingesting plants. This group will be discussed 
third. Som e vertebrates, the group we review íourth , 
are also prim ary consum crs ( herb iv ores) , others are sec- 
ondary or tertiar}7 consum ers (carn ivores  and om ni-  
vores). D etritivores , vvhich make up the íìnal stage in 
the recycling o f organic m aterials, are a very im portant 
com ponent in íorest ecosystem s; we will d iscu ss them  
in the context o f effects on soils.

A. Plants
Since plants are stationary, they are m ost im m ediately 
inAuenced by changes in their abiotic surroundings. 
Such changes may inAuence plant species com position , 
density, evenness, com m unity structure and associa- 
tions, and plant interactions including mutuaUsms 
and parasitism s.

1. Early Successional Phases
A p ion eer  guilcl of plants is characterized by lack  o f 
shade tolerance and thereíore tends to be íavored in 
the light-rich  m icrohabitats created by gaps. P ioneer 
species tend to be w idespread, w ith airborne po llen  and 
sm all airborne seeds, ĩast grow th rates, and lolerance 
o f a wide variety o f environm ental cond itions, allow ing 
them  to disperse quickly into disturbed habitats. H ence, 
they are characteristic o f managed ỉorests, and the P io
neer guild is relatively hom ogeneous in  species com po- 
sition  over large regions (F inegan, 1 9 9 6 ). T h is  can be 
confusing to researchers, since localized increases of 
plant species diversity are com m on follow ing logging. 
Logging expands the area o f íòrest occupied  by early 
successional phases, boosting representation o f  p ioneer



species in small sam ples. These local incrcases in diver- 
sity are not, hovvever, m atched on the regional level, 
since the local increases them selves com e from the re- 
gional pool. Thu s, logged forests tend to becom e in- 
creasingly hom ogeneous on a larger scale.

2 . E x o tic  In v a s iv e  S p e c ie s

Loss of tree cover often perm its the recruitm ent of 
n atu ralized  exotics  (species th a t  are not natural to the 
area), since the special conditions under w hich native 
species are com petitively superior no longer exist. The 
presence of exotic plants tends to hom ogenize habitats 
and hence biodiversity. Exam ples of the many wide- 
s p r e a d  and aggressive exotic p l a n t  p ro b lem s are Im pa- 
tiens (an Asian om am en tal) in the neolropics, and the 
reed P hragm ites au stra lis  in the United States.

B. Fungi and Mycorrhizae
A num ber of studies have show n thai the presence in 
the soil o f inoculate o f certain species oí sym biotic fungi 
is necessary for the regeneration and successíul growth 
of a num ber of tree species, and the same may be true 
for other rooted plants. Soil m ycorrhizae invade grow- 
ing root tips and m ake available to them , in the course 
of their own m etabolic processes, nitrogen and other 
nutrients that are othenvise locked up in the soi]. My- 
corrhizal fungi require certain soil conditions to ílour- 
ish. If soil environm ental conditions change radically, 
as can occur as a result o f clear-cutting, for insiance, 
these fungi may go locally extinct. W ithout healthy 
populations o f the appropriate íungal sym bionls, manv 
tree species may be unable to regenerate successíully.

c. Invertebrates
W e still know  the least about the eĩíects of logging on 
the first tier oi forest-inhabiúng anim als, the inverte- 
brates. One o f  the  Central u n k n o w n s is the num ber o f 
invertebrate species inhabiting tropical ĩorests, which 
is not know n even to the nearest order of magnitude. 
N evertheless, data on som e taxa are available, and it is 
possible to distinguish som e trends. Canopy denizens, 
especially ílying insects such as butterílies and moths 
as well as ílies, wasps, and bees, may be more easilv 
seen or trapped in low er, disturbed forest, and hence 
may show up rnore easilv ín surveys. Like nectar-feeding 
and írugivorous bird  species, som e invertebrates mav 
also beneíĩt Irom the increased flowering and íruiting 
among early successional trees and vines in logged trop- 
ical íorests. And m any groups are adapted to the m icro- 
clim ates of íorest edges and gaps, and so may beneíit

011 the population level [rom structural changes and 
forest fragm entation. Nevertheless, lepidopterans and 
som e dipterans and bee species are clearly reduced on 
a regional scale in disturbed tropical íorests, because 
there are groups with very speciíìc adaptations to the 
environm ental conditions of closed canopy forest. For 
exam ple, the hives of the large Asian honeybee (Apis 
d o rsa ta ) are usually found on very large old trees. Cer- 
tain groups of tropical Aying insects depend on verle- 
brale dung íor part or all oí their nutritional require- 
ments. These may be strongly affected by reductions in 
mammal and bird populations that may accom pany 
disturbance, although some mav equally beneíit írom  
the presence of horses, cattle, or other dom estic anim als 
in the landscape. O ther tropical w inged insects are well 
adapied to the conditions of closed forest and have 
coevolved with particular resources ihat may be absent 
or rare in đisturbed loresi. Exam ples are euglossine 
bees and orchid flowers, parasitic wasps and fig fruits, 
or lepidopteran larvae. These groups may becom e rare 
when their hosls becom e rare.

In the temperate zone, lepidopterans, as well as other 
ílying invertebrates, such as dragonílies, m ayílies, and 
dam selílies, arc rarely found under closed forest canopy 
due boih to their temperature requirem ents and to thcir 
dependence on hodies o f water during part of their 
life cycle. Nevertheless, these too may be affecied by 
uncontrolled  logging activities that disturb their hahi- 
tats w úhin forests, such as bogs, swam py areas, ponds, 
and stream s. Sincc boreal íorests are relatively species 
poor, approaching the conditions oi a m onocu llure, it 
is unclear to what extern cyclic events— such as insect 
infestations or Tire— may be a parl o f their natural dis- 
turbance regime.

The invertebrate fauna of leaf liiie r  and soil suríace 
show s divergent responses to logging activities. Some 
groups (beetles, cockroaches, and m illipedes) increase 
significantly in both species richness and abundance in 
logged tropical ĩorests. Others (spiders, m ites, scorpi- 
ons, springtails, and term iies) decrease. Still others, 
such as ants, seem to be reduced in species richness 
while rem aining abundant in absolute num bers. Many 
detritivores (w ood-boring beetles, certain  term ites, and 
soil m ites as well as fungi) are habitat-dependent on 
standing or downed rotting wood. Such groups appcar 
to have been negatively aííected by long-term  tim ber 
m anagem ent in Europe and the A m erican Southeast, 
where old growth forest structure including snags and 
large rotting logs has been effectivelv elim inated over 
iarge areas.

The effects of forest m anagem ent on another im por- 
tant group of invertebrates, the parasites, are little un-



derstood. It is know n that parasites are som e o f the 
strongest regulators o f agriculturaỉ pests, and there are 
daLa show ing that tropical agriculture, chronically vul- 
nerable to pests, may actually be rnore successíu l where 
patches o f natural íorest are left betw een Belds. Parasites 
and predators on insect pests may breed in íorests and 
disperse into nearby fields, holding down pest popula- 
tions.

It has often  been observed that a dram atic increase 
in m osquito populations is a com m on phenom enon in 
logged areas, where drainage patterns are oíten affected. 
In the tropics this may constitu te an im portanl hum an 
health concern , and malaria is increasing in som e areas.

In general, the inverlebrates are still the least well 
know n o f the m acroscopic fauna, yet their aggregate 
biom ass is very large and their ecological in íluence is 
diíRcult to overestim ate. E. o .  W ilson  has vvriiten about 
the essential role played by the “litlle  things” in m ain- 
taining a variety o f ecological [unctions (W ilson , 1987). 
T he reduction or absence o f groups o f these forest deni- 
zens may have as yet uníoreseen long-term  conse- 
quences for foresi ecology and ecosystem  íunctioning.

D. Vertebrates
Jo h n  Terborgh has observed that, in addition to the 
critical role played by W ilso n s  “littlc things” as the 
íbundation o f an ecological pyram id, there is an irnpor- 
tant top-dow n regulatory role played by ihe “big things,” 
nam ely vertebrates and especially the large predators 
(T erborgh , 1 9 8 8 ). In sites where top predators are ab- 
sen t, their prey populations, m ost o f w hich are herbi- 
vores, tend to proliíerate. This dynam ic has been docu- 
m ented in tropical sites such as at the Sm ithsonian 
Institu tion  Tropical Research Institute statỉon on Barro 
Colorado Island, Panama, w hich  lacks jagu ar, in tem - 
perate parks devoid o f w olf and puma populations, and 
in expanding suburbia all across N orth A m erica, where 
w hite-tail deer and Canada geese are increasingiy being 
viewed as pests by the hu man population. M any o f 
the proliferating tropical herbivores, such as the large 
rodents agouti and capybara, are seed predators and 
may be affecting the regeneration o f large-seedeci tree 
species. In tem perate parks, large deer and elk popula- 
tions are brow sing deciduous seedlings to the ground, 
eííeciively  preventing their regeneration. The lack  o f 
top predators in managed íorests may significant]y alter 
forest structure and com position, both in the short and 
the long term.

V ertebrate popuỉations in  íbrests Corning under m an- 
agem ent may bc affected by losses or gains in  (a) habitat 
area or (b ) food resources. The d irection o f change is

determ ined both  by the particular needs o f each spccies 
and by the nature o f the m anagem ent system . The many 
perm utations o f these variables exp lain  why we see 
divergent responses lo m anagem ent am ong vertebrates.

1. Habitat Loss or Increase
The loss o f im portant habitat elem ents tends to affect 
the m ore specialized and the less m obile species m ost 
strongly, since they may not be able to disperse to new 
habitats. Loss o f the appropriate m icroclim ate, suffi- 
c ien t kinds and am ounts o f cover, nesting sites, or even 
perch sites may íorce species to local extin ction . W e 
know  that som e vertebrates depend on habitat elem ents 
found only in  old, undisturbed íorests. A w el!-know n 
exam ple is the northern spotted owl in the PaciRc 
N orthw est o f the U nited States, w hich nests in the large 
hollow  trees that are usually elim inated by tim ber m an- 
agem ent. A range o f large tem perate and tropical birds, 
inciuding large w oodpeckers, hornbills, and quetzals, 
Iikew ise nest exclusively in hollow s and may usc and 
reuse the sam e holes year after year. Som e m am m als, 
too, are critically  dependent on old-grow th habitat ele- 
m ents íbr survival. The Am erican m arten, for in stan cc, 
w hich has very little body fat yet rem ains active 
throughoui the vvinter in cold and snow y environm ents, 
needs resting places below  the suríace o f  the snow , 
often ưnder rotting stum ps or ìarge logs. T h u s, although 
anim als like the om nivorous m arten may benefit from 
the increased seasonal availability o f  berries or o ther 
resources in logged forest gaps, their territories m ust 
also include areas o f older forests w ith w oody debris.

It has been show n that a num ber o f sm aller íorest 
b irds, both tem perate and tropical residents, avoid gaps 
in  íorest cover such as those created by logging. Som e 
are reluctant to cross gaps o f as little  as a few tens o f 
m eters. This may result from  fear o f predation or from  
physiological adaptation to a narrow  range o f un- 
derstory tem peratures and hum idity levels. U nder the 
increasingly predom inant conditions o f forest íragm en- 
tatíon, these species may find it difficult to locate appro- 
priate habitat, even w hen it is available nearby.

Terrestrial am phibians, including frogs and salam an- 
ders, may often fìnd the relatively d esiccating  condi- 
tions o f open-canopy disturbed forest too warm  and 
dry. Because they “breathe” partly by the exchange o f 
gases directly across the skin , am phibians are particu- 
larly vulnerable to alterations in their m icroclim ates. 
O ne elem ent in the present worldw ide crisis am ong 
am phibian populations may be red uctions in suitable 
coo l, m oist, and shaded old-grow th habitat.

On the other hand, som e vertebrate populations may 
do well in disturbed habitats in  secondar>r succession .



Exam ples of this group that have been studied are m ice 
in temperate forest fragm ents, tenrecs in Madagascar, 
and other rodents in tropical and temperate forests, all 
of which may benefit from the increase in undergrowth 
and herbaceous ground cover accom panving man- 
agement.

2. L oss o r  In c re a s e  o f  F o o d  R e so u rce s  

Opening the forest canopy may often stímulate a flush 
of new leaves or íruits as the trees and understory re- 
spond to the m ore generous light allowance. Many 
brow sing and fruit-eating vertebrates beneíit from this 
change and may seek out areas of secondary succession 
such as logged areas. Populations of large íolivorous 
mam m als, in đ u d in g  elephant, tapir, duiker, gaur, 
bearded pig and peccary in the tropics, or deer and elk 
in the letnperate zone, often do well in secondary forest. 
In the absence o f predalion, including human hunting, 
they may them selves becom e agents of serious ecologi- 
cal change by grazing and tram pling large areas of ĩorest 
understory. O n the other hand, many of these large 
brow sing m am m als are iraportant game animals, espe- 
cially in tropical forests where hunúng is particularly 
difficult to control. Many have evolved shyness re- 
sponses to hum ans, and m osl have greally reduceđ pop- 
ulations in areas where huniers have access.

3. Birds

The effects o f logging on the species richness of birds 
are highly variable. In logged tropical forest, certain  
feeding guilds experience a reduction in population 
ranging from  25%  up to 100% . Hard-hit guilds include 
terrestrial foragers (insectivores and ĩrugivores) and the 
small insectivorous species associated with understorv 
habilats, particularly those of the forest interior. These 
decreases are likely  the result o f reductions in the insect 
resource base or m icrohabitat changes. These findings 
are not com pletely  consistent am ong studies, hovvever. 
Som e studies, for instance, have lound small increases 
in abundance for terrestrial, understory, and íoliage- 
gleaning species after logging in Malayasia. Subslantial 
local increases in abundance have also been noted for 
generalist feeders that can supplem ent nectar and íruit 
resources with insects. The opening of the canopy oíten, 
though not always, increases the availability of nectar 
and fruits in early successional patches, in turn support- 
ing m orc abundant populations o f gcneralist íeeders.

4. P rim ates

Prim ates havc particularlv com plex responses to log- 
ging and to the presence of hum ans in managed ỉorcsts.

In the N eotropics, generalist íeeders (P ithecia  spp., Sa- 
guinus spp.) have been íound to do well in disturbed 
areas, w hereas [rugivores (e.g., C hiropotes  spp., A teìcs 
spp.) tend to leave logged-over areas, especially when 
their food trees have been extracted. However, there 
are exceptions, such as C alỉicebus torquatus , a generalist 
feed er that was fo u n d  to be ab sen t from  logged  ío rest. 
O ld W orld ữugivores such as Pongo pygm aeu s  and Pan 
trogỉodvtes declinc sharply in population density afier 
logging, whereas íolivores (e.g., C olobu s  spp., G orilla  
g o r íỉla ) may seek out disturbed íorest for the leaf 
ílush.

E. Behavioral Changes
Behavioral changes am ong vertebrale populations have 
received little attention until recently. Thcre are sub- 
stantial difficulties inberent in sludying and quantifying 
them. N everthcless, they should be considered a sig- 
niíicant group of changes because their eíìecis may he 
delayed unúl one or several generations aftcr the distur- 
bance itseir. Exam ples, which have becn noted, are 
changes in social organizaúon and breeding behavior 
am ong primaies in M alaysia, and in nesting behavior 
and dispersal am ong birds in íragm ented habitats. 
Am ong anim als with com plex rcsponse patterns, there 
are doublless many olher instances yet lo be studied 
o f behavioral changes stem m ing írom hum an interven- 
tions. These may affect population dynam ics years or 
decades after an cvent such as logging.

F. Domestic Animals and 
Nonỉorest Species

D om estic anim als and introduced species have been 
im portant iníluences on forests ihroughout history. [n 
European oak and beech forests, for insiance, pigs and 
o lher grazing anim als were grazed in  com m ons íorests
011 a seasonal basis to take advantage ol íruit masting. 
Sheep and goais have virtually elim inated íorest regen- 
eration on the onee lushlv tree-clad slopes of the M edi- 
terranean and throughout the M iddle East (Thirgood, 
1981). Today, cattle brovvsing is a m ạjor inAuence on 
rem aining íorest Iragm ents in manv areas ol the tropics.

The m ovem ent of nonĩorest species into logged and 
disturbcd Torests is the origin ot som e of the apparent 
íncreases in species diversity in logged forest plots. 
M ore species o í coleoptera, for instance, have becii 
counied in logged tropical íorests than in neighboring 
primary forest. The species lists in logged areas, how-



evcr, included the nam es of íìelcỉ species thai had en- 
tercd the (oresL after the canopy had been degraded.

G. Aquatic Fauna
The loss o f aquatic biodiversity is understudied in the 
tropics. C oncerns regarding changes in hydrology re- 
sulting from forest d isturbance overlap w ith local com - 
m unity concerns, since the need  to protect sources of 
clean water is becom ing acute in  m any places as hum an 
populations grow. There is m ore in íorm ation  about the 
effccts o f logging on stream s and aquatic life in the 
teniperate zone. The rem oval or degradation of tree 
cover on slopes, including the constru ction  of logging 
roads, often results in topsoil loss and erosion. Soil is 
washed dow nhill and ends up in  stream s and rivers. Silt 
deposition causes declines am ong anadroinous fishes, 
boltom -feeding river íìshes, bivalves, and other inverte- 
brates. Heavy silt loads can have m aịor im pacts far 
dow nstream — even in som e cases degracỉing Coastal 

habitals such as tropical coral reefs, m angroves, and 
offshore fisheries. Changes in the tem perature o ỉstream  
water as a resull o f stream side vegetation loss can also 
have far-reaching effects on íaunal diversiiy.

VI. ECOLOGICAL INTERACTIONS

Structural, ab iotic, and b iotic  changes are likely to alter 
a range o f ecological in teracú ons and evolutionary pro- 
cesses. Changes in hydrology, soils, and soil fauna, for 
exam ple, should inAuence nu trient dynam ics, w hich 
may in turn have íurther im pacts on biodiversity. B iotic 
changes alone can alter species in teractions. Again little 
is know n about the im pact o f extractive regim es on 
ecosystem  lunction  and ecological in teractions. The im - 
pacts are likely to be m ost dram atic where extracted 
species constitu te dom inant elem ents o f ĩorest ecosys- 
tems as, for exam ple, the d ipterocarp tree species in 
Southeast Asian dipterocarp forests. Indeed, m uch of 
the recent evidence that logging m ay iníluence vital 
interactions and ecological processes com es from 
su ch  íorests.

Pollination, seed dispersal, and seed predation are 
basic processes that profoundly in íluence reproductive 
output and regeneration of plants. By low ering the den- 
sity of harvested species, logging can decrease the re- 
sources available to pollinators, anim al seed dispersers, 
and seed predators. T he vast m ạịority o f tree species 
are outcrossed, and in tropical íorests, where m ost tree 
species are pollinated by anim als, substantial declines

in the abundance of food plants can result in changes in 
pollinators’ íoraging behavior. O ne study in Southeast 
Asian dip terocarp  forests conRrm ed that logging in for- 
ests containing S horea  siam cnsís  increased the average 
d istances am ong the rem aining ư ees of that species. 
The large distances made it diffìcult [or the bees that 
pollinate s. siam ensis  to move from tree to tree, concom - 
itantly lim iting outcrossing potential. O pening up the 
canopy also led to colonization o f the forest floor by 
flow ering plants that attracted bees to the im derstory, 
íurther depriving the canopy trees of their pollinators 
(G hazoul, 1999).

R eduction in the density of reproductive individuals 
can also result in a substantial declinc in  the num ber 
of seedlings. A recent study com pared seedling produc- 
tion in logged and unlogged dipterocarp forests o f Indo- 
nesia (C urran et a i ,  1999). Logging reduced the num ber 
o f reproductive individuals per hectare lo 3% of the 
original. Seedling production in the logged forest, fol- 
low ing a mast ữuiting year, was a m ere 15%  of that in 
the nearby unlogged forests.

The sam e study also docum ented ind irect effects of 
logging. D ipierocarps undergo m ast fruiting every few 
years associated with local El N ino-Southern  O scilla- 
tions (EN SO ). Logging around the G unung Palung N a
tional Park, the sile o f the study, has fragm ented the 
once contiguous forest. Changes in land use have appar- 
ently  afíected local ENSO clim ale cond itions. As a re- 
sult, spatial synchrony in mast íru iting and the level of 
seed prođuction have been reduced. O ne result o f the 
natural m ast [Yuiting pattern is that cop ious am ounts 
o f seed are produced sim ultaneously. It is assum ed that 
this “satiates” seed predators, leaving a substantial sur- 
plus of in tact seeds for regeneration. How ever, w ith the 
reduction in seed production, seed predators are not 
getting “saliated ,” and there is little seed surplus. Even 
in the national park, where there is no logging, there has 
been inadequate regeneration because o f the decrease in 
seed production and the m ovem ent of seed predators 
into the park from  surrounding areas lacking m ature 
reproductive trees.

These two studies ừom  Southeast Asian dipterocarp 
forests illustrate several o f the ways in w hich logging 
can have far-reaching and perhaps unexpected  effects 
on forest dynam ics. (a) Removal o f m ature dipterocarps 
and the opening of the canopy (b oth  stru ctural changes) 
produce new m icroclim atic cond itions and an altered 
array of understory species (a b iotic  change). (b ) These 
changes com bine to produce altered íoraging patterns 
am ong bees, com prom ising their efficiency as pollina- 
tors— an essential ecological in teraction . (c) M ean-



w hile, fragm entation and degradation of the forest cover 
alters local clim atic patterns (an abiotic change), w hich 
again alter an ecological process, the m ast-fruiting pat- 
tern. (d ) This alters seed predation dynam ics and affects 
regeneration, potentially  in ílu encing  forest structure 
and com position into the long term.

Considerably m ore w ork is needed to fully under- 
stand the consequences of the altered ecological rela- 
tionships brought about by logging and other extractive 
activities. Studies on the effects o f logging have largely 
been restricted to the im pacts on structural and b iotic 
com ponents. Rem oval o f nontim ber íorest products 
may also be expected to have an im pacl on a diverse 
range o f  ecological in teractions and processes but has 
received even less system atic study.

VII. GENETIC EFFECTS AND 
EVOLƯTIONARY PROCESSES

A lterations in  đensity o f tree species may also have a 
proíound effect on evolutionary processes. Most trees 
are strongly outcrossed ; ou tcrossing  raies are highly 
dependent on population densúy. Low population den- 
sity can restrict ihe m ovem ent of pollen among trees 
and result in a high level o f inbreeding. Although it 
has been diffìcult 10  docum ent the deleterious conse- 
quences of a decrease in ou tcrossing rate, it has been 
coníìrm ed in several species that inbreeding does in- 
crease w ith a decrease in density.

In  the tropics w here m any tree specìes typically oc- 
cu r in low  densiúes, reduction in density due to extrac- 
tion m ay íủrther decrease population sizes. Small popu- 
lation sizes may also contribu te  to inbreeding. Thus, 
inbreeding may be increased both  by the effects o f de- 
creases in density on the m aúng system  and by decrease 
in overall populaúon size.

E xtracú o n  can also rem ove the beiter-adapted geno- 
types from the population, leading to dysgen ic  selection, 
or selecúon for less vvell-adapted genotypes. Popula- 
tions su b ject to harvest have low er levels o f heterozv- 
gosity and low er overall levels o f genetic variation. In- 
breed ing in logged populations resulting from a 
decrease in density may íurther decrease overall levels 
o f heterozygosity.

G enetic and evolutionary effects can be cum ulative. 
Fragm entation , decrease in density, and reduction in 
effective population size all contribute to inbreeding. 
In trees that are highly outcrossed , increasing levels o f 
inbreeding may be particularly deleterious in the face 
of a changing environm ent. The genetic consequences

of m anagem ent interventions in íorest ecosystem s re- 
m ain poorly explored.

VIII. SYNERGISTIC ANTHROPOGENIC 
EFFECTS

Probably only a m inority of extractive forest operations 
today are perform ed under a m anagem ent plan, and 
the vast m ạjority of these are in the developed, less 
biodiversity-rich countries. In the tropics, in contrast, 
only about 2%  o f íorests are currently under any aclive 
m anagem ent plan, according to one authorúative sludy 
(Poore ct a l ,  1 9 8 9 ), although most are experiencing 
extracúve pressure. The absence of planning and long- 
lerm  control m ost often results in a series o f secondary 
effects, including increased hunting, fire, invasion bỵ 
exotic species, m ìning activities, shiftìng agriculture, 
and illegal logging, which may far outweigh the effecls 
on biodiversity of the original m anagem ent operaúons.

It has been noted that large am ounts of secondary 
vegetation and brush tend to alter ihc understory struc- 
ture of cut-over areas. The role of such vegetation and 
brush in íueling forest fires, both in tem perate íorests 
and even in ihe relatively fire-resistant m oist iropical 
forests, has received increasing attention in recent years 
(e.g ., Nepstad et a i ,  1 9 99 ). Ít is clear that large-scale 
fires are altering m icroclim atic conditions over wide 
areas of tropical Asia and South Am erica. In som e of 
the drier tem perate íorests, for instance parts o f the 
U.S. W est and the pine barrens o f the Atlantic seaboard, 
vegetation com m unities have evolved under the intlu- 
ence of regular low -intensity fires. The suppression of 
such fires during this century has altered ihe makeup 
of these com m unities and in som e cascs lowered their 
resistance to large destructive conílagralions. Reintro- 
duction o f controlled  fìre regim es is beginning 10  allow 
the native species to return and com pele successíully 
with exotic species. A somevvhal contrasting case is 
found in certain  areas o f the dry iropics, vvhich are. as 
a group, som e of the most highly altered and degraded 
íbrest ecosystem  types. Here, degradation of the native 
plant assem blages and hydrology have virtually elimi- 
nated the forest’s ability to regenerate itselí in the face 
o f continual incursions o f fire. In such areas, putting a 
stop to íorest fĩres over at least the next several decades 
is seen as a key step to resloring the natural plant ccm - 
m uniúes.

Sharp increases in hunting after logging, too, have 
becom e the ob ject of aitention recently (O ates 1999: 
R obinson ct a i 1999 ; Struhsaker, 1997). Logging re-



quires roacls. Particularlv in the tropics, vvhere hunting 
is oíten unregulated, ỉogging roads provide easy access 
for hunters and their vehicles in to previously rem ote 
areas. Logging crew s them selves are o íten  the first hunt- 
ers in a newly accessed area, both for their own con- 
sum ption and for com m ercial m arkets. O thers quickly 
follow them , and pressure on the game anim al species 
can becom e intense.

In m any parts o f the tropics, one o f the m ost intracta- 
ble effects o f logging is settlem ent by colonists eager 
for new  agriculiural land. C olonists follow the logging 
crews, entering the íorest along logging roads, carving 
out hom esteads, and planting crops. Since such m ove- 
m ents tend to íragm ent and Bnally convert íorest to 
agricultural land, they are clearly som e o f the m ost 
deleterious in íluences on  biodiversity. Further extrac- 
tive activities associated with vvresting a living from the 
íorest, such  as m ining, fishing, and trapping anim als 
and birds, tend to accom pany colonization  and increase 
pressure on íorest resources in a m ultitude o f ways.

IX. CONCLƯDING REMARKS

Cìearly the extraction  o f forest Products in managed 
ecosystem s has an im pact on biodiversity. However, 
natural ecosystem s are dynam ic and su b ject to all sorts 
o f perturbations. The critical questions in the case o f 
m anaged ecosystem s are the extent to w hich biodiver- 
sity is lost and the degree to w hich the losses are irre- 
versible. A landscape perspective is im portant for ad- 
dressing these questions, because biodiversity may 
increase locally  while decreasing at the regional level. 
M oreover, som e local changes may be a m aniíestation 
o f regional level changes and vice versa. The landscape 
perspective is also im portant to unraveling the con- 
íoundỉng but synergistic effects o f habitat íragm entation 
and clim ate change on biodiversity, as is evident from  
the recen t w ork o f Curran and colleagues in Southeast 
Asia (see also Bawa and Dayanadan, 1 9 9 8 ). A wider 
ou tlỡok  is also critical to understanđing the im pacts 
on  the ecological and evolutionary processes and the 
ecosystem  services that have been so far ignored in 
stud ies concerned  with biodiversity in  managed ecosys- 
tem s. F inally , we do not im ply that biodiversity in m an- 
aged íorests w ill always substantially decline. The low - 
im pact harvesting regim es that are being explored all 
over the w orld may allow  signiíìcant and critical goods 
and services to be conserved and sustainably used, par- 
ticularly  if su ch  m anagem ent system s are we.ll in te- 
grated with their social and cu lture m ilieus and are 
responsive to the social needs o f  speciíìc regions.
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I. L esso n s from  the Past
II. C u rre n t E x tin c tio n  Rates

I I I . M e ch a n ism s o f E x tin c tio n
IV. C au ses o f  the Loss o f  S p ecies  and G en es

started  1 m illio n  years ago and  íin ish ed  1 0 ,0 0 0  years 
ago w ith  the en d  o f ih e  last Ice  Agc. 

s to c h a s tic  T h e  resu lt o f ch a n ce  and ran d o m  p ro cesses.

GLOSSARY

b io d iv e rs ity  T h e  variety o f  o rg an ism s con sid ered  at all 
lev els, Irom  gen etic  v arian ts vvithin the sam e sp ecies  
to  the w h o le  range o f sp e cie s  and ecosystem s. 

e x t in c t io n  T h e  d isap p earan ce o f  any lin eag e o f o rg an - 
ism s, íro m  p o p u la tio n s  to sp ecies  and  h ig h er taxo - 
n o m ic  ca teg o ries  (g en era , fam ilies, p hy la). It can  be 
lo ca l o r g lob al (to ta l). 

g e n e tic  d r ift  T h e  p ro cess  o f  ran d om  sam p lin g  o f  g en es 
that leads to chang es in  the  gen etic  co m p o sitio n  o f 
a p o p u la tio n . T h e effect o f  th is  p ro cess  is p articu larly  
im p o rta n t at sm all p o p u la tio n  sizes. 

h o m o z y g o u s  P ossessin g  the sam e gene form  (a lle le ) 
o n  b o th  ch ro m o so m es. 

lo cu s  T h e  p o s itio n  on  a ch ro m o so m e  o f a gene. It is 
d ete rm in e d  by any n u m b er o f  a lle lic  form s. 

m e ta p o p u la tio n  T h e  set o f p o p u la tio n s  (o r su b p o p u la- 
tio n s)  o f  the  sam e sp ecies, lin k e d  by  m igration . Il is 
ch a ra c ter iz e d  by the p ro cesses  o f  lo ca l e x tin c tio n  
and reco lo n iz a tio n .

P le is to c e n e  T h e  g eo lo g ica l tim e that end s w ith  the last 
g la c ia l p eriod  and the ap p earan ce  o f hu m an s. Ít

THE EXTINCTION OF A SPECIES, lik e  the d eath  o f  
an ind iv id u al, is a  natu ral p h e n o m e n o n — its in ev itab le  
destiny. In  fact, d u rin g  the long  h isto ry  o f  life, earth  
has ex p e rie n ce d  sev eral p eriod s o f  m ass e x tin c tio n . B ut 
the cris is  o f c u rren t e x tin c tio n  d iffers fro m  the p reced - 
ing o n es in th a i it is the d irect resu lt o f  h u m a n  activ ities . 
By o u r eco lo g ica l su c ce ss— h a v en ’t w e invaded  th e  en- 
tire p la n e t? — a m p lìíìed  by o u r in d u stria l and  te ch n o - 
lo g ica l rev o lu tio n s, o u r sp ecies  e x erts  su ch  an  im p a ct 
on  the b io sp h ere  that one w itn esses today an a cce lera - 
tion  o f e x tin c tio n  p h en o m en a  w ith o u t p reced en t. T h is  
ero sio n  o f  b io d iv ersity  is exp ressed  on  th ree  in terd ep en - 
dent levels; it  a ffects  (a ) the d iversity  o f o u r p la n e t’s 
eco sy stem s and  lan d scap es, (b ) the r ich n e ss  o f  sp ecies  
in  the íau n as and  ílo ras in  m o st parts o f the  w orld , and 
(c )  the g e n etic  d iv ersity  o f m an y natu ral and d o m esti- 
cated  sp ecies. T h e  o b je ctiv e  o f  th is ch a p te r is to ad dress 
the p attern s, cau ses, and ex te n t o f  su ch  lo sses  o f b io d i- 
versity.

I. LESSONS FROM THE PAST

T h e lo n g est p hase in  the ev olu tio n  o f life  on  o u r p lan et 
ex ten d s for the 2 b illio n  years from  the ap p earan ce  o f
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the s im p lest m o le cu le s  cap ab le  o f  a u to rep lica tio n  to 
the a p p earan ce  o f  the first p ro k ary o tes. U n ío rtu n a te ly , 
n o th in g  is k n o w n  ab o u t the  ev o lu tio n  o f  b io d iv ersity  
th ro u g h o u t th is  v ery  lo n g  p erio d , d o m in ated  by m icro - 
o rg an ism s. O u r a tte n tio n  c o n ce rn in g  e x tin c tio n  m u st 
th ere fo re  b e  re s tr ic te d  to  tw o k in g d o m s, the p lan ts  and 
the a n im als  or, in  o th e r  w o rd s, to the p ast 6 0 0  m il- 
l io n  years.

A. Extinction Rates Deduced from the 
Fossil Record

T a b le  I show s the e stim a te s  for the average life sp an  o f 
sp e cie s  in v ario u s g ro u p s o f  ío ss ils  frorn th e ir  o rig in  to 

th e ir  d isap p earan ce . O v era ll, the average life span o f 
the sp ecies  is a b o u t 5 to ] 0  m illio n  years.

B ased  o n  th is  estim a te , and  rem em b erin g  that the 
to ta l in terv al o f  tim e  co n sid ere d  is equal to 6 0 0  m illio n  
y ears, o n e  w o u ld  estim a te  ih at the p resen t s to ck  o f 
a n im als  and p la m s  a c co u n ts  for on ly  ap p rox irn ately  1 
to 2% o f  all sp e c ie s  th at have ev er lived. H ow ever, th is 
ev a lu atio n  o b v io u sly  d ep en d s o n  the q u ality  o f the lossil 
reco rd . O n e sh o u ld  a lso  n o te  th at the estirnated  liíe  
sp ans vary co n sid e ra b ly  a cco rd in g  to the grou p s co n sid - 
ered (Table. I ) .  In  p a rlicu la r , a cco rd in g  to R aup, the 
average d u ra tio n  o f  m am m al sp ecies  is o n  ih e  o rd er o f 
I o r 2 m illio n  y ea rs, m u ch  lo w er than the 10 m illio n  
years e stim a le d  for (m a in ly  m a r in e ) in v erieb ra tes . T a k - 
ing a cco u n t o f  th is  v ariab ility , S ep k o sk i (1 9 9 2 )  esti- 
m ated  that ih e  currenL sp e cie s  o f  p lants and  an im als 
a c co u n t for a p p ro x im a te lv  2 to 4 %  o f those that have 
ev er ex isted .

TABLE I

Estimates of Species' Life Spans in Various Groups 
Irom Origination to Extinction

Group
Species’ average life span 

in millions of years

All invertebrates 11
Marine inveriebrales 5 -10
Marine animals 4 -5
Mammals 1-2
Diatoms 8
Dinoílagellatcs 13
Planktonic Foraminifera 7
Bivalves 10
Echinoderms 6

“ Based on dam from various sourccs (from R. Mav 
VI ai, in Lawton and May, 1995, sinipliíicd).

R ates o f  e x tin c tio n  tend to vary con sid erab ly  o v er 
tim e (F ig . 1 ). T h u s, fo u r o f  the five m a jo r  e x tin c tio n  
p erio d s in  the fossil reco rd  (F ig . 1) each  e lím in ated  
b e tw een  6 5  and  8 5 %  o f  the m arin e  an im al sp ecies (O r- 
d o v ician , D ev o n ian , T ria s , and  C re ta ce o u s), and o n e  
(P erm ia n ) e lim in ated  9 5 %  o r  m ore.

B. Mass Extinctions Since the End 
of the Pleistocene

D u rin g  the last 5 0 ,0 0 0  years, several e x tin c tio n  ep isod es 
have c o n ce rn e d  a lm ost exclu siv e ly  the terrestria l m am - 
m als, som e b ird s, and, w ith  a lesser d egree, som e rep - 
tìles. A co m p a riso n  o f the d ata gathered  on the v ariou s 
c o n tin e n ts  m akes it p o ssib le  to refine  the exp lan ato ry  
a ssu m p tio n s  (F ig . 2 ). A írica  gained  and lost several 
g en era  o f m am m als th ro u g h o u t the P lr is to ce n e  up to  
the H o lo ce n e , 1 0 ,0 0 0  years ago, but w as le fi vvith a 
p rim arily  in ta c t fauna. In E u ro p e , the e x tin c tio n s  
to u ch e d  only  the largest m am m als ( > 4 4  k g ). A ustralia  
w as su b je c te d  to a m assive p eak  o f e x tin c tio n s , w ith  
8 6 %  o f  the large-b o d ied  an im al gen era , in c lu d in g  the 
large rep tiles  and giant b ird s, g o in g  e x tin c t at the end  
o f  P le is to ce n e . T h e  m a jo rity  o f e x tin c tio n s  o f  the m ega- 
íau n a  o ccu rred  ab ou t 3 0 ,0 0 0  years ago. F in ally , in 
N o rth  A m erica  m ass e x lin c tio n  o ccu rred  b etw een 
1 0 ,0 0 0  and  1 2 ,0 0 0  years ago. O f the 3 7  k in d s o f  m am - 
m als that d ied  ou t, 3 3  w eighed  m ore than 4 4  kg. S im i- 
larly , e x tin c tio n s  in  S o u th  A m erica  affected  only  the 

g en era  o f an im als  e x ceed in g  4 4  kg.
T w o classes o f  in lerp re ta lio n s  have b e e n  ad vanced  

to e x p la in  these e x tin c ú o n s , One fo cu sin g  on h u m an  
a ctiv ities  as an e x tin c tio n  fo rce , the  o th e r fo cu sin g  on  
c lim a te  ch an g es. T h u s, the ep isod e o f  e x tin c tio n  o f  
N o rth  A m erica  o ccu rred  at th e  end  o f  P le isto ce n e , w hen  
tem p eratu res rose , lead in g  to  ch an g es in  the  co m p o si- 
tion  an d  the s lru c tu re  o f  p lan t co m m u n itie s , thus d is- 
tu rb in g  the in te ra ctio n s  b e tw een  p lant and th eir 
brovvsers, and  co n se q u e n tly  lead in g  to the e x tin c tio n  
o f  m an y h erb iv o res (p a rticu la rly  ih e  large o n es) as w ell 
as the  p red ato rs  that d ep en d ed  o n  them . S im ilar argu- 
m en ts  m ay be used  in  A u stra lia , w here the c lim atic  
ch an g e  at the end  o f the P le is to ce n e  was asso ciated  w ith  
a h ig h e r íreq u en cy  o f  d rou g ht p eriods. H ow ever, the 
a sy n ch ro n y  o f  the e x tin c tio n  crises  in  A m erica and A us- 
tralia  m ay lead One to  favor the  resp o n sib ilitv  o f hu- 
m an s, s in ce  the co lo n iz a tio n  o f  these  co n tin e n ts  by 
h u m a n s w as also  asy n ch ro n o u s.

T h e  w elI-d o cu m en ied  case  o f M ad agascar is p articu - 
larly  in terestin g . H um ans arrived  there  1 5 0 0  to 2 0 0 0  
years ago. At the b eg in n in g  o f the C h ristian  era, 17 
sp ecies  o f  lem u rid s in h a b ited  the island . Seven o f them  
d isap p eared  abou t 1 0 0 0  years ago; all but one vvere
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Cretaceous:

Jurassic

Triassic
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Pleistocene: large mammals and birds

Cretaceous: reptiles (dìnosaurs); many marine specíes 
including íoraminiíerans and mollusks

Trias: 35% of animal íamilies, including many 
reptiles and maríne mollusks

Permian: 50% of animal íamilies, including over 95% 
of marine species; many trees, amphibians, mcst 
bryozoans and brachiopods, all trilobites

Devonian: 30% of animal tamilies, includìng agnathan 
and placoderm tishes and many trilobites

Extinction

Extỉnction

Extinctìon

Extinction

Ordovícian: 50% of animal tamilies, includìng many 
trilobites

Extinction

Bar width represents 
relative number of 

lìving groups

FIGƯRE 1 Although ihc lotaỉ number oí ramili.es and spccies has increasccl ovcr the cons, during each of fivc cpisodes DĨ naiural 
mass exiinction a large perccniagc of thcsc groups disappearcd. We arc novv at thc start of a sixth cpisodc, the Pleistocenc 
extinction, as human populations eliminate specics through habitat loss and overharvesting. From Primack (1993).

large sp e c ie s , p ro b ab ly  d iu rn a l an d  m o stly  te rre s tr ia l. 
T h e  su rv iv in g  sp e cie s  w ere , in  co n tra s t, e ith e r  n o c tu rn a l 
o r sm a ll, a rb o rea l sp e cie s . T h re e  sp e cie s  o f  m a m m a ls  
íro m  o th e r  ía m ilies  d isap p eared  at a b o u t th e  sa m e tim e: 

a p igm y h ip p o p o ta m u s, Híppopotam us ỉem erỉei, and  tw o 
large ca rn iv o res, Cryptoprocta spelea  and Pỉesiorycteropus 
m adagascariensis ; íu rth e rm o re , tw o sp e cie s  o f  th e  g ian t 
to rto ise s , G eochelone  an d  th e  e lep h a n t b ird  Aepỵornis 
(w h ic h  ỉs, w ith  a w eig h t o f  5 0 0  kg, th e  la rg est k n o w n  

b ird ), w e n t e x tin c t . W h ile  it is n o t c le a r  w h e th e r  th ese  
e x tin c tio n s  are cau sed  b y  th e  d ire c t e ffe cts  o f  h u n tin g  
o r b y  a d eg rad atio n  o f  the e n v iro n m e n t, it  is  c e r ta in , 

h o w ev er, th a t th ey  are lin k e d  to  h u m a n  a ctiv itie s .

II. CURRENT EXTINCTION RATES

W ith  th e  in cre a sin g  c o n c e rn s  a b o u t th e  e ro s io n  o f  the 
b io d iv ers ity  a n d  th e  d ev elo p in g  p o le m ic  a b o u t th e  C o n -

v e n tio n  o n  B ío lo g ica l D iv e rsity  s in c e  th e  E a rth  S u m m it 
o f  R io  in Ju n e  1 9 9 2 ,  it is b e c o m in g  m o re  n e c e ssa ry  to 
h av e  sc ie n tific  in ío rm a tio n  a b o u t th e  c u rre n t  rat.es o f 
e x tin c tio n . F ro m  th e  d ev e lo p m e n t c a rr ie d  o u t o n  the 
in itia tiv e  o f  J o h n  L a w to n  an d  R o b e rt M a y  ( 1 9 9 5 ) ,  it  is 

p o ssib le  to  d raw  so m e  g en era l c o n c lu s io n s .

A. Recent and Current Extinction Rates
T h e  av ailab le  d ata , su m m a riz e d  in  T a b le  II, sh o w  a 
n u m b e r o f  p o in ts  o f  g e n era l in te re st. H alf o f  th e  e x tin c -  
tio n s  lis ted  s in ce  1 6 0 0  o cc u rre d  clu rin g  th e  2 0 th  cen - 
tu ry ; th e  m a jo r ity  a ffe c t s p e c ie s  in h a b it in g  is la n d s. E x - 

t in c tio n s  a m o n g  th e  in s e c ts  are  n ru ch  ra rer , re la tiv e  to 
th e  n u m b e r o f  k n o w n  sp e c ie s , th an  a m o n g  v e rte b ra te s  
( 0 .0 0 6  v ersu s 0 .5 % ) . A lth o u g h  w e h av e  n o ted  th at the 
av erage liíe  sp an  o f  in s e c t sp e c ie s , e s tim a te d  fro m  the 
fo ssil reco rd s , c o u ld  be 1 0  tim es  h ig h e r  th a n  th a t o f
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FIGURE 2 The extinction oí large vertcbraies coincidcd with the 
arrival of humans in Australia. North America, Madagascar, and New 
Zealand. In Aírica, where humans and animals evolved Logeilier íor 
millions of years, ihe damage was lrss scvcre. From Wilson ( I9l)2).

te trap o d s, the d iffe re n ce  in e x tin c lio n  ra te o f  tw o ord ers 
o f  m ag n itu d e is  d ifficu lt to cxp la in .

O f  c o u rse , th e  d ifferenc.es in e x tin c tio n  ra tes  am on g 
g ro u p s co u ld  resu lt p artly  í rom  ihe d ifferen ce  in  in ieresl 
g ran ted  to  o n e  o r th e  o th er group. T h u s , th e n u m b er 
o f  ta x o n o m is is  w o rk in g  o n  v erteb rates is 1 0 0  tim es the 
n u m b e r w o rk in g  o n  in v erieb ra ies , and  1 0  tim es h igh er 
fo r v erteb ra tes  th a n  for the v ascu lar p lan ts . T h is  d iffer- 
en tia l a tte n tio n  ap p ears in the rates to w h ích  new  spe- 
c ies  are d isco v ered : three to fìve new  sp e c ie s  o f  b ird s 
are d isco v ered  e a ch  year (i.e ., 0 .0 3  to  0 .0 5 %  o f  the 
k n o w n  to ta l) , w h ile  the trop ical b o ta n ists  can  hop e to 
fìnd  a new  sp e cie s  o f  p lant am ong every 1 0 0  sp ecim en s; 
co lle c tio n s  o f  in s e c ts , m u sh ro o m s, or m a rin e  m icro íau - 
nas carried  ou t in  un stu d ied  areas rev eal p ro p o rtio n s  
o f  new  sp ecies  ran g in g  from  20%  to 8 0 % .

A Hnal p o in t w o rth  em p h asiz ing  is  th at, ev en  al 
g ro u p s k n o w n  com p arativ elv  w ell su ch  as th e  b irds 
and th e  m am m als, the listed  e x tin c tio n s  are certa in ly  
u n d erestim ated .

B. Estimate of the Future Rates of 
Extinction from the Area— Species 

Richness Relationship
P u tu re  ra tes  o f  e x tin c tio n  can  be estim ated  b y  m erg in g  
th e  estim ates  o n  th e  lo sses o f  the e n v iro n m e n t (d e íb re s - 
ta tio n , fo r ex a m p le) w ith  the exp ected  re la tio n sh ip  b e - 
tw cen area and  sp ecies  rich n ess. T h is  re la tio n sh ip  is  
an  e m p irica l ru le , based  on  a n u m b er o f  s tu d ie s , th at 
c o n n e c ts  the n u m b e r o f  sp ecies  s  fo r a g iv en  ta x o n o m ic  
g ro u p  (co le o p te ra n s , b ird s, v ascu lar p la n ts , e tc .)  and  
th e  area A o f  ih e  “isla n d s” (tru e  is la n d s, or e co lo g ic a lly  
iso la ted  areas su ch  as la k es , m o u n ta in  p eak s , c le a rin g s  
in  a ío re st) in h ab ited  by th e  sp ecies  (F ig . 3 ) . G e n era lly , 
the re la tio n sh ip  b e tw een  sp ecies  r ich n e ss  and  th e  area 
h as  th e  form :

lo g (S ) =  c lo g (A )z

w here c is a c o n sta n t and  th e  p a ra m eter z is u su ally  
b e tw een  0 .1 5  and 0 .3 5 .  A ssu m in g  th at th is  e q u a tio n  can  
a lso  d escrib e  the re d u ctio n  o f  sp e cie s  rich n e ss  d riven  by  
d e ío re s ta tio n  o r o th e r  p ro cesses  d ecre a s in g  th e  area  o f  
su ita b le  h a b ita t, and  ta k in g  in to  a cco u n t the cu rre n t rate 
o f  d e ío re s ta tio n  in  th e  tro p ics  (w h ich  varies b e tw e e n  0 .8  
and  2%  p er y e a r), o n e  can  d ed u ce  an  a n n u a l ra te o f 
e x tin c tio n  o f  b etw een  0 .2  and  0 .5 % . In  o th e r  w ord s, 
w ith  a to ta l r ich n e ss  o f  cu rren tly  5 rn illion  sp e c ie s  in- 
h ah itin g  ih e  p lan et (o u r  m in im al e s tim a te ), b e tw een

1 0 ,0 0 0  and  2 5 ,0 0 0  s p e đ e s  w ill d isap p car cvery  year.
ỉio w e v e r, th is  k in d  o f  e x tra p o la tio n  is a sso c ia te d  

vvith sev eral p ro b lem s. It is n o t k n o w n , fo r e x a m p le ,

Log A in krr)2

FIGURE 3 An cxample of the log-log relationship between the num* 
b e r  o f  b r e e d i n g - b i r d  s p e c i e s  (S) a n d  the a r e a  o i  I s l a n d s  a n d  C o n t i n e n t a l  

regions in thc Meditcrranean (A). From Blondel (1995).



TABLE II
Species in Major Taxa Thai Havc Becomc Extinct sỉnct* 1600 or Are Now Threatened

with Extinction1

Group
Number of 
exiinctions

Number of 
species 

ihrcatcned1’

Approximate 
recordcd species 
(in thousands)

Perccntage
e x L in c t

Perceniage
threatened

Animals
Molluscs 191 354 100 0.2 0.4
Crustaceans 4 126 40 0.01 3
Insects 61 873 1000 0 . 0 0 6 0 . 0 7

V e r t e b r a t e s 2 2 9 2 2 1 2 4 7 0 . 5 5

F i s h e s 2 9 4 5 2 2 4 0 . 1 2

Amphibians 2 5 9 3 0 . 1 2

Reptilcs 2 3 1 6 7 6 0 . 4 3

Bỉrds 1 1 6 1029 9.5 1.2 11
Mammals 59 505 4.5 1.3 11

Plants
Gymnosperms 2 242 0.8 0.3 32
Dicotyledons 462 17,474 190 0.06 9
Monocotyledons 120 4421 52 0.9 9

l' Reprinted with permission from Nature (Smiih et a i ,  1993) Copyright 1999 Macmillan Magazines Ltd. 
11 “Threatened” 'includes the 1UCN (World Conservation Union) caiegories of “vulnerable,” “endangered,” 

and “probabỉy extinct.”

up to  w h a t p o in t th e  e íĩe c ts  o f  th e  íra g m en ta tio n  o f  ih e  
e n v iro n m e n l, p a rticu la rly  in  the tro p ics , ca n  be d ed u ced  
fro m  th e  a re a -sp e c ie s  re la tio n sh ip  that h as b e e n  cle- 
scr ib e d  m a in ly  for in s u la r  b io geo grap h y . T h u s , S im b er- 
lo ff  s tre sse d  th a t, d u rin g  the p ast 2 c e n tu r ie s , o n ly  th ree  
sp e c ie s  o f  b ird s  are k n o w n  to  have g o n e  e x tin c t  in  the 
ío re s ls  in  th e  eastern  U n ited  S ta tes , even  th o u g h  the 
ío rest h a s  b e e n  red ucecỉ to  sm all ỉrag m en ts  w ith  a to ta l 
o f  o n ly  1 to  2 %  o f  th e ir  o rig in a l area.

In  sp ite  o f  su ch  u n c e r ta in tie s  aboư t o u r e stim a tes , 
it is  c e r ta in  th at th e  re d u c tio n  and th e  ỉra g m e n ta tio n

o f  th e  e n v iro n m e n t, ev en  if n o i a lw ays re su ltin g  in  a 
red u ced  d en sity  o f  p o p u la tio n s , w ill in crea se  th e  risk  
o f  th e ir  b e co tn in g  e x lin c t  (T a b le  III  in  B o x  1).

III. MECHANISMS 0 F  EXTINCTION

W h a t a sp ects  o f  th e  e n v iro n m e n ta l c o n d itio n s  m ak e a 
sp e cie s  o r  p o p u la tiọ n  go e x tin c t?  It  is c le a r  th at, i f  the 

m o rta lity  ra te  c o n tin u o u s ly  e x ce e d s  the b irth  ra te , a 
sp e cie s  w ill ev en tu a lly  b e co m e  e x tin c l. H ow ever, any

TABLE ĩll
Number of Species Considered to be “Threatened" by the World Conservation Monitoring 

Centre (the WCMC consideres all species classiíỉcd as “endangered,” “vulnerable,” “rare,” or
“indetermined” as threatened).

Group Endangered Vulnerable Rare Indeterminecl Toial

Mammals 177 199 89 68 433
Birds 188 241 257 176 862
Reptiles 47 88 79 43 257
Amphibians 32 32 55 14 1 3 3

Fishes 158 2 2 6 2 4 6 3 0 4 9 3 4

Invertebrates 5 8 2 7 0 2 422 941 2 6 4 7

Plants 3 6 3 2 5 6 8 7 14,485 5302 2 6 , 1 0 7



Box l
F u tu re  E x t in c tio n  R a tes  D e d u ced  fro in  

IU C N  R ed  L is ts

T h e  In te rn a tio n a l U n io n  for the C o n serv a tio n  
o f  N atu re  (IU C N ) p ro p o sed  a n u m b e r o f  criteria  
to c lassify  the level o f threats im posed  o n  p lant 
and an im al sp ecies. Seven ca teg o ries  are deíìned : 

Extinct: A taxon that has not been observed in 
n atu re  for m o re th an  5 0  years.

Endangered: A taxo n  c lo se  to e x tin c tio n  and 
w h o se  survival is at r isk  if  no  a ctio n  is  taken  to 
e lim in a te  the cau ses o f its d isap p earan ce . In- 
c lu d ed  in th is ca teg o ry  are sp ecies  w h o se  p op u la- 
tio n s  are red u ced  to a critica l level o r w h o se  habi- 
tats are threatened .

Vulncrablc: A taxo n  at r isk  o f e n te rin g  the “en- 
d an g ered ” class if  d etrim en ta l ĩacto rs  c o n tin u e  10 
ex e rt th e ir  e ffects . T h is  ca teg o ry  in c lu d e s  those 
ta x o n s  w h ose p o p u la tio n s d ecrease as a con se- 
q u e n ce  o f  o v erex p lo ita tio n , la rg e-sca le  h a b ita i de- 
s tru c tio n , or any o th e r p ertu rb a ú o n  o f  ih e ir  envi- 
ro n m e n t, and those taxo n s w hose p o p u la tio n s  
rem a in  ab u n d an t b u t that are n o n e th e le ss  threat- 
en ed  by a variety o f d etr im en la l factors.

lia re: T axa  w hose p o p u la tio n s are g lo b a lly  rare 
ev en  th o u g h  ihey  are n o i end ang ered  n o r v u lner- 
ab le . S u ch  taxo n s are gen erally  found in  very spe- 
c iíĩc  areas or h ab ita ts  or have w idely d ispersed  

sm all p o p u laú o n s.
Indctermined: A ta xo n  ihat has to be inclu d ed  

in  o n e  o f  the abovc ca leg o ries , b u l ab o u t w hich  
in su ữ ic ie n t in fo rm a tio n  is availab le to assess the 
level o f risk .

Insuffĩciently known: A ta x o n  th o u g h t to b c lo n g  
to o n e  o f  the p reced in g  ca leg o ries , b u t w ithou t 
d a la  to su b stan tia le  this.

Thrcatcnecì: A taxo n  in clu d ed  in any o( the 
p re ce d in g  ca leg ories .

O n  ih is  basis it appears that the n u m b e r o f 
an im a l sp ecies  cited  as th reaten ed  has grovvn 
by  m o re  than  3 0 %  b etw een  1 9 8 6  and  1 9 9 0 . 
D u rin g  this in terv al, 15 v erteb ra te  sp e cie s  (3 3  
an im al sp ecies  in  all) have been  added  to the 
list o f  recen t e x tin c tio n s ; if it c o n tin u e s  un- 
ab ated , this w ould  result in the e x tin c tio n  o f 
h a ]f o f  the 4 7 ,0 0 0  v erteb rate  sp ecies  in  7 0 0  
years. S im ilarly , betw een  1 9 9 0  and  1 9 9 2 , 163 
p lan t sp ecies  have b een  added to the lis t o f 
e x tin c t  sp ecies; th is corresp o n d s vvith the e x tin c- 
tio n  o f  half o f the e a r th s  2 5 0 ,0 0 0  p lan t sp ecies 
in a p p ro x im ate ly  3 0 0 0  years.

T h o u g h  all o f  these  estim ates rem a in  ữ ag ile , 
the table o f  th rea ten ed  sp ecies  (T a b le  I II )  co n - 
s titu tes  a u se lu l s ta rtin g  p o in t for co n serv a tio n  
strategíes.

p red ictio n  (w h ic h  is b ased  on  p erh ap s a d ecad e o f o b ser- 
v atio n ) ab o u t e x tin c tio n  d u rin g  the n e x t, say, 3 0 0 0  or 
7 0 0 0  years assu m es that n o th in g  w ill change. S in ce  
we are a ssu m in g  th a t the m a jo r  cau se o f e x tin c tio n  is 
h u m a n k in d , th is  a ssu m p tio n  app ears un likely .

T h e re to re , w e w ill d iscu ss m o re  sh o rt-te rm  risk s  o f 
e x tin c tio n , r isk s  asso cia ted  w ilh  an  en v iro n m en t w h ere, 
in  p rin c ip le , the p o p u la tio n  sh o u ld  p ersist (w here b irth s  
exceed  d ca th s , at least at lovv p o p u la tio n  d en sities ; see 
B o x  2 ). In d o in g  so , we w ill d istin g u ish  iso lated  p op u la- 
lio n s  (a  s itu a tio n  w h ich  is rap id ly  d ev elo p in g  w ith  the 
h u m an  tra n s ío rm a tio n  o f  la n d sca p es) and in te rco n - 
n ected  p o p u la tìo n s  co n stitu tin g  so -ca lled  m etap op u - 
la tio n s. T h e  m ain  d ifferen ce  b e tw e e n  the two is that 
(u n less  due to h u m an  in te rv e n tio n ) only in te rco n - 
n ected  p o p u la tio n s  can  b e n đ ìt  irom  im m ig raú o n .

A. Isolated Populations
1. L o w  P o p u la t io n  D e n s it ie s :  T h e  

A lle e  E f fe c t

At low d en siú e s , ind iv id u als m ay be d istrib u ied  over 
d is ia n ces  th a t are m u ch  larger th an  the d istan ces they 
u su ally  m ov e in , so  that the  p ro b a b ilitv  o f m eetin g  one 
a n o th e r  for m a tin g  is sm all. T h e re ío re , the grow th  rate 
o f  the p o p ư la tio n  m ay drop belovv u n ity  w hen the den- 
sity  is b e lo w  a cer ta in  th resh o ld . A w ell-estab lish ed  
exam p le  o f  su ch  an  A llee effect lead in g  to the e x tin c tio n  
is the m o ttled  vvoodpecker D endracopos medius in  Sw e- 
d en  in 1 9 8 2 . It is p ro b ab le  th at an A llee effect is also 
resp o n sib le  for the e x tin c tio n  o f  the m igraú n g  p igeon  
o f  N orth  A m e rica , form er]y  so sp ecta cu la rly  abundant.

T h e  p o ssib ility  o f  e x tin c tio n  due to  low  p op u lation  
d en sities  is p articu larly  a la rm in g  for largc an im als, 
w h ich  live n a tu ra lly  at a low  d en sity , and  for sp ecics  
w ith  m ark ed  so c ia lity .

2 . D c m o g r a p h ic  S t o c h a s t ic i t y

C h an ges in  p o p u la tio n  d en sitv  duc to the b irth s and 
the d eath s n e ce ssa rily  im ply the r o k  o f  c h a n cc , as b irth  
and  d eath , b u t a lso  the sex  o f o ffsp rin g  and o th e r param - 
e ters are ra n d o m  p rocesses. It fo llo w s ihat there is a 
p o siiiv e  p ro b a b ility  that all ol the ind iv id u als in a popu-



Box 2
C e n ta u re a  C o ry m b o sa  fro m  th e  M a s s if  d c  La
C la p e : A S p e c ie s  o n  the B r in k  o f  E x t in c tio n

C eníaurea corỵm bosa  is a c lif f -d w e llin g  p la n t 
sp e c ie s , e n d e m ic  to  the M a ss if d e la  C lap e  in 
S o u th e rn  F ra n c e . It a p p a ren tly  c a n n o t  stan d  
c o m p e tit io n  s in ce  it is o n ly  o b se rv e d  on  c liffs  
or o n  ro c k s  vvith v ery  few  o th e r  p la n t  sp e c ie s ; 
it c a n n o t b e  fo u n d  e ith e r  in th e  p in e w o o d s  or 
v in e y a rd s d o w n h ill, o r  in  the g a rrig u e  o n  the 
p la le a u . A lth o u g h  th e  m a ss if  is  a b o u t 5 0  k m , 

and  th at c liffs  s u ita b le  fo r th e s p e c ie s  se e m  to 
o c c u r  a ll o v er it, o n ly  s ix  n a tu ra l p o p u la tio n s  
are k n o w n , vvithin a 3 km  a re a , an d  th ey  are 
sep a ra ted  by  d is ta n c e s  fro m  0 .3  to  2 .3  km . 

c .  corym bosa  is an  o u tC ro ssin g  m o n o c a rp ic  
p e re n n ia l. Seed s g e rm in a te  m o s tly  d u rin g  the 

a u tu m n  fo llo w in g  su m m e r d isp e rsa l (a lm o st  no 
seed  b a n k ) ;  p la n ts  th e n  rem a in  a t th e  v eg eta tiv e  
ro s e tte  s tag e  up  lo  at le a st th e  ío u r th  year 
fo llo w in g  g e rm in a tio n . F lo w e r in g  ta k e s  p la ce  
íro m  A p ril to A u g u st an d  p la n ts  are  p o llin a tc d  
by  sm a ll h y m e n o p te ra  and  d ip te ra . A b o u t 5 0 0  
in d iv id u a ls  flow er ev ery  y ear ( fro m  5 10 2 5 0  
p er p o p u la tio n ) , c o r re sp o n d in g  to  a b o u t 6 0 0 0  
to  1 0 ,0 0 0  ro s e tte s  fo r th e  w h o le  s p e c ie s  (in clu ci- 
in g  se e d lin g s ).

U sin g  b o th  g e n etica l and  e c o lo g ic a l ap- 
p ro a ch e s , F re n c h  and  S p an ish  re se a rch e rs  (C o la s  

ct ciL, 1 9 9 7 )  ca rried  o u t co lla b o ra tiv e  w o rk  to 
u n d erstan d  the ía c to rs  lim itin g  th e  co lo n iz a tio n  
a b ility  o f  Ceniaurea corym bosa.

A lth oư gh  the p o p u la tio n s  are at m o st sep arated  
b y  2 .3  k in , p o p u la tio n  g e n etic  s tru c tu re  su gg ests  
th at g en e  flow  a m o n g  p o p u la tio n s  is  h ig h ly  re- 
s tr ic te d , as sh o w n  b y  the h ig h  lev e l o f  d iíle re n tia - 
tio n : it is  m u ch  la rg er than  u su ally  o b se rv e d  íor 
o th e r  sp e c ie s  w ith  s im ila r b io lo g y .

An e c o lo g ic a l stu d y  h as shovved th at seed  dis- 
p ersal d is ta n ce s  are very  sh o rt: a few  te n s  o f  c e n ti-  
m e te rs  fro m  th e m o ih e r  p lan t. C o n tra ry  to  o th er 
sp e c ie s  o f  th e  sam e íam ily  (A ste ra c e a e ), lo n g -d is- 
ta n ce  seed  d isp ersa l h as n ev er b e e n  o b serv ed , even 

w h e n  th e  w in d  reach ed  1 0 0  k rn /h . A t m a tu ra tio n , 
seed s  fa ll n ear th e  m o th e r  p la n t an d  th e  w in d  ju s t  
p u sh e s  th e m  on  ro c k s  b e fo re  la n d in g  in to  a ro ck  
o r a c le ít. P o lle n  d isp crsa l a lso  see m s to  lim it seed 

p ro d u ctio n  s in ce  th e fe rtiliz a tio n  rate  o f  p lan ts 
iso la ted  b y  m o re  th a n  4  m  is a b o u t h a lf  th at o f 

p la n ts  w ith  a c lo se  flow erin g  n e ig h b o r . P o ssib le  
c o lo n iz e rs  o f  a n ew  cliíT, a fevv h u n d re d s  m eters

from  th e  so u rce  p o p u la tio n s , w ould  th u s have 
litt le  ch a n ce  to  set seed s.

S u cce ss íu l e x p e rim en ta l in tro d u ctio n s  on n ew  
cliffs  nearby  n atu ra l p o p u la tio n s  co n R rm ed  th at 
th ey  are su ita b le  and  w ere u n o ccu p p ied  b e ca u se  
o f  the la ck  o f  c o lo n iz a iio n  ab ility  o f  c. corỵm bosa.

O n e m igh t w o n d er w hy d isp ersal ab ility  h as 
n o t evolved  in  th is  sp ecies. It ap p ears th at lan d - 
scap e  s tru c tu re  se le c ts  again st larger d isp ersal and  
c o lo n iz in g  ab ility . H en ce , i fb y  ch a n ce  so m e seecls 
are  d isp ersed  a lo n g  w ay to a su ita b le  si te, g erm i- 
n ate , and  grow  in to  ad u lt p la n ts , they  are lik e ly  
to d ie w ith o u t p ro d u cin g  a n y  o ffsp rin g  i f  th ey  do 

n o t flow er s im u ltan eo u slv .
T h e  sp ecies  has th u s b e co m e  trapp ed  in  its  

ow n d ele terio u s  System . O n e co u ld  argue that the 
sp e c ie s  lo o k s  p e ríe c lly  w ell adapted  to the ro ck y  

h a b ita t o f  th e  M a ss ií de La C lap e. H ow ever, it is 
c le a r  ih at its  surv ival e n tire ly  d ep en d s on  th at o f  
th e  s ix  e x ta n t p o p u la tio n s  that are very sm all. 
M o rco v er, th ere  is  so m e d em o g rap h ic  ev id en ce  
th a t so m e  p o p u la tio n s  m igh t go e x tin c l  in  th e  
n ear íu tu re  b ecau se  o f  d em o g rap h ic  s to c h a s tic ity , 
A llee  e ffect, o r  in b reed in g  d ep ressio n . T o  p rcv en t 
th is  sp e cie s  from  b e co m in g  e x tin c t , m o rc in tro - 
d u c tio n s  in to  new  s ite s  w ill have 10 be p eríb rm ed .

la tio n  d ie  d u rin g  the sam e tim e in terv al. T h is  p ro b a b il- 
ity  d ep en d s m ain ly  o n  the p o p u la tio n  d en sity — th e  o n e s  
w ith  lo w est d en sity  b e in g  th e  m o st v u ln e ra b le — and  
o n  the m ea n  and v arian ce  o f  th e  surv ival rate.

3. Environmental Stochasticity
In  n a tu ra l p o p u la tio n s , th e p ro b a b ility  o f  h av in g  o ff- 
sp rin g  o r  o f  d y ing  are  in flu en ced  b y  th e  e n v iro n m e n t, 
and th ese  e n v iro n m e n ta l e ffe cts  have so m e d eg ree o f  

c o rre la tio n  a in o n g  ind iv id u als . I f  the co rre la tio n  is  low , 
a ĩa ilu re , say, o f  o n e  ind iv id u al in  p ro d u cin g  o ffsp rin g , 
m ay be ca n ce le d  o u t, at th e  level o í  the p o p u la tio n , 
by  a larg e  n u m b e r o f  o ffsp rin g  procluced  by a n o th e r  
in d iv id u al. If, h o w ev er, the co rre la tio n  is h igh , th e  s to - 
c h a stic ity  w ill red u ce  the v arian ce  o f  the d em o g rap h ic  
p aram eters  am o n g  in d iv id u als  and  th e re ĩo re  in cre a se  
the r isk  o f  e x tin c tio n . In  the e x tre m e , d u rin g  a to ta l 
ca ta stro p h e  the co rre la tio n  is  co m p le te , and  a ll o f  the 

in d iv id ư als  die at th e  sam e tim e. T h u s, h ig h  p o p u la tio n  
d en sities  are by  no  m ean s a gu aran tee  o f p o p u la tio n  
surv ival.

M o re  fo rm ally , e n v iro n m en ta l s to ch a stic ity  is evi-



d en t in the  lem p o ral ílu ctu a tio n s  of ihe  grow ih  ra tes  
o f the  p o p u la tio n s. T h e  in crea se  in the v ariance o f p op u - 
la tio n  grovvth in creases the risk  o f  e x tin c tio n , in p articu - 
lar w h en  m ean  grow th  rate  is low , p o p u la tio n  d en sity  
is low , o r the carry ing  c a p a đ ty  o f the en v iro n m en t 
ís low .

4 . G e n e t i c  F a c t o r s

T w o w id ely  d iscu ssed  g en etic  ía cto rs  a sso cia ted  w ith  
e x tin c tio n , b o th  o f w h ich  are  im p o rta n t in sm all p o p u la - 
tio n s, are in b reed in g  d ep ressio n  and  the lo ss  o f  ev olu - 
tion ary  ad ap tab ility  to new  en v iro n m en ts .

I f  a p o p u la tio n  goes th ro u gh  the b o u le n e c k  o f  a low  
p o p u la tio n  size , ind iv idu als are con stxain ed  to m ate 
w ith  c lo se  rela tìv es. T h is  is o ften  asso ciated  w ith  re- 
d u ced  v iab ility  or íe rtility , a p h en o m en o n  called  in- 
b re e d in g  d ep ression . T h e  m ech an ism s leading to in - 
b re e d in g  d ep ress io n  are unknovvn for the m a jo rily  o f 
the sp e cie s . In D rosophila  ab o u l h a lí o f  the e íle c t  is due 
to the  in creased  n u m b er o f h om ozy gou s lo ci carry in g  
recess iv e  d etr im en ta l a lle les (u p  to 5 0 0 0 ) ,  the  o th e r  
h a lf is d ue lo  the a ccu m u la tio n  o f s ligh tly  d ele terio u s  
an d  recess iv e  m u taú o n s. In b reed in g  d ep ression  has

b e e n  e sta b lish ed  in  m any d om estic sp ecies  an d  zoo 
p o p u la tio n s , b u t u n ío rtu n a te lỵ , in fo rm a tio n  is rare for 

n a tu ra l p o p u la tio n s .

5 . T h e  C r i t i c a l  R o le  o f  P o p u la t io n  S iz e

T h e  Central m essage th a t em erges from  m o st em p irica l 
an d  th e o re tica l stu d ies  o n  e x tin c tio n  is that e x tin c tio n  
risk  in cre a se s , and  th u s that the life  ex p e c ta n cy  o f  the 
p o p u la tio n  d ecrea ses, as p o p u la tio n  size d ecrea ses  (F ig . 
4 ) .  D e m o g ra p h ic  s to c h a s tic ity  greatly in cre a se s  th e  ex - 
t in c tio n  r isk  i f  p o p u la tio n  size d ecreases b elo w  a b o u i 5 0  
in d iv id u als ; in b reed in g  d ep ressio n  is likely  to b e co m c  
s ig n iíìca n t o n ly  in  c irc u m sta n ce s  w hen  a p rev iou sly  
a b u n d a n t p o p u la tio n  g o es  th o u g h  a p o p u la tio n  bot- 
tlen e ck .

B. Metapopulations: Sets of Several 
Local Populations

C o n sid e rin g  a m e ta p o p u la tío n  in tro d u ces  an ad d ition al 
d im e n sio n  to the risk  o f  e x tin c tio n , due to the  p o ssib il- 
ity  o f d isp ersa l from  o n e  lo ca l p o p u la tio n  to an o th er.

Envirọnmental variations 

Catastrophic events

Man impacts
Habitat destruction

Overtiarvesting 

Exotic species

RGURE 4 Hxtinction vorlices: the smaller a population bcconics . ihc morc vulnerablc it is 10 dcmogruphic, gcnciic. 
and cnvironmcnlal íaciors ihai tcnd 10 rcducc population sizc ovcn morc and clrivc ihc population to cxiinclion. Modilicd 
from Primack (1992) ,



Seed s, sp o res, o r a n im a ls  m ay d isp erse  p assiv e lv  o r a o  
tively from  th e ir  natal p o p u la tio n  o v er  th e  lan d sca p c. 
ir tliey  arriv e  at a íav o rab le  s ite  th at is  n o t  a lread v  
o ccu p ie d  by  m em b ers  o f  th e ir  sp e c ie s , th ey  m ay be 
ab le  lo  ío u n d  a nevv lo ca l p o p u la lio n . In  th e  lo n g  ru n , 
p o p u la tio n s  o f  a sp e c ie s  m ay ih u s  b e  e sta b lish ed  and  
d isap p ear rep eatcd ly  at th e  lo cal sca le , w h ile  at th e level 
o f  th e ìa n d sca p e , o n e  o b serv es th e  d y n a m ic  e q u ilib r iu m  
o f a sp e c ie s  m o v in g  a m o n g  lo ca l h a b ita ts .

T h e  p e rs is te n ce  o f  a m e ta p o p u la tio n  d ep en d s  o n  p ro - 
cesses  that a ffcc t  rates o f  e x tin c tio n  o f  lo ca l p o p u ỉa tio n s , 
b u t a lso  o n  p ro cesses  that a ffe c t th e  e s ta b lish m e n t o f  
new  lo ca l p o p u la tio n s . T w o  c o n d itio n s  m u st be fu lfillcd  
to  g ct a new  p o p u la iio n  e sta b lish ed : ía v o ra b le  s ite s  m u st 
e x is t, and  a su ffic ie n t n u m b e r o f  in d iv id u a ls  m u st m i- 
grate fro m  e x istin g  s ite s  to th e  u n o c c u p ie d  h a b ita ts . 
T h a i m ak es im m ig ratio n  and  d isp ersa i p ro c e ss e s  im p o r- 
tant m e ch a n ism s for th c  surv ival o f  m e ta p o p u la tio n s .

T h e  su rv ival o f  a m e ta p o p u la tio n  is  th re a te n c d  by  
tw o typ es o f s io c h a s tic ity , w h ich  are a n a lo g o u s  to  th e  
d em o g ra p h ic  and  e n v iro n m e n ta l s to c h a s t ic it ie s  in- 
v o lved  in the d y n am ics o f lo cal p o p u la tio n s : (a ) th e  
s to c h a s tic ity  o f  lo ca l c o lo n iz a tio n  and  e x t in c t io n  rates  
and  (b )  th e reg io n al s to c h a s tic ity . T h e  íìrst in v o lv es 
the s to c h a s tic  p ro ccsses  d iscu ssed  e a rlie r ; th e  se c o n d , 
a n a lo g o u s lo  e n v iro n m e n ta l s to c h a s tic ity  in  iso lated  
p o p u la ú o n s , ap p lies if  s to c h a s tic ity  h as e ffe c ts  that are 
c o rre la ie d  a m o n g  sev era l local p o p u la tio n s  w ith in  th e 
m e ta p o p u la tio n . S in ce  a s ig n iíica n t s o u rc e  o f  e n v iro n - 
m en ta l s to c h a s tic itv  is related  to  w e a th e r  c o n d itio n s , 
w h ich  are typ ically  s tro n g ly  co rre la te d  o v e r  a large  sp a- 
tial s ca le , o n e  m ay g en era lly  e x p e c t a h ig h  d eg ree o f  
co rre la te d  reg io n al s to c h a s tic ity  in  m e ta p o p u la tio n s  
and th u s  b ig h  risks o f  e x tin c tio n .

IV. CAƯSES 0 F  THE LOSS 0 F  SPECIES  
AND GENES

W e  have argued  as i f  th e re  w ere n o  ch a n g e  in  the 
e n v iro n m e n t e x p e r ie n ce d  by  the p o p u la tio n s , b u t  th ere  
is , o f  c o u rse , hard ly  an y  d o u b t ih a t th e  c u rr e n t in cre a se  
in  the ra te s  o f e x tin c tio n  is  p rim arily  ca u sed  b y  d rastic  
c h a n g es  in  the e n v iro n m e n t. T h is  a ffe c ts  a ll o f  the key 
p a ra m e ters  a sso cia ted  w ith  the r isk  o f  e x t in c t io n : p o p u - 
la tio n  s iz e s , th e  carry in g  ca p a c ity  o f  th e  e n v iro n m e n t, 
the  m ean  and  v arian ce  o f  gro w th  ra te s , th e  g e n e tic  
s tru c tu re  o f  a p o p u la tio n , the n u m b e r  an d  area  o f  su it- 
a b le  h a b ita ts, and  the n u m b e r o f  lo ca l h a b ita ts  fo rm in g  
a m eta p o p u ỉa tio n . W ith  th is p crsp e ctiv e , w e w ill now  
c o n s id e r  th ree  typ es o f  e n v iro n m e n ta l ch a n g e s  th at m ay

in itia te  the e x lin c tio n  p ro cess : the d estru cù o n  o f  n atu ra l 
h a b ita ts , o v ercx p lo ita tio n  b v  h u m a n s, ancl ch a n g es  
c o n c e rn in g  o th e r  sp ecics .

A. Destruction and Changes of 
Natural Habitats

A ll a n im al and  p la n t p o p u la tio n s are ad apted  to  th e  
lo ca l co n d itio n s  o f  th e ir e n v iro n m en t; th e ir p e rs is te n ce  
d ep en d s on  the m a in ten a n ce  o f  th ese  co n d itio n s . L arg e  
c lim a tic  ch a n g es  o f  the p ast, the p erio d s o f  g la c ia tio n , 

for e x a m p le , led to lo cal e x tin c tio n s  and  sh ift o f  sp e c ie s ’ 
geo g ra p h ic  ran ges. T h ese  k in d s o f  ch a n g es , h o w ev er, 
w ere  very s lo w , b e in g  spread  ou t o v cr p erio d s o f  m il- 
lio n s  o fy e a rs , so  th at m o st sp ecies  w ere ab le  to grad u ally  
adapt or a lte r  th e ir  geo g rap h ic  range a cco rd in g  to  th e 
n o v el co n d itio n s. H u m an k in d  has in tro d u ced  a nov el 
d im en sio n  to  the ch a n g es  o f  n atu ral h a b ita ts ; h u m a n  
a c liv itic s  are m o re  s im ila r  to  v o lca n ic  e ru p tio n s  th a n  
lo  grad u al c lim a tic  ch an g e  and th u s cou ld  a m p liíy  its  
e ffe cts . At th e  tim e o f the last g la c ia tio n , for e x a m p le , 
th e  e x tin c tio n s  o f  the large m am m als d u rin g  the P le is to - 
ce n e  are p a rtly  m an m ad e.

T h e  m ain  effects  o f  h u m an s o n  ih e  en v iro n m e n t are 
th e  fo llo w in g :

1. D e stru ctio n  o f  h ab ita ts  (c le a r in g  ĩo re sts , d ry ing
lakes and  h u m id  areas, e tc .)

2 . D egrad atio n  o f  n atu ral h ab ita ts  (p o llu tio n , d am s,
e tc .)

3 . F ra g m en ta tio n  o f  h ab ita ts

1. Destruction of Habitats
T h e  m o st severe th reat im p osed  o n  b io lo g ica l d iv ersity  
is  the lo ss  o f  su ita b le  h a b ita t— and red u cin g  h a b ita t 
lo ss  is  th e m o st im p o rta n t w ay o f p reserv in g  the en v i- 
ro n m e n t. T h e  lo ss  o f h a b ita t has b een  the m ain  so u rc e  
o f  e x tin c tio n , at lea si in  the recen t e x tin c tio n s  o f  v erte - 
b ra te s  (T a b le  IV ). In  m any areas o f  the  w orld , p a rticu - 
la r ly  o n  th e islan d s and  ev eryw h ere w h ere  th e h u m an  
d en sity  is h ig h , a large p o rtio n  o f  the n atu ral h a b ita ts  
h as alread y b e e n  d estro y ed  (B o x  3 ) .  T h u s , in tro p ica l 
c o u n tr ie s , the d estru ctio n  o f  the h ab itat ran ges fro m  
2 9 %  (Z a m b ia ) to  8 9 %  (G a m b ia ) in  A frica and  fro m  
4 1 %  (M alay sia ) to  9 7 %  (H o n g  K o n g ) in A sia, an d  in  

m o st c o u n trie s  th e n u m b e r is above 70% .
C u rre n tly , th e  g lo b aì rate o f  d eíb resta tio n  is b e tw een  

1 and  2%  p er year, d ep en d in g  o n  the reg ion . T h e  m ain  
re a so n  for su ch  a rap id  d estru ctio n  o f  hu m id  tro p ica l 
ío re sts  is a g ricu ltu re  an d  o th e r  so u rce s  o f  h u m an  p res- 
su re , th o u g h  the exp lo ita tio n  o f  ío rests  for the trad e o f  
w o o d  is a lso  a s ig n iR can t cause.



TABLE IV

Factors Responsible for Some Extinctions and Threatcned Extinctions"

Percentage dut' 10 cach causc1'

Group
Habital

loss
Ovcr-

exploitation
Species

iniroductions Predalors Other Unknovvn

Extinctions
Mammals 19 23 20 1 1 36
Birds 20 11 22 0 2 37
Reptilcs 5 32 42 0 0 21
Pishes 35 •4 30 0 4 48

Threạtened exlinctions 
Mammals 68 54 6 8 12
Birds 58 30 28 1 1 —
Reptiles 53 63 17 3 6 —
Amphibians 77 29 14 — 3 —
Fishes 78 12 28 — 2 —

" Krom Reid and Miller (1989).
1 The valucs rcprescni ihe perccnlagc of spcties ihat mav be iníhicnccd hy mort' ihan onc 

ĩaclor: llius somc rows may excccd 100%.

2 . F r a g m e n t a t io n  o f  H a b ita ts

T h e  ử a g m e n ta tio n  o f h ab ila ts  is the p ro cess  by w hich  
a large area co n sis tin g  o í a given lype o f  en v iro n m en t is 
red u ccd  in  size and  divided in to  lw o o r  m ore [ragm ents. 
T h e se  ừ a g m en ts  o f the o rig in al e n v iro n m en t are o fien  
iso la te d  from  o n e  a n o th er by a h igh ly  m od iíied  and 
d egrad ed  iand scap e. For exam p le, the  large stand s o f 
v eg eta tio n  that used  to co v er vast areas o f the w orld 
have b een  m ore and m ore divided in to  sep araled  Irag- 
m en ts . E u ro p e as w eĩl as d en sely  p op u lated  areas o f 
A sia have exp erien ced  th is p ro cess  for cen tu ries.

S u c h  iso lated  íragm en ts d iffer from  the o rig in al envi- 
ro n m e n t in  tw o critica l vvays:

1. T h e  ra tio  o f  edge to arca  is increased .
2. T h e  c e n te r  o f each  írag m en t is  n ea rer the edge.

F ra g m en ta tio n  o f the h ab itat th reaten s the p ersis- 
te n ce  o f the sp ecies  asso ciated  w ith  it in  variou s w ays.

F irs t , frag m en taú on  m ay lim it the cap ability  ot a 
sp ecies  to  m igrate to , and thu s to co lo n iz e , o th er habi- 
ta ts, b e ca u se  the land scap e b etw een  the íragm en ts cre- 
a les  a n  e ffectiv e  b arrier to d ispersal. In  an u n d istu rb ed  
h a b ita t, ind iv id u als can d isperse  over the vvhole land - 
sca p e , vvhĩch can  lead lo  a stab le  m etap o p u la tio n  d espite 
lo ca l e x tin c tio n s  (d iscu ssed  e a rlie r). If, hovvever, the 
h a b ita t is  ĩragm en ted , the p o ten tia ls  for d ispersal and 
for co lo n iz a tio n  are often red uced . T h u s, m any b ird s 
or m am m als, and m any in sects , are re lu ctan t to leave 
the co v e r  o f th e ir loresl habitat and to cro ss  sm all open

sp aces, as, if  they do, they m ay b eco m e the v ictim  
o f  p red ators p ro w lin g  forest edges. C u ltiv ated  íìe ld s, 
m easu rin g  on ly  1 0 0  m  in w idth , can  co n stilu te  an in su r- 
m o u n tab le  b a rrier  to  n u m ero u s in v erteb ra ie  sp ecies. lf  
the  d isp ersal ab ility  of, say, som e m am m als is red u ced , 
p lan ts m ight also  su ffer, as th ey  m ay rely  on  these 
sp ecies  ío r the d isp ersal o f ih e ir  seed s. T h e re ío re , iso - 
lated  ừ ag m en ts o f  habitat may develop  th a i, th o u g h  in  

p rin c ip lc  su itab le  for co lo n iz a tio n , ca n n o l b e  reach ed  
by d isp ersin g  sp ecies; they w ill th ere lo re  rem ain  u n in - 
habited .

As som e sp ecies  d isappear fro m  a frag m en ted  land - 
scap e as a resu lt ol natural p ro cesses in a m elap o p u la- 
tio n , w h ile  o th e rs  do n o t su cceed  in re c o lo n iz in g  the 
h a b ita t, ih e  n u m b er o f  sp ecies  w ill d ec lin e  o v er tim e. 
lt  m u st b e  n o ted  h ere  that, w orld w id e, m o st natu ral 
parks and reserves are loo  sm all and to o  iso lated  to 
h arb o r a large n u m b er o f sp ecies; a lin o st h a lf  o f the 
p ro tec ted  sites  have an  area o f  less than  1 0 0  k m 2, and 
9 8 %  have an  area less than  1 0 ,0 0 0  k n r .

By sp littin g  a large and co m ig u o u s p o p u la tio n  in to  
su b p o p u la tio n s  restra in ed  to lim ited  areas, the  fragm en- 
ta tion  o f the e n v iro n m e n i can  p re c ip ita te  th e  d eclin e  
o f sp ecies  and ih e ir  e x tin c tio n . As w e have seen , sm all 
p o p u la tio n s  are in d ccd  m ore v u ln erab le  to  inbreecling 
d ep ressio n , lo  g en etic  d rift, and  to  several o th e r  prob- 
lem s. W h ile  a large co n tig u o u s area ma\- su p p o rt a 
sin gle  large p o p u la tio n , it m ay w ell b e  that n o n e o f 
the írag m en ts ca n  h arb or a p op u latio n  large en o u g h  to 

en su re its  lo n g -tim e  p ersisten ce .



Box 3

P a tte r n s  o f  D e ío re s ta tio n

W ild life  h a b ita t loss is o n e  o f  the ío re m o st ih rea ts  
to b io d iv ersity  and th c  d e s tru c tio n  o f  iro p ica l rain  
ío re sts  has co m e  to be sy n o n y m o u s w ith  the io ss  
o f  b io d iv ersity . In  fa c t, tro p ica ỉ m o is t ĩo rests  o o  
cu p v  7%  o f  th e  e a r th ’s land  su rfa ce  b u t are 

estim a ted  to  c o n ta in  o v er 5 0 %  o f  its  sp ecies  
(M y ers , 1 9 8 6 ) .

T h e  o rig in a l e x te n t o f  the tro p ica l ra in  ío rests  
has b een  estim a téd  at 1 6  m illio n  k rrr , based  on 

c u rre n t p a tte rn s  o f  ra in ía ll and  tem p eratu re . F ro m  
a c o m b in a tio n  o f  g ro u n d  su rv eys an d  re m o te  sen s- 

ing  data from  sa te llite s  it is p o ssib ỉe  to assess 
the p rcsen t area  o f  tro p ica l ío rests  as w ell as the 
p e rce n t d e ío rested  p er year: it ran ges from  0 .5 %  
p er y e a r  (B ra z il)  up to  3 %  (Iv o ry  C o a s t) , w ith  an 
av earge a ro u n d  2%  year.

H o w ever, e stim a te s  o f  d e ío re s ta tio n  ra tes  m ay 
vary tre m e n d o u sly , d ep en cling  on  the d efin itio n s  
and  a ssu m p tio n s  u sed  in  q u a n tiỉy in g  b o th  the 

ío r e s ts  o rig in a l e x te n t an d  th e  am o u n t o f  lo rest 
th a i has b e e n  co n v erteđ  to a n o th e r  land  use.

O n  a g lob al sca le , th e  p rim ary  ca u se  o f rain  
fo rest d es tru ctio n  is sm a ll-sca le  c u ltiv a tio n  o f 
c ro p s  by ía rm e rs  ( 4 5 ,0 0 0  k m 2 p er y e a r). A n o th e r
4 5 ,0 0 0  k n r  p er y ear is d estro y ed  ih ro u g h  co m - 
m e rc ia l logging . A íu r th e r  2 5 ,0 0 0  k m 2 is d egraded  
fo r fuelw oocl p ro d u c tio n , m o stly  to su p p ly  local 
v illa g ers  w ith  w o o d  fo r c o o k in g  íìres . T h e  re- 
m a in in g  2 0 ,0 0 0  k m 2 p e r  v ear is c leared  for an im al 
b re e d in g  an d  p a stu re  fo r ca ttle  (T a b le  V ). T h e  
re la tiv e  im p o rta n ce  o f  th ese  a c tiv itie s  v aries  by 
g eo g ra p h ica l reg io n , w ith  lo gg in g  b e in g  a m ore 
s ig n iR ca n t a c tiv ity  in  tro p ica l A sia , ca ttỉe  ra n ch in g  

b e in g  m o re  p ro m in e n t in  tro p ica l A m e rica , and 

ía rm in g  and fu elw o o d  g a th e rin g  m o re  im p o rla n t 
in  tro p ica l A frica ,

T h e  n a tio n a l R gures o b sc u re  the p ro b a b le  im - 
p a c t o íh u m a n s  in  th e  fo re s t, b e ca u se  n o  a llo w a n ce  

is  m ad e for th e  e ffe c ts  o f  ío re s i íra g m en ta tio n . 
T h is  p h e n o m e n o n  h a s  n o t y e t b een  assessed  at 
th e  g lo b a l level.

S e co n d , th e  in cre a se d  p ro p o rtio n  o f  h a b ita t edges 
in  íra g m e n te d  e n v iro n m e n ts  b rin g s  w ith  it ch a n g es  in  
m ic ro c lim a te — lig h t, te m p e ra tu re , h u m id ity , w in d —  
b u t a lso  in cre a se d  r isk  o f  fire  and  h ig h e r  v u ln era b ility  
to n o v el sp e c ie s  o f  p red a to rs  and  co m p e tito rs  (b y , for

ex a m p le , in v asio n  o f  vvecdv sp ecies  from  d istu rb ed  
en v iro n m e n ts ).

B. Persecution and Exploitation  
of Populations

T h e  p e rsccu tio n  and ex p lo ita tio n  o f  natu ral p o p u la tio n s  
g en era lly  th rea ten s  a eerta in  n u m b e r o f  sp ecies  vvith 
e x tin c tio n , in  p a rticu la r  the larg e-b o d ied  o n es. T h e s e , 
an d  in  p a rticu la r the v erteb ra tes, are  also  th o se  that 
a ttra c t m ost a tte n tio n  fro m  the g en eral p u b lic , from  
p ro te c tio n  a g en cies , an d  fro m  the sc ie n tiíìc  co m m u n ity . 
T h is  is re ílec ted  in  the co n sid era b le  a m o u n t o f  s c ie n tiíìc  
lite ra tu re  sp e cia liz in g  on a ra tio n a l and  c o n tro lle d  e x - 

p lo ita tio n  o f  n atu ra l p o p u la tio n s , be it by  h u n tin g  o r 
R shing.

O n e gen era lly  acknovvledges th a t large a n im a ls  re- 
q u ire  larger reserv es th an  sm all o n e s , d ue to  tlìe ir  low  
p o p u la tio n  d en sities . H ow ever, th o u g h  it is  g en era lly  
true th at large an im a ls  have sm all p o p u la tio n  d en sities , 
th is  m ay be d ue in  m an y  cases  to th e  p ast p e rse cu tio n  
o r e x p lo ita tio n  o f  th ese  sp ecies . It tn u si be em p h asized  

that larg e-b o d icd  sp ecies  m ay su rv ive in  d istu rb ed  h ab i- 
ta ts, i f  th ey  are n ot p ersecu ted . T h u s , in  F in la n d , large 
b ird s and m am m als, in c lu d in g  preclatory sp e cie s , have 
b e co m e  m o re  a b u n d an t re ce n tly  in  a ran ge o f  m an m ad e 
la n d sca p es, m o si lik e ly  b e ca u se  they  are  n ow  p ro te c ted .

c. Changes in the Biotic Environment
A co m m o n  cau se  o f  e x tin c tio n  is th e  in te ra c tio n  w ith  

e x o tic  sp e cie s  th a t hacl e ith e r  b een  in tro d u ced  b y  hư- 
m an s o r arrived  n atu ra lly  (B o x  4 ) .  T h e  in tro d u c tio n  
o f  e x o tic  sp ecies  th re a te n s  in  p a rticu la r sm all iso ìated  
is la n d s vvith sp ecia lized  e n d em ic  sp ecies . L arge is la n d s, 
hovvever, are n o t p ro te c le d  fro m  th is  e ffect: a íter  b e in g  
in tro d u ced  to  A u stra lia , th e  red  fox  b e ca m e  the m a jo r  
cau se  o f  e x tin c tio n  o f  several sm all m arsu p ials.

T h e  iso la tio n  o í  in su la r  h a b ita ts  íavou rs the ev o lu - 
tion  o f  e n d em ic  sp e cie s , b u t i t  also  m ak es th ese  p a rticu - 

larly  v u ln era b le  to  in v ad ln g  e x o tic  sp ecies . O n ly  a lim - 
ited  n u m b e r o f  sp e cie s  can  reach  isl.an.ds; p lan ts , b ird s, 

and  in v erteb ra tes  are  the m o st c o m m o n  co lo n iz e rs . O n  
th e  o th e r  h an d , in su la r  co m m u n itie s  g en era lly  have few 
o r n o  p red ato rs and  b ro w sers  (d u e  to  th e  d iffìcu ltie s  o f  
co lo n iz in g  the islancl o r o f e sta b lish in g  a p tìp u lation  on 
an  in s u ííic ie n t  a re a ), and  in d eed , the sp ecies  re p rese n t- 

ing  th e  h ig h e st tro p h ic  lev els  (e .g ., the ca rn iv o ro u s  
m am m a ls) m ay be m issin g  co m p le te ly . S in ce  m an y  en - 
d em ic  sp ecies  o n  islan d s hav e thu s evolved  in  th e  ab - 
sen ce  o f  the se le c tiv e  p ressu res  o f p red ato rs and m a m -



Box 4 I
E x a m p le s  o f  E x t in c tio n  C a sca d cs  due to  

In tro d u c e d  S p e c ie s

W h a t hap p en ed  to G u a rn s  aviíauna is a good  
exa m p le  o f  th e  d estru ctiv e  effccts o í  in tro d u ced  
sp ecies. G u am  is an islan d  b elo n g ỉn g  to the M ari- 
an es A rch ip elag o , s itu a ted  betw een Ja p a n  and 
N ew  G u in ea . E ig h teen  sp ecies  o f  ind ig enou s bird  
sp e cie s  w ere k n o w n  to in h ab it the isỉan d , as vvell 
as sev en  in tro d u ced  o n es. T h en , cluring the past 
2 0  years, p o p u la tio n s  d eclin ed  sp ectacu larlv : to- 
day sev en  sp ecies  are con sid ered  to bc e x tin c t and 
fo u r o th e rs  have b e co m e  so  rare that th e ir survival 
is en d an g ered . N ev erth eless, o n  o th er island s o f 
the sam e a rch ip e la g o , n o  com p arable d eclin e  has 
been  o b served . S trik in g ly , the 10 íbrest sp ecies  
w ere all affected  and  in  a sim ilar m an n er: ih c  
bircls d isapp eared  íìrst from  the sou th erly  ío rests  
d u rin g  the 1 9 6 0 s , an d  then  th eir d eclin e  spread  
p ro g ressively  tow ard  th e n orth  o f  ihe island . T h is  
d ec lin e  co in c id e d  e x a c tly  w ith the in tro d u ctio n  
and su b seq u e n t sp atia l exp an sio n  o f  a trec  sn ake, 
Boiga irregiiỉaris. S in ce  th is snake is a b sen t on 
n e ig h b o rin g  islan d s, th ere  is good ev id en ce  that 
it w as th e cau se  o f  th e  observed  d ec lin es  and 
e x tin c tio n s . B ecau se  o f  its  arboreaỉ and n o ctu rn a l 
h a b its , th is  sn a k e  is a v o racio u s p rcd ator o f  p erch - 
in g  b ird s  and  b ird s  s ittin g  on their n ests, as well 
as o f  eggs and  n estlin g s. M oreover, b ecau se  ù 
p red ates on  sm all m am m als and lizards as well 

(th e  la tter  p articu la rly  ab u n d an t), il can  atta in  
h igh  d en sities  ev en  w h ile  exterm in atin g  its m ost 
v u ln era b le  p rey sp ecies.

O n  Santa  C a ta lin a , an island close to  C aliío r- 
n ia, 4 8  native p la n t sp ecies  have b ecn  e lim in atcd  
m ain ly  as a c o n se q u e n ce  o f  overgrazing by goats 
and  o th e r  in tro d u cted  m am m als.

At M ad agascar, w h ere  ih c  ich ih v o ía u n a  is 
h ig h ly  en d e m ic , w ith  14 out o f  2 5  g en era  un- 
k n o w n  e lsew h ere , a re ce n t inventory o f  íreshvva- 

ter e n v iro n m e n ts  w as n o t able to retrace  m ore 
th an  5. In tro d u ced  fishes d o in in ale  all aq u atic  
e n v iro n m e n ts . T h e  co m b in a tio n  of h ab ita t clegra- 
d a tio n  and  th e in tro d u ctio n  o f  e xo tic  íìsh es seem  
to lead  th e o rig in a l ich th yo fau n a tow ard  ex- 
t in c tio n .

T h e  sam e has b een  found in Continental 
a q u a tic  en v iro n m e n ts , w h ich  lor aq u atic  sp ecies  
are a k in d  o f  islan d  surrou nd ecl by in h o sp ita b le  
te rrestria l sp ace . O rig in a lly , Lakc V ic to r ia  had 
m o re  th an  3 5 0  en d e m ic  fish species. T o d ay , m any

are rarc  o r have gon e e x tin c t a fte r  the in tro d u c tio n  
o f  the N ile  p erch , Lates niỉoticci, in  1 9 6 0 . In  fact, 
the p h e n o m e n o n  is m o re  c o m p lica te d  th a n  that: 
in 1 9 7 8 , th e  p e rch  did n o t y e t re p resen t m o re  
th an  2%  o f  the an n u al ca tch ; in  1 9 8 6  it rep re- 
sentecl 8 0 % . O th e r ĩa cto rs  th a n  p red atio n  have 
played  a ro le  (algal b lo o m s  c re a tin g  a n a e ro b ic  
co n d itio n s  as a c o n se q u e n ce  o f  p o llu tio n  b y  fertil- 

izers  and  o th e r  p o llu ta n ts).

m alian  b ro w sers, they have n o t ev olv ed  (o r  have lo st) 
anv m ea n s o f  d eíen se : b ird s h av e lo st the a b ility  to 
fly and  lay th e ir n ests  o n  o p en  g ro u n d ; p la n ts  do 
n o t p ro d u ce  any ch e m ica l su b s ta n ce s  and  đo n o t have 
any p ro tectiv e  tissu es (sp in e s )  that cou ỉd  d eter 
brow sers.

T h e re ío re , en d em ic  sp ecies  th a t can  sp read  in  the 
a b sen ce  o f  these  se lec tiv e  p ressu res  m ay  go e x t in c t  rap- 
id ly w h en  the p ressu res appear: a n im a ls  in tro d u ced  in to  

the island s e lim in a te  th em  by p re d a tio n  or overgrazing . 
T h e  in iro d u ced  p lan ts, h ow ev er, e q u ip p cd  w ith  a pro- 
tected  o r to x ic  fo liage, have p rev io u sly  evolved  to  w ith- 
stand  b ro w sin g , so th at they o u tc o m p e tc  ih e  en d em ic  
p lan ts , e n h a n cin g  the selectiv e  p ressu re  b y  the in tro - 
ducecl b ro w sers  and  th u s  a c ce le ra iin g  the e x tin c tio n  oí 
th e  e n d em ic  sp ecies.

M o reo v er, in su la r sp ecies  u su a lly  do not have an 
im in u n e d eíen se  against ío re ig n  d iseases; o n c e  in iro - 
d u ced  w ith  th e in v ad in g  a n im als , th ese  can  sp read  epi- 
d em ica lly  and  can  d evastate the n a tiv e  p o p u la tio n s . It 
is  th o u g h t, fo r exa m p le , that th e  a lm o st co m p le te  de- 
s tru c tio n  o f the H aw aiian a v iĩa u n a — sin ce  1 8 5 0 , 8 5 %  
o f  the e n d em ic  sp ecies  have g o n e  e x tin c t  o r  have been  

red u ced  to  very sm all p o p u la tio n s— is due to  th e spread 
o f  vario la  and  o f  b ird  m alaria , in tro d u c e d  to g e th e r  w ith 
the m o sq u ito  Cuỉex quinque/asciaíus in  1 8 2 6 .

M anm ad e e x tin c tio n s  in  in s u la r  co m m u n itie s  are 
m u ch  m o re  íre q u e n t than  g e n era lly  reco g n iz ed . T h u s, 
th e  ra tc  o f  e x tin c tio n  o n  the o rd e r  o f  1%  gi v en  earlier 
is  a g ro ss u n d erestim ate  o f  th e tru c  v alu e. C u rren t 
estim a tes  are that 2 5 %  o f  e n d e m ic  b ird  sp e c ie s  have 
d isap p eared  from  islan d s as a re su lt o f  h ư m an  activ i- 
ties. T h e re  are , for exa m p le , o n ly  th ree sp e c ie s  o f 
vvinged rails today, w h ile  th o u sa n d s  have existed  
d u rin g  the past 2 0 0 0  years. W e  are righ tly  w orried  
by  th e cu rren t w ave o f  m ass e x t in c t io n s  th rea ten in g  
the tro p ica ỉ ĩo re sts , b u t sh o u ỉd  a lso  reco g n ize  that 
the o ce a n ic  island s have a lread y  e x p e r ic n c e d  such  
m ass e x tin c tio n s .



D. Ecological Reílection on the Primary 
Causes of the Current Crisis of Extinction

All o rg a n ism s m o d iíy  th e ir  e n v iro n m e n t, and h u m an s 
are n o  e x c e p tio n . T h u s, in  a s tra teg ic  d o cu m e n t, jo in tly  
p u b lish ed  b y  th e  W o rld  R eso u rces  In s titu te  (W R I) , the 
W o rId  C o n se rv a tio n  U n io n  (IƯ C N ), and the U n ited  

N atio n s E n v iro n m e n ta l P ro g ram m e (Ư N E P ), s ix  fu n d a- 
m en ta l ca u ses  fo r th e  im p o v erish m en t o f  b io d iv ersity  
are reco g n ized :

1. T h e  rap id  and  u n su sta in a b le  gro w th  o f  h u m an  

p o p u la tio n s  an d  the co n su m p tio n  o f  natu ral re- 

so u rce s
2. T h e  c o n tin u e d  red u ctio n  o f  th e  ran ge  o f  p ro d u cts  

in  a g r icu ltu re , íò restry , and íish in g

3. T h e  e co n o m ic  and  p o litica l sy stem s th at do n o t 
ta k e  in to  a c co u n t the en v iro n m e n t and  its  re- 
so u rce s

4 . T h e  in e q u a litie s  in  th e  p o sse ssio n , th e  m anage- 
m e n t, and  the sh arin g  o f  (h e  ad van tages re lated  to 
th e  u se  and the co n se rv a tio n  o f  b io lo g ica l re - 
so u rce s

5. T h e  leg isla tiv e  an d  in s titu tio n a l system s th a t íavor 
u n su sta in a b le  ex p lo ita tio n  o f  reso u rces

6 . T h e  la ck  o f  kn o w led ge and its  ap p ỉica tio n s .

In  fa c t, d iv ersity  d ec lin e  resu lts  frorn sp e c iíìc  ch o ic e s  
o f  p ath  d u rin g  the co u rse  o f  h u m a n  d ev elo p m en t 
(Svvanson, 1 9 9 5 ) .  It is  c le a r  th at, w ith  p o p u la tio n  

g ro w th , c lem ograp h ic  ch a n g es , an d  the asso c ia ted  te ch - 
n o lo g ica l d ev elo p m en t, h u m a n k in d  is  u s in g  an in cre a s- 
in g  sh a re  o f  th e  p lan etary  re so u rce s. Indeecỉ, it c o n - 
su m e s , d iv erts , o r h o ld s a p p ro x im a te ly  3 9 %  o f  p lan t 
p ro d u ctiv ity , th e  íim d am en ta l so u rce  o f  en erg y  fo r m o st 
liv in g  sy ste m s (V ito u se k  et a i ,  1 9 8 6 ) .  T h e  rate  o f  c o n - 

v ersio n  fro m  natu ral en v iro n m e n ts  in  to a g ricu ltu ra l 
sy stem s, h ig h  in  the d ev elo p in g  c o u n trie s  (T a b le  V ), 
re m a in s  a m a jo r  th reat for b io d iv ersity . T h is  is  a larm in g  
n o t o n ly  fo r  the íu tu re  o f  m any a n im al and  p lan t s p ecies , 
but also for our own.

In  a d d itio n  to  the d an gero u s re d u ctio n  o f  the ren ew - 
ab le  re so u rc e s  fro m  the e n v iro n m e n t, p o p u la tio n  
g ro w th  lead s to  in crea ses  in  p o llu tio n  (in c lu d in g  the 
gases re sp o n sib ìe  fo r th e  g re en h o u se  e ffe c t) , w h ich  

th re a te n  th e  b a la n ce  o f e co sy stem s an d  o f  o u r p la n e ts  
c lim a te . N o v el m o d els  o f  d ev e lo p m en t are n e ce ssa ry  so 
th at p o p u la tio n  gro w th  d o es n o t  e x ce e d  the carry in g  
ca p a c ity  o f  th e  p lanet.

T h e  five o th e r  p rim ary  cau ses  b lam e e ith e r  o u r e co - 

n o m ic  b e h a v io rs  o r the legal u ses o f  th e  h u m an  so c ie - 
ties. F o r  th o u san d s o f  years, th e  h u m an  w o rld  forraed

TABLE V

Recent Rates of Conversion of Natural Habital 
to Specialized Agriculture (the 10-year rate, 

up to 1987)"

Conversions 10 Conversions to
cropỉand (%) pasiureland (%)

Paraguay 71.2 Ecuador 61.5
Niger 32.0 Costa Rica 34.1
Mongoliạ 31.9 Thailand 32.1
Brazil 22.7 Philippines 26.2
Ivory Coast 22.4 Paraguay 26.0
Uganda 21.4 Viet Nam 14.0

Thailand 17.1 Nicaragua 11.8

" Source: World Resources Institute and Inierna- 
tional Institute for Environment and Development.

a m o sa ic  o f  re la tiv e ly  a u to n o m o u s  areas. T h e  State o f  

k n o w led g e , th e  s tra te g ies  o f  s u b s is te n ce , and the so c ia l 
s tru c tu re s  evolved  m o re  o r  less  in d ep en d en tly  in  e a ch  
area. W h a t th e  p o p u la tio n s  req u ired  o f  the e n v iro n m e n t 
se ld o m  ex ce e d e d  the ca p a city  o f  natu re.

W ith  th e  g lo b a ỉiz a tio n  o f  the e co n o m y , s ta rtin g  at 
th e  enci o f  p ast c en tu ry , th e  u n iío rm ity  and  the in te rd e- 
p en clen ce  have in crea sed . In  a g r icu ltu re , fo r e x a m p le , 
a sm all n u m b e r  o f  cu ltiv a te d  p lan ts  hav e co m e  to d o m i- 
n ate  the g lo b a l e co n o m y  (B o x  5 ) . In  ía ct, the h u m a n  

so c ie tie s  today m ain ly  d ep en d  on  fo u r sp e cie s  o f  p lan ts  
(m a iz e , w h ea t, p o ta to , an d  rice ) fo r th e ir  b a s ic  n eed s. 
F u rth e rm o re , th ese  s p e c ie s  are  u sed  ÌĨ1 the form  o f  a 
d ecre a s in g  n u m b e r o f  h ig h -o u tp u t v arieties . T h u s, 0 Ĩ1 
S ri L a n k a , th e  n u rn b er o f  2 0 0 0  v arieties  o f  rice  u sed  in 

1 9 5 9  h a s  d ecrea sed  to  5 m a in  v arieties  today ; in  In d ia  
10  v a rie lies  o u t o f  o rig in a lly  3 0 ,0 0 0  rep resen t 7 5 %  o f  
p ro d u c tio n ; a b o u t 6 2 %  o f  the v arieties  in  B an g lad esh  

and  74 %  in  In d o n e sia  are  estim a te d  to b e  d erived  fro m  
a s in g le  m atern a l p lan t (B o x  5 ) .

T h e  p ro c e ss  o f  “c o n v e r s i o n w h i c h  c o n s is ts  in  in - 
v estin g  Capital in  a typ e o f  re so u rce  th at is  e co n o m ica lly  
ad v an tag eo u s, is  th e  p rin c ip a l e co n o m ica l fo rce  th re a t- 
e n in g  b io d iv ersity : “D e v e lo p m e n t and  co n v ersio n  go 
h an d  in  h a n d , an d  c o n v ersio n  is  the p ro ce ss  by w h ic h  
h a b ita t a n d  its  re s id e n t sp e c ie s  are  lo s t” (S w a n so n , 

1 9 9 5 ) .
T h e  re d u c tio n  o f  the n u ra b e r  o f  cu ltiv a ted  sp e c ie s  

is  a cco m p a n ie d  b y  th e  d isap p earan ce  o f  n itro g e n -íìx in g  
b a cteria , m y co rrh iz a , p re d a to rs , p o llin a to rs , and  m an y  
o th e r  s p e c ie s  th at hav e co ev o lv ed  d u rin g  ce n tu rie s  w ith  
the tra d itio n a l sy stem s o f  a g ricu ltu re . T h e  use o f  m a -



Box 5
M o d e rn  A g ricu ltu re : A B io d iv e rs ity -E ro d in g  F a c to r

It is ra th er su rp ris in g  to n o te  that hu m an civ iliza- 
tion  uses a severely  red u ced  n u m b er o f sp ecies 
fo r a g ricu ltu re  and  liv esto ck : a cou p le  o f h u nd red  
p la n i sp ecies  and a cou p le  o f tens o f  anim al spe- 
c ies . M o st o f the a g ricu ltu ra l p ro d u ctio n  is repre- 
sen ted  by at m ost 2 0 -o d d  o f  these.

A lm o st all o f p resen t-d ay  ag ro n o m ica l re- 
se a rch , w hose aim  is to in crea se  the yield o f agri- 
cu ltu re , focu ses on ih e  im p ro v em en l o f  cu ltivars 
o f  th e  2 0  m ain  p lant sp ecies  that provide about 
8 0 %  o f  the ann u al w orld  harvest. F o u r ol those 
sp e c ie s — w h eat, m aize, rice , and p o ta to — already 
a c c o u n t for a lm o st h a lf o f  it.

F u rth e rm o re , the G reen  R ev o lu tio n  has led to 
the  ad o p tio n  o f  m od ern  v arieties and  at the sam e 
lim e  a co n síđ erab le  gen etic  e ro sio n . T h u s, in In 
d o n esia , 1 5 0 0  lo ca l v arieties o f rice  have disap- 
p eared  d u ring  ihe past 15 years. In  K enya, o f 13 
w ild  coffee  v arieties , on ly  two are n o t end angered  
and tw o have already d isap peared . In 1 9 9 1 , the 
g e n e tic  h o m og en eity  o f orange trees in  Brazil 
has íavored  the w orst ep id em ic o f  ro o t can cers 
seen  in  the cou n try . In A sia, fo llo w in g  the G reen  
R e v o lu tio n , a co n sid erab le  p ro p o rtio n  o f  rice  
v arie ties  o rig in a le  from  a s in g le  m o th er-p lan t 
(6 2 %  in B an glad esh , 7 4 %  in In d o n esia , 75%  at 
Sri L a n k a ): s im ilar ep id em ics can em erge at any 
m o m en t.

S u ch  an eco n o m ic  co n ce n tra tio n  on  su ch  a low 
n u m b e r o f  sp ecies  is even rnore p arad o xical w hen 
it is taken  into  a cco u n t that over 3 0 0 0  p lant spe- 
c ie s  are ed ib le ! W o rse  even , d u rin g  ih e  past cou - 
p le o f  cen tu rie s , sp ecies  k n o w n  and cu ltiv ated  
by in d ig en o u s p o p u la tio n s  have seen  th eir use 
red u ced , a co n se q u e n ce  o f  cu ltu ra l h o m og en iza- 
tio n  d ue to co lo n iz a lio n .

O n e  o f  the m ost w ell-k n o w n  cases is that o f 
th e  a m aran th  (th re e  sp ecies  o f the  genus Ama- 
ranthus), o f w h ich  the A ztecs con su m ed  thc seeds 
an d  w h o se  cu ltu re  w as ĩorb id d en  by the Spanish  
w h en  they  con q u ered  M exico . T h e  sam e is true for 
a p la n t o f  the high A ndean p la tea u x , the passerage 
(Lepidium mcycnii) ,  w hose ro o ts  resem b le those 
o f  the  b la ck  rad ish  and are ri ch  in  sa cch aro se  and 
sta rch . T h ese  p lants, vvhich used to be grow n by 
the In ca s  o f P eru  and  B oliv ia , are on  th eir way to 
e x tin c tio n  as they no lo n g er cov er m ore than 
a b o u t 10  ha.

n u re, p e s tic id e s, and h ig h -o u tp u t varietics a cce le ra ie d  
this e ro sio n .

S im ilarly , w ith  regard  to  m arin e eco sy stem s, the  vast 
w orld  m a rk ets  ỉavo red  ihe d ev elop m ent o f “b lin d ” fish- 
ing w ith , fo r e x a m p le , g igan tic  drifting n ets  th at trap 
not on ly  cn o rm o u s  q u a n tities  o f  target sp ecies, b u t also 
a co n sid era b le  n u m b e r o f o th e r  sp ecies o f fìsh , m am - 
m als, and b ird s.

In ad d itio n , sev era l reasons led to an u n d erestim ate  
o f the use o f e n v iro n m e n ta l resou rces. F irs t , m an y  re- 
so u rces  are d irec tly  co n su m ed  vvithout ap p earing  on 
the m arkets. S eco n d , the b e n e íìts  o f b iod iv ersity  are 
largely  p u b lic  good s. F o r exam p le, w hile  the p ro te c tio n  
o f w etland s m ay b e n e íìl a p o p u la tio n , the b en efit is so 
d iffuse that tra d itio n a l eco n o m ic  theory cannoL in co r- 
p orale  m ech a n ism s that w ould  preserve them . C o rrectly  
evaluated , ih e  n atu ra l system s and  th eir b io d iv ersity  
are m a jo r e co n o m ic  assets. B ut as thesc system s are 
o ften  u n d erestim a led , eco n o m ic  theory  con sid ers  the 
co n serv a tio n  oi the b io d iv ersity  an exp en d itu re  ra lh er 

than an in v estm en t.
In resp onse to th is ch a llen g e , a new  d isc ip lin e  is 

b e in g  d ev elop ed  th a i in tegrates  e co n o m ics , eco logy , 
and p u b lic  p o licy : e co lo g ica l eco n o m ics . As T h im o th y  
Sw anson e m p h asized , “d iv ersity  d eclin e  is a sp eciíic  
form  o f in s titu tio n a l ía ilu re : the ĩa ilure to crea te  in stú u - 
tion s that in te rn a lise  the valu es o f b io d iv ersity  w ith in  
the d cc is io n -m a k in g  o f  sta tes  and ind ividuals m akin g  
con v ersio n  d e c is io n s .”

T h e  re d u ctio n  in  the n u m b e r o f the sp ecies  and  the 

d cs tru c tio n  o f  the h ab ita ts  arc ihc Standard in rnany 
co u n trie s  w h erc  a m in o rú y  o f  the po p u latio n  has or 
Controls m o st o f  ih e  territo ry . T h e  rapid p ro fits  o b ta in ed  
froin ex cess iv e  lo g g in g  or íĩsh in g  go to a m in o rity , w hile 
the lo ca l p o p u la tio n , w h ich  d ep en ds on  the su sta in ab le  
p ro d u ctio n  o f  the re so u rce s, pays the p rice. In  fact, the 
ow nersh ip  is o ften  m ore lik e ly  to be granted  to those 
that cu t d ow n and  co lo n iz e  íorests and o th e r  areas 
cov ered  w ith  natu ral v eg eta tio n  than  to the in h ab itan ts  
o f the ío rests  liv in g  on the su sta in ab le  harvest o f  the 
natu ral p ro d u cis. A ny u n certa in ty  on the o w nersh ip  
d issu ad es good  m an ag em en t p ractices  and en co u rag es 
o v erexp lo ita tio n .

A seco n d  p ro b le m  stem s from  the co n ce n tra tio n  of 
the co n tro l o f  the re so u rce s  and  to the resp o n sib ilities  
for d ec isio n s  ab o u t en v iro n m en ta l p o licy  in  the hands 
o f  tovvnsm en. H ow ever, in  m any so c ie tie s , it is ihe 
\vomcn that m an age the cn v iro n m en t and un d erstand  
the value o f the h iod iv ersitv  for agricu ltu re  and  health .

A th ird  p ro b lem  is that o f in tern a tio n a l trad e, the 
debt and the p o lic ie s  o f  tech n o lo g y  transfer that su p p o n  
the in eq u alities  and  often  re in fo rce  the im b a la n ces  oh-



served  w ith in  the n a iio n s . T o  p reserv e th e b io d iv ersity , 
the in d u stria lized  c o u n trie s  m ust rev erse  th is flow . If 
the d ev e lo p in g  c o u n tr ie s  co n tin u e  to  be e x c lu d ed  [rom  
the m a rk e ts , to  bc d ep rived  o f  a cce sse s  to  te ch n o lo g ie s , 
and to he b lo ck ed  b y  th e ir d ebts, th ey  w ill have n e ith e r  
the m ea n s n o r  the in c e n tiv e s  n ecessa ry  to  p reserv e  th eir 

b io lo g ica l re so u rce s .
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b ra c h y o d o n t L o w -cro w n e d  c h e e k  to o th  co m m o n ly  
ío u n d  in  o m n iv o ro u s  o r b u rro w in g  an im als . 

c lo a c a  T h e  ch a m b e r  in to  w h ich  the gu t and  u rin ary  and 

rep ro d u ctiv e  tu b es em p ty  b e fo re  e x itin g  the bod y . 
c ra n io m a n d ib u la r  w h e r e  th e  head , o r  c ra n iu m , and 

th e  ja w , o r  m a n d ib le , m eet. 

c ry p tic  s p e c ie s  S p e c ie s  th a t a re  v irtu ally  in d is tin g u ish - 
ab le  by n o rm a l m o rp h o lo g ica l an a ly sis  and  are , in - 
s tea d , d eíin e d  b y  a c o m b in a tio n  o f  g e n etic , b eh av - 
io ra l, an d  o th e r  ch a ra c te rs . 

c u rs o r ia l  A dap ted  for ru n n in g . 

d ia s te m a  A large gap b e tw e e n  in c iso rs  and  p rem o la rs  
th a t is th o u g h t to  p e rm it a n  a n im a l sp a ce  to  m an ip u - 
la te  food  w ith  th e  to n g u e. 

d ig itig ra d e  L ite ra lly , w a lk in g  on  the d ig its ; a p o stu re  
w h ere  th e  m a jo r ity  o f  th e  w eight is b o rn e  b y  the 

m e ta ca rp a l an d  m eta tarsa l b o n e s  and  the h ee l/p a lm  
is ra ised  o ff  th e  grou nd .

e n d o th e rm y  T h e  m e ta b o lic  co n d itio n  o f  b e in g  h o t- 
b lo o d ed  an d  in tern a lỉy  reg u la tin g  b o d y  lem p eratu re . 

e u th e r ia n  A p lacen ta l m am m al o f  the su b c la ss  
E u th eria . 

fo ss o r ia l A b u rro w in g  an im al.
h y p so d o n t H igh-crow necl c h e e k  to o th  co m m o n ly  

ío u n d  in  grazin g  m am m als. 
k e y s to n e  s p e c ie s  A sp ecies  that e x e rts  an  e ííe c t  o n  

the s tru c tu re  an d  fu n ctio n  o f  a co m m u n ity  o u t o f  

p ro p o riio n  to  ils  n u m e rica l a b u n d a n ce . 
m a cro p o d  A rnarsupial in  the lầm ily  M acro p o d id ae, 

th e  k a n g a ro o s  and w allab ies. 
m a rsu p iu m  F o ld s  o f  sk in  th at en v e lo p e  th e  m a m m a ĩy  

g land s and p ro v id e p ro te c tio n  to in ía n ts : ío u n d  in  
m eta th e r ia n  and p ro th eria n  m am m als. 

m e ta th e r ia n  A m em b er o f  th e  in fra c la ss  o f  m am raals  
th a t in c lu d es  the m arsu p ials. 

m o n o tre m e  A m am m al in  th e  íam ily  M o n o trem a ta , 

w h ich  in c lu d e s  sp in y  a n te a te rs  and  th e  p latypu s. 
m o n o p h y le tic  D escrip tiv e  o f  a c lad e , o r b ra n ch , o f  a n  

e v o lu tio n a iy  tree th a t has a s in g le  ro o t, in d ica tin g  
that a ll m em b ers  o f  th at b ra n ch  are d escen d ed  from  

a co m m o n  a n ce sto r . 
p a ta g iu m  T h e  sk in  th at s tre tch e s  a cro ss  th e  arm s and  

legs o f  íly in g  and  g lid ỉn g  m am m als. 
p h y lo g e o g ra p h y  T h e  stud y o f  th e  re la tio n sh ip  b e tw een  

and a m o n g  g e n e tic s , m o rp h o lo g y , p a leo n to lo g y , and  
e co lo g y  to  b e tte r  u n d ersta n d  the sp atia l a sp ects  o f  

e v o lu tio n . 
p la c e n ta l m a m m a l See  euthcrian. 
p o ly p h y le tic  D escrip tiv e  o f  a gro u p  o f  an im als  th at,

hMc vcíopcí/iíí oj B itìdiversU y, Volum e .3
Copyright ©  2001 bv Academic Press. All righls of reproducùon in any form reserved.



alth o u g h  grouped  lo g e th e r in a phylogeny o r evolu- 
tio n a ry  tree, do not sh a re  a co m m o n  an cestor. 

r ic o c h e ta l  B o u n c in g  in o v em en l thai involves the re- 
lcase  o f storecl energy in  s tre tch ed  tend ons, m ove- 
m en t that inv olv es q u ic k  ch an g es  o f d irectio n , as in 
to ricochct.

ru m e n  T h e  íìrst, and u su ally  largest, ch a m b er o f  the 
fo u r-ch a m b e re d  sto m a ch  foun d  in ru m in an t ungu- 
la ie s ; the  p lace  w here ce llu lo se  d ig estio n  occu rs. 

s e m e lp a ro u s  S p ecies  that b reed  o n ce  and die. 
s y m p a tr ic  P op u la tio n s o r sp ecies  iliat c o -o c cu r  in a 

s in g le  lo ca ú o n .

RANGING ỈN SỈZE FROM A SHREXV, w hich  may w eigh 
on ly  a few gram s, to the b lu e  w h alc, w h ich  w eighs over 
1 5 0  m e tric  to n s, m am m als are [ound in the air, on  ihe 
g ro u n d , u n d er the earth , and in the o cea n s, rivers, and 
la k es  o f  the  w orld . M od ern  m am m als are rcp resen ted  
by 1 3 5  ĩa m ilies  divided in to  1 1 3 5  g en cra , n o t an  im p res- 
s iv ely  d iv erse  group  o f a n im als . T h ro u g h o u t geo logical 
h is to ry , ih ere  have been ịu st over 4 0 0  íam ilies o f  m am - 
m als and  p crh ap s as few as 5 0 0 0  genera. P a leo n to lo g i- 
ca lly , the  s tru ctu re  o f ihe  m am m alian  m iddle ear is 
u n iq u e , w ith  th rce  sm all b o n es  th a i w ere orig inally

ĩound  in the ja w  o f m o re  p rim itive  v erteb ra tes  now  
ío rm in g  ihe stru ctu re  o f the m iddle ear. M am m als are 
en d o th erm ic ; i.e ., they reg u la tc  th e ir  in tern a l lem p era- 
ture. T o supp ort en d o th erm y , m am m als have greater 
ce llu la r p ro d u ction  o f energv, lungs w ith  a large cap ac- 
ity, and n u m ero u s red b lo o d  cells  to tran sp o rt oxygen; 
an  e ffic ien t fo u r-ch am b ered  h eart; and in creased  diges- 
tive e ílìc ien cy . S o ft-tissu e  ch a ra cters  that are d iagnostic  
o f m am m als in c la d e  sw eat g land s, hair, a íold ed  cereb el- 
lum , an ep ig lo tiis , and a co m p le x  lu ng stru ctu re . O f 
cou rse , m am m ary glancls are the  sin g lc  m ost com m o n  
d iag n o stic  feature for m am m als: the  p rod u ction  ol m ilk  
w ith w h ich  to feed and n u rtu re  y o u n g  is a shared  fcature 
ot all m am m als.

I. INTRODƯCTION TO MAMMALS

M odern  m am m als are n o i an im p ressiv ely  d iverse group 
o f  an im als , at lcast n ot n u m erica ily . M am m als are an 
e x lrem ely  w ell d escrib ed  class  o f  an im als , w ith , per- 
hap s, o n ly  Aves bein g  b e tie r  exam in cd . W ell descrihed  
and relativ ely  w ell s tu d ied , m od ern  m aìnm alian  diver- 
sity  is Iim ited  lo  2 6  o rd ers, d ivided into  1 3 5  fam ilies 
w ith 1 1 3 5  genera and c la ssiíìed , at p resen t, in to  ap p rox- 
im ately  4 6 5 0  sp ecies  (F ig . 1). M am m als have ahout half

FỈGURE ] Species diversity oĩ recont mamnialian orclers. Daia dcrivcd from Vaughan (’/ (lì. (2000). All taxonomy 
is bạsecỉ ơn VVilson and Reecỉer (1>)99) as niodiíiecỉ by \ aughan t‘í tỉ/. (2000).



th e  cliversity  o f  m o d ern  b ird s  and pale in  s ig n iíica n ce  
Yvhen co m p a red  to th e  n early  m iỉlio n  d escrib ed  sp e cie s  
o f  in s e c ts  an d  th e  p erh ap s 10  m illio n  sp e cie s  that rem a in  
u n clescrib ed . H isto rica l co n sid era tio n  d o es little  lo  m e- 
d iate  th ese  d iscre p a n c ie s  in d iversity : th ro u g h o u t all 
g e o lo g ica l h is to ry , th ere  have been  ju s t  o v er 4 0 0  fam i- 
lies  o f  m am m als  and  p erh ap s 5 0 0 0  gen era .

W h a t m am m als la ck  in  n u m e ric  d iv ersity  is m ad e 
up in  th e ir  p h y sica l and e co lo g ica l v aria tio n . R an g in g  
in  s ize  fro m  ju s t  a few  gram s (e .g ., sh rew s in  th e  íam ily  
S o r ic id a e ) to  o v er 1 5 0  m e tric  to n s (th e  b lu e w h ale , 

B ahienoptera muscuịus) , m am m als are  ío u n d  in  the a ir, 
o n  th e  g ro u n d , u n d er th e  ea rth , and in  the o ce a n s, 
r iv ers , and  lakes o f  the w o rld . T h e ir  d iv ersity  o f  b o d y  
typ es, d ie ts , and h a b its  h as cap tiv ated  b o th  the gen eral 
p u b lic  and  sc ie n tis ts , ta k in g  an  e n tire ly  d isp ro p o rtio n - 
a te  sh a re  o f  s c ie n tiíic  stucly and  p o p u la r e x a m in a tio n .

A. what Is a Mammal?
T h e  re are  lite ra lly  d o zen s o f  d ia g n o stic  c h a ra c te r is tic s  

o f  m a m m a ls, m o st o f  w h ich  are rela ted  lo  so ft-tissu e  
s tru c tu re  and  m e ta b o lic  íu n c tio n . F o r  p a le o n to lo g ica l 
p u rp o se s , so ft-tissu e  cliíTerentiation o f  m araraals is  o f  
little  o r  n o  valu e. So ft tissu e  is rarely  p reserv ed  and  its  
s tru c tu re  can  o n ly  o cc a s io n a lly  be d ed u ced  from  the 
s tru c tu re  o f  th e  b o n e s  that it co v ers  and  fro m  w h ich  il  is 
su sp en d ed . P a le o n to lo g ists , th e re ío re , ỉo o k  for sk e ỉe ta l 
and  c ra n ia l íea tu res  that d istin g u ish  m am m als from  
o th e r  c la sses . O n e  d e íin in g  c h a ra c ter  is ío u n d  in  the 

s tru c tu re  o f  ih e  m a m m a lia n  m id dle ear. T h e  m id d le  
ear c o n ta in s  th re e  sm all b o n e s , the s ta p es, in cu s , and 
m a lle u s , w h ic h  w ere o rig in a lly  fou n d  in  th e  ja w  in  th e  
c ra n io m a n d ib u la r  jo in t  o f  m o re  p rim itiv e  v erteb ra tes  
( th e  jo in t  w h ere  th e ja w  m e e ts  the c ra n iu m ). T h e  s im - 
p lifica tio n  o f  th e  cra n io m a n d ib u la r  is  a lso  re íle c te d  in  

ĩu r th e r  s im p liíìc a tio n  and  so lid iR ca tio n  o f  cran ia l b o n e s  
o v era ll. T h ls  s im p lifica tio n  and  in crea sed  o ss iiìc a tio n  
a re  a lso  re íle c te d  in  the p o stcra n ia l sk e le ta l s tru c tu re  
o f  m a m m a ls. S k e le ta l g ro w th  o ccu rs  early  in  th e  ìife  
h is to ry  o f  m a m m a ls, w ith  íu rth e r  g ro w th  o f  b o n e s  lim - 
ited  to  a c a rtila g in o u s  area at the end  o f  the b o n e , u n d er 
th e  a r ticu la r  su r ía c e , ca lled  the ep ip h y sis. E v en tu a l c lo - 
s u re  a n d  o ss iíìc a tio n  o f  th e  ep ip h y ses o c c u r  a fte r g ro w th  
is  c o m p le te .

p h y sio lo g ica lly , a c r it ic a l d ifferen ce  b e tw een  m am - 
m a ls  and  re p tile s  is the d ev e lo p m en t o f  e n d o th e rm y , 
o r  in te rn a l reg u la tio n  o f  tem p eratu re . w hile  it is  u n c le a r  
w h e th e r  th e  m a m m a l-lik e  T h era p sid s  w ere e n d o th e r- 
m ic , a ll m o d ern  m am m als e x h ib it  e n d o th erm y , w h ile  
e x ta n t rep tiles  a re  e c to th e rm ic , u sin g  b eh a v io ra l ad ap ta- 
t io n s  to  re g u la te  tem p eratu re  in  h arsh  e n v iro n m e n ts

o r  a llo w in g  th e ir  tem p eratu re  to O uctuate w idely. T h e  

c e llu la r  and stru ctu ra l d ifferen ces th at en d o th e rm y  re- 
q u ire  are  all h a llm a rk s  o f  m am m alian  life: g rea ter ce ỉlu - 

lar p ro d u ctio n  o f  energy , lu n g s w ith  a large ca p acity  and  
n u m ero u s red  b lo o d  c e lìs  to tran sp o rt o xy g en , e ffic ien t 
c ircu la to ry  sy stem s, and  in creased  cligestive e ffic ien cy . 
S o ft-tissu e  ch a ra c ie rs  th at are d iag n o stic  o f  m am m als  
(m a n y  o f  w h ich  are related  Lo e n d o lh erm y ) in c lu d e  
sw eat g lan d s, h a ir , a fo u r-ch a m b ered  h ea rt, a fo ld ed  
ce re b c llu m , an  e p ig lo ttis , and a co m p le x  lu n g  s tru c tu re . 
O f  co u rse , m am m ary  g land s are the sin g le  m o st co m - 
m o n  d ia g n o stic  ĩea tu re  fo r m am m als: the p ro d u ctio n  
o f  m ilk  w ith  w h ich  to feed  and  n u rtu re  y o u n g  is  a 
sh ared  íea tu re  o f  all m am m aỉs.

B. Overview of the class Mammalia
M am m als  are u su ally  d ivided  in to  th ree  su b cla sses : the 
A llo th e ria , w h ich  w as rep resen ted  by ih e  e x tin c t  m u ìti- 
tu b e rcu la te s ; th e  P ro to th e ria , w h ich  reach ed  th e p eak  
o f  its  d iv ersity  in  th e  M eso zo ic  and  w h ich  tod ay is 
rep resen ted  b y  a s in g le  ord er, M o n o trem a ta , c o n ta in in g  
the tw o sp ecies  o f  ech id n a  (T a ch y g lo ssid a e) and  the 
d u ck -b ille d  p latyp u s ( Orithorhynchus anatinus)\2Luà the 
T h e ria , w h ich  c o n ta in s  tw o in íra cla sse s , th e  M eta th eria  
(m a rsu p ia ls) and  the E u th e ria  (p la ce n ta l m a m m a ls).

1. Monotremata
V iv ip arity , o r  live b ir th  o f  yoư n g , is so  co m m o n  am o n g  
n iam m als that it is u su ally , w ro n gly , co n sid ered  a de- 

B n ĩn g  ch a ra c te r  o f  th e  class. T h e  th ree  sp ecies  o f  the 
o rd er M o n o trem a ta  all lay eggs. T h e  p latyp u s lays its  
eggs in to  a n est, s im ila r to  a b ird ’s n est, w h ile  b o th  
sp e c ie s  o f  the íam ily  T a ch y g lo ssid a e , th e  e ch id n a , o r 
sp in y  an te a te rs , lay th e ir  eggs d ừ e c tly  in  to  a m arsu p ia l- 
lik e  p o u ch . W h ile  th is  cu rio sity  is th e  ro o t o f  th e  co m - 
m on nam e for th e  m o n o tre m e s— egg -lay in g  m am - 
m als— th e  egg is  a c tu a lly  a ra th e r  in s ig n iíỉca n t asp ect 
o f  th e  m o n o tre m e ’s life  h is to ry . In cu b a tio n  is b rie f, 
u n d e r 2 w eek s , fo llo w in g  w h ich  m o n o tre m e  d ev elo p - 
m en t d o es n o t d iffer sign 'ificantly  from  ih a t o f  o th e r  
m am m als. C learly  m am m als, they n u rtu re  th e ir  y o u n g  
w ith  m ilk  th at is  exp ressed  fro m  m am m ary  g lan d s th at 

la ck  n ip p les. L ik e  all m am m als, th ey  are  e n d o th e rm ic , 
have h a ir , p o ssess  a s in g le  ja w  b o n e , and  have th e đ iag- 
n o s tic  th re e -b o n e  n iid d le  ear s tru ctụ re .

D iv erg en ce  o f  th e  m o n o tre m e s  fro m  o th e r  m am m als 
o cc u rre d  a p p ro x im a te ly  1 7 5  m illio n  years ago e a rly  in  

m a m m alian  h is to iy . F o ss il m o n o tre m e s  have o n ly  b e e n  
Eound fro m  A u stra lasia , and  all e x ta n t sp e cie s  sh are  
th is  d is tr ib u tio n . M o n o tre m e s  ap p ear to  b e  ex tre m e ly  

p rim itiv e  in  th e ir  rep rod u ctiv e  h a b its , w ith  not o n ly  an



egg -lay in g  h ab it b u t also  a sin gle  o p en in g , or c lo aca , 
in to  w h ich  b o th  the e x cre to ry  and rep rod u ctiv e  tracts 
ex it. T h e  c lo aca  (o r sin g le  e x it)  g ives the o rd er its 
n am e.

2 . T h e r ia

T h e  th erian  m am m als all sh are  the derived  ch a ra cter 
o f  live b irth  o f th e ir you ng. T h e  su b class  T h eria  is 
d iv ided  in to  tw o in íraclasses : m eta th eria n s  and eu th eri- 
ans. M e ta th eria n s  are u su ally  called  m arsu p ials b ecau se  
o f  the  p o u ch , or “m a rsu p iu m ,” that m an y m em b ers  o f 
th e  su b cla ss  p o ssess. A far m o re d iverse o rd er than 
M o n o tre m a ta , th ere  are 2 7 3  d escrib ed  sp ecies  o f  m arsu - 
p ia ls , w h ich  are ca teg o rized  in to  19 fam ilies. M eta lh eri- 
an s and  eu th eria n  m am m als p robably  d iverged  at about 
the  sam e tim e as ih e m o n o trem es, ap p rox im ate ly  1 0 0  
m illio n  years B.p. S in ce  that tim e, the Lwo m a jo r group s 
have had  a d iv erg en l, and so m etim es co n v erg en t, evolu - 
tio n a ry  h istory .

3 . M e ta th e r ia :  M a r s u p ia ls

In R ecen t tim es, m eta th erian  m am m als have only  been  
foun d  in th e  A ustralian  su b c o n tin e n i, the a d ja ce n t large 
is la n d s o f N ew  G u in ea  (th e  island  co n sis tin g  o f  Papua 
N ew  G u in ea  and the In d o n esia n  State o f  Iryan Ja y a ) 
and  T a sm a n ia , and  the N co tro p ics. T h is  d is lr ib u tio n  ís 
m o re  re s tric te d  than  that g iven  by íossil ev id ence. A ris- 
in g  in  the  M eso z o ic , ab o u l 1 0 0  m illio n  years ago, m arsu - 
p ials are  first found  in  N o rth  and  S o u th  A m erica . T he 
m e ta th e r ia n s  m ake th e ir first ap p earan ce in  ih e  íossil 
b ed s o f  ih e  E o ce n e  o f  E u ro p e , 5 0  m illio n  years ago, 
and it is  th o u g h t they arrived  in  A sia, and A ustralasia , 
so m e tim e th erea íie r . T h e  fossil ev id en ce fo r this p eriod  
from  th ese  reg io n s  is p o o r, and  som e have suggesteđ  
that th is , co m b in ed  w ilh  ih e  p resen t d istrib u tio n  o f 
m a rsu p ia ls , stro n g ly  im p lies  an A n tarctic  origin .

In  the N ew  W o rld , the R ecen t m arsu p ial fauna has 
n o t d ev elo p ed  s ig n ifica n t d iv ersity  in  co m p etitio n  w ith  
p la ce n ta ls . T h e  N ew  W o rld  fam ily  D id elph id ae is rep re- 
sen ted  b y  6 3  R ecen t sp ecies  in  15 gen era. w h ile  found 
a c ro ss  N o rth , C en tra l, and  S o u th  A m erica , th ere  is rela- 
tively  little  v ariatio n  in  size , w ith  the sm allest m em b er 
o f  ih e  fam ily  the size o f  a m ou se and the largest only  
the s ize  o f  a large cat. T h e  m o st co m m o n  sp ecies  in  the 
A m erica s  is tbe  V irg in ia , or co m m o n , op o ssu m  (Di- 
delphís virginiana) , w h ich  is w id esp read  and ex trem ely  
su cce ssfu l in ad aptin g  to hu m an p resen ce. T h e  earliest 
m em b ers  o f  this gen us are found  in  Sou th  A m erica and  
it ap p ears that they m igrated  to N o rth  A m erica ju st 
o v er a m illio n  years ago after the e sta b lish m en t o f the 
C e n tra l A m erican  land  bridge. W h ile  m arsu p ia ls, for 
the  m o st p art, did p o o rly  w hen they invaded N orth  
A m erica , Didelphis is a c lear e x ce p tio n  to this rule.

In Sou th  A m erica  d u ring  the late M io ce n e  and  P lio - 
cen e  ep o ch s (ap p ro x im ate ly  5 - 1 0  m illio n  years B . P . ) ,  a 
d iverse rad iation  o f  m arsu p ials o ccu rred . C o n v e rg e n t 
ev olu tio n  p ro d u ced  a su ite  o f m arsu p ials that resem b led  

co n te m p o ra n eo u s  p lacen ta l m am m als and in c lu d e d  
ío rm s s im ilar to large felids (in  the íam ily  T h y la c o le o n i-  
d ae). T h e  m o st d iverse fam ily o f ca rn iv o ro u s, S o u th  
A m erican  m arsu p ia ls  w as the B o rh y aen id ae , o ften  
ca lled  the íam ily  o f  d o g-lik e  m arsu p ia ls  b eca u se  o f  the 
g en eral re se m b la n ce  o f som e sp ecies to ca n id s  (e .g .. 
Lycopsis). B o rh y aen id s  p ersisted  only  u n til the  la te  P lio - 
cen e. O th er íam ilies  o f  Sou th  A m erican  fossil m arsu p i- 
a ls in clu d ed  ro d e n t-lik e , m o le -lik e , and rh in o -lik e  an i- 
m als and p erh ap s the b est k n o w n , the T h y la co sm ilid a e , 
or the “false” sa b er-to o th  tigers ( Thylacosm ilus).

In  the A u sư a lia n  reg io n , u n til R ecen t lim es, ih e  m e l- 
a lh eria n s  have b e e n  free from  co m p e titio n  w ith  p la ccn - 
tal m am m als, w iih  the e x ce p tio n  o f b als  and so  m e m u r- 
o id  ro d en ts  (ra ts  and  m ice ). H ere, the m eta th eria  have 
u n d erg on e a rem a rk a b le  and fascin atin g  rad ia tio n . 
M any sp ecies  re se m b le , in b asic  form , the eu th eria n  
m o les, sq u irrc ls , and  sm all carn iv ores. T h e se  sp ecies  
tend  to be relatively  u n d ifferen tia ted  and  fo llow  a re la- 
tively s im ila r b od y  fo rm  w ith in  groups. In som e cases, 
h o w ev er, m arsu p ials  in A ustralia  have evolved  in to  
ío rm s ih at little  resem b le  in stru ctu re  ih c ir  e co lo g ica l 
rep la cem en ts  in areas w here p lacental m am m als d o m i- 
nate. W h ile  m ost g razin g  p lacen ta l m am m als are , to a 
g reater o r lesser e x te n t , re latively  s im ilar in th eir body 
plan, the k an g aro o s  and  w allab ies (M acro p o d id ae) rep- 
resen t a d istin ctly  d ifferen t so lu tio n  to thc d esign  o f a 
grazer. T h e  origin  o f  the large ricocheti.il h in d  feet and  
v estig ia l, but h ig h ly  A exible, forearm s su gg ests  an  a rb o - 
real o rig in  for the  íam ily .

4 .  E u th e r ia :  P la c e n t a l  M a m m a ls  

T h e  g reatest d iv ersity  o f m am m als is seen  in the eu th eri- 
ans. B o th  th ro u gh  g eo lo g ica l tim e and in  ih e  p resen t, 
eu th eria n s  are the m o st d iverse o f ih e  th ree  m ain 
b ra n ch e s  o f m am m alian  ev olu tio n . R ep resen tin g  nearly  
9 5 %  o f  the  e x ta n t sp e cie s  o f m am m als, eu th eria n s  have 
show n a rem ark ab le  variety o f form s and  ad ap tatio n s. 
Fu lly  a q u a tic  fo rm s are rep resented  by the 10 íam ilies 
and  7 8  sp ecies  o f  ceta cea n s. T h e  17 fam ilies o f  C h iro p - 
tera, re p rese n tin g  o v er 9 0 0  sp ecies, havc a near m o n op - 
oly on the n o c tu m a l sk ies  and are key sto n e  p o llin a to rs  
in tro p ica l ỉo rests . B u t by far the m ost d iverse ord er is 
R o d en tia , w ith 2 9  m am m alian  fam ilies (.ap proxim ately  
2 5 %  o f  the to ta l) and  over 2 0 0 0  sp ecies, nearly  h a lf 
the kn o w n  m am m als alive todav. A m ore th o ro u gh  
d iscu ss io n  o f  e u th er ia n  d iversity is g ivcn  b elow .

O ne w o u ld  e x p e c t that the d eíĩn in g  ch a ra c ter  for 
eu th er ia n  m am m als is the vvell-developed p lacen ta ,



from  w h ich  the in íra c la ss  d eriv es its  n a m e. T h e  use o f 
th e  term  is  u n ío r tu n a te  as m a rsu p ia ls  p o ssess  One of 
four typ es oi m o re  p rim itiv e , b ư t n o n e th e le ss  w ell- 
d ev elo p ed , p la cen ta , and  p la ce n ta -lik e  s tru c tu re s  are 
seen  in  so m e fish  and re p tile s . In  all m am m als, the 
p la ce n ta  serves to  p rov id e e x ch a n g e  o f  n u trien ts  and 
w aste p ro d u cts  and  a cts  as a resp ira to ry  o rg an  for the 
clevelop ing  fetus. In crea sed  c o m p le x ity  o f  the p la cen ta  
fou n d  in  e u th eria n  m a m m a ls  a llo w s fo r m o re  e ữ ìc ien t 
tra n s íe r  and  for added íu n c tio n s , in c lu d in g  e n d o crin e  
p ro d u c tio n , in c lu d in g  p ro g e ste ro n e , w h ic h  h elp s sus- 
ta in  p reg n an cy .

c .  Differentiating between Placental and 
Marsupial Mammals

1. Cranial and Skeletal Differences
D iffe re n tia tio n  o f  m arsu p ial and  p la ce n ta l m am m als is 
easiest in  the e x a m in a tio n  o f  so ft t issu e s ; n o n e th e le ss  
ih e re  are  a se i o f  d ia g n o stic  c h a ra c te rs  th a i d istin g u ish  
th e  m e ta th e r ia n  and  e ư th e ria n  m a m m a ls. W h ile  the 

p alates o f  p la ce n ta l m a m m a ls  are s m o o th , th o se  o f  m ar- 
su p ia ls  have a series  o f  d ia g n o stic  h o le s  or v a cu ities . 
M arsu p ia ls  a lso  d iffer in  th e ir  d en ta l m o rp h o lo g y : in 
c o n tra s t to th e seria l re p la ce m e n t o f  d ec id u o u s teeth  
w ith  p e rm a n e n t teeth  ío u n d  in  p la ce n ta ls , o n ly  a s in g le  
to o th  is rep laced  in e a ch  ja w . W ith  th e  e x c e p tio n  o f  
th e  th ird  p rem o la r, all p re m o la r , c a n in e , and  in c iso r  
d ec id u o u s  tee th  are reso rb ed  b c fo re  th ey  eru p t in  the 
ja w . O n ly  a s ỉn g le  se t o f  m o la rs  [o rm s an d  m o la rs  eru p t 
seq u en tia lly . R e cen t ío ss il ev id e n ce  fro m  the M e so z o ic  
m a rsu p ia l Aỉphadon  sh o w s th at th is  p a tte rn  o f  to o th  
re p la ce m e n t and  d ev e lo p m e n t is  a d eriv ed  ch a ra c te r  
and  su g g ests  th at the tra it is a n c e stra l to  m arsu p ia ls .

A íu r th e r  p rim itiv e  c h a ra c te r  c o m m o n  to th e M o n o - 
tre m a ta  and  M e ta th e ria , b u t th o u g h t to  b e  lo st in  the 
e u th e r ia n  rnam m als, is  th e  e p ip u b ic  b o n e s , w h ic h  ex - 
ten d  forw ard  from  th e p u b ic  b o n e  in  b o th  sex es. 
H y p o th eses  a b o u t the fu n c tio n  o f  th e  ep ip u b ic  b o n e s  
h ave b e e n  variou s. Lnitial sp e cu la tio n  w as th at the s t r u o  
tu re  p rovid ed  su p p o rt for th e  a tta ch e d  y o u n g  fo u n d  in  

m a rsu p ia ls  o r su p p o rt fo r th e  m a rsu p iu m , in  w h ich  
th e y  a re  o ften  co n ta ìn ed . O th e rs  hav e su gg ested  it w as 
in v o lv e d  w ith  lo co m o tio n , w h ile  m o re  re c e n tly  it has 

b e e n  p ro p o sed  th at ep ip u b ic  b o n e s  p ro v id ed  a p lace  fo r 
th e  a tta ch m e n t o f  a b d o m in a l m u sc le s , th u s  a llo w in g  
fo r  g re a te r  e x p a n sio n  o f  th e  a b d o m in a l ca v ity , in c re a s- 
in g  th e  íu n c tio n  o f  th e  d ia p h ra g m  and  im p ro v in g  effi- 
c ie n c y  o f  resp ira tio n . R e cen t p a le o n to lo g ic a l fìnds sh o w  
th a t ep ip u b ic  b o n e s  w ere p resen t in  C re ta c e o u s  e u th e - 
r ia n  m am m als. B eca u se  th e  lo ss  o f  e p ip u b ic  b o n e s  is 
a sso c ia te d  w ith  p ro lo n g ed  g e s ta tio n , th ese  íìn d s h av e

b een  in terp re ted  as ev id en ce  th at th e  co m p le x  su ite  o f  
ad ap ta tio n s th at typ iíy  p lacen ta l m am m als w ere d eriv ed  
later in  th e  ev o lu tio n  o f  eu th eria n s.

2 . R e p r o d u c t io n

W h ile  p la ce n ta l m am m als tend  to  have lo n g  g e sta tio n  
p eriod s and  re lativ e ly  sh o rt p erio d s o f  la c ta tio n , g esta- 
tio n  in  the m arsu p ia ls  is  alw ays relatively  b r ie í  and  is 
fo llow ed  by a m u ch  lo n g er p eriod  o f  la cta tio n . T y p i- 
ca lly , n eo n a ta l m arsu p ia ls  are e x tre m e ly  sm all, o n ly  a 
few  gram s, and  sh o w  v er}; in co m p le te  d ev elo p m en t. 
T h e  e x ce p tio n  to  th is  g e n era lity  is seen  in the ja w  and 
íb rearm  s tru c tu re  o f  the n e o n a te : the n early  e m b ry o n ic  
y o u n g  need  s tro n g  arm s to navigate  up the m o th e r s  
m id lin e  to th e  teat and  w ell-d evelop ecỉ ja w s  w ith  w h ich  
to  form  an  im m o v ab le  a tta ch m e n t to  th e  teat o n ce  arriv - 
ing. A g reater p ro p o rtio n  o f  d ev elo p m en t o ccu rs  o u ts id e  
the m o th er’s u teru s  a fter the n e o n a te  has a tta ch e d  to  a 
teat. In  a p p ro x im a te ly  h a lí  the m arsu p ial sp e c ie s , the 
teats are found  in sid e  a m arsu p iu m . By th e tim e the 
n eo n ate  leaves th e  p o u ch , o r d eta ch e s  fro m  the teat, it 
w eighs m o re o r iess  th e  sa in e  as  a p la ce n ta l m a n im a l 

o f  an  eq u iv a len t ad u lt size.
D iag n o stic  d ifferen ces  in  th e  s tru c tu re  o f  th e  re p ro - 

d u ctiv e  tra c t o f  ĩem ale  m arsu p ia ls  and in th e  d ev elo p - 
m en t o f  the em b ryo  m ay exp la in  m an y  o f  th e  liíe  h is to ry  
d ifferen ces  b e tw een  eu th er ia n  an d  m eta th erian  m am - 
m als. W h ile  eu th er ia n  m am m als ío rm  a c o m p le x  p la- 
cen ta  th a t n o u rish e s  the em b ry o , m arsu p ia ls  re ta in  an 

eg g sh ell m em b ran e  w ilh  a s im p le  yo lk  sac to  n o u rish  
the you ng. T h is  a rra n g em en t lim its  the n u trien ts  th at 
a m o th e r  ca n  tra n síer to  h e r em br)^os.

T h e  size  o f  a n eo n a ta l m arsu p ial is a lso  lim ited  by the 
s tru c tu re  o f  the fem ale  rep ro d u ctiv e  tract. In  e u th er ia n  
m am m als, th e  rep rod u ctiv e  tra c t is arranged  lin early  
(F ig . 2 ) :  the vagina leads d irec tly  in to  the u teru s, w ith

FIGURE 2 Comparison of eutharian and metatherian reproductive 
tracts. Reprinted with permission from Sharman, Reproductive physi- 
oỉogy of marsupials © (1970) American Association for the Advance- 
ment of Science.
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tw o u re ters  tra n sp o rtin g  u rin e  fro m  the b ladd er to the 
u re th ra . G row th  o f  the fetu s is essen tia lly  co n stra in ed  
on ly  by the size and  e la stic ity  o f  the vaginal canal. G iven 
that the  sp o tted  h y en a gives b irth  th rou gh  a vagina that 
has evolved  to lo o k  lik e  a p seu d o p en is, th is co n stra in t 
d oes n o t  ap p ear to be too  great. In co n tra s t, in m arsu pi- 
als, the  s tru c tu re  o f  the  vagina and  u teru s is like a 
d o u b le  ju g  han d le  (F ig . 2 ) . Ju s t  above the u reth ra , two 
lateral vaginas form  lo op s on e ith e r  side o f a pseudovagi- 
nal can a l. T h e  tw o v ag in al loop s re ịo in  and feed in to  a 
b ip a rtite  u teru s. T h e  u re te rs  pass insid e these  vaginal 
loop s. B ecau se  b irth  takes p lace th rou gh  the lateral 
vagina, p la cem en t o f  the  u reter insid e ih is  loop  may 
lim it the size o f the n e o n a lc .

II. MAMMALIAN PHYLOGENY

A. Early History
M am m als bave th e ir  o rig in s  deep in geo lo g ica l h istory . 
A p p ro x im a le ly  2 0 0  m illio n  years ago, in the la ie  T riassic  
p erio d , p rim ú ive cy n o d o n t m am m als evolved  from  
ih e ir  m am m a l-lik e  rep tile  p ro g en ito rs , the T herapsids. 
T h e  T h era p sid s , w h o se  m em b ers  d o m in ateđ  the terres- 
trial lan d scap e  d u rin g  the T ria ss ic , faded in to  insign ifi- 
c a n ce  by the end  o f the T ria ss ic /Ịu ra ss ic  boun d ary , 
leaving  the stage o f  the late M eso zo ic  era o p en  to the 
rad ia tio n  o f  great sau ro p o d s, the d in osau rs. F o r  140  
m illio n  years, d in o sa u rs  Hllcd m ost te rres ir ia l (and  

m an y aeria l) e co lo g ica l ro les, vvilh m am m als for the 
m o st p a rt re legated  to sm all, icrrestria l ro d en tlik e  
form s.

T h e  earliest ev id en ce  o f  tru e m am m als o ccu rs  in 
the la te  T ria ss ic , a lth o u g h  by th is tim e, m am m als w ere 
foun d  w orld w id e, suggestirig  a som ew h at ea rlier diver- 
g en ce  from  the m a m m a l-lik e  cy n o d o n ts . P oo r fossil 
re co rd s  from  m any areas leave gaps, w h ich  slow ly are 
b e in g  íìlled . W h ile  the M eso zo ic  m am m als w ere once 
th o u g h t to  b e la ck in g  d iv ersity , recen t íĩn ds suggest 
th is w as n o t the case . F o ssil ev id en ce su ggests they 
w ere n ev er a b u n d an t and rarelv  shovved any great 
s iz e — th e íìrst m am m al w eigh in g  inore  th an  1 kg  does 
n o t a p p ear in  the ío ss il reco rd  u n til the early C reta- 
ceo u s. Y et a variety  o f  u n u su al form s evolved  in the 
M e so z o ic , in c lu d in g  S y m etro d o n ta , vvhich are ch arac- 
terized  by w ell-d ev elo p ed , trian g u lar m o lars , thc preda- 
tory T rico n a d o n ta , and  the o m n iv o ro u s and herb ivo- 
ro u s m em b ers  o f the  M u ltitu b ercu la ta .

T h e  great rad ia tio n  o f m od ern  m am m als began in 
the m id -C e n o z o ic  e ra , in ih e  late C reta ceo u s period, 
a p p ro x im a te ly  1 0 0  m illio n  years ago. M ore rapid evolu-

tion o f  la rg cr body sized  m am in als  did n o t b e g in  u n til 
the m id -C e n o z o ic , b eg in n in g  about 6 5  m illio n  years 
ago d u rin g  the P a leo cen e  e p o ch  o f the T ertia ry . F o llo w - 
ing th is, m am m alian  rad ia tio n  accelerated .

B. Ordinal Diversiíìcation
1. S t r u c t u r e  o f  th e  M a m m a lia n

E v o lu t io n a r y  T r e e

T h e  ord in a l d iv ers iíìca ú o n  o f  ih e  m am m als w as m ore 
or less co m p le ted  in  the la te  E o cen e , 5 0  m illio n  years 
ago, and has been  re lativ e ly  stab le  s in ce  that tim e. O f 
the 3 2  m a jo r o rd ers that w ere p resent 5 0  m illio n  years 
ago, 2 7  are ex tan t (F ig . 3 ) . R e c o n stru c tio n  o f ev o lu tio n - 

ary p alhs o f  ord in al d iv ers iíica tio n  can  be m ad e u sing  
m o rp h o log ica l an alysis  o f m o d ern  or fossil taxa , m o lec- 
u lar analysis (lim ited  to  sp e cie s  from  w hich  DN A  can  be 
e x tra c te d ), or som e c o m b in a tio n  thereoT. E x ta n t sp ecies  
have o ften  lost d eíìn in g  sk e le ta l and cran ia l ch a ra cters  
p resen t in  e a rlie r  fossil fo rm s but havc the advantage 
o f  so íì tissue b ein g  availab le  for study. F o ssils  offer a 
lo n g  tim e fram e, b u t s ig n ifica n t gaps in thc ĩossil reco rd  
and  the a b sen ce  o f so ít tissu e  for com p arison  may be 
p ro b lem a tic . M o lecu la r g e n eú c  stu d ies have b eco m e 
in creasin g ly  so p h istica te d  b u l su ffer from  th e ir  ow n 
in a ccu ra c ie s  and , o f  co u rse , are useless for in d ep cn - 
d en tly  re c o n s iru c tin g  p h y lo g en ies  trơm  laxa  that have 
go n e  e x iin c l , leaving  no m o d e rn  (o r  D N A -bearing  su b - 
lo ss il)  form s.

M o rp h o lo g ica l and m o le cu la r  data agree rem arkah ly  
w ell on the gen eral s tru c tu re  o f  the p h y log en y  o f ihe 
m a jo r  m am m alian  o rd ers, a lth o u g h  sign iO cant ques- 
tio n s  rem ain  a b o u t the e x a c t  re la tio n sh ip  o f  several 
ord crs. W h ile  th ere  w as h o p e th at the ad d ition  o f  m o lec- 
u lar data to the d iscu ss io n  o f  m am m al p h y log en y  w ould  
clariíy  sorae o f ih e  m o re  c o n íu sin g  asp ects o f ord in al 
d iv ers iíìca tio n , p re se n t m o le cu la r  m elh o d s have not 
m et that e x p e cta tio n .

A good  exa m p le  o f  the p ro b lem  is the  p la cem en t o f 
ih e  H yracoidea, the  h y raxes. B o th  p ro te in  seq u en ce  data 
and  m o rp h o lo g ica l stu d ies suggest a c lo se  affiliaticm  of 
the h y raxes w ith  the P ro b o sc id ea  (e le p h a n ts ) and the 
S iren ia  (d u g o n g s and  m a n a te es). Y et o th e r m o rp h o lo g i- 
cal analysis su g g ests  that h y raxes and  p erisso d acty ls  
(rh in o s , tapirs, an d  eq u id s) share  a co m m o n  lineage. 
G en e seq u en ce  d ata , w h ile  n o t  w ithout p ro b lem s o f  its 
o w n, m ay offer so m e re so lu tio n  o f su ch  p ro b lem s.

2 . T im in g  o í  O r d in a l  D iv e r s i i ĩc a t io n

w h ile  sc ie n tis ts  agree  that th ere  w as a p eriod  o f  rapid 
d iv ers iíica tio n  o f  h ig h er o rd ers  o f m am m als, the  cx a c t
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FIGURE 3 The 27 major extant orders. Reprintecl by permission ĩrom NíituiT, Novacek, Mammalian phỵlogeny: 
Shaking the tree, C o p y rig h t (1992) Macmillan Magazines Ltd.

tim in g  o f  th is  ev en t is s till h o tly  d eb ated . At the ro o t 
o f  th is  d ebate  are the d iffe re n ce s  in  tim in g  d erived  from  
m o le cu la r  an d  ío ss il ev id en ce. T h e  d ata su p p o rtin g  the 
tim in g  o f  ev en ts  p re se n te d  ab o v e, w ith  th e  m ạịo r o rd i- 
nal d iv e rs iíica tio n  co m p le ted  in  th e  early  T e rtia ry , are

d eriv ed  from  the n ear la c k  o f  any ío ssil e v id en ce  for 
th e  e x is te n c e  o f  m o d ern  o rd ers  o f  m am m als b e fo re  the 
C re ta c e o u s /T e rtia ry  b o u n d a ry  6 5  m illio n  y ears  ago.

A d v an ces  in  m o le cu la r  b io lo g y  hav e p e rm itte d  m ore 

so p h is tica te d  m o le cu la r  an alyses o f  ord in aỉ d iv e rs iíìca -



tion  o f  b o th  b ird s (w h ich  are p u rp o rted  to have a s im ila r 
tim in g  o f  o rd in a l d iv e rs ifica tio n ) and  m am m als. T h ese  
a n a ly ses, w h ich  em p lo y  a n u m b e r o f  d ifferen t g en etic  
“m o le c u la r  c lo c k s ,” all p o in t to an  early  ord in al d iversi- 
íĩc a tio n  o f  b ird s  and  m am m als so m e  tim e in  the m id dle 
to  la te  C re ta ce o u s , a p p ro x im a te ly  9 0 - 1 0 0  m illio n  years 
B.p. T h a t th e  estim ated  tim in g  o f  d iv e rs iíìca tio n  is s im i- 
la r fo r b ird s  and  m am m als su p p o rts  th is  in terp re ta tio n . 
H ow ever, o f  grea ter in te re st is  th e  c o in c id e n c e  o f  the 
tim in g  o f  o rd in a l d iv erg en ce  and  th e íra g m e n ta tio n  o f  
e m e rg e n t land  areas at a b o u t th e  sam e tim e.

By th e  early  C reta ce o u s , the  tw o raain  land  m asses 
fo rm ed  b y  the b rẹa k u p  o f  P angea , G o n d w an alan d , and 
L au rasia  had  íu rth e r  su bd iv id ed  in to  sev en  co n tin e n ts . 
B y th e  la te C reta ce o u s , 7 0  m illio n  years ago, 11 c o n ti-  
n e n ts  h ad  app eared , the peak o f  land  m ass iso la tio n  
and  d iv ersity . E a rlie r  e x p la n a tio n s  had suggested  that 

th e  rapicl o rd in a l d iv ersity  resu lted  as m am m als (an d  
b ird s) rad iated  in lo  a d iv ersity  o f  em p ty  n ic h e s  o n  the 
n ew  c o n tin e n ts . T h e  m o lecu la r data su g g est, h ow ev er, 
that th e  b re a k u p  o f  land  m asses itse ir provided  the 
o p p o rtu n ity  fo r d iv ers ifica tio n .

I f  th e  m o le cu la r  data are c o r re c t , ío ss il ev id en ce  for 
tw o d o z e n  o rd ers  is  “m issin g ” fo r up w ard  o f  3 0  m illio n  
y ears, an d  b y  som e estim a tes  6 0  m illio n  years, o f  s tra ti- 
g ra p h ic  h isto ry . T h e  real q ư estio n  asked  by  m any pale- 
o n to lo g is ts , th e re íò re , is, “H ow  lik e ly  is it  th a t an 
in cre a sin g ly  go o d  fossil reco rd  cou lcl b e  d evoid  o f  evi- 
d en ce  fo r su ch  d iv e rs iíìca tio n ?” T h e  an sw er ap p ears to 
b e , n o t lik e ly . U sin g  Standard m o d els  to  exa m in e  the 
p ro b a b ility  o f  n ọ t fin d in g  a sp e cie s  in  the ío ssil re co rd , 
s c ie n tis ts  estim a te  th a t, even u n d e r the m o st severe 
c o n d itio n s , th ere  is a 2%  c h a n c e  o f  n o t íin d in g  earlier 
fo ssils  if, in d eed , ord in al d iv e rs iíìca tio n  o ccư rred  b e ío re  
th e  C re ta c e o u s /T e rtia ry  b o u n d ary . O n e  p o ssib le  re co n - 
c il ia tio n  o f  th ese  tw o v iew p o in ts  w o u ld  be the C reta - 
c e o u s  sp litt in g  o f  a few  lin eag es, th u s g iv in g  rise  to 
e a r lie r  o rd in a l d iv ers iíìca tio n , fo llo w ed  b y  a rapid  radia- 
tio n  d u rin g  th e P a leo cen e .

W h a te v e r  the tim in g  o f  the  o rd in a l d iv ers iíìca tio n  o f  
m a m m a ls, b y  th e  m id -T ertia ry , Continental d riít re- 
su lted  in  a re la tiv e ly  large n u m b e r o f  iso la ted  land  
m a sses , e v o lu tio n a ry  ca ld ro n s in  w h ich  m am m alian  d i- 
versiíìcation o ccu rred . P eak  Continental isolation o c- 
cu rred  at th e  C re ta c e o u s /T e rtia ry  b o u n d a ry  w h en  ỉand - 
m a sses , w h ich  in  m o d ern  tiraes are jo in e d , w ere 
iso la te d . T h is  in c lu d ed  p resen t-d ay  c o n tin e n ts  (e .g ., 
S o u th  A m erica  and A frica ) and  su b c o n tin e n ts  (e .g ., In- 
d ia ). E v e n  lan d m asses that w ere jo in e d , su ch  as A sia 
an d  E u ro p e , ex h ib ited  greater iso la tio n  as a resu lt o f  
la n d sca p e  íeatu res.

Is la n d  c o n tin e n ts , in  and  o f  th em se ỉv es , w ould  have

lik e ly  p ro d u ced  greater m am raalian  d iv ersity  o v er tim e. 
H ow ever, in ad d ition  to  th e iso la tio n  o f  c o n tin e n ts , 
th e  T e rtia ry  w as a tim e o f  greater d iffe re n tia tio n  and  
sea so n a lity  o f  c lim ates. M u ch  ev id en ce  e x ists  fo r th is, 
fro m  d iv ers iB ca tio n  o f  T e rtia ry  riora (p a rticu la rly  in  the 
late T e rtia ry ) to  d ev elo p m en ts su ch  as th e  A n ta rc tic  ice  
cap , w h ich  form ed  in  the M io ce n e . C o n tin e n ta l d rift, 
w ith  lan d m asses m o v in g  tow ard  th e p o les, c o m b in e d  
w ith  c ơ n c o m ita n t ch an g es  in  o cean  cu rre n ts  res iilted  
in in crea sin g ly  tem p erate  e n v iro n m e n ls . F o r  the  h o - 
m e o th e rm ic  m am m als, th is d iv ers ifìca tio n  o f  eco sy s- 
tem s p ro v id ed  a u n iq u e  o p p o rtu n ity  fo r ra d ia tio n . In 
R e cen t tim es, g eo lo g ica lly  iso lated  c o n tin e n ts  an d  large 
islan d s, su ch  as M ad agascar and A u stra lia , c o n tin u e  to 
sh o w  ư n iq u e assem b lages o f  m am m aỉs that are typ ified  
b y  high  lev els  o f  en d em ism  and d iv e rs iíìca iio n  o f  a 
sm all n u m b er o f  fam ilies.

III. PHYLOGENY AND BIODIVERSITY: 
PATTERNS 0 F  ORDINAL 

DIVERSIFICATION

M am m alian  g e n er ic  d iv ersily  ap p ears to  be r is in g  e x p o  
n en tia lly  th ro u g h o u t the  C e n o z o ic  (F ig . 3 ) .  W h ile  there 
is so m e ílu ctu a tio n  in the levels o f  d iv ersity , th e  P ro g res
sive in crea se  in  d iv ersity  is n o tab le . T h is  p attern  m ay 
b e  d riv en , in p a ri, by  an  in crea sin g ly  h e tero g en eo u s 
e n v iro n m e n i. H ow ever, ío r  the  m o st p art, th e  e x p o n en - 
tial rise  is p rob ab ly  an  a rtiía c t o f  an  in crea sin g ly  w ell 
rep resen ted  ío ss il re co rd . M am m al d iv ers ity  p robably  
p eak cd  d u rin g  th c  m id -T ertia ry , a lth o u g h  p attern s o f 
d iv e rs iiìca tio n  (an d  s im p liíica tio n  th ro u g h  e x tin c tio n ) 
vary fro m  c o n tin e n t to co n tin e n t. T h e  fo llo w in g  sec- 
tio n s  w ill b rie íly  d escrib e  p a ttern s  o í  d iv ersily  in  the 
e x ta n t o rd ers  o f  m am m als.

A. Monotremes
T h e  th ree  e x ta n t sp ecies  o f  the M o n tre m a ta , fou n d  only 
in  A u stra lasia , all rep resen t h ig h ly  sp ecializecl rep resen - 
ta tives o f  an o rd er th at hacl an early  b ra n ch in g  from  
all o th e r  m am m alian  o rd ers. L iv in g  m o n o tre m e s  are 
to o th less , w ith  th c  c x c e p tio n  o f  y o u n g  p latyp u ses, a 
tra it th a t has n o t m ade re c o n s tru c tio n  o f  ío ss il h istory  
a s im p le  task . E arly  fossil rem ain s are  k n o w n  from  
A u stra lia . A s in g le  ío ss il ío u n d  in  Southern A rgen tina, 
d ated  to a b o u t 6 0  m íllio n  years B.P., re p rese n ts  the only 
o cc u rre n c e  o u ts id e  o f  A ustralasia .

M o n o tre m e s  p o ssess  w hat are su re ly  p rim itiv e  m am - 
m alian  c h a ra c ters  su ch  as egg lay in g  and  a cloacal



re p ro d u c ù v e /e x c re to rv s tru c tu re . W h ile  th ese  p rim itiv e  
ch a ra c ters  re íle c t an early  d iv erg en ce , m o n o tre m e s  arc 
n o t p rim itiv e  in  a ll th e ir  c h a ra c ters . F o r  in s ta n ce , all 

th ree e x ta n t sp e cie s  o í m o n tre m e s  sh a re  co m p le x  and  
w el]-d ev eỉo p ed  n erv o u s sy stem s. T h e  mosL u n u su al sen - 

sory  a d a p ta tio n  is  th e  d ev e lo p m e n t o f  e le c tro re c e p to rs  
a cro ss  th e  p latyp u s s  b ill an d  in  th e  tip  o f  th e  e ch id n a s , 

p ro d u cin g  s n o u t o r b eak . U n iq u e  a m o n g  m a m m als, 

e le c tro re c e p tio n  in m o n o tre m e s  is  co m p le m e n te d  by a 
c o m p le x  an d  large  b ra in .

M o n o tre m e s  are  a lso  th e  o n ly  m a m m a ls  th at have 

the a b ility  to  d eliv er v en o m  as a d eỉen siv e  m easu re. 
W h ile  v en o m  g lan d s are  v estig ia l in  th e  e ch id n a s , in 
the m ale  p la ty p u s a w ell-d ev elo p ed  v en o m  g lan d  is 
fou n d  in  th e  h in d  legs. M o re  a ctiv e  d u rin g  th e  rn ating  
sea so n , th e  v e n o m  is a ssu m ed  to  be a d e íe n se  ag ain st 

in tru d in g  m ales. T h e  v e n o m  is to x íc  to  h u m a n s and 
le th a i to  sm a ll tnam m als.

T h e  so le  su rv iv in g  re p rese n ta tiv e  o f  the O rn ith o r- 

h y n cid a e  is th e  p la ty p u s, O m ỉíhorhỵncus cinatinus, 
ío u n d  o n ly  in  e a ste rn  A u stra lia  an d  T a sm a n ia . T h e  m o r- 

p h o lo g y  o f  th e  sp e c ie s  is  so  d is tin ctiv e  that a fter  early  
e x a m in a tio n  o f  sk in s  se n t to L o n d o n , they  w ere p ro - 
n o u n c e d  a fraud. W e ig h in g  a ro u n d  a k ilo g ra m  an d  w ith  
an o v era ll le n g th  o f 4 5  cm , th e  p la ty p u s h a s  a broacl, 
d u ck -sh a p e d  b i 11. T h e  a n im a l is  cov ered  in  sh o rt, d en se  
fu r an d  h as vvebbed feet w ith  c law s fo r d igging . T h e  
a n ỉm a l is  h ig h ly  a q u a tỉc  and  so lita ry  o u ls id e  o f  the 
b re e d in g  seaso n . F e m a le s  w ill exp an d  ih e ir  b u rro w s 
b e ío re  b re e d in g  and , a fte r  m atin g , w ill “g esta te " One o r 

tw o eggs for 1 0 - 1 2  days. A fter lay in g , th e  egg  is in cu - 
b a ted  fo r  a íu r th e r  12  d ays. L a cta tio n  is p ro tra c te d , 
a p p ro x im a te ly  4  m o n th s , b u t th e  y o u n g  b e co m e s  in d e- 
p e n d e n t s o o n  a fte r w ean in g .

T h e  T a ch y g lo ssid a e  is rep rescn ie d  by tw o e x ta n t 

m o n o ty p ic  gen era : Zaglossus bruịịni, the  lo n g -b e a k e d  
ech id n a , and  Tachyglossus aculeatus, the c o m m o n  

ech id n a , o r sp in y  a n tea ter. Zaglossus is  e n d e m ic  to  ih e  
m o u n ta in s  o f  N ew  G u in e a  and feeds p rim arily  o n  ea rth - 
w o rm s and  a rth ro p o d s , w hile  Tachygỉossus h as a d is tri- 
b u tio n  a cro ss  m u ch  o f  A u stra lasia , fou n d  vvherever its  

p rim a ry  p rey , an ts  and  te rm ite s , are a b u n d a n t. In tro - 
d u c tio n  o f  th e  d in go  1 0 ,0 0 0  years ago p ro b a b ly  h as 
red u ced  the ran ge o f  Tachyglossus , m u ch  as it  h as b e e n  
th o u g h t to have a s im ila r  e ffect o n  the p la ty p u s. T h e  

e ch id n a s  are la rg er th an  th e  p latyp u s, w ith  Zaglossus 
w e ig h in g  up to  10  k g  and  Tachỵglossus  re a c h in g  a b o u t 
h a lf  th at w eigh t. T h e  tw o sp e c ie s  have th in  p ro tru clin g  
sn o u ts  and  th ic k  co a ts  o f  d ark  b ro w n  fur in tersp ersecì 

w ith  sh a rp  q u ill- lik e  sp in es. P a tte rn s  o f  re p ro d u c tio n  
d iffer fro m  th o se  o f  the  p latyp u s. T h e  egg is d ep o sited  
in to  a p o u ch lik e  s tru c tu re , w h ere  it h a tch e s  1 0  days 
la ter . T h e  y o u n g  stays vvithin th e  p o u ch  fo r 2 m o n th s  
an d  th e n  n u rses  o u ts id e  the p o u ch  fo r a iu r th e r  3 
m o n th s.

B. Marsupials
E x ta n t m arsu p ia ls  are  g ro u p ed  in to  7 orclers, w iih  21 

ía m ilie s , 8 3  g en era , and  2 7 6  sp e c ie s  (T a b lc  1). In  a 
p a ttern  co m m o n ly  se e n  a m o n g  m a m m als, so m e  lin - 

eages c o n ta in  d isp ro p o rtio n a te ly  m o re  ía m ilie s , g en era , 
and  sp e c ie s  th a n  o th e rs . F o r  in s ta n ce , m o re  th an  h a lf  
o f  all e x ta n t m arsu p ia l ía m ilie s  are  in  the  o rd er D ip ro - 

d o n tia , w h ile  th ree  o rd ers  are re p resen led  by  o n ly  a 
s in g le  íam ily . T h e  d is tr ib u tio n s  o f  gen era  w ith in  fam i- 
lie s , and  sp e c ie s  w ith in  g en era , a re  a lso  h ig h ly  skew ed . 
T h re e  o rd ers  o f  m arsu p ia ls  are  ío u n d  o n ly  in  th e  N ew

TABLE I

Diversity of Recent Marsupials

Number of Number of Number of
Order Com mon namc(s) families genera species

Didelimorphia American opossum 1 15 63
Pauciiuberculata Rat opossuni 1 3 6
Microbiotheria Minito del mon te 1 1 1
Dasyuromorphia Thylacine, numbat, quoll, antechinus, 

Tasmanian devil
3 17 63

Peramelemorphia Bandicoots 2 8 21
Notoryctemorphia Marsupial mo le 1 1 2
Diprodontia Koala, kangaroo, wombaL, \vallabv, 

glider, ĩeaihertail, cuscus, phalanger
10 35 117

Totals 21 83 276



W o rld , w hile  th e  re m a in in g  fo u r o rd ers  are ío u n d  in 
A u stralasia . T h e  O ld  W o rld  c o n tin e n ts  oí A ỉrica , A sia, 

an d  E u ro p e  h av e n o  e x ta n t  m arsu p ia l rep resen ta tio n .

1. D id e l im o r p h ia

T h e  A m erican  p o ssu m s, o r d id elp h id  m arsu p ials , rep re- 
sen ted  by a s in g le  m o  d e m  fam ily , are ío u n d  th ro u g h ou t 

S o u th  A m erica , w ith  th e  V irg in ia  o p o ssu m  (Didelphis 
virginiana) fo u n d  w id e ly  o v er e a ste rn , Central, and 

Southern N o rth  A m erica . A generalist capable of liv in g  
o n  garbage, the  V irg in ia  p o ssu m  h a s  sh o w n  a rem a rk - 
able range expansion in the past tvvo centurics, ex- 
p a n d in g  its  ran ge  fro m  the s o u th e a s te rn  U nited  S tates  

n o rth  in to  th e  Central s ta te s  and  the so u th e rn m o st 
ír in g es  o f  e a stern  C an ad a  and  a lo n g  the w est co a st up 
to and ju s t  o v er th e  C an ad ian  b o rd er. ỉn  the past 5 0  
years  a lo n e , th e  sp e c ie s  has ex te n d e d  its  range o v er an 
area  o f  tw o m illio n  sq u a re  k ilo m e ie rs . T h is  exp a n sio n  
h a s  b e e n  facilita ted  by th e  o p o s s u m s  e x trem e p o ten tia l 

íe cu n d ity . A fem ale  m ay give b irth  to  up  to 6 0  very 
a ltr ic ia l yo u n g , up to a q u a rter  o f  w h ich  m ay su cce ss- 
ĩu lly  a tta ch  to  o n e  o f  h e r  15  leats .

D esp ile  ran g in g  in  s iz e  fro m  a sm all m ou se to  a large 
ca t ( 2 5  g lo  5 k g ) , m o s i d id e lp h id s  sh o w  a c lea r sei oí 
s im ila ritie s . A rb o re a l h a b its  are c o m m o n  in the D id el- 
p h id ac  as is re íle c te d  in  th e  g en era l m o rp h o lo g y  o f 
ĩam ily  m em b ers. H and s an d  feet are w ell develơp ed , 
w ith  a n  o p p o sab le  b ig  toe  o n  a hincl foot ihat has íive 
to es. M any s p e c ie s  a lso  have p re h en sile  tails.

T h e  d en titio n  o f  m o st d id e lp h id s  is re la tiv ely  u n sp e- 

c ia liz ed , w ith  5 0  te e th  ío u n d  in  m o st sp ecies . T he lam ily  
is  d o m in a ted  b y  g e n era lis ts , m anv o f  w h ich  have w ide 
g eo g ra p h ic  ran ges. H ow ever, so tn e  o f  ih e  m o re rem a rk - 
ab le  sp e cia lis ts  are  a lso  fo u n d  in th e  d id elp h id s. T h e  
ya p o k , o r w a ter p o ssu m  (Ch!rcmr{;í<;.s mỈNímus), is the 
o n ly  tru ly  a q u a tic  sp e c ie s , w ith  a fu lly  w ebbed  h ind  
foot and  a c a rn iv o ro u s  d ie t c o n s is tin g  o f  a variety  o f  
c ru sta ce a n s, fish , an d  a m p h ib ia n s .

2 . P a u c i t u b e r c u la t a

P a u c itu b ercu la ta  is  a lso  rep rese n te d  by a s in g le  R ecen t 
ía m ily , th e  C a e n o le stid a e . All s ix  e x la n t  sp cc ies , p laced  

in  th re e  g en era  o f  s h re w lik e  m a rsu p ia ls , are fou n d  on ly  
at h ig h er a ltitu d e s  in  the A n d ean  co rd ille ra , fro m  E cu a 

d o r so u th  to C h ile . C ap ab le  o f  k illin g  sm a ll v erteb ra tes  
w ith  th e ir  sh arp  te e th , the  c a en o le s tid s  usually  su b sist 
o n  in v e rte b ra te s , p a rticu la rly  ea rth w o rm s. W e ig h in g  
u n d er 2 0  g, th c  sh re w  o p o ssu m s are  n o c tu rn a l om ni- 

v o res, u sin g  th e ir  lo n g  sn o u ts  and  ta c tile  vvhiskers, o r 
v ib rissae , to  lo ca te  and  k ill p rey . T h e  e x ta n t p a u citu b er- 
cu la tes  are re p rese n te d  by a m u ch  m o re  d iverse íossil 
faun a. In  the M io ce n e , sev en  g en era  o í ca en o lestid s

w ere rep resen ted  by a large n u m b er o f  s p e c ie s  v ith  

w id esp read  geo g rap h ic  d is trib u tio n  and a relati\elỵ 

large d iv ersity  o f  life  fo rm s, in c lu d in g  sp ecia liied  
p red ators.

3. Microbiotheria
A sin g le  R e cen t sp ecies  o f  M icro b io th e ria  r e p r e s e n b a n  
o rd er w h o se  ío ss ils  have b e e n  ío u n d  o n  th ree  c o it i -  
n en ts : S o u th  A m erica , A u stra lia , and  A n tarc tica . W ith 
o rig in s  in th e  P a le o cen e , th e  m ic ro b io th e r id s  ư e  
th o u g h t to  have inv ad ed  S o u th  A m erica  w hile  it  vas 
co n n e c te d  to A n ta rc tica  and  A u stra lia  v ia a so u th ìrn  

land brid ge . T h e  h is to r ỉca l d iv ers ity  o f  th e  grou p  in  
S o u th  A m erica  is p o o rlv  k n o w n . T h e  e x ta n t a rb o e a l 
m arsu p ia l m o u se  in h a b its  th e  ĩo re s ts  o f S o u th ern  C iile  

and  is  n o c tu rn a l.

4 .  D a s y u r o m o r p h ia

D asy u ro m o rp h ia  is  k n o w n  íro m  íơ ssil ev id ence in  A is- 
tra lia  in  th e  m id -M io cen e  (D a sy u rid a e ), b u t by th is  tm e 

the o rd er a lready e x h ib ite d  a re la tiv e ly  large diver.ity 
o f  m o rp h o ty p es . E x ta n t m em b ers  o f  the o rd er are re]re- 
sen te d  by 3  ía m ilie s  an d  6 3  sp e c ie s , ap p ro x im a te ly  2)%  
o f  all R e cen t m arsu p ials . A ll b u t tw o o f  these spedes 
ca n  b e  ío u n d  in  the íam ily  D asyu rid ae.

In  h is to r ic a l tim es  th e  T h y la c in id a e  w ere rep resen ed  
by a s in g le  sp e cie s , th e  th y la c in e  Thỵlacitrus cynocepia- 
lus, a iso  ca lled  the T a sm a n ia n  w o lf o r T a sm a n ia n  ti;er. 

T h is  sp e c ie s  has b e e n  co n sid ered  e x lin c t  s in ce  th e  asi 
sp e c im e n  d ied  in cap tiv ity  in  1 9 3 6 . T h o u g h t to  hive 

had a vvide d is tr ib u tio n  a cro ss  A u stra lia , in tro d u cto n  
o f  th e  feral d o m e stic  d og, o r  d in g o , by P oly n esim s 
ap p ro x im a te ly  1 0 ,0 0 0  years ago  p ro b ab ly  lecỉ to itse x -  
t in c tio n  in  A u stra lia . T h e  ca u se  o f  e x tin c tio n  o f  -he 
re lic tu a l p o p u la tio n  in  T a sm a n ia  is d eb ateđ , a lth o ig h  
it w as m o st lik e ly  the resu lt o f  a n u ra b e r o f  in te ra cm g  
fa c to rs  c o m m o n  to  h u m an  p re d a to r e x tin c tio n s : h a b ta t 
lo ss , d isease , an d  d ec lin in g  prey su p p ỉan ted  by  s lre p  
ía rm ers , w h o  h u n ted  the th y la c in e  b e ca u se  th e ir  lve- 
s to c k  w as p erce iv ed  to  have b e e n  th reaten ed  b y  )re- 

d atio n .
T h e  M y rm eco b iid a e  c o n s is ts  o f  a s in g le , m o n o n p ic  

g en u s, re p resen ted  by th e  n u m b a i, o r  band ed  a n teaer. 
W e ig h in g  a p p ro x im a te ly  4 0 0 - 5 0 0  g, the n u m b a t restm - 
b les  a sxnall g ra y ish -red  sq u irre l, w iih  a lo n g  b u sh y  ail, 
a h a lf  d o z en  la tera l w h ite  s tr ip es  c irc lin g  its ab d on en , 
and  a p ro m in e n t p rotru cling  sn o u t. As its  íam ily  n;m e 
w o u ld  su g g est, h o w ev er, the n u m b at is a te rm ite  fpe- 

c ia list. L ik e  o th e r  te rm ite  sp e cia lis ts  (e .g ., th e  b a t-e a e d  
fo x  o f  A frica ), th e  h is to r ica l d is trib u tio n  o f  the  sp e ies 

vvas d ic ta te d  by the o cc u rre n c e  oí its  p rim ary  pey. 
W h ile  te rm ites  are  fou n d  a cro ss  S o u th ern  an d  cen ra l



A u stra lia , toclay th e  n u m b a t p ers is ts  in sm all írag m en ts 

o f  Eucaỉyptus forest and  vvoodìancỉs (h a rd ly  co re  h ab i- 
ta t), its  last re íu g es  from  ag rícu ltu re  and  p red atio n  by 
the in tro d u ce d  rcd  fo x  ( Vuỉpcs vulpes).

T h e  6 1  sp e c ie s  o f  the ỉa m ily  D asyu rid ae are  o íte n  

ca lled  th e  m arsu p ia l ca rn iv o re s  d esp ite  th e  fact that 

m o st m e m b e rs  o f  th e  íam ily  are in sec tiv o re s . T h e ir  d en - 
t itio n , w h ile  s im ila r  to  th at o f  m o st m arsu p ia ls , is s im ila r 
to th e  d e n titio n  o f  m an y  ca rn iv o re s, ch a ra cteriz ed  by 
b la d e lik e  in c is o rs , la rg e , sh arp  c a n in e s , an d  u p p er m o - 
lars m o d ifie d  w ith  larg e , sh arp  cu sp s. F o u n d  acro ss  
A u slra lia  an d  N ew  G u in e a , d asyu rid s are  usually  sm all, 
w ith  m o st sp e cie s  w eig h in g  u n d er 5 0  g. T h e  fam ily  
o ccu p ie s  a w id e  d iv ersity  o f  te rrestria l n ic h e s , w ith  the 
sm a lle s t sp e c ie s  co n v erg e n t o n  sh rew s (fam ily  S o ric i- 
d ae) foun d  in A sia, E u ro p e , an d  N o rth  A m erica .

S o m e o f  th e  d asy u rid s, p articu la rly  sp e cie s  in  the 
g en u s Anteckinus, ha ve rem a rk a b le  life h is to ries . F o r  
in s ta n ce , S tu a rt’s m arsu p ia l m o u se , Antechinus siuartii, 
has a sem e lp a ro u s  life cy c le  m ore s im ila r to th at ol 
m an y  in s e c ts  th a n  to  th at o f  a m am m al. T h e  sp e cie s  is 

u su ally  a rb o rea l b u t ĩo rages te rre stria lly  fo r in v erteb ra te  
prey. M a tin g  is  h ig h ly  sea so n a l, w ith  m ales c o m p e tin g  
a gg ressiv ely  fo r m ates. F e m a le s  p ro d u ce  an e n o rm o u s  
litte r  fo r th e ir  s izc  ( 1 0 - 1 2  o ffsp rin g ). T h e  yo u n g  forage 

in d ep en d e n tìy  at 3 m o n th s  and  are sex u a lly  m atu re  by 

10  m o n th s . W h a t is m o st rem a rk a b le  is that a fter m at- 
in g , th e  m a le s  d ie , w h ile  íem a les  rarely  surv ive to b reed  
in  a se c o n d  b re e d in g  seaso n . S im ila r p a ttern s  o f  rep ro - 
d u c tio n  a re  seen  in  o th e r  Antechinus sp ecies.

T h e  tw o largest sp e cie s  o f  d asyu rid s rig h líu lỉy  de- 
serv e  th e  n a m e  m arsu p ia l ca rn iv o re . T h e  tiger q u o ll, 
Dasỵurus macuỉatus, m ay  w eigh  up to 7  k g  (rn ales) 

w h ile  th e  la rg e st e x ta n t sp e cie s  o f  A u stra lian  ca rn iv o re , 
th e  T a sm a n ia n  d evil (Sarcophilus laniarius), ca n  rea ch  
th e  size  o f  a m ed iu m -siz ed  d og, w eig h in g  u p  to  9  kg. 
L ik e  th e  th y la c in e , the T a sm a n ia n  devil o n ce  had  a 
w id esp read  d is tr ib u tio n  a cro ss  A u stra iia  b u t is now  ex - 

tin c t o n  th e  c o n tin e n t. I t  p e rs is ts  in  T a sm a n ia , p erh ap s 
b e ca u se  it  is  p rim a rily  a sca v en g er, n o t a p red ato r, and 

th u s is m o re  c a th o lic  in  its  d ietary  re q u ire m e n ts  and 
less  o f  a p erce iv ed  th reat to  íarm ers. B o th  q u o lls  and 
T a sm a n ia n  clevils are  u su a lly  so lita ry ; ho w ev er, aggrega- 

tio n s  o f  u p  to  2 0  T a sm a n ia n  d ev ils  have b e e n  observed  

a ro u n d  ca rca sses .

5. Peramelemorphia
F o u n d  fro m  th e  d eserts  o f  A u stra lia  to  th e  rain  fo rests 
o f  N ew  G u in e a , th e  21  sp e cie s  o f  b a n d ico o ts  and  b ilb ie s  

are  p la ced  in  8  g en era  and  2  fa m ilies , th e  P eram elid ae  
and  the P ero ry ctid a e . T h e  b a n d ico o ts  are in sec tiv o ro u s  
o r  o m n iv o ro u s  an d  for th e  m o st p a rt are  eco lo g ica l

co u n te rp a rts  o í  in sectiv o res . M ost sp e cie s  íorage by clig- 
g ing  in se c ts  o u t o f  the grou nd . T h ey  have sm all, sh arp  
tee th , an d  eco lo g ica l stu d ies  show  that, d esp ite  íeed in g  
sp ecia liz a tio n  fo r in se c ts , thev  arc o m n iv o ro u s  and  op - 
p o rtu n istic  in  th e ir  d ie t ch o ice .

B a n d ico o ts  vary in  size  íro m  the ro d e n tlik e  m ou se 

b a n d ico o t (M ỉcroperoryctes murina) at 1 5 - 1 8  cm  up to  
the g ia n t b a n d ico o t, Peroryctes broadbenti, a t 4 5 - 5 0  cm  
and  up  to  5 .5  kg. In  R e cen t tim es, th e  ev o lu tio n  o f  

b a n d ico o ts  h as ta k en  sep arate  p ath s in  A ustralia  and  
N ew  G u in ea . O f th e  11 sp e cie s  o f  p ero ry ctid s, ọ r sp in y  

b a n d ico o ts , o n ly  tw o are  íouncl o u tsid e  Nevv G u in ea . 
O n e  sp ecies  is fo u n d  o n  the In d o n esia n  islan d  o f  Seram , 
in th e  M o llu ca  o r S p ice  Islan d  a rch ip e lag o , d ue w est o f  

N ew  G u in e a , w hile  a n o th e r  has a re lic tu a l d is tr ib u tio n  
in  th e  ra in  ío re s is  o f  C ap e Y o rk  in n o rth e rn  A ustralia . 
L ittle  is  k n o w n  a b o u t th e  fo ssil h is lo ry  o f  ih is  íam ily  
as N ew  G u in ea  is  a ll b u t la ck in g  in  fo ssil recorcl. O n  
N ew  G u in e a , sp e cie s  o c c u r  at d ifferen t a ltitu d es , w ith  

the rao st sp e cie s  (s ix )  o ccu rrin g  in  m id altitu d e  reg io n s  

o f  1 0 0 0 - 1 5 0 0  m  abov e sea level.
L ik e  p e rrìso d a cty ls  and  artio d a cty ls , p eram elid  ban- 

d ico o ts  sh o w  relativ ely  e x lre m e  re d u ctio n  in  th e ir  Limb 
m o rp h o lo g y . M any p eram elid s have d ig itigrad e e lo n - 
gated  hincl lim b s, w ith  exp an d ed  gro w th  o f  the ío u rth  
d ig it, an d  la tera l d ig its  sh o w in g  v ary in g  ran g es  o f  red u c- 
tio n . R e d u ctio n  in  lim b  d ig its  su gg ests  s tro n g  se le c tio n  
fo r ru n n in g  in  the b a n d ico o ts . W h ilc  ih e  b a n d ico o ts  
are  rem a rk a b ly  c u rso ria l, som e o f  the e la b o ra tio n  o f  the 
h in d  lim b  m ay a lso  hav e evolved  íor im p ro v ed  d ig g in g  

and b u rro w in g .

6. Notoryctemơrphia
T h e  o n ly  A u stra lian  m arsu p ia l adaptecl for a fo sso ria l 
e x is te n ce  is th e  so le  sp ecies  o f  th e  o rd er N o to ry ctem o r- 

p h ia , N otoryctes tỵphlops. T h e  m arsu p ia l m o le  has a 
p ale , g o ld en  y ellow  c o a t an d  a lo n g , tu b u la r asp ect ab o u t 
15  cm  lo n g , w eig h in g  3 5 - 4 0  g. T h e re  are  ru d im en tary , 
a lm o st v estig ia l eyes, co m p ressed  n e c k  v erteb ra e , and  

s tu b b y , a lm o st v estig ia l ío re lim b s  w ith  tw o w ell-d ev el- 
o p ed  c law s o n  th e  th ird  and  ío u rth  d ig its . O th e r  d ig its  
hav e e sse n tỉa lly  d isapp eared . T h e  h ind  lim b s are  ílat- 
ten ed , w ith  o n ly  th ree  sm a ll c law s, and  are  used to  
e x p e l d irt fro m  a b u rro w . L ittle  is  k n o w n  ab o u t th e  

b e h a v io r  o r eco lo g y  o f  the sp e c ie s , a lth o u g h  it is b e - 
liev ed  to  be so lita ry  and  has b een  o b serv ed  to  eat b u r- 
ro w in g  in s e c ts  and  th e ir  larvae.

7 . D ip r o d o n t ia

T h is  o rd e r  in c lu d e s  b o th  the larg est and  sm a llest m arsu - 
p ia ls. T h e  sm a lle s t m em b er o f  th e  fam ily  B u rram yid ae , 
o r pygm y p o ssu m s, w eighs 6 - 8  g (Cercartetus ỉepidưs).



K n o w n  o n ly  íro m  fossil rem ain s u n til 1 9 9 6 , the fam ily 
is  n o w  k n o w n  to have íìve e x ta n t sp ecies  p laced  in  two 
g en era . A t the o th e r e x trem e o f  the d ip ro d o n t sca le  are 
th e  m em b ers  o f  the  ĩam ily  M acro p o d id ae, the kan garo o s 
an d  w allab ies. w h ile  the sm allest m a cro p o d , the ro ck  
w allab y  ( Petrogaỉe hurbiảgci), w eighs in at 1 kg, the 
g reat gray kan garoo  m ay reach  9 0  k g  and stand  ílat- 
fo o ted  at ju s t  over 2  m. D ip ro d o m ia  also show s the 
g re a te s t m o rp h o lo g íca l v aria tio n  o n  any  e x ta n t m arsu - 
p ia l o rd er. W h ile  it is b eyo n d  the sco p e o f th is article  
to  rev iew  all 1 1 7  sp ecies  in  the  10  ía m ilies  that m ake 
up the d ip ro d o n ts , a review  o f  som e o f  the m o re diver- 
g en t taxa  is in íorm ative .

T h e  sin g le  sp ecies  in  the fam ily P h a sco la rctid a e , ihe 
k o a la  (Phascolarctos cincrcus), lik e  the  k an garo o , is em - 

b le m a tic  o f  the A u stra lian  co n tin e n t. H ighly selectiv e  
in  ils  d ie t, the koala  su b sists  e n tire ly  on the leaves o f 
a few  sp ecies  o f sm o o th -b a rk ed  eu ca lyp tu s trees. U nlik e  
m a n y  m arsu p ia ls , the koala  is slow  to rep rod u ce , w ith 
a s in g le  yo u n g  b o rn  to a íem ale  each  year and the tim e 
o f  d ep en d en ey  b e iw ee n  m o th er and you n g  stre tch in g  
to up 1 year. Sexu al m atu rity  is n o t reach ed  u n til age
3 o r  4.

T h e  ĩe a th erta il g lid er (Acrobates pygm acus) and the 
íe a th e rta il possu m  (Distoechurus pennatus) are the only 
tw o sp e cie s  in the aptly nam ed  fam ily  A crobatid ae. 
F o u n d  o n ly  in  N ew  G u in ea  and w ith  no kn o w n  fossil 
re c o rd , b o th  sp ecies  have long  s t ii ĩ  h a irs  o n  e ith er side 
o f  th e ir  ta ils , from  w h ich  they d erive th eir nam e, T he 

g lid ers , w h ich  w eigh  a m ere 1 0 - 1 5  g, have m em b ran es 
b e tw e e n  the elbows and k n ees , lu rth er  a id ing g lid ing 
flig ht. T h e  m em b ran e is la ck in g  in  the p ossu m , w h ich  
w eigh s up  to 5 0  g.

G lid in g  as a strategy  app ears to have evolved tw ice 
in  the d ip ro d o n ls . F iv e  sp ecies  o f lesser g lider, a long 
w ith  the strip ed  and  L e a d b e tle rs  p o ssu m , m ake up 
th e  fam ily  P etau rid ae. F o u n d  from  T asm an ia  to New 
G u in e a , the p etau ríd s resem b le  sm all sq u irre ls. 
W e ig h in g  from  1 0 0  to 7 0 0  g, they have lo n g  b u sh y  tails 
an d  str ip es  d ow n th e ir  b ack s. T h e  strip ed  p ossu m  has 
b la c k  a n d  w hite d o rso v en tra l s trip es a lo n g  the back , 
re se m b lin g  a N o rth  A m erican  sk u n k  in  co lo ra tio n .

T h e  íìve g liders b ear a rem ark ab le  resem b la n ce  to 
íly in g  sq u irre ls  o f the  gen us Glaucomys. A m em b ran e 
th a t s tre tch e s  b etw een th eir w rists and  a n k les  provides 
an  almost rectan g u lar, k ite lik e  g lid ing  su ríace  that these 
an im a ls  use to m ove íro m  tree 10 tree. W h ile  ih e  strip ed  
p o ssu m  is an  in sectiv o re , all o th e r in em b ers o f the fain- 
ily sp e cia liz e  on  eatin g  p lant exu d atc  (sap  and gu m ) as 
w ell as in sects . T h e  sugar p o ssu m  (Pctaurus brcviccps) 
is p a rticu la rly  sp ecia lized , c o n ce n tra tin g  its e íío rts  on  
the ex u d a te  from  a sin gle sp ecies  o f Eucaìyptus.

R e sem b lin g  fo sso ria l ro d en ts , the three e x ta n t spe- 
c ies  o f  w o m b at have sh o rt, m u scu lar lim b s, s to c k y  b od - 
ies, and  b ro a d  lo n g  clavvs. T h ey  are large an im a ls , 
w eigh in g  up to  4 0  kg. P ro d ig io u s d iggers, thev  live in  
co m p le x  b u rro w  sy stem s, w h ich  cau sed  th em  to be 
called  m arsu p ia l bad gers on  th eir íĩrst d iscov ery . 
U n iq u e  a m o n g  m arsu p ia ls , th e ir le e th  are ev er-g ro w in g  
lik e  those o f  ro d en ts  and  lago m o rp h s. W o m b a ts  are 
h erb iv o res, c o n c e n tra tin g  th e ir  d iet o n  tu sso ck  grasses. 
W o m b a ts  are  fo u n d  only  in  So u th ern  AustraLia and 
T asm an ia , w ith  the n o rth e rn  h a iry -n o se d  w o m b at (L asi- 
orhinus krefftii)  fo u n d  in o n e  iso lated  p o p u la tio n  o f 7 0  
ind iv id u als liv in g  o n  3 sq u are  k ilo m e te rs  in  Central 
Q u een slan d . W o m b a ts  have a lo n g  fossil h isto r}' in  A us- 
tralia , w ith  tw o m u ch  larger sp ecies  o ccu rrin g  th ro u g h - 

o u t the P le is to c e n e  and  g o in g  e x tin c t about 1 0 ,0 0 0  years 
ago, co in c ic len t w ith  the arrival o l h u m a n s and đogs.

T h e  b est k n o w n  [am ily o f  d ip ro d o n ls , and p ro b ab ly  
the m o st w id ely  re co g n iz e d  fam ily o f  m arsu p ia ls, are 
the 11 gen era  and 5 4  R e cen t sp ecies  o f  m acro p o d s, ihe 
k an g aro o s an d  w allab ies. R an g in g  in  s ize  from  1 lo  9 0  
kg , all sp e cie s  sh are  the sam e b asic  b od y p lan. F o re lim b s  
are red u ced  an d  have five to es, all b e a rin g  sm all claw s. 
T h e  h ind  lim b s  are e lo n g ated , and , as in the b a n d ico o ts, 
on  ih e h in d  leg  all b u t the ío u rth  d ig it has been red uced  
or lo s i. T h e  larg e  h in d  fo o t a llow s m acro p o d s to take 
a b ip ed al s ta n ce .

T h e  lim b s are h ig h ly  ad ap ted  for r ico ch eta l o r hop - 
p in g  lo c o m o tio n  th at, b ecau se  o f  the lim b s tru c iu re , is 
h igh ly  energy  e ííìc ie n t. E a ch  tim e the kan garoo  b o u n ce s  

d ow n, ih e  large  e la stic  ten d o n s in  the fool are stre tch e d  
tau t lik e  a ru b b e r  b a n d , s to r in g  en erg y  from  the p rev iou s 
b o u n ce . As th e  fo o t is  re leased , ih e  ten d o n s snap  b ack  
and  p u sh  th e  fo o i o ff  the  g ro u n d , th ro w in g  the kan garoo  
in to  the air. O n  la n d in g , the  ten d o n s are s tre tch ed  taut 
again , c o m p le tin g  th e  cycle .

In  a d d itio n  to the  rem a rk a b le  livnb ad ap tatio n s, m ac- 
rop od s have a d ig estive  sy stem  rem arkab ly  s im ila r to 
that oi the e u th e r ia n  ru m in a n t h crb iv o re s  they eco lo g i- 
cally  rep lace . B o th  gro u p s have evolved  seg m ented  
s lo m a ch s , w ith  a iru e  ch a m b ercd  s to m a ch  in the ru m i- 
n a n ts  and  a d iv id ed , th ree -p a rt s lo m a ch  in  m acro p o d s. 
T h is  seg m e n ta tio n  allow s for the acq u isitio n  o f  foregu t 
íe rm e n ta tio n , in  w h ich  sy m b io tic  b a cteria  d igest the 
tou gh  o u te r ce ll w alls  o f the p lan t m aterials that the 
an im al eats, th u s  re lea sin g  n u trien ts  Iroin w ith in  the 
cell, p ro v id in g  a d ig estib le  fo rm  o f ce llu lo se  (w h ic h  is 
b ro k e n  dovvn b\' the  b a c te r ia ), and n u ir icn is  fro m  iht- 
b a c ie ria  th e m se lv e s  as they arc ab so rb cd  vvhen thev 
pass th ro u g h  the gu l.

M acro p o d s have a w ide g eo g rap h ic  range and  habits. 
W h ile  m a cro p o d s are usually  th o u gh i ol as lo n g-d is-



tan ce , o p en -p la in s grazers, in N ew  G u in e a  tree  kan ga- 

ro o s in  th e gen us Dendrolagus ha ve ta k en  to an arb o rea l 
h ab it. w h i le  these a n im a ls  still sp en d  m u ch  o í  th e ir  
lim e o n  th e grou nd  ío rag in g  for fa llen  íru its , th ey  are 
agile  c lim b e rs  and use th e ir  large h in d  feet to  p ro p el 
th em  from  iree  Lo tree . M any o f  th e  sm a lle r  w allab ies  
are  a lso  h ab ita t sp e c ia lis ts , su ch  as th e 1 0  sp e cie s  o f  
ro c k  Nvallabies (Petrogaỉe sp .).

c. Placentals
P la cen ta ls  d o m in ate  b o th  the ío ssil an d  re c e n t h isto ry  
o f  the M am m alia . W ith  few er than  tw ice  th e  n u m b e r o f 

o rd ers  o f  m arsu p ia ls  ( 1 8  vs 1 0 ) , p la ce n ta ls  have sh o w n  
rem a rk a b le  d iv ers ifica tio n  at all lo w er levels. R ecen t 

sp e c ie s  are gro u p ed  in to  18  o rd ers  w ith  1 1 5  fa m ilies , 
1 0 4 9  g en era , and 4 3 7 5  sp ecies  (T a b le  I I) . A s in  the 
m a rsu p ia ls , sorne lin eag es co n ta in  d isp ro p o rlio n a te ly  
m o re  ía m ilie s , gen era, and sp ecies  th a n  o th e rs . W ith  a 
ío ssil reco rd  s tr e tc h in g b a c k  in to  th e  C re ta c e o u s , eu th e- 

r ia n  m am m als  have a lo n g  e v o lu tio n a ry  h is to ry  d erived  
fro m  m arsu p ia ls  and  m o n o tre m e s. F o u n d  o n  a ll c o n ti-  

n e n ls , th e  p lacen ta ls  sh o w  rem a rk a b le  n ic h e  d iv ersiíi-

c a tio n , o ccu p y in g  a w ide variety  o f  te rrestria l, aeria l, 

ancl aq u a tic  h a b ila ts  and su b s is tin g  on  d ie ts  ran g in g  
from  th e  tru e o m n iv o ro u s h ab its  req u ired  to liv e  on  
the varied  d etr itu s  o f  h u m an  p o p u la tio n s  to  a s in g le  
g ro u p  o f  grasses (p an d as and  b a m b o o ) o r te rm ites.

1 . X e n a r t h r a

A g rou p  found  in  R e cen t tim es o n ly  in  the N ew  W o rld , 
x e n a rth ra n s , are th o u g h t to  have o ccu rre d  in  E u ro p e , 
a lth o u g h  th e  fossil reco rd  is, at b e st, frag m en tary . T o  
a p p rec ia te  th e  d iv ersity  o f  the X e n a rth ra , th e s lo th s , 
a n te a te rs , and  ạ rm ạd illo s, take  a jo u rn e y  b a ck  in to  M io- 
c en e  S o u th  A m erica . G ia n t s lo th s , co m m o n ly  ca lled  
g ro u n d  s lo th s  o r s lo th  b ears , w ere as huge as th e ir  
n am e w o u ld  in d ica te . N u m ero u s fara ilies o f  arm adillos., 
in c lu d in g  th e  G ly p to d o n tid ae, lư m b erin g  c re a tu re s  up  
to  3  m  lo n g , o ccu p ied  th e lan d scap e . W h ile  T e rtia ry  
rad ia tio n s  in clu d ed  a v ariety  o f  sp e cie s  e x p lo itin g  n u - 
m e ro u s  h a b ita ts  and  n ic h e s , th e  m em b ers o f  th e  e x ta n t 
ía m ỉlies  o f  X e n a rth ra  are  re la tiv e ly  o r h igh ly  sp ecia liz ed : 
all fou r sp e cie s  o f  an tea ters  (M y m eco p h a g id a e) are o b li- 
gate a n t and  term ite  ca ters , u s in g  th e ir  long , s tic k y  

to n g u es  to c o lle c t  th e ir  food . T h e  s lo th s  (five sp e c ie s

TABLE II

Diversiiy of Recent Eutherian Mammals

Number of Number of Number of
Order Com mon namc(s) íamilies genera species

Xe nanh ra Sloths, armadillos, and anteaters 3 13 29
Inseclivora Tenrecs, moles, hedgehog, shrevv, mole 7 66 429
Scandentia Tree shrews 1 5 19
Dermoptera Colugo 1 1 2
Chiroptera Bats 18 178 928
Primates Apes, gibbons, marmosets, lemurs, galagos, Old World 

and Ncw World monkevs
13 60 236

Cam i vo ra Canids, ĩclids, mongoose, hyena, seals, weasels, 
racoọns, ottcrs

11 129 271

Cetacea Whalcs, dolphins, and porpoises 10 41 78
Sirenia Sea cows, manatees, dugongs 2 2 5
Proboscỉdea Elephants 1 2 2
Perissodactyla Equids, tapir, rhino 3 6 17
Hvracoidea Hvrax 1 3 6
Tubuliclentaia Aadvark 1 1 1
Ariiodactyla Pigs, peccaries, hippos, deer, antelopes, bovids 10 81 220
Pholỉdoia Pangolins 1 1 7
Rodcntia Rodents 29 443 2024
Lagomorpha Rabbiis and pikas 2 13 81
Macrọscclidca Elephant shrew 1 4 15

115 1049 4370



in  tw o fam ilies) have acq u ired  an  odd but ap p aren tly  
e ffectiv e  strategy , sh ifú n g  a long  tree b ra n ch e s  upside 
d ow n, th e ir  sp in es han ging  in  a ca ten ary  curve. S lo th s 
are the  on ly  green  m am m als; how ev er, their c o lo r is 
n o t in tr in s ic  to th e ir fur b u t is d eríved  from  algae and 
cy a n o b a c te ria  that grow  in  grooves in  th eir hair. S lo th s 
co m e d o w n  to the grou n d  on ly  to d efecate . A rm ad illos 
(2 0  sp e cie s  in the fam ily D asyp od id ae) are d istin - 
g u ish ed  b y  th eir ịo in ted  arm or.

2 . I n s e c t iv o r a

M o d ern  in sectiv o res  show  a w ide range o f ad ap tations 
and  are foun d  on  every co n tin e n t e x ce p t A ustralia . T a x - 
o n o m y  o f  the in sectiv o res  has b een  p ro b lem a tic , n o i 
o n ly  b e ca u se  the 01‘der co n ta in s  som e o f  the m ost p rim i- 
tive e u th er ia n  m am m als, as w ell th o se  w ilh  h igh ly  de- 
rived  ch a ra c ters , b u t also b ecau se  the o rd er w as used 
as th e  eq u iv a len t o f  a Laxonom ic w asteb asket in w hich  
p ro b le m a tic  ĩam ilies  w ere throw n . T h e  6  [am ilies and
6 6  g en era  now  classified  as in sectiv o res  form  a m o n o- 
p h y leú c  (s in g le -ro o t clad e) w ith  a n c ien t orig in s in  the 
late C re ta ce o u s  or P aleocen e.

T w o  íam ilies  o f in sectiv o res , S o len o d o n tid ae  and 
N eso p h o n tid a e , w ere found in  m od ern  tim es on ly  in 
the C arib b ean . AU o f the  N eso p h o n tiđ ae  (also  callecl 
W e st In d ian  sh rew s) are e x tin c t. T h e  tw o rem ain in g  
Solenodon  sp ecies  are lound  in H aiti and , ten u ou sly , in 
C u ba. E x p a n sio n  o f a g ricu ltu re  and in tro d u ctio n  o f rats, 
m o n g o o se , and co m p an io n  an im als (d ogs and ca ts) 
have led to d eclin e o f  these sp ecies. Solenodon  are 
sh re w lik e , have a d is tin ctiv e , h ighly riexible sn o u t and 
large h in d  feet, b u t are d istin g u ish ed  by an un u su ally  
large  b od y  size , w eigh ing  up to a k ilo gram . F o ssil so len - 
o d on s are  kn o w n  from  N o rih  A m erica trom  O lìg o cen e  
d ep o sits, approximately 3 0  million years B.p.

T e n re c s  (fam ily  T en rec id a e) sh o w  a d is ju n ct d istri- 
b u tio n , io u n d  on  island s o f  the w estern  Indìan  O cean  
(M ad ag ascar, C o m o rro s) and ce n ira l A lrica , and have 
p ro b ab ly  b een  lin k ed  to A frica for all o f  th e ir  ev olu tio n . 
T h e  fam ily  can  b e st be d escrib ed  as d iverse. W h ile  only  
ra n g in g  in  body size from  a shrew  to a sm all cat (m a x i- 
m u m  vveight o f a k ilo g ra m ), ten recs  have u n d erg o n e a 
rem a rk a b le  rad ia tio n  o n  M adagascar, exp an d in g  in lo  
v acan t n ich e s  u sually  o ccu p ied  by an im als as d iverse 
as o tte rs , shrew s, h ed gehogs, and m oles. M any sp ecies  
are o m n iv o ro u s.

T h e  fam ily C h ry so ch lo rid a e , the go ld en  tno les, is 
restrictecì to Southern A lrica. T h e  18  sp ecies  in 7 genera 
arc a ll ío sso ria l and  c lo sc ly  resem b le b o th  true m olcs 
(a lso  in secú v o re s , fam ily T alp id ae) and the m arsupial 
m o le , N o to ryctid ae . W h ile  the en tire  ev olu tio n ary  his- 
torv o f  the  chrysochlorids is in eastern  and Southern

A írica , tru e m o les, or la lp id s, are found th ro u g h o u t 
the N o rth ern  H em isp h ere  and  have long ev o lu tio n a ry  
h isto ries  in b o th  E u ro p e and N o rth  A m erica. T h e  talp id s 
are more diverse than the chrysochlorids, with a range 
o f m o rp h o ty p es  in clu d in g  the star-n osed  m o le  ( Condy- 
lu m  c v is ta ta ) ,  w h ich  has nearly  two dozen sm all ,  í leshy 
fingers arranged  in a s ia rb u rst p attern  on íts n o se . T h is  
represents the most bizarre elaboration of a general 
p h en o m en o n  foun d  in  the true m o les, w h ich  hav e ih o u - 
sand s o f  recep to rs  arranged  in  a stru ctu re  ca lled  the 
E im e rs  organ on  the sn ou t. C o rtica l d ev e lo p m en i o f  
the b ra in  is lin k ed  w ith  the E im e r’s organ. T h e  E im e rs  
organ assists m o les in  navigating  and ío rag in g  in  th e ir  
tun nel netw o rk s.

3 . S c a n d e n t ia

T h e 5 gen era and  19  sp ecies  o f tree shrew s (íam ily  
T u p aiid ae) are the on ly  e x ta n l m em b ers oí the S can d en - 
tia. T h e  grou p  is d ispersed  acro ss the rain  forests o f 
Southern A sia and S o u lh ea st A sia and has a re la tiv đ y  
lo n g  fossil h is to ry  (first ío u n d  in  the E o cen e  o l A sia). 
R esem b lin g  a sm all sq u irre l, w eigh in g  4 5 - 5 0  g, tree 
shrew s have an elon gated  sn o u t and  a long, b u sh y  tail. 
L ike tru e sh rew s, m any sp ecies  are kn o w n  to co n su m e 
in sec ls ; h o w ev er, the few s c ie n tiíìc  stud ies th at have 
b een  co n d u cte d  on  the íam ily  have íou n d  íru it is o ften  
the d o m in a n t co m p o n e n t o f  the d iet. P arental care is 
u n u su al, w ith  the fem ale giv ing b irth  to a sinall n u m ber 
o f you ng ( 1 - 3 )  and  h id in g  them  in  a nest. In a p attern  
m o re co m m o n  in  an te lo p es, the íem ale  v isits the young 
to nu rse and ih e n  leaves them  ly ing  in. M atu ration  is 
rapid , w ith  in d ep en d en ce  from  the m o th er at ab o u t a 
m o n th  and full sexu al m atu ritỵ  at 4  m o n th s. T ree 
shrew s are en ig m a tic  in  th eir p h y lo g en etic  a ffilia tion s. 
T h e y  have v ario u sly  b een  assigned  to the p rim ates, fly- 
in g  lem u rs  (D e rm o p tera ), and rab b its  (L a g o m o rp h a), 
w ith b o th  m o le cu la r  and  m o rp h o lo g ita l analysis pro- 
d u cin g  co n tra d ic to ry  resu lts.

4 .  D e r m o p te r a

G lid ing , as op p osed  to true íly in g , is a m ode o f  lo co m o - 
tion  ih at has evolved  in d ep en d en tly  in a n u m b er o f 
m am m alian  ord ers. T h e  two liv ing  sp cc ies  o f  D crm o p t- 
era (ĩam ily  C y n o cep h a lid a e), also ca lled  co lu g o s  or fly- 
ing lem u rs, are a re lic tu a l group o f  g lid crs io u n d  today 
on ly  in  the  ío re sts  o f S o u th east Asia. N ot đ o se ly  related 
to lem u rs, the d erm o p teran s (ìrst appear in ih e íossil 
reco rd  in  the E o ce n e  o f T h ailan d . T h ro u g h o u t their 
ev o lu ũ o n a ry  h isto rv , on ly  t\vo fam ilies o f co lu g o s havc 
b een  d escrib ed , one N orth  A m erican  and the other 
A sian. A ffiliaú o n s o f the ord er are u n clear, w ith  som e 
p a leo n to lo g ists  p lacin g  ihem  as relaũvely  c lo sc  relatives



to bats: th ey  are n ot re la ted  to ìem u rs  d esp ite  th e ir 
co m m o n  n a m e. T h e  g ỉid in g  m e m b ra n e , o r patag iu m , 
s tre tch in g  o v er th e  a n im a ĩs  e n tire  b o d y , co n n e c tin g  
a lo n g  b o th  sid es o f  the tai 1 to  the legs, fro m  legs to 
arm s and fro m  the arm s to  the n e c k , m ak es the an im al 

lo ok  lik e  a k ite . D esp ite  th e ir  re la tiv e ly  large s ize , rea ch - 
in g  a m a x im u m  siz e  ju s t  u n d er 2 kg , the  co lu g o s  are 
sp e cta cu la r g lid ers , m o v in g  o v er 1 0 0  m  fro m  tree to 
tree in  th e  forest to  re a ch  the trees  o n  \vhich th ey  feed. 

T h e  co lu g o  d iet is h e rb iv o ro u s  b u t m ay in c lu d e  leaves, 
írư its, an d  flow ers.

5. Chiroptera
Bats re p re se n t the seco n đ  m o st d iv erse  o rd er o f  m am - 

m als. T w o  m a jo r  su b o rd e rs  o f  bat have b e e n  d is tin - 
g u ish ed , th e  M eg a ch iro p tera , a lso  callecl lru it b a ts  o r 
íly in g  fo x e s  (1 6 6  sp e c ie s  in 4 2  g e n era ), and  the M i- 
c ro ch iro p te ra  ( 7 6 2  sp e c ie s  in  1 3 6  g e n era ). B a ls  co m e  
as sm all as 1 .5  g w ith  a w in gsp an  o f  15  cm  (C ra se o n y cl-  
eríd ae , K itt i ’s h o g -n o se d  b a t)  an d  as large as the íly in g  
fo xes  in  th e  g cn u s  Teropus (T e ro p id a e ) , w h ich  m ay 

w eigh  up to  1 .5  k g  an d  have w in g sp an s o f  2 m.
T h e  tw o su b o rd ers  have lo n g , in d ep en d en t ev olu - 

tion ary  h is to r ie s , a lth o u g h  th e  v ery  n a tu re  o f  th e ir  m o r- 

phology, and in particular their fine, light bone Slruc- 
tu re, m a k e s  p re se rv a tio n  u n u su al. ĩn  co n tra s t to 
m o d ern  d iv ersity , su ffic ie n t íossil m ateria l h as been  
found  to  d escrib e  ju s t  o v er 3 0  g en era . T h e  la ck  o f  tossil 
ev id en ce  h a s  p ro v o k ed  rep eated  co n tro v ersy  an d  callecl 

in to  q u e s tio n  w h e th e r  b a ts  are m o n o p h y le tic  o r \vhether 
the fru it b a ts  are ac tu a lly  m o re c lo se ly  rela ted  lo  a n o th e r  
gro u p  (u su a lly  p rim a tes  are p o stu la ted  b eca u se  o f  
shared evolution with megachiropterans of details of 
their neural pathways for Vision), lí this were the case, 
the re m a rk a b le  ílig h t s tru c tu re s  w ou ld  have to  have 
evolved  tw ice  in d ep en d en tly . R ecen t m o le cu la r  d ata 

su g g est, re la tiv e ly  u n a m b ig u o u sly , th a t the tw o b at 
gro u p s are  m o n o p h y le tic .

B ats  are  the  o n ly  m am m als ca p a b le  o f  tru e  ílig h t (as  
o p p o sed  to  g lid in g ). T h e  w in g  is to rm ed  b y  a th in  
m e m b ra n e  that s tre tch e s  a cro ss  the arm s, e lo n g ated  
íin g ers, an d  a lo n g  th e  b o d y , ío rm in g  a d ia p h a n o u s u m - 
b re lla - lik e  s tru c tu re , o r  p atag iu m . L ik e  a ll íly in g  a n i- 

m als , b a ts  n e e d  w in gs that are at o n ce  lig h t b u t s tro n g . 
T h e  w in g s  are  g reatly  red u ced  in  w eig h t w ith  m u sc le s  
p u lled  in  c lo se  to the b o d y  and b o n e s  red u ced  in  s ize  
an d  v o lu m e. T o rs io n a l s tress  is  red u ced  by s im p lifica - 
tio n  o f  jo in ts .  T h e  re m a rk a b le  ữ y ing  a b ilities  o f b a ts  
en su re  a g lo b a l d is tr ib u tio n , w ith  b a ts  o fte n  the o n ly  

m am m al n a tu ra lly  o c c u rr in g  o n  re m o te  island s.
W h ile  b ird s  m o n o p o liz e  d iu rn a l aerial n ic h e s , b a ts  

are  n o c tu rn a l sp e cia lis ts . In  so m e  areas w here b ird s and

b ats  do n o t c o -o c c u r , b a ts  m ay b e co m c  m o re  d iu rn a l, 

p ro v id in g  th in  ev id en ce  o f  co m p e titiv e  e x c lu s io n . F ly - 
in g  a t n ig h t, v isu al acu ity  is  o f re la tiv e ly  little  v alu e; 
n o n e th e le ss  all b u t o n e  sp e cie s  of M e g a ch iro p tcra  rely  
o n  Vision to nav igate . In  c o n tra s t, m ic ro ch iro p te ra n  b a ts  
have ev olv ed  n a v ig atio n a l to o ls  th at are in d ep en d e n t o f  
s ig h t. U sin g  th e ir  la ry n xes, m ic ro ch iro p te ra n s  p ro d u ce  
e x tre m e ly  h ig h  íre q u e n c y  so u n d  th a t thev  em it th ro u g h  
th e ir  n o se  o r m o u th . T h e  so u n d  p ro d u ced  by b a ts  is 

re íe rre d  to  as u ltra so n ic  b e ca u se  ít is abov e the ran ge 

th a t h u m an s ca n  h ear. T h e  u ltra so u n d  b o u n ce s  o ff  b o th  
p o te n tia l p rey  and o b sta c les  and is rece iv ed  b a c k  at 
the large, e lab o rated  ears o f  th e  bat. B ecau se  th e  bat 
n av ig ates  u sin g  the so u n d  th at b o u n ce s  b a c k , th is  fo rm  
o f  n a v ig atio n  is  ca lled  e ch o lo c a tio n .

D esp ite  th e ir  h ig h  sp e c iíic  d iv ersity , p a ttern s  o f  re - 
p ro d u ctio n  ( in  the few  sp e c ie s  th at have b e e n  stu d ied ) 
a ll are  rem a rk a b ly  s im ila r. P em a les  carry  th e ir  y o u n g  
w ith  th em  w h ile  in ílig h t, and  ih is  co n stra in i lim its  
b a ts  to  p ro d u c in g  o n e , o r  o cc a s io n a lly  tw o, o ilsp rin g . 

P a tern a l ca re  o f  o ffsp rin g  is rare; h e n ce  so c ia l sy stem s 
tend  to  b e  p ro m iscu o u s , w ith  few  la stin g  b o n d s  b e tw een  
m ales and  ĩem ales. Bats tend  to be h igh ly  g reg a rio u s, 

h a n g in g  up sid e d ow n in  ro o sts  c o n ta in in g  h u n d red s, 

th o u sa n d s, an d  in  rare ca ses  h u n d red s o f  th o u sa n d s o f  
in d iv id u als . C aves, c ìiffs , an d  th e  eves o f  large h o u se s  
a ll p rov id e ap p ro p ria te  ro o s tin g  areas.

B ats are usually  in sec tiv o ro u s, g le a n in g  th e ir  p rey  
w h ile  a irb o rn e , b u t th e  d iv ersity  o f  d ie ts  is e n o rm o u s . 
D ie i sp e c ia lis ts  co v e r  a ran ge o f  v erteb ra tes  and in c lu d e  

sp e c ie s  th a i are  ad ap ted  lo  fìsh , m u ch  lik e  a sm all eag le , 
fro g  e a te rs , b lo o d -e a tin g  sp e c ia lis ts  (th e  v am p ire  b a ts ) , 
n e c ta r  íe ed e rs , and tw o g ro u p s o f  sp ecia liz ed  fru it ea t- 
ers . T w o  ía m ilics  o f  b a t d o m in a te  fru it eatin g : in  the 
O ld  W o rld , P tero p id ae  (n ỵ in g  fo x e s ) , an d  in  th e  N ew  
W o rld  P h y llo sto m id a e  (sp ea r-n o sed  b a ts) . In  th e  ío re s ts  
in  w h ich  they  liv e , ĩru it-e a tin g  b ats are k ey sto n e  s p e c ie s , 
d isp e rs in g  m an y  o f  th e  largest fo rest seed s an d  íru its . 

O f  co u rse , a ừ u g iv o ro u s d ie t and  th e  large ag g reg a tio n s  
in  w h ich  fru ít-e a tin g  b a ts  ca n  o c c u r  m ak e so m e b ats  
e x tre m e ly  u n p o p u la r w ith  fru it farm ers a ro u n d  the 

tro p ics .

6. Primates
In  R e c e n t tim es, p rim a tes  have b e e n  fo u n d  o n  every 
c o n tin e n t and in  every  h a b ita t o n  earth . I f  o n e  e x c lu d e s  
th e  m o st a b u n d a n t and s u c ce ss fu l p rim ate , h u m a n s  

(H om o sapỉens) ,  th e  ran ge o f  th e  o rd er is  m u ch  re d u ce d , 
w ith  rep resen ta tiv es  fo u n d  in th e  tro p ics  and  su b tro p ics  
o f  A ír ica , A sia, an d  L atin  A m erica . O n e  m acaq u e sp e c ie s  
(B a rb a ry  m a ca q u es , M acaca sỵỉvanus) is  fou n d  in  E u - 

ro p e  o n  the islan d  o f  G ib ra lte r  a cro ss  n arro w  s tra its



fro m  A írica . A n o th er m acaq u e sp e c ie s , the Ja p a n e se  
m a ca q u e , M. ju sca ta , surv ives in  a tem p erate  en v iro n - 
m e n t by re ly in g  o n  h o t sp rings d u rin g  the w inter.

W ith  the first fossil rep resen ta tio n  in  the late C reta - 
ce o u s  o f  N o rth  A m erica , p rim ates are an an c ien t order. 
T h e  m o d e rn  o rd er is rep resen ted  by 1 3  fam ilies, in clu đ - 
in g  the ap es, g ib b o n s, m arm o sets , lem u rs, and  galagos. 
Ju s t  o v er h a lf o f  ih e  íam ilia l d iversity  is found  in  the 
s u b o rd e r S trep sirh in i, o r p ro sim ia n s, w h ich  in clu d es 
th e  fìve fam ilies  o f lem u rs, all o f  w h ich  are en d em ic  
to th e  islan d  o f M ad agascar, the L orid ae (p o tto s  and 
lorises), and  the G alag on id ae (g a la g o s), sm all n o ctu rn a l 
m o n k e y s  o f  A ữ ica  o ften  ca lled  b u sh b a b ies. So m e in- 
c lu d e  th e  T arsiriid ae  as vvell.

T h e  3 0  sp ecies  o f  lem urs show  a rem a rk a b le  range 
in  s ize  from  5 0  g (lesser m ou se lem u r, M icrocebus rauri- 
nus) to  o v er 10 kg (In d ri, lndri indri) and a d iversity  o f 
d ie t fro m  gen eralÍ2ed h erb iv o res, in sectiv o res , a larvae 
s p e c ia lis t (th e  aye-aye, the only  e x ta n t sp ecies  in  the 
fam ily  D a u b en to n id a e ), and  th ree  sp ecies  oi b am b o o  
s p e c ia lis t  (H apalem ur sp e cie s). M any m em b ers o f this 
su b o rd e r are u n d er th reat, v ic tim s o f the rapid and 
seem in g ly  irrev ersib le  d elo re sta tio n  o f  M adagascar.

W h ile  11 sp ecies  in  4  gen era o f galago are reco gn ized , 
th e  sp e c iíic  statu s o f the íam ily  G alag on id ae is in  ques- 
tion . R e c e n t, and  as yet u n p u b lish ed , gen etic  data ind i- 
ca te  ih a t w ith in  a sin g le  sp ecies  o f  galago th ere  m ay 
be sev era l cry p tic  sp ecies, v irtu ally  in d istin g u ish ab le  
m o rp h o lo g ica lly  from  one an o lh er.

T h e  rem ain in g  p rim aies are p laced  in the su b o rd er 
H a p lo rh in i, w h ich  in clu d es the five fam ilies  o f N ew  and 
O ld  W o rld  a n th ro p o id  p rim ates and th e  tarsiers. F o u n d  
a c ro ss  th e  fo rests  o f  S o u th east A sia, the  tarsiers b ea r a 
s tro n g  p h y sica l resem b la n ce  to galagos and  for m any 
y ears  vvere grou p ed  w ith  them  in  the p ro sim ia n s. R ecen t 
g e n e tic  ev id en ce, and  a re co n sid era tio n  o f m o rp h o lo g i- 
c a l ch a ra c te rs , p lace  the tarsiers firm ly  as d istan t, but 
d is tin c t, re la tiv es o f  the  a n th ro p o id  p rim ates.

T h e  e x ta n t S o u th  A m erican  p rim ates  fall in to  two 
fa m ilie s , the  C allitr ich id a e  (ta m a rin s  and m arm o sets , 
2 6  s p e c ie s ) and  the C ebidae (5 8  sp ecies , in đ u d in g  cap u- 
c h in , sq u irre l, h ow ler, sp id er, and n ig h t m o n k ey s and 
th e  s a k is ) . M arm osets  and tam arin s are u n u su al in that 
all b u t o n e  sp ecies  regularly  p ro d u ces  tw ins. T h ey  have 
a m o n o g a m o u s  or p o lyan d ro u s m atin g  system  (o n e  fe- 
m ale , sev era l m a les), and a d iet that ìs h ig h lv  om n iv o - 
ro u s and  m ay in clu d e  fru it, seed s, in sec ts , and sm all 
v erteb ra tes . Som e sp ecies, in c lu d in g  the d im in u tive 
pygm y m a rm o set (1 5 0  g ), are exu d ate  sp ecia lis ts , eatin g  
th e  gu m  o f  trees.

T h e  C ebid ae have b e e n  d escrib ed  as m o n k ey s w ith 
five legs due to the ex ten siv e  use they m ake o f th eir 
p re h en sile  Lails, an ad ap tatio n  n o t fo u n d  in O ld W o rld

m o n k ey s. B od y size ranges from  ju s t  o v cr 5 0 0  g for 
sq u irre l m o n k ey s (Saimiri sáurcus) up lo  12 kg for the 
w ooly sp id er m o n k ey  (Brachyteles arachnoides). T h e 
d iet is p red o m in an tly  íru its  and o th e r v eg eta tio n  and 
co m p e titio n  fo r reso u rces  is co m m o n  am o n g  ceb id s, 
w ith  larger sp ecies  d o m in atin g  sm aller on es. A s a resu lt, 
m any sm a lle r sp ecies  have evolved d iet or b eh av io ra l 
sp ecia liz a tio n , in c lu d in g  n o ctu rn a l fo rag in g  (n ig h t 
m o n key , Aotus trivirgatus), the ab ility  to  eat g reen  íru it 
(t iti  m o n k ey s, Caìlicebus sp .) , or h a b ita t sp ecia liz a tio n  
(sw am p  liv in g  in u ak aris, C acaịao  sp .).

O ld W o rld  m o n k ey s in  the íam ily  C e rco p ith ecid a e  
d o m ín ate  the  p rim ates n u m erica lly , w ith  81 R e c e n i spe- 
c ies  in  18 gen era . F o u n d  acro ss A sia and  A írica , c erco p i-  
thid  m o n k ey s  in clu d e an im als w ith d iv erg en t life  b is- 

tory stra teg ies , sizes, and  diets. T h e  gu en o n s, m acaq u es, 
and b a b o o n s (su b íam ily  C erco p ith e cin a e ) range in  size 
from  1 to  5 0  kg  and are usually foun d  in  large, ex ten d ed  
m atrilin eal grou p s. M any sp ecies are tree-liv in g , b u t the 
b a b o o n s and so in e  m acaq u es have adopted  a le rrestr ia l 
or sem iterrestria l e x is te n ce . P rim arily  ừ u it e a ters , m ost 
sp ecies  are o m n iv o ro u s and w ill su p p lem en t th e ir  diet 
w ith  p ra c tica lly  a n y th in g  that they can  cap tu re  an d  eal.

T h e  co lu m b in e  m o n keys, langu rs, and  lea f m o n k cy s 
are p laced  in  the su b fam ily  C olo b in ae. A d iverse group 
o í  an im als , ih is  group  tends to b e  m ore a rb o re a l and 
s lig h ter th an  the cerco p ith ic in e s . w h ile  the e v o lu tio n - 
ary h isto ry  o l th is grou p  is m ain ly  A frican , m od ern  
rep rese n ta ú o n  is d om in ated  by A sian form s (4  gen era , 

2 8  sp e cie s). D iet is re ílected  in an u n u su al s to m a ch  
s lru c tu re , vvith a large, saclik e  upper s to m a ch  th a t, like 
the  ru m en  o f u n gu lates , allow s for fe rm e n ta tio n  o f  the 
coarse  leaves that co n sú tu te  m u ch  o f th is  g ro u p ’s diet.

T h e  11 sp e cie s  o f g ib b o n s (fam ily  H ylo b atid ae , genus 
H ỵỉobatcs) are co m m o n ly  called  the lesser ap es an d  are 
o ften  g ro u p ed  to g eth er w ith  the true apes, o r H om i- 
nidae. F o u n d  th ro u g h o u t trop ical A sia, g ib b o n s are re- 
novvned for th e ir  b ra ch ia tin g  (o r svvinging) lo co m o tio n  
and th e ir  e ch o in g , eerie  loud v o ca liza tio n s. T h e  tam ily 
is p rim a rily  m o n o g a m o u s, and its d iet is p rim arily  fru it, 
su p p lem en ted  w ith  yo u n g  leaves and  [low ers.

T h e  b est stu d ied  group o f p rim ates is th e  íam ily 
H o m in id ae. F o rm e rly  b ro k en  in to  two fam ilies, P ongi- 
dae (o ra n g u ta n s , go rillas, ch im p s, and b o n o b o s )  and 
H o m in id ae , re ce n t data, p articu larly  m o le cu la r gen etic  
an a lyses, have m ade the iso latio n  o f  hu m an b e in g s  and 
th eir a n c e sto rs  in  th eir ow n fam ily im p o ssib le . W lìile  
largely v eg etarian  (g o rillas  are a lm o st c x c lu s iv e ly  foli- 
v o re s), so m e ch im p s have been  kn o w n  to a cú v e ly  hu nt 
o th e r m o n k ey s  and to k ill con sp ec ifics . W h ile  m ost 
sp ecies  are ex trem ely  so cia l, oran g u tan s tend to be soli- 
tary e x c e p t w hen  m o th ers  arc in a sso c ia tio n  vvith young 
or d u rin g  the m atin g  season. Slow  b reed ers an d  habitat



sp e c ia lis ts , great ap cs are d ec lin in g  in Iiu m b er and d is- 
ir ib u tio n  as a resu lt o f  the ram p ant e x p a n sio n  o f  th e ir 
co n -fa m ilia l Homơ sapicns.

7 . C a r n iv o r a

A d iv erse  gro u p  o f  a n im a ls , the C arn iv o ra  sh are  a key 

d ia g n o stic  íeatu re . T h e  ca rn iv o re  d e n titio n  is typ ified  

by th e  ev o lu iio n  o f  a s in g le  p a ir o f  s lic in g  tee th , the 
carn assia ls. F o rm e d  from  the u p p er ío u rth  p rem o la r 
ancỉ th e  lo w er first m o la r, the ca rn a ssia ls  are the key 
to  u n d ersta n d in g  the d iv ersity  and  p la stic ity  o f  C arn i- 

vora. By iso la tin g  the sh ea rin g  íu n c tio n  lo  a s in g le  set 
o f  te e th , tru e ca rn iv o re s  have reta in ed  íle x ib ility  in  th eir 
d iet w h ile  a llo w in g  fo r sp ecia liz a tio n  o f sh ea rin g  o f 
m eat. M o lars  re ia in  th e ir  g rin d in g  fu n ctio n , w h ile  pre- 

m o lars  in  fro n t o f  the ca rn a ssia ls  are reta in ed  fo r  grasp- 
in g , c ru sh in g , o r p u n ctu rin g  íb od . T h e  ca n in e s  are o ften  

e lab o rated  in io  sp ik es  o f  o n e  s ize  o r a n o th e r , a llo w in g  
a sh arp  s ta b b in g  o f prey. W h ile  ca rn a ssia ls  w ere cr itica l 
to  ca rn iv o re  ev o lư tio n , m an y  e x ta n t m em b ers  o ĩ  the 

orcler have revertecl lo  m ore g en era lized  d en titio n  and 
lost th e  ca rn a ssia ls  (e .g ., p an d as g rin d in g  b a m b o o ).

M o d ern  ca rn iv o re s  a re  d iv ided  in to  tw o m a jo r 
g ro u p s, ih e  F e lifo rm ia , w h ich  in c lu d es  h y en a s, ĩelicls, 
m o n g o o se s , an d  v iv errid s, and  th e  C a n ifo rm ia , a d iverse  
gro u p  th a i in c lu d es  seals , sea lio n s , w alru ses, ca n id s , 
b ears , p ro cy o n id s, and  the m u stelid s.

P in n ip ed s are  c lo se ly  re la ted  to  o th e r  ca rn iv o res, b u t 
th ere  has b een  a ru n n in g  d eb aie  as lo the re la lio n sh ip  
o f  the th ree  íam ilies: ih e  cared  seals (O ta rid a e , 14  sp e- 
c ie s , 7 g en era  o f eared  sea ls  and sea l io n s ) , the earless  
sea ls  (P h o c id a e , 19  sp e c ie s  and  10 g en era  o f  s e a ls ) , and 
the w alru ses (O d o b e n id a e , 1 sp e c ie s ). F o r  m an y  years, 
th ese  ta xa  w ere co n sid ere d  m o n o p h y le tic , b u t a re ce n t 
su g g estio n  w as m ad e they  are  d ip h y le tic , w ith  w alru ses 
and  sca  lio n s  b ra n ch in g  o f f  from  a c o m m o n  a n c e sto r  

w ith  b e a rs  and  p h o cid s  (se a ls )  b e in g  m ore c lo se ly  re- 
la ted  to  th e  m u ste lid s. M o re  re ce n t m o le cu la r  and  m o r- 

p h o lo g ic a l w o rk  co n firm s  the m o n o p h y ly  o f  the p in - 
n ip ed s.

T h e  C an id ae  in c lu d e  3 4  sp e cie s  ol ío x e s , w o lves, 
ja c k a ls ,  an d  d ogs. R an gin g  in  size  íro in  the fe n n e c  fo x  
(Vulpcs zercla> ju s t  u n d er a k ilo g ra m ) to  the w o lf (Canis 
lupus, up  to  8 0  k g ), ca n id s  shovv a w ide range o f  d iet 

and so c ia l o rg a n iz a tio n . T h e  fam ily  is b est k n o w n  for 
its  p a ck -liv in g , so c ia l a n im a ls  (w o lv es , the A sian  w ild  
d o g  or Cuon alpinus, the  A frican  w ild  d o g  Lycaon pictus, 
and  th c  S o u th  A m erica n  b u sh  d og Speothos venaticus) ,  
sp e c ie s  thai ra ise  a  s in g le  litte r  o f  p u p s co m m u n a lly  

and  th at are ca p a b le  o f  h u n tin g  an im a ls  up to  10  tim es  
th e ir  bocly w eight th ro u g h  co o rd in a te d  gro u p  h u n tin g . 
M o st sp e c ie s , ho w ev er, liv e  in sm a ll íam ily  gro u p s an d  

s u b s is i o n  ro d en ts  an d  sm a ll v erteb ra tes . O n e  sp e cie s ,

the A írican  so c ia l b at-eared  fox (Otocỵon m egaloitis), 
sp e cia liz e s  o n  term ites. A n o th er sp e cie s , the stilt-leg g ed  

S o u th  A m erica n  maned w o lf (Chrysocyon brachỵurus), 
is a so lita ry  o m n iv o re .

M u ste lid s, w ith  6 5  R e cen t sp ecies  in  2 5  g en era , 
are  a m o n g  th e  m o st d iv erse  o f  the m o d ern  ca rn iv o re s. 
A fam ily  th a t in c lu d es  w easels, b ad gers, o tte rs , and 
m o re o íte n  th an  n o t the sk u n k s , M u ste lid ae  are ío u n d  

from  ab o v c th e  A rc tic  C irc le  to  the tro p ica l rain  
ío re sts  and  o n  every co n tin e n t e x c e p t A u stra lia . T h e  

gro u p  in c lu d es  e ffic ien t te rrestria l h u n te rs  o f  sm all 
m am m als  (m u ste lid s , b ad g ers) and  sp ecies  th at are 

o ce a n ic  and  sp ecia liz e  on  b ivalv es fo r th e ir  d ie t (th e  
sea o tte r , Enhỵdra lutris). O tte rs  have b e co m e  the 
d o m in a n t a q u a tic  carn iv o re  in  m an y  la k es  an d  riv ers 

a c ro ss  m u ch  o f  the g lo b e . T h e  g ia n t o tte r , Pteronura 
brasiliensisy o f  the A m azon  b asin  is  the largest o tte r , 
w eig h in g  3 0  kg, and  is h ig h ly  so c ia l, “h e rd in g ” fish 
to im p ro v e  su c ce ss  o f  p rey  cap tu re .

A b sen t íro m  S o u th  A m erica , the n in e  sp ecies  o f  b ad - 

g er are m o stly  n o c tu rn a l o m n iv o res  o f  s to c k y  b u ild  and  
w ith  s tro n g , sh arp  claw s. T h e  E u ra sia n  baclger (M eles 
m eỉes) ,  a h ig h ly  so c ia l an im al th a t lives in  ex ten d ed  
b u rro w s o r se tts , is a n  ea rth w o rm  sp ecia lis t. W e a se ls  
and  p o leca ts  are  fo u n d  fro m  n o rth e rn  G re en la n d  to 
th e  tip o f  A frica . W h ile  th e  E u ro p e a n  w easel (M ustela 
nivalis) can  be as sm all as 5 0  g, m o st w easels  fo llo w  a 
rem a rk a b ly  c o m m o n  body form . P red o m in a n tly  te rres- 
trial and  w eigh in g  1 - 2  kg , w ith  lo n g  tu b u la r b o d ies  
and  sh o rt legs, they  get th e ir  speecỉ fro m  th e  co m p re s- 
s io n -e x te n s io n  o l the b od y ; sh arp  te e ih  d eliv er a k illin g  
b lo w  to  a n u m b er o f  sm all v erteb ra tes , su c h  as fro g s, 
rơ d e n ts , ra b b its , o r b ird s. So m e sp e cie s  o n ce  trap p ed  
fo r th e ir  fur a re  n o w  raised  in  large co m m e rc ia l fa rm s—  
e .g ., m in k  (Musteỉa sp .) .

T h e  b est k n o w n  felid  is th e  largest, th e  Hon (Panthera 
leo). In  m an y  w ays, th e  lio n  is an a n o m a lo u s  cat. w h i le  
m o st o f  the 3 6  sp e cie s  o f ca i are so litary  h u n te rs , th e  lio n  
is  a h ig h ly  so c ia l, co o p erativ e  h u n ter. E v en  c o n g e n e ric  

large ca ts  su c h  as th e  leop ard  (P. pardus, A sia an d  Af- 
r ic a ) , th e  tig er (P. tigris, A sia ), the sn o w  leop ard  (P. 
uncia, Central A sia ), and  th e  ja g u a r  (P . onca, S o u th  and 
C e n tra l A m erica ) are m ore s im ila r in  th e ir  so c ia l s tru c - 
tu re  an d  h u n tin g  p a tte rn s  (so lita ry , te rrito ria l, w ith  
m ale  te rrito rie s  o v erỉap p in g  th o se  o f  fem ales) to  the 

sm a lle r ca ts  in  the g en era  Felis. A ll ca ts  are h ig h ly  
c a rn iv o ro u s , b u t d iet ran ges from  th e  largest b o v id  sp e- 
c ie s  to frog s, fìsh , and  m o llu sk s. W h ile  m o st are n o c tu r-  
n a l s tea lth  p red a to rs , the c h e e ta h  (Acinonyx ỳubatus) is 

a tru e d iu rn a l p u rsu it p red a to r, ca p tu rin g  prey  w ith  
b u rsts  o f  sp eed  o f  up  to 9 0  k m /h .

V iv errid s (c iv e ts  and  g e n ets ) and m o n g o o se s  (H er- 
p e stid a e ) are o fte n  c la ssified  as a s in g le  íam ily , a lth o u g h



th e  m o st re c e n i p h y lo g en ies  sep aratc  them . B oth  fam i- 
lies  are e xc lu siv e ly  O ld  W o rld . V iv errid s show  a w ide 
ran ge o f  h ab its, m an y are tru ly  arb o rea l, but th ere  is a 
sem ia q u a tic  form  (o tte r  c iv et, Cynogalc bcnnetlii) and 
a te rrestria l sp ecies  fro m  M ad ag ascar that resem b les a 
m ed iu m -siz ed  ca t (Cryptoprocta Ịerox). M on go o ses are 
e ith e r  so litary , n o c tu rn a l p red ato rs  that resem b le  pole- 
ca ts  o r h igh ly  so c ia l, d iu rn a l in sectiv o res .

8 .  C e ta c e a

T h e  re ce n t d iscov ery  o f  E o ce n e  (ossil w hales co n íirm s 
an early  b ra n ch in g  o f  th e  C etacea  from  the p rim itive 
u n g u la tes , c lo se ly  re lated  to  m o d ern  artio d acty ls. T he 
10 ía m ilie s  o f  w hales, d o lp h in s, and  porp oises show  a 
w ide d iversity  o f body size from  the [in less porp oise, 
N eophocoena phococnoicles, at 3 0  kg, to the w orld ’s 
la rg est m am m al, the b lu e  w hale, B alaenoplera  musculus, 
at 1 5 0  m e tric  tons. T h e re  is an equ ally  large d iversity  
o f  d ie t from  tiny sh rim p  o r k rill to  seals, fish , and 
sq u id — p ra ctica lly  a n y th in g  that sw im s. So cia l s tru c- 
tu re  is variab le  and ran g es from  so lita ry  ind iv id u als Lo 
ih e  corn m u n al p od s o f  the  O rca , Orcinus orca, o r  k ille r 
w h ale , w h o se  so c ia l system  m o re  c lo se ly  resem b les that 
o f  w o lves than o th e r  w hales. C e ta ce a n s  share  m any 
a d a p ta tio n s  critica l to true aq u atic  living. T h e  skulls  
are  “te le sco p e d ,” w ith  the p rem a xilla ry  and  m axillary  
b o n e s  ío rm in g  ih e  ro o f  o f the sk u lls  and the o cđ p ita l 
b o n e s  fo rm in g  the b a ck  o f  the sk u ll. In all w hales the 
ta il fin  is h o rizo n tal.

W h a le s  are d iv idcd  in to  tw o su b o rd ers, the M ysticeti, 

o r  b a lee n  w hales, w ith  11 R ecen t sp e cie s  in 4  tam ilies, 
an d  th e  O d o n io c e ti, o r  to o th ed  vvhales, w h ich  in clu d es
6 7  sp e c ie s  in  6  ỉa m ilies . B aleen  w h ales, vvhich inclu de 
ih e  a íb re m e n tio n e d  b lu e  w hale , are íìlte r  íeed ers. In co n - 
g ru o u sly , these  lev ia th an s live on tin y  p rey , from  krill 
and  sm a ll p la n k to n ic  cop ep o d s, o ften  less than  1 cm  
in  le n g th , to sm all, sch o o lin g  fish. M igratory  p attern s 
a c ro ss  en tire  o cean s from  su m m er to vvinter feeding 
g ro u n d s  are not u n co m m o n , w ith  m any b aleen  w hales 
b e in g  tru ly  co sm o p o lita n  sp ecies . B a leen  w hale popula- 
t io n s , sev ere ly  d ecreased  by aggressive h u n tin g  d uring  
the nineteenth and twentieth centuries, are still in the 
p ro ce ss  o f  reco v erin g .

T h e  to o th ed  w h ales in  the  fam ily O clo n to ceti are 
fo u n d  in  all o ce a n s  and all seas. S o n ic  o f the sm aller 
m e m b e rs  o f  the fam ily are also  foun d  in rivers and  lakes 
o n  all c o n tin e n ts  e x c e p l A ustralia . L ik e  b ats, ihe  toothed  
w h ales all use e ch o lo c a tio n , allovving them  to h u n t and 
live in  tu rb id  w aters w h ere  v is ib ility  is  lo\v. W h ile  ech o - 
lo ca tio n  “p in g s” or c lick s  are u sed  for lo ca tin g  prev, 
lo n g e r, m ore co n tin u o u s  to n es are also  im p o rtan t lor 
c o m m u n ica tio n  am o n g  c o n sp ec iíĩcs . T h e toothed  
w h ales in clu d e  th ree  sp ecies  o f  sp erin  vvhale, in c lu d in g

the giant sp erm  w hale  (Physter catoclon, ĩa in ily  P h ste r i- 
d ae) m ade fam o u s by H erm an M elville in Moby Dick; s ix  
sp ecies  o f P h o co en id a e , or p o rp o ises , found th ro u g h o u t 
the N o rth ern  H em isp h ere  and in  n ear-sh o re  en v iro n - 
m en ts o f S o u th  A m erica ; n in e te e n  sp ecies  o f the p o o rly  
kn ow n b ea k ed  w hales (Z ip h iid a e), som e o f  w h o se sp e- 
c ies  have n ev er b e e n  seen  alive; and  two sp ecies  o f  
h igh ly  g reg arìo u s M o n o d o n tid ae , lim ited  10 the A rctic  
o ce a n s, the b e lu ga  w hale (Delphinapterus lcucas) , o r  
w h ite  w hale , and  the n arw h al (M onodon m onoceros). 
T h e  narw hal has a lo n g , spirally grooved  sin g le  u p p er 
to o th , u sed  by m ales in  in tra sex u a l co m p e titio n , w h ich  
m ay provide the o rig in  o f the u n ico rn  m vth.

9 .  S ir e n ia

T h e  fou r sp ecies  of d ugon g and m an atee  (o n e  sp e c ie s  
Dugong clugong and  three sp ecies  o f  m anatees in  the 
g en u s Trichechus) are the so le  m o d ern  rep resen ta tiv es  
o f  the S iren ia . An a n o m a lo u s, nearly  hairless group o f  
m am m als w eig h in g  up to 1 6 0 0  kg, th e  co m m o n  n am e 
for these  a n im a ls , “sea  co w s,” is rem arkab ly  a ccu ra te . 
T h e  on ly  large, fu lly  aq u atic  m am m al thai lives o n  
grasses, the s iren id s  have e x lre m e ly  long in testin es . 
L ik e p erisso d a cty ls , ce llu lo se  ĩe rm e n la tio n  takes p lace  
in  the h in d g u l, en a b lin g  th e  sea cow s to p rocess large 
vo lu m es o f  re la tiv e ly  coarse  seagrass v egeialion . R ep ro - 
d u ctio n  is b o ih  d elayed  and  slow , w ith  long in terb irth  
in terv als and the p ro d u ctio n  o f a sin g le  o ffsp rin g  th at 
rem ain s w ith  its m o th er for up to 2 years.

S iren id s have a n ea r-g lo b a l d is lr ib u tio n  in  tro p ica l 

and su b lro p ica l w aters. M anatees are founcl up ih e A m a- 
zon and in m ạ jo r  riv er sy stem s o f  W c s t  A írica . T h e y  
su ĩle r  litlle  c o m p e titio n  fo r th e ir  Iĩia in  reso u rce , aq u atic  
grasses. Y et, d esp ite  th is , a ll sp ecies  are th reaten ed  w ith  
e x tin c tio n . T h e se  large m am m als are d o cile , rep resen t 
a large p ackag e  o f  m eat to  h u m an  h u n ters , and  are 
su p p o sed  to laste  good . T h is , co m b in ed  w ith  slow  re- 
p ro d u ctio n , h as led  to o v erh arv estin g  ih ro u g h o u i th e ir  
range. P o llu tio n , dam  b u ild in g , and  in ju ry  from  the 
p ro p ellers  o f  m o to rb o a ts  all am p lify  the p ro b lem s oí’ 
o v erh u n iin g .

1 0 . P r o b o s c id e a

E le p h a n ts  vvere vvidelv sp read  acro ss  N orth  A m erica , 
A sia, and A írica  u n til  re c e n t tim es. T h ro u g h o u t the 
T ertia ry , p ro b o scid ea n s  show ed  a re latively  w ide range 
o f  ad ap ta tio n s and  a d iv ersity  o f  sp ecies. T o d ay , on ly  
tw o sp ecies  rem a in , the A írican  elep hant (Loxodonta 
ciỊricana) and the A sian  elep h an t (Elephas maximus). 
T h cse  h u lk in g  c re a tu re s  are the largest terrestria l m am - 
m als, w eigh ing  up to  6 m etric  tons. W h ile  the  A sian 
e lep h an t is now  lim ited  to the ío rest o f Asia, th is p roba- 
bly re ílec ts  a h is to r ic a l sh ift  from  op cn grasslan d  and



vvoodland h a b ita t w h ich  h a s  n ow  alm o st un iv ersally  

b een  co n v erted  to h u m a n  a g ricu ltu ra l ụse. In  A í rica , 
e lep h an ts  a re  ío u n d  ih ro u g h o u t th e  ío re sts , w o o d lan d s, 
and sav an n as, bưt a t h ig h e st d en sities  in  savan n a w ood- 

lands. T w o  su b sp e cie s  hav e b een  d efin ed , th e  (orest 
and sav an n a  e lep h a n t, b u t tn an y  e co lo g ists  b e liev e  ih is  
re ílec ts  a m o re  re ce n t fra g m e n ta tio n  o f  p o p u la tio n s , 

w ith a ío rm e r, c lin a l s tru c tu re  o f  g en etic  v aria tio n  
now  lo st.

In b o th  AErica and  A sia , e lep h a n ts  are eco lo g ica l 
k ey sto n e  sp e c ie s , o n e  o f  th e  few  sp e cie s , o th e r  than  

h u m an s, h av in g  a d irec t im p a ct o n  th e  form  and  s tru c - 
ture o f  th e  e n v iro n m e n t in  w h ich  i t  lives. E lep h a n ts  
keep sa v a n n a  eco sy ste m s fro m  re v e rtin g  to  w ood land  
w hen th ey  k n o c k  d o w n  trees. “C a ta s tro p h ic” d estru c- 
tion  o f  trees  m ay o c c u r  in  d ro u g h ts  b u t is c learly  part 

o f  a lo n g -te rm  n a tu ra l cy c le . In  A sia and A ữ iea , the 
íru its an d  seed s  e a te n  by e lep h a n ts  are  tran sp o rted  and 
th en  d e ỉe ca te d , seed in g  th e  p la in s and  the ío re sts  and  
d ep o sitin g  th e  seed s in  th e ir  ow n  fertilizer.

E le p h a n ts , íb ssil an d  m o d ern , hav e a h igh ly  sp ecia l- 

ized d e n titio n  w ith  s ix  c h e e k  tee th  o n  e ith e r sid e o f  the 

ja w . A t an y  o n e  tim e , o n e  to  tw o te e th  are ex p o se d  in 
ih e  ja w . A s th ese  tee th  w ear d o w n , th ey  are rep laced  

by a to o th  irru p ú n g  fro m  b eh in d  th e  cu rren t to o th . 
T h is  p a tte rn  o f  seq u e n tia l re p la ce m e n t o f  grin cling  tee lh  
is u n iq u e  in  m am m als. T u s k s  are ío rm e d  from  elongatecl 
u p p er in c iso rs .

H igh ly  s o c ia l, fem ale  e lep h a n ts  liv e  in e x ten d ed , m a- 
ir ia rch a l g ro u p s. A d o ỉe sce n ce  is p ro lo n g ed , w ith  m ales 
re m a in in g  in  the herci u n til  they a re  1 0 - 1 5  years old  
and  íe m a les  n o t b re e d in g  fo r  th e  first tim e u n til they  are 
15  years o ld . M ales  are so lita ry , and  b reed in g  p rio rity  
is d ete rm in e d  by an  in te ra c tio n  o f  sh e e r  s ize  (w h ich  
in cre a se s  in d ete rm in a n tly  w ith  age) an d  an  e n d o crin o - 
logical sexual State callecl m u sth . F o u n d  in b o th  ele- 
p h an t sp e c ie s , m u sth  is a sso c ia ted  w ith  h e ig h ten ed  tes- 
to ste ro n e  lev e ls  and m a k es  m ales e x tre m e ly  aggressive. 

T h e  le n g th  o f  m u sth  in cre a se s  w ith  age, a m p lify in g  the 
rep ro d u ctiv e  su c ce ss  o f  o ld er, la rg er m ales.

E le p h a n ts  have b e e n  h u n te d  ío r  th e ir  ivory , and  in  
several p o p u la tio n s  in  U gand a an d  Southern A írica , 
tu sk le ssn e ss  in  fem ales an d  red u ced  tu sk  size  in  m ales 
hav e o c c u rre d  as a resu lt o f  rep eated  s e le c tio n  th ro u gh  
h u n tin g . W h ile  p o a ch in g  for ivo ry  is  an  im m ecliate 

th rea t to  e lep h a n ts , th e  rea l th reat is lo ss  o f  h a b ita t and 
c o n ílic t  b e tw e e n  m an  and e lep h a n ts .

11. Perissodactyla
I f  you  are  in te re s te d  in  h o rse s , ta p irs , and rh in o s , the 
m id -T e rtia ry  w as the tim e  to b e  aliv e . W h ile  m o d ern  
p e rr iso d a c ty ls  are re p rese n te d  by  o n ly  e ig h t sp e cie s  o f  
eq u id  in  o n e  g en u s ( Equus) ,  fo u r sp e cie s  o f  tap ir in  o n e

genus (Tapirus), and fvve specics of rhinoccros in four 
g e n era , th is  rep resen ts  b u t th e  ía in tes t h in t o f  th e  d iv er- 
s ity  o f  th is  o rd er in  th e  past. O f 14  C e n o z o ic  ía m ilie s , 

o n ly  th ree  ía m ilies  and  fìve gen era  are rep resen ted  in 
th e  m o d ern  m a m m a lia n  fauna.

M o d ern  eq u id s all lo o k  p retty  m u ch  the sam e: h ig h ly  

cu rso ria l w ith  a s in g le  h o o f  and c o n s is te n t c o m p a c t 
b o d y , lo n g  n e c k , and  h ig h ly  h y p so d o n t d e n titio n  in  a 
large  ja w  w ith  a d is tin ct gap or d iastem a. M o d ern  eq u id s  

are  o n ly  fo u n d  in  A írica  and  A sia, a lth o u g h  th e re  is 
e v id en ce  o f  th e  h is to r ic a l e x tin c tio n  o f  th e  tarp an , o r 

E u ro p e a n  w ild  h o rse . E q u id s  w en t e x tin c t in  N o rth  
A m e rica  in th e  P le is to ce n e , b u t a sses and h o rse s  have 
b e e n  re in tro d u ce d  in  m an y  p arts o f  N o rtb  A m erica , the 
c e n te r  o f  e v o lu tio n  o f  the E q u id ae . In c o n tra s t, the 

P lio ce n e  o f  N o rth  A m erica  w as p o p u la ted  w ith  a few  

]o w -cro w n e d , th ree -to ed  eq u id s and  th re e -to e d  h o rse s , 
h y p so d o n t s p e cie s  o f  v ario u s s izes, fro m  the sm all, g rac- 
ile  Nannippus sp e cie s  to  the larger Hipparion  sp e cie s . 

T h e  íirst o n e -to e d  h o rse , Pliohippus, lived  sid e by  sid e 
w ith  th e  h ip p o -lik e  rh in o  Teleoceras, vvhile in  A sia the 

e lep h a n t-s iz e d  rh in o c e ro s , Sinotherỉum, c o e x is te d  w ith  
th e  h ip p o -lik e  rh in o  Chiỉotherium.

O n ly  tw o fo rm s o f  so c ia l o rg a n iz a tio n  are  se e n  in 
m o d e rn  eq u id s. T h o s c  sp e cie s  th at iive in re la tiv e ly  arid  
e n v iro n m e n ts , the asses and the G revy ’s zebra (Equus 
grevyi), e x h ib it  A exible a sso c ia tio n s  a m o n g  íe m a les  and 
m a le  te rrito ria lity . F e m a le s  m ov e w id ely  in sea rch  o f  
fo o d  an d  w ater, w h ile  m ales tend  to  aggregate aro u n d  
w a le r  h o les, th e  lim itin g  reso u rce . M atin g  is p ro m iscu - 

o u s . In  c o n tra s t, h o rses  and the tw o re m a in in g  zeb ra  
sp e c ie s , th e  m o u n ta in  zeb ra , E. zcbra, an d  the p la in s  
z e b ra , E. burchellỉ, fo rm  h a rem s o f  u n rela ted  íe ra a les  
a n d  a s in g le  m a le , a so c ia l s tru c tu re  a lso  see n  in  g o rilla s .

A ll five sp e c ie s  o f  rh ìn o c e ro s  are  th rea ten ed  w ith  
e x t in c t io n , th e  v ic tim  o f  th e  v alu e o f  th e ir  h o rn . T w o  
u se s  o f  rh in o  h o rn  hav e b een  id en tified : sh av in gs o f  th e  
h o m  are  used  in  tra d itio n a l A sian  m e d ic in e  to b rin g  

d o w n  íe v e r, w h ile  in  Y em en , the h ig h e st v alu e has b e e n  
p la ce d  011 d agger h an d les m ad e fro m  rh in o  h o rn . In - 

c o m e  fro m  a b o o m in g  oil e co n o m y  in  the 1 9 7 0 s  led  to 
in c re a se d  d em an d  fro m  Y em en , w h ile  e co n o m ic  g ro w th  

in  A sia in  th e  1 9 8 0 s  and  1 9 9 0 s  m ad e rh in o  h o rn , a lw ays 
e x p e n siv e , a cce ss ib le  to m an y  m o re  p eo p le , th u s in - 
c re a sin g  d em an d . T h e  b la ck  rh in o  (Dỉceros bicornis) 
w as ío u n d  w id ely  a cro ss  e a ste rn  a n d  Southern A írica  
u n til  th e  la te  1 9 7 0 s , n o w  all b u t e x t in c t  e x ce p t in  re- 
serv es  a n d  c o n se rv a n c ie s . T h e  w h ite  rh in o  (Ceratoth- 
erỉum  sim um ), a lm o st e x tin c t  in  S o u th  A írica  a t the 
tu rn  o f  th e  c e n tu ry , has re co v e re d  to w h ere  p o p u la tio n s  

n u m b e r  1 0 ,0 0 0 . O u ts id e  o f  S o u th  A frica , ho w ev er, the 
n o r th e rn  su b sp e c ie s  is all b u t e x t in c t , and  in tro d u ce d  

p o p u la tio n s  in  Z im b ab w e w ere d ec im a ted  in  the early



1 9 9 0 s . T h e  Su m atran  rh in o  (Diccrorhinus sum atrcnsís) 
and  the Ja v a n  rh in o  (Rhinoccros sondaicus), íorm erly  
fou n d  a cro ss  S o u th ea st A sia , are also  nearly  ex tm ct. O f 
A sian  sp ecies , on ly  the In d ian  rh in o ce ro s  (R hinoceros 
unicornís) exists in any numbers, and onlv as the result 
o f m a jo r  co n serv a tio n  efforts.

12. Hyracoidea
M o d ern  h y raxes are c la ssiíĩed  in  a sin gle fam ily w ith 
th ree  gen era  and six  sp ecies. L im ited  to A írica , íossil 
h y ra x e s  are also found in  the M idd le E ast and E urop e. 
w h i le  m o d ern  form s are all m ore or less rabbit-sized  
( 2 - 5  kg) and resem b le a very large gu inea pig, som e 
e x tin c t  form s w eighed  up to 5 0 - 7 0  kg. T ree  hyraxes 
(D endrohỵrax  sp .) are e n tire ly  a rb o re a Ị  w hile  b o th  bush  
h y ra x e s  (H eterohỵrax) and ro ck  hy raxes (Prncavia) live 
o n  ta lu s s lo p es, ro ck  o u tcro p s , and cliffs. A ffiliations 
w ith  o th e r  an im als are u n ce rta in , a lthou g h  it appears 
th at h y raxes rep resen t an early b ra n ch in g  íro m  ungu- 
la tes, p erh ap s sh arin g  an early  ev olu tionary  h istory 
w ith  e lep h an ts.

1 3 . T u b u lid e n ta ta

F o u n d  acro ss  m ost o f su b -S ah aran  A írica , the n o ctu rn al 
and so lita ry  aard vark (Orycteropus aịer)  is the last survi- 
vor o f ih e  T u b u lid en ia ia . N ever a very d ívcrse order, 
ih e  m a jo r ity  o f the aard vark 's ev o lu lio n a ry  h istory  is 
in  A frica  and E u ro p e, a lth o u g h  aard varks are know n 
fro m  A sia. A ardvarks w eigh a b o u t 5 0  kg and resem ble 
pigs w ith  extrem ely  lo n g  sn o u ts , large cars, and long 
íleshy  tails . L ik e  m o st an im als  sp ecia lized  for eating 
an ts  o r term ites, aard varks have lon g , stick y  tongues 
that are u sed  lo  c o lle c t  th e ir  prey. P ow crfu l arm s, w ith 
large claw s, are used to excav ate  bu rrow s and search  
out food.

1 4 . A r t io d a c ty la

T h e  d ec lin e  o f the p erisso d acty ls  co in c id e s  w ith  the rise 
o f th e  artio d acty ls. S tartin g  in  the M io cen e , artiod acty ls 
sh o w ed  a rem ark ab le  d iv ers ifica tio n  o f íam ilies, m any 
o f w h ic h  are still ex tan t. O f 3 6  ía m ilies  Cound throu gh - 
ou t the  C e n o z o ic , 10 íam ilies  an d  81  gcnera are still 
fo u n d , w ith  a n ear-g lo b al d is trib u tio n  in  N orth  and 
S o u th  A m erica , E u ro p e, A sia, an d  A írica . F o u n d  in all 
h a b ita ts , fro m  the far n o rth  o f G reen lan d  to the South
ern  tip o f  T ierra  del Fu ego , artio d acty ls  aré  c learly  the 
m o st su cce ssfu l o f the ex ta n t u n gu lates.

D ia g n o stic  ch a ra cters  o f artio d actv ls  are íou nd  in 
b o th  hard  and soft tissues. All m em b ers ol the ord er 
have two- or four-toed hooves, vvith a planc ol svmmetry 
p assin g  th ro u gh  the th ird  and ío u rth  tocs. In four fam i-

lies (Su id ae, H ip pop otam idae, Tragulid ae, a n d  T ay assu - 
id a e), four fully fu n ction al d igits are p resen t, a lth o u g h  
p eccaries  have red uced  d igits on the h ind  lim b s. A ll 
lim bs have sp ringing  ligam ents that cap tu re  energ y  
w hen the leg flexes and return  the energy to  the  foot 
as the lim b  p u shes off, thus in creasin g  e ííìc ie n c y  o f 
lo co m o tio n .

T h e  su b o rd er R u m inantia  is rep resented  b y  s ix  fam i- 
lies: T rag u lid ae, m ou se deer; G iraffìdae, g ira ffes  and 
okap is; M o sch id ae , m u sk  deer; C ervidae, d eer ; A n tilo - 
cap rid ae, p ro n gh o rn s; and B ovid ae, cattle , sh eep , goats, 
and an te lo p es. T he su bord er is lypified  by ru m in a n t 
d ig estio n , in w h ich  the ru m en , an exp anded  fìrst seg - 
m en t o f  a fo u r-ch am b ered  sto m ach , p rovides an  env i- 
ro n m en t for the b acteria l d ig estion  oi ce llu lo se . T h is  
allow s the anim al to m ake use o f h igh ly  s iliceo u s grasses 
and v egetaú o n . T he cell co n ten ts , liberated  by d ig estio n  
in the ru m en , and dead b acteria  are d igested  farth er 
a lo n g  in  the in testin es. R u m in an ts  also typ ically  lack  
up per in c iso rs , w ith low er in ciso rs  used 10 scrap e  
grasses again st the m axilla .

T h e  traguliđ s, or ch ev ro ta in s, are sm all, p rim itive  
u n g u la tes, rep resen ted  by four sp ecies  in tw o gen era, 
found in the forests oí A írica , Southern Asia, and S o u th - 
east A sia. W eig h in g  3 - 1 2  kg, the fam ily la ck s  h o rn s 
a lth o u g h  ihe u p p er can in es  are unusually  large and 
grow  co n tin u ally . C an in es are used in in ira se x u a l co m - 
p etiú o n  by m ales and m ay be used in a n lip red a to r de- 
tense by b oth  sexes.

C erv id s, or d eer, are found across ihe  N o rth ern  

H em isp h ere , in m ost o f  S o u lh  A m erica , an d  in  ihe 
n o rth e rn  íringes o f A frica. T h e  íam ily  is a b sen t from  
su b -S ah aran  A frica, perhaps exclu d ed  by th e  rem ark - 
ablt' rad ia tio n  oi the an telo p e fauna in  that reg io n . A nt- 
lers are a deH ning ch aracter and are found in  all b u t 2 
o f ihe  4 3  ex ta n t sp ecies. W ith  the ex ce p tio n  o f ca rib o u , 
o n ly  m ales carry  antlers. U n lik e  h orn s, a n tle rs  are 
grtnvn and shed  ann uallv . A ntlers are found in a varietv  
o f  fo rm s, from  sp ike or stu bs to the elahorate  b ran ch ed  
and p alm ate  ío rm s seen  ìn ihe m oose (Alccs alccs). D eer 
are found in  nearly  every b iom e, írom  the sn o w fie ld s  of 
the A rctic , w here they su b sist on  lich en , to the trop ical 
ĩo rests  o f  S o u th  A m erica  and A sia, w h cre  íru it  is a 
co m m o n  d ie ta n ' staple.

T he fo u r sp ecies  o f m u sk  cleer in  the M o sch id ae  are 
found in  Central Asia, the H im alayan p lateau , and  east 
th ro u gh  parts o f C h in a and V ietnam . A p rim itiv e  deer, 
the fainiiy vvas o rig in ally  subsum ed  under the C ervidae. 
L a ck in g  an tlers , they have sharp , sw ord like  u p p er ca- 
n in es , s im ilar to thost’ found in the ch ev ro ta in s . M usk 
is p rod u ced  by a gland  in its abd om en. T h is  w axv sub- 
s ta n cc  is used as the base for m anv exp en siv c  p eríu m es



and clem and  has led to n e a r  e x tirp a tio n  ol a ll m em b ers  

o í  th e  fam ily  a cro ss  m u ch  o f  its  ran ge. W h ile  cap tiv e 
b re cd in g  o f  m u sk  cleer by the C h in ese  m igh t red u ce  

d em an d  o n  w ild  p o p u la tio n s , p ro sp e c is  are n o t good  
for th ese  an im als .

A n tilo ca p rid s  are o n ly  íouncl, an d  have o n ly  b ecn  
fo u n d , in  N o rth  A m erica . A lth ou gh  the íam ily  has a lo n g  
and re la tiv e ly  d iv erse  fo ssil h is to ry , o n ly  o n e  sp ecies  

(A ntỉlocapra am ericana)  su rv ives. T h e  h o rn s  o f  the m od - 
ern  s p e c ie s  are re la tiv e ly  s im p le  w h en  co m p a red  to  the 

m u ch  m o re  e la b o ra ted  ío ss il  form s. U n lik e  giraffid s and 
all b o v id s , A ntỉlocapra  sh e d s  its  h o rn  sh eath  an n u ally , 
m u ch  lik e  a d eer lo s in g  its  an tlers .

T h e  G íra ffid ae  w ere m o re  sp e c io se  clưring the m id - 
T e rú a ry  an d  are rep resen ted  in  m o d ern  tim es by o n ly  

t\vo sp e c ie s , the g ira ffe , G irạỊỊa cam eìopardalỉs , and the 
o k ap i, O hapia johnston i. T h e  íam ily , ex c lu s iv e ly  O ld  
W ọ rld , h a s  a lo n g  ío ss il h is to ry  in  E u ro p e , w h ere  the 

m o d e rn  g en u s G iraỊỊa  is  first fo u n d  Í11 the P lio ce n e . 
H aving evolved  in  E u ro p e , g iraffes d isp ersed  to  A írica . 
W h ile  m o d e rn  fo rm s hav e tw o, sh o rt s tu b b y  h o rn s, 
íb ss il g ira ffes  su c h  as th e  g en u s GiraỊỊoherỵx  had  fo u r 
lo n g  h o rn s . C a m e l-lik e  fo rm s, re se m b lin g  m o re  c lo se ly  
the m o d ern  o k a p i, w ere  a lso  fo u n d  in  E u ro p e.

By  far, th e  m o s l d iv erse  o f  th e  ru m in a n ts  is th e  íam ily  
B o vid ae. W ilh  4 5  g e n era  and 1 3 7  sp e c ie s , the íam ily  
in ciu cles  the g rea test ra d ia tio n  o f  m o d ern  h erb iv o res. 
Bovicls are  m o re vvicìeỉy d isp ersed  th an  any o lh e r  un gu - 
late fa m ily , vvith a n e a r-g lo b a l d is tr ib u tio n , a b sen i o n ly  
[rom  A u stra lia  and  th e  o ce a n ic  islan d s o f  A sia. B u i it 

is in  A írica  th a t ih e  fam ily  has its g rea tes l d iv ersity . 
M e m b e rs  o í a ll s u b ía m ilie s  are  fơu nd  in  A frica , in c lu d - 
in g  17  sp e c ie s  o f  c lu ik er (C e p h a lo p h in a e , ex c lu siv e ly  

ĩo u n d  in  A ĩr ic a ) ; 3 5  o f  4 0  sp e c ie s  o f  a n te lo p e  (A n te lo p i- 
n a c ) ,  a ll 7 sp e cie s  o f  h a rte b e e st and w ild eb eest (A lce l- 
p h in a e ) , an d  th e  1 sp e c ie s  o f  irap ala  (A ep y cero tin a e). 
T h e  o n ly  su b ía m ilie s  o f  th e  B ovid ae th a t are re la tiv e ly  
p o o rly  re p rescn te d  in  A ír ica  are  the B o v in ae  (1 1  o f  2 4  
sp e cie s : A frica n  b u ffa lo , e la n d , and Tragelaphus  sp .) 
and th e  C a p rin a e  (4  s p e c ie s  in  N o rth  A írica , n o n e  South  
o f  th e  S a h a ra ).

T h e  su id s, p e cca rie s , and  h ip p o s m ak e up  the last 
su b o rd e r o f  A rtio d a cty ls , th e  S u iío rm e s. D esp ite  th e ir  

g lo b a l đ is tr ib u tio n , w ild  p igs and  b o ars (fa m ily  S u id ae) 
are  an  O ld  W o rld  fam ily , w ith  íera l p o p u la ù o n s  in tro - 
d u ced  in to  N o rth  and  S o u th  A m erica , A u stra lia , T a sm a- 

n ia , an d  N ew  G u in ea . T h e y  ran ge in  size  fro m  ihe 
pygm y h o g  (S u s salvam cus)  o f  th e  H im alayan  ío o th ills  
(9  k g )  to the g ia n t fo rest h o g  (Hỵlochoerus meinertzhci~ 
gen i) o f  Central and  E a st A ír ica  (2 7 5  k g ). W ith  16 sp e- 

c ie s  in  5 g en era , th c rc  arc  re la tiv ely  few m o d ern  pig 
sp e c ie s , a ll o f  \vhich c lo se ly  resem b le  th e  d o m e stic  hog .

O m n iv o res , p igs u su ally  are ío rest d w ellers , a lth o u g h  
the warthog (Phacochoerus aethiopỉcus) is íounđ 
th ro u g h o u t th e  savan na w o o d lan d s and  g rass lan d s o f 

A írica . L a ck in g  h o rn s , th e  u p p er ca n in e s  o f  m o st pigs 
are  ev er-g ro w in g  and  form  large, s la sh in g  tu sk s . T h is  

a d ap ta tio n  has g o n e  to  its  e x tre m e  in the islan d  en - 
d em ic , ih e  b ab iru sa  (Babyrousa babyrussa)  o f  S u law esi, 
In d o n e sia , w h o se  tu sk s cu rl up o v er the head .

C lo se ly  re la ted  to  th e  p igs are th e  th ree  m o n o ty p ic  
g en era  th at re p resen t the e x ta n t p ecca rie s  (fa m ily  T ay as- 
su id a e ). T h o u g h t to  b c  d erived  íro m  O ld  W o rld  pigs 
and  w ith  a ĩo ss il re co rd  in  the O ld  W o rld  and  N ew  

W o rld , the p e cca rie s  are S o u th  A m erica  s  p ig  eq u iv a len t. 
S m a ller  th an  p igs ( 2 0 - 4 0  k g ), p ecca ries  are c r it ic a l  fru g- 

iv o res an d  seed  ea ters  th o u g h t to b e  im p o rta n t fo r  seed  
d isp ersa l in  S o u th  A m erica ’s tro p ica l ío rests .

T h e  th ird  fam ily  in th e  su b o rd er S u iío rm e s  in c lu d e s  
ih e  tw o sp e cie s  o f  e x ta n t h ip p o s, the h ip p o p o ta m u s 
(Hippopotamus am phibius) ,  foun d  in  A írica  from  the 

N ile basin South throughout W e st, E ast, Central, and 
Southern A frica , and the pygm y hippo (Choeropsis liber- 
iensis) ,  fo u n d  o n ly  in  a sm all s e c tio n  o f  W e si A lrica . 
R ecen t ío ss ỉl h ip p o s are k n o w n  fro m  M ad ag ascar, and  
in  the M io ce n e , the ĩan iily  w as spread  th ro u g h o u t A írịca  
and  A sia. T h e  h ip p o  is a n o ctu rn a l grazei\ leav in g  riv ers  
and  la k cs  at n ig h t to ío rag e  a lo n g  th e ir  b an k s.

T h e  fìrst ío ss il re m a in s  o f  the C am elid ae, the ỉam\\y 
th a t in c lu d e s  ca m e ls  and  llam as, are in  the Olcl W o rld , 
a lth o u g h  by the E o ce n e  th ere  are  cam elid s  in  the ío ssil 
reco rd  o f  the A m ericas. P o rm er d iv ersity  w as m u ch  
g re a te r th an  th a i o f  th e  p re se n t, w h ere  th ree  sp e c ie s  in 
the fam ily  Llcima an d  o n e  Vicugnci sp e cie s  are  fo u n d  in  
S o u th  A m erica , an d  tw o Cameỉus  are fo u n d  in  th e  O ld  

W o rld : th e  d ro m ed ary  (C . drom edarius , so u th w e st A sia 
an d  N o rth  A ír ica ) a n d  th e  B a ctria n , o r tw o -h u m p ed , 
ca m e l (C . bactrianus, M o n g o lia n  s tep p e ). C a m els  are 
h ig h ly  adaptecl íb r  d esert life. T h e  feet are sp lay ed  to 

p rev en t the large ( 6 5 0  k g ) an im a ls  fro m  s in k in g  in to  
th e  sa n d , a rev ersal o f  th e  u su al u n g u la le  s im p liR ca tio n  
o f  fo o t s tru c tu re  that is ev id en t in  th e  S o u th  A m erica n  

ca m e lid s  and  m o st ío ss il form s. W a te r  c o n se rv a tio n  
is  ach iev ed  th ro u g h  w e ll-in su la ted  b o d ie s , a h ig h  
to le ra n ce  fo r d eh ycỉration , dry feces an d  co n cen tra tec l 

u r in e , an d  m e ta b o lic  c o n v ersio n  o f  fat (s to red  in  the 
h u m p ).

15. Pholidota
P a n g o lin s , a lso  ca lle d  sca ly  a n te a te rs , are n o t v ery  d i- 

v e rse — sev e n  sp e cie s  in  a s in g le  g en u s, M anis— yet they  
hav e a w id e  g eo g ra p h ica l ran ge, o cc u rr in g  in  a v a rie ty  
o f  h a b ita ts  a cro ss  Southern A ữ ic a  an d  in  m u ch  o f S o u th - 
e a st A sia . T h e  o rd e r is a lso  fo u n d  in th e  T e rtia ry  ío ss il



reco rd  o í all c o n lin e n ts  ex cep t A ustralia  and A ntarctica . 
R e sem b lin g  a cro ss  betvveen an arm ad ìllo  and an ant- 
e a ter, p an g o lin s  are large ( 5 - 3 5  k g ) and b oth  eco lo g i- 
ca lly  an d  cu ltu ra lly  im p o rtan t. T h e  sca lcs , w h ich  cov er 
the  b od y co m p le te ly , m ay co n stitu te  up to h a lf ihe 
a n im a ls  bod y w eight and are  prized  for ih e ir  m cd icin al 
valu e a cro ss  A sia, a lthou gh  no ev id en ce  e x ists  that the 
sca le s , w h ich  are com p o sed , like rh in o  h o rn , o f agg lu ti- 
n ated  h a ir , have any th erap eu tic  value. P angolins have 
the d is tin ctio n  o f bein g  the on ly  e x ta n t m am m als w ith  
n o  teeth .

1 6 . R o d e n t ia

T h e  d iv ers ity  o f the ord er R o d en tia  d eserves a volu m e 
o f  ih is  en cy c lo p ed ia  o f its  ow n. W ith  nearly  half o f all 
m a m m alian  sp ecies  ( 2 0 2 4 ) ,  o v er 4 0 0  gen era, and 29  
fa m ílies , ro d en ts  are the m o st su ccessĩu l group o f m am - 
m als liv in g  today. O ne íam ily  a lo n c , the M urid ae, in- 
c lu d es  tw o -th ird s o f the liv in g  sp ecies  (h e n c e , on e-th ird  
o f a ll m am m als) and is su bd iv id ed  in to  17 su b fam ilies. 
T h e  o rd er in c lu d es  rats, m ice , sq u irre ls , gu in ea  pigs, 
b eav ers, k an g aro o  rats, d o rm ice , je rb o a s  o r ju m p in g  
m ic e , h am sters , m ole ra ts , p o rcu p in es , ch in ch illa s , 
ag o u tis , an d  nu tria . R o d en is  are used  by h u m an s íor 
food  (e .g ., gu inea p igs), fur (n u tria , beaver, c h in ch illa ), 
an d  p ets. M o st ro d en is w eigh ab o u i 1 0 0  g and have 
re la tiv e ly  s im ilar body p lans: lo n g  n o se , large eyes, and 
lo n g  tails . Size varies four ord ers  o f  m agnitud e, how - 
ev er, w ith  the sm allest m em b er o f  the ord er w eigh ing  
a b o u t 5 g  (pygm y m o u se , Bciioinys sp ecies  ol C en tra l 
A m e rica ) w hile  the  largest, the cap yb ara  ( Hỵdrocherus 
hỵdrochaeris), m ay vveigh up to 6 0  Ug and is  foun d  near 
w ater a cro ss  the n o rth ea st o f  S o u th  A m erica.

R o d en ts  are an  a n c ien t orđ er o f m am m als, found in 
the P a le o cen e  o f b o th  N o rth  A m erica  and A sia, in d icat- 
in g  an ea rlie r  first o ccu rre n ce . R o d en ts  have alw ays 
b een  su cce sstu l, and m yriad  fossil torm s are foun d  in 
the E o ce n e  o f A sia and N orth  A m erica . M odern  rod ents 
are u su ally  d ivided  in to  three  m a jo r groups: the  cavy- 
lik e  ro d en ts , o r C av io m o rp h a; ih e  m o u se-lik e  ro d e n ls , 
ih e  M y o m o rp h a ; and the sq u irre l-lik e  ro d en ts , the Sci- 
u ro m o p rh a . W h ile  a co n v en ien t d iv isio n , b o th  p aleo n - 
lo lo g ic a l and  m o lecu lar data suggest that this ir i-p a rtite  
c la ss iíìc a tio n  m ay b e m ore useful than it is real.

W h ile  su p p o rtin g  a p h en o m en a l d iversity  in bo th  
R e cen t sp ecies  and ĩossil ío rm s, all ro d en is  have 
ad o p ted  a s im ilar ja w  s tru ctu re , d iag n o stic  o f  the order. 
T h e  in c iso rs  are u sed  for gnavving and  c lip p in g  and 
are sh arp  and ever-grow ing . M olars are ad apted  for 
g rin d in g . T h e  ja w  m u scu latu re  is also  m o d iB cd , w ilh  
the m u sc le s  m oving som e o f th e ir  a ita ch m e n ts  o ff the 
z y g o m a tic  arch  and cra n iu m  forw ard  o n to  the ro stru m .

w ith  ch ew in g  thus p rov id ing  a iorvvard rao v em en t o f  
ih e  ja w .

R od ents have a g lo b al d is trib u tio n  and  are  found in  
every h ab ila t type from  the h igh  A rcú c  to the d riest 
d eserts and  the vveitesi tro p ica l forests. S p ecies  lik e  the  
Norvvay rat, Rattus norvegicus, have h itch ed  rid es on  
o cea n -g o in g  vessels s in ce  peop le  started  sa ilin g  the seas
1 0 ,0 0 0  years ago. A cro p  p est, th e  Norvvay rat is  resp o n - 
sible for billions of dollars of damage each year. Of 
greater h is to rica l s ig n iíĩca n ce , rats have acted  as seco n d - 
ary h o sts  for a n u m b er o f  d iseases that plague h u m an s, 
ìn c lu d in g  the b u b o n ic  plague itse lĩ, vvhích k illed  3 0  
m illio n  p eo p lc  in E u ro p e  from  the fo u rteen th  to sev en - 
teen th  cen tu ries . R ats have also b e e n  o n e  o f  the m ain  
agen ts o f  island  e x tin c tio n s .

1 7 . L a g o m o r p h a

R ahbits (L ep orid ae) and p ikas (O ch o to n id a e ), w hile  
n o t d iverse w h en  co m p ared  to the ro d en ts  (8 0  sp e cie s  
in  13 R ecent g en era ), are nearly  w orldw ide in  ih e ir  
d istrib u tio n . Fou nd  in  b o th  the New W o rld  an d  O ld  
W o rld , rab b its  n atu rally  o cc u r  o n  all c o n iin e n ts  e x ce p t 
A ustralia , w here ihey have b een  introdviced , as they 
have b een  to m any larger islan d s arouncl the  vvorld. 
F o ssil rem ain s are Rrst founcl in  P a leo cen e  C h in a , and 
they o c c u r  in  a w idc v ariety  o f h ah ita ts , from  the A rctíc  
sn o w sh o e hare (Lepus am ericanus) to ih e  tro p ica l sp e- 
c ies  o f ihe  gen us Nesolagus (th e  S u m a tra n  and A n n am ite  
ra b b its). R abbits are h erb iv o res, w ilh  h y p sod ont m o - 
lars, and , lik e  ro d en ts, ever-grovving in c iso rs  arc  used 

to  c lip  v eg eta lio n . Body size varies o v er a relatively  
narrow  ran ge ( 3 0 0  g 10 5  k g ), and  bodv form  is co n s is -  
ten t: ro u n d  head s, largc eyes, b ig  ears, and ex te n d e d , 
r ico ch e ta l hind  legs w h ich  con v erge o n  those o f  m ac- 
ropod  m arsu p ials. P ik as, w hich  are sm aller th an  rab b its 
(ap p ro x im ate ly  2 0 0  g ), c lo se ly  resem b le  sm all cav io- 
m o rp h  ro d en ts  and  are m o st co m m o n ly  found on  ro ck y  
o u tcro p s and talus s lop es. P ik as are ío u n d  in N orth  
A m erica  along the northwest coast and a cro ss  ih e  Cen
tral A sian  step p e in to  Russia.

1 8 . M a c r o s c e l id e a

T h e  la xo n o tn ic  p osition  o f  the e lep h a n i shrew s is  un- 
clear. S im ila r to kan garo o  rats w ith  long  n o ses, w ith 
on ly  15 liv ing sp ecies  and  a p o o r re p rese n ta tio n  in the 
fossil reco rd , the ord er is usu ally  grou p ed  w ith  the 
lag o m o rp h s and ro d en ts , a lth o u g h  ea rlie r  la x o n o m ie s  
have su gg ested  an affilia tio n  vvith in scc tiv o re s . F o u n d  
o n ly  in  A frica , ihe  o rd er has a n arro w  range o f  body 
size , Irom  the lin y  4 5 -g  sh o rt-eared  e lcp h a n t shrew  
(M acroscelicỉcs proboscideusi) to the ra th er larger 
5 0 0 -g  go ld en -ru m p ed  e lep hant shrevv (Rhynchocyon



chrysopygus). A bsent in  W c st  A írica , e lep h a n i shrevvs 
o ccu p y  a d iv ersity  o f  h a b ita ts , from  ih e  d eserts  o í N a m i
bia 10 th e  Iow lan d  ío re sts  o f  Central A írica . D esp ite  the 
d iv ersity  o f  h a b ila ts  o cc u p ie d , all sp e cie s  arc  m o n o g a- 
m o u s, te rre s tr ia l, an d  o m n iv o ro u s , a lth o u g h  in sec ts  
fo rm  a large part o f  th e ir  d ie ts  vvhere stud ied .

IV. EVOLUTIONARY TRENDS

A. Evolution of Brain Size
T h e  d e íìn in g  c h a ra c te rs  o f  h o m in id  e v o lu tio n  are an 
u p rig h t ga it and  an in c re a s in g  large and  c o m p le x  b ra in . 

H u m an o id s  have the larg est b ra in  for th e ir  b od y size 
o f  any m am m al, e x ta n t o r e x tin c t . B ra ỉn  size  has, n o t 
su rp ris in g ly , b e e n  co rre la te d  w ith  in telU gen ce, w ith  
o th e r  re la tiv e ly  la rg e-b ra in ed  ío rm s (e .g ., d o lp h in s  and 
great ap es) b e in g  im p u ted  lo  be m ore in te llig e n t th an  
th e  sm a lle r  b ra in ed  m am m a ls. If larger b ra in s  d o, in - 

deecl, c o n fe r  g re a te r in te llig e n c e  and su rv ival o f  an  in d i- 
v id ual is in  so m e w ay co rre la te d  w ith  in te llig e n c e , th en  
o n e  w oulcì p red ict s tro n g  se le c tio n  for in cre a sin g  b ra in  
s iz e  in  m a m m a lia n  lin eag es.

A l so m e p o in t in  ea ch  o f  th e ir  ío ss il h is lo r ie s , P ro 
g ress iv e  in c re a se  in  b ra in  s iz e  is observecl in p rim ates, 

c e ta c e a n s , ca rn iv o re s , and u n g u la tes . H ow ever, in crea s- 
in g  b ra in  size  has n o t b een  a lin ea r  e íĩe c t , bu t h as  b een  
p u n ctu a ted  w ith  p erio d s o f  rapid in crea se  fo llo w ed  by 
sta s is  o r  re la tiv e ly  s lo w  ra tes  o f  ch an g e. Rapicl e v o lu tio n  

o f  b ra in  size  o cc u rre d  early  in p rin ia les , w ith  m o d ern  
p ro s im ia n  b ra in  size  o c c u rr in g  by the late E o ce n e . In 
a n th ro p o id s , lo n g  h eld  as th e  b e s t ex a m p le  o f  P ro g res
s iv e  e v o lu tio n  o f  b ra in  s iz e , a rapid in crea se  in  b ra in  

s ize  in  th e  O lig o ce n e  w as fo llo w ed  by relativ e  s ta s is  in  
m o st lin ea g e s , w ith  th e  e x c e p tio n  o f  th e  h o m in id  lin e . 
B e c a u se  ca rn ív o re s , u n g u la te s , p rim ates , and  w h ales 
hav e so m e  o f  th e  larg est b ra in s and  a re  a lso  a m o n g  
th e  ra o re  ch a r ism a tic  sp e c ie s , g e n era liz a tio n  a b o u t the 

occurrence o f  Progressive b ra in  size e v o lu tio n  in  rnam - 
m a ls  th ro u g h  tim e  m ay  resu lt from  a cer ta in  large m am - 
m a l m y o p ath y .

In  m an y lin ea g e s  o f  m am m al there  h as  b een  n o  su ch  
Progressive increase in brain size— marsupials, eden- 
ta te s , and  so m e  lin eag es o f  ro d en ts  have sh o w n  little  
c h a n g e  in  re la tiv e  b ra in  s ize  s in ce  the o rd ers  are  first 
se e n  in  th e  ío ss il reco rd  in  th e  early  T e rtía ry . T h is  stasis  
is  o fte n  a ttr ib u te d  to  d iffe re n ce s  in  p red ato r p ressu re , 
w ith  M io ce n e  S o u th  A m e rica n  and  A u stra lian  m arsu p i- 

a ls  n o t re q u ir in g  “h ig h e r  b ra in  íu n c tio n  and  h e n ce  
th e re  h av in g  b e e n  n o  ev o lu tio n a ry  p ressu re  o n  b ra in  

s iz e . T h is  e x p la n a tio n  is u n sa tis ía c to ry  g iv en  th e  h igh

v aria tio n  in w h en  b rain  size  e v o lu tio n  o ccu rs  in  d iíĩe r - 
e n t m am m alian  lin eages.

B eca u sc  b ra in s  tencl n ọ t to s h r in k  in  e v o lu tio n a ry  
tim e, th e  v arian ce  in  b ra in  size  w ill in crease  w ith  tim e, 
and  h e n ce  any in crea se  in  v aria n ce , w ith  size  b o u n d e d  

a t the lovver en d  o f  a d is tr ib u tio n , w ill resư lt in  a larg er 
average b ra in  size . I f  se le c tio n  in  ev o lu tio n a ry  tirne for 
in crea sed  b ra in  size  in  d ifferen t lin eag es reA ects m o d e rn  
p a ttern s  o f  b ra in  size  v a ria tio n , th e n  e x a m in in g  the 
e co lo g ic a l an d  so c ia l co rre la te s  o f  b ra in  size  v a ria tio n  

m ay give u s  a n  in s ig h t in to  the se lec tiv e  ío rce s  th a t m ay 
have sh ap ed  b ra in  size . F o r  in s ta n ce , g ro w th  o f  the 
cere b e llu m  h as  b e e n  co rre la te d  w ith  lo c o m o tio n  in  
th ree  d im e n sio n s  ( ílig h t, sw im m in g ) as co m p a re d  to 

te rre s tria l m o tio n . E la b o ra tio n  o f  the n e o c o r te x  h as  
b e e n  a sso c ia te d  w ith  v ario u s a sp ects  o f  le a rn in g . T a x a  
th at have p ro lo n g ed  p erio d s o f  m a tern a l c lep en d en ce , 
and  p resu m ab ly  lo n g  p erio d s o f  in fo rm a tio n  tra n s íe r , 
have re la tiv e ly  g rea ter n e o c o rte x  d ev e lo p m en t th a n  taxa 

w ith  m in im a l p aren ta l a sso c ia tio n . W ith in  lin e a g e s , in 
m o n o g a m o u s sp e cie s  rnales and  íe m a les  h av e  s im ila r  
b ra in  s tru c tu re , w h ile  in  th o se  sp e c ics  w h ere  m a le s  are 
p ro m iscu o u s , th ere  is  e la b o ra tio n  ơ f  th e  h ip p o ca m p u s, 
th e  part o f  the b ra in  co rre la te d  w ith  sp atia l m em o ry . 

T h e  h y p o th esis  is th at in  sea rch in g  fo r re ce p tiv e  fe- 
m ales, p ro m isc u o u s  m ales sea rch  o v er large a re a s , th u s 
re q u ir in g  g rea ter sp atia l sk ills .

B. Cope’s Rule
O n e o f th e  e a rlie s l ru les  ap p lied  to m am m alo gy  is C o p e ’s 
Ru le: sp e c ie s  w ith in  a lin eag e  w ill sh o w  in c re a s in g ly  
large b o d y  s ize  th ro u g h  ev o lu tio n a ry  lim e . C o p e  m ad e 
h is  íìn d in g s  in  th e  late n in e te e n th  cen tu ry  w o rk in g  on  
N o rth  A m e rica n  ío ss il assem b lag es (so m e  o f  th e  Ỉ3est 
p reserv ed  o f  th e  T e rtia ry  fossil reco rcl), yet m o s t  s tu d ie s  
s in ce  C o p e  hav e ía iled  to  fm d su p p o rt for th is  g en era l- 
iza tio n . S o m e  have arguecl th a t b e ca u se  m o st lin ea g e s  
o rig in a te  at sm a ll b o d y  siz es , it  is a x io m a tic  th a t the 
o n ly  p la ce  th ey  have to go is  up. O th e rs  hav e statecl 
th a t the p a ttern  seen  in  the fossil re co rd  is a s ta tis tic a l 

a rtiía c t, th e  re su lt o f  p assiv e d iv e rs iíìca tio n  o f  sp e c ie s  
w ith in  c la d e s  ra th e r  than  th e  resu lt o f  an y  k in d  o f 
d irec ted  ev o lu tio n . R e cen tly , it w as ev en  su g g ested  that 
w hile  C o p e  w as an  ad vocate  o f  d irec ted  e v o lu tio n , he 
d id  n o t ev en  do an ỵ  s ig n iíica n t an alysis  o f  b o d y  size  
trend s a n d  th a t th e  a ttr ib u tio n  o f  th e  first o b se rv a tio n  
o f  th is  p h e n o m e n o n  is m isp laced .

A s w ith  a ll p a le o n to lo g ica l e x a m in a tio n , th e  d e te c - 
tio n  o f  s u c h  tren d s re lies  on  the q u a lity  o f  th e  da ta set 

used . M o st s tu d ie s  o f C o p e ’s  law  have su ffered  frora 
e ith er a te lescop ecl tim e  fram e o r d ata se ts  th a t co v e r



a lo n g  tim e ru n , but ío cu s  on  a sm all n u m b er o f laxa. 
B u t a re ce n t study o f C o p e’s law , w h ich  used  a data set 
o f  1 5 3 4  sp ecies  o f  N orth  A m erican  m am m als ranging 
in  age from  the late C retaceo u s to the P le isto cen e , suf- 
fers tro m  n e ith e r  o f  these íau lts. S p ecies  w ith in  a genus 
w ere fo llo w ed  th ro u gh  th e ir  ev o lu tio n ary  h isto ries , and, 
on  av erage, new  sp ecies  w ere 9%  larger than  the o lder 
sp e cie s  vvithin the sam e genus. D iv ersiíìca tio n  in  size 
w as n o t gradu al, b u t changed  rapid ly  at the C reta ce o u s/ 
T e rtia ry  (K /T )  b ou n d ary , co in c id e n t w ith  the rapid  or- 
d in al d iv ers iíìca tio n  o f m am m als. A verage body w eight 
o f 2 9  sp ecies  in  the late  C retaceo u s w as 1 5 0  g; by the 
early  T e rtia ry , the average vveight o f 3 3  m atched  sp ecies  
w as ju s t  over 1 0 0 0  g, an o rd er o f m agnitud e h igh er. 
T h e re  is  an  u n am b ig u o u s d irec tio n a l trend to larger size 
in N o rth  A m erican  m am m als, b u t w hat cou ld  p ossib ly  
e x p la in  th is  trend?

w h ile  data co n v in cin g ly  show  thai C o p e s  law  is 
valid , at le a s l ío rN o r lh  A m erican  taxa, no  good exp lana- 
ũ o n  h a s  b e e n  oíTered as to  w hy su ch  p ersisten t in creases 
in  b o d y  size are observed . N ot only  does body size 
in cre a se  w ith in  lin eag es, b u t at som e p o in t ihe  m iddle 
o f the  size  d istrib u tio n  d rops o u t, leaving  relatively  
large and  re lativ ely  sm all sp ecies. T h is  has led som e 10 
su gg est ih a t there  are, p erh ap s, o p tim al body sizes lor 
h o m e o th e rm ic  m am m als. S c ie n ú sts  have n oted  in  m od- 
ern  a ssem b lag es o f m am m als th a i th ere  are a d isp rop or- 
tio n a te ly  large n u m b er o f sp ecies  that w eigh ab o u t 1 0 0  
g (c o in c id e n t w ith  the average w eigh l o f C retaceo u s 
m a m m a ls) and that th ĩs m ight be  a low er end  o ptim al 
body s ize  for m am m als. T h is  h y p o lh esis  is sup p orted  
b y  data on  the re la tio n sh ip  b e tw een  m in im u m  hom e 

ran ge area and bod y size. w h ile  h o m e range size sca les 
ro u g h ly  w ith  body size in  m am m als, the re la tio n sh ip  
is U -sh a p ed , w ith  sm aller m am m als req u irin g  relativelv  
larger a reas than exp ected . An “o p tim al” body size is 
o n e  in  w h ich  a m in im u m  area is  req u ired  to su p p ort 
the  a c tiv itie s  o f an  ìnd ividual (th e  b o tto m  o f the U- 
shap ed  cu rv e): th is m in im u m  o ccu rs  b etw een  8 0  and 
2 0 0  g.

U p p er end  op tim a are n o t w ell defined , and gaps in  
the b o d y  size d is trib u tio n s  o f ex ta n t N orth  A m erican  
m am m als are m ore illu sory  th an  real and  are easily 
e x p la in e d  by ran dom  sta tis tica l v aria tion . I f  M eso zo ic  
and  C reta ce o u s  m am m als vvere co m p etiiiv e ly  exclu d ed  
by d o m in a n t terrestria l v erteb ra tes, the e x tin c tio n  o f 
the đ in o sa u r fauna at the K /T  b o u n d ary  m ay have 
o p en ed  up the larger cnd  o f the body size d istrib u tio n , 
allovving m am m als to evolve to larger sizes. If larger 
m am m als show  h ig h er rates o f e x tin c tio n  or lo w cr rates 
o f o r ig in a tio n , gaps w ill develop  in the u p p cr end  of 
the m am m alian  size d istrib u tio n , perh aps m im ick in g

the ran d o m  body size gap d istrib u tio n  ob served  in  an 
e co lo g ica l tim e sca le  and  a llo w in g  new taxa to  c o n tin u e  
to evolve to larger sizes.

c .  The Island Rule
W h e n  m am m als c o lo n iz e  islan d s, a strange th in g  hap - 
pens: sm all m am m als, su ch  as ro d en ts, tend to  in cre a se  
in  s ize , w h ile  larger m a m m als, su ch  as ca rn iv o res, lago- 
m o rp hs, and artio d a cty ls , tend  10 b eco m e sm a ller. N u- 
m erou s exam p les o f d w arfism  and  g igantism  have b c e n  
io u n d  in  the ío ss il reco rd  and  can  be d o cu m e n te d  in  

ex ta n t sp ecies , the  m o st n o ta b le  bein g  the d isco v ery  o f  
fossil ev id en ce o f pygm y e lep h a n ts  on M e d ite rra n ea n  
island s and  íossil rem a in s  o f  d w arf m am m o th  o n  ih e  
C h a n n el Island s o f C a lifo rn ia .

E x p la n a tio n s  for th is lslan d  Rule have b een  n u m e r- 
ous, an d  none is co m p le te ly  co n v in c in g , b u t for ihe  
m ost p art they ĩo cu s  on  a co m b in a tio n  o f  reso u rce  
lim ita tio n , red uced  c o m p e titio n  as a resu ll o f a d ep au - 
perate ĩau n a , and p re d a io r re lcase . F o r larger sp e cie s , 
a lim ited  food  supply w ould  favor a sm aller b o d y  s iz c  as 
ind iv id u als o f sm aller b o d y  size  req u ire  few er re so u rces, 
can rep rod u ce  m ore e ffic ien tly , and are m ore lik e ly  to 
leave su rv iv ing  o ffsp rin g . N ich e  p a rtitio n in g  th ro u g h  
ch a ra c ter  d isp lacem en t w ill resu h  in se le c tio n  for the 
sm aller co m p e tito r  in  a íeed in g  guild  to b e co m e  yet 
sm aller. T h e re ĩo re , it is n o t su rp ris in g  ihat the  a b sen ce  
o f the larger c o m p e tito r  resu lts  in an ob served  larger 
body s ize  in ih e  sm a ller sp e cie s  o f a íeed in g  guild . 

P re d a lio n  has b een  h y p o th esiz ed  lo have lw o d ilĩe re n l 
e ffecls: in  larger m a m m a ls, w here  size is a fo rm  o f 
p red ato r d efen se, re lease  from  p red ato rs  m ay se le c t for 
red uced  body size. T h is  a rg u m en l, o f co u rse , is  co n - 
founded  w ith  the e x p la n a tio n s  provided b y  re so u rce  
l im ita tio n  arg u m en ts. F o r  sm a lle r  m am m als, w h ere 
s tea llh  and  cryp sis are d eíe n sc  strateg ies, a b sen ce  of 
p red ato rs  m ay red u ce  the ad apúve value of sm all 
s ize , ih u s  allo w in g  sm all m am m als to evolve to  larger 

sizes.
A co m b in a tio n  o f b io e n e rg e tics  and h y p o th eses  put 

fo rth  for C op e’s R u le m ay p rovide a som evvhat m o re  
sy n th e lic  arg u m cn t for th e  Is la n d  Rule. S tu d ies o f  m am - 
m alian  íeed in g  gu ild s su gg est that w ith in  a gu ild  ol 
la rg e-h o d ied  m am m als, the ind iv id u als of sm a ller sp e- 
c ies  freq u en tly  m o n o p o liz e  a greater p ro p o rtio n  o f the 
av ailab le  reso u rces. In  gu ild s d om inated  bv sm aller 
m am m als the o p p o site  ap p ears to be tru c: in d iv id u a k  
o f larger sp ecies  vvithin the gu ild  appear to  c o n tro l a 
greater p ro p o rtio n  o f the  availab le  energy. If th ere  is 
an  o p tim u m  size for m am m als, arrival on  an island  
in  w h ich  there w as re lca se  from  p red ato rs  and  guild



co m p e tito rs  vvould a llo w  rapid  e v o lu tio n  tovvard ihat 
o p tim u m . A n im als  ih a t vvere s ig n iíìca n tlv  larg cr, or 
sm a lle r , ih an  th e o p iim u m  vvould shovv the greatest 
d iv erg en ce  b etw een  in su la r  and  Continental b o d y  
size.

D. These Legs Are for Walking: Predators 
and Their Prey

T h e  ev o lu tio n  o f  u n g u la te  lo c o m o tio n , as typ iíied  by 
the e v o lu tio n  o f  th e  eq u id  leg , is a to p ic  cov ered  by 
every h ig h -sch o o l te x ib o o k . C u rso ria l sp cc ia lÌ2atio n  

h as  evolved  in d cp e n d cn tly  in  a n u m b e r  o f  m am m alian  
lin ea g es, b u t th ere  is a g en era l p a tte rn  o f  m o rp h o lo g ica l 
ch a n g e s  th a t re su lts  fro m  a s im p le  c a lc u la tio n : íor an 
an im a l to m o v e ía sler, it m u st in c re a se  e ith e r  th e  le n g th  
o f  iis  s ir id e  or th e  n u m b e r  o f  s lr id e s  it takes. H en ce, 
sh ifis  in  m o rp h o lo g y  m u st m a k e  th e  ỉeg  lo n g e r, íaster, 
01* b o th . T h e  la tera l re d u c tio n  and  ỉu s in g  oỉ b o n e s  (esp e- 
c ia lly  th e  hand  and ío o t b o n e s , th e  m eta ca rp a ls , and 
m e ta ta rsa ls), th e  e lo n g a tio n  o f  lim b s, th e  red uctiorì o r 
lo ss  o f  the c ia v ic le , a n d  th e s h iít in g  o í m u sc le  m ass 
lo w ard  the to rso  vvith a c o n c o n iita n t  in cre a se  in  the 
u se  o f  ten d o n s to  m ove th e  lim b s  a re  a ll part o f  the 
su ite  o f  c h a n g es  w h ich  im p ro v e  ru n n in g  speed .

Li ke th e ir  h e rb iv o re  p rey , ca rn iv o re s  have also  

ev olv ed  in cre a sin g ly  lo n g -le g g ed , ía ste r  fo rm s th ro u g h  
tim e . C a rn iv o re s  have g o n e  from  b e in g  sh o rt-leg g ed , 
sm a ll c re a tu re s  10 th e  long-lim becL, s len d er-b o d ied  
fo rm s typ iíied  by m oclern  p u rsu it p re d a to rs  su ch  as the 
ch e e ta h  o r  w olf. T h c se  íb rrn s  ap p ea r to hav e rela tiv ely  
sh o rt e v o lu tio n a ry  h is to r ie s , w ith  rcp e a ie d  ev o lu tio n  o f  
s im ila r  b o d y  typ es in  d iffe re n t c a rn iv o re  lin eag es.

T h e  c o -e v o lu iio n  o f  fa s te r  h e rb iv o re s  an d  faster pred - 
a io rs  h as b e e n  d escrib ed  as a p re d a to r -p re y  arm s race : 
s lig h t in cre a se s  in  p rey  sp eed  lead  lo  h ig h e r rates o f  
su rv iv a l o f  th o se  sw ift in d iv id u a ls  w h o  p ass o n  th e ir  
g c n e s  at d isp ro p o rtio n a te  íre q u e n c ie s . S im ila rly , íaster 
p red a to rs  hav e g re a ie r  h u n tin g  s u c ce s s , p ro d u ce  m ore 
o ffsp rin g , an d  are b e tte r  re p rese n te d  in  su cce ss iv e  gen - 
e ra tio n s . T h e re  is  o n ly  o n e  p ro b le m  w ith  th is  scen a rio : 
th e  ĩo ss il clata do not su p p o rt th e  h y p o th e sis . ư n g u la te s  
have tend ed  to ev olv e  ev er m o re  cu rso ria l ío rm s 
th ro u g h o u t th e  C e n o z o ic , b e g in n in g  5 5  m iỉlio n  years 
ago  in th e E o ce n e . B u t is  w as n o t  u n til th e  P lio ce n e , 
o n ly  5 m illio n  years a g o , th a t ca rn iv o re s  “cau g h t u p .” 
B y  th is  tim e , m o st o f  th e  “n o v e l” u n g u la te  ad ap ta tio n s 
fo r sp eed  w ere tcn s o f  m illio n s  o f  y ears  old .

L o n g  leg s  c o n íe r  th e  a b ility  to  m o v e q u ick ly , b u t 
w h at i f  th is  ab ility  w e re  a se c o n d a ry  a d a p ta tio n , the 
re su lt  o f  s e le c tio n  for a n o th e r  p h e n o m e n o n ?  An a ltern a - 
tive e x p la n a tio n  for c u rs o r ia l a d a p ta tio n  su g g ests  th at

the su ite  o f  ad ap tatio n s th ai has evolved  in u n g u la tes  
has to  do w iih  the en e rg e tics  o f  m o v cm en t ra th e r ih an  
the e n e rg e tics  o f b e in g  eaten . All the ob served  ad ap ta- 
tio n s  do o ne o f  tw o th in g s— in erease  strid e  len g th  or 
red u ce th e co sts  o f  m oving the leg. H en ce, lo n g  legs 
lead to in cre a sin g  e ffic ien cv  o í  m o v em en t, w h e th e r  the 
a n im a l is w alk in g  10  km  to get to  a vvater h o le  or 
c lashing to get aw ay from  a p red ator. lf  th e  o p e n in g  
o f  the savan na led  to increasecỉ d is ta n ce  m o v e m e n t in 
ran g in g  p a ttern s , long , s im p lified , lig h tw eig h t legs 
w ould  co n fe r  a great ad vantage in  le rm s o f  en erg y  effi- 
c ie n c y  o f  m o v em en t, w h eth er daily or m igrato ry .

E. Convergent Evolution
M am m alian  e v o lu tio n  has b een  r ich  \vith n o v elty , 
w h e th e r  in thc ev o lu tio n  o f íligh t in  b ats, the su ite  
o f  ad ap tatio n s evolved  by  w hales that have b ro u g h t 
m am m als in to  the sea to  liv e , o r m o rc  sp cc iR ca lly  in 

o n e  lin eag e  the w ell-d evelo p ed  v enom  gland  fo u n d  in 
ih e  h in d  ỉegs o f  th e  p latyp u s. T h ro u g h o u t m am m alian  
e v o lu tio n a ry  h isto ry , h o w cv cr, som e o f  the m o re  re- 
m a rk a b le  ev olu tio n ary  p a ttc rn s  have involved  th e  re- 
p eated  ev o lu tio n  o f  d erived  c h a ra c ters  in  w idely  d iv er- 
gen t m am m al lin eag cs. C o n v erg en t ev olu tio n  sp a n s a 
w ide array  o f  a d ap ta iio n s , from  the su ite  o f  c a rn iv o ro u s  
M io ce n e  So u th  A m erican  m arsu p ia ls  that re se m b le  cx - 
tin c t and c o n tc in p o ra n e o u s  p lacen ta ỉ ca rn iv o res  to  the 
s tr ik in g  s im iìarity  o f  b u rro w in g  form s in  th e m arsu p ia l 
m o le  (fam ily  N o to ry c tid a e ), th e  g o ld en  m o les, (fam ily  
C h ry so ch lo rid a e ), and  tru e ư io lcs  (ía m ily  T a lp id a e ).

T h ro u g h o u t th e ir  ev o lu tio n a r); h is lo ry , m am m als  
have sh o w n  trend s to in cre a sin g  sp e cia liz a tio n  in  m an y 

m o rp h o lo g ica l and corre ỉa ted  eco lo g ica l fu n ctio n s . F o r  
in s ta n ce , as grasslan d s b eca m e w idespread  in  th e  M io- 
cen e , u n gu ỉate  to o th  m o rp h o lo g y  sh iíte d  fro m  a d o m i- 
n a n ce  o f  lo w -cro w n ed , o r b ra ch y o d o n t, tee th , w h ich  
are  easily  ground  dow n th ro u g h  the a n im a rs  liíe tim e , 
to  a d o m in a n ce  o f  h y p so d o n ty , o r h ig h -cro w n  tee th , 
w h ich  last lo n g cr w h en  an  an im a l eats  s ilice o u s  grasses 

cov ered  in d u st and  d irt. T h is  e v o lu tio n  has b een  co m - 
p le m e n te d  by  an in creased  co m p le x ity  o f  m o lar le e th  
to  en ab le  h erb iv o res  to m o re  th o ro u g h ly  grin d  th e ir  
food. T h is  p attern  is  observed  in  b o th  artio d a cty ls  and  
p erriso d acty ls. R o d e n ts  have so lv ed  th e  p ro b lem  d ifíe r- 
e n tly , ev olv in g  e v er-g ro w in g  tee th , w h ile  p ro b o scid ea n s  
ro ll th e ir  teeth  o u t o f  th e ir  ja w , e a ch  to o th  h av in g  a 
lim ited  u seíu l life.

C o n v erg en t e v o lu tio n  m ay ad d ress th e  sam e p ro b - 
lem s b u t find d ifferen t so lu tio n s . T h e  e x p a n sio n  o f  
g rasslan d s and  a h ig h -ce llu lo se  d iet have led  to  tw o 
d ifferen t so lu tio n s  to d ig estin g  an e sse n tia lly  in d ig est-



ib le  su b sta n ce . R u m in an t d ig estio n , w id esp read  in  the 
a rtio d a c ty ls , u ses  the fo re-gu t, or ru m en , as a ferm en ta- 
tion  ch a m b e r in  w h ich  b a cteria  b re a k  dow n cellu lo se , 
m a k in g  the grass ce ll co n te n ts  av a ilab le  for ab sorp tion  
an d  co n v ertin g  ih e ce llu lo se  in to  d ig estib le  m aterial. 
B eca u se  the p assage o f  m ateria ls  th ro u g h  the ru m en 
lim its  in ta k e , artio d acty ls  tend to be re lativ e ly  selectiv e , 
c h o o s in g  grasses o f h igh  q uality . In p erisso d acty ls  and 
so m e  k a n g a ro o s , a s im ila r so lu tio n  has evolved —  
bacterial breakdown of cellulose— but the sitc of bacte- 
riat d ig estio n  is in  the  h in d gu t and  th e  p ro cess  is less 
e ffìc ien t. W h ile  th is m ean s that h in d g u t ferm en ters can- 
n o t draw  ou t as m any n u trien ts  fro m  a given pu lse o f 
food, by rapid  P ro cessin g  o f  food , h in d g u t ferm en ters 
can  gain  su sten a n ce  from  larger v o lu m es o f  low er qual- 
ity  íorage.

T a b le  III lis ts  a few o f the m ore w idespread  p atterns 
o f  co n v erg en t ev o lu tio n  in m am m als.

V. GEOGRAPHY, BIOGEOGRAPHY,
AND BIODIVERSITY

A. Gradients of Species Richness: 
Diversity, Density, Range, and 

Rapoport’s Rule
T h e  te n d e n cy  for sp ecies  rich n e ss  to  in crease  vvith de- 
c re a s in g  la tiiu d e  w as first o b serv ed  by A lfred R ussell 
W a lla c e  and  has been  the s u b je c t  o f  s ig n iíìca n t study. 
M a m m a ls , as w ell as nearly  every taxa  stuclied, appear 
to  sh o w  th is  p a lie rn . w h i le  n early  a d o zen  hy p o th eses 
have been  su ggested  to  exp la in  the p h en o m en o n , n o  
s in g le  e x p la n a lio n  ap pears d o m in an t.

In  a study o f  n early  2 0 0  N o rth  and  C en tra l A m erican  
m a m m a ls  w h ich  m atch ed  su b sp e cie s  liv ing  at low er 
a n d  h ig h e r  la titu d es, it w as found  th at those liv ing  at 
lo w er la titu d es  had sig n iR can tly  sm a lle r  overall la litu d i- 
n al geo g rap h ica l d is lrib u tio n s. T h e  sam e p attern  is  o b - 
served  in  a rev iew  o f  6 7 9  N o rth  A m erican  m am m als in 
w h ich  la titu d e  is com p ared  to  the range o f the sp ecies. 
In  th is  s tu d y , in  ad d itio n  to the  in cre a se  in  range size 
w ith  increasing latitude, a sitnilar pattern is observed 
in  a w est-to -e a s t g rad ien t o f lo n g itu d e , w ith  range sizes 
in c re a s in g  to the east. Betvveen th e  tro p ics  and the 
n o rth e rn  A rctic  reg io n s , the average range o f a sp ecies  
in c re a se s  by a facto r o f  3 0 . ln te re stin g ly , this sam e 
p a tte rn  ís n o t observed  in A u stra lian  m ainm als. T h e  
continent has a divergent geographic structure, with an 
arid  c e n te r  fringed  by m oist m o u n ta in s , crea tin g  habitai 
d iv ersú y  (an d  stab ility ) very d ifferen t from  that ob- 
serv ed  in  n o rth e rn  c o n tĩn e n ts .

T h e  vast m a jo rity  o f  N orth A m erican  m a m m a ls  have 
a narrow  geo g rap h ica l sp ecies  range that co v ers  b u t a 
few h ab ita t typ es and  appear lo  be hab itat sp e c ia lis ts . 
N ot su rp ris in g ly , p attern s o f  v ariatio n  are n o t c o n s is ie n t  
acro ss  o rd ers , w ith  the ranges o f  carn iv o res  and  a rtio - 
d acty ls b e in g  larger, on  average, and b ats  and  ro d e n ts  
m u ch  sm aller. N o n eth e less , the  observed  p attern  o f  in - 
creasin g  ran ge w ú h in crea sin g  la titu d e  is n o t an  artiTact 
o f ta xo n o m y : these p attern s are seen  b o lh  a c ro ss  a ll 
m am m als and  in d ep en d en tly  w ith in  m am m alian  
ord ers.

O v erall, range size show s a lo g -n o rm al d is tr ib u tio n , 
w ith  very large and  very sm all ran ges b c in g  e x ce p tio n a l. 
S p ecies  w ith  sm all ran ges w ould  p ro b ab ly  re su lt in a 
g reater r isk  o f  e x tin c lio n  ih ro u g h  severe c a ta stro p h ic  
ev en ts su ch  as ab n o rm ally  co ld , h o t, o r dry vveather, 
th ro u gh  d isease , or b ecau se  o f  p red ation  or co m p e ti-  
tion . S p ecies  w ith  u n u su ally  large areas may be p ron e 
to e x tin c tio n  b ecau se  o f  th e  lovv d en sities a t w h ich  
th ey  o ccu r.

It has lo n g  b e e n  n o ted  th a i sp e cie s  d iversity (o r  m ore 
accu ra te ly  for m am m als, sp e cie s  d en sity , ihe n u m b e r o f 
sp ecies  p er u n it  area) d ecrea ses  w ith  in creasin g  la titu d e . 
B ut sp ecies  d en sity  a lso  has a s tro n g  trcnđ , w ith  sp e cie s  
d en sity  in cre a sin g  fro m  cast to  w est. T h e  in cre a se  in 
d en sity  is g rea test in  the m ore sou th erly  la titu d es ( 3 0 — 
4 0 ° )  and c o rre la te s  w ith  in crea sin g ly  com p lex  lo p o g ra- 
phy, and h e n c e  g rea ter h a b ita t d iversily .

Is  th ere  a c o n n e c tio n  b ctw een  ih ese  tw o p a ttern s , 
vvith narrow ly  d islrib u ted  sp e cie s  packed  in  m o re 

closely at Southern latitudes and  in more complex habi- 
ta ls? S e le c tio n  lor w ide to le ra n ce s  o f tem p era lu re  and 
m o is lu re  e x tre m e s  is  m ore lik e ly  to  o ccu r in the lem p er- 
ate z o n es , w h ere  tem p era tu res  can  range Irom  freezin g  
o r su b freez in g  in  the vvinier to  3 5 °c in the su m m er. 
P attern s o f  c lim a tic  v aria tio n  are s im ila r o v er large 
areas; h e n c e  m o v in g  from  p lace  to p lace d oes n o t  usu- 
a lly  e xp o se  an  in d iv idu al to tem p eratu re  or m o istu re  
e x tre m e s  ih at have n o t p rev io u sly  been  exp e r ie n ce d . 
A l m o re  n o rth e rn  la tú u d es, th e  range o f  e x tre m e s  o f 
m o istu re , tem p era tu re , and lig h t b eco m e m ore e x tre m e , 
and u n less  a sp e cie s  is m igrato ry , an ind iv idu al w ill be 
exp o sed  to th ese  ex trem es year a ĩter  year th ro u g h o u t 

its liíe tim e .
w h i le  w id c c lim a tic  to lera n ce  m igh t have few  costs , 

it w ould  c o n fe r  few  b en efits  in  the trop ics. In th e  tro p ics  
the ran ge o f  c lìm a tic  v ariatio n  at any g iven  lo ca ú o n  
is low . M icro h a b ita i v ariation  opevates over a sm a llcr  
spaiia l sca le ; h e n c e  sta\ ing in  One p lace  d oes n o t  exp o se  
an ind iv id u al to  c lim a tic  v a ria tio n , but m o v in g  a few 
tens o f  k ilo m e te rs , or a few h u nd red  m eters  in e lev a iio n , 
can  exp o se  an ind iv idu al to co n d itio n s  to vvhich the 
ind iv id u al, o r its a n cesto rs , have not been exp o sed .



TABLE III

Examples of Convcrgem Evolution in Mammals'

Geographic location

Adapiaiion Holarciic Aírica Madagascar South America Australia

Carnivory Carnivora Carnivora Carnivora Borhyaenidae* Dasyuroid
Many ĩamilies Manv íamilies Viverrids Phalangcroid

Pursuii precỉators Carnivora Carnivora Didelphoid Dasyuroid

Dogs Hyenas Borhyaenid Tliylacinus*
Dog bears* Cheeiah
Bear dogs*

Saber-tooih camivores Smilodon* Feỉids Viverrids Borhyaenid* Phalangeroid
Felids Fossa ThyỊacosmilus* Thỉacoìco*

Nimravids*
Semiaquatic Insectỉvora Insectivora Insectivora Didelphoid Monotreme

Desmans Olter shrcvv Olter tenrcc Water opossum Plaiypus
Waier voles
Pamolestids*

Rodentia Rodentia
Musk rat Water rai

Carnỉvora
Otiers

Aqualic Carnivora 
Sca lions/seaỉs 

Cetacea 

Whales
Herbivores with cellulose Ungulaics Ungulates Ungulates Phalangcroids

fermemation

Artiodactyla 
Pcrissodactvla 
Sonic rodenis

Proboscidians 

Hvracoìds 
Arsinothcres* 

Sonic rodcnts

Notoungulaies*
Lipoterns*
Pyroiheres*

Hornlike structurcs Perissodactyls
Rhinos
Brontotheres*

Artiodactyls

Protoceratids*
Oreodonts*
Pigs

Ruminants
Archaic ungulates 

Uinthatheres* 
Rocỉcnts 

Mylagaulids*

Arsinotheres* Notoungulates*
Toxodontids*

Anieaters Pholidota Pholidota Edeniates Dayroids
Pangolins Pangolins Antcatcrs

Armadillos
Numbat

Monotremes
Echidna

Gliding Rodents 
Flying squirrels 

Dermopierans 
Flying lemur 

Paromomyidae*

Rodents 
Scaly-tailed squirrels

Phalangers
Flying possums

“ í rorn janis and Damiuh (1990). Asierisks indicatc extinct taxa.



T h is  h as p ro m p ted  one s c ie n tis t  to n o te  th at “m o u n ta in  
p asses are h ig h er in  the tro p ics .1' T h e  p h y sica l s tru c tu rc  
o f  su ch  p asses is, o f  co u rse , no  d ifferen t in  the tro p ics . 
B u t th e  p e rce p tio n  o f  a d isp ersin g  an im al try in g  to  c ro ss  
th at p ass m ay vary w idely , d ep en d in g  in large part on 
the w ay ad ap tatio n  for ex tre m e s  in tem p o ral v ariatio n  
o f  e co lo g ic a l v ariab les h as eq u ip p ed  the ind iv id u al to 
deal w ith  new  m icro c lim a te s  en co u n te re d  o n  its 
jo u rn e y .

B. Hot Spots of Species Richness 
and Endemicity

B ro a d er p a tte rn s  o f  sp ecies  d iv ersity  and  sp ecies  d en sily  
m ay e x p la in  larg e-sca le  g eo g rap h ic  v a ria tio n  in  ob- 
served  d iv ersity  o f  m am m als, b u t vvithin these p a ttern s  
th ere  are finer gra in ed  an o m a lies  in d istrib u tio n  that 
resu lt in  areas w ith  e x trem ely  h ig h  d iv ersily , so -ca lled  
h o t sp o ts . A cross all sp ecies  o f  te rrestria l v erleb ra ies , 
3 5 %  o f  a ll sp ecies  are con fin ed  to a to tal o f  1 .4%  o f  the 
E a r th ’s land  su ría ce . A lm ost by  d e íìn itio n , th is in clu d es  
a large p ro p o rtio n  o f  geo g rap h ic  e n d em ics , and  n o i 
su rp ris in g ly , su ch  hot sp o ts  ten d  to be m u ch  m ore 
c o m m o n  in  the tro p ics  th a n  in  tem p erate  areas fo r rea- 
so n s  o b v io u s from  the above d iscu ssio n  o f  g eo g rap lìica l 
p a tte rn s  o f  d iversity . T h is  p attern  has s tro n g  im p lica - 
t io n s  fo r p rio rity  se ttin g  in co n se rv a tio n  o f  m am m als 
in  th e  tro p ics , w ith  a greater b an g  for ih e  b u c k  (as 
m ea su red  by sp ecies  p ro te c ted  fo r d o llar exp en d ed ) 
i f  c o n se rv a tio n  in v estm en ts  are ío cu sed  in these  hot 
s p o i areas.

T h e  geo g rap h ica l and  g eo lo g ica l p recu rso rs  that lead 
to h ig h  levels o f  sp ecies  e n d em ism  are n o t w ell u n d er- 
s to o d . D esp ite  th e rad ical d iffe ren ce  in life h is to r ie s  and 
e v o lu tio n a ry  h is to r ie s , p a tte rn s  o f  en d em ism  freq u en tly  
are h ig h ly  co n g ru e n t a cro ss  ta xa , in d ica tin g  n ecessary  
and  su ffic ie n t c o n d itio n s  are p rob ab ly  co m m o n  to the 
e v o lu tio n  o f  en d em icity  in m am m als and  o th e r taxa. 
In d eed , in  A frica and  its  a sso c ia ted  islan d s, en d em ism  
o f p la n ts  and  an im als  co n v erg es, w ith  the h o tte s t  o f 
th e  h o t sp o ts  for all taxa  b e in g  found  in  p laces li ke 
M ad ag ascar, the K aro o , the C ap e P ro v in ce  o f  So u th  
A ír ica , an d  the E th io p ia n  H ighland s.

T h e  d iv e rs iíìca tio n  o f  a sm all n u m b e r o f  íam ilies  on 
is la n d s  is  p ro b ab ly  as m u ch  d ue to  v ica ria n t o r ranclom  
arriv al o f  an im als  on  the island  as it is to  any set o f 
g eo lo g ica l o r c lim a tic  c o n d itio n s . T h e  d iverse lem u r 
fauna o f  M ad ag ascar and  the rapid  rad ia tio n  o f m arsu p i- 
a ls o n  th c  A u stra lian  co n tin e n t ow e as m u ch  to iso la tio n  
as th ey  d o to  an y th in g  else. T h e  rap id , and  asto n ish in g , 
d iv ers iR ca tio n  o f  c ich lid  ỉìsh es in  the rift lakes o f A írica  
o r th e  co n v erg e n t p atlern  seen  in  the fish  g en u s Scmio-

noíus in  the Ju ra ss ic  rifl lakes o f th e  East C o a s t o f  N o rth  
A m erica  a lso  show s the p o len tia l for rapid  e v o lu tio n  o í  
e n d em ics  in  h ab ita t “islan d s” w ith in  a larg er C o n tin en 

tal settin g .
Hovvever, iso la tio n , per se , d oes n o t e x p la in  th e evo- 

lu tio n  o f  en d em ism  on  larger c o n tin e n ts , w h e re  c o n n e c - 
tio n s  to  o th e r  so u rce  p o p u la tio n s o f  m a m m a ls  have 
c o m e  and  go n e o v er th e  ep o ch s. A frica , u n lik e  o th e r  
c o n tin e n ts , has re ta in ed  a re lativ ely  stab le  lo ca tio n  on  
th e g lo b e  th ro u g h  the past 3 0 0  m illio n  years. Su ch  
sta b ility , rc la tiv e  to the d rift o f  o th er p la te s , h as p ro- 
v ided  a re la tiv ely  co n sta n t se t o f  e co lo g ic a l c o n d itio n s  
as asso c ia ted  w ith  la titu d in a l ch an g es. S u p erim p o sed  
o n  th is  s ta b ility , however\ have b een  th e m a k in g  and 
b re a k ìn g  o f  c o n n e c tio n s  to  A sia, rep eated  geo lo g ica l 
u p heav als a sso c ia icd  w ith  th e  rep eated  ío rm a tio n  o f an 
A írican  rift, and a cy c le  o f  d rier p erio d s that led tơ 
expansion and c o n tra c iio n  oỉ the ex tern  of the Central 
A írica n  ío rests .

W ith in  th is  geo lo g ica lly  u n sta b ìe  e n v iro n m e n t, ihere  
have been  areas o f  rem a rk a b le  s ta b ility , a re a s  that have 
b e e n  co n s is te n i in th e ir p a tlern s  o f  te m p era tu re  and 
ra in ía ll, w h e th e r  hot and  cỉry o r h o i an d  w et. T h is  
c lim a tic  s ta b ility  has led 10 the  e v o lu tio n  o f  en d em ic  
m am m als in  p laces as d iv erse  as the E th io p ia n  H igh- 
lan d s, the ío re sts  o í  the C o n g o  basin  ( ío r m e r  Z a ire), 
and  the U sam bara M o u n ta in s  (a lth o u g h  th is  area is 

b e tie r  knovvn fo r its  av ian  and  ílo ris iic  e n d e m ism ).
E n d em ic  h o i sp o ls  ap p ear to be at g re a te r  r isk  than 

eq u iv a len t areas o f  s im ila r v eg eta tio n  typ e. In  trop ica l 
ĩo re s ls , for in s ta n ce , in h o i sp o ls , on ly  1 2 %  o f  the orig i- 
nal v eg eta tio n  p ers is ls , w h ile  5 0 %  o f  all tro p ica l ĩo rests  
s till stand . T h is  su gg ests  th at h o t sp o ls  a re  an o rd er o f 
m ag n itu d e m o re  th rea ten ed  th an  th e av erage tro p ical 
forest. O n e e x p la n a tio n  for th is  ties in to  th e  ev olu tio n - 
ar>' e x p la n a tio n  fo r h o t sp o ts. M any o f  ih e  sam e p atterns 
o f  g eo g rap h y  and  c lim a tic  s ta b ility  th at lead  to the evo- 
lu tio n  o f  h o t sp o ts  are a lso  th o se  that lead  to  the  settle- 
m e n i and  cu ltu ra l e v o lu tio n  o f  h u m an s. H e n c e , con v er- 
gen t p a ttern s  o f  h u m an  cu ltu ra l d iv ers iR ca tio n  and 
b io lic  d iv ers ifica tio n  lead  to a s itu a tio n  in  vvhich p eop le 
and  hot sp o ts  are in  c lo se r  p ro x im ity , c o m p e tin g  for 
th e  sam e re so u rce s  and  leading  to g re a te r  con Q ict than 
w ou ld  be ex p e cte d  i f  sp ecies  and p eo p le  w ere ran- 
d o m ly  d istrib u ted .

VI. NEW DISCOVERIES

A. Patterns of Discovery
T h e  d isco v ery  o f  a n ew  m am m al, even a larg c  m am m al, 
is n o t su ch  an unusual ev en t. In the p ast 6 0  years,



Year

FIGURE 4 The number of ncvv spccies described (leíi-hand scale, histogram) and cumulative 
numbcr of mammal species (right-hand scale, line). After Wilson and Reeder (1999).

17 sp e cie s  oí large m am m als  have b e e n  d escrib ed  and 
several o th e rs  are  k n o w n  b u t aw aủ ío rm a l d escrip tio n . 
C o n sid e ra tio n  o f th e  p attern  o f  d e sc rip iio n  o f  new  sp e- 

c ie s  o f  m am m als s h o w s th at the cu rv e  is  m o re  o r less bell 
sh ap ed  (F ig . 4 ) ,  w ith  th e  p eak  o f  a c tiv ity  in d escrib in g  
m am m als Corning ea rly  in th e  tw e n tie th  cen tu ry . W h ile  

new  m am m als  c o n iin u e  to  b e  d isco v ered  e a ch  year, the 
rate  at w h ich  th ese  d isco v e rie s  have o ccu rre d  h as n o t 
ch an g ed  s ig n ư ìca n tly  in  re ce n t d ecad es.

I f  fin d in g  new  sp e c ie s  is  n o t a p a rticu la rly  rare ev en t, 
ca n  w e p re d ic t h o w  m an y  sp e c ie s  w ill ev en tu a lly  be 
đ isco v ered ?  R e cen t a n a ly sis  o f  th e  d isco v e ry  an d  d e- 
sc r ip tio n  o í la r g e  ( > 2  m ) o p e n -w a te r m arin e  m am m als 
su g g ests  p erh ap s ih a t 4 7  sp ecies  aw ait ĩo rn ia l s c ie n tiíìc  
d e sc rip tio n , that w e sh o u ld  c o n tin u e  R n d in g  sp e c íe s  at 
a rate  o f  o n e  new  sp e c ie s  every 5 y ea rs , and  that w e 

are  m o st lik e ly  to find  n ew  ce ta ce a n s . G iv en  th e  lo n g  
an d  in ten siv e  h is to ry  o f  co m m e rc ia l w h a lin g , su c h  a 
R n d in g  is  su rp risin g .

N ew  sp e c ie s  can  b e  n am ed  in  o n e  o f  sev eral w ays. 

In  so m e  ca ses , sp e c im e n s  c o lle c te d  m an y  d ecad es  earlie r  
w ere  n e ith e r  p ro p e rly  e x a m in ed  n o r  a d eq u a te ly  d e- 
scrib e d . H e n ce , w h en  a sy stem a tis t rev ises  a ta x o n , 
“n e w ” sp e c ie s  m ay b e  fou n d  s itt in g  in  a m u se u m  d raw er. 
S im ila rly , n ew  fo rm s o f  ev id en ce  fro m  field , la b o ra to ry , 

o r g e n etic  s tu d ies  m ay ío rce  a rev is io n  o f  a sp ecies  
gro u p . M o le c u la r  g e n e tic s  h a s  p layed  a large ro le  in th is  

Held, fo rc in g  s c ie n tis ts  to  reassess  p rev io u sly  assign ed

ta x o n o m ic  n am es. F in a ỉly , p rev io u sly  u n k n o w n  ío rm s 
m ay be ío u n d  in  n atu re .

B. The Annamites: The Last Frontier for 
Large Mammals

T h e  A n n a m ite  m o u n ta in  ran ge, w h ich  ío rm s the b o rd e r 
b e iw ee n  the L ao P e o p le s  D e m o cra tic  R e p u b lic  and 
V ie in a m , h as y ield ed  a large n u m b e r o f  d isco v e rie s  o f 
new  sp e c ie s  and  re d isco v eries  o f  p rev io u sìy  d escrib ed  
sp e cie s  o f  la rge  m am m als in  th e  p ast d ecad e. T h e  V ie t- 
n am ese  w arty  p ig , Sus buccuỉentus, lo n g  th o u g h t to  be 
e x tin c t , w as fo u n d  in  a food m a rk et in  L aos in th e  early  
1 9 9 0 s . T h e  field h as b een  p a rticu la rly  rich  for d isco v ery  

o f  b a rk in g  d eer, p rim itiv e  d eer ío u n d  th ro u g h o u t the 
tro p ics  o f  S o u th ern  A sia and S o u th ea st A sia. In 1 9 9 4 , 
the g ian t m u n tja c  w as d isco v ered  in  th e  ío rests  o f  the 

A n n a m ites . L arge in  size  an d  w ith  u n u su al a n tle rs , the 
sp e cie s  w as ih o u g h t su ffic ie n tly  m o rp h o lo g ica lly  d is- 
tin ct to desen^e its ow n g en u s, M egamuntiacus. DN A  
an aly sis  su gg ested  th at the sp e c ie s  b e lo n g s  w ith  o th e r  

m u n tja c s  in  the  g en u s Muntiacus (M. vuquangensis) and  
n o t in  a g en u s o f  its  o w n . T w o  íu rth e r  A n n a m ite  Muntia- 
cus sp ecies  hav e b een  fo u n d , o n e  a new  sp ecies  from  
Q u an g  N am  P ro v in ce , V ie tn a m  (M untiacus tm ongso- 
nensis ), and  a n o th e r  from  the L ao sid e o f  the b o rd e r , a 

red iscover>r o f R o o s e v e lts  m u n tja c , M. rooseveltorum . 
In  n e ig h b o rin g  M yan m ar (B u rm a ), a 1 9 9 7  ex p e d itio n



to the far n o rth  o f the co u n try , an  area n o t visited  
by  sc ie n tis ts  s in ce  the 1 9 3 0 s , y ie ld ed  d iscovery  o f the 
w o rld ’s sm allest d eer, a n o th e r sp ecies  o f m u n tja c , the 
le a f d eer (M . putaoensis).

T h e  A n n am ites  have also  b een  the so u rce  o f two 
d isco v e rie s  that have b o th  puzzled  and  captivated  sc ie n - 
tists . T h e  fìrst is  the sao la , o r  Pscudoryx nghetinhensis. 
T h e  sp e c ie s , w h ich  w eighs ap p ro x im ate ly  1 0 0  kg, de- 
r iv es b o th  its  sc ien tiR c  nam e and  L ao  co m m o n  nam e 
fro m  the shap e o f  its h o rn s: lo n g  and arced , the sp ecies ’ 
h o rn s  resem b le  b o th  the A frica o ry x  and  the arc o f a 
ly re -lik e  Lao m u sica l in stru m en t. F irs t found in  Vu 
Q u a n g  ío re st reserv e, V ietn am , the sp ecies is now  
k n o w n  to range vvidely at h ig h er a ltitu d es in the A nnam - 
ites . M o st c lo se ly  re lated  to bov id s, the  saola  is clearly  

u n u su al and  rep resen ts  a deep b ra n ch  in  the p hylogeny 
o f  the bovid s.

A n o th e r , m ore cu rio u s, A nnam ite  d iscov ery  w as that 
o f  a new  rab b it sp ecies  (Nesolagus timminsii). T h e  rab- 
b it , w h ich  has d istin ct, dark b ro w n  strip es ru n n in g  
d o w n  b o th  its  face and b a ck , a red d ish  ru m p , and  short 
e a rs , w as first id en tified  in a food  m ark et in  B en  Lak, 
L a o s, b u t s in ce  b as b een  p h o to g rap h ed  in V ietnam . T h e 
r a b b its  c lo se st relative is a c r itica lly  end ang ered  sp ecies  
ío u n d  in  S u m atra , about a thou sand  m iles  aw ay (N esola- 
gus netscheri). D esp ite  e x trem e morphological s im ilar- 
ity , g e n etic  data suggest that the iw o sp ecies  m ay have 
d iv erg eđ  abou t 8  m illio n  years ago. T h e  tw o are so  
d iv erg en t g en eiica lly  that it w as d eb ated  as to  w h eth er 
th e  n ew  (as yet u n n am ed ) sp ecies  sh o u ld  be p laced  in 
its  o w n  gen us.

c. Cryptic Species, Phylogeography, and 
Evolutionary Signiíìcant Units

N ew  d isco v eries  do not req u ire  g o ìn g  to ih e end s o f 
ih e  ea rth . T h e  p ip istre lle  (Pipistrellus pipistrellus) is one 
o f  the  m o st co m m o n  b ats in  E u ro p e , and  o n e  o f  the 
b e s t  stu d ied . In  the B ritish  Isles  it w as found  that the 
b a t u sed  tw o íreq u en cies  to e ch o lo c a te , w h ich  led scien - 
tists  to  c lassiíy  these p o p u la tio n s  as e ith er the 4 5 -  or 
5 5 -k H z  p h o n ic  type. B ecau se ro o sts  co n sisted  o f bats 
o f  a s in g le  p h o n ic  type, to these sc ie n tis ts  it w as sug- 
g ested  th at the p h o n ic  types rep resen ted  sym p atric , b u t 
d is tin c t, sp ecies. B ecau se  o f  th e ir m o rp h o lo g ica l sim i- 
la rity , th ey  are ca lled  cry p tic  sp ecies. T w o recen t stu d ies 
have p rovid ed  fu r lh er  ev id en ce  that these  tw o p h o n ic  
typ es a re , in d ced , good sp ecies. T h e  tw o show  relatively  
go o d  sep a ra tio n  of d iet: w hile  b o th  eat m o stly  the clip- 
te ra n  su b o rd e r N em ato cera , the d o m in a n t prey group s 
fo r the  4 5 -k H z  p h o n ic  type w ere in  the iầm ilies Psy- 
ch o d id a e , A nisop od id ae, and M u scid ae , w hile  the fam i- 
lies  C h iro n o m id a e  and C erato p o g o n id ae  w ere the m ain

prey grou p s o f bats o f  the 5 5 -k H z  p h o n ic  typ e. S tu d ies  
o f the c y to ch ro m e  b gene also sb ow ed  u n a m b ig u o u sly  
that the tw o p h o n ic  types are d is tin ct sp ecies. T h a i su ch  
cryp tic  sp ecies  can  be found in  su ch  a w ell-s tu d ied  
group su ggests that íu rth er  g e n etic  stu d ies  o f  m a m m a - 
lian  p h y lo g en ies  w ill yield so m e su rp rises.

M o le cu la r g e n etics  can  also  b e  a pow erfu l to o l for 
d isen ta n g lin g  the re la ú o n sh ip  b etw een  the geo g rap h ica l 
and m o rp h o lo g ica l h isto ry  o f  su b sp e cie s  w ith in  a spe- 
c ies  g rou p , the  stu d y  o f  p h y log eograp h y . B ecau se  m o r- 
p h o lo g ica l, g eo g rap h ic , and  g e n etic  data [Yequently tell 
d ifferen t s to ries  (as in the strip ed  rab b it exam p le  
ab o v e), an u n d ersta n d in g  and  re c o n c ilia tio n  o f  these  
data are c r itica l to u n d erstan d in g  b o th  ihe ev o lu tio n  
and  co n se rv a tio n  o f  m am m als. T h e  re ce n t study o f  A us- 
lra lia ’s largest e x ta n t ca rn iv o re , the m arsu p ia l tiger 

q u o ll (Dasyurus maculatus) , is in stru ctiv e . T h e  q u o ll 
o ccu rs  o n  T asm an ia  and  on  the m ain lan d  in tw o d istin ct 
p o p u la tio n s , one in  the n o rth  and  o n c  in the South. 
Previou s to g e n etic  an a lyses, s lro n g  body size and  m or- 
p h o lo g ica l co n v erg en ce  led to the  Southern  and  T asm a- 
n ian  p o p u la tio n s  b e in g  group ed  as o n e  su b sp ecíes  (D. 
m. macuỉatus), while the northern population was classi- 
fied as a sep arate  su b sp ecies  (D . m. gm cilis).

G e n etic  ev id en ce  suggests, how ev er, ih a t d espite  
ih e ir  size d iíĩe re n ce s , w h ich  m ay b e  as m u ch  as 5 0 % , 
the tw o m ain lan d  p o p u la tio n s  are  m o re  d o s e ly  related  
to  o n e  a n o lh e r , w hile  the T a sm a n ia n  p o p u ía tio n  is ge- 
n e tica lly  d iv erg en t. W h y  đ o es th is m atter?  l f  the  two 
mainland populations constitute one evolutionary sig- 
n iíĩca n t u n il (E S U ) w hile  ih e  T asm an ian  p o p u la tio n  
c o n stitu te s  a d iffe re n t ESU , th en  one m a n a g em en t so lu - 
tion  w ould  b e to  m an age the m ain lan d  and  islan d  p op u - 
la tio n s  sep arately . T h is  w ou ld  ease m a n a g em en t co n - 
cern s  as the  n o rth e rn  p o p u la tio n  is c la ss iíie d  as 
endangered, while the Southern p o p u la tio n  is relatively 
m o re co m m o n . Y et, it is lik e ly  ih at if a fem ale n o rth e rn  
q u o ll w ere  p laced  in a b reed in g  c en te r  w ith a So u th ern  
m ale , b ecau se  o f  th e ir  great s ize  d iffcre n ce , the  m ale 
w ould  view  the fem ale  as d in n e r, n o t as a p o ten tia l 
m ate. S im ilarly , tra n s lo ca tio n  o f  Southern q u o lls  to the 
n o rth  to au g m en t th at p o p u la tio n  cou ld  be d isastrou s. 
H en ce, w h ile  p h y log eo grap h y  su ggests o n e  m an agc- 
m e n t reg im e, a m o re  co m p lex  so lu tio n , w ith  e a ch  p op u - 
la tio n  m an aged  sep arate ly , is reco m m en d ed .

VII. CƯRRENT EXTINCTION CRISIS

A. How Many Species Have Gone Extinct?
T h e c u rren t rate o f  e x tin c tìo n  o f m am m als is , by any 
m easu rc, frig h ten in g . In the past 5 0 0  years, ap p rox i-



m atcly  8 8  sp e c ics  o f  m am m als are  th o u g h t to have 
g o n c  e x t in c i. T h is  rep rese n ts  a p p ro x im a te ly  1 .9 %  o f 
th e  c x ta n t  sp ecies  o f  m am m a ls. U sin g  th e  “b a ck g ro u n d ” 
o r  n atu ra l rate  o f  e x tin c tio n  d eriv ed  fro m  an ex a m in a - 
tio n  o f  th e  ío ssil re co rd , o n e  w ould  hav e e x p e c le d  at 
in o st o n e  sp e cie s  o f  m am m al to hav e g o n e  e x tin c t  in 
the sa m e tim e  period. T h is  a cce le ra te d  ra te  o f  c x tin c tio n  

c a n  be a scrib e d , d irec lly  o r in d ire c tly , to  a s in g le  cau se: 
h u n ia n s . W h ile  d ete rm in in g  w hat fa c to r  is u ltim a te ly  

(a s  o p p o sed  to  p ro x im a te ly ) in v o lv ed  in  a sp e cie s  e x - 
t in c tio n , h a b ita t lo ss , in tro d u c tio n  o f  e x o t ic  sp ecies  ( in - 

c lu d in g  z o o n o tic  d ise a se s), an d  o v erh a rv e stin g  all havc 
c o n tr ib u te d  to  the h ig h  h is to r ic  ra tes  o f  m am m alian  

e x tin c tio n .
O n e  w o u ld  th in k  th at a ssessin g  th e  ra te  o f  e x tin c tio n  

in su c h  a w el]-stu d ied  gro u p  as m a m m a ls  w o u ld  be 

re la tiv e ly  easy . Y et, d esp ite  re la tiv e ly  go o d  ta x o n o m y  
and  d eta iled  s iu d y  o f  the q u e s tio n , th e re  re m a in s  c o n - 
s id e ra b le  d eb ate  a m o n g  m a m m a lo g ists  a n d  co n serv a - 
t io n is ts  a b o u t th e  n u m b e r, th e  p re c ise  id e n iity , an d  the 
t im in g  oí' d isap p earan ce  o f  th o se  s p e c ie s  th a t m ay havc 
g o n e  e x t in c t  in  h is to r ic a l tim es. T w o  re c e n t e ffo rts  to 
c a teg o riz e  h is lo r ic a l e x tin c tio n s  c a m e  up  w ith  a p p ro x i- 
m ately  th e  sam e n u m b e r o f  sp e cie s  g o in g  e x tin c t : 8 5  by 
o n e  e s lim a te  and  8 8  by  a n o th e r . W h a t is  d isco n ce rtin g , 
h o w ev er, is ih a t the tw o lis ts  c o n ta in  o n ly  5 7  sp ecies  
in  c o n im o n , re su ltin g  in , o v era ll, 1 1 6  đ iííe re n t  sp ecies  
b e in g  listed  by o n e  o r  a n o th e r  o f  th e se  s tu d ies . T h is  
su g g ests  th a i, ev en  a m o n g  e x p e rts , th e re  is so m e d cb ate  
a b o u t w h at a c tu a lly  c o n s tiiu te s  an e x tin c tio n .

H ow  m u ch  d o es  th is  m a iie r  w h en  a sse ss in g  p a tte rn s  
o f  m o d e rn  lo ss  o f  m am m alian  sp e cie s?  O n  th e  o n e  han d , 
d o cu m e n te d  e x tin c tio n  ra tes  a re  so  far o v er b a ck g ro u n d  
ra te s  th a t d efm itiv e  lis tin g  w ill n o t ch a n g e  th e  im p lica - 
tio n s  for c o n se rv a tio n  o f  m am m a ls. O n  th e  o th e r  h an d , 
su c h  l is ts  are  p lay in g  an in cre a sin g ly  im p o rta n t ro le  
b o th  in  se ttin g  p rio ritie s  fo r c o n se rv a tio n  (th e  p ro cess  

o f  k e e p in g  sp e c ie s  o ff  the l is t )  and  in  p u b lic  d eb ate , 
and  an  a c cu ra te , d efen sib le  lis t  is e sse n tia l.

A c le a r  a b ility  to  agree  o n  w hat is m e a n l b y  e x tin c tio n  
is c r il ic a l  b o th  to co n se rv a tio n  p la n n in g  and  to co n se r- 

vation Science. w h ile  all differences in l is ts  of extinct 
sp e c ie s  n eed  to  be re c o n c ile d , m u ch  ca n  b e  lea rn ed  by 
a n a ly z in g  w hy o n e  se t o f  a u th o rs  e x c lu d e s  sp e cie s  that 
o th e r  a u lh o rs  lis t as e x tin c t  (T a b le  IV ). T h e  re a so n (s ) 
w hy a u th o rs  d isagree  ca n  tell us m u c h  a b o u t th e  so u rce  

o f  su c h  e rro rs , o r d ifferen ces  o f  o p in io n , b u t a lso  h e lp  
u s fo cu s  o u r e ffo rts  m o re  c le a rly  o n  th o se  s p e c ie s  w here 
c h a n g e s  in  sta tu s  a ffect c o n se rv a tio n  a c tio n .

M o st lis ts  ex a m in e  the e x tin c tio n  o f  sp e c ie s  o v er a 

p a rtic u la r  tim e fram e. F o r  in s ta n ce , o n e  m ig h t e x a m in e  

m a m m a lia n  e x tin c tio n s  s in ce  th e  b e g in n in g  o f  the age 
o f  e x p lo ra tio n  s ta rtin g  in  1 5 0 0 . T h e  íìr s t  q u e s tio n  o n e

TABLE IV

A Rcview of Species Nol Accepicd As “Extincrđ

Specỉes not known to exist in pasi 500 years 31
Species exiant as another laxa 18
Species exiinct as another Laxa 3

Taxonomv unresolved 3
Species exLant 21

(ì Daia írom McPhee and Flcmming (1999).

m u st ask  is, D id  the sp e cie s  in  q u e stio n  really  e x is t  at 
any tim e d u rin g  the p ast 5 0 0  years, o r w as e x tin c tio n  
d u rin g  th is tim e in ferred  in c o rre c tly  e ith e r th ro u g h  data 
in the lite ra tu re  o r from  m isp laced  stra tig rap h y  o f  su b - 

ío ssil m ateria l?  In  T a b le  IV , c learly  a p lu ralily  o f  the 
7 6  sp ecies  ex c lu d ed  w ere in  th is  ca ieg ory . T h e re  is n o  
d isp u te  w h e th e r o r n o t th ese  3 1  sp e c ics  w en t e x tin c t , 

ra th er ju s t  a q u e stio n  o f  w h eth er th e ir  e x tin c tio n  p re- 
d ated  th e  p erio d  u n d er stud y. W h ile  in c lu s io n  o r e x c lu -  
s io n  o f th ese  sp ecies  w ill ch an g e  the c a lcu la tio n  o f  ra tes  
o f  e x tin c tio n , su c h  ch a n g es  have little  p ra ctica l a p p lica - 

lio n s  to  coQ servation .
S im ilarly , rem o v in g  o r  ad d in g  a sp e cie s  from  a lis t for 

reaso n s o f ta x o n o m ic  u n ce rta in ty  o r ta x o n o m ic  rev is io n  

d o es n o t m a n iíe stỉy  ch an g e  c o n se rv a tio n  sta tu s  o f  a 
sp ecies. T a k e  for in s ta n ce  the quagga. D istin ct from  

o th e r  zeb ras, w ilh  o n ly  v estig ia l s trip es , th e  qu ag ga, 
Equus quagga, w as in iiia lly  th o u g h t to  b e  a d is tin c t 
sp ecies  o f  zeb ra  e x tirp a ie d  from  the Southern tip  o f  
A frica  at th e  tu rn  o f  th e  tw e n tie th  cen tu ry . R e cen t m o - 
le cu la r an alysis  o f  m u seu m  sp e c im e n s  sh o w ed  u n a m - 

b ig u o u sly  th a t the quagga w as a su b sp ecies  o f  the co m - 
m o n  zeb ra , E. burchelỉi— o n e le ss  e x tin c t  sp e c ie s , to  be 
su re — b u t su c h  rev isio n  d o es n o t ch a n g e  th e  w ay w e 
m an age the e x is tin g  p o p u la tio n s  o f  £ .  burchelìi S im i- 

larly, if two extinct species are íound to synonymous, 
as in  the case  o f  Jo h n s o n ’s  h u  tia (Plagiodontía ipaneum ) 

an d  p. velozi (n o  co m m o n  n a m e ), m an ag em en t p lan s 
rem ain  u n affected .

W h e n  a sp e cie s  th o u g h t to b e  e x tin c t  is d eterm in ecl 
to s till b e  e x ta n t, m o re lik e ly  th an  n o t ih e  size  and  
sta tu s o f  the e x ta n t p o p u la tio n  w ill be e iứ ie r  to ta lly  
u n k n o w n  o r k n o w n  to be c r itica lly  end an g ered . H en ce , 
tra n s itio n  íro m  e x tin c t  to e x ta n t, u n lik e  o th e r  ca teg o - 
ries, has im p o rta n t co n se rv a tio n  im p lica tio n s. In T a b le
IV , su ch  cases  rep resen t a b o u t o n e -q u a rter  o f th o se  
sp ecies  listed . S u c h  a tra n s itio n  sh o u ld  b e  a red  ílag 
in d ica tin g  th at fu rth e r stu d y, and  co n serv a tio n  a c tio n , 
are lik e ly  need ed .



B. Pattems of Modern 
Mammalian Extinctions

W h ile  the rate o f e x tin c tio n  is e x tre m e ly  high in com - 
p arison  to the exp ected  b ack g ro u n d  ra te  o f e x tin c tio n , 
the tim e fram e over w h ich  h is to r ica l e x tin c tio n s  have 
o ccu rred  is so  sh o rt that it  is o ften  d ifficu lt to d iscern  
p atterns in  data co lle cte d  o n  m am m alian  e x tin ctio n . 
N o n eth eless, b o th  ta x o n o m ic  an d  geo g rap h ical p atterns 
do em erge, b o th  o f  w h ich  m ay b e in íb rm a tiv e  if  we try 
to p ro je c t fu tu re p attern s o f e x tin c tio n  in  m am m als.

Perhap s the m ost s trik in g  p a ttern  seen  w hen one 

exam in es data on  h isto rica l e x tin c tio n s  o f m am m als 
relates to the geograp hic d is trib u tio n  o f  e x tin c t species. 
In the p ast 5 0 0  years, the great m a jo r ity  o f e x tin c tio n s  
have b een  on  island s, and w ú h in  islan d  groups, the 
C aribbean  island s have suffered  the m o st extrem e loss, 
acco u n tin g  ío r nearly 4 0 %  o f a ll reco rd ed  e x tin c tio n s  
(T a b le  V ). M am m alian  e x tin c tio n s  are , in  th is case , no 
d ifferent from  those o f o th er vvelỉ-studied taxa, w ith  
over 9 0 %  o f m o d ern  avian e x lin c tio n s  and 8 9 %  o f m od- 
ern m o llu sca n  e x tin c tio n s  also  o cc u rr in g  on islands. In 
recent. times, Continental e x tin c tio n s  have, lor the most 
part, b een  ra th er rare, and n early  all C o ntinental  ex tin c- 
tion s have b een  o n  the co n tin e n t o f  A ustralia .

No so p h istica ted  s ta tis tica l an a ly sis  o f the effect o f 
body size and p hy log eny  has b een  m ad e o f  recent ex- 
tin ctio n s , n o r  have analyses aclju sted  e x tin c tio n  rates for 
ex ta n t p a ttern s  o f  d iversily . Yet ih e  observed  patterns 
suggest that sm aller m am m als have b een  p articu larly  
su scep tib le  to e x tin c tio n . T h is  p attern  co n tra sts  sharply

TABLE V

Geographic Patlerns of Mammalian Extinction"

Type Loss(%)

Islands
Caribbean 37.5
PaciRc 21.6
indian Ocean 8.0
All other 6.8
Total 73.9

Continental
Australia 19.3
Alrica 4.5
Eurasia 1.1
Americas 1.1
Total 26.0

d Data írom McPhcc and Flemming (1999).

w ith  th a t o b served  in the fossil record  o f th e  A m ericas  
d u rin g  th e  P le is to c e n e -H o lo c e n e  tra n s itio n , in  w h ich  
the m ạ ịo rity  o f k n o w n  e x tin c tio n s  w ere in  the m eg a- 
fauna o f  the  reg io n .

P erh a p s the m o st s trik in g  set o f e x tin c tio n s  is in  th e  
In se c tiv o ra , w h ere an  en tire  fam ily (N eso p h o n tid a e , the  
A n tillea n  islan d  sh rew s) h a s  gon e ex tin ct. E lev en  p er- 
ce n t o f  a ll reco rd ed  m am m alian  e x tin c tio n s  in  the  M od- 
ern  era h av e  o ccu rre d  in th is  fam ily. In se c tiv o ra , as a n  
ord er, a p p ears to have a greater p rop en sity  to  e x tin c -  
tio n , w ith  1 ] sp ecies  hav ing  gon e e x tin c t. re p rese n tin g  
2 .5 %  o f  the  ± 4 5 0  d escrib ed  sp ecies  o f In sectiv o ra . T h is  
is a b o u i 3 0 %  above the overall rate o f  1 .9%  for 
mammals.

O th e r  o rd ers  that have o v errep resen ta tio n  in  recen t 
e x tin c tio n s  in c lu d e  tw o e u th er ia n  ord ers, the  m o si d i- 
v erse  b e in g  R o d en tia  (5 2 %  o f all e x tin c tio n s , 4 4 %  o f  
d escrib ed  m a m m a ls). S im ilarly , am o n g  ih eria n  m am - 
m als , th e  m o st d iv erse  o rd er, D ip ro d o n tia , vvith 1 1 7  
sp e c ie s , w h ich  in c lu d es  p o ssu m s, cu scu ses , w om b ats, 
and  the k o a la , show s o v errep resen ta tio n  in the e x tin c - 
t io n  tab le  (6 .8 %  o f e x tin c tio n s , 2 .5 %  of all m am m alian  
sp e c ie s) as d o es o n e  o f  the lea st d iverse, the P eram eld ia , 
o r  b a n d ic o o ts  (3 .4 % /0 .4 5 % ) .

In c o n tra s t, w h ile  n in e  sp e cie s  oí the o rd er C h iro p - 
tera  h av e  g o n e  e x lin c t , rep resen tin g  10%  o f  the kn ow n 
m o d e rn  e x tin c tio n s , bats rep resen i nearly 2 0 %  o f the 
e x ta n t m o d ern  m am m alian  íau n a ; h en ce , One cou ld  
arg u e b a t  e x tin c tio n s  have b een  u n d errep resen led  in  
re c e n t tim e s. S im ila r arg u m en ts cou ld  be inade for b o th  

ca rn iv o re s  (2 .2 %  o f  e x ú n c tio n s , 5 .8 %  o ĩ s p e c ie s ) and 
p rim a te s  (3 .4 %  o f e x tin c ú o n s , 5 .1 %  o f sp e c ie s).

c. Projecting Future Extinctions
C o m p ilin g  lists  o f  receru ly  e x tin c t sp ecies  an d  stud ying  
cu rre n t e x tin c tio n s  te lls  u s so m eth in g  o f  the  re ce n l 
h is to ry  o f  ch a n g es  in  m am m alian  b io d iv ersity . T h e  
s tre n g th  o f  su ch  lists  is th at they are an a ssessm en t o f 
th e  g lo b a l p a ttern s  o f  e x ú n c tio n  and tell u s  so m eth in g  
a b o u t th e  p e rs is te n c e  o ĩ  a sp ecies , fam i[y, o rd e r, or size 
class. T o  b e tte r  u n d ersta n d  the im m ed iate  fu tu re o f 
m a m m a lia n  e x tin c tio n s  (p erh ap s the n e x t 2 0 0  years) 
ra th e r th a n  re íle c t o n  w hat has gon e e x lin c t , there is 
g re a te r  v a lu e  in  ex a m in in g  w h ich  sp ecíes, ía m ilie s , and 
o rd ers  are  u n d e r threat and  d iscu ssin g  how  th reats  will 
lead  to  d e c lin e , and  u ltim ate ly  to e x tin c tio n . T h ese  pro- 
cesses  a re  m ore fu lly  d iscu ssed  elsevvhere in  th is  ency- 
c lo p e d ia , as are p a ttern s  for p articu la r o rd ers o f 
mammals.

F o r  m a m m a ls  o v e r a lỊ  how ever, p atterns o f threat do 
n o t co rre la te  w ell w ith  p a ttern s  o f recen t e x tin c tio n . A



re ce n t assessm en t o í  th re a te n e d  s p e c ie s  by  th e  W o rld  
C o n serv a tio n  U n io n  (IƯ C N ) su g g ests  th at 2 5 %  o f  ex - 

tan t m am m al sp ecies  are  th re a te n e d  w ith  e x tin c tio n . 
So m e o f  the g ro u p s th at are  o v erre p re se n te d  in an alyses 
o f re c e n t e x tin c tio n s  are p ro m in e n t in  th e  lis t o f  th reat- 
ened  sp e cie s : ro d en ts  are so m ew h at u n d e rr e p re s e n te d  

w ith  “o n ly ” 17%  o f  the sp e cie s  in  th e  o rd e r  th rea ten ed  
w ith  e x lin c tio n ; in se c tiv o re s , hovvever, lo o k  lik e ly  to 
d o m in ate  the lis ts  o f  e x tin c t  sp e c ie s  in  c e n tu r ie s  to 

co m e , w ith  3 6 %  o f  th e  sp e cie s  in  th is  ta x o n  th re a te n e d . 
W h a t is m o re  in te re stin g  is  that so m e  o rd e rs  th a i have 
sh o w n  re la tiv e ly  low  rates o f e x t in c t io n  su c h  as ca rn i- 
v o res and p rim ates hav e h igh  p ro p o rtio n s  o f  th e ir  taxa 

th reaten ed . In  ca rn iv o re s  n early  2 6 %  o f  a ll s p e c ie s  are 
u n d e r th rea t, w h ile  n early  halí the p rim a te s , 4 6 % , m ay 
go e x t in c t  in  th e  n e x t cen tu ry .

A n alysis  o f  th e  e x tin c tio n  o f  s u b s p e c ie s  o r  p o p u la- 
tio n s  o f  an im a ls  g iv es so m e in sig h t in to  w h a t is  g en era t- 
ing  th is  p attern . A m o n g b o th  c a rn iv o re s  a n d  p rim a te s , 
rare sp e cie s  have b e e n  s u b je c t  to in c re a s in g  th re a ts  from  
h a b ita t lo ss  and  íra g m en ta tio n , iso la tin g  e n d e m ics  in 

sm a lle r  and  sm a lle r  p a tch e s . But w iđ e -ra n g in g  sp e cie s  
are a lso  sh o w in g  p ro m ise  fo r  íu tu re  e x t in c t io n  th ro u g h  
s im ila r  p ro cesses  a c tin g  at la rg er sca le s . T h e  sp o tte d  
h y en a , w h ile  s till ab u n d a n t and  o e c u rr in g  a t re la tiv e ly  
h ig h  d en sities  fo r  a large ca rn iv o re , re q u ire s  a m a tr ix  o f 
re so u rce s  th at are vvidely d isp ersed  a c ro s s  a lan d scap e. 
C o m b in e d  w ith  a re la tiv e ly  low  lev el o f  d isp e rsa l, h ab i- 
tat ừ a g m e n ta tio n  and  iso la tio n  su g g cst ih e  sp e c ie s  w ill 
c o m e  uncler in cre a sin g  th reat. T h e  A ír ic a n  w ild  dog 

sú ll h a s  a n early  C on tinen tal d is tr ib u tio n , b u t m o s i p op - 
u la tio n s  are  sm a ll (few er th an  1 0 0  in d iv id u a ls ) and  
in cre a sin g ly  iso la ted . T h re a ts  to th e  s p e c ie s  a m p lify  o n e  
a n o th e r : h a b ita t lo ss  an d  íra g m e n ta tio n , lo ss  o í  p rey , 
d isease  in tro d u ce d  by d o m e stic  c o m p a n io n  a n im a ls , 
a c tiv e  h u n tin g , and  road  k ills  a ll c o n tr ib u te  to m o rta lity . 
T h e  d e c lin e  o f  the sp e cie s  in  W e st A ừ ic a , w h e re  p o p u la - 

t io n s  b ecarn e  iso la ted  an d  th en  w e n l e x t in c t  One by 
o n e , lik e  ca n d les  b e in g  sn u ffed , is p ro b a b ly  in d ica tiv e  
o f  p a tte rn s  th a t are  ev olv in g  in  C entral an d  E a st A írica . 
In cre a sin g ly , w h ile  th e  sp e cie s  is s till  e x ta n t , an d  w ill 
re m a in  so  for d ecad es in  Southern A ír ic a , it is  b e in g  
lo st as a c o m p o n e n t o f the great m a jo r ity  o f  e co sy ste m s 
in  w h ic h  it o n ce  lived.

w h i le  e x tre m e ly  valu ab le  b o th  fo r  p la n n in g  an d  for 

d ev e lo p in g  an u n d ersta n đ in g  o f  w h ich  s p e c ie s  are  m o st 
l ik e ly  to  go e x tin c t , l is ts  o f  e x t in c t  o r  th re a te n e d  
m a m m a ls  o n ly  ad d ress th e  c o n c e rn  o f  e v o lu tio n a ry  
e x t in c t io n , th e  u ltim a te  lo ss  o f  a sp e c ie s . In cre a sin g ly , 
s c ie n tis ts  w ho stu d y  m am m als, and  lo b b y  ío r  th e  p re se r- 
v a tio n  o f  m am m alian  d iv ersity  in  p a rtic u la r  an d  b io d iv - 
e rs ity  m o re  w id cly , w ill have to  ad d ress  iss u e s  re la ted

to the lo ca l, reg io n al, and g lob aỉ e co lo g ica l c o n se - 
q u e n ce s  o f  a sp ecies  m arch  tow ard  e x tin c tio n .
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GLOSSARY

c o n se rv a tio n  e ffo r ts  A ny a c tio n  that a im s to red u ce 
th e  p ro b a b ility  o f e x tin c tio n  o f  a ta x o n  o v er a sp eci- 
fied tim e p eriod . 

ex  situ  conservation C o n serv atio n  a c tiv itie s  th a i in - 

volve individuals held outside their native habitats 
(e .g ., in  z o o s o r  seecl b a n k s). 

in sỉtu  c o n se rv a tio n  A ctiv ities  w h ich  aim  to  co n serv e  
w ild  p o p u la tio n s  in  th e ir  nativ e h a b ita ts. 

m a m m a l M e m b e r o f the o rd er M am m aiia . A sp ecies  
that p rov id es m ilk  for its  yo u n g  an d  has fur. T h ey  
ty p ica lly  (b u t n o t e x c lu s iv e ly ) b ear live you ng. 

p e rs e c u tio n  D elib era te  k illin g  o f  an im a ls  p erceiv ed  to 
b e  a n u isa n ce . 

s u s ta in a b le  u se  E x p lo ita tio n  o f  w ild life  in  a m a n n e r 

th at av oid s d ep le tio n  o f  the re so u rce  (e .g ., lim ited  
h u n tin g , e co to u rism ). 

te r r e s tr ia l  A sp ecies  th at lives on  lan d  (a s  op posed  
to m arin e  or íresh  w a ter) fo r the m a jo r ity  o f  its  
l iíe  cy cle .

CONSERVATỈON EFFORTS  fo r te rre s tria l m am m als 
m u st s ta rt w ith  a co n s id e ra tio n  o f  th e  p a rtic u la r  th re a ts  

th at face  th ese  sp ecies . T e rre s tr ia l m a m m a ls  are  a d isp a- 
ra te  g ro u p , b u t s im ila ritie s  in  th e ir  c o n se rv a tio n  n eed s 
ca n  be d isce rn e d , p a rticu la rly  w h e n  c o n s id e r in g  large 
m am m als. L arge-b o d ied  s p e c ie s  ten d  to  be v u ln era b le  
to e x tin c tio n  b o th  b e ca u se  o f  th e ir  b io lo g y  and  th e ir  
in te ra c tio n s  w ith  hư m an s. T h e y  tencl to  need  large  areas 
ío r  su rv ival an d  to  be re la tiv e ly  s lo w  g ro w in g , m a k in g  

th e ir  p o p u la tio n s  less re s ilie n t. T h e y  a lso  ten d  to  be 
m o re  lik e ly  to  b e  k ille d  by  h u m a n s  fo r th e ir  m eat, 
tro p h ies , o r  b eca u se  th ey  a re  a d a n g e r o r  a n u isa n ce . 
B eca u se  o f  th ese  varied  th re a ts , c o n se rv a tio n  e ffo rts  for 
te rre s tr ia l m a m m a ls  are  b ro a d e r th a n  for so m e o th e r  
ta x a ; they  en co m p a ss  b o th  h a b ita t p ro te c tio n  an d  d irec t 
p ro te c tio n . C o n se rv a tio n  e ffo rts  fo r te rre s tr ia l m am m als  
are  a lso  n o te w o rth y  b e ca u se  th ey  are  o fte n  trea ted  as 
íla g sh ip  sp e c ie s  fo r the rest o f  b io d iv ers ity  co n se rv a tio n , 
so m e tim e s  at th e  e x p e n se  o f  o th e r  sp e c ie s . T h is  m ak es  
th e m  im p o rta n t m o re  b ro a d ly  fo r c o n se rv a tio n  p o licy .

I. INTRODUCTION

In  d iscu ss in g  co n se rv a tio n  e ffo rts  fo r  te rre s tr ia l m am - 
m als , w e íìrst n eed  to  id e n tiíy  w h a t is  p a rtic u la r  a b o u t 
th e ir  c o n se rv a tio n  n eed s. It is  h ard  to  g e n era liz e  a b o u t 
su c h  a b ro a d  range o f  sp e c ie s , íro m  b a ts  and  m ice  

th ro u g h  a n te lo p e s  and  ly n x  to  e le p h a n ts , b u t th ere  are 
so m e  c o m m o n  c h a ra c te r is t ic s  th a t p re d isp o se  terrestria l
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m am m als to th reat, at least am o n g  larger-bod ied  spe- A 
cies . T h e se  ch a ra c ter is tics  re late  both  to natu ral h istory 
and  to  h u m an  attitu d es.

L arge m am m als have h igh  en erg etic  d eniands. T hey 
grow  slow ly , range w idely, and o cc u r  at low p op u lation  
d en sities . T o g eth er th ese  lin k ed  ch a ra cter is tics  m ean 
th at large m am m als are v u ln erab le . T b e ir  p op u latio n  
d y n am ics  are less re s ilien t th an  those o f o th er sp ecies, a>
s in ce  they  ca n n o t b o u n ce  b a ck  q u ick ly  from  p op u latio n  c
d ec lin es. F u rth e rm o re , they are m ore vu lnerable  to hab- y
ita t lo ss  th an  o th er sp ecies, b ecau se  they rely  on larger 2
areas o f h ab ita t. g_

T h e  natu ral h isto ry  o f m am m als is not the on ly  fea- 
ture that p red isp o ses them  to v u ln era b ility — large 
m am m als are often  u n d er threat b ecau se  they are w orth 
k illin g . B ein g  large b o d ied , m ost are valuable for m eat; 
those  th at have tro p h ies su ch  as h o rn s, tusks, or furs 
can  b e  e x tre in e ly  valu able. Large m am m als can also be 
p ro n e  to  hu m an p e rse cu tio n  b ecau se  they rep resent a 
th rea t, b o th  to h u m an s th em selves and 10 th e ir liveli- 
h o o d s, as p red ato rs on liv esto ck  o r co m p etito rs  for land 

and reso u rces.
L arge m am m als can have a s ig n ifican t im p act on g

th e ir  en v iro n m en ts . T h is  crea tes an  in tim ate  a sso ciaú o n  
between the conservation of terrestrial mammals and 
the co n se rv a t io n  o f  o ther  sp ecies  in their ecosystem s; 
conservation efforts targeted ioward mammals might, 
therefore, have added conservation value over and 
ab o v e th e  ind ividual sp ecies  b e in g  con serv ed . Som e 
su c h  sp ecies  have a p ro fo u n d  im p act on the ecosystems Co
they in h a b it. F o r exam p le, the d estru ctiv e  cffect o f c le - ©”
p h a n ts  (L oxodonta aỊricana) on  vegetation  m eans that |Ị
a trend in plant species richness vvith elephant density is ■§
v is ib le ; in  the 1 9 8 0 s  e lep h an t d en sities  insid e A m boseli §
N a tio n a l P ark , K enya, w ere very high as they sh eh ered  Q.
from  p o a ch ers  in  the relaúve satety o f the p ark . N um - LU
bers were very low outside ihe park, producing a gracli- 
en t o f  e lep h a n t d en sity  that cou ld  be m easured  from  
d am age to  A cacia  trees, a íavorite  food p lant. Sp ecies 
r ich n e ss  o f  all p lan ts (w h eth er or n o t eaten by ele- 
p h a n ts) w as h ig h est at the b o u n d ary  o f the P ark, at 
in te rm e d ia te  e lep h an t d en sities  (F ig . 1 ). L ikew ìse, pred- 
a to rs  m ay have a m arked  e ffect on com m u n itv  s tru ctu rc .
F o r  e x a m p le , lo ca l e x tin c tio n  o f coy o tes (Canis latrans), 
in  p arts  o f  S o u th ern  C aliforn ia  w as asso ciated  w ith  dis- 
a p p earan ce  o f a variety  o f sm aller sp ecies  (C ro o k s  and 
S o u lé , 1 9 9 9 ) ,  yet the d istrib u tio n  and d en sities  o f coy- 
ot.es th em se lv es  have b een  shaped  by the re ce n t d eclin e  
o f  a s till-la rg e r p red ator, the  w o lf (Canis ỉupus).

In  th is ch ap ter, w e shall first d iscu ss in general term s 
som e o f the threats íacin g  terrestria l m am m als and
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F1GURE 1 (a) Plant species richness along a 12 km Iransect from
the center of Amboseli National Park, Kcnva. The Park boundary is 
at 6 km. (b) Changes in elephant densitv along the transect from the 
centcr of  the park, measured bv elephant damage 10 acacia trees. From 
VVcstcrn, D. (1 9 8 9 ) ,  The ecological valuc of clcphants: A keystone role 
in Africa’s ecosystems. In The ivory trade and lh e fu tu re  o Ị  the AỊrican  
Elíphant. l v o r v  Trade Revievv Group, Queen Elizabcth Housc, Ox- 
ford. UK



w hich  sp ecies  are p a rticu la rly  v u ln e ra b ỉe  to  th ese  
ih rca ts . W e  sh a ll th en  d iscu ss  co n se rv a tio n  m ea su res  
that have b een  used  to ad d ress so m e  o í  th e  th re a ts . 
F in a lly , we sh a ll ưse in -d ep th  case  s tu d ie s  to e x a m in e  
how  co n se rv a tio n  e ffo rts  h a  ve b e e n  targ eted  a i p a rtic u - 
lar sp ecies , co n c lu d in g  b y  p la c in g  te rre s tr ia l m am m al 
co n se rv a tio n  in to  ihe b ro a d er c o n te x t  o f  in te rn a tio n a l 
co n serv a tio n  cffo rts.

II. THREATS TO 
TERRESTRIAL MAMMALS

L ik e  o th e r  ta xa , m a n y  terrestria l m a m m a ls  are a t r isk  
from  h a b ita t loss. As p eo p le  b e co m e  m o re  n u m e ro u s, 

they m o d iíy  th e ir  su rro u n d in g s  in  a v ariety  o f  w ay s; 
th is  p ro ce ss  c re a tes  new  e n v iro n m e n ts  h o s tile  to m a n y  
vvild sp ecies . D ire ct c o n v e rs io n  o f n a tu ra l h ab ita t th re a t- 
ens th e h ig h  p ro p o rtio n  o f  m am m al s p e c ie s  that c a n n o t 
surv ive in  farm ed  o r u rb an  e n v iro n m e n ts . M any te r- 
resiria l m am m als ’ large b o d y  size  an d  h ig h  en erg y  re - 

q u ire m en ts  m ak e th em  p a rticu la rly  se n s itiv e  to  h u - 
m an  a ctiv ities .

D ire c t k illin g  by p eo p le  is a se r io u s  th rea t, w h ich  
p erh ap s a ffects  te rrestria l m am m als m o re  than  o th e r  
gro u p s (w ith  ih e  p o ssib le  e x c e p tio n  o f  m a r in e  m a m m a ls  
and c o m m e rc ia l íìsh s p e c ie s ) . S o m e  ío rm s  o f  k illin g  
involve e x p lo ita lio n . S u b s is te n ce  h u n tin g  o f  d eer, a n te - 
ỉo p es, and  m any p rim ate  sp e cie s  ca n  ca u se  p o p u la tio n  
d e c lin e s , as can  c o ra m e rc ia l h u n tin g  to  fuel lo cal and  
in te rn a tio n a l trade. T h e  b u sh m ea t trad e  (tra d e  in  m eat 
from  w ild life  ío r lo ca l c o n su m p tio n ) is  p re d o m in a te ly  
based  on  m am m al sp e c ie s ; re ce n t e s tim a te s  have p u t 

the a n n u a l o ffta k e  for th is  trade at 1 0 0 0  to n n e s  o f  m e a t 
a y ear in  C en tra l A írica  a lo n e  (R o b in s o n  et aỉ.y 1 9 9 9 ) .  
T h e re  is  a s tro n g  in te ra c tio n  b etw een  h u n tin g  and  h a b i- 
tai lo ss ; as an  area b e co m e s  m o re  a c ce s s ib le  th ro u g h  
the c re a tio n  o f  logg ing  ro a d s, for e x a m p le , h u n tin g  ra te s  
in cre a se . H u n tin g  for th e  in te rn a tio n a l trad e  has ca u sed  
so m e  o f  th e  m o st ser io u s  and  w e ll-p u b lic iz e d  s p e c ie s  
d e c lin e s  and  in c lu d es  h u n tin g  o f  e le p h a n ts  to m ak e  
ivory  carv in g s and  sp o tted  ca ts  to m ak e  fu r co a ts . P a r t ic -  
u larly  in s id io u s  is the d em and  for a n im a l b o d y  p a rts  
used  in  tra d itio n a l A sian  m e d ic in e s ; th is  h as  ca u sed  

d ec lin e s  o f  tigers  (Panthera tigris, in  d em a n d  for th e ir  
b o n e s ) an d  b ears  (U rsid a e , in  d em a n d  fo r th e ir  g a ll- 
b la d d e rs).

N o t a ll k illin g  o f  m a m m a ls  b y  p e o p le  c o n stitu te s  
e x p lo ita tio n ; sev era l sp e c ie s , esp ec ia lly  th e  large c a rn i-  

v o res, hav e su ffered  ser io u s  d ec lin e s  th ro u g h  p e rse cu -

tio n . L arg e-b o d icd  sp ecies  su ch  as e iep h a n ts  and  b ears  
are a r isk  to h u m a n  liíe  and are rarely  to lera ted  in areas 
w ith  h igh  h u m an  d en sities . M u ch  o f  the p ro b lem  w ith  
h u m a n -e le p h a n t re la tio n sh ip s  in  re ce n t years is co n - 
c e rn e d  less w ith  ivory th a n  w ith  the fact th at e lep h a n ts  
are d an g ero u s n e ig h b o rs. E le p h a n ts  ca n  íla tte n  a cro p  
in  m in u te s  and  are resp o n sib le  for large n u m b e rs  o f  
h u m an  in ju r ie s  and  ía ta litie s  each  year. L ik ew ise , large 
c a rn iv o re s  are íeared  and  p erce iv ed  as a th reat to liv e- 
s to c k  an d  have b een  th e  v ic tim s  o f  org an ized  e rad ica - 
tio n  cam p aig n s th at saw , fo r exa m p le , the e x tirp a tio n  

o f  w o lves from  m o st o f  the co te rm in o u s  U n ited  S ta tes , 
and  A frica n  w ild  d ogs (Lycaon picíus) acro ss  m u ch  o f 
A frica , in  the íìrst h a lf  o f  th e  2 0 th  cen tu ry .

H u m a n s m ay a lso  cau se in ad v erten t d ec lin e s  
th ro u g h  e x p lo ita tio n  o r c o n tro l o f  re la tiv e ly  c o m m o n  
sp ecies . T ra p s  set to ca tch  rab b its  (Orycíolagus cunicu- 
lus) are  a ser io u s  threat to  en d an g ered  Ib erian  lyn x  

(Lỵnx pard in a ) ,  w h ich  are a cc id e n ta lly  cap tu red  and 
k illed . L ik ew ise  g ia n t p and a (Ailuropoda m elanoleuca) 
p o p u la tio n s  arc  ser io u sly  a ffected  by  accid en ta l ca p tu re  
in  sn a re s  se t fo r o th e r  sp ecies . M ore serio u sly  s till, 

e x te rm in a tio n  cam p aig n s for p ra irie  dogs (Cỵnomys 
sp p .) in a d v erten tly  cau sed  the co lla p se  o f  b la ck -fo o tc d  
ĩe rre t (M ustela nigripes) p o p u la tio n s .

H u m an  a c tiv itie s  a lso  in ũ u e n ce  w ild  m am m als’ e x p o - 
su re  to “n a tu ra l” th reats  s u c h  as d isease  and  p red atio n . 
F re q u e n t lo cal e x tin c tio n s  o f b ig h o rn  sh eep  (O vis cana- 
densis) in  th e  W e ste rn  U n ited  S ta tes , lead ing  to ser io u s  
sp e cie s  d e c lin e , have b e e n  largely  a ttrib u ta b le  to  in fec- 

tio u s  d iseases  co n tra c te d  th ro u g h  c o n ta c t w ith  d o m e stic  
sh eep . S m all, iso la ted  p o p u la tio n s  are esp ec ia lly  v u ln er- 
ab le  to th c  th rea t o f  d isease ; th u s  d isease  m ay d eliv er 
the íìnal coup de  grace to species already crippled by 
O ther ía c to rs . L ik ew ise , th ese  p o p u la tio n s  m ay b e  un- 
ab le  to co p e  w ith  p red a tio n  p ressu res  read ily  su sta in e d  
by  la rg er p o p u la tio n s . W h e n  e x o tic  p red ato rs o r p a th o - 
gen s are in tro d u ce d  to  naỉve sp e c ie s , the im p a ct can  be 
m o re  sev ere  s till. T h e  in tro d u c tio n  o f  red  fo x es  (Vuỉpes 
vuỉpes) to  A u stra lia  d ec im a ted  p o p u la tio n s  o f  the 
sm a lle r  m arsu p ia l sp e cie s , and  the in tro d u c tio n  o f  rin- 
d erp e st— a viral d isease  o f  A sian  ca ttle — to A írica  
ca u sed  w id esp read  and  o ften  irrev ersib le  d ec ỉin e s  o f  
m an y A frican  u n gu la tes .

T h e  re c e n t  u p d aú n g  o f  th e  W o rld  C o n se rv a tio n  
U n io n ’s  (IƯ C N ) Red L ists  o f  th rea ten ed  sp e cie s  p ro - 
vid es an  o p p o rtu n ity  to analyze the re la tiv e  im p o rta n ce
ol d ifferen t th re a te n in g  p ro ce sse s . T h e  IU C N  ca teg o ries  
o f  th reat h av e  lim ita tio n s , re fle ctin g  e x p e rts ’ su b je c tiv e  
asse ssm en ts  o f  w h ich  th re a te n in g  p ro ce sse s  are  the 
m o st im p o rta n t fo r a sp ecies . T h e y  are  a lso  b ia se d  in



that p o o rly  kn o w n  o r u n k n o w n  laxa  are n o t w ell rep re- 
sen ted . H ow ever, m am m als are relativelv  w ell stud ied  
in  co m p a riso n  w ith  o th e r taxa , so that for th em , the 
IU C N  ca teg o ries  o f threat can  be used as a basis for 
a sse ssin g  the re lativ e  im p o rtan ce  o f  v ario u s th reaten in g  
p ro ce sse s. T h is  h as b een  d o n e bv M ace and  B alm íbrd  
( in  p re s s ) , w h o  sh o w  that ab o u t 2 5 %  o f  m am m al sp ecies  
are th reaten ed . T h is  is h ig h er than the th rea t levels 
o th e rs  have estim ated  for b ird s, b u t n o t as h igh  as for 
so m e o th e r  taxa. M ace  and  B alm ford  id en tify  five m a jo r 
th rea t types: h a b ita t loss m ak es up 4 7 %  o f  the  threats 
to m a m m a ls, o v ere x p lo ita tio n  m ak es up  3 4 %  o f  ih reats  
(6 6 %  o f  w h ich  is lo ca l e x p lo ita tio n , 2 1 %  com m erc ia l 
e x p lo ita tio n , 5%  by ca tch  and  in c id en ta l ca tch , and 8%  
p e rse cu tio n  and h u n tin g  as a p esl)- O th e r th rea ts , su ch  
as in tro d u ctio n s  (1 3 % ) and rarity  (6 % ) , are less co m - 
m o n  a m o n g  m am m als. T h u s any analysis o f  the ih reats  
to m am m als  and  the co n serv a tio n  e ffo rts  n eed ed  to 
c o u n te ra c t them  is lik e ly  to em p h asize  h ab ita t lo ss  and 
o v ere x p lo ita ú o n .

A n o th e r u se íu l te ch n iq u e  for lo o k in g  at the effect 
o f  th re a te n in g  fa c lo rs  o n  e x ú n c tio n  risk  co m p a res  the 
c h a ra c te r is tic s  o f  p o p u la tio n s  that have b e co m e  e x tin c t 
w ith  th o se  that survive. T h ese  have sh o w n  the fo llow - 
ing lin k s :

Vulncrabiìity correìates with sp c á e s ’ natural history. 
A m o n g ca rn iv o res, v u ln erab ility  is d e a r ly  asso cia ted  
w ith  the e x te n t o f  a p o p u la tio n ’s co n ta ct vviih peop le. 
F o r  exa m p le , ca rn iv o res  w ith  large h o m e ran ges fre- 
q u e n ily  iravel b eyo n d  ihe b o rd crs  o f p ro tec ted  area, 
w h ere  they  co m e in to  c o n ta c t w ith  p eople. S u ch  c o n ta c t 
is  o ften  fatal, w ith  th e  resu lt that w id e-ran g in g  sp ecies  
re q u ire  larger park s and reserves for e ffectiv e  p ro tec tio n  
(W o o d ro ffe  and  G in sb erg , 1 9 9 8 ) .

Vulnerabiỉity also correlates with degree oỊ human use 
o jth e  mammaVs habitat. T h e  d irec t and  in d ire c i e ffects  o f 
h u m a n  a cú v ity  o n  m am m als lead  to  gen eral a sso c ia tio n s  
b e tw e e n  h ig h  h u m an  p o p u la tio n  d en sity  and  local ex- 
tin c tio n  o f  m am m al p o p u la tio n s. E lep h a n ts, p rim ates, 
large and  sm all ca rn iv o res  all d em o n stra te  su ch  asso cia- 
tion s. It  is n o l c le a r  to w hat ex tern  these a sso c ia tio n s  
re íle c t  d ire c t k illín g  o f  m am m als by p eo p le , d estru ctio n  
o f  m a m m a ls ’ h ab ita t by p eo p le , or, o n  the sm all sca le , 
s im p le  av oid an ce o f  p eop le  by m am m als.

In d iv id u al sp e cie s  m ay b e th reaten ed  b y  a n u m b e r 
o f d ifíe re n t íacto rs  so  that the tvpe o f  ro n se rv a tio n  
effo rt need ed  can  vary  w idely  b etw een  sp ecies . H ow - 
ever, it is  p o ssib le  to d iscern  so m e broad  p attern s that 
can  h e lp  to  id en tiíy  sp ecies  that m ay be at r isk  o f e x tin c - 
tio n . T h e se  p a ttern s  relate b o th  to ih e  b io lo g y  o f the

sp ecies  and  to  ih e level and type o f  hum an p re ssu re  on  
the sp e cie s  and its  h ab ila t.

III. TYPES 0 F  CONSERVATION EFFORT

T h e  th reats  d escrib ed  here d em and  a variety  o f  c o n se r-  
v atio n  m easu res, m an y  of w h ich  have been  ap p lied  to 
terrestria l m am m als. W e  d iscu ss these  m easu res b rie íly , 
g iv ing m o re d eta iled  ev a lu atio n s o f  th e ir  costs  and  b e n e - 
fìts in the case studies.

Lcga! protection o J  arcas  is ih e  m o st trad itio n a l form  
o f  co n se rv a tio n ; th is  ap p roach  has the ad van tage o f 
p ro te c tin g  h a b ìta ts , as w ell as p a rticu la r sp ecies , against 
a m u ltitu d e  o f  th reats  asso ciated  w ith  hu m an activ ities . 
W h ile  reserv es are o fte n  largeted  at a p articu la r sp e cie s , 
and  even  nam ed  as su ch  (e .g ., A ddo E lcp h a n t P ark , 
G e m sb o k  N atio n al P a rk ), w ell-p la n n ed  reserv es can  
p ro te c l m u ltip le  sp e c ie s , h ab ita ts, and lan d scap es. Large 
m am m als are o ften  used  as “íla g sh ip s” to p ro m o te  su ch  
reserv es (e .g ., ĩn d ia ’s P rọ ịec t T ig e r). D esp ite  th e ir  e ffec- 
tiv en ess at p ro te cú n g  som e sp e cie s , l im ita tio n s  on  local 
p e o p le ’s righ ts to  in h ab it o r e x p lo il su ch  areas have 
a ttra c ied  co n tro v ersy  and m ay u n d erm in e  the lo n g er- 
term  su sta in a b ility  ol reserves.

Legal protection oỊspec ies  o r  p o p u la tio n s  m ay also  be 
usecl as  a c o n se rv a tio n  m easu re. F o r  e x a m p le , s trin g e n t 
leg isla lio n  in the U n ited  K ingd om  p ro te c ts  th e  E u ro - 
pean b ad ger (M eles m eles) from  k illin g  and d istu rb a n cc . 
D iffìcu lties  o f  e n ío rc e m e n t m ean  thai su ch  leg isla tio n  
m ay h av c lim iicd  v alu e as a c o n se rv a tio n  to o l, how ev er; 
for exa m p le , b a b iru sa  w ild pigs (Babirusa babỵroussa ) 
are s lill o p en ly  trad ed  for m eat in In d o n esia  d esp ite  
h av in g  full legal p ro te c tio n . S p ecies  th reaten ed  by ex - 
p lo ú a tio n  m ay b e p ro tected  by legislation governing 
trade ra th er th an  p rev en tin g  k illin g . F o r  exam p le, in  the 
G a m b ia  it is n o t illeg a l to kill leop ard s, b u t in iern a tio n a l 
trade in th e ir  s k in s  w ould b e  p ro h ib iled  ih ro u g h  ih e 
C o n v e n tio n  on  In te rn a tio n a l T rad e  in  E n đ angered  Spe- 
c ies  (C IT E S ) .

P ro b lcm s su rro u n d in g  the e n lo rc e m e n t— and  natu - 
ral ju s t ic e — o f le g isla tio n  p ro h ib itin g  ihe e x p lo ita tio n  
o f w ild  p o p u la tio n s  o r  use o f  p ro tected  areas have led 
to in itia tiv es  a im ed  at co n serv a tio n  th ro u gh  sustaínabỉe 
use. T h e  ra tio n a le  b e h in d  su ch  in itia tiv es  is  that su sta in - 
able e x p lo ita tio n , w ith  the b en efits  a ccru in g  to local 

co m m u n itie s , sh o u ld  en su re  that local p eo p le  value 
and p ro tect n a tu ra l reso u rces. L ik e the esta b lish in en i 
o f  reserv es, th is  a p p ro a ch  has a ttra c ted  co n tro v ersy ; ih e  
array o f  p o litica l, leg isla tiv e , and  lo g istica l c o n ce rn s  that 
it en ta ils  is d iffc re n t from , b u t no less co m p le x  than , 
that su rro u n d in g  m o re trad itional legal p ro te c tio n .



T h re a te n e d  p o p u la tio n s  m ay a lso  be p ro tected  
th ro u g h  d irec t m an ag em en t. Habitat mancigement in- 
v o lves m easu res su ch  as  p ro v is io n  o f  w a terh o les  or 

dcn  s ite s , o r c o n tro l o f  p rcd a to rs  o r  prey . Pơpulcĩtion 
m anagemenl d escrib es  a v ariety  o f in te rv e n tio n s  on the 
p o p u la tio n  b e in g  co n se rv e d , su c h  as v a c c in a tio n  against 

in íc c t io u s  d iseases and  su p p le m e n ta tio n  from  o th c r  
p o p u la tio n s , w ild  o r  cap tiv e . S p e cie s  co n se rv a tio n  m ay 
a lso  in v o lv e  re e s ta b lish m e n t o f  e x t in c t  p o p u la tio n s  
ihrough reintroduction of captive-bred or wild-caught 
m am m als. S u ch  m ea su res  h av c b e e n  im p o rta n t in the 
reco v ery  o f  so m e en d a n g ered  sp e c ie s  (e .g .,  g o ld en  lio n  
ta m a rin s, Leontopithecus rosalỉa, red  w o lv es , Ccinis ru- 
/iis), a s  w ell as th e  re e s ta b lish m e n t o f  p o p u la tio n s  o f 
sp e cie s  ih a t re m a in  w id esp read  b u t h a v e  su ffered  lo ca l 
e x tin c tio n s  (e .g ., gray w o lv es).

F in a lly , the c o n se rv a tio n  o fs o m e  en d an g ered  sp ecies  
m ay b e n e íìt  fro m  captive breeding, m a in ta in in g  a p op u - 
la tio n  in  ca p tiv ity  th at m ay o r  m ay n o t be in ten d ed  for 
re le a se  in to  the w ild . S u ch  e ffo rts  have p ro v en  valu ab le  
for c r it ic a lly  en d an g ered  sp e cie s  re d u ce d  to th e ir  last 
few  in d iv id u a ls  (e .g ., A rab ian  o ry x , Orỵx ỉeucopus, 

b lack-C ooted  fe rre t) , in  w h ich  m an ag ed  b reed in g  can  

m in im iz e  the lo ss  o f  ge-netic v aria iio n .

FIGURE 2 Piclure of a vvild dog. Aírican wild dogs live in closc-knit 
social groups bui their overalỉ population density is lo\v and their 
home ranges are enormous.

2. Threats
W h y  have w ild  clogs p o p u la tio n s  co llap sed  so  d ra m a ti- 
ca lly , w h cn  o th e r  large ca rn iv o res  have e x p e r ic n c e d  less 
serio u s  d ec lin e s?  T h e  an sw er p ro b a b ly  rc íle c ts  b o th  the

IV. CASE STƯDIES

A. Aírican Wild Dogs
A frican  w ild  d ogs provid e a case  s tu d y  o f  th e  in te ra c - 
t io n s  b e tw e e n  p e rse cu tio n  an d  h a b ita t fra g m en ta tio n  
in  le a d in g  to a th rea t ơ f  e x t in c t io n , and  th is  exam p le  
illu s tra te s  h o w , o n c e  d ep le ted , a s p e c ie s  ca n  b e co m e  

m o re  su sce p tib le  to  o th e r  fa c to rs  s u c h  as  d isease  and 
c o m p e tit io n  w ith  o th e r  sp e c ie s . C u rre n t co n se rv a tio n  

e ffo rts  fo r  th is  sp e c ie s  in c lu d e  p ro te c t io n  in  large re- 
serv e s  an d  re in tro d u c tio n s . W e  c r it ic a lly  e x a m in e  these  

e ffo rts  an d  su g g est o th e rs  that m ay  a ỉso  be u se ỉu l.

1. Background
T h e  A ír ica n  w ild  dog, Lỵcaon  pictus (F ig . 2 ) ,  is  o n e 
o f  the w o rld ’s m o st e n d a n g ered  ca rn iv o re s . F o rm e rly  

w id esp read  th ro u g h o u t su b -S a h a ra n  A ĩr ica , w ild  dogs 
hav e d isap p eared  fro m  2 5  o f  th e  3 9  c o u n tr ie s  in  vvhich 
th ey  w e re  ỉo rm e rly  fo u n d , lea v in g  a w ild  p o p u la tio n  o f 
a ro u n d  5 0 0 0  a n im a ls  (F ig . 3 ; W o o d ro ffe  et ai., 1 9 9 7 ) .  

T h e  s p e c ie s ’ e x tre m e  rarity  is illu s tra te d  b y  th e  fact that 
A frica 's  e lep h a n ts  cu rre n tly  o u tn u m b e r  its  w ild  d ogs 
b y  a b o u t 1 0 0  to 1.
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F1GURE 3 Distribution of wild dogs circa 1995. Wild dogs’ historical 
distribution covercd the mạịorũv of sub-Saharan Aírica. The popula- 
tion markcd with a questioiì mark (?) is known only from uncon- 
Rrnied rcports. Data are from Woodroffe et aỉ. (1997).



p a rticu larly  in ten se  p e rse cu tio n  th at wilcl clogs have 
su ffered  from  p eo p le  an d  w ild  d ogs’ u n u su al natu ral 
h is to ry , w h ich  seem s to  have m ad e them  esp ccia lìy  
sen sitiv e  to h u m an  activ ities .

T h e  d ec lin e  o f  w ild  d ogs can  b e  lin k ed  to  the grow th  
and  ex p a n sio n  o f  h u m a n  p o p u la tio n s— they p ersist 
o n ly  in  co u n tr ie s  and  areas w ith  low  hu m an  d cn sities  
(F ig . 2 ) . B ecau se  they  o cc a s io n a lly  ki.ll liv e sto ck , w ild 
d ogs have lo n g  b een  s h o t  an d  p o iso n ed  by larm ers 
a n x io u s  to  p ro te c t th e ir  s to ck . In the earlie r  p arls  o f 
th e  2 0 th  cen tu ry , h o w ev er, w ild  d ogs w ere the v ictim s 
o f  o rg an ized  e ra d ica tio n  cam p aig n s in  m any p arts o f 
A írica . In Z im b ab w e, for e x a m p le , v erm in  c o n tro l un its 
sh o t 2 4 3 0  w ild  d ogs betvveen 1 9 5 6  and 1 9 6 0 , and  the 
sp e c ie s  w as đ a ss iíìe d  as v erm in  u n til 1 9 7 5  (C h ild es , 
1 9 8 8 ) .  C o n tro l p ro g ram s w ere n o t in ten d ed  only  to 
p ro te c t liv e sto ck . W ild  d ogs w ere b eliev ed  to  “ [kill] 
w an to n ly  far m o re  than  th cy  need  íor food, and by 
m elh o d s o f  the u tm o st c ru e lty ,” so  th at k'W h en  the 
U ganda n a tio n a l p ark s w ere e sta b lish ed  it w as co n sid - 
ered  n ecessary , as it had  o íte n  b e e n  elsevvhere, to  sh o o t 
w ild  d ogs in  o rd er lo  g ive th e a n te lo p e  o p p o riu n ity  to 
d ev elop  th e ir  o p tim u m  n u m b e rs” (B ere , 1 9 5 5 ) . W ild  
d ogs w ere sh o t in  S eren g eti N atio n a l P ark, T an zan ia , 
as re ce n tly  as 1 9 7 3 , and  in  N iger un til 1 9 7 9  (W o o d ro fíe  
et a i ,  1 9 9 7 ) .  T h u s  w ild  d o g s e x p e rie n ce d  h u m an - 
cau sed  d ec lin e s  in  areas w h ere  o th e r  sp ecies  w ere 
p ro tected .

T w o  lin e s  o f  ev id en ce  su gg est that su ch  organized  
p e rse cu tio n  is n o t the so le  e x p la n a tio n  for w ild d ogs’ 

o n g o in g  d ec lin e . F irs t , w ild d ogs c o n liiu ie  to d isappear 
from  p ro tec ted  areas, even th o u gli p e rse cu tio n  insid e 
reserv es h alted  m o re  th an  2 0  years  ago. S e co n d , w iìd 
d o gs w ere n o t th e  o n ly  large ca rn iv o re  su h ịect lo  orga- 
nized  co n tro l. O th e r  sp e cie s  (e .g .,  sp o tted  h y en as, Cro- 
cuta crocuta ) w ere eq u ally  rev ilcd  and  p ersecu ted  w ith 
s im ila r  en th u sia sm , b u t p ers is ted  relativ eỉy  w cll both  
in s id e  and  o u ts id e  p ro tec ted  areas (W o o d ro ffe , in 
p ress).

W ild  d o g  eco lo g y  and  b e h a v io r ap p ears to have m ade 
th em  p arù cu la rly  sen sitiv e  to th e  p e rse cu tio n  and  habi- 
tat frag m en tatio n  asso cia ted  w ith  the g ro w th  o f  hu m an 
p o p u la iio n s . E v en  w h ere th ey  are  p ro tccte d , vvild dogs 
live a t e x tre m e ly  low  p o p u la tio n  d en sities  (average c irca
2 ad u lts p er 1 0 0  k rrr)  and ran g e  very w idely  (avcrage 
c irc a  6 0 0  k m 2 per p a ck ). T h is  ap p ears to be a b ehavioral 
resp o n se  to  p red atio n  by lio n s  (Panthcra !co ), vvhìch 
are a m a jo r  cau sc  o f  m o rta lity  fo r b o lh  ad u lts  and pups. 
W ild  d ogs avoid  th e ir  larger c o m p e tito r , íavo rin g  areas 
o f  low  p rey d en sity  w here lio n s  are  sca rc e ; th u s w ild 
d ogs effectiv ely  e x p e r ie n ce  lovv p rey  d en sitv  even w here 
p rey  are ab u n d a n t, and  w ild  d ogs are co m m o n c s t w here

lio n s  are sca rce . W ild  d ogs’ low  density  in e a n s  ihat very 
large areas ( > 1 0 ,0 0 0  k n r )  are needed to  sư p p o rt v iable 
p o p u la tio n s  (W o o d ro ffe  et a l ,  1 9 9 7 ). W o rs e  s till, th e ir 
w id c-ra n g in g  b e h a v io r  m eans that few p ack s rem ain  
en tirc ly  w ith in  the b o rd ers o f  p rotected  areas. S h o o tin g , 
p o iso n in g , a cc id e n ia l sn arin g , and  road  a c c id e n ts —  
m o st o f  vvhich o c c u r  on o r  outsid e reserv e b o rd ers—  
a cco u n t fo r inore th a n  h a lf o f th e  ad u lt m o rta lity  re- 
co rd ed  by  stu d ies o f  p ro tected  p o p u la tio n s  (W o o d ro ffe  
et a i , 1 9 9 7 ) . R an ging  beyond  reserve h o rd ers  a lso  in - 
c rea ses  c o n ta c t w ith  d o m estic  dogs, a re se rv o ir  o f in íe c - 
tiou s diseases th rea ten in g  w ild  d ogs (W o o d ro ffe  et a i , 
1 9 9 7 ) .  S u ch  eclge-related  m o rta lity  is m o st severe w h ere 
su b stan tia ì hu m an  p o p u la tio n s  abu t rescrv e  b ord ers, 
and  it is p ow erfu l en o u g h  to  ca u se  e x tin c tio n  in sm all 

reserv es vvith h igh  p e rim e te r-to -a re a  ratio s  (W o o d ro ffe  
and  G in sb erg , 1 9 9 8 ) .  T h u s , w ild dog p o p u la tio n s in- 
h a b itin g  sm all rcserv es  ( < 5 ,0 0 0  k rrr) face a d o u b le  
ịeop ardy : sm all reserve size and h ig h  m o rta lity  due to  
s tro n g  edge e lĩe c ts . W ild  d ogs’ b eh av iora l resp o n se to 
c o m p c titio n  w ith  lio n s  scem s to  p red isp ose them  to 
lo ca l e x tin c tio n  in  íragm en ted  h a b ita ls .

3 .  C o n s e r v a i io n  E f f o r ts

T h u s  íar, few  in situ con serv a tio n  m easu res have been  
im p lcm en ted  sp e ciíica lly  to  p ro tec t w ild clogs. T h e  spe- 
c ie s  has p ersis led  p rim arily  in  vcry large p ro tected  areas 
(W o o đ ro ffe  and  G in sb e rg , 1 9 9 8 ) , and  th e m a in ten a n ce  
o f  su ch  areas has the h igh est p rio rity  fo r co n tin e n t- 
w ide w ild  d og co n se rv a tio n  (W o o d ro ffe  et a i ,  1 9 9 7 ) . As 

A ừ ie a s  g ro w in g  h u m an  p o p u la tiơ n  m ak es in creasin g  
d em an d s on th e lan d scap e , and  reserv es are d e-g azetted , 
th is  is cer ta in ly  n o t a trivial re co m m e n d a tio n . A ny m ea- 
su res  that exp an d  the area o f c o n tig u o u s  land  available 
to w ild  dogs w ill b e  b e n e B cia l; e sta b lish in g  c ro ss -b o rd er 
p ark s and  b u ffe r z o n e s  and  en co u ra g in g  lan d  use su ch  
as gam e ra n ch in g  o n  land s b o rd erin g  reserv es w ill all 
co n tr ib u te  to  w ild  d o g  co n serv a tio n . S u ch  lan d scap e- 
level m an ag em en t w ould  co n serv e  w ild  d ogs by

1. maximizing the size of wild dog populations, mak- 
ing  th em  m o re  re s ilie n t to p e riu rb a tio n s  su ch  as 
d isease  o u tb rea k s ,

2 . en su rin g  that w ild  d ogs’ prey base  is m ain ta in ed , 
and

3 . m in im iz in g  the p ro p o rtio n  o f  p a ck s  exp o sed  to  hu- 
m an  activ ity  by  lo w erin g  p e rim e te r-to -a re a  ratios 

o f  w ild life  areas.

Fevv o f  A ír ic a s  re s e rv e s e x c e e d  the 1 0 ,0 0 0  k m 2 m ini- 
m u m  n eed cd  to  p ro v id c  ad eq u ate  p ro te c tio n  for w ild 
d og p o p u la tio n s large en o u g h  to rem ain  viable. P op ula-



tion s re m a in in g  in sm a lle r  reserv es, o r o u tsid e  p ro ie c ie d  
areas, are  lik e ly  to re q u ire  activ e  p o p u latio n  m an age- 

m en t to m in im iz e  m o rta lity  d uc to p e rse cu tio n , a cc i-  
d en ta l sn a rin g , road  a c c id c n ts  an d  d isease (W o o d ro ffe  

ct í/ỉ., 1 9 9 7 ) .  S u ch  m ea su res  w ill d em and

1. w o rk in g  w ith  lo ca l ía rm ers to  devise h u sb an d ry  
n ie th o d s that e ffe ctiv e ly  p ro te c t liv e sto ck  from  
w ild  d o g s, u sin g  the íìn d in g s  as th e  b asis  for lo ca l 

e d u ca tio n  cam p aig n s,
2 . re d u c in g  sn a rin g  in  p ro te c ted  areas th ro u g h  in ten - 

s iíìed  a n tip o a c h in g  a c tiv ities ,
3 . s tr ic t  l im ita tio n  o n  the c o n s tru c tio n  o r im p ro v e- 

m e n t o f  ro ad s in and aro u n d  p ro tec ted  areas, and

4 . c o n tro ll in g  ihe gro w th  o f  d o m estic  dog p o p u la- 
tio n s  aro u n d  w ild life  a re a s  to lim it the sp read  o f  
in íe c tio u s  d isease .

R e in tro d u ctio n  h a s  b e e n  ad v o cated  as a m ean s ot 
co n se rv in g  w ild  d ogs. H ow ever, a lth o u g h  w ild  dogs 
have b e e n  ex tirp a te d  a cro ss  large tra c ts  o f  A ír ica , esp e- 

c ia lly  in  W e st and  C en tra l A ír ica , it is  u n lik e ly  th a i 
re in tro d u c tio n  has an y  ro le  10 p lay in  re s to c k in g  th ese  
areas. T ria ls  in Southern A írica  have shown that reinlro- 
d u c tio n  is  te ch n ica lly  p o ssib le , b u t ih e re  are  n o  su ita b le  
re in tro d u c tio n  s ites  in  w esl o r Central A írica , and few  

in e a ste rn  and  S o u th ern  A ír ica ; can d id ate  s ite s  are too  
sm a ll, o r  to o  p o o rly  p ro te c ted , o r en ta il u n co n tro lle d  
d isease  p ro b le m s (W o o d ro ffe  et a i ,  1 9 9 7 ) .  P u rth er- 
more, no wild d ogs with th e  appropriate west, Central, 
o r  e a s i A ír ica n  g e n o ly p e s  are  av ailab le  for re lease  in 
th c  areas  w h ere  re in tro d u c tio n  is m o st n eed ed  (W o o d - 
ro ffe  et a ly  1 9 9 7 ) .  P lan s  are  u n d en v a y  to  esta b lish  a 
“m an ag ed  m e ta p o p u la tio n ” o f  w ild  dogs in  sm a ll, íen ced  
reserv es  sca tte re d  a cro ss  S o u th  A ír ic a s  h igh ly  frag- 

m e n ted  lanclscap e, to  b e  m a in ta in e d b y  freq u en t tra n slo - 
c a tio n  o f  a n im a ls  b e tw een  s ites . T h is  a p p ro a ch  is lo ca lly  
v a lu ab le  b u l w ill n o t e sta b lish  a p o p u la tio n  lik e ly  to  

re m a in  v ia b le  w ith o u t in ten siv e  m a n a g em en t in  p erp e- 
tu ity . F o r  th e se  rea so n s, p ro te c tio n  o f  re m a in in g  w ild  
d o g  p o p u la tio n s— a n d  th e  vast lan d scap es  re q u ire d  to 

s u p p o rt th e m — cu rren tly  re p resen ts  a b e tte r  in v est- 
m e n t th a n  an y  a tte m p t at re in tro d u ctio n .

B. Rhinoceroses
R h in o s  are th re a te n e d  p red o m in a te ly  by the lu cra tiv e  
in te rn a tio n a l trad e in  th e ir  h o rn s. C o n se rv a tio n  effo rts  

hav e ío cu se d  o n  s tro n g  p ro te c tio n  in  sm all areas, lead - 
in g  to  th e  sp e cie s  e x is tin g  in  in crea sin g ly  u n n a tu ra l 
c o n d itio n s . S tro n g  law s hav e a lso  b e e n  im p lem en ted , 

b a n n in g  th e  c o m m e rc ia l International trade in  rh in o

p ro d u cts , a lth o u g h  th ere  is novv a m ove tovvard co n se r- 
v a tio n  th ro u g h  trad c, ía c ilita ted  by  d eh o rn in g . C ap tive 
b reed in g  is a lso  an im p o rta n t co m p o n e n t o f  co n serv a - 
tio n  effo rts  for som e sp ecies.

1 . B a c k g r o u n d

T h e re  are five sp ecies  o f  rh in o , sp read  a cro ss  A sia and 

A írica . N one o f  th e  sp e cie s  is e n tire ly  secu re . T h e  Sum a- 
tran  (Dicerorhinus sumatrensis) a n d  Ja v a n  (Rhỉnoceros 
sondaicus) rh in o s  are  o n  th e  b r in k  o f  e x tin c tio n  in  the 
w ild , w ith  p o p u la tio n  estim a tes  o f  3 0 0  and  < 7 0 ,  resp ec- 
tive ly  (F o o s e  and  v an  S tr ien , 1 9 9 8 ) .  T h e  ln d ia n  rh in o  
(Rhinoceros unicom is) p o p u la tio n  is  a ro u n d  1 6 0 0  (M a r
tin , 1 9 9 6 ) ,  w ith  s tro n g h o ld s  in  th e  R oyal C h itw a n  N a
tio n a l P ark , N ep al, and  K aziranga N a tio n a l P ark , lnd ia . 
In  A ír ica , th e re  w as a rev ersal o f  ío r tu n e s  in th e  1 9 8 0 s  

and  1 9 9 0 s ; p rev io u sly  the b la ck  rh in o  (Diceros bicornis) 
w as re la tiv e ly  w id esp read , w ith  a 1 9 7 0  p o p u la tio n  esti- 
m ated  in  th e  h ig h  ten s o f  th o u san đ s. By 1 9 8 7  th e  p op u - 

la tio n  e stim a te  had  d ro p p ed  to  3 8 0 0 ,  and  th e  1 9 9 5  
e stim a te  w as 2 4 0 0  (B ro o k s , 1 9 9 6 ) .  T h e se  e stim a tes  are 

d isp u ted , b u t the rap id  d ec lin e  is c lear. W h ite  rh in o s  
( Ceratotherium  simum ) ,  hovvever, w ere  a lread y  a t very 
low  n u m b e rs  by 1 9 0 0 , and  have o n ly  re ce n tly  s tab ilized  
and  started  to  in cre a se  u n d er s tro n g  c o n se rv a tio n  pro- 

te c tio n . A re c e n t p o p u la tio n  e stim a te  w as a ro u n d  7 5 0 0  
in d iv id u als  (B ro o k s , 1 9 9 6 ) .  T h e re  are tw o su b sp ecies  
o f  white rh in o ; ihe Southern white rhino is currently 
se c u re , bu t th e  n o rth e rn  w h ite  rh in o  is  co n íìn e d  to a 
p o p u la tio n  o f  a few ten s o f  in d iv id u als  in  the G aram b a 

N a iio n a l Park, D e m o cra lic  R ep u b lic  o f C o n g o ; th is  pop- 
u la tio n  is  e n tire ly  re ỉia n t on  co n tin u e d  p ro te c tio n .

2 .  T h r e a t s

R h in o  h o rn  h a s  a lo n g  h is to ry  o f  u se  and  valu e. C tesias  
o f  K n ỉd o s , th e  P ers ia n  c o u rt p h y sic ia n  fro m  4 1 6  to 3 9 8  
B.C., w ro le  o f  the v alu e o f  In d ia n  rh in o  h o rn  d rin k in g  
c u p s  as p o iso n  d ete c to rs . A sian  rh in o s  had  a lread y  b een  

h ea v ily  h u n te d  by the b e g in n in g  o f  the 1 9 th  cen tu ry , 
to  sa tis íy  d em an d s for h o rn  in  th e  A sian  trad itio n a l 
m e d ic in e  m a rk ets  (L e a d e r-W illia m s7 1 9 9 2 ) .  In  th e  19 th  
c e n tu ry , E u ro p ea n  gam e h u n te rs  targ eted  A írican  
rh in o s  a lo n g  w ith  o th e r  b ig  gam e a n im a ls . In  the 1 8 3 0 s , 

C o rn w a llis  H arris  saw  w h ite  rh in o s  “in  a lm o st in cred i- 
b le  n u m b e rs” in  th e  C ap e o f  S o u th  A frica  (M a rtin  and 
M a rtin , 1 9 8 2 ) ,  w h ile  S e lo u s ( 1 9 0 8 )  co m m e n te d  o n  the 
th o u sa n d s  o f w h ite  rh in o s  b e in g  k ille d  b y  h u n te rs  in  
th e  1 8 7 0 s , and  by 1 8 9 9  w as w ritin g  th at “th e  tw o w hite  

rh in o s  w h ich  I s h o t  in  1 8 8 2  are  th e  last o f  th e ir  sp ecies  
th a t I have ev er see n  aliv e  . . . ,  a n d  w h en  I le ft A frica 
to w ard s the end  o f  1 8 9 2 , I fu lly  e x p e c te d  th a t these  
a n im a ls  w ou ld  b e co m e  e x t in c t  w ith in  a sh o rt tim e .”



W a rs  a n d  th e E u ro p ean  w ithd raw al fro m  A frica  red u ced  
h u n tin g  p ressu re  in  the fừ st h a lf o f  the 2 0 th  cen tu ry , 
b u t th e  rh in o  h o rn  trade in creased  to  h ig h  levels in the 
1 9 7 0 s . O il rev en u es in  Y em en  led  to larg e-sca le  im p o rts  
o f  h o rn  in  the m id -1 9 7 0 s  for dagger h an d les, w h ile  
in c re a s in g  p ro sp erity  in  the F a r  E a st led  to  an in crease  
in  d em a n d  for rh in o  h o rn  for m ed icin a l u se  (L ead er- 
W illia m s , 1 9 9 2 ) .  C o n trary  to  p o p u la r m y th , rh in o  h o m  
is  n o t p rim a rily  used  as an  a p h ro d isia c , b u t as an  an ti- 
fev er d rug . C IT E S  cam e in to íb rce  in  1 9 7 6 , p ro h ib itin g  
the in te rn a tio n a l co m m e rc ia l trade in  rh in o  h o rn ; how - 
ev er, k ey  h o m  co n su m e rs  su ch  as Ja p a n  and  Y em en 
did n o t b a n  h o rn  im p o rts  u n til the 1 9 8 0 s .

A lth o u g h  to tal v o lu m es o f  rh in o  h o rn  trad ed  m igh t 
be s ig n ifica n tly  low er s in ce  thc C IT E S  b a n , the p op u la- 
tio n s  fro m  w h ich  it o rig in a tes  are now  so  sm all that 
any le v e l o f  p o a ch in g  is a th reat to th e ir  su rv ival. T h u s  
the 1 9 8 0 s  and  early  1 9 9 0 s  saw  a b a ttle  b e tw een  co n se r- 
v a tio n is ts  a ttem p tin g  to p ro tec t rh in o  p o p u la tio n s 
th ro u g h  aggressive law e n lò rc e m e n t and  p o a ch ers  k ill- 
in g  rh in o s  for ih e  lu cra tiv e  illegal h o rn  trade. Several 
a u th o rs  have d em o n stra ted  a lin k  b e tw e e n  th c a m o u n t 
o f  in v e stm e n t in  law e n fo rcem en t and  a c o u n try s  su c- 
c ess  in p ro te c tin g  th e ir rh in o s  (e .g ., M a rtin , 1 9 9 6 ) . 
H w ange N atio n al P ark , Z im b ab w e, w as e x tre m e ly  s u o  
c ess ĩu l a l p ro te c tin g  its  rh in o  p o p u la tio n  u n til a 4 - 

m o n th  h ia tu s  in  íu n d in g  led to  the e n tire  rh in o  p o p u la- 
tio n  b e in g  w iped  ou t by p o ach ers.

It is  c le a r  th at th e d riv ing  ío rce  b e h in d  rh in o  p opu la- 
tio n  d e c lin e s  has b een  larg e-sca le  c o m m e rc ia l h u n tin g  
o v er a lo n g  periocỉ, ra th er ih an  o ih e r  ía c to rs  su ch  as 
h a b ita t lo ss . R h in o  b io lo g y  m ak es th em  p articu larly  
v u ln e ra b le  to o v erexp lo ita tio n . T h e y  are large, slow - 
g ro w in g  sp e c ie s , w ith  low  rates  o f p o p u la tio n  in crease . 
C o rre sp o n d in g ly  th ey  are able to su sta in  o n ly  a low  level 
o f  h u n tin g  m o rta lity  (less  th an  5%  o f  the p o p u la tio n  a 
y ea r fo r  a b la c k  rh in o ) b e ío re  d ec lin in g  to  e x tin c tio n .

3. Conservation Efforts
C o n tro llin g  rh in o  p o a ch in g  ca n  b e  ap p roach ed  from  
th e su p p ly  end  (p rev en tin g  p eop le  fro m  k illin g  rh in o s ), 
th e  d em a n d  end  (e lim in a tin g  c o n su m e r  d em and  for 
rh in o  h o rn  p ro d u c ts ), o r at so m e p o in t a lo n g  th e supply 
c h a in  (b lo c k in g  o ff  trade ro u tes ). T h e  C IT E S  in tern a - 
t io n a l trad e b a n  o f  m o re  than  2 0  years’ sta n d in g  has 
n o t b e e n  su cce ss íu l in  b lo ck in g  o ff  trade ro u tes, even 
i f  it h a s  red u ced  o v era ll vo lu m es; as o n e  co u n try  has 
c la m p e d  do\vn, trade h as sh iíted  to  o th e rs  (L ead er- 
W illia m s , 1 9 9 2 ) . A m ed ic in e  as valu ed  as rh in o  h o rn , 
used  to  treat serio u s  illn ess , w ill c o n tin u e  to havc a 
m a rk e t ev en  al very h ig h  p rices . T h u s  d em an d  is not 
e a sily  re d u ce d , d esp ite  effo rts  to find  su b stitu te s  su ch

as b u ffa lo  o r saíga an te lo p e  h o rn s. w h e th e r  o r n o t  d e- 
m and  fo r h o rn  ca n  be red u ced  in  th e  lo n g  term , rh in o s  
are so  th rea ten ed  cu rren tly  that even  a low  lev el o f  
exp lo ita tio n  in  th e sh o rt term  co u ld  be d isastrou s. T h u s  
co n serv a tio n  e ffo rts  have tend ed  to  c o n ce n tra te  o n  p re - 
v en tin g  the illegal k illin g  o f rh in o s .

E x p e rie n ce  o f  the  d isastrou s d ec lin e  in  b la ck  rh in o  
n u m b ers o v er the past 2 0  to  3 0  years has sh o w n  th a t 
the  key  re q u ire m e n t for rh in o  co n se rv a tio n  is  sm a ll, 
heav ily  gu ard ed  reserv es— an a p p ro ach  k n o w n  as “for- 
tress rh in o .” H ow ever, th ere  has b e e n  a recen t sh ift in  
p ersp ectiv e , p a rticu la rly  in  the Southern A írican  c o u n - 
tries, caused b y  recovery oí the Southern vvhite rhino 
p o p u la tio n s and  ih e  gen eral in te re st in su sta in ab le  u se . 
T h e  co sts  o f  heavy law e n ío rcem e n t to k eep  peop le  o u t 
o f  reserv es are v ery h ig h , fin a n cia lly  and so c ia lly ; th e  
s h o o t-to -k ill  p o lic ies  in stitu ted  by  sev eral c o u n trie s  fo r 
an y o n e fo u n d  p o a ch in g  in  a reserv e are n e ith e r p o p u la r 
w ith  lo ca l p eo p le  n o r  p articu larly  e ffectiv e  (L ea d e r-W il- 
liam s and  M iln e r-G u lla n d , 1 9 9 3 ) .  S in ce  rh in o  p o a ch in g  
is d one m o stly  by  co m m e rc ia l p o a ch e rs  for the in tern a - 
tion al trad e, n o t b y  lo ca l people h u n tin g  for m eat, th e  
usual co m m u n ity  in itia tiv es to p ro v id e  a su sta in a b le  
in co m e fo r w o u ld -b e  p o ach ers are n o t p o ssib le ; an d  
a lth o u g h  lo cal a ttitu d es  can  help  in  red u cin g  p o a ch in g  
(fo r  e x a m p le , i f  lo ca l peop le do n o t sh e lte r  p o a ch e rs ), 
co m m u n itie s  sh o u ld  n o t be e x p e cte d  to  carry the b u r- 
d en  o f  the e x p en siv e  and  d an g ero u s law  e n ío rcem e n t 
need ed  to  p rev en t com m erc ia l p o a ch in g .

R h in o  h o rn s  co u ld  b e  s ig n iR can t so u rce s  o f  in co m e  
to su p p o ri law  e n ío rc e m e n t; rh in o s  do not have to be 
k illed  for th e ir  h o m  to b e  used. P io n e crin g  d eh o rn in g  
p ro g ram m es (e .g ., in  N am ibia) are secn  by  so m e as th e  
a n sw er to  th e  p ro b lem  o f  rh in o  c o n se rv a tio n — n o t o n ly  
d o es d eh o rn in g  p ro te c t rh in o s  [ro m  p o ach in g  by  m ak - 
in g  th em  u n a ttra c tiv e  targ ets, b u t se llin g  the h o rn  co u ld  
provide revenue for conservation and development pro- 
gram s. T h u s  Southern A frican  co u n tr ie s  are p u sh in g  for 
a lim ited  legal h o rn  trade, s im ila r  to that agreed  by  
the 1 9 9 8  C IT E S  C o n íe re n c e  o f  the P arties for ivory. 
H ow ever, a lth o u g h  d ch o rn in g  is  a p o te n tia lly  p ro m isin g  
conservation tool, the issues involved are complex and 
n o t fu lly u n d e rs to o d . T h e re  are w o rries  a b o u t the e ffects  
on  rh in o  b e h a v io r  and  p o ssib le  in creased  m o rta lity  
cau sed  d irec tly  o r  in d irec tly  by d eh o rn in g . D eh o rn in g  
is e x p en siv e  and  n eed s to  be rep eated  o ften  en o u g h  to 
m ak e the rh in o s  ư n attractiv e  targ ets  for p o ach ers ; th is  
m ay n eed  to  b c  ev ery  1 to  2 years. T h e  Hvvange rh in o s  
th at vvere d isp a tch ed  so  rap id ly  b y  p o ach ers in  1 9 9 1  
had been  d eh o rn ed  2 or 3 years p rev io u sly ; it m ay b e  
that the h o rn s  w ere  large en o u g h  to b c  a ttractiv e  to 
p o a ch ers  o n c e  again . A lth ou gh  the legalizatio n  o f  th e



in te rn a tio n a l rh in o  h o rn  trade m ay b e  e x trem ely  p o si- 

tive fo r S o u th e rn  A ír ica n  c o u n tr ie s , it m igh t have nega- 
tive e ffe c ts  o n  th e  a lread y  p reca rio u s  A sian  sp ecies  by 
sen d in g  co n íu se d  m e ssa g e s  to  trad ers  and  co n su m e rs .

T h e re  h a s  b e e n  đ eb a te  a b o u t the re la tiv e  m erits  o f 
in situ and  cx situ c o n se rv a tio n  o f  rh in o s , p articu la rly  
the h ig h ly  e n d a n g e re d ja v a n  and  Su m atran  sp ecies . R ab- 

in o w itz  ( 1 9 9 5 )  su g g ests  th a t cap tiv e  b reed in g  is n o t a 
su ita b le  co n se rv a tio n  o p tio n  for th e  S u m atran  rh in o  

and  L ea d e r-W illia m s ( 1 9 9 3 )  su g g ests  th at in situ c o n se r- 
v atio n  (p ro le c tio n  fro m  p o a c h e rs ) is a m u ch  m ore c o s t-  
e ffectiv e  m e th o d  o f re d u c in g  rh in o  m o rta lity  th an  cap - 
tive b reed in g . T h e  p ro b le m  is that ih ese  sp ecies  have 
sm all p o p u la tio n  sizes, c a u s in g  v u ln era b ility  to  s to ch a s- 

tic  e x tin c tio n s , b u t a d ea rth  o f th c  h ig h -q u a lity  p o p u la- 
tion  e s iim a te s  n eed ed  to  c a lcu la te  a su itab le  n u m b e r 

for rem o v a l to ca p tiv ity . T h e re  are a lso  u n ce r ia in lie s  
c o n c e rn in g  th e  su s ta in a b ility  o f  cap tiv e  h erd s, g iv en  
that so m e  sp e c ie s  hav e n o t bred  su cce ss íu lly  in  cap tiv - 
ity , and  a b o u t the a b ility  o f  in si tu co n se rv a tio n  to 
p ro te c t s ca tte re d  in d iv id u als  from  a p o a ch in g  th reat.

R h in o s  are sev ere ly  th re a te n e d  m am m als, ĩo r  w h ich  
any c o n tin u a tio n  o f  e x p lo ita tio n  co u ld  lead to the e x - 
t in c tio n  o f  o n e  o r  m o re  sp e c ie s . T h e y  req u ire  in ten siv e  
and  e x p e n siv e  p ro te c tio n  to guarcl again st th is  th reat, 
o n  an  o n g o in g  b asis. It see m s h igh ly  u n lik e ly  th at any 
tru ly  w ild  rh in o  p o p u la tio n s  w ill rem ain  e x ta n t ío r lo n g  
in to  th e  2 1 s t  ce n tu ry , w ith  z o o s  and  h eav ily  gu ard ed  
reserv es  b e in g  the o n ly  p la ce s  w here they  are lik e ly  
lo su rv ive.

c .  Saiga Antelopes
Li ke rh in o s , sa ig as are  c h ie íly  th rea ten ed  by h u n tin g  
fo r in te rn a tio n a l trad e , as w ell as fo r m eat. H ow ever, 
theĩ*e arc  m a jo r  b io lo g ic a l d iffe re n ce s  b e tw een  th em , 
and  th is  m e a n s th at th e ir  re a c tio n  to  heavy h u n tin g  and  
th u s th e  e m p h a sis  o f  co n se rv a tio n  e ffo rts  are  also  very 
d iffe re n t. C o n se rv a tio n  e ffo rts  ío r sa ig as ío cu sed  in  S o - 

v iet tim es o n  p ro m o tin g  m an aged  co m m e rc ia l h arvest- 
ing ; re c e n tly  th ese  e íío r ts  have co lla p sed , and  the s itu a - 

t io n  is  n o w  b e in g  re e x a m in e d .

1 . B a c k g r o u n d

T h e  sa ig a  a n te lo p e  (Saiga tatarica, Fig. 4 )  is a n o m ad ic  
h e rd in g  sp e c ie s  fo u n d  in  the sem iarid  ra n g elan d s o f 
K a z a k h sta n , R u ssia , an d  M o n g o lia  (F ig . 5 ) .  It h as  tw o 

s u b sp e c ie s , s.t. tatarica  an d  s.t.m ongolica; the la tter  is 
fo u n d  o n ly  in  M o n g o lia . T h e  K aza k h sta n  p o p u la tio n s  

c u rre n tly  m ak e up  m o re  th an  8 0 %  o f  the sp e cie s ; th e ir  
e co lo g y  and  m a n a g e m e n t are rev iew ed  in  B ek en o v  et 
a i  ( 1 9 9 8 ) .

FIGURE 4 Picturc of a saiga antelopc. The saiga is about thc size of 
a domestic goat, wiih a sandy-colored upper body and a creamy 
underside. This picture shows an adult ícmale. The males have horns, 
\vhich are an unusual iransiuccnt amber color. The specics’ most 
striking íeauire is a protuberant nosc, which svvells ĩuriher in rut- 
ting males.

T h e  saiga has b een  h u n ted  for its  m eat, h o rn s , and  
h id e  s in ce  p re h is to ric  tim es. In the 1 8 th  and  1 9 th  c en tu - 
ries , it w as h u n te d  in large n u m b e rs  by th e  St. P eters- 
b u rg  ĩm p e ria l co u rt. By the early  2 0 th  cen tu ry , h u n tin g  
h ad  red u ced  it to  n ear e x tin c tio n . H o rn  p rices  w ere very 
h ig h , w ith  h o rn s  e x p o rted  fo r use in  C h in ese  m e d icin e . 
D u rin g  the S o v ie t p eriod , up  to  1 9 9 0 , th e  p o p u la tio n  
w a s w ell m an ag ed , vvith legal p ro te c tio n  and  reg u lated  
c o m m e rc ia l h u n tin g , an d  grew  to re lativ e sta b ility . 
Hovvever, the s iiu a tio n  ch an g ed  d ra m a lica lly  w ith  the 
b re a k u p  o f  the S o v ie t U n io n . R ep o rts  o n  th e  h o m  trad e 
o v er th e  past few  years are n ow  m irro r in g  th o se  o f  the 

la te  1 9 th  c en tu ry  and  early  2 0 th  cen tu ry  in  n o tin g  h ig h  
p r ic e s , large q u a n titie s  ex p o rte d  to C h in a , and  w o rries  
a b o u t th e  e ffe c ts  on  p o p u la tio n s . In te rn a tio n a l c o n c e rn  
a b o u t th e  sp e c ie s  led to it b e in g  listed  on  A p p en d ix  II 

(m o n ito re d  tra d e) o f C IT E S  in  1 9 9 4 .
T h e  key  íe a lu re s  o f th e  saiga’s life h is to ry  that m ak e 

it re s ilien t to  h u n tin g  p ressu re are  its  n o m a d ic  b e h a v io r , 
its  a b ility  to  giv e b irth  in  th e  fìrst year o f  life  a n d  to 
tw in  co n s is te n tly , and  its  h arem  b reed in g  sy stem . T h e  
n o m a d ic  h a b it o f  the sp ecies  is  a resp o n se  to  th e  h arsh  

climatic conditions of the Continental ecosyslem in 
w h ich  it liv es, a llo w in g  h erd s to m ove rap id ly  aw ay 
fro m  areas w h ere  th ere  is  bad  vveather o r w h ere  o th e r  
th re a ts  ex ist. Saigas live in  d esert areas in w in ter, w h ere  

th ere  is  lo w er sn o w  co v er, m ig ra tin g  up  to 6 0 0  k m  to 
th e  step p e areas w h ere  th ey  sp en d  th e  su m m e r; h ere  
h ig h e r  ra in ỉa ll lev e ls  provid e ab u n d a n t grass. T h e  fe- 
m a le s1 ab ility  to tw in  co n s is te n tly  is u n u su al a m o n g  

u n g u la te s  and  m ea n s th at th e  p o p u la tio n  can  in c re a se



F1GURE 5 Map of the range area oí ihe saiga antclopc. Adapted from Bannikov, A. G., Zhirnov, L. V., 
Lebedeva, L. c .,  and Pandeev, A. A. (1961). The Biolo%)! o f  thc Saigơ. Nauka, Moscovv, USSR. There arc 
four disiinct populaiions of s.í. uuaricíi, shovvn as stỉppled areas. Thrce of ihese are in Kazakhstan, thc 
iourth in the Autonomous Republic of Kalmykia, Russia. The other subspecies, s.t. mongoỉica, has only a 
few hundred individuals and is íouncl in Mongoỉia.

v ery rap id ly  in  good  years, a llo w in g  p o p u la tio n s to  re- 
co v e r q u ick ly  from  h arsh  w in ters  or d isease ou tb reak s. 
T h e  h a rem  b reed in g  sy stem , in  w h ich  each  ad ult m ale 
Controls and  m ates w ith  a group  o f  12  to 3 0  adult 
íem a les , is  im p o rta n t b e ca u se  ih ere  is an in cen tiv e  for 
h u n te rs  to  target ad ult m ales. A du lt m ales bear ho rn s, 
w h ich  are h igh ly  prized  in  C h in ese  m ed icin e . A lth ou gh  
heavy hunting for adult males has caused the population 
sex ratio to drop to less than 10% adult males (compared 
to  2 5 - 3 0 %  in  an u n h u n te d  p o p u la tio n ), ih is  h as no l 
led to any discernible decrease in population fecundity, 
p o ssib ly  b eca u se  the ch a n g e  in  s e x  ratio  is b u ffered  
b y  th e  h a rem  b reed in g  system (M iln e r-G u lla n d  et a i ,  
1 9 9 5 ) .  H ow ever, if  h u n tin g  o f  ad u lt m ales co m in u e d  
to d ep ress  the  sex  ra tio , sud den co lla p ses  in  fe cu n  di ty 
m ig h t re su lt, w ith  serio u s  co n se q u e n ce s  fo r ihe pop u la- 
tion . O v e ra ll, th o u gh , the  saiga a n te lo p e  is a res ilien t 
sp e cie s  th a t is cap ab le  o f  vvithstanding relatively  heavy 
h u n tin g  p ressu re  and  o f  re co v e rin g  q u ick ly  from  epi- 
sod es o f  h igh  m o rta lity .

2 . T h r e a t s

T h e  saiga p o p u la tio n  is  s till n u m ero u s, a t least in  Ka- 
z a k h sta n . H ow ever, it is  u n d er in creasin g ly  heavy pres- 
su re  an d  c o n ce rn s  are grow in g that it m ay rapid ly be- 
corne threatenecỉ. T h re a ts  to  the saiga stcm  from  the 
la rg e -sca le  p o litica l an d  socia l u p heaval th a i has hap- 
p ened  in  the form er S o v iet U n io n  in the 1 9 9 0 s , lcad ing  
to a co lla p se  in  the ru ra l eco n o m y , w ith  d ram atic  red uc-

tio n s  in  liv e sto ck  n u m b ers  an d  c ru m b lin g  in íra stru c - 
ture. T h is  is good  n ew s for the  saiga in  that it is lik e ly  
to have led to  a reco v ery  o f  ov ergrazed  v egetation  and  
a red u ctio n  in c o n ta c t w ith  liv e s to c k , red u cin g  p arasite  
and d isease tra n sm issio n  rates. H o w ev er, th is b en e íìt is 
m ore than o ffse t by an  in crease  in  h u n tin g  o f  saigas for 
m eat, as p eop le  w h o  have lo st th e ir  liv e lih o o d s turn  to 
saigas ío r food and  in co m e . A s the e co n o m ic  cris is  has 
a lso  h it s c ie n tiíĩc  re se a rch , p o p u la tio n  c o u n ts  are n o  
lo n g er as íre q u e n t an d  re liab le  as they  o n ce  w ere, so  
that a lth o u g h  th ere  a re  a n ecd o ta l re p o rts  o fla rg e -s c a le  
p o p u la tio n  d e c lin e s  in  recen t y ea rs , th ese  are u n co n - 
lìrm ed. T h e re  is  a lso  an  in creased  r isk  that m ass m o rta l- 
ity from  d isease  m ay  s tr ik e ; c o lla p ses  in  v eterin ary  Ser
v ices  in  K a zak h stan  have led  to  o u tb re a k s  o f foot and  
m o u th  d isease in  liv e sto ck , w h ich  co u ld  cau se a m a jo r  
ep id em ic  in  saigas. In  1 9 6 7 , b e fo re  liv e sto c k  v a cc in a tio n  
started , the d isease  sp read  o v er an  area o f m o re  th an
1 0 0 ,0 0 0  k n r  in  Central K a z a k h sta n , rc su ltin g  in  the 
d eath s o f  5 0 ,0 0 0  saiga calves (B e k e n o v  et a l ,  1 9 9 8 ) .

T h u s a lth o u g h  sa ig as face th re a ts  from  h ab ita t lo ss  
and  d eg rad atio n , p articu larlv  in K alm y k ia , ih e  m a jo r 
c u rren t th rea l is illegal h u n tin g  for h o rn s  and  m eat, 
co m b in ed  w ith  th e  th reat o f m ass m o rta lily  from  d is- 
ease. T h reat lev els  vary; one p o p u la lio n  in  K az a k h sla n  is 
un d er in ten se  p re ssu re , a n o th e r  is re la tiv e ly  u n a íĩe cte d  
b eca u se  o f  its re m o te n e ss . In M o n g o lia , the th reats  are 
less severe, b u i are m agnified  b e ca u se  o f  the very sm all 
p o p u la tio n  size , n ia k in g  it v u ln era b le  ev cn  10 low  levels



o f h u m a n  p ressu re . T h e  th re a t to th e  M o n g o lia n  pop u la- 
lio n  sh o u ld  also  be ta k e n  m o re  se r io u sly  b e ca u se  o f  its  
g cn e tic  d is tin ctiv en e ss . T h ư s  a lth o u g h  o v era ll the saiga 
is n o t in  im m in e n t d a n g e r o f  e x t in c t io n , it is u n d er 
threat in  m o st o f  its  ran g e . It is an  im p o rta n t sp ecies, 
b e in g  the o n ly  w ild  u n g u la te  p re se n t in  s ig n iíica n t n u m - 
b ers th ro u g h o u t m o s t o f  its  ran g e , as  w ell as b e in g  
e co n o m ica lly  s ig n ifìc a n t; th is  su g g ests  th at su sta in a b le  
m an ag em en t co u ld  h a v e  s ig n iíìca n t b e n e íìts  for lo ca l 
p eop le .

3 . C o n s e r v a t io n  E f f o r t s

T h e  tra d itio n a l a p p ro a ch  to m am m a l c o n se rv a tio n  o f 
e sta b lish in g  p ro tec ted  a rea s  is u n íe a s ib le  for sa ig as. Be- 
cau se  th e  saiga is n o m a d ic , it  is re lia n t  o n  h u g e  areas 
o f  re la tiv e ỉy  n atu ra l v e g e ta tio n  c o n tin u in g  to  e x is t  in  the 
sem ia rid  ran gelan d s o f  C e n tra l A sia. A n o th e r  ap p ro ach  
that is often used is to establish protected areas in 
key locations, for example, in calving or mating areas. 
A gain , th is  is p ro b le m a tic  fo r  th e  sa ig a ; a lth o u g h  they 
do ten d  to  v isit p a rtic u la r  a rea s , th ey  a re  n o t p red icta b le  
in th e ir  use o f  any o n e  area  from  y e a r to  year. O n e o f  
the b est asp ects  o f  S o v ie t c o n se rv a tio n  m ea su res  w as 
the a b ility  to  esta b lish  te m p o ra ry  re se rv es  ( zakazn iks ) 
at p a rticu la rly  sen sitiv e  tim e s  su ch  as the b ir th  seaso n , 
p laced  w h erev er th e  sa ig a  h a p p en ed  to  b e , in  vvhich 
th ere  w ere sp e c iíìc  p ro h ib it io n s  o n  a c tiv itie s  su ch  as 
graz in g , h u ru in g , an d  d riv in g  m o to r  v e h ic le s . T h e se  
íle x ib le  re s tr ic tio n s  a re  m u ch  m ore lik e ly  10 b e  o f  p racti- 
cal b e n e íìt  to the saiga th a n  th e  n e ce ssa rily  sm a ll p erm a- 

n e n t reserv es th a t m ig h t s u it  o th e r  sp e c ie s .
H o w ev er, any sy stem  o f  p ro te c tio n  is o n ly  as  e ffectiv e  

as its  e n ío rc e m e n t. T h is  re lie s  n o t o n ly  o n  h ig h  levels  
o f  in v e stm e n t in law  e n ío rc e m e n t a g e n c ie s , b u t a lso  on  

the en g a g em en t o f  lo c a l p e o p le  in  c o n se rv a tio n  efforts. 
T h e  im p o rta n ce  o f  lo ca l p e o p le  h a v in g  a s ta k e  in  co n se r- 
v a tio n , u su a lly  th ro u g h  re v e n u e s  fro m  th e u se  o f  these 
sp e c ie s , is  w ell a cce p te d  now ad ays. T h e  sa ig a  app ears 
to  b e  a n  id eal sp ecies  fo r  su sta in a b le  u se , b e in g  re s ilien t 
to  h a rv e stin g  and  o f  h ig h  valu e. H o w ev er, th e  p ro b lem  
in  g iv in g  lo ca l p eo p le  a  s ta k e  in  its  c o n se rv a tio n  is its 
n o m a d ic  b eh av io r; th e  ra n g e  area  o f  e a ch  sa ig a  p o p u la- 
t io n  in  K a z a k h sta n  is h u n d re d s  o f  th o u sa n d s  o f  k m 2. 
W ith o u t  a d irec t and p re d ic ta b le  lin k  b e tw e e n  a co m - 

m u n i t / s  co n se rv a tio n  a c tio n s  and  th e  s ta tu s  o f  the pop - 

u la tio n  th ey  are co n se rv in g , co m m u n ity -b a se d  co n se r- 
v a tio n  w ill n o t w ork ,

T h is  d iscu ss io n  su g g e sts  th at sa ig a  co n se rv a tio n  
n e e d s  to  b e  carried  o u t o n  a la rg er sca le  th a n  the lo ca l 
co m m u n ity . A gain , th e  p re v io u s p ra c tice  o f  S o v ie t saiga 
m a n a g e rs  is  a go o d  m o d e l to  fo llo w . C o m m e rc ia l h u n t- 
in g  o rg a n isa tio n s  w ere  re sp o n s ib le  fo r sa ig a  m an age-

ment from the protection oí birth areas to the Processing 
and  d is tr ib u tio n  o f  m eat. T h is  c h a in  o f  resp o n sib ility  
w ith in  a s in g le  o rg a n iz a tio n  m ean t th at the c o r re c t  in - 
cen tiv e s  ex isted  for co n se rv a tio n  o f  th e  re so u rce  o n  
w h ich  íu tu re  p ro íìts  d ep en ded . H ow ever, p ro b lem s 
have in crea sed  re ce n tly ; la rg e-sca le  selec tiv e  p o a ch in g  

h as led  to  the co m m e rc ia l o rg a n iz a tio n s  b e in g  u n a b le  to 
harv est m ales and  th u s they  c a n n o t rea lize  th e  p o te n tia l 
p ro íìts  from  h o rn  sales. Ư n d erfu n d in g  o f  law  e n ío rc e -  

m e n t e ffo rts , n o  in v estm en t o f  p o a ch in g  fìnes in to  saiga 
co n se rv a tio n , and a la ck  o f  s u p p o rt for h u n tin g  in sp e c- 
to rs ’ p o w ers o f  arrest have all c o n tr ib u te d  to  th e  p ro b - 
lem  (B ek e n o v  eí a ỉ., 1 9 9 8 ) .  O th e r  p ro b lem s in c lu d e  
co rru p tio n , p a rticu la rly  a t cu sto m s, th e  la ck  o í  in te rn a - 
tion a l c o n tro l o n  saiga h o rn  sa les , and  the h u ge areas 
th at m u st b e  cov ered  to  p ro te c t saigas. A sy stem  that 
co u ld  have co n tin u e d  to  w o rk  w ell for saiga co n serv a - 
tio n  h as n o t b e e n  ab le  to  co p e  u n d er th e s tre sse s  o f  
so c io p o litica l ch a n g e, leav in g  th e  saiga e ffectiv e ly  u n - 
p ro tec ted .

T h e  k ey  issu e  id e n tiíìe d  lie re  is the o v en v h e lm in g  
effect th at so c io p o litica l ch a n g es  ca n  have o n  e ffo rts  
to  co n serv e  m am m als. G en era l e co n o m ic  co n d itio n s , 
p a rticu la rly  in  th e  ru ra l e co n o m y , o r o th e r  e x te rn a l 
ev en ts  su ch  as w ar (a s  seen  re c e n tly  fo r th e  w ild life  o f  
R w an cla), ca n  ren d er even  th e  b est co n se rv a tio n  sy stem  
p o w erless  to  res is t th e  o v ere x p lo ita tio n  o f  a sp ecies .

D. Themes of the Case Studies
In th e  case  s tu d ies  p resen ted  h ere , w e d iscu ssed  the 
c o n tra s tin g  cases o f  th ree  raam m al sp ecies. In  all th ree  
cases , th re a te n iiig  ía c to rs  are  m o d u la ted  b y  the s p e c ie s ’ 
b io lo g y — tw o m am m a l sp e c ie s  ía c in g  s im ila r th rea ts  
w ill o fte n  re a c t d ifferen tly . T h e se  d ifferen ces  a re  re- 
íỉec ted  in  th e  c o n se rv a tio n  e ffo rts  th at have b e e n  d i- 
re c ted  a t ea ch  o f  th e  sp ecies.

A ír ica n  w ild  dogs w ere p erce iv ed  as v erm in  a n d  se- 
v erely  p e rse cu ted  in  th e p ast, b o th  in s id e  and  o u ts id e  
p ro te c ted  areas. H ow ever, a lth o u g h  th is  p e rse cu tio n  h as 
cau sed  th e p o p u la tio n  to  d ec lin e  to  very low  lé v e ls , it  
is  n o t th e  w h o le  s to ry , b e ca u se  o th e r  p ersecu ted  sp e c ie s  
lỉk e  h y en a s  h av e  n o t su ffered  the sam e fate. B eca u se  
th e  w ild  d o g  liv es at very  low  d en sities , it re q u ires  very 
large a reas to m a in ta in  a v iab le  p o p u la tio n . R an g in g  
w id ely , th e  sp e cie s  is  a lso  m o re  v u ln era b le  to  m o rta lity  
fro m  ro ad  tra ffic , d isease , and  p e rse cu tio n  at th e  edge 
o f  p ro te c te d  areas, so  that th e  sm a lle r th e  p ro te c ted  

area, th e  h ig h e r  th e  m o rta lity  rate  íro m  th ese  ía c to rs .
R h in o s  are  a lso  h ig h ly  en d an g ered  sp ecies , b u t  in  

th is  ca se , th e ir  th rea ten ed  sta tu s  ca n  b e  íìrm ly  lin k e d  
to  h ig h  levels  o f  h u n tin g  fo r th e ir  h o rn s  th ro u g h o u t



re co rd e d  h isto ry . A gain  th e ir b io lo g y  is a co n trib u to ry  
ía c to r  in  th e ir  su scep tib ility  to  h u n tin g , b eca u se  they 
have v ery low  p o p u la tio n  g ro w th  rates so  ca n n o t su sta in  
h ig h  lev els  o f  h u n tin g . As th e ir  p o p u la tio n s  d eclin e , 
ev en  low  levels o f  e x p lo ita tio n  b e co m e  d isastrou s. B e- 
ca u se  o f  the n a tu re  o f  the th reat th ey  face, p ro te c tio n  
m ea su res  c e n te r  aro u n d  very in ten siv e  (and  exp en siv e) 
p ro te c tio n  o f  sm all reserv es w h ere  th ey  can  be guarded  
fro m  p o a ch e rs . T h is  is  in  s ta rk  c o n tra s t to th e  w ild 
dogs, w h ic h  req u ire  very large p ro te c ted  areas.

T h e  th em e o f  the in te ra c tio n  b e tw e e n  a sp ecies ’ b io l- 
ogy  an d  its  th reaten ed  sta tu s co n tin u e s  w ith  the saiga 
a n te lo p e . T h is  sp ecies  w as h u n te d  to very Iow  n u m b ers  
a t the  tu rn  o f  the cen tu ry  to  su p p ly  th e m a rk et for 
C h in ese  tra d itio n a l m ed icin e , ju s t  lik e  rh in o s . Hovvever, 
u n lik e  rh in o s  th e saiga is  a b io lo g ica lly  res ilien t sp ecies, 
an d  saiga n u m b ers  b o u n ce d  b a c k  to  p eak  at a b o u t 1 
m illio n  a n im a ls  in  th e  1 9 7 0 s . S in ce  th en , heavy h u n tin g  
an d  h a b ita t a ltera tio n  have red u ced  n u m b ers , bưt it is 
o n ly  in  th e  p ast few years, s in ce  th e  fall o f  the So viet 
U n io n , ih a t h u n tin g  th reaten s  the sp ecies  again . T h e  
sa ig a , l ik e  the  w ild  d og, is  w ide ran g in g  and  re lian t on  
e x tre m e ly  large areas o f  re la tiv e ly  u n d istu rb ed  habitat 
fo r its  su rv iv a l; th is is av ailab le  fo r saigas at the m o m en t, 
b u t is  alvvays v u ỉn erab le  to  c o n v ersio n  for h u m an  nced s.

C r it ic a l e x a m in a tio n  o f  the co n se rv a tio n  effo rts  đ i- 
rec ted  at th ese  sp ecies  throw s som e lig h t on cu rren t 
d eb a te s  in  co n serv a tio n . F o r  e x a m p le , co n se rv a tio n  ef- 
fo rts  are  cu rren tly  o ften  ío cu sed  on  p ro m o tin g  su sta in - 
a b le  u se  b y  lo ca l c o m m u n itie s , u n d er the p h ilo so p h y  
that o n ly  if  a sp ecies  is g iv en  a m o n eta ry  valu e w ill 
p eo p le  h av e the in cen tiv e  to  co n se rv e  it. H ow ever, n o n e  
o f  th e  sp e c ie s  d escrib ed  here ap p ears a p a rticu la rly  su it- 
a b le  ca n d id a te  fo r c o m m u n ity -b a sed  c o n se rv a tio n  based 
o n  su sta in a b le  use. T h e  w ild dog has little  ob v io u s 
c o m m e rc ia l v alu e, th e  rh in o  has to o  m u ch  and  thus 
n eed s e x p e n siv e  p ro te c tio n , w h ile  the m igrato ry  saiga 
is  n o t easy  to  assig n  to the o w n ersh ip  o r co n tro l o f  any 
p a rtic u la r  co m m u n ity .

A n o th e r  su ite  o f  co n se rv a tio n  effo rts  inv olv es in ten - 
sive in te rv e n tio n , u sin g  te ch n iq u e s  su ch  as cap tive 
b re e d in g  an d  re in tro d u ctio n s. R h in o  co n se rv a tio n  has 
in c lu d e d  cap tiv e  b reed in g  and  ra n ch in g , and  re in tro - 
d u c tio n s  are  see n  as o n e  s o lu tio n  to  th e p ro b lem s faced 
by  w ild  d ogs. E ven sa igas, w h ich  are stilì very  n u m ero u s 
in  th e  w ild  and  do n o t yet have serio u s  p ro b lem s w ith 
h a b ita t lo ss , are b e in g  p ro p o sed  as can d id ates  for ra n ch - 
ing , ca p tiv e  b reed in g , and  re in tro d u ctio n . O u r analysis 
su g g ests  th at these  te ch n o lo g ic a l so lu tio n s  o f  ex situ 
c o n se rv a tio n  are gen erally  n o t u se íu l; w ild  dogs need  
su ch  larg e  areas to  rece iv e  ad eq u ate  p ro te c tio n  that 
hard ly  an y  su itab le  re in tro d u c tio n  s ites  are available,

saigas are to o  íligh ty  to b e  k ep t in  cap tiv ity , and  several 
o f  th e  rh in o  sp ecies  have n o t bred  s u c ce ss íu lly  in  cap tiv - 
ity. T h e  Southern white rhino, which was brought back 
fro m  n ear e x tin c tio n  th ro u g h  ca re íu l ra n ch in g  and  re- 
in tro d u ctio n  p ro g ram s, is the e x c e p tio n  ra th e r  th an  the 
ru le. T h u s  trad itio n a l co n serv a tio n  in situ is  the  b est 
w ay forw ard  for m o st o f  the p o p u la tio n s  o f  the sp ecies  
d iscu ssed  in  th ese  p articu la r case  stu d ies.

C o n se rv a tio n  effo rts  fo r th reaten ed  m am m als w ill 

alw ays inv olv e a su ite  o f  resp o n ses ; w h ich  is ap p ro p ria le  
in  a g iven  case  d ep en d s on  th e in te ra c tio n  b e tw e e n  the 
th reats  th at it faces and the b io lo g y  o f  the sp ecies . In  
th e  case  o f  th e  sp ecies  d iscu ssed , th e  e ffo rts  th a t m ay 
w o rk  b e st in c lu d e  fo r w ild  dogs, a lan d scap e-lev el 
ap p roach  to  h a b ita t m an agem en t, co m p le m e n te d  by 
co m m u n ity -le v e l co n flic t-m in im iz a tio n  p ro g ram s; fo r 
rh in o s , in ten siv e  gu ard in g  o f  sm all p ro te c ted  areas; and 
fo r saigas, c o n tro l o f  p o a ch in g  fo llo w ed  by th e p o ten tia l 
re in s ta te m e n t o f  co m m erc ia l h u n tin g . F o r  o th e r  sp ecies , 
d ifferen t a p p ro a ch es  w ill be su ita b le . H ovvever, the key 
issu e is m o n ey — p ro te c lio n  fro m  a n th ro p o g e n ic  th rea ls  
is  e xp en siv e , and  so m e o n e  n eed s to pay. In the case  o f  
th e  saiga a n te lo p e , and p ossib ly  the rh in o , th e  tro p h ies  
from  th e sp e c ie s  th em selv es coulcl p ro v id e su b stan tia l 
rev en u es to  o ffse t co n se rv a tio n  co s ts , b u t  th e  w ild d og 
is  n o t ab le  to  íu n d  itse ir in  th is w ay. In  th e  en d , conser> 
v atio n  co m e s  d ow n to the w illin g n ess  o f  peop le  to pay 
fo r it , e ith e r  d irec tly  o r th ro u gh  the o p p o rtu n ity  co sts  
o f  n o t co n v e r tin g  a sp e cie s ’ h a b ita t, ra th e r  than  to the 
sp e c iíìc s  o f  its  b io lo g y .

V. CONCLƯSIONS

T e rre s tria l m am m als are o ften  used  as Oagship sp ecies  
for co n se rv a tio n . T h e  c la ss ic  exa m p le  o í th is is the 
panda u sed  b y  th e W o rld  W id e  F u n d  for N atu re , but 
tigers, e lep h a n ts , and  o th e r  c h a rism a tic  sp ecies  are also 
featured  in  p u b lic ity  m ateria l a b o u t co n se rv a tio n  be- 
cau se th ey  are ap p ea lin g  to the p u b lic . M any p eo p lc, 
p a rticu larly  in  w e a lth íe r co u n trie s , h av e very h ig h  in - 
tr in s ic  v a lu a tio n s  o f  m am m als and  are  e x tre m e ly  keen  
to  p reserv e th em , gi ve th em  rig h ts , a n d  en su re  the w el- 
fare o f  in d iv id u al rep resen ta tiv es  o f  the  sp ecies. T h e  
re ce n t c o n tro v e rs ia l p ro p o sal in  N ew  Z ealand  fo r legis- 
la tio n  to  e x te n d  so m e h u m a n  righ ts  to  ape sp ecies  p ro- 
v ides an  exarnp le  o f  p eop le  reg ard in g  m am m als as 
so m eh o w  d iffc re n t to  o th e r  taxa. O th e r  p eo p ỉe , p articu - 
larly  th o se  w h o  live a lo n g sid e  w ild m am m als in  poorer 
co u n trie s , are v ery k een  to use th em . T e rre s tr ia l m am - 
m als are o fte n  v a lu ab le  sp ecies  b e ca u se  o f th e ir  m eat, 
fu rs, o r tro p h ie s , or d estru ctiv e  n e ig h b o rs  ih a t in vi te



p ersecu tio n . At th e  sam e tim e , ỈDecause o f  th e ir  b io lo g y , 
these sp e cie s  ca n  be very su sce p tib le  to o v erex p lo i- 
tation .

T h u s terrestria l m am m als are  h ig h -p ro file  sp ecies  
am on g b o th  th e  g en era l p u b lic  and  c o n se rv a tio n ists . 

T h is  c o m b in a tio n  o f  a ttr ib u te s  m ea n s th at m am m als 
o ften  p rov id e a b a ttle g ro u n d  o n  w h ich  co n se rv a tio n  

b attles  o f  m o re  g e n era l s ig n iíìca n ce  are ío u g h t. A n e x - 
am p le o f  th is  is  the d eb ate  a b o u t the ap p ro p ria te  p lace  

for th e  lis tin g  o f  the A ír ic a n  e lep h a n t o n  the C IT E S  
A p p end íces. T h is  began  in  1 9 8 9  w ith  a su c ce s s íu l p ro - 
posal to  tra n sfer the sp e c ie s  fro m  A p p en d ix  II (c o n - 

tro lled  in te rn a tio n a l tra d e) to  A p p en d ix  I (n o  In te rn a 
tion a l co m m e rc ia l tra d e ), o n  th e  b asis  that th e  e lep h an t 
w as th rea ten ed  w ith  e x tin c tio n  fro m  an  u n co n tro lle d , 

and larg ely  ille g a l, in te rn a tio n a l ivory  trade. A lth ou gh  
the in te rn a tio n a l ivory  trad e co u ld  in  itse lf  e x p la in  the 
o bserved  12%  p e r  a n n u ra  d ec lin e  in  the A írican  e le- 
p h an t p o p u la tio n  o v er th e  periocỉ 1 9 7 9 — 1 9 8 6 , th ere  

w ere o th e r  issu e s  in v o lv ed , in c lu d in g  e sca la tin g  co n - 
ílicts  b e tw een  e lep h a n ts  and  lo ca l p eo p le  as e lep h an t 

habita t d ec lin e d . T h e  d eb a te  a b o u t the ivory trad e co n - 
tin u es to  ru m b le  o n , w ith  the la test issu e  b e in g  C IT E S ’ 
a g reem en t to  a lim ited  re su m p tio n  o f  ivory  sa les  from  
M arch  1 9 9 9 . H o w ever, th e  ivory  trade d eb ate  w as also  
the cata ly st for a p u b lic  a ir in g  and p o p u la riz a tio n  o f  

the issu e  o f  su sta in a b le  u se , an d  th e  so v ere ig n  righ ts  
o f n a tio n s  to  d ecid e  o n  th e  m a n a g em en t o f  th e ir  ow n 
b io d iv ersity . P o p u la r a rtic le s  exp la in ed  the n eed s o f  
lo ca l p eo p le  to  m ak e a ỉiv in g  (rom  th e ir  w ild life  if  they 

are  to  have a n  in cen tiv e  to  co n se rv e  it  in  th e  íace  o f  
gro w in g  p re ssu re  o n  n atu ra l re so u rc e s . O th e rs  su g- 
gested  th a t th e  su sta in a b le  use o f  e lep h a n ts  w as e ith e r  
m o ra lly  w ro n g , sc ie n tiíìca lly  u n w ise  given th e  cu rre n t 
State o f  th e  A ír ic a n  e lep h a n t p o p u la tio n , o r im p ra c tica l 
b e ca u se  o f  the  e n d e m ic  c o rru p tio n  a m o n g s o ffic ia ls  and  
the v ery  h ig h  v alu e  o f  the p ro d u ct.

T h u s the c o n se rv a tio n  o f  te rre stria l m am m a ls  is h ig h  
pro&le an d  an area  in  w h ich  g en era l c o n se rv a tio n  p o licy  
is d eb ated  an d  ev en tu a lly  m ad e. T h e  d an g er is th at th is 
p o licy  m ay n o t  b e  at a ll re le v a n t to o th e r  c o m p o n e n ts  
o f  b io d iv ersity , w ith  th e ir  o w n  s p e c iíìc  co n se rv a tio n  
re q u ire m e n ts  an d  b io lo g ic a l p e cu lia ritie s . P o lic ie s  m ade 

w ith  re sp e ct to  o n e  h ig h -p ro íìle  m a m m a l sp e cie s  m ay 
n o t ev en  b e  p o sitiv e  fo r o th e r  m am m als. F la g sh ip  sp e- 

c ie s  have to b e  c h o se n  w ise ly , s in ce  e x p e r ie n c e  sh o w s 
th a t sp e c ie s ’ c o n se rv a tio n  n eed s c a n n o t be p red icted  

fro m  th e ir  b o d y  size o r tro p h ic  p o s iù o n . F o r  ex a m p le , 
in  th e  1 9 8 0 s , In d ia  d esig n ated  a n e tw o rk  o f  reserv es 
d esig n ed  to  p ro te c t tig ers , u n d e r th e  b a n n e r  o f  “P ro je c t 

T ig e r ."  T h e  p ro je c t  w as e x p e c te d  to  h av e the added 
b e n e fit  o f  p ro te c ù n g  o th e r  sp e cie s , n o ta b le  th e  d h o le

(Cuon aỉpinus). T h is  e x p e c ta tio n  vvas n o t m e t; d h o le  
re q u ire  m u ch  larger areas to  p ersist th an  do tigers  and  
have d isap p eared  íro m  several P ro je c t  T ig e r reserv es 
(W o o d ro ffe  an d  G in sb erg , 1 9 9 8 ) .

C o n se rv a tio n  e ffo rts  for te rrestria l m am raaìs  are  p ar- 
ticu la r ly  n o te w o rth y  b e ca u se  o f  th e ir  im p a cts  on  b io d i- 

v ersity  co n se rv a tio n  in  g en era l. T h is  is partly  b e ca u se  
m a m m a ls  ca n  b e  p o w erfu l fo rces  s tru c tu rin g  e co sy s- 
tem s. B u l it is  a lso  b e ca u se  they  are  o ften  ílag sh ip  sp e- 

c ie s  fo r co n se rv a tio n  p o licy ; th is  ca n  be a m ix ed  b less in g  
for th e  c o n se rv a tio n  o f  b io d iv ersity  as a w h o le , as p o licy  
m ad e w ith  o n e  p a rticu la r  grou p  o f  s p e c ie s  in  m in d  w ill 

g e n era llv  be in a p p ro p ria te  fo r o th crs . T h o u g h  th is  ca lls  
for c a u tio n  in  e x tra p o la tin g  the n eed s o f  te rre stria l 
m am m a ls  to  co n se rv a tio n  p o lic y  o n  th e  b ro a d e r sca ìe , 
it is  a lso  im p o rta n t to  re m em b e r th at terrestria l m am - 

m als  are  p a rticu la rly  in  need  o f  c o n se rv a tio n  e ffo rts  in  
th e ir  o w n  righ t.
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MAMMALS (LATE 
1 QUATERNARY), 

EXTINCTIONS OF
Paul s. Martin
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I. ln tro d u c tio n : P re h isto ric  E x tin c tio n s
II. T h e  C o m p arativ e  A p p ro ach

III. P a ttern  and C au ses

GLOSSARY

e x t in c t io n  sp a sm  o r  p u lse  A ca ta stro p h ic  b u rst o f  e x - 

t in c ù o n s , p eak in g  in  less  th an  a m illen n iu m . 
í ir s t  c o n ta c t  In itia l h u m an  arrival on  a lan d m ass fo l- 

l o w e d  b y  h u m a n  c o l o n i z a t i o n .  

la te  Q u a te m a ry  e x t in c t io n  e v e n t Se lectiv e  p re h is to ric  

e x tin c tio n s , ty p ica lly  c a ta stro p h ic , e lim in a tin g  
w ith in  th e  p ast 4 0 ,0 0 0  y ears tw o -th ird s  o r  m o re  o f  
large lan d  m am m als  o f  A m e rica , A u stra lia , an d  M ad 
a g asca r and  a t least h a lf  th e  sp ecies  o f lan d  b ird s on 

re m o te  islan d s o f the P a cific . H u m ans are p resen t o r 
s u sp e cte d  to  b e  p resen t in  v irtu a lly  a ll cases. 

m e g a ía u n a  L arge terrestrial v erteb ra tes  v ario u sly  d e- 
fined  as > 1 ,  > 1 0 ,  and  > 4 4  kg  ad u lt b od y w eight. 
E q u iv a le n t to 1 0 0  p o u n d s and  s im ila r to th e  average 
w eig h t o f  ad u lt h u m an s, a b od y  size e x ce e d in g  4 4  
kg is easily visualized and is adopted here. 

quaternary T h e  ic e  age o f  a t least the past 1 .8 1  m illio n  
y ea rs , in c lu d in g  the P le is to ce n e  an d  the H o lo cen e , 
th e  la tte r  re p rese n tin g  th e  p ast 1 0 ,0 0 0  years. 

r a d io c a rb o n  d a tin g  A n iso to p ic  o r n u cle a r  d ecay 

m e th o d  for in íe rr in g  age o f  o rg an ic  m ateria ls. C a rb o n  
1 4  is p ro d u ced  in  the u p p er a tm o sp h ere  by  co sm ic  
ray b o m b a rd m en t an d  o x id iz ed  to form  C H0 2. D is-

tr ib u te d  ih ro u g h  th e  e a rth ’s  a tm o sp h e re  and  o ce a n s, 

a sm a ll p ercen tag e  is in co rp o ra te d  in to  a v ariety  o f 
o rg a n ic  m ateria ls  to d ecay  w ith  a h a lf-life  o f  5 7 0 0  
years. By d atin g  tree rin g s o f  k n o w n  age , a n d  o th e r  
m e th o d s , ra d io ca rb o n  d e te rm in a tio n s  ca n  be ca li- 
bratecl. A lth ou gh  ro u tin e  a p p lica tio n  o í  ra d io ca rb o n  
d a tin g  is  u su ally  lim ited  to  d ates  o f  less  th a n  4 0 ,0 0 0  
years, ages up  to 7 5 ,0 0 0  years h a v e  b e e n  m easu red .

I. INTRODUCTION: PREHISTORIC 
EXTINCTIONS

T h e  late Q u atern ary  e x tin c tio n  e v en t (L Q E E ) is  b est 

k n o w n  b y  th e  lo ss  o f  large m am m als  (m e g a ía u n a ) from  
c e r ta in  c o n tin c n ts . F a m ilia r  ía u n a l e x a m p le s  o f  the 
L Q E E  in c lu d e  w o o lly  m a m m o th s  o f  th e  N o rth ern  
H em isp h ere , w o o lly  rh in o s  in  n o r th e rn  E u ra s ia , gro u n d  
s lo th s  a n d  g ly p to d o n ts  in  the A m e rica s , a n d  d ip ro to - 
d o n ts  an d  g ian t k a n g a ro o s  in  A u stra lia . C o m p a riso n s  
b e tw e e n  lan d m asses  are rev ealin g . T h e  c o n tin e n ts  d iffer 
s ig n iíìca n tly  in  b o th  th e  m ag n itu d e  a n d  in  th e  tim in g  

o f  th e ir  e x tin c tio n s . F irs t  A u stra lia , th en  N o rth  and 
S o u th  A m erica , an d  lastly  M ad a g a sca r ( th e  Is la n d  C o n - 
tin e n t)  rap id ly  lo st tw o -th ird s  o r  m o re  o f  th e ir  large 
m a m m a ls  (F ig . 1 ). In  co n tra s t, lo sse s  w ere  co m p a ra - 
tively  grad u al and  m u ch  less  sev e re  in  E u ra sia  and 

A frica . A lth o u g h  sm all an im a ls  o f  th e  c o n t in e n ts  seld o m
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Period of 
maịor extinction 
E 3  >40.000 yrs. B.p.

10,-30,000 yrs. B.p. 

■  200-4000 yrs. B.p.

F1GURE 1 Late Quaternary extinction and prehistoric human dispersal; for num erical sequence 
and estim atcs of extinction úming, sec ihe legend to Fig. 2 (a íter Martin and Steadm an, 
1999).

su ffered  e x tin c tio n s , th o u san d s o f  en d em ic  m am m als, 
b ird s, and  rep tiles  v an ish ed  from  o ce a n ic  islands.

A t least 8 5  gen era  o f large ( > 4 4  kg ) m am m als, h a lf 
o f  the terrestria l m eg aíau na o f the p lan et, d isappeared  
from  th e  co n tin e n ts  in  the past 1 0 0 ,0 0 0  years. N ow  
“o u t o f  s ig h t, ou t o f  m in d ,” the e x t in c l  m am m o th s and 
o th e r  large an im als  o f the Q u a lern a ry  coev olved  w ith  
m o d e rn  p lant sp ecies , thereby  sh ap in g  certa in  features 
o f  v a scu la r p lant an ato m y and b io ch em istry . U n d ou b t- 
ed ly , the  e x tin c t sp ecies  w ere ju s l  as in ílu e n tia l a s liv in g  
in e g a h erb iv o res  in  d eterm in in g  ih e  s iru c tu re  o f natural 
c o m m u n itie s  (O vven-Sm ith , 1 9 8 8 ) .  B efore  1 3 ,0 0 0  years 
ago  th e  d iv ersity  o f  large m am m als in  the  N ew  W o rld  
w o u ld  have resem b led  that cu rren tly  foun d  in A ừ ica n  
o r  A sian gam e p arks. M egafau nal e x tin c tio n s  have m ade 
it d iffìcu lt for e co lo g ists  to  en v isio n  the m u ltip le  s iab le  
s ta te s  p rev ailin g  in  ev olu tio n ary  tim e. In  the ab sen ce  
o f  th e ir  rnegaíau na, the savan n as, grasslan d s, riparian  
h a b ita ts , and  o th e r  b io tic  co m m u n itie s  o f  ih e  N ew  
W o rld , A u stra lia , and  M adagascar are n o t [u n ctio n - 
a lly  “n a tu ra l.”

P re h is to r ic  se ttlem en t on  d eep -w ater island s in  the 
re m o te  P a c iíĩc  b egan  4 0 0 0  years ago. E x tin c tio n s  fol- 
lo w ed , e lim in a tin g  m any en d em ic  b ird s, rep tiles , and  
lan d  sn a ils  a lo n g  w ith  d ep letio n  o r s ize  red u cù o n  
b ro u g h t by  o v erh arv estin g  o f n e a r-sh o re  fìsh , sh e llíish , 
an d  m arin e  tu rtles . T h e  relatively  sm all n u m b er o f o ce - 
a n ic  is la n d s that escaped  p reh isto ric  d isco v ery  suffered  
lo sse s  d u rin g  h is to ric  tim e o f su ch  an im als  as the dodo, 
S tc lle r ’s  sea  cow , g ian t ra ts , and  p arro ts  (F ig . 2 ) . N o 
la te  Q u a te rn a ry  e x tin c ú o n  p u lse  is seen  in  the íossil 
re c o rd  o f  the vvhales, o th e r m arin e fauna, or in A nt- 
a rc tica .

An in te n se  and o ften  c o n tro v ersia l search  d u rin g  the 
p asi 4 0  years for an  e x p la n a tio n  for the  cause o r cau ses  
o f the  L Q E E  has ía iled  to y ie ld  any vvidespread c o n se n - 
su s am o n g  p a le o n to lo g is ts , a rch e o lo g is ts , p a le o eco lo - 
g ists, g eo g ra p h ers , and  o th e r  in terested  p a rties , m any 
o f  them  c o n v in c e d  o f  the e ffĩcacy  o f  c lim a lic  ch an g e  
and  o f  c lim a tic  e x tin c tio n  m o d els . In  recen t years, as 
the global p a tte rn  o f the L Q E E  h as b eco m e b e tie r  
k n o w n , m u ch  m o re  a tte n tio n  h as been  ío cu sed  on an- 
th ro p o g en ic  m o d els  [co m p a re  M a cP h ee  ( 1 9 9 9 )  w ith  
M artin  and K le in  ( 1 9 8 4 ) ] .  A lw ays o n  the sce n e , h u m an s 

can  n o  lo n g e r b e  ig n o red  in  ih e  se a rch  íor the cau se or 
cau ses  o f “e x t in c t io n s  in  n e a r  tim e .”

II. THE COMPARATIVE APPROACH

In  the view  o f  m ost g e o lo g ists  ih e  Q u atern ary  o r  P le isto - 
cen e  ice  age o f  m u ltip le  g la c ia tio n s  em b ra ces  at least the 
p ast 1 .81  m illio n  years (M a ), w ith  the late Q u atern ary  
re p rese n tin g  the p ast 2 0 0 ,0 0 0  years. In  N o rth  A m erica  
the late Q u a te rn a ry  in c lu d e s  the R a n ch o la b re a n  m am - 
m alian  age s tag e , m arked  b y  the ap p earan ce  o f  the  ge- 
nu s Bison.

W ith  the p o ssib le  e x c e p tio n  o f  A u stra lasia , m o st late 
Q u atern ary  e x t in c t io n s  fall w ith in  th e  reach  o f  rad io car-
b o n  assay, esse n tia lly  the  p ast 4 0 ,0 0 0  years. Fo ssils  
u n co n ta m in a te d  by g ro u n d w a ter an d  y ie ld in g  b o n e  col- 
lagen  or g e la tin  are su ita b le  fo r d atin g . E n v iro n m en ts 
favorable fo r the p reserv a tio n  o f  b o n e  co lla g en  inclu d e 
dry caves o f  arid  re g io n s , th e  fro zen  grou n d  o f  high 
la titu d es, la c u s tr in e  d ep o sits , and sa lin e  or p e ư o lic  sed i- 
m en ts  su ch  as th o se  at R a n ch o  la Brea, C a lilb rn ia .



B u rn ed  b o n e  and  a sso c ia te d  c h a rc o a ỉ are  ideal for d at- 

in g , a lth o u g h  c h a rc o a l m ay  p ro v e  in iru s iv e . A v ariety  
o f  g e o ch e m ica l d a tin g  m e th o d s , c sp e c ia lly  ra d io ca rb o n  
d atin g , a llow  b io g e o g ra p h e rs  to  co m p a re  b o th  the rate 
o f  e x t in c t io n  vvithin a la n d m a ss  an d  th e  tim in g  o f  e x -

tin ctio n s  b etw cen  land m asses. A ro b u st ch ro n o lo g y  

a llo w s in te rc o n tin e n ta l and  in su la r  c o m p a riso n s  o f  c o n - 
s id erab le  valu e in  in íerr in g  caư se o f  the e x tin c tio n s .

A h h o u g h  d eta ils  rcgard in g  ju s t  how  the e x tin c tio n s  
w ere triggered  rem ain  sp ecu la tiv e, it is in creasin g ly  
c le a r  th at the tw o m a jo r  co n te n d in g  e x p la n a tio n s  o f 
w h at fo rccd  L Q E E — th at is, c lim a tic  ch a n g es  and  cu l-  
lu ra l im p a cts— can  now  be ev alu ated  g lo b ally . w h e n  
ap p roach ed  o n  a com p arativ e  b asis , h u m a n  e x p a n sio n  

and  c lim a tic  ch an g e  track  a p u n ctu ated  e x tin e tio n  ep i- 
sod e in  N o rth  A m erica  and  perh ap s in  S o u th  A m erica , 
w h ereas c lim a tic  ch an g e  is less  c learly  involved  in  A us- 
tralia  o r M ad agascar and  ap pears to be o f  n o  s ig n iíìca n ce  
in  Nevv Z ealand  and  o th e r  rem o te  P a c i ík  islan d s.

A. North America
F o c u s in g  on the past 4  m illio n  years o n ly  (th e  P lio ce n e  
and  the Q u a te rn a ry ), it  is p o ssib le  to  evalu ate  the L Q E E  
u sin g  age-stage  d iv isio n s o f  b io stra tig rap h ers  (T a b le  I). 
T h e  overvvhelm ing im p o rta n ce  o f  e x tin c tio n s  o f N o rth  
A m erican  large m am m als at the end o f  the Q u atern ary , 
sh o w n  in  F igs. 3  and  4  and  in  T a b le  I, has b een  ev id en t 
fo r at least th e  p ast 5 0  years.

T h e  vvidespread ad o p tio n  o f  s cre e n  w ash in g  o f  ío ss il 
d ep o sits  has vastly  e n rich ed  th e ĩossil reco rd  o f  sm all
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FIGURE 2 Map silhoueues of continenis and islands shovving lime- 
transgressive sequencc o f laic Quaternary extinctions and FC. A/rica 
and Eurasỉa ( 1 - 3 ) :  Sequential extinctions o f large m ammals dưring 
ihc past 1 0 0 ,000  ycars including Nauman s elephant and giant dcer 
in Japan [Ị-2] ca. 3 0 ,0 0 0  years ago. Mcganesia (2 ) : Humans arrive 
and m ạịor extinctions occu r 3 0 ,0 0 0 -4 0 ,0 0 0  yr bp; neithcr evcni is 
well dated or constrained. Americas (3 ) : W ell-daicd evidcnce for 
human arrival and for m egaíaunal exũ nciions center on 1 1,000  vr 
bp (1 3 ,0 0 0  calendaryears). Mediterranean isìands: Epipaleothic arrival 
and dw arf hippo and dw arf elephant extinction  on Cyprus (3 ) 10 ,500  
yr bp; m id-H olocene colonizaiion and extinction  o f goai am elope 
(Myotragus) on ihe Balearic Islands (4 ) ; FC and LQ EE chronologv 
clscvvhere arc unceriain. Antilles: Humans arrive in Cuba and Hispai- 
nola in early or m id-H olocene (4 ) and in Jam aica and the Lesser 
A niilles in thc late Holocene (5 ) ; few radiocarbon clates on extinctions. 
Madagascar (5 ): Humans arrive 2 000  yr bp; m ajor episode o f extinc- 
tion term inates 1500  AD. Mascarenes, easi o f Madagascar (6 ): Humans 
arrive 1600 AD, followeđ by extinctions of dodo, soliiaire, other 
birds, and giant lorioises. New Zeaìand (5 ): Humans colonize by 
1200  AD; the Polynesian rat perhaps colonized much earỉier. Giant 
ílightless birds (m oas) are extinct by 1500  AD. Wrangel Islancỉ (5 ): 
Last vvoollv m am moths dated 4 0 0 0  yr bp, 1 000  years older than 
oldest cultural material. Commandcr Isỉands (6 ): Humans arrive 1741 
AD; S te llers sea covv extinct vvithin 30  years. Gctlapagos ìsìands (6): 
Bishop o f Panama arrives 1535 AD; extinction  rates increase over 
background by two ordcrs o f magnitude (aftcr M artin and Siead- 
man, 1999).



TABLE1

Large ( > 4 4  kg) P lio-Pleistocene T errestria l M am mals o f N orth America N orth o f M exico11

Stage duration (Ma)

BLANCAN 1RV RLB H

1,2 3 4 5 E M L H L

0.011.0 0.5 0.5 0 .2 0.9 0.4 0 .2 0 .2 0.1

Xenarthra

+  G ìyptotheriw n , glyptodont X X X X X X X

+  H olm esin a, northcrn pampathere X X X X X X X

+ P ach y a im ath eriu m , ground sloth X

+  Erem otherium , giam ground sloth X X X X X

+ N o th ro th er ío p s , Shasta ground sloth X X X X X

+  M egalonyx, Jefferson’s grounđ sloh X X X X X X X X X

+  P aram ylodon . big-tongued ground sloth X X X X X X X X

Carnivora

+ B o rop h a g u s  plundering dog X X X X X

*C an is , dire wolf, gray wolf X X X X X X X

+  P rolacyon  Troxell's dog X

Ursus, bears X X X X X X X X X

ị +  ]T rem arctos, Florida cave bcar X X X X X X X X

+A rctod u s,  short-íaced bear X X X X

+  C hasm aporthctes, hum ing hyena X X X X X

+  M egantcron, wesLern dirktooth X X X X

+ S m ilo d o n ,  sabertooth X X X X X

+ Ischyrosm iìus, Idaho sabertooth X

+H om oth eriu m , scim itar cat X X X X X

+  D ino/elis, falsc sab erto oth X X X

1*1 P anthera , American lion, jaguar X X X X X

+  M iracinonyx, American cheeiah X X X X X X

F eỉis , cougar, puma X X X X X X

Rodentia

+ P ro cas to ro id es ,  largc beavcr X X X

+  C astoroid es, giam beaver X X X X

+  Neochoerus, giant capybara X X X X X

1 +  ]H ydrochoeru s, Holmes’s capybara X X X

Proboscidea

+  M am m ut, American mastodon X X X X X X X X X

+S teg om astod on , stegomastodo X X X X

+R hyn cother íu m , rhynchothcre X X X X

+ C u v ien m iu s, gomphothere X X X X X X X

+  M aim nuthus, extinct m ammoihs X X X X X

Sircnia

+ H ỵ d rod am a lis , Stellars sea cow X X X X X X X X X X

T ríchechus, manatee X X X X X X X X X X

Perissodactyla

+  C orm ohipparion , cxtinct cquid X X

+ N an n ip u s, gazelle-horse X X X X

+ P les ip p u s , extinct equid X X X X

[ +  ]Equus, horse species X X X X X X X X

ị +  ]T apírus, tapir species X X X X X

c O M íin ur s



Crntinuccl

BLANCAN IRV RLB H

1,2 3 4 5 E M L E L

Stage duraùon (M a) 1.0 0 .5  0 .5  0.2  0 .9  0.4 0 .2 0 .2 0.1 0.01

Avtiodactvla

+Mcgaỉotylopus, large cam elid X X X

+  Blancocamelus, giraííe— cam cls X

+  Tỉlcmot\ìopus, gaini cam elid X X X X X

+  Cctmeỉops, camel species X X X X X X

+  Hemiauchenia, llama species X X X  X X  X X X X

+Palaeoỉama , sioui-legged llama X X X

+  Mvlohvus, long-nosed pcccari X X X X X X X

+  P/aívgonu.s, ílai-headed pcccarỉ X X X X X X X X X

+Brelziữ, false elk X

Odocoìleus, dcer spccies X X X X X X X X X  X

+  To?*oníoeeroSi ex iin ct large cervid X

+Navahoceros, m ountain  deer X

Rangi/er, caribou X X X X X X X

*Alces, m oose, broad-írontcđ m oose X  X

+  Ccrvalces, stag-m oose X

Ccrvua, w apiú (elk) X X X X X X X

+  Teiram eryx, íour-horncd pronghorns X X X X X

+  Hayoceros, H avs pronghorn X

+5!<>ckocer(JS, íour-hornccl pronghorns X X X

Antiỉocapra, pronghorn X X

[ +  ]5aigtí, saiga X

*Oreamnos, m ountain  goats X X X X X  X

ơvís, bighorn or m ountain shccp X X X X X

+  EỉtciTíilhcrium, shrub ox X  X X X X

+  Soci'%t'lia, SoergeKs ox X  X X

+  Boolherium, bonnet-hcadcd m usk ox X X X

+  Praeovibos, ex tin ct musk ox X

Ovibos, inusk ox X X

Ị * ] B ỉsom, b ison  species X X X

+  Platycerabos, flat-horned ox X

Prim aies

Homo, modern tỉ. sapiens X X

O riginaũons —  7 4 6  13 4 7 2 8  0

Exiinctions 1 2 2 6  5 0 4 1 33 0

T otal genera 18 24 26  30  37 36 43 41 4 8  15

“ Afier Kurien and Anderson (1 9 8 0 ) , Martin and Steadman (1 9 9 9 ) , and Anderson (personnel com m u nication). “ Abbreviations used: 1RV,
Irvingtonian; RLB, Rancholabrean; H, H oloccne; E, early; M, m iddle; L, latc; + ,  extinct genus; * ,  extinct species; brackcts indicate generic
survival on oth er ccm tinents. Living genera including extinct taxa of large size that vanished with ỉate RLB extinctỉon  include Dasypus beỉli
(giant arm adillo), Canis dirus (d ire w o l0 , Panthe ra leo atrox (Am erican lion), Alccs ỉatị/rons (broad-ừ onied m oosc) , and Oreanos harringtoni
(H arrin gton s m ountain goat). Age estim ates in m illions o f years (M a): Rlancan 1 ,4 .0 -3 .5  Ma; Blancan 2 ,3 .5 -3 .0  Ma; Blancan 3. 3 .0 - 2 .5  Ma: 
Blancan 4 , 2 .5 - 2 .0  Ma; Blancan 5, 2 .0 - 1 .8  Ma (B lancan -lrv in gtonian  Boundary); early Lrvingionian, 1 .8 -0 .9  Ma; middle Irvingtonian, 0 .9 - 0 .5  
Ma; late Irvingtonian, 0 .5 - 0 .3  M a; early Rancholabrean 0 .3 -0 .1  Ma; latc Rancholabrean, 0 .1 -0 .0 1  Ma; H olocene, ỉast 10 ,0 0 0  years. There 
m ay not bc specim en records for all cclls within the tem poral range of a gcnus as ploited here. C hecklisi and age esiim atcs are courtesy of 
Elaine A nderson (1 9 9 6 ) , D enver M useum  of Natural History, Denver, Colorado, reviscd from Kurtén and Anderson (1 9 8 0 ) .



Time in millions of years

F1GURE 3 Novth American small mammal origínalions (dottcd linc), cxtinctions (solid lincì, and lotal 
fauna (dashcd line) sincc thc M ioccnc from data shown in Table 1. Notc thc change of scalc in thc past 
0 .5  Ma (reproduced with permission from  Martin and Steadman, J9 9 9 ).

verteb rates. T h e  H arvest o f  id entiR ed  sm all m am m als 
is vital in su p p o rtin g  the c o n clu s io n  thai n o  ap p reciab le  
e x tin c tio n s  oi sm all m am m als o ccu rred  (F ig . 3 ) —  
certa in ly  n o t m a tch in g  the e x tin c tio n  sp asm  o f large

m am m als ap p rox im ate ly  1 1 ,0 0 0  ra d io ca rb o n  years ago 

(F ig . 4 ) .
T h e  íossil reco rd  is based on  a vnuch larg er sam ple 

o f la ie  P le isto ce n e  th an  early P le isto ce n e  an d  P lio een e

Time in millions of years

FIGƯRE 4 Norih Am erican large marnmal originations (clotted linc), extinctions (solicl linc), and lotal 
íauna (dashed ỉine) since ihe M iocene from data shown in Table I. No le the changc of scalc in thc pasi 
0 .5  Ma (reproduced vviih perm ission from M ariin and Sicadm an, 1999).



íaunas (T a b le  1 and  F igs. 3 and  4 ) .  P resu m ab ìy  ih is  
a cco u n ts  at least in  p art for ihe in cre a se  in  n u m b e r o f 
gen cra o f  b o th  largc and  sm all m am m als in  th e  la ter 
part o f  the reco rd . A lth ou gh  Mammuthus, Eqiiiis, and 
cx tin ct Bison in c lu d ed  m u ltip le  sp ecies , m o st o í th c  
large g cn e ra  l is ted  in  T a b le  I are m o n o ty p ic  (rep resen ted  
by one sp ecies  o n ly ). A lth o u g h  a few su rv ived  on  o th e r  
co n tin e n ts , m o st large gen era  to ta lly  v an ish ed  (T a b le  I ).

ỉn  N o rth  A m erica  n o rth  o f  M e x ico , 3 3  g en era  o f  large 
m am m als d isap p earcd  in the late Q u a te rn a ry , vvhich 
co n stitu te s  tw o -th ird s  o f  the to ta l la te  R a n ch o la b re a n  
fauna o f  4 8  gen era  and m o re  than  a ll the g e n er ic  e x tin c -  
tion s reco rd ed  d u rin g  th e  p rev io u s 4  m illio n  y ears  p rio r  
to L Q E E  (T a b le  I ) .  E v en ts  th at m ig h t trigg er reg io n al 
o r g lo b al e x tin c tio n s  in  th e  early  part o f  th e  p ast 4  
m illio n  years in c lu d e  in te rc o n tin e n ta l su tu r in g  o f  the 
A m ericas w ith  íau n al in te rm in g lin g , e x tra te rre str ia l ac - 
c id en ts  su ch  as th e  im p a ct o f  th e  E lta n a n  b o lid e , and  
ihe in itia tio n  o f  Continental g la c ia tio n . H ow ever, on ly  
at the en d  o f  the  Q u a tern a ry  is ih ere  a m a jo r  e x tin c tio n  
sp asm — o n e th at im p o v erish ed  A m erica''s iarge m am - 
m alian  íau n as (F ig . 4 ) .

U n lik e  the ca se  o f  the largc m am m als, a m u ch  larger 
n u m b e r o f  sm all gen era  ( 4 8 )  v an ish ed  in  the past 4  
m illio n  years. W ith in  the m in iía u n a  (ra t, m o u se , o r 
shrew-size mammals), which make u p  the majority of 
the 75  liv in g  gen era  o f  sm all m a m m als, n o  g en eric  
e x tin c tio n s  are k n o w n  in  th e late Q u a tern a ry . A m o n g 
th e m e d iu m -s iz ed  m am m als, th ree  g en era  w ere lost: 
th e  a n tilo ca p rid  Stockoceros , the sk u n k  Brachỵpotoma , 
and  th e rab b it AztIanoIagus. T h e  d iííe re n ce  d eserv es 
c lo se  in sp e ctio n . A lth o u g h  sm all m am m als escap ed  v ir- 
tu a lly  u n sca th ed , the L Q E E  (la te  R a n ch o la b re a n  lo sses) 
b lig h ted  a ll terrestria l o rd ers o f  large lan d  m am m als 
an d  e lim in a te d  o n e , the  P ro b o sc id ea  (T a b le  I).

S in ce  th e  v ast m ạịo rity  o f  C e n o z o ic  (la st 6 5  M a) 
e x tin c tio n s  o ccu rre d  lo n g  b efo re  ra d io ca rb o n  tim e or 
F C , it is essen tia l to  k n o w  so m e th in g  o f  th e  C e n o z o ic  
p a ttern . D o e a rlie r  b u rsts  o f  e x tin c tio n  m a tc h  the L Q E E  
p a tte rn  at the very  end  o f  th e  C e n o z o ic?  A s a re su lt o f  
a re la tiv e ly  rich  ío ss il re co rd  o f  th e  C e n o z o ic , th e  q u es- 
t io n  is  read ily  ap p ro a ch ed  in  N o rth  A m erica .

P a le o n to lo g ist J o h n  A lroy  (c ite d  in  M a cP h e e , 1 9 9 9 )  
re c e n tly  an a ly zed  6 5  M a o f  ch an g e  in  m a m m a lia n  faunas 
th ro ư g h  1 .0  M a sam p lin g  b ins. His data co n s is t  o f  
e x t in c t io n  tim e rate  series  that are c o m p u te d  fro m  a 
m u ltiv a ria te  o rd in a tio n  o f  4 0 1 5  íau n al lis ts  fro m  2 4 1 5  
p u b lic a tio n s  that sp an  th e Late C re ta c e o u s  th ro u g h  
S a n g a m o n ia n  (la s t  in te rg la c ia l) . T h e  lis ts  c a n  b e  v iew ed  
o n  th e  W o rld  W id e  W e b  at the N o rth  A m e rica n  M am - 

m a lia n  P a le o ĩa u n a l D atabase: http://homebrew.si.edu/ 
nampfd.html.

A cco rd in g  to  A lroy  (a s  q u o ted  in  M a cP h e e , 1 9 9 9 , 
p. 1 2 0 ) ,  s ta n d in g  d iv ersity  is d eíìn ed  by

th c  n u m b e r  o f  sp ecies  th at c ro ss  ea ch  b o u n d a ry  
b e tw een  sa m p lin g  b in s , e .g ., th e  tim e p la n e s  at 
6 5 .0 ,  6 4 .0  . . .  1 .0  M a. E x tin c tio n s  are co m p u te d  
by c o u n tin g  th e  n u m b e r  o f  s p e c ie s  in  e a ch  c o h o rt 
that fail to  su rv ive  u n til th e  n e x t tim e p lane. N ote 
that th is  e x c lu d e s  s in g le -in te rv a l sp e c ie s  (th o se  
that a p p ear an d  d isap p ear in  the  sam e b in ) ,  w h ich  
m ak es th e  a n a ly sis  less  v u ln e ra b le  to  sa m p lin g  
artiía c ts .

A lroy 's re su lts  in d ica te  th at w ith in  th e  p ast 5 5  M a th ere  
w ere m o re  e x tin c tio n s  o f  large sp e c ie s  in  the  L Q E E  
than  th ere  w ere  d u rin g  an y  e a rlie r  tim e. T h e  d iíĩe re n ce  
in  the m ea n  b o d y  m asses o f  the v ic tim s  an d  the su rv i- 
vors p eak s at th e  en d  o f  th e  P le is to c e n e  (F ig . 5 ) .

A lth o u g h  th e re  is a g en era l in cre a se  in  m ean  m ass 
o f  m a m m a ls  th ro u g h  th e  C e n o z o ic , the  m ean  m ass  o f  
v ic tim s (e x t in c t  sp e c ie s) is h ig h e st in  ih e  p asi 1 m illio n  
year b in  w ith in  th e  C e n o z o ic  (F ig . 6 ) ,  w h ic h  in c lu d e s  
the L Q E E . in  o th e r  w o rd s, w h en  co m p a re d  w ith  6 4  
tu rn o v ers  e a r lie r  in  the  C e n o z o ic , the 6 5 th  has a u n iq u e  
p ro p erty — e x ce ss iv e  e x t in c t io n  o f  large m a m m als.

W ith  th c  e x c e p tio n  o f  b iso n  (Bỉsort) and  d eer ( O clo- 
coilcus) ,  th e  co m m o n  ío ss ils  o f  large h e rb iv o re s  fo u n d  
in  Q u a te rn a ry  d ep o sits  b e fo re  th e  L Q E E  are  n o t the
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Extinctions per species

FIGƯRE 5 D iversity and extinction  in the C enozoic. Data are pre- 
pared by m ultivariate ordination and random ized subsampỊing. The 
íìgure plots the correlation am ong 1.0-M a intervals betw een extinc- 
tion intensity and the difference in the m ean bodv masses o f the 
victim s and the survivors. The end P leistoccnc value ( • )  is am ong 
the highest during the past 55 Ma (reproduced w iih pcrinission ừom  
M acPhee, 199Q).

http://homebrew.si.edu/


FIGURE 6 Trend ihrough ihc C cnozoic in the m ean body mass of 
victim s and survivors in  each 1.0-M a interval (sce legend 1 0  Fig. 5) 
(reproduced with perm ission ĩrom  M acPhce. 1999).

b o n es  o r  teeth  o f sp ecies  th at su rv ived  the e x tin c tio n s , 
such as Alces, Antilocaprci, Cervus, and  Rangifer, but 
ra th er those th a t did  n o t, e sp ecia lly  Camclops, Cervalces, 
Equus, Mammut, M ammuthus, an d  Platygonus (G rah am  
and  L u n d eliu s, 1 9 9 4 ) .  All have term in al ra d io ca rb o n  
re co rd s  at a p p ro x im a te ly  1 1 ,0 0 0  years ago (S tu art, 
1 9 9 1 ) .  O ne m ig h t im ag in e  th at i f  the  L Q E E  w ere a 
n atu ra l ca tastro p h t' the ran ges o f the H o lo ce n e  su rv i- 
v ors (1 5  sp ecies  lis ied  in T a b le  I) w ou ld  have exp an d ed  
rap id ly  as n ic h e  sp ace o p en ed  fo llo w in g  e x tin c tio n s . 
F o r  e x a m p le , i f  so m e leth al c lim a te  c o n d itio n  at the  end 
o f th e  last g la c ia tio n  e lim in a ted  th e ir  N o rth  A m erican  
re la tiv es , o n e  m ig h t e x p e c t th a t a fterw ard  early  H olo- 
cen e  w arm in g  w o u ld  see  the su rv iv in g  p o p u la tio n s  oi 
bison, elk, and moose expanding or at least maintaining 
th e ir  range. In  fact, b iso n  ran ge sh ra n k  aw ay from  b o th  
co a sts  (G ra h a m  an d  L u n d eliu s, 1 9 9 4 ) .  O n ly  in  recen l 
years, w ith  th e  h elp  o f lo ca l in tro d u c tio n s  by gam e 
d ep a rtm en ts , h as th e  lo ca l ran ge an d  n u m b e rs  o f m o o se , 
e lk , an d  b la ck  b ear exp an d ed .

T h e  h is to r ic  faun a o f b iso n , d eer, m o o se , e lk , p ro n g- 
h o rn , b ears, w o lves, e tc. is trad itio n a lly  reg ard ed  as the 
“n a tu ra l” fauna o f  N o rth  A m erica . H ow ever, the view  
fro m  ih e  p ast sh o w s that they  are an a b e rra n t, e x tin c - 
t io n -p ru n ed  re m n a n t, u n rep resen ta tiv e  o f the  d iversity 
o r the  e co lo g ica l am p litu d e o f  native  large m am m als 
that the  c o n tin e n l su p p o rted  d u rin g  the la tter  h a lf o f 
the C e n o z o ic . T o  v iew  free -ra n g in g  b iso n , d eer, m o ose, 
e lk , p ro n g n o rn , b e a rs , and w o lves, the  p ro te c te d  fauna 
o f Y e llo w sto n e  N atio n al P ark  in  W y o m in g  o r  D enali 
N atio n al P ark  ìn A laska, as rep resen ta tiv e  o f  an A m eri
can  S eren g eti is to serio u sly  u n d erestim a te  the d iversity ,

p ro d u ctiv ity , and ev olu tío n ary  p o te n tia l o f the co n - 

tinent.

B. South America, Australia, 
and Madagascar

T h e c o n tin e n ts  o f S o u th  A m erica , A u stra lia , and  M ada
g ascar sh are  a co m m o n  p ro p erly  w ith  N o rth  A m erica —  
heavy e x tin c tio n  o f large m am m als la te  in  the  Q u ater- 
nary. S o u th  A m erica  lost all large m am m als m ore 
m assive th an  a tapir ( 3 0 0  k g ); A u stra lia  lo st a ll m am - 
m als larg er th an  a gray kan garo o  (6 0  k g ); and , e x ce p tin g  
the b u sh  p ig  vvhich may have b een  in tro d u ce d , M ada
g ascar lo st all terrestria l v erieb ra ies  la rg er th an  the liv- 
ing Indri, a lem u r vvhich w eighs 7 - 1 0  kg. T im in g  o f  
the  e x tin c tio n s  v aries; it  w as earliest in  A u stra lia , later 
in S o u lh  (an d  N o rth ) A m erica , and la tes t in  M adagascar. 
A llh o u g h  A ustralian  sm all m am m als ( 0 .5 - 2 . 0  kg) suf- 
fered h is to r ic  losses, there  is no in d ic a ú o n  that severe 
late Q u atern ary  e x tin c tio n  o f sm all m am m a ls  a cco m p a- 
nied  the loss o f large o n es on the co n tm e n ts .

1. S o u t h  A m e r ic a

T h e  Q u a tern a ry  o f  S o u th  A m erica  in c lu d e s  th e  E n sen a- 
dan and L u ja n ia n  land m am m al ages d ated  at 1 .5  to
0 .5  and 0 .5  to  0 .0 1  M a, resp ecliv e ly . T h e  p reced in g  
U q u ian  lan d  m am m al age írom  2 .5  to  1 .5  M a is  o f greal 
in te re st b e ca u se  it im m ed iately  fo llo w s th e  in te rc o n ti-  
nenta l su tu rin g  o f N orth  and  S o u th  A m erica . T h e  
U q u ian  sh o w s the e ffects  o f the  íam o u s G rea t A m erican  
F au n al In te rch a n g e , a natural e x p e rim en t in w h ich  two 
c o m in e n ts  exch an g ed  lo n g -iso la ted  terre s tr ia l faunas 
acro ss  a new  land  bridge. T h e  land  brid ge c o n n e ctin g  
the c o n tin e n ts  at the end  o f the P lio ce n e  b ro u g h t N o rth 
ern  H eTnisphere carn iv ores, g o m p h o th e re s , artio d ac- 
ty ls, and p erisso d acty ls  in to  co n ta ct vvith S o u th  A m eri
ca n  e n d em ic  ord ers, ihe  x e n a rth ra n s , n o to u n g u la te s , 
and  lito p te rn s . In terestin g ly , m illio n s  o f  years before 
the  in te rc o n tin e n ta l co rý u n ctio n , m eg a lo n y ch id  ground  
s lo th s  m an aged  to co lo n ize  b o th  th e  G re a ter  A ntilles 
and  N o rth  A m erica .

O cca s io n a lly , b io geo grap h ers have so u g h t to invoke 
in te rco n tin en ta l exch an g e as a cau se  o f the L Q E E . A 
d eta iled  su m m ary  o f the  Sou th  A m erica n  ío ss il faunas 
by M arsh all and  C ife lli ( 1 9 9 0 )  sh o w s that a lthou gh  
sm a ll-m a m m a l e x tin c tio n s  o ccu rre d  in  the U quian, 
heavy m eg aĩau n al e x tin c tio n  clid n o t  o c c u r  u n til the  
L u ja n ia n , ap p ro x im a te ly  2 m illio n  y ea rs  a fie r  the ex - 
ch a n g e  had  b eg u n  and ap p arently  coev al vvith the L Q E E  
in  N o rth  A m erica.

S o u th  A m erican  e x tin c tio n s  o f th e  la te  Q u atern ary



w ere even heav ier than  th o se  in  N orth  A m erica  n o rth  
o f  M e x ico , in v olv in g  5 0  g en era  o f  w h ich  3 5  b e ỉo n g  to 
e x tin c t  ĩam ilies. T h e  lo sses w ere d ifferen tia l and  in - 
volved  all m eg ah erb iv o res su ch  as g iant g ro u n d  s lo th s , 
g ly p to d o n ts , g o m p h th eres , and  tw o e n d e n iic  ord ers, 
L ito p tern a  and  N o to u n g u la la  (T a b le  I I ) .  lt  is  n o t o b v i- 
ou s th at the in terch a n g e  had  an y th in g  to  d o w ith  the 
L Q E E .

D eíen sib le  rad io ca rb o n  d ates  on m o st o f  th e  So u th  
A m erica n  fauna rem ain  to be assem b led  and  m ay b e  
d ifficu lt to  o b ta in  given the p o o r p reserv a tio n  o f  b o n e  
co lla g en  in  the op en  s ites  w h ere  L ư ịan ian  fau n as are 
o íte n  fou n d . O ne so u rce  o f ideal m ateria l fo r ra d io car- 
b o n  d a tin g — dung, h air, and  p erish ab le  tissu e — has 
been  o b ta in e d  on  m y lo d o n tid  g ro u n d  s lo th s  from  C u eva 
del M y lo d o n  in Southern C h ile . F ifte e n  dates from
1 3 ,0 0 0  ra d io ca rb o n  years b e ío re  p resen t (y r b p ) to 
1 0 ,6 0 0  yr bp su p p o rt the e x tin c tio n  ch ro n o lo g y  fo r 
g ro u n d  s lo th s  in N orth  A m erica .

2 .  A u s tr a l ia

F la n n cry  and  R o b erts  (c ite d  in M a cP h ee , 1 9 9 9 )  rep o rt 
that n e a r  th e  tim e o f  íìrsl c o n ta c t (F C )  M eg an esia  (A u s- 
tra la sia ) lo st ap p ro x im ate ly  2 8  g en era  and  5 5  sp ecies  
o f  large v erteb ra tes  (b o d y  w eigh ts  e x ce e d in g  1 0  k g ). 
T h e  m o re  im p o rtan t e x tin c l  gen era  oí m am m als  in  the 
A u stra lasian  (A u stra lia  and N ew  G u in e a ) e x tin c t  m eg a- 
fau n a are all m arsu p ials. T h ey  in c lu d e  ih e  c x t in c t  “lio rT  
Thyỉacoleo ; th e  w o m b ats Phascolomys, Phascoỉonus, and 
Ramsaỵa ; a P a lo rch estid , Palorchestes; fo u r d ip ro to - 
d o n tid s — Diprơtodon, Euwenia, Nototherium , and  
Zỵgomaturus; a p o to ro id , Propleopus; and  five g ian t 
k a n g a ro o s— F  issiuridon, Procoptodon, Protemnodon, 
Sthenurus, and  Troposodon. In  a d d itio n , th ere  w as an 
e x t in c t  g ian t íìig h tless  b ird , th e  m íh iru n g  (Genỵornis); 
a g ia n t lizard , Megalania; an  e x tin c t  h o rn e d  tu rtle , Meio- 
lania; an d  a g ian t p y th o n , Wonambi. A lth o u g h  o ld er, 
th e  p a tte rn  o f  e x tin c tio n  in  A u stralia  re se m b les  th at in  
th e  A m erica s  and  M adagascar. In  all th ree  lan d m asses 
k ill  s ite s  or P r o c e s s i n g  s ites  are few , in  d isp u te , o r  
a b sen t. A s e lsew h ere , th e la ck  o f  k ill o r  b u tc h e rin g  
s ite s  has d eterred  m any A u stra lian  a rc h e o lo g is ts  and 
p a le o n to lo g is ts  fro m  in v o k in g  an  o v erk ill. A lth o u g h  no 
e x t in c t io n s  o f  A u stra lian  m am m als less  th an  10  k g  are 
k n o w n  at F C , a sizab le  n u m b e r o f  m ecỉiu m -size  m am - 
m a ls  are  th reaten ed  or have v an ish ed  in  h is to r ic  tim e, 
p re su m a b ly  a sid e e ffect o f  E u ro p ea n  se ttle m e n t in  A us- 
tra lia  (F la n n e ry , 1 9 9 4 ) .

D esp ite  the p ro b lem  in  d irect ra d io ca rb o n  d a tin g  on  
e x t in c t  faun a, the ab sen ce  o f  e x tin c t  sp ecies  from  w ell- 
d a ted  T a sm a n ia n  a rch e o lo g ica l s ites  up  to  2 5 ,0 0 0  years 
in  age su p p o rts  th e  view  th at th e  A u stra lian  L Q E E  w as

TABLE II

Large ( > 4 4  kg) Extinct M am m als o f  thc Lu janian 
(R ancholabrean  Equ ìv alen t) in Sou th  A m erica1'

Endem ics O rder Artiodactyla

O rder Xenarthra Fam ily Cam clidae

Familv Dasypodidac Eulamaops
Eutatus Hemiauchcnia

Holmesina Paỉaeoỉama

Pampalherium Pamilv Cervidac

Propraopus Agalmaccros

Pamily Glvptodontidae Charỉtoceros

Chỉamỵdothenutn Moreneỉaphus

Docdicurus Paraceros

Gỉyptodon Fam ily Tayassuidae

Hopỉophoms Platygonus

Lomaphovus O rder Litopterna

Ncothoracophorus
FamilV M acraucheni idae

Ncosclcrocalyptus
Macrauchenia
Windhausenia

Panochihus

Parapanochíhus
O rdcr N otoungulata 

Fam ily Toxodontidac
Plaxhaplous Mixotoxodon
Sclerocalyptus Toxodon

Hamily M egalonychidac Pre-land bridge invaders
Nothropus O rdcr Rodentia
Nothrothcrium Fam ilv Hvdrochoericlac
Ocnopus Ncochoerus

Valgipes Hamily O ciodoniidae

Pamily M cgatheriidae Dicoípom ys
Ercmothcrium Post-land hridge invaders

Megatherium O rder Carnivora

Paramegatherium Fam ily Canidac

Fam ily M ylodontidae Theriodictis

GỉossoíMcrium Fam ily Felidac

L esíodon Smiỉodort

Mylodon Fam ily Ursidae

Sceìidodon Arctodus

Sceìidotherium O rder Probosciclae

O rdcr Perissodactyla Fam ily G om photheriidae

Fam iỉy Equidac Cuvieronius

Equus Hapỉomastodon

Hippidion Notiơmastodon

Onohippidium Stegomastodon

“ After Marshall and Cifelli (1 9 9 0 ) .

ov er by  then . T h e  F ra n k lin  R iv er reg io n  in  T asm a n ia  
serves as an exa m p le . As in  o th e r  p a rts  o f  e a ste rn  A ustra- 
lia , T a sm a n ia  o n c e  h a rb o re d  a v ariety  o f  e x t in c t  sp ecies  
o f  g ian t m arsu p ials . A lth o u g h  21  d ated  la te  P le is to ce n e



sites  in  caves o r ro ck  sh e lte rs  in  sou thvvestern  T asm an ia  
ran g in g  in age from  1 0 ,0 0 0  to at least 2 5 ,0 0 0  yr bp 
have y ie ld ed  h u n d red s o f  th o u sa n d s o f an im al b o n es, 
a ll are o f liv in g  sp ecies  and m ain ly  o f B e n n e t ts  w allaby , 
Macropus ru/ogríseus 0 -  A llen  as c ited  in K irsch  and 
H u n t, 1 9 9 7 ) .  I f  the  e x tin c t  m ih iru n g , g ian t m acro p o d s, 
d ip ro to d o n ts , e tc . w ere s till alive 2 5 ,0 0 0  years ago or 
la ter, it  ìs d ifíìcu lt to b e liev e  that they  w ou ld  n o t be 
rep resen ted  in  su ch  rich  z o o a rch e o lo g ica l m ateria l, T h is  
negativ e  ev id en ce su p p o rts  the v iew  th at e x tin c tio n s  
o c c u r r e d  earlier.

U n til m ore fossil ĩau n as are  dated , th ere  w ill b e  u n - 
av o id ab le  u n ce rta in ty  ab o u t w h en  e x tin c tio n  o ccu rred . 
In  th is  regard , new  e n v iro n m e n ta l in fo rm a tio n  from  
s ta b lc  iso to p es  from  sam p les o f Genyornis egg sh ell is 
esp ec ia lly  p ro m is in g . T h e  reco rd  to  date in d ica tes  ex- 
t in cú o n  oi Genyornis a t b y  4 5 ,0 0 0  yr bp in  several 
p a r ts  o f  its  vvide r a n g e  a n d  in  m o r e  th a n  o n e  c l i m a t i c  

p ro v in ce ; th ese  f in d in g s  argue ag a in st e x tin c tio n s  
d riven  by som e c lim a tic  b o ttle n e c k  (M ille r  et a i ,  1 9 9 9 ) . 
In  A ustralia  e x tin c tio n s  lo n g  p red ate an y  h y p o th eú ca l 
la te  g lacial c lim a tic  tbrcin g .

F in a lly , in  te rm s o f h u m a n  o rig in s , a co tn p ariso n  
belvveen A ustralia  an d  A m erica  is in s tru c tiv e . In  ihe 
N ew  W o rld  a rch e o lo g is ts  have seen  a v ariety  o f  sites 
c la im ed  to be 1 3 ,0 0 0 - 2 2 ,0 0 0  years or o ld er fail to be 
veriGed or lo ca lly  re p lica ie d , d esp ite  reg u lar assertio n s 
o f th e ir  p ro p o n en ts . In  c o n tra s t, in  the past tw o d ecad es 
d o zen s o f A u stra lian  s iies  have rep eated ly  y ie ld ed  geo- 
ch e m ica l clates in d ica tin g  d o z en s  o f s ite s  o ld e r than 
C lo v is  in N o rth  A m erica .

G iv en  the sm a lle r  area o f A u stra lia  co m p a ređ  w ith  
that o f  the N ew  W o rld , its  m u ch  less p ro d u ctiv e  so ils  
and m u ch  rnore variab le  p re c ip ita tio n  (F la n n e ry , 1 9 9 4 ) , 
and th e  m u ch  sm a lle r  n u m b e r o f a rch e o lo g is ts , g eo lo - 
g ists, p a le o n to lo g is ts , and am ateu rs  sea rch in g  for arti- 
fac ls  and fo ss ils , th e  ab u n d a n ce  o f s ites  1 0 ,0 0 0 - 4 0 ,0 0 0  
years o ld  and  o ld er in A u stra lia , co m p a re d  w ith  the 
h a lf  a d o zen  c la im s  o f  p re -C lo v is  s ite s  in  the  Nevv W o rld  
and  th e ir  d eb atab le  s ta tu s, is  a red  flag to  e n v iro n m en - 
ta lists . U n less p ro p o scd  eariy  s ite s  in the  A m ericas are 
c r itica lly  rep lica ted  by the g eo a rch e o lo g ica l co m m u n ity  
at large, as in A u stra lia , the  c la im s for a p re -C lo v is  
o ccu p a tio n  an d  a p re -C lo v is  cu ltu re , no m a tte r how  
d etailed  or hovv o fte n  rep eated , rem ain  in lim b o  (M artin  
and  S tead m an , 1 9 9 9 ) .

3 .  M a d a g a s c a r

YVithin the past tw o m ille n n ia , a i a tim e w h en  no o th er 
c o n tin e n ts  su ffered  a p p reciab le  e x tin c tio n s  o f  large 
m am m als (M a rtin  and  K le in , 1 9 8 4 ) ,  M ad ag ascar lost 
m an y large m am m als, in c lu d in g  2 0  sp e cie s  o f  lem urs

up to the size o f a gorilla . All are larger than  ih e  largest 
liv ing  lem u rs. In  ad d itio n , M adagascar lost tw o h ip p o s; 
the h ig h ly  en d em ic an teater k n o w n  as b ib y m alag asy  
(Plesiorycteropus) ,  re ce n tly  assigned  to its  o w n  o rd er; 
a large (b o b ca t-s iz e ) sp e cie s  o f carn iv ore  (Cryptoprocta 
spelcci); a rab b it-size  rod en t (Hypogeomys australis) ;  tw o 
gen era o f g iant [lightless b ird s; and  two g ian t to rto ise s , 
one ex ce e d in g  1 0 0  kg in  m ass (M acP h ee  and  M arx as 
c ited  in  G o o d m an  and P atterso n , 1 9 9 7 ) . A lth ou gh  m o st 
if n o t all o f  these e x tin c tio n s  in  M adagascar co in c id e  
w ith  hu m an  co lo n iz a tio n , n o n e  have b een  found  in  
w ell-d efin ed  k ill s ites , lead ing M acP h ee  and  M arx to 
m od el hy p erd isease . T h ey  gen eralìze  th e ir  m od el to  
in clu d e all land s o f  p reh isto ric  hu m an  c o lo n iz a tìo n . 
D esp iie  its  im p lau sib ility , the m od el inv ites te s t in g s in c e  
the ío ssil reco rd  has yet to reveal how  L Q E E  o ccu rre d . 
In the A m ericas the lack  o f m any C lovis k ill  s ites  m ay 
b e o v erco m e by m o d elin g  “b litz k rieg ,” a rapid  e lim in a- 
tion  o f p reĩerred  prey, leaving m in im al íìeld  ev id en ce , 
by a p o ten t hu m an  p red ator (M a rtin , 1 9 9 0 ) .

l f  a rid iíìca tio n  co n lr ib u te d  to e x lin c tio n s  in  M ad a
gascar, it w as ev id ently  a p o ten tia l p ro b lem  o n ly  in  the 
so u th w esl. Sud den ov erk ill by a “b litz ,” a svveep o f the 
vu ln erab le  m eg aíau na, seem s u n lik e ly  if the  s ta rt-u p  o f  
c o lo n iz a iio n  to o k  m o re than  1 0 0 0  years. R o b ert D ew ar 
(as cited  in G o o d m an  and P atterso n , ỉ 997) suggested  
ih a t the  im p act o f w ild cattle  on  the native fau n a ra th er 
th an  h u m an  h u n tin g  forced  the ex tin c tio n s .

AU th is may be resolved  ev en tu ally  by e n rich m e n t 
of ihe Slraiigraphic and geochronological record, in- 
clu d in g  a m a jo r  e ffo ri a l ex te n d in g  ih e ra d io ca rb o n  
ch ro n o lo g y  o f the e x tin c t M alagasy m eg aíau n a in to  g la- 
cial times to determine if late glacial climatic change 
ío rced  e x tin c lio n s  lo n g  in  ad vance o f  hu m an p resen ce. 
R ad io ca rb o n  dates o f 1 3 ,0 0 0  and 2 6 ,0 0 0  yr bp  o n  a 
large ( ~ 7 0 - k g )  e x tin c t lem ur, Megaladapis (S im o n s  as 
c ited  in  G o o d m an  and  P atterso n , 1 9 9 7 ) ,  in d ica te  th at 
g lacia l-age  íau n as ex ist. A part from  Mcgaladapis, v irtu - 
ally  n o th in g  is k n o w n  o f the g lacia l-age  faun as o f  M ad a
g ascar. L ike o th e r  e x tin c t genera, Mcgaladapis surv ived  
u n til the  end  o f  the H o lo cen e  and m ay have b een  
k n o w n  h isto rica lly .

U n lik e  M adagascar, r ich  g lacia l-age ĩau n as are 
kn o w n  in  New  Z ealand, T o n g a, and H aw aii. T o  d ate, 
n o  g lacia l-age e x tin c tio n s  have b een  d etected  in  these 
island s, s tren g th en in g  ihe case for an a n th ro p o g e n ic  
a g cn cy  as the u n iq u e  cause o f L Q E E  (M a rtin  and  Stead- 
m an , 1 9 9 9 ) .

P erhap s the m ost in terestin g  case  o f com p arativ e  
e x tin c tio n s  is  the global d eclin e  o f g ian l to rto ises . G ia n l 
to rto ises  ca n  be regarded  as ex trem ely  v u ln erab le  to 
hu m an foragers. T h ey  survived  h isto rica lly  o n ly  on re-



m otc w arm -w ater o ce a n ic  islan d s ihat escaped  p reh is- 
toric co lo n iz a tio n , su ch  as the M ascaren es, S ey ch e lles , 
and G alap ag o s. In the late H o lo cen e  in M ad ag ascar, 
giam  to rto ises  v an ish ed  w ith  the g iant lem u rs. In  A frica 
they d isap p eared  m u ch  e a rlie r , perh ap s m o re than  2 
m illion  years ago, an  ev en t that m ay rep resen t the  earli- 
est exam p le o f  an a n th ro p o g e n ic  ío rc in g  o f m egafau- 
nal e x tin c tio n s .

c. Eurasia and Aírica
C om p ared  w ith  the sw eep in g , ca ta stro p h ic  loss o f  late 
Q u atern ary  m eg afau na in  the N ew  W o rld , M ad agascar, 
and argu ably  A u stra lia , the lo sses in E u rasia  w ere rela- 
tively m in o r  an d  they o ccu rre d  gradu ally  (F ig . 7 ; M artin  
and S tead m an , 1 9 9 9 ; S tu art, 1 9 9 1 ) .  O u tsid e  the tro p ics , 
the e x tin c t E u rasian  fauna can  be d ivided  in to  lw o parts. 
O n e w as a “w arm ” o r  in tersta d ia l fauna w ith  s tra ig h l- 
tu sked  e lep h a n ts  (Elephas [Palaeoloxodonị antic/uus), 
tem p era ie  rh in o c e ro se s  (Stenorhinus hemitoechus and  s. 
kirchbergensis), h ip p o  (Hippopotamus amphibius) , and 
a cave b e a r  (ưrsus speỉaeus). T h e  o th e r  w as a “co ld ” 
or stad ia l faun a w ith  w oolly  rh in o ce ro s  (Coelodonta 
antiquitatis) ,  w oolly  m a m m o th  (Mammulỉms primigen- 
ius), and m u sk  o x  (Ovibos moschatus). T h is  siepvvise 
seq u e n ce  o f  ch a n g e  in  tem p erate  and  boreal íau n as  o f  
E u rasia  is gratlu al co m p ared  w ith  the su d d en  e x tin c lio n  
o f  b o th  co ld - (w o o lly  m a m m o th s and vvootlland m u sk 
o x e n ) and w arm -ad ap ted  sp ecies  (ta p ir  and  ja g u a r)  in 
N orth  A m erica .

In trig u in g  d itĩcre n ce s  in the p a tlern  o f  O ld and  Nevv 
W o rld  e x tin c ú o n  are b est illu stra ted  in the case  o f  pro- 
b o sc id ea n s. E x tin c tio n  o f  s tra ig h l-lu sk e d  e lep h a n ts  did 
n o t b eg in  u n til  early  in  ih e  last co ld  stage o f  the late 
Q u a tern a ry . E x t in c t  th ro u g h o u t ih e ir  E u ro p ean  range 
by 6 0 ,0 0 0  y ears  ago (S tu a rt, 1 9 9 1 ) ,  Elephas p ersisied  
in  Ja p a n  u n til 3 0 ,0 0 0  years ago o r less. T h e  largest 
H o lo c e n e  su rv iv o rs in  the m egaíau na o f Ja p a n  w ere 
S ik a  d eer ( Cervus) ,  w ild  b o ar (S u s), and  b la ck  bear 
(Selenarctos). A lth ou gh  d w arf re lativ es o f Elephas evi- 
d en tly  did n o t surv ive on  M ed iterran ean  islan d s as la le  
as the  H o lo ce n e , as w as o n c e  th o u g h t (M artin  and  K lein , 
1 9 8 4 ) ,  m id -H o lo ce n e  \voolly m a m m o th s have been  
ío u n d  on  W ra n g e l Island  o ff  S ib eria , 6 0 0 0  o f  years 
y o u n g e r th an  any o th e r  k n o w n  m a m in o th s—  
c o n te m p o ra ry  w ith  the P h arao h s. T h e  A k ro tiri Aetok- 
remnos b o n e  cave, an  e p ip a le o lith ic  site  on  C yp ru s, 
y ie ld ed  d w a rf s tra ig h t-tu sk e d  e lep h an ts  a lo n g  w ith  
a b u n d a n t b o n e s  o f  d w arf h ip p o . T h e  d ep o sit is  rad io ca r- 
b o n  d ated  at 1 0 ,5 0 0  years old. Ju s t  as VVrangel Islancì 
serv ed  as a re fu g iu m  for the  last o f the b o rea l w o o lly  
m a m m o th s , th o u sa n d s o f  years a fier  they  w ere e x tin c t

th ro u g h o u t th e  rest o f  th e ir  ran g e , Ja p a n  and C yprus 
ap p aren tly  s h e k e re d  the last p o p u la tio n s  o f tem p erate  
E u rasian  Eỉephas lo n g  a fte r  its  e x t in c ú o n  on  th e  c o n ti- 
n en t (M a rtin  and S tead m an , 1 9 9 9 ) .

U n lik e  the slo w  pace o f  e x tin c tio n  o f  ih e  P ro b o sc id ea  
in  n o rth e rn  p arts o f E u ra sia , in  N o rth  A m erica  p rio r to 
an  e x tin c tio n  spasm  1 0 ,0 0 0 - 1 1 ,0 0 0  yr bp  the an im als 
su ffered  no lo ss  o f  taxa, n o  c le a r-c u t re d u ctio n  in  ran ge, 
and no a p p a ren t d ec lin e  in  n u m b ers  (see  m ap s in G ra- 
h am  and L u n d eliu s, 1 9 9 4 ) .  H ad A m erica n  P ro b o scid ea  
fo llow ed  the O ld  W o rld  e x tin c tio n  p a ttern  for e le- 
p h an ts, the  tem p erate  e lep h a n i o f  m id la titu d es, the C o - 
lu m b ian  m a m m o th , w o u ld  have p red ecea sed  h igh- 
la titu d e e x tin c tio n  o f  w o o lly  m a m m o th s  b y  te n s  o f 
th o u san d s o f  years w h ile  the  o rd er w o u ld  en d u re  in 
tro p ical A m erica , rep resen ted  by a liv ing  sp ecies.

B o th  ivory carv in gs a n d  cave p a in tin g s  d ep ic ted  by 
S lo n e  Age a r tis ts  reveal th e ir  in lim a te  k n o w led ge  o f  the 
an atom v  and  b e h a v io r  o f  O ld  W o rld  w o o lly  m a m m o th s  
and  m an y  o th e r  an im als . A lth o u g h  íìeld  ev id en ce  o f 
m am m o th  k ills  is  sca rce , low  ra tes  o f  in crea se  o f  m o d ern  
m eg a h erb iv o res  m ean s th at m o d e rn  e lep h a n ts , rh in o c - 
eros, and h ip p o  w ou ld  have b een  h igh ly  v u ln erab le  
to hu m an p re d a tio n  (O w e n -S m ith , 1 9 8 8 ) .  E v en  w ith 
g o v ern m en ta l p ro te c tio n  in  ih is  cen tu ry , the  fu lu re  o f 
sa rv iv in g  m e g a h e rb iv o res  is by no m ean s en su red . T h e  
gradual d e c lin e  o f  E u ra sia n  m a m m o th s  co u ld  readily 
have resu lted  from  a m in im a l a m o u n t o f  h u m a n  h u n tin g  
o r in te r ĩe re n ce , e sp ec ia lly  i f  y o u n g er age c la sse s  w ere 

targeted.
A h h o u g h  ih c  n atu re  o f  the a sso c ia tio n  and its m ean - 

ing in m o d e lin g  in su lar faunal e x tin c tio n s  in  ih e  M edi- 
terran ean  are u n ce rta in , the  re co rd  at A k ro tiri Aetok- 
remnos su g g ests  a P a le o lith ic  “co m m a n d o  raid ” in  w h ich  
S to n e  Age h u n te rs  o r ĩo ra g ers  o v erra n  an  is lan d , s lau g h - 
tered  p re ferred  p rey  (d w a rf h ip p o , d w arf e lep h a n t, and 
en d em ic  d e e r ) , did  n o t fìnd su ffìc ie n t reso u rce s  for a 
su sta in ab ìe  e co n o m y , and  so o n  le ft w ith  n o  o th e r evi- 
d en ce  o f  th e ir  passage b e sid e s  the rem a rk a b ly  rích  co n - 
lcn ts  o f o n e  cave. P o ssib ly  C rete , Ire la n d , W ra n g e l ĩs- 
land , and  th e  C h a n n el Is la n d s o f  C a lifo rn ia  also lost 
m eg aíau na to co m m a n d o  ra id s that left s ca n t ev id en ce  
or at le a st n o n e  d isco v ered  to  clate. G iv en  the sca rc ity  

o f c o n v in c in g  k ill o r  P ro ce ss in g  s ite s  o n  c o n tin e n ts , 
the rarity  o f  su ch  íe a tu res  o n  o ffsh o re  island s is n o t 
su rp risin g . O n ly  in  the  re m o te  P a c iiìc  su ch  as on  the low  
lim esto n e  is la n d s  in T o n g a  are e x tin c t  a n im als  (b o n e s  o f 
m eg ap o d es) a b u n d a n tly  a sso c ia ted  w ú h  a rtifa cts  o f  the 
íĩrst c o lo n is ts . In  o th e r  ca se s  (H aw aii and  M ad ag ascar), 
su ch  a s so c ia tio n s  are rare o r  u n k n o w n  (M a cP h e e , 

1 9 9 9 ) .
A írica  has b e e n  h eld  u p  to  m o d e le rs  o f  o v erk ill as a



FIGURE 7 Extinction or cxtirpation chronology oi largc m ammals in northcrn Eurasia. 
Note ho\v the iníerred extínction dates are very staggered comparcd witli ĩ he strong pulse 
ot cxtin ciion s in North America (right). During at lcast 5 0 ,0 0 0  vr bp the loss of Eurasian 
large m am mals was sequential; ihe loss in North America was sudden. NE, northcrn and 
C en tra l Hurope; It, Italy; Ja , Japan; SF, Southern  France; Sp, Spain; Lv, Levant; E, England; 
Sc, Scandinavia; lr, Ireland; NS, north-cenưal Siberia; E lephas  (P alaeo lox od on ) antiquus, 
straighi-iusked elcphant; Hippopolam us am phibius, hippopolam us; Stenorhinus hem itoechus  
an d /o rS . kirchhergensis, temperate rhinoceroses; L/rsus spelacus, cave bear; Crocuta croculu, 
spolled hyena; C oelodonta antiquítatis. woolly rhinoceros; M egaloceros Ịiganteu s, giam  deer; 
M am m uthus prim igenius, woolly m am moth [aftcr M acPhcc (1 9 9 9 ) and Stuart (1 9 9 1 )].

co n u n d ru m . l f  p eo p le  are su c h  effective  ex term in a to rs, 
how  did  the A frican  m eg aĩau n a survive? H ow ever, the 
arg u m en t cu ts  tw o w ays. If late  P le isto cen e  c lim atic  
ch an g e played a m a jo r ro le  in  triggering m egaíau nal 
e x tin c tio n s  e lsew h ere , how  did so m any large an im als 
m an age to surv ive in  A frica  and Asia, c o n tin e n ts  no

m o re  im rau n e to  P le isto ce n e  c lim a tic  ch an g e th an  o th er 
co rn e rs  o f the  g lobe?

O n e reply  to the co n u n d ru m  is that in  A frica  and 
A sia th ere  w as su ffic ie n t tim e to ev olv e a b a lan ced  pred- 
a to r -p re y  re la tio n sh ip , p erh ap s w ith  h u m an  p opu la- 
tion s lo ca lly  su p p ressed  by s leep in g  s ick n ess  and o th er



en d cm ic hu m an d iseases and on o cca s io n  by in te rtrib a l 
b uffer zo n es (M artin  and  K lein , 1 9 8 4 ) . T h e  e x tin c tio n  
record  in  b o th  A frica  and  Asia is so u n lik e  that íou nd  
elsevvhere o n  the p lan et that im p o rta n t d ifferen ces in  
h isto rica l b io g eo g rap h y  and hu m an eco lo g y  m ay b e 
p ostu lated . T h e  re co rd  o f  gradual h u m an  e v o lu tio n  and  
rad iation  co n fin ed  to th e  A fro-A sian  lan d m ass, en d in g  
in the late Q u atern ary  w ith  exp lo siv e  e x p a n sio n  o f  hu - 
m an c o lo n is ts  o n to  all o th e r  tem p erate  lan d m asses, fits 
the m od el o f  a tim e tran sgressiv e  ov erk ill.

D. Oceanic Islands
L aie Q u atern ary  lo sses w ere lim ited  n e ith e r  to co n ti-  
n ents n o r  to m am m als. T h ey  sw ept th ro u gh  o ce a n ic  
island s. F o r  ex a m p le , o n  the larger o ce a n ic  islan d s the 
e x tin c tio n  o f  large terrestria l v erteb ra tes in c lu d ed  
íligh tless  m o as in  N ew  Z ealand ; g o rilla -size  e x tin c t le - 
m urs, e x tin c t  h ip p o , g ia n t to rto ises, and  g ian t {lig h tless  
b ird s su ch  as Aepyomis in M ad ag ascar; h o u se  ca t to 
b ear-s ize  g ro u n d  s lo th s  in  the W e st In d ies ; d w arf e le- 
p h an ls  and d w arf h ip p o  on island s o f  the M ed iterra - 
nean; and dwarf elephants and/or giant tortoises on 
oceanic islands beyond the Continental shelf in south- 
eastern  A sia su ch  as T im o r, F lo re s , and  Su law esi. In  
o n e  u n u su a l ca se , p re h is to ric  e x tin c tio n  on ly  4 0 0 0  y ears 
ago e lim in a ie d  e lep h a n ts  (\voolly m am m o th s) n o t from  
a d eep -w ater islan d  b u t from  a sh e ir  islan d , W ra n g e l, 
in  the  A rc tic  O ce a n  (F ig . 2 ).

W ith  th e ir  d isco v ery  2 5  years ago on Havvaii o f  a 
ílig h tless  g oose ( T hambetochen) and a [lig h tless  ib is 
(Apleribis) ,  o rn ith o lo g ists  A lex an d er W e tm o re  and  
S to rrs  O lso n  trigg ered  th e  search  for u n k n o w n  e x tin c - 
tio n s  on  P acitìc  arch ip elag o s. In  the  fo llo w in g  years, 
a rch e o lo g is ts  and p a le o eco lo g is ts  b egan  to  u n co v er rich  
ío ss il íau n as re íle c tin g  p re h is to ric  (H o lo c e n e ) e x tin c -  
tion s. D u rin g  th e  past tw o d ecad es th e ir  e f fo n s  o n  the 
C o o k s, the  M arq u esas, th e  K in gd o m  o f  T o n g a , and  the 
L in e Is la n d s, to  n am e a few exa m p les  from  the S o u th  
P a ciíìc , have y ield ed  m an y  e x tin c t sp ecies  o f  sm all b ird s, 
e sp ec ia lly  ílig h tless  ra ils , p igeo n s, and  p arro ts  (S tead - 
m an , 1 9 9 5 ; S tead m an  as c ite d in  K irch  and  H u n t, 1 9 9 7 ) .

O n  the basis o f  fo ssil d ep osits from  a sam p le o f  the 
8 0 0  islan d s in  th e  P a c iíĩc  that are m ore th an  1 k m 2 in  
area , S tead m an  ( 1 9 9 5 )  estim ates  the lo ss  o f  10  sp ecies  
o r p o p u la tio n s  from  e a c h — a to ta l lo ss  o f  8 0 0 0  sp ecies  
o r  in d ig e n o u s p o p u la tio n s  o f  land  b ird s ( in c lu d in g  an 
estim a ted  2 0 0 0  e n d e m ic  sp ecies  o f  ta x o n o m ica lly  d is- 
t in ctiv e  ílig h tle ss  ra ils ) . In  ad d itio n  to  h u m a n  h arv est- 
in g  and  p o ssib le  su rp lu s  k illin g , the in tro d u c tio n  o f  
P a c iiìc  ra ts  m ay h av e e lim in a ted  m an y ílig h tless  ra ils  
and  o th e r  b ird s. In  so m e  cases, the rats  m ay even  have

c o lo n iz e d  in  ad van ce o f  th e ir  h u m an  v e cio rs  (H old aw ay 
as cited  in  M acP h ee , 1 9 9 9 ) .

E x ten siv e  co lo n ie s  o f  p etre ls, sh earw aters , and  o th er 
seab ird s v an ish ed  fro m  m an y P a ciíĩc  islan d s, d im m in g  
the avian  b ea co n  w h ich  help ed  gu id e the p re h is to ric  
e x p lo re rs  to rem ote u n in h a b ited  islan d s (S tead m an  as 
c ited  in  K irch  and H u n t, 1 9 9 7 ) .  T h e  ío ss il reco rd s  o f 
the re lativ ely  sm all n u m b e r o f  islan d s th at e x p e r ie n ce d  
F C  and  heavy e x tin c tio n  w ith in  h is to r ic  tim e , su ch  as 
the G alapagos, the M a sca re n e s , and  rem o te  A tlan tic  
Islan d s su ch  as St. H elen a , have yet to rev eal any  p u lse 
o f  p reh isto ric  (H o lo ce n e ) e x tin c tio n s  to m a tch  those 
foun d  on  island s th at w ere co lo n iz e d  p re h is to rica lly .

N ew  Z ealand p rov id es the b e st ío ss ìl re co rd  o f  islan d  
e x tin c tío n s , s tartin g  w ith  the lo ss  o f  ílig h tle ss  w ren s 
and sm all p etre ls, w h ich  w ere e lim in a te d  by  a ccid e n ta l 
P o ly n esian  in tro d u ctio n  o f  P aciR c  ra ts  (R. exulans) ,  and  
b eg in n in g  perhap s 1 0 0 0  years  in  ad van ce o f  P o ly n esia n  
se ttle m e n i. A fter C ap ta in  C o o k ’s arriv al in  1 7 7 0 , m o re 
sp ecies  o f m am m alian  p red a to rs  rea ch ed  N ew  Z ealand , 
in c lu d in g  the dog, N orw ay rat, íe ra l p ig, feral ca t, h o u se  
m o u se , b la ck  ra t, ferre t, and sto a t (H old aw ay  as cited  
in  M a cP h ee , 1 9 9 9 ) .

T o  b rin g  p re h is to ric  e x tin c tio n s  in to  fo cu s, it is nec- 
essary to  scan  the g lo b e  and  to  p ro b e  the m ag n itu d e, 
tim in g , p attern , and  natu ral h is to ry  o f  a ll p re h is to ric  
lo sses o n  all lan d m asses, c o n tin e n ts , and  islan d s. T h is  
s im p le  com p arativ e  ap p ro ach  in p a le o n to lo g y  o p en s 
new  v istas— o n es  th a i the  p o p u lar M acA rth u r-V V ilso n  
m od el o f  island  b io g eo g rap h y , b ased  o n  m o d e rn  d istri- 
b u tio n s , w ill n o t reveal. H igh  ra tes  o f  v erteb ra te  e x tin c - 
tion  on o ce a n ic  islan d s in  the  p ast five ce n tu rie s , the 
fo cu s  o f  a tte n tio n  by co n se rv a tio n  b io lo g is ts  (M acP h ee  
and  F lem m in g  as c ited  in  M a cP h e e , 1 9 9 9 ) ,  p ale  in m ag- 
n itu d e to  the e x tin c ú o n  sp asm  o f the  p rev io u s fo u r m il- 

lennia .
C an  e x tin c tio n s  o f  the L Q E E  be rev ersed ? T h ey  cer- 

ta in ly  ca n  i f  w e do n o t in s is t o n  re p la c in g  lo st sp ecies  
w ith  ta x o n o m ica lly  id en tica l p o p u la tio n s . O n  o ce a n ic  
island s re s to ra tio n  e co lo g ists  need  to  co n s id e r  resta rtin g  
ev o lu tio n  o f lo st lin ea g es  o f  ra ils , u s in g  G u am  rails 
o n  island s o n ce  o ccu p ie d  b y  ílig h tle ss  ra ils . In  N o rth  
A m erica , a P le is to ce n e  p a rk  sh o u ld  m in im a lly  in clu d e 
p ro b o scid ea n s, cam elid s, and  eq u id s as w ell as b iso n  
and  o th e r  h is to r ic  m eg afau n a  th at su rv ived  the L Q E E .

III. PATTERN AND CAƯSE

T h ro u g h  an  u n d ersta n d in g  o f  the p a tte rn  an d  tim in g  
o f  la te  Q u atern ary  e x tin c tio n s  it  m ay b e p o ssib le  to 
e sta b lish  th eir cau se. As the ch ro n o lo g y , s tratig rap h y ,



p aleo eco log y , an d  global p attern  o f  the e x tin c tio n s  be- 
co m e b e tte r  k n o w n , the u ltim a te  q u e stio n s  o f  rate  are 
c lariíìed . F o r  e x a m p le , D arw in ’s view  in Origin ojSpecies 
that p re h is to ric  e x tin c tio n s  o f large m am m als o ccu rred  
gradu ally  and  seq u e n tia lly  is su p p o rted  by the L Q E E  
in  E u rasia  (F ig . 7 ) . A lth o u g h  an e x tra te rre str ia l a ccid en t 
su ch  as an a stero id  o r co m e ta ry  im p act is o ften  lin ked  
to som e earlier m ass e x ú n c tio n s , esp ec ia lly  at the end 
o f the  C re ta ce o u s , the  sp ace ro ck  sce n a rio  ca n  b e ruled  
o u t in  the late  Q u atern ary . O v er ra d io ca rb o n  tim e the 
g lo b al p attern  o f  lo ss  w as seq u en tia l o r tim e trans- 
gressiv e, from  m o re  than  3 0 ,0 0 0  years ago in  A ustralia  
to 1 0 0 0  years ago in  N ew  Z ealand  (F ig s . 1 and 2 ) , 
v irtu ally  e lim in a tin g  any p o ssib ility  o f a o n e -s h o t global 
c lim a tic  ca ta stro p h e , su ch  as a u n iq u e  le th a l co ld  snap, 
hy p erđ ro u g h t, or a great ílood .

T h e  p re h is to ric  e x tin c tio n s  rev iew ed  h ere  are in- 
creasin g ly  su sp e cte d  o f b e in g  the p ream b le  o f  a vastly 
larger n u m b e r to fo llow , a tru e m ass e x tin c tio n  event 
in  the  m ak in g . Its  cau se  w ould  be a n th ro p o g e n ic .

A. Anthropogenic Models
T h e tw o m a jo r  co m p e tin g  h y p o ih e sis  o r m o d els  to 
L Q E E  involve e ith e r  a n th ro p o g e n ic  o r c lim a tic  íb rcin g  
or b o th  in  co m b in a tio n  (B u rn ey , 1 9 9 3 ; M a cP h e e , 1 9 9 9 ; 
M artin  and K le in , 1 9 8 4 ) .  T h e  a n th ro p o g e n ic  m odel in- 
c lu d es a variety  o f p o ssib le  h u m a n  im p a cts : d irec t over- 
k ill, su rp lu s k illin g , a p red ato r pit (d o o m ed  but still 
fu n ctio n in g  p red ato rs , su ch  as sab er ca ts , re in ĩo rc in g  
h u m a n  p re d a tio n ), in tro d u c lio n  o f  p a n d em ic  d isease 
( “h y p erd ìsease”) ,  and  h u m a n -in itia ted  ch a n g es  in h ab i- 
tat. T h e  a n th ro p o g e n ic  m od el is based  on  the clo se  
tim in g  o f  e x tin c tio n s  to the g lo b al sp read  o f a n ato m i- 
ca lly  an d  b eh av iora lly  m od ern  p eop le . In  a d d itio n , som e 
p ro p o se  that N ean d erth a ls  o r ea rlie r  h o m in id s  also  had 
a ro le  b o th  in  sh a p in g  the ev o lu tio n  o f large m am m al 
co m m u n itie s  in  the O ld W o rld  and in the e x tin c tio n s  
o f the  m o st v u ln erab le  prey sp e cie s  p ro v id in g  r ich  re- 
so u rce  p ackag es su c h  as g ian t to rto ise s , an im als  w hose 
a n tip red a to r s tra ie g ie s  w ere in e ffectiv e  aga in st h u m ans. 
T h e  k in d s o f a n im a ls  lost in  the  L Q E E  ap p ear lo  rep re- 
sen t sp ecies  knovvn to  b e  or lik e ly  to  hav e b een  pre- 
ferred  prcy.

A new  p layer am o n g  the p o ssib le  co n te n d e rs  for 
a n lh ro p o g e n ica lly  d riven  L Q E E  p u lses is in ĩe c tio u s  d is- 
ease , b ro u g h t in a t F C  by h u m a n  c o lo n is ts  them selves 
or, m o re  lik e lv , ev ery th in g  and a n v th in g  that cam e 
a lo n g  w ith  th em , su ch  as d o m estica ted , co m m e n sa l, 
and sy n a n th ro p ic  sp ecies. E sp ecia lly  on o ce a n ic  island s, 
the  im p act o f  h u m an  c o lo n is ts  w ould  be am p liR ed  by 
the in tro d u ctio n  o f  a lien s, su ch  as the P a cilìc  rat R.

exulans, c h ick e n s , d o m estic  pigs, and d ogs, a lo n g  w ith  
th eir e x o tic  d iseases. T h e  logic o f hy p erd isease  is s im ila r  
to that o f c la ssic  o v erk ill, but it co n te m p la te s  h u m a n s 
as passive ra th er than  active agen ts  in  ca u sin g  faunal 
crash es. T h e  b asic  idea is th a t “em erg in g ” d iseases, in - 
tro d u ced  in to  sp ecies  w ith o u t any n atu ral im m u n ity  to 
them , w ould  have in d u ced  in cred ib le  levels o f m o rta lity  
in  su sce p tib le  p o p u la tio n s , co n ceiv ab ly  lead in g  to  th e ir  
e x tin c tio n . O n ce  a “n ew ” in íec tio u s  d isease p ro ce ss  g o i 
started  in a su sce p tib le  p o p u latio n . it w ould  ru n its  
co u rse  q u ite  in d ep en d en tly  o f the  rate o r  d irec tio n  o f  
hu m an  exp a n sio n .

C ritics  o f a n ih ro p o g e n ic  m od els n o te  that k ill s ites  
indicating human predation on and Processing o f alleg- 
edly p re íerred  prey are rare, w ith  few in the A m erícas 
and n o n e  in A ustralia  or M adagascar and few in  the 
A m ericas. T h e  case o f M adagascar is esp ecia lly  cu rio u s 
b ecau se  its lo sses o ccu rred  on ly  w ith in  the past 2 0 0 0  
years. S k e p tics  ch a llen g e  the ch ro n o lo g y  o f  e x tin c tio n , 
d en yin g  thai w ith in  N o rth  A m erica  or A ustralia  all ex - 
tin c t large m am m als vanished  ab ru p tly , on the h ee ls  
o f  h u m an  c o lo n iz a tio n , as im plied  by o v erk ill. So m e 
c o n ten d  tliat hu in an s arrived in  b o th  c o n tin e n ts  sig - 
n iíĩca n tly  b e ío re  e x tin c tio n s  o ccu rred . I f  h u m an  arrivals 
triggered  m egafaunal e x tin c tio n s  in the N ew  W o rld  and  
A u stra lia , c r it ic s  ask , how  do we exp la in  the c o e x is te n ce
ol Homo sapiens and  large m am m als in A írica  and trop i- 
cal parts o f  E urasia? V erteb ra te  p a leo n to lo g ists  have 
traclitionally  appealed  lo c lim a tic  o r e n v iro n m en ta l 
ch an g es as the m ain  lo rc in g  íu n c tio n  for m any m am m a- 
lian  c x tin c tio n s . D u rin g  the p asi 6 5  m illio n  years ih e  
vast m ạịo rity  o f e x tin c tio n s  o ccu rre d  b e fo re  any p o ssi- 
b ility  o f h u m an  inv olv em ent.

B. Climatic Models
C lim a tic  m o d els  are based  on the h igh lv  variab le  n atu re  
o f late  Q u atern ary  en v iro n m en ts  w ith  rapid  sw itch es  
íro m  co ld  o r  co ld  and dry to w arm  and w et acco m p an ied  
by ch an g es  in  C O ị p ressu re . In som e ca se s , su ch  as the 
A lle ro d -Y o u n g e r  D r)'as sh ift w ith in  the la te  g lacia l, the 
sw itch  ap p ears to  co in c id e  w ith m eg aíau n al e x tin c tio n s , 
e sp ecia lly  in  N o rth  A m erica. A t least o n e  hab ita t, the 
s te p p e -tu n d ra  o f  p o lar regions in  the N o rth ern  H etni- 
sp h ere . has b een  id en tiỉìed  as an e x tin c t b io m e (G u th rie  
as c ited  in M artin  and K lein , 1 9 8 4 )  w hose end d oom ed  
w o o lly  m a m m o th s and o th er su b a rcú c  m egafauna. 
So m e L Q E E  m o d els  in v oke a sw itch  from  less extrem e 
to m ore e x tre m e  seasonalitv  w irh o u t-o f-s tep  breed in g  
cy c les  e lim in a tin g  ru m in an ts  w hose life cycles  cou ld  
n ot a cco m m o d a te  the c lim atic  ch an g es (K ilte  and G ra- 
ham  and L u n d eliu s  as c ited  in M artin  and K lein , 1 9 8 4 ) .



C ritic s  d isco u n t ỉa te  Q u a tern a ry  c lim a tic  ch an g e  as 
a ío rc in g  íu n c tio n  s in ce  th e p a le o clim a tic  re co rd  o f  the 
Q u atern ary  is  rich  in rap id  and severe ch a n g es  lo n g  
b e íò re  as w ell as d u rin g  ep iso d es  o f  e x tin c tio n . F ew er 
m eg aíau n al e x tin c tio n s  o ccu rre d  in  the 3 .5  m illio n  
years c o m b in cd , b e ío re  h u m a n  arrival, than  in  th e la te  
Q u atern ary , su gg estin g  th at sp ecies  in Q u a tern a ry  b io - 

tas w ere b u ffered  again st e n v iro n m e n ta l sw itch e s  tvpi- 
cal o f  the last ice  age. In  an y  case , a late  Q u a tern a ry  
e x tin c tio n  sp asm  is n o t ev id en t in th e o ce a n s  o r in 
fresh w ater h a b ita ts  and  in v o lv es sm all an im als  o n ly  as 
p arasites  or o n  o ce a n ic  islan d s o n  w h ich  th e red u ced  
area vvould have am p liR ed  h u m a n  im p acts. F in a lly , the 
c h a ra c te r  o f  L Q E E  u n iv ersa lly  p o in ts  to  sp e c ie s  that 
w o u ld  e ith e r  b c  p re íerred  p rey  for h u m an  fo rag ers  and 
p red a to rs  o r  be v u ln era b le  (as  in  the case  o f  m in u te  
e n d e m ic  island  sn a ils ) to  a lie n s  in tro d u ced  from  the 
c o n tin e n t.

A lth ou gh  d eta ils  o f  how  p reh isto ric  h u m a n s m igh i 
have trigg ered  p re h is to ric  e x tin c tio n s  are n o l easy to 
in terp re t from  th e  ío ss il re co rd , on  a g lo b al sca le  the 
L Q E E  s tro n g ly  re íle c ts  a d ead ly  sy n co p a tio n  b e tw een  
e x tin c tio n  and  h u m an  arriv al. V iew ed from  th e  C en o - 
z o ic , A lroy (as q u o ted  in  M a cP h ee , 1 9 9 9 , p. 1 0 5 )  o b - 
served ,

T h e  ev en t’s  tim in g , rap id ity , se le c tiv iiy , and 
g e o g ra p h ic  p a ttern  a ll m ak e go o d  sen se  a cco rd in g  
to  th e  a n th ro p o g e n ic  m o d cl and  no sen se  at all 
o th e n v ise . 1 b e liev e  th at th e o v erk ill h y p o th esis , 
a t least in  g en era l te rm s, already has been  
“p ro v e n ” as th o ro u g h ly  as  any h is to rica l h ỵ p o th e- 
s is  can  be.
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GLOSSARY

b a c k g r o u n d  e x t in c t io n  R ates o f  e x tin c tio n  th at ch a ra c- 
terized  th e  m a jo r  part o f  th e  e v o lu tio n  o f  life . 

c la d e  A g ro u p  o f  o rg a n ism s in c lu d in g  its  c o m m o n  an - 
c e s to r  an d  all its  d escen d an ts. 

c ro w n  g ro u p  A clad e in c lu d in g  a gro u p  o f  m o d ern  
sp e cie s , th e  co m m o n  a n ce sto r , and  all its  d escen - 
d an ts, in c lu d in g  e x tin c t  lin eages. 

e x t in c t io n  T h e  term in a tio n  o f  a lin eag e  o f  org an ism s. 
m a s s  e x t in c t io n  A sh o rt p erio d  o f  E a rth  h isto ry  in 

w h ich  th e  rate  o f  e x tin c tio n  reached  an  e x ce p tio n a lly  
high  level.

p a ra p h y le tic  A g ro u p  o f  o rg a n ism s th at in c lu d e s  the 
co m m o n  a n c e sto r  b u t n o t all o f  its  d escen d a n ts .

EXTỈNCTỈON HAS PLAYED A m ạ jo r  ro le  in  sh a p in g  
th e co u rse  o f  m am m alian  e v o lu tio n  fro m  th e d ifferen tia - 
t io n  o f  th e ir early  syn ap sid  a n c e sto rs , d u rin g  the in terval 
b etw een  3 5 4 - 2 9 0  m illio n  years ago , u p  to the Q u ater- 
nary , a p p ro x im a te ly  1 .8  m illio n  years  ago. T h ro u g h o u t 
ih e ir  h is to ry , re la tiv e ly  lo w  ra tes  o f  e x tin c tio n  c o n tr ib - 
u ted  to a c o n tin u in g  b a c k g ro u n d  o f  ev o lu tio n a ry  
ch an g e. M a jo r d ecrea ses  in  d iv ersity  o ccu rre d  a t tim es 

o f  m ass e x tin c tio n s , w h en  m a n y  lin ea g es  w ere te rm i- 
nated  d u rin g  re la tiv e ly  sh o rt p e rio d s  o f  tim e , o r  d u rin g  
p erio d s o f lo n g e r d u ra tio n  ch a ra c te r iz e d  b y  h ig h  levels 
o f  ía u n a l tu rn o v er. S u ch  m ạ jo r  ev en ts  d iv id e ìn aram a- 
lia n  ev o lu tio n  in to  th re e  p h a se s, w h ic h  w ill b e  analyzed  
a fter a b r ie f  in tro d u c tio n  to th e  h is to ry  o f  th e synap sid s 
and  the gen eral p a tte rn s  and  cau sal ía c to rs  o f  e x tin c tio n .

I. MAMMALS AND OTHER SYNAPSIDS

T h e  ev o lu tio n a ry  h is to ry  o f  m a m m a ls  and  th e ir  a n ces- 
to rs , w h ich  co n stitu te  th e  S y n a p sid a , b e g a n  in  the C ar- 
b o n iỉe ro u s  P erio d  a p p ro x im a te ly  3 5 4 - 2 9 0  m illio n  
years ago (M a) (T a b le  I ) .  D u rin g  th is  in te rv a l te rrestria l 
v erteb ra tes  u n d erw en t th e ir  fìrst e v o lu tio n a ry  rad ia tio n . 
O n e  o f  these lin eag es, c h a ra c te r íz e d  b y  a sp ecia lized  
type o f  egg (th e  a m n io te  e g g ), sp lit  in to  tw o c la d e s—
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TABLE I

Geological T im cscale  for ihe Intcrval o f Earth History 
C onsidered in the Text"

Hra Period Epoch
Age o f boundary 

(m illions of ycars)

Quaternary

Cenozoic Tertiary

Plcistocene

Pliocene

M iocene

O ligocene

Eocene

Paleocene

M esozoic

Paleozoic

Cretaceous

Jurassic

Triassic

Permian

Carbonifcrous

1.8

5.3

23 .8

33 .7

54 .8  

65 .0

144

206

2 48

2 90

3 5 4

“ Data taken ĩrom ihc 1999 G eological Tim e Scalc, Geological 
Sociely of America.

rep tiles  ( in c lu d in g  b ird s) and syn ap sid s (in c lu d in g  
“n o n m a m m a lia n  syn ap sid s” and cro w n  g rou p  m am - 
m als; F ig . 1). E arly  m em b ers  o f these c lad es are d istin - 
gu ished  by d ifferen t s tru ctu ra l p attern s o f  the p o sterio r 
p arts o f  th e ir sk u lls . A lth ou gh  c lea rly  p art o f  th e  an ces- 
iry  o f m am m als, early  n o n m a m m a lia n  sy n ap sid s lacked  
sp ecia lized  íea iu res  o f  sk u ll s tru c tu re  that ch a ra c ie riz e  
m em b ers o f the cro w n  group  M am m alia-— for exam p le, 
o n ly  o n e  p air o f  b o n e s  (th e  d en ta ries) m a k in g  up the 
lo w er ja w  o r  the  p re se n ce  o f  three  b o n e s  (m alleu s ,

Plaoentals

FIGƯRE 1 Diagrammatic represem ation o f  the phylogenetic rclalion- 
ships o f ihc groups o f “nonm am m alian svnapsitls" and crow n group 
Mammalia. Names of paraphyletic groups are encloscd in quota- 
tion marks.

in cu s , and stap es) in the m iddle ear. D ire ct ev id ence is 
n o t preserved  in  the íossil reco rd , b u t it is probable  
that these early  synapsids lacked  h a ir, m am m ary gland s 
in  the íem ales , and en d o th erm y — traits  co m m o n ly  used 
to d istin g u ish  m od ern  m am m als from  rep tiles.

U n ío rtu n a te ly , in  m any o ld er and  so m e recen t tex ts , 
early synap sid s are re ferred  to as “m am m al-lik e  rep- 
tile s .” T h e se  early  synapsids d eíìn ite ly  w ere n o t m em - 
b ers  o f  the  a n cestry  o f rep tiles. M o rp h o lo g ica l s im ilarit- 
ies to rep tiles  are the  p ro d u ct o f in h erita n ce  and 
re te n tio n  o f tra its  found in their co m m o n  a n cesto r. In 
the  fo llo w in g  d iscu ssio n , these early synap sids w ill be 
dubbed  “n o n m a m m a lia n  synap sid s,” w h ich  accu rate ly  
exp resses the  fact that they w ere m em b ers  oí the early 
p ari, the s tem , o f the synapsid  clade b u t not m em b ers 
o f  the cro w n  group  M am m alia  (F ig . 1 ).

In a b ro ad -b ru sh  sum m ary , the ev olu tio n ary  h istory  
o f the synap sid s can be divided into  th ree  phases. B eg in - 
n in g  in  the C a rb o n iíero u s, the fìrst ev olu tìo n ary  rad ia- 
tion  o f “no n m a m m a lia n  synap sid s” w as in terru p ted  by 
the m ass e x tin c tio n  ev en t used  to m a rk  the P e rm ia n - 
T ria ss ic  bou n d ary . T h e  surv iving lin ea g es  o f “n o n iĩiam - 
m alian  syn ap sid s” radiated again and regained  th eir po- 
s itio n  as a d o m in a n t group o f terrestria l vertebrates. 
P rior to ihe n e x t m ass e x tin c tio n  m a rk in g  the T r ia s s ic -  
Ju ra ss ic  b o u n d ary  (ap p rox im ate ly  2 0 6  M a ), a lm ost all 
lin eag es o f “n o n m am m alian  synap sid s” b ecam e e x tin ct. 
T h e  fo llo w in g  Ju ra ss ic  and C reta ceo u s P eriod s, w h ich  
lastcd  from  a p p rox im ate ly  2 0 6  to 6 5  M a, con stitu te  the 
“Age o f D in o sa u rs .” W ith in  this in terv al all surviving 
lin eag es w ere lim ited  10 an im als o f sm all body size , 
b u t it w as a tim e o f  m a jo r ev o lu tio n ar)' rad iatio n  thai 
ín clu d ed  the orig in  o f  the crow n group  M am m alia. T h e  
C reta ceo u s ended w ith a n o th er m ass e x tin c tio n  event; 
th ìs was the tim e o f e x tin c tio n  o f d in osau rs o th er than  
bird s. D u rin g  the fo llow ing T ertiary  P eriod  ( 6 5 - 1 .8  
M a ), m am m als (lou rish ed  and th eir d iversity  rapidly 
in creased . B io g eo g rap h ic  d ifferen tia tio n , e x tin c tio n  
ev en ts, and p erio d s o f faunal tu rn o v er com p lica ted  T e r- 
tiary ev olu tio n ary  rad iaú ons o f m am m als. C h anges in 
global c lìm ate  appear to have b een  am o n g  the causal 
ía cto rs  o f these e x tin c tio n s  and faunal tu rnov ers, w hich  
led to the  o rig in  Q u aiern ary  m am m alian  íaunas.

II. PATTERNS AND CAƯSES 
OF EXTINCTIONS

A lth ou gh  d iscu ssed  in m u ch  m ore d eta il later, a few 
issues re latin g  lo the n atu re  and causal íacto rs  o f e x tin c - 
tio n s  need  to be review ed here as b a ck g ro u n d  for analy-



sis ol ihe ro le  o f  p re -Q u atern ary  e x tin c tio n s  in  sh ap in g  
the co u rse  o f  m am m alian  ev olu tio n .

A. Extinctions and Pseudoextinctions
In an y  a ttem p t to assess ch an g es in  b io d iv ersity  re- 
su ltin g  from  e x tin c tio n s , care  m u st be tak en  to d ifferen - 
tiate b etw een  tru e, b io lo g ica l e x tin c tio n s  and w hat have 
been term ed  p se u d o ex tin ctio n s . In a b io lo g ica l sen se , 
e x tin c tio n  is the  te rm in atio n  o f the group or groups 
oí o rg a n ism s co m p ris in g  a sp ecies. N o lo n g er is there 
su cce ss ĩu l re p ro d u ctio n  and  surv ival o f  the yo u n g  to 
sexu al m a tu rú y , p o p u latio n  size d w in dles to  z ero , and 
ihe sp e c ie s , as w ell as the lin eage it rep resen ts , is lost 
from  the b io ta .

P se u d o e x tin c tio n  re fers  to an  a rtifa ct p ro d u ced  by 
zo o lo g ica l n o m en cla tu re ; a nam ed  u n il b e co m e s  e x tin c t 
but the  lin eag e  it  rep resen ts  survives. T h e  ta xo n o m y  
(th e  system  o f  re co g n itio n  and n am in g  o f g ro u p s o f 
o rg an ism s) o f the E q u id ae , the  fam ily that in c lu d es  
m o d ern  h o rscs, asses, and zebras, p rovides m an y  exam - 
ples o f  p se u d o ex tin ctio n . T h e  o ld est kn o w n  sp ecies  o f  
the fam ily  arc  a grou p  o f lin e a g e s  in clu d ed  in  ih e  gen us 
“Hyracotherium" ( =  "Eohippus"). T h e se  w ere d im in u - 
tive, m u ltito ed  in h a b ita n ts  o f tro p ica l ĩo rests . T h e  fossil 
record  d o cu m e n ts  in crease  in  body size, lo ss  o f loes, 
and o th e r  s ig n ifica n t m o rp h o lo g ica l ch an g es in d escen - 
d ants o f “Hỵracotherium" — for exam p le, “Orohippus," 
“Miohippus," “M e r y c h ip p u s and  “D in o h ip p u s T h ese  
e x lin c t  g en era  are m em b ers  o f  the an cestry  o í  m od ern  
h o rses, zeb ras, asses, and  o th e r  c lo se ly  rela ted  sp ecies, 
all o f  w h ich  are in clu d ed  in  the gen u s Equus.

T h e  g en u s “Hỵracotherium” is  com p o sed  o f  the  co m - 
m o n  a n c e sto r  o f  all the sp ecies  referred  to “Hyracother- 
ium,” in c lu d in g  the lin eage leading  to “Orohippus," the 
n e x t  m e m b e r o f  the equid  fam ily tree. In  the  ja rg o n  o f 
m o d ern  ta x o n o m y , “Hỵracotherium" is p arap h y letic , a 
u n it th at in c lu d e s  its co m m o n  a n ce sto r  and  so m e b u t 
n o t all o f  the  co m m o n  a n c e s to rs  d escen d a n ts ; in  this 
ca se , “Orohippus” is e x clu d ed . All gen era  o f  the  fam ily 
tree  a n ce stra l to  E q u u s are now  e x tin c t. T h e  e x tin c tio n s  
o f  th ese  p arap h y letic  group s, how ev er, d id  n o t m ark  
the te rm in a tio n  o f the equid  lin eag e ; they are p ro d u cts  
o f the  sy stem  o f reco g n iz in g  and  n am in g  o rg an ism s. 
(T o  h ig h lig h t th e ir  s ta tu s, the n am es o f p a rap h y le tic  
g ro u p s are e n c lo sed  in  q u o ta tio n  m a rk s .)

C u rre n t stu d ies  o f  p attern s  o f  e x tin c tio n  u su ally  do 
n o t  d iffe re n tia te  b etw een  b io lo g ica l (lin ea g e ) and 
p se u d o e x tin c tio n s . T h e re ío re , the rela tiv e  p ro p o rtio n s  
o f  th ese  tw o types o f  e x tin c tio n  in  the fo ssil re co rd  are 
u n ce rta in . D istin g u ish in g  b etw een  th em  m ig h t s ig n itì-

cantly  m od ify  som e cu rre n t in te rp re la tio n s  o f  the pat- 
tern s and  p ro ce sse s  o f  e v o lu tio n .

It a lso  m u st b e  stressed  that in m ost stu d ies  o f  pre- 
Q u a tern a ry  e x tin c tio n s , sp e cie s  are n o t the b asic  u n its  
con sid ered . U su ally , th ese  s tu d ie s  analyze the d iffer- 
e n ces  in  n u m b e rs  o f  gen era  o r ỉa m ilie s , a p ro ce d u re  th ai 
o p en s the p o ssib ility  o f  s ig n iíìca n tly  m u tin g  p a tle rn s  o f 
ch an g e in  b io d iv ersity . F o r  exa m p le , if  a g en u s co n sis ts  
o f o n ly  o n e  sp ecies , loss o f  the sp ecies  re su lts  in  the 
loss o f the gen us. O n  the o th e r  h an d , i f  the  genus 
co n ta in s  m an y  sp e cie s , the  lo ss  o f  one sp ecies  is not 
reA ected  at the g en eric  level. T h u s , a m a jo r  e x tin c ú o n  
even t that resu lted  in  the lo ss  o f  6 0 %  o f  the  sp ecies  
e x ta n t in  a reg io n  m ig h t be re íle c te d  in the lo ss  o f  on ly  
3 0 %  o f th e  g en era  o r 1 0 %  o f  the  ía m ilies  rep resented .

B. Background and Mass Extinctions
S in ce  the o rig in  o f life a p p ro x im a te ly  3 .5  b ilìio n  years 
ago, e x t in c ú o n  has b een  a m a jo r  p ro ce ss  in ílu e n cin g  
the co u rse  o f  its ev o lu tio n . C u rre n t e stim a te s  from  the 
fossil re co rd  in d ica te  that m o re  th an  9 0 %  o f  the  sp ecies  
that o n ce  e x iste d  are novv e x tin c t ; so m e su ggest that the 
n u m b e r is  m o re  than 9 9 % . M any vvorkers, p articu larly  
J . J .  S e p k o s k iJr .,  D. M. R aup, and th e ir  a sso c ia te s  (R au p , 
1 9 9 1 ) ,  have co n trib u te d  greatly  to o u r u n d ersta n d in g  
o f the c o n tr ib u tio n  o f  e x ú n c tio n  to  p a ttern s  o f chang e 
in  d iv ersity . T h e  m ạịo rity  o f  th ese  stu d ies  have been 
b ased  on e x te n s iv e  d atab ases o f  re co rd s  o f  the tim es o f 
o rig in  and  e x tin c tio n  o f  ía m ilies  and g en era  o f  m arin e 
in v erteb ra tes  and  v erteb ra tes  co m p ile d  by  S ep k o sk i. 
T em p o ra lly , th ese  reco rd s  o f  e x tin c tio n s  (in clu d in g  
b o th  lin eag e  e x tin c tio n s  and  p se u d o e x tin c lio n s)  are or- 
d ered  o n  a sca le  o f  g eo lo g ica l stages. T h e se  stages v aty  
in  len g th  b u t have an average d u ra tio n  o f  a b o u l 6  m il- 
lion  y ears, an in terv al a b o u t th ree  tim es as lo n g  as the 
Q u atern ary . T h is  d ifferen ce  in d egree o f re so lu tio n  m u st 
b e  em p h asized  in  a ttem p ts  to apply  the resu lts  o fs tu d ie s  
o f  p re -Q u a tern a ry  e x tin c tìo n s  to an a ly ses  o f  Q u ater- 
nary, p a rticu la rly  m o d e m , p a tte rn s  o f  e x tin c tio n .

S e p k o sk i’s in itia l stu d ies  ìn d ica ted  that ra tes o f  ex - 
t in c tio n  íe ll in to  tw o ca teg o ries , vvhich w ere term ed  
b a ck g ro u n d  e x tin c tio n s  an d  m ass e x tin c tio n s . B ack - 
g rou n d  e x tin c tio n  ra tes  ap p eared  to  ch a ra c ter iz e  the 
m a jo r ity  o f  the  h isto ry  o f  life . S everal tìm es d u ring  
the p ast 6 0 0  m illio n  years ra tes  o f  e x tin c tio n  ìn creased  
greatly  o v er sh o rt p erio d s o f  g eo lo g ica l tim e; these  w ere 
reco g n iz ed  as m ass e x t in c t io n  ev en ts. S u b se q u e n t re- 
sea rch  led  R au p  to d ev elo p  w h at h e term ed  the “kill 
cu rv e ,” w h ìch  h ig h lig h ted  th e  fact th at ra tes  o f e x tin c -  
tion  varied  o v er a co n sid era b le  sp e ctru m  w ith  b ack - 
grou n d  e x tin c tio n s  and  m ass e x tin c tio n s  m erely  rep re-



sen tin g  the e x tre m e s. H is an alysis, h o w ev er, did  not 
negate the o b se rv a tio n  that d u rin g  the past 6 0 0  m illio n  
years th e  p attern  o f  ev o lu tio n  o f m arin e o rg an ism s w as 
greatly  m odìR ed by m ass e x tin c tio n s .

T h e  m o st sev ere  o f  the m ass e x tin c tio n  ev en ts  fre- 
q u e n tly  are id e n tiíìe d  as th e  “big  fìve” m ass e x tin c tio n s . 
A lth o u g h  the av ailab le  d atabase fo r ev o lu tio n  o f  terres- 
trial o rg an ism s is  n o t as d eta iled  as th at co m p iled  by 
S ep k o sk i for the m arin e  reco rd , en o u g h  is k n o w n  to 
show  th at som e o f  th ese  m ass e x tin c tio n s  m o d ify in g  the 
m arin e  b io ta  h ad  s ig n iíĩca n t im p acts  on  the e v o lu tio n  o f 
te rrestria l life . In  p a rticu la r, the m ass e x tin c tio n s  used  
to m ark  the P e r m ia n -T r ia s s ic  an d  C re ta c e o u s -T e r tia ry  
b o u n d aries  s ig n iíìca n tly  in ílu e n ce d  the p a tte rn s  o f 
e v o lu tio n  o f “n o n m a m ra a lia n  syn ap sid s” and  early 
m am m als.

c. Temporal Scale of Mass Extinctions
M ass e x ú n c tio n s  w ere  in te n tio n a lly  d efined  su b ịectiv e ly  
as sh o rt p erio d s o f  E arth  h is to ry  d u rin g  w h ich  rates o f 
e x tin c tio n re a c h e d  e x ce p lio n a lly  high levels. In  geo lo g i- 
ca l term s, how  sh o rt is sh o rt?  In  stu d ies o f re c e n t e x tin c - 
tion s in w h ich  ev en ts  are fo llow ed  o n  an eco lo g ica l 
tim esca le , sh o rt p erio d s o f tim e are m easu red  in  term s 
o f years, d ecad es, c e n tu rie s , o r p o ssib ly  a m íllen n iu m  
o r tw o. C u rre n i ra d io m etric  m eth o d s for d eterm in in g  
ages and d u ratio n s  o f  p re-Q u atern ary  ev en ts  la ck  th is  
level o f reso lu tio n . F o r  e x a m p le , u sin g  the 40A r/wAr 
m eth o d  o f age d ete rm in a tio n , w h ich  is the m o st p recise  
m eth o d  o f  ra d io m e tric  age d ete rm in a tio n  av ailab le  for 
p re -Q u a tern a ry  d ep o sits, the  age o f the C r e ta c e o u s -  
T e rtia ry  b o u n d ary  is  p laced  at 6 5 .1 6  ±  0 .0 4  M a. As 
data o n  e x tin c tio n s  o f  C re ta ce o u s  lin eag es o f  m arin e 
an d  n o n m a rin e  o rg an ism s are  co lle c te d  an d  co rre la ted , 
a ll e x tin c tio n  ev en ts  that o ccu rre d  vvithin a n  in terv al 
o f  8 0 ,0 0 0  years w ou ld  n ecessa rily  be  treated  as having 
o ccu rre d  s im u ltan eo u sly . T h e  ĩarth er o n e  go es b a ck  in 
E arth  h is to ry , the  lo n g er the erro r  b ars  b e co m e ; for 
exa m p le , som e p a le o n to lo g ists  cu rren tly  arg u e that the 
e x tin c tio n s  o f  lin eag es th a t co m p rise  th e  P e r m ia n -  
T ria ss ic  m ass e x tin c ú o n  m ig h t have o cc u rre d  over an 
in terv al o f  1 o r  2 m illio n  years.

D. Distal and Proximal Causal Factors
In  s tu d ies  o f e x tin c tio n  it has prov en  u se íu l to  distiri- 
gu ish  b etw een  d istal and p ro x im a l cau sal facto rs. P ro x i- 
m al cau sal ía c to rs  are th o se  that im p ing e d irec tlỵ  on 
ind iv id u als and  are th e  im m ed iate  cau ses o f th e ir  d eath . 
D ista l causal ía cto rs  are the  reg io n al o r g lo b a l even ts 
th a t re su lt in  ch a n g es  in  lo ca l (p ro x im a l) p h y sica l and

b io lo g ica l en v iro n m en ts  a ffectin g  ind iv id u al o rg an ism s. 
As a cu rren t exam p le, the various so u rce s  o f a tm o - 
sp h eric  p o llu tio n  th o u g h t to  c o n trib u te  to  global w arm - 
ing w ould  b e ran ked  as distal íacto rs . T h e  im p acts  o f 
ch a n g es  in  ann u al tem p eratu re  reg im e o n  ind iv id u als 
w ould  be p ro x im a l factors.

In  the m u ch  lo n g er period  o f  m am m alian  ev o lu tio n  
p rior to the Q u atern ary , several d istal causal ía c to rs  
em erge as m a jo r  co n trib u to ry  facto rs  to m ass e x tin c -  
tion s and o th er s ig n iíìcaru  ch an g es in  the co u rse  o f 
ev o lu tio n  o f  the  group. R eco g n itio n  o f som e o f th ese  
can  b e traced  to the  d ev elo p m en t o f  o u r  u n d erstan d in g  
o f  p late te c to n ics , the m ech an ism s inv olv ed  in  m o v e- 
m en ts  and  ch an g es in  co n íìg u ra tio n s  o f c o n tin e n ts  and 
o ce a n ic  basin s. Im m ed iate  co n se q u e n ce s  o f  these ev en ts  
have b een  the m o d ifica tio n  o f p attern s o f c irc u la tio n  
o f o ce a n ic  cu rren ts  and C ontinental top ograp hy , w h ich  
co n trib u te d  to  c lim a tic  changes. H allam  and W ig n a ll 
( 1 9 9 7 )  and  o th e r  w o rk ers  have n o ted  that m any o f  the 
m a jo r  m ass e x tin c tio n s  w ere a sso cia ted  w ith  tim es o f 
w ithd raw al o f sh allow  C o n tin e n ta l seas (m a rin e  reg res- 
sions) and reduction of Coastal habitats.

A n o th er p ro d u ct o f  ch an g es in  co n íìg u ra lio n s  o f c o n - 
tin e n ts  d u rin g  p eriod s of m arin c reg ress io n  is the estab - 
lish m en t o f  terrestria l c o n n e ctio n s  b etw een  lo n g - 
iso lated  c o n tin e n ts . T w o recen t exa m p les  of th is  p ro cess  
are the  ío rm a tio n  o f  dry land  c o n n e c tio n s  b etw een  S ib e - 
ria  and A laska and  betvveen N orth  an d  S o u lh  A m erica  
Via the P an am an ian  Islh m u s. B o th  ía c ilita ted  m am m a- 
lian  in terch a n g e  and e x tin c ú o n  o f som e lin eag es, p ro b a- 
bly th ro u g h  som e co m b in a ú o n  o f c o m p e tiú o n , pred a- 
tion , and in tro d u ctio n  o f  new  diseases.

V o lca n ic  activ ity  h as played and  co n tin u e s  to play 
a s ig n iíìca n t ro le  in  m od iíy in g  the e a r th s  en v iro n m en ts . 
M a jo r e ru p tio n s  p ro d u ce  large q u a n titie s  o f  p a rticu la te  
m atter, aero so ls , and  acid s. T h ese  c lo u d s ca n  reach  
m ag n itu d es su ffìc ien t to lim it or b lo c k  the su n ’s rad ia- 
tion  fro m  rea ch in g  the su rface  o f  the  earth , ca u s in g  a 
d ecrease  in  tem p eratu re. Later, th ey  w ould  trap heat 
rad iated  fro m  the su rface  10 p ro d u ce  a g reen h o u se  
w arm in g  o f the c lim ate . In creased  a m o u n ts  o f acid  ra in  
a lso  are p red ictab le  co n se q u e n ce s  o f v o lca n ic  activ ity .

A lth o u g h  the h y p o th esis  had p re cu rso rs  in  e a rlie r  
d ecad es, the  assertio n  by A lvarez et aỉ. ( 1 9 8 0 )  th at 
the im p a ct o f  an astero id  was the cau sa l facto r o f  the 
C re ta c e o u s -T e r tia ry  m ass e x tin c tio n  ío cu sed  a tte n tio n  
o n  the p o ten tia l ro le o f e x tra terrestria l b o m b a rd m en t 
in controlling the course of evolution of the e3rth’s 
h io ta . T h e ir  in itia l h y p o th esis  argued  th at the im p act 
o f an astero id  w as the d istal cau se  o f the e x tin c tio n  
o f n o n av ian  d in osau rs and n u m ero u s o th e r  k in d s o f 
te rrestria l and m arin e organism s. T h e  h y p o th esized



p roxim al cau sc  w as the ío rm atio n  o f d ust c lo u d s th a i 
íìrst p rod uced  global re frigeratio n  by b lo ck in g  so lar 
energy and th en  a g reen h o u se  effect by irap p in g  heat 
in the a tm o sp h ere . A cid  rain and exten siv e  w ild íìres  also 
w ere suggested  as co n trib u to ry  factors. Q u alita tiv e ly , 
these are the sam e k in d s o f p ertu rb a tio n s  o f  the en v iro n - 
m en t that cou ld  be g en erated  by in ten se  v o lca n ic  activ - 
ity. As d íscu ssed  la ter, the  p attern  o f survival and  e x tin c - 
tion  o f m am m als acro ss  the  C r e ta c e o u s -T e r tia ry  
b o u n d ary  has played  a s ig n iíìca n t part in  testin g  the 
im p act h y p o th esis  and  o th e r  h y p o th eses c o n ce rn in g  the 
cau sal factors o f  th is m ass e x tin c tio n .

It has b een  argued  that a m ass e x tin c tio n  is  an excep - 
tion al event and , th ere fo re , req u ires  an  excep tio n a l 
cau sal factor. T w o  asp ects o f th is  assertio n  req u ire  com - 
m en t. A nalyses o f  the g eo lo g ica l and ío ss il reco rd s  ind i- 
ca le  that m any o f  the p o ten tia l d istal cau sal ía c to rs , for 
exa m p le , reg ress io n s  o f  the  seas, o u ib u rsts  o f v o lca n ic  
activ ity , and im p acts  o f  large extra terrestria l bodies, 
w ere co n te m p o ra n eo u s  w ith  m ass e x tin c tio n s  and lesser 
ch an g es  in the e a rth ’s b io ta . N one o f them  has been  
d em o n stra ted  lo  be co n te m p o ra n eo u s w ith  a ll ihe  m ạịo r 
m ass e x tin c tio n s . E xa m p les  o f  each o f th ese  p oten tia l 
cau sal facto rs  have b een  record ed  at tim es w h en  m ass 
e x ú n c tìo n s  in  the  m arin e a n d /o r  terrestria l b io ta  have 
not o ccu rred . N ow , so m e sc ie n tis ts  su gg est that the 
ca u ses  o f m ass e x tin c tio n  are to  be found in co m b in a - 
ú o n s o f  these and p ossib ly  o th er facto rs  that co m - 
pou nd ed  to p ro d u ce  m a jo r , d ele terio u s  ch a n g es  in 
the en v iro n m en t.

S eco n d , the level o f eco lo g ica l in terd ep en d en ce  o f 
in em b ers  o f the  terrestria l b io ta  has, n o  d o u b t, varied 
th ro u g h  tim e. T errestria l eco sy stem s ch ara cteriz ed  by 
re la tiv e ly  low  levels o f  in terd ep en d en ce  o f th e ir  m em - 
b e rs  m igh t w ell be ab le  to  w ith stan d  the lo ss  o f  one 
o r  a few  sp ecies. In  co n tra st, eco sy stem s w ith  h igh ly  
in lerd ep en d en t m em b ers m ig h t n ot b e  ab le  to vvithstand 
the lo ss  o f o n e  o r  a few sp ecies , resu ltin g  in  the co llap se  
o f  the w hole sy stem  and  co n se q u e n t e x tin c tio n  o f m any 
o th e r  sp ecies. T h u s, a p eriod  o f g lobal co o lin g , for ex- 
am p le , cou ld  have a ca ta stro p h ic  effect o n  h ig h ly  in ter- 
d ep en d en t e co sy stem s b u t cau se little  o r no  ch an g e 
in  ih o se  that w ere ch aracterized  by a lo w er level o f 
in terd ep en d en ce .

F in a lly , the  fo cu s o f th is a rtic le  is e x tin c tio n s  o f 
lin eag es and th e ir  e ffects  on p attern s o f  ev o lu tio n  and 
d iversity . E x tin c tio n  is b u t o n e -h a lf  o f  the e q u a tio n  for 
ca lcu la tin g  ch a n g es  in  b io d iv ersity . V a ria tio n  in  the rate 
o f  o rig in a tio n  o f  new  sp ecies  ca n  have a m ark ed  effect 
o n  b io d iv ersity . F o r exam p le, analysis o f  the  ío ss il re- 
co rd  o f n o n av ian  d in osau rs d u ring  the Ju ra ss ic  and 
C reta ceo u s sh o w s th at th ey  evolved  rap id ly ; a g en u s o f

n onavian  d in o sa u r rarely lasted  m o re  than  a geo lo g ica l 
stage (o n  average 6  m illio n  years in  d u ra tio n ) or tw o. 
T h ro u g h o u t m o st o f th e ir  h is to ry , rates o f e x tin c tio n  
and o rig in a tio n  o f  nonav ian  d in osau rs w ere high . In 
the last tw o stages p rior to th e ir  e x ú n c tio n  at the end 
o f  the C re ta ce o u s , a h igh  rate  o f e x ú n c tio n  o f gen era 
ap p ears to  have b een  m a in ta in ed , b u t the rate o f  o rig in a- 
tion  o f new  gen era  was d ep ressed .

III. ORIGIN 0F SYNAPSIDS AND 
THE PERMIAN-TRIASSIC

MASS EXTINCTION

D u rin g  the C a rb o n ife ro u s  P erio d  (T a b le  1), ap p ro x i- 
m ately  3 5 4 - 2 9 0  M a, the  rep tilia n  an d  synap sid  clad es 
d ifl'erentiated . F ro m  th is  b e g in n in g , the íìrs l phase o f 
synapsid  e v o lu tio n , ch a ra cter iz e d  by ih e ir  p ro m in en t 
p o sitio n  in  te rrestria l íau n as, vvould last u n til the end 
o f the T ria ss ic . It w as in te rru p te d , and  the co u rse  o f 
synapsid  e v o lu lio n  a ltered , by the m assive c x tin c tio n s  
that m ark  the P e r m ia n -T r ia s s ic  boundary.

Tn the E arly  P erm ian , basal “n o n m a m m a lia n  synap- 
sid s,” the “p e ly co sa u rs,"  w ere the m ost d iverse terres- 
trial v erteb ra tes . N otab le  w ith in  the ev o lu tio n ary  rad ia- 
tion  o f  “p e ly co sa u rs” w ere tw o lin eag es that evolved 
lo n g  e x te n s io n s  o f the n eu ral sp in es  o f th e ir  v erteb rae, 
w hich  su p p o rted  high d o rsal fins. T h ese  fins, w h ich  
greatly  in crea sed  the su rface  area o f the bod y b u t not 
its  v o lu m e, have b een  in te rp re ie d  as early exp erim en ts  
in  th e rm o re g u la lio n . E xp o sed  to  th e  su n , the  fin vvould 
have sp ed  up  h eatin g  o f  th e  b o d y ; in  the  shad e it w ould  
have served  as an e ffic ien t ra d ia to r o f h eat.

T h e  “p e ly co sa u r”-d o m in a ted  terrestria l íau nas o f the 
E arly  P erm ia n  w ere co m p o sed  o f m any m o re  ca rn iv ores 
than  h e rb iv o re s ; at íìrst g la n ce , th is  ap p ears to b e  an 
eco lo g ica lly  a n o m a lo u s s itu a tio n . It is now  th o u g h t that 
the d o m in a n ce  o f carn iv o res  is n o t a p ro d u ct o f a bias 
in  p reserv a tio n  or co lle c tin g  b u t re flects  an in itia l stage 
in  the e v o lu tio n  o f  the te rre stria l eco sy stem . M any of 
the sp e cie s  o f  these  early  “n o n m a m m a lia n  syn ap sid s” 
m ay w ell have b een  a m p h ib io u s, re tu rn in g  to s lream s 
and  lak es to feed  o n  fish  an d  fresh w ater in v erteb ra tes. 
In  a b o u t the m iddle o f th e  P erm ia n , the co m p o sitio n  
o f te rre s tria l faunas ch an g ed  w ith  the ap p earan ce  o f  a 
d iv ersity  o f  “th erap sid s” (F ig . 1 ). H erb iv o u ro u s form s, 
in c lu d in g  the d icy n o d o n ts , w ere  m u ch  m o re  ab u n d an t, 
w h ich  su gg ests  that fu lly  te rre s tr ia l eco sy stem s had 
evolved.

T h e  m ass e x tin c tio n  u sed  to m ark  th e  end  o f the 
P erm ian  w as the m o st sev ere  yet reco rd ed . It has been



cstim ated  th at m o re  than  9 0 %  o f  the sp ecies  and 5 0 %  
o f the  fam ilies  o f  m arin e  in v e rte b ra ie s  vvere lo si d u ring  
th is ev en t. T e rre s tr ia l e co sy stem s a lso  w ere g reatly  m od - 
iíìed by e x tin c tio n s . O f the  a p p ro x im a te ly  5 0  fam ilies 
o f terrestria l v erteb ra tes  p re se n t in the  past 5 m illio n  
years o f th e  P erm ia n , ap p ro x im a te ly  75 %  died  out. T h is  
d ram atic  lo ss  in clu d ed  large and  sm all h erb iv o res  and 
carn iv o res. N o tab le  su rv iv o rs am o n g  the ‘ n o n m am m a- 
lian  sy n a p sid s” w ere a few lin eag es o f  ca rn iv o ro u s "th e r- 
apsid s” an d  the h e rb iv o ro u s  d icy n o d o n ts .

D eb ate  co n tin u e s  over the  cau sal ía cto rs  o f the m ass 
e x tin c tio n  m a rk in g  the end  o f  the  P erm ian  (H allam  and 
W ig n a ll, 1 9 9 7 ) .  A variety  o f  lin es  o f  ev id en ce suggest 
that th is  w as a tim e  o f  g lobal w arm in g , p ro b ab ly  related  
to a m a r i n e  r e g r e s s i o n  f o llo w e d  b y  d ev elo p m en t o f  a n -  

o x ic  o ce a n s. E x te n s iv e  v o lca n ic  a c tiv ity , th e  eru p tio n  
o f the  m assiv e flood b asalts  o f vvestern S ib eria , was 
p ro b ab ly  a n o th e r  d istal cau sal ĩa cto r. C u rren tly , stu - 
d em s o f the P e r m ia n -T r ia s s ic  m ass e x tin c tio n  appear 
to favor so m e co m b in a ú o n  o f ch a n g es  in the o cean s 
and v o lca n ic  a c tiv ity  as its d ista l cau sal íacto rs . No 
ev id en ce  o f  the  im p a ct o f an  astero id  o r o th e r  ex tra ter- 
restria l bod y h as b een  d isco v ered .

IV. THE SECOND “THERAPSID” 
RADIATION AND LATE TRIASSIC 

FAUNALTURNOVER

As a resu ll o f the d ec im a tio n  cau sed  by the P e r m ia n -  
T ria ss ic  m ass e x tin c tio n , the  ta x o n o m ic  d iv ersity  o f 
earliest T r ia ss ic  terrestria l fau n as vvas g reatly  red uced . 
T h ese  faun as w ere d o m in a ted  by a d icy n o d o n t, L.ystro- 
saurus, b u i in c lu d e d  rep resen ta tiv es  o f a few  o th er lin - 
eages o f “n o n m a m m a lia n  sy n ap sid s ,” w h ich  w ere the 
basal s to c k s  o f a n o th e r  ev o lu tio n a ry  rad iatio n . L ater, 
in  the  E a rly  T r ia ss ic , n u m e ro u s  large and  sm all h erb iv o - 
rou s ío rm s , p rim arily  d icy n o d o n ts , b eca m e p ro m in en t 
e lem en ts  o f  te rrestria l íaunas. In  p ara lle l, the  surv iving 
c a rn iv o ro u s  “th era p sid s” rad iated , p ro d u cin g  a variety  
o f new  lin eag es o f  large and sm all ca rn iv ores as w ell 
as som e h e rb iv o ro u s  sp ecies.

A nalysis o f  the  ev o lu tio n a ry  rad ia tio n  o f the  carn iv o- 
ro u s  “ih era p sid s" d u rin g  the T ria ss ic  reveals trend s in  
m o d iíìca tio n  o f sk u ll s tru c tu re  and  m o rp h o lo g y  o f the 
p o stcra n ia l s k c le to n  that in crca s in g ly  resem b le  the 
c h a ra c te r is tic s  ot m o d ern  m am m als. F o r  exam p le, the 
s tru rtu re  o f  the lo w er ja w  w as m odiR ed th ro u g h  exp an - 
s io n  o f  the  d e n ta r y  b o n e  a n d  red u ct io n  o r  lo s s e s  o f  

o th e r  b o n e s  ch a ra c te r is tic  o f early  synap sid  o r rep tilian  
ja w  s tru c tu re . T h e se  w ere p re lim in ary  step s  lovvard ac- 
q u is itio n  o f  an  a rticu la tio n  o f the  d en tary  w ith  ih c  squ a-

m o sal b o n e  o f  the  sk u ll, a key o steo lo g ica l c h a ra c te r  for 
d istin g u ish in g  m o d ern  inam m als from  rep tiles . L im b 
p o stu re  b eg an  to be m odiRed from  a p rìm itiv e , spravvl- 
ing s ta n ce  to  a m ore typ ically  m am m alian  sta n ce  w ith  
the e lbow  and  kn ee  tu cked  clo se  to the b o d y  and the 
lim b s h rou gh t in to  an u p ríghl p osiu re .

A few m illio n  years b efore  the end  o f  the T ria ss ic , 
som e syn ap sid s had evolved a fu n ctio n a l a rticu la tio n  
b etw een  th e  d en tary  b o n e o f ihe low er ja w  and the 
sq u am o sal. M any te x tb o o k s  and p op u lar a rtic le s  p res- 
en t the  a cq u is itio n  o f th is s tru ctu re  as th e  h a llm ark  
o f the M am m alia  and identiĩv  the end  o f the T riassic  
(a p p ro x im a te ly  2 0 6  M a) as the tim e o f o rig in  o f the 
group . In cu rre n i p h y log en etic  đ a ss iíìca tio n s , how ever, 
the clad e M am m alia  is restricted  to  a crovvn group  in- 
c lu d in g  ihe  co m m o n  a n cesto r o f  liv ing m o n o trem es 
(th e  ech id n a  and p la ty p u s), m arsu pials, and  p lacen ta ls  
and all its d escen d an ts. P h ylo gen etica lly , som e of the 
very ad van ced  “n o n m a m m a lia n  synap sids” w ith  a den- 
ta ry -sq u a m o sa l jaw  a rticu la lio n  and o th e r  m am m al- 
lik e  sp e cia liz a tio n s  lie outsid e the crow n gro u p ; they 
are s is te r lin eag es. In m any recen t research  p ap ers, ih ese  
very ad van ced  “n o n m am m alian  synap sid s” are reĩerred  
to as “m a m m a lia íb rm s.”

D u rin g  the Late T ria ss ic , the co m p o sitio n  o f terres- 
trial íau n as u n d e n v e n t a m ạ jo r ch an g e th at playecl a 
s ig n ifica n t ro le  in  resh ap in g  the cou rse  o f synap síd  evo- 
lu tio n . A ll the lin eag es o f  T riass ic  synap sid s, e x ce p t for 
a few lin eag es o f “m am m alia form es-’ and o n e  group  o f 
h erb iv o ro u s “n o n m am m alian  syn ap sid s,” the trity lo - 
d o n ts , b eca m e e x tin c l. AU the surviving lin eag es w ere 
rep resen ted  by sp ecies  o f relatively  sm all bod y size. 
T w o  g rou p s o í  rep tiles , the rh y n ch o sa u rs , and  several 
lin eag es o f  d in o sa u rs  b ecam e the d o m in a n l terrestria l 
v erteb rates.

R ecen t s tu d ies  in d ica te  thai ihe T r ia s s ic - Ju ra s s ic  
m ass e x ú n c t io n ’s p rim ary im pact w as o n  the m arine 
b io ta . Som e ev id en ce  suggests that terrestria l ílo ras w ere 
m od ified  at th is  tim e. T h e  ad m itted ly  lim ited  ío ssil re- 
co rd  o f  Late T r ia ss ic  and E a r ly ju ra ss ìc  “n o n m am m alian  
syn ap sid s” and  “m am m alịa form s” suggests that these 
groups w ere n o t greatly  affected. C learly , the rad iatio n  
o f “m a m m a lia fo rm s,” w hich  began in  the Late T ria ss ic , 
c o n tin u e d  in  the Ju ra ss ic .

V. MAMMALIAN EVOLƯTION DƯRING 
THE AGE OF DINOSAƯRS

T h e e x ten siv e  ch a n g es  in  terrestria l faunas d u rin g  the 
Late T ria ss ic  b ro u g h t the fĩrst phase o f synap sid  evolu - 
ú on  to a c lo se . D u rin g  the Ju ra ss ic  and C retaceo u s,



p opu larly  d u bbed  the Age o f D in o sau rs, “m am m alia - 
íorin s" and early  m am m als vvere n o t d o m in a n t m em b ers  
o f lerrestria l faunas. F o r the m o sl p art, they  w ere very 
sm all an im a ls , in  the size ran ge o f the sm a lle s l m o d crn  
m am m als. A fevv evolved  larger body size , riv aling  m od- 
ern o p o ssu m s or ra cco o n s , b u t these sp e c ie s  w ere ex - 
cep tio n s  to ih e ru le.

D u rin g  the Ju ra ss ic , "m a m m a lia ío rm s” d ifferen ti- 
ated. F u n c tio n a l in te rp re ta tio n s  o f th e ir  d en titio n s  sug- 
gesi th at m ost w ere p rob ab ly  ca rn iv o ro u s, íeastin g  on  
sm all prey in c lu d in g  sm all terrestria l v erteb ra tes  and 
in v erteb ra tes. O n e grơUỊD, the m u ltitu b e rcu la te s , 
evolved  a rem arkab ly  ro d e n t-lik e  sty le  o f  d en tal sp ecia l- 
ization  and  is in te rp re te d  as h av in g  b e e n  o m n ìv o ro u s 
or h erb iv o ro u s in  d ietary  p re íeren ces. T h is  in terp re ta - 
tion is stren g th en ed  by the p e rs is te n ce  o f the grou p  
into  th e  P a leo cen e . T h e n , as ro d en ts  b egan  th e ir  ev olu - 
tion ary  rad iation  in  ih e  late P a le o cen e , the ta x o n o m ic  
d iv ersity  ol m u ltitu b e rcu la ie s  d w in dled . By the end  o f 
the O lig o ce n e , w hen  a lm o sl all ía m ilies  o f  ro d en ts  had 
d ifferen tia ted , m u ltitu b e rcu la te s  w ere e x ú n c t.

T ra c in g  the co u rse  o f m am m alian  ev o lu tio n  d u rin g  
ih is seco tid  p hase o f  synap sid  ev o lu ú o n  is co m p lica ted  
by d is tin ct b io g eo g ra p h ic  d ifferen ú a tio n . U n lik e  the 
P erm ian  and  T ria ss ic , w hen  m o st o f  the te rrestria l re- 
g io n s o f  the w orld  w ere p arts o f  One su p e rc o n tin e n l, 
P angaea, th ro u gh  th e ju r a s s ic  an d  C re ta ce o u s  le rre s lr ia l 
areas and th eir íau n as began to  be frag m en ted . In  p ari, 
th is w as the p ro d u ct o f p late  te c to n ic  p ro cesses  ihat 
b ro k e  up the P angaean  su p e rco n tin e n t and  s h iíle d  the 
p o s itio n s  o f the resu ltin g  Continental b lo ck s . A d d ilio n - 
ally , th e  Age o f  D in o sau rs w as a tirne ch a ra cteriz ed  
by  ex te n siv e  m arin e  tra n sg ress io n s  w h en  sh a llo w  seas 
co v e re d  m an y  areas and  ad ded  to fra g m en ia ú o n  o f  ter- 
restria l areas. By the b e g in n in g  o f  ih e  C re ia c e o u s , vvhen 
the c u rren tly  sp arse  ío ss il reco rd  o f  th ese  íau n as  gives 
u s o u r íìrst real p ictu re  o f b io g e o g ra p h ic  d iffe re n tia tio n , 
th ere  is  ev id en ce o f d is tin ct n o rth e rn  (N o rth  A m e r ic a n -  
E u ra s ia n ) and  S o u th e r n  (A u s tra lia n -A n ta r c ú c -S o u th  
A m e rica n ) terrestria l faunas. U n fo rtu n a te ly , very little  
is  k n o w n  o f the b is to ry  o f  “m a m m a lia fo rm ” an d  marrt- 
m a lia n  ev o lu ú o n  on  the A frican  c o n tin e n t d u rin g  
th is  in terv al.

T h e  C reta ce o u s  w as a tim e o f m a jo r  ch an g e in  the 
te rre s tria l b io ta . A n gìo sp erm s m ade th e ir  ap p earan ce  
and  b eg an  to d iv ersiíy . F irs t  reco rd s  o f  m o st m o d ern  
fa m ilies  o f in sec ts  d o cu m en t th eir d iv ers ifìca tio n . P ar- 
ticu la r ly  in the N o rth e rn  H em isp h ere , d in o sa u ria n  fau- 
n a s  u n d erw en t a m ạ jo r  reo rg a n iz a tio n . G lo b a l c lim a te s  
o f  the Ju ra ss ic  and  C re ta ce o u s  w ere, in  g en era l, d is- 
t in c tly  w arm er an d  m ore eq u a b le  th an  m o d e rn  c lim ates . 
T h e  la titu d in a l c lim a tic  g ra d ien t, re íle c tin g  the degree 
o f  d iffe re n ce  b etw een  eq u ato ria l and  p o la r c o n d itio n s ,

w as m u ch  lo w er. T h ro u g h o u t m o sl ot ih e  in terv al there 

is no ev id en ce  o f  g la c ia tio n . F in a lly , to  rou nd  ou t this 
d escrip tio n  o f  th e  s e tiin g  o f  m a m m a lia n  ev o lu tio n  d ur- 
ing the A ge o f  D in o sa u rs , ÌI m u st be n o ted  that ev o lu tio n  
o f  ih c  te rre s tria l b io ia  w as n o t in lerru p ted  by  a m ass 
e x tin c tio n  ev en t.

By the m id d le  o f  the C reta ce o u s , the  m a m m a l i a n  

íauna had u n d erg o n e a m a jo r  lu rn o v e r in co m p o sitio n . 
In  the N o rth e rn  H em isp h ere , w ith  the e x c e p tio n  o f  the 
hardy m u ltitu b e rcu la te s , m o st o f  the Ju r a s s ic  lin eag es 
o f  “m a m m a lia fo rm s” had  chvindled in  ta x o n o m ic  d iver- 
sity  o r b e co m e  e x tin c t. C o n cu rre n tly , tw o o f  the  th ree 
m a jo r  lin eag es  o f  the  cro w n  gro u p  M am m alia , m arsu p i- 
als and  p la ce n ta ls , ap peared  and  b eg an  to rad iate.

M a m m a l i a n  e v o l u t i o n  o n  a S o u th e r n  c o n t i n e n t ,  c o m -  

p osed  o f the  m o d ern  A u stra lian , A n ta rc tic , and  S o u th  
A m erica  c o n ú n e n ts , fo llow ed  a d iffe re n t co u rse . T h e  
terrestria l faun a o f  th is area  in c lu d e s  th e  íìrs t reco rd s  
o f  the th ird  m a jo r  lin eage o f  ih e  cro w n  gro u p  M am - 
m alia , ih e  m o n o lre m e s. A d d itio n a lly , at least two 
gro u p s o f  “m am .m aliform s” d iv ersiíìed  there .

C u rre n tly , the  first reco rd s  o f  the c ro w n  gro u p  M am - 
m alia are o f  E arly  C re ta ce o u s  age. T h e  b io g eo g ra p h ic  
d ich o to m y , the first ap p ea ra n ces  o f m a rsu p ia ls  and pla- 
cen ta ls  in  the  N o rth ern  H em isp h ere  an d  ih e  first ap- 
pearance o f  m onotremes in the Southern coniinent, 
stro n g ly  su g g ests  th a i the first re co rd s  o f  th e  crovvn 
grou p  M a m m a lia  w ill b e  ío u n d  in  the Ju ra ss ic .

VI. CRETACEOƯS-TERTIARY MASS 
EXTINCTION AND 

ITS CONSEQUENCES

T h e  e ffe cts  o f  the P e r m ia n -T r ia s s ic  m ass e x tin c tio n  
o n ly  o v ersh a d o w  the e x te n t o f  d ev a sta tio n  o f  m arin e 
and te rre s tria l b io ta s  d u rin g  the C re ta c e o u s -T e r t ia r y  
m ass e x tin c tio n . O n la n d , the C r e ta c e o u s -T e r t ia r y  m ass 
e x tin c tio n  is m a rk ed  by the d em ise  o f  n o n a v ia n  d in o- 
sau rs an d  so m e o th e r  v erteb ra te  lin ea g es. S im ilarly , 
m any d o m in a n t gro u p s o f  m arin e  in v e rte b ra te s  and 
aq u atic  re p tile s  d ied  o u t at ih is  tim e.

T h e  p rim ary  so u rce  o f  in ĩo rm a tio n  d o cu m e n tin g  the 
effects  o f the  C r e ta c e o u s -T e r t ia r y  m ass e x tin c tio n  on 
a terrestria l b io ta  is  a series  o f  stu d ies  o f  faunal and 
íloral ev o lu tio n  in  an area o f  the W e ste rn  In te r io r  o f 
N o rth  A m erica  th at e x te n d s  from  C o lo ra d o  north w ard  
in to  A lb e rta , C an ad a. F o r  d ecad es, a w ide ran ge o f 
g e o lo g ica l and  p a le o n to lo g ica l re se a rch  p ro je c ts  have 
b een  u n d e r w ay in  th is  area , and  the re su ltin g  d atabase 
is ex te n s iv e . T h is  is b o th  a b less in g  and  a cu rse . T h ere  
has b e e n  a ten d e n cy  to regard  the re su lts  o f  stu d ies  on



b io tic  ch an g e in  th e  N o rth  A m erican  W e ste rn  In te rio r 
as typ ical o f g lo b a l p attern s . R e cen t d isco v eries  in  o th er 
areas show  that th is  was n o t the  case . O n  the o th er 
h an d , a lth o u g h  g eo g rap h ica lly  lim ite d , the exten siv ely  
d o cu m en ted  p a ttern s  o f  su rv ival and  e x tin c tio n  in th e  

N orth  A m erican  W e ste rn  Im e rio r  ca n  be used to test 
h y p o th eses  c o n ce rn in g  the k in d s an d  sev erity  o f envi- 
ro n m en ta l ch a n g es  th a t cau sed  the C re ta c e o u s -T e r tia ry  
m ass e x tin c tio n .

A rch ib ald  ( 1 9 9 6 )  and  o th e rs  have ana]yzed the pat- 
terns o f  survival and e x tin c tio n  o f terrestria l v erteb rates 
based  o n  ex te n s iv e  c o lle c tio n s  from  n o rth ea stern  M o n - 
tana. In  the C r e ta c e o u s -T e r tia r y  m ass e x tin c tio n  all the 
nonavian  d in o sa u rs, ap p ro x im a te ly  2 0  gen era, b ecam e 
ex tin c t. A sm all g ro u p  o f fresh w ater sh ark s and th eir 
re lativ es sh ared  the fate o f the  n o n av ian  d in osau rs. 
T h ese  lo sses, p lu s e x ten siv e  e x tin c tio n s  am o n g  the C re- 
taceo u s lin eag es o f lizards and  m arsu p iais , acco u n t for 
a lm o sl 75 %  o f the  e x ú n c ú o n s  o f terrestria l vertebrate  
sp ecies  in  the N o rth  A m erican  W e ste rn  In terio r . In 
co n tra s t, at the sp e c ie s  level, no  e x tin c tio n s  o f  lin eages 
o f íro g s, sa lam an d ers, and p la cen ta l m am m als have 
been  d o cu m en ted . O n ly  a few sp e c ie s  o f tu rlles, c ro co - 
d ilian s, and c ro co d ilia n -lik e  rep tiỉes  d ied o u l at this 
tinie.

S in ce  A rch ib ald  p u b lish ed  h is an alysis, several pale- 
o n to lo g ists  have b eg u n  to analyze the very íragm entary  
íossil reco rd  o f  the  ev o lu tio n  o f  b ird s in  the Late C reta- 
ceo u s. T h e ir  re se a rch  shovvs th at the  ev o lu iio n ary  d iver- 
s iíìca tio n  o f the  cro w n  group  o f b ird s had begu n  in ihe 
C retaceo u s. A lth o u g h  m an y lin eag es o f  m ore p rim iú ve 
b ird s d ied  o u t b e fo re  o r at the C re ta c e o u s -T e r tia ry  
b o u n d ary , e x tin c tio n  ap p ears 10 have taken  little  to ll 
am o n g  the lin eag es o f  the  cro w n  group .

A m ong the m am m alian  lin eag es p resen t in  the N orth  
A m erican  W e ste rn  ln te r io r , a p p ro x im a te ly  50 %  o f  the 
sp ecies  o f “m am raalia fo rm ” m u ltitu b e rcu la te s , w hich  
are th o u g h t to b e  the e co lo g ica l eq u iv a len ts  o f  ro d en ts, 
b eca m e e x tin c t d u rin g  the C r e ta c e o u s -T e r tia ry  m ass 
ex tin c tio n . A ll lin eag es o f p la ce n ta l (a lso  d ubbed  eu th e- 
ria n ) m am m als su rv ived  th is  ev en t. In  stark  co n tra st, 
all b u t one o f th e  C re ta ce o u s  lin eag es o f m arsu p ia ls 
ap p ear to have b e co m e  e x tin c t  at th is  tim e.

R ecen t d isco v e rie s  in  A u stra lia  and , p arú cu larly , 
S o u th  A m erica  are  b e g in n in g  to  o u tlin e  the co u rse  o f 
m a m m alian  e v o lu tio n  th ro u g h  the C re ta c e o u s -T e r tia ry  
m ass e x tin c tio n  in  the S o u th e rn  H em isp h ere . A t th is 
tim e, A u stra lia , A n ta rc tica , and  S o u th  A m erica w ere 
clo se ly  ap p ro x im ated  and g lo b al c lim a tes  w ere m u ch  
vvarmer. D irect ev id en ce  d o cu m e n ts  in terch a n g e  o f ter- 
restria l v erteb ra tes b etw een  A u stra lia  and S o u th  
A m erica . In  S o u th  A m erica , d ep o sits  laìd  dow n several

m illio n  years p rio r to the end  o f  the C reta ceo u s co n ta in  
reco rd s o f  a m am m alian  fauna d om inated  by m e m b e rs  
o f  several lin eag es o f “m am m alia form s” a cco m p a n ied  
by a lin eag e o f  m o n o trem es. A gap in  the fossil reco rd  
sep arates re co rd s  o f  th is fauna from  d ep osits d o cu m e n t- 
ing the earliest T ertiary  fauna kn ow n from  th e  area. 
T h e  ch an g e in  m am m alian  faunal co m p o sitio n  is  s trik - 
ing. M ost o f the  “m a m m a lia ỉo rm ” lin eag es had  gon e 
e x tin c t. T h e  lin eag e o f m o n o tre m e s survived  in to  the 
T ertiary  b u t soon  b ecam e e x tin c t. T h e  d o m in a n t group  
o f  m am m als in  the earliest T ertiary  o f  S o u th  A m erica  
is a sm all b u l d iverse g rou p  o f m arsu p ia ls  th a t w ere 
a cco m p a n ied  by a few lin eag es o f p lacen ta l m am m als. 
T h ese  m arsu p ia ls  and  p lacen ta ls  ap pear to  be d erived  
from  s to c k s  that d isp ersed  sou thw ard  from  N o rih  
A m erica  a b o u t the tim e o f  the C r e ta c e o u s -T e r tia ry  
boundary.

O th e r c o n tin e n ts  have y e l to  yield  exten siv e  reco rd s 
o f m am m alian  ev o lu tio n  acro ss  the C r e ta c e o u s -  
T e riia ry  b o u n d ary . T h e  available d ata s iro n g ly  suggest 
that the m ass e x tin c ũ o n  at th is  tim e involved  ihe term i- 
natio n  o f m am m alian  lin eages in these areas. G lo b a lly , 
m am m alian  d iv ersity  ap pears to have b een  greatly 
d ecreased .

T h e  d ista l causal ía cto rs  o f the C r e la c e o u s -T e r tia ry  
mass e x tin c tio n  are the s u b je c t o f c o n tin u in g  d ebate. 
T h e  p attern  o f survival and  e x tin c lio n  o f sp e cie s  o f 
terrestria l v erteb ra tes  at the C r e la c e o u s -T e r tia ry  
b ou n d ary  in  the N orth  A m erican  W e sle rn  In te rio r  ar- 
gu es s tro n g ly  ag a ìn st, i f  n ot fa lsifìes, h y p o th eses ca llin g  

for m assiv ely  ca ta stro p h ic  ch a n g es  in the e n v iro n m e n t 
as d istal cau sal ía c to rs  o f  th is  m ass e x tin c lio n . D isco v ery  
o f a large c ra te r  in Y u catan  adds ev id en ce  su p p o rtin g  
the h y p o th esis  that an astero id , o r o lh e r  c x tra te rre s tr ia l 
body , im p a cted  the ea rth  at the  c lo se  o f the C retaceo u s. 
A d d itio n ally , m assiv e v o lca n ic  d ep o sits  in  p e n in su la r 
Ind ia  d o cu m e n t a p erio d  o f  ex ten siv e  e ru p ú o n s that 
b egan  b e ío re  and co n tin u e d  acro ss the C r e ta c e o u s -  
T e rtia ry  b o u n d ary . F in a lly , the end  o f the C reta ceo u s 
is  a tim e o f  a m a jo r  m a rin e  reg ressio n . C erta in ly , all 
three  o f th ese  ev en ts  co n trib u te d  to ch an g es in  global 
e n v iro n m e n ls  th a t triggered  the m ass e x tin c tio n ; th e ir 
re lativ e im p o rta n ce  rem a in s  an open q u e stio n  (A rcb i- 
b a ld , 1 9 9 6 ; H allam  and  W ig n a ll, 1 9 9 7 ) .

VII. RECOVERY OF MAMMALIAN 
FAƯNAS DURING THE 

EARLY PALEOCENE

T h e  b ias fav o rin g  the fossil record  from  the N o rth ern  
H em isp h ere  co n tin u e s  to lim it analyses o f the  cou rse



of m am m alian  ev olu tio n  im m ed iately  a íter ih c  C reta- 
c e o u s -T e r t ia ry  e x tin c tio n s , w hich m arked  the end  ol 
the  seco n d  phase o f synapsid  ev o lu tio n . E arliest 
P a leo cen e  fau n as are  w ell-k n o w n  o n ly  in  th e  N o rlh  
A m erican  W e ste rn  In terio r . In  n o rth ea stern  M o n tan a 
and im m ed iately  ad ịa cem  areas, a re íìn ed  ĩo ssil reco rd  
p rovides the b asis for study o f the reco v ery  o f the 
m am m alian  fauna d u rin g  the íìrst m illio n  years o f  the 
P a leo cen e  (a p p ro x im a te ly  6 5 - 6 4  M a). R a d io m etric  age 
d eterm in a tio n s  m ake it p o ssib le  to su bd iv id e th is  p eriod  
o f íaunal reco v ery  in to  a íĩrst in terval o f ap p ro x im ate ly
4 0 0 .0 0 0  years and  a seco n d  o f  ap p ro x im ate ly
6 0 0 .0 0 0  years.

In  the íìrst 4 0 0 ,0 0 0  years o f the P a leo cen e , d iv ersity  
o f t-he m am m alian  íauna o f  the N orth A m erica n  W estern  
In ie r io r  w as d ep ressed  in  com p arison  to th a t o f the 
la tesi C reta ceo u s. T h e  m o st n u m ero u s m am raals  w ere 
p la cen ta ls , p rim arily  rep resen led  by the p arap h yletic  
“co n d y la rth s .” T h is  group  w as alliecl to  lin eag es o f  m od - 
ern  ungulat.es, ho o fed  m am m als, that w ould  m ak e th e ir 
a p p earan ce la ter in  the P aleocen e o r  in  the  E o cen e . 
T h e  seco n d  m o si d iverse and ab u n d an t g rou p  w as the 
“m a m m a lia lo rm ” m u ltitu b ercu la tes . O n ly  o n e  lin eag e 
o f  m arsu p ia ls  rem ained . All these ea rliest P a leo cen e  
m am m als w ere  ch ara cteriz ed  by sm all bod y size . As far 
as can  be d eterm in ed  íro m  ih e ir  (rag m entary  rem ain s, 
n o n e  w as larg er ih an  the largest latest C reta ce o u s  m am - 
m als k n o w n  fro m  ih e  area , vvhich w ere a b o u t the  size 
o f m o d ern  o p o ssu m s o r racco o n s.

Less th an  h a lf o f the m am m alian  sp ecies  in  ih is earli- 
est P a leo cen e  fauna rep resen t lin eages p re se n t in  the 
p reced in g  la tes t C reta ceo u s fauna o f the  VVeslern In te- 
rior. T h e  m a jo r ity  is  com p o sed  o f  im m ig ran ts  that ap- 
p ear to have d ifferen tia ted  in o th er areas and d ispersed  
in to  the W e ste rn  In ie r io r  a fter the C r e ta c e o u s -T e r tia ry  
m ass e x tin c tio n . T h is  is one lin e  o f ev id en ce  that sug- 
gests  the  d iversiH cation  o f  m ạịo r p la cen ta l lin eag es had 
b eg u n  in  o th e r , as yet un sam p led , areas p rio r  lo  the 
en d  o f  the  C reta ceo u s.

S u p p ort fo r th is  v iew  also com es from  re c e n t com p ar- 
ative  m o le cu la r  stu d ies o f  m odern p lacen ta l m am m als. 
T h ro u g h  a p p lica tio n  o f the m o lecu la r c lo c k  te ch n iq u e , 
th ese  have p ro d u ced  h y p o th eses su g g estin g  very an- 
c ie n t tim es o f  d ifferen tia tio n  o f m a jo r p la ce n ta l lin eages. 
T h e  m o le cu la r c lo c k  tech n iq u e  is based  o n  th e  assu m p - 
tio n  th a i ih e  rate o f  a ccu m u la tio n  o f m o le cu la r  d iffer- 
e n c e s  has b e e n  re lativ ely  regular. I f  th is  is c o rre c t, the 
tim e o f d iffe re n tia tio n  o f  two lin eag es ca n  b e estim ated  
o n  the basis  o f  th e ir cu rren t degree o f  m o le cu la r  d iffer- 
e n ce . In  large p art, these m o lecu la r s tu d ies  su gg est that 
th e  d iffe re m ia tio n  o f m any m a jo r lin eag es o f  p lacen ta ls  
to o k  p lace  in  the  m iddle o r early part o f the C re ta ce o u s ,

if n ot earlier. T h is  co n c lu s io n  d irectly  c o n tra d ic ts  the 
cu rren t fossil reco rd , w h ich  su gg ests the early  d ifferen- 
tia tio n  o f these ltneages o ccu rre d  in  ihe Late C reta ceo u s 
o r w as a p ro d u ct o f  the  rapid  ev o lu ú o n ary  rad ia tio n  o f 
p lacen ta ls  in the P a leo cen e . P ro b ab ly  ih e  tru e  h isto ry  o f 
p lacen ta l ev o lu tio n  is to be found som ew h ere  b etw een  
these e x trem es (N o v a cek , 1 9 9 9 ) .

R egarding  ch a rtin g  the co u rse  o f  m am raalian  recov- 
ery  after the C re ta c e o u s -T e r tia ry  b o u n d a ry , d u rin g  the 
n ex t 6 0 0 ,0 0 0  years of the  E arly  P a leo cen e  th ere  w as a 
m a jo r  in crease  in  m am m a lia n , p a rticu la rly  p lacen ta l, 
d iversity  in the W e ste rn  In te rio r . In  part, th is  in crease  
w as the resu lt o f d iv e rs iíìca tio n  o f  lin eag es p resen t in  
the  area at the b eg in rù n g  o f the P a leo cen e , b u t im m igra- 
tion o f ad d ition al gro u p s o f  p la cen ta ls  and  m u ltitu b er- 
cu la tes  from  o th er a reas p layed  a s ig n iíìca n t ro le . D u ring 
th is in terv al, body size  in crea sed  in  sev eral lineages. 
F o r  the íìrst tim e s in ce  ih e  L ate  T ria ss ic , p lacen ta ls  
and m u ltitu b ercu la tes  ach iev ed  s iz es  that ap p rox im ated  
those o f  m od ern  m id d le- and large-sized  m am m als. 
T h ese  trend s o f an in cre a se  in  ta x o n o m ic  d iv ersity  and 
the ap p earan ce o f sp ecies  o f  large body size  co n lin u e d  
th ro u g h o u t the  la ter p art o f  th e  P a leo cen e .

VIII. MAMMALIAN EVOLUTION 
DƯRING THE TERTIARY

Prorn the late P a leo cen e  on w ard , m am m alian  faun as o f 
the  N o rth ern  H em isp h ere  are  in crea sin g ly  w ell d o cu - 
m en ted  by a ssem b lag es o f  ío ss ils  from  b o th  E u rasia  
and N o rth  A m erica . A fter the  in itia l reco v ery  o f  the 
m am m alian  fauna o f  the N o rth ern  H em isp h ere from  
the e ffects  o f the C re ta c e o u s -T e r t ia r y  m ass e x tin c tio n , 
d iversity  co n tin u e d  to  in cre a se , and  m any lin eag es w ere 
ch aracterized  by e v o lu tio n  o f  in crea sin g ly  larg er indi- 
vidual body size. B efo re  the  end  o f  the P a leo cen e  som e 
sp ecies  had attained  the b u lk  o f  m o d ern  rh in o s  or 
h ip p os.

T h e  late P a le o cen e  an d  E o ce n e  w as a p erio d  o f 
m arked  faunal tu rn o v er in  th e  N o rth e rn  H em isp h ere , 
w ith  the ap p earan ce o f an  in cre a sin g  n u m b er o f lin eages 
o f p la cen ta ls  that are rep resen ted  in  m o d ern  fau n as; for 
exam p le, th is  w as th e  tim e o f  a p p earan ce  o f  the equids 
and o th e r  k in d s o f m o d ern  u n g u la tes . A d d ìtional co n tri-  
b u tio n s  to m am m alian  d iv ersity  cam e w ith  the íìrst 
reco rd s o f íly in g  m am m als (b a ts)  and the ap p earan ce 
o f  one group o f m arin e  m am m als (w h a les). E v o lu tio n  
o f  the m arin e sea ls and  sea  lio n s  o ccu rre d  la ter, in  the 
O lig o cen e . A lso , th ere  vvere in s ta n ce s  o f  d ecrea ses  in  
d iversity  or e x tin c tio n  o f m ạ jo r  lin eag es. F o r  exam p le,



du ring  the late P a leo cen e  and  E o ce n e  the d iv ersity  o f 
the "m a m m a lia fo rm ” m u ltitu b e rcu la te s  d ecreased  w ith  
the ap p earan ce  an d  d iv ers iíica tio n  o f  ro d en ts . T h e  co r- 
re la tio n  suggests th at c o m p e tiú o n  w ith  ro d en ts , and 
p ossib ly  o th er sm a ll, p la cen ta l h erb iv o res, p layed  a sig- 
n ifìca n t role in  the d em ise  o f the  m u llitu b e rcu la te s . In 
g en eral, h ow ev er, the d iv ersity  o f te rrestria l m am m als 
increased .

N ear the E o c e n e -O lig o c e n e  b o u n d arv , ap p ro x i- 
m ately 3 3 .7  M a, m an y m am m alian  lin eag es b e ca m e  ex- 
tin ct. In  co m p a riso n  to  o th e r  e x tin c tio n s , th is  w as n o t 
a m ass e x tin c tìo n  ev en t, b u t it s ig n iíìca n tly  m od ified  
the co m p o sitio n  o f m am m alian  faunas o f  the  N o rth ern  
H em isp h ere. T h e  e x tin c tio n s  o ccu rre d  at a b o u t the tim e 
o f a m arked  co o lin g  in  g lo b al c lim a te s  and w ere m ost 
ừ e q u en t in  g rou p s o f  p la cen ta ls  ih o u g h t to have b een  
p articu larly  ad apted  to tro p ica l ío re sts , w h ich  w ere 
w idesp read  in the E o cen e . In  ad d itio n  to h av in g  heen 
co o le r , O lig o cen e  c lim a le s  w ere ch a ra cter iz e d  by a gen- 
eral in crease  in arid ity  and d ecrea se  in e q u a b ility , vvhich 
w as re ílected  in the ev o lu tio n  o f g rea ier areas o f  savanna 
and step pe. A nalysis o f  p attern s o f ev o lu tio n  o f  m am m a- 
lian  body size  d u rin g  the E o ce n e  and  O lig o ce n e  suggesi 
a p o la riz a tio n  w ith  in cre a se s  in  d iv ersity  o f  sp e cie s  o f 
large and sm all body size b u t a d ecrease  in  d iv ersity  o f 
sp ecies  o f in term ed ia te  size.

M am m alian  đ iv ersity  in  the  N o rth ern  H em isp h ere , 
m easured  at the fam ily  levels, reach ed  a m a x im u m  in 
the early  M io ce n e , p a rticu la rly  re tle c tin g  a rad ia tio n  o f 
several lin eages o f u n g u la tes . T h ro u g h  th e  rem ain d er 
o f the M iocen e  an d  P lio ce n e , ih e  d iv ersity  o í la r g e  ungu- 
lates d ecreased  as the c lim ate  b ecam e c o o le r  and  dryer. 
A lth ou gh  d ifferin g  in d eta il, b ro ad ly  s im ila r p a ttern s  in  
the in c id e n ce  o f  e x tin c tio n s  and  íaunal tu rn o v er ch arac- 
terize the e v o lu tio n a ry  h isto ry  o f m am m alian  faun as o f  
the co n tin e n ts  o f  the  S o u th ern  H em isp h ere .

U n til recen tly , c lím a tic  ch a n g es  w ere th o u g h t to be 
the m a jo r , i f  n o t the o n ly , d riv in g  ío rce  in  m am m alian  
ev o lu tio n  d u rin g  the T eriiary . D u rin g  the P a leo cen e  
global c lim a tes  b e ca m e  d istin ctly  w arm er an d  reach ed  
m ax im u m  levels  in  the  E o ce n e , w h en  tro p ica l ío rests  
exten d ed  in to  h igh  la titu d es. D u rin g  the tra n s itio n  from  
the E o ce n e  in to  the O lig o ce n e , g lo b al c lim a te s  appear 
to hav e ch an g ed  rap id ly , o n  a g eo lo g ica l tim esca le . T h is  
w as a tim e o f  e x tin c tio n  o f  m an y lin eag es o f  te rrestria l 
and m arin e  m am m als. A lth ou gh  at a m ore grad u al rate, 
c o o lin g  of’ the  e n v iro n m e n t co n tin u ed  up to the begin - 
n in g  o f  the Q u a tern a ry  and in c e p tio n  o f m a jo r  C on tinen
tal g la c ia ũ o n . T h e  c irc u m sta n tia l ev id en ce  o f  a co rre la - 
tion  o f p erio d s o f m am m alian  d iv e rs iíìca tio n  or 
e x tin c tio n  w ith  p attern s o f  c lim a tic  ch a n g e  has b cen  
ch aĩlen g ed  by re ce n t s tu d ies  (A lroy , 1 9 9 8 ; P ro th ero ,

1 9 9 9 ) . A v ariety  o f h ig h -re so lu lio n  p a le o n to lo g ica l and  
g eo lo g ica l m eth od s w ere u sed  to d escrib e  and  test th ese  
co rre la tio n s . T h e  resu lts  ind icated  th at c o r re la lio n s  o f 
tim es o f c lim a tic  ch an g e and p eriods o f  in cre a se d  d iv ersi- 
A cation o r  e x lin c tio n  w ere not p re c ise . O th e r  en v iro n - 
m en tal o r b io lo g ica l factors ap p aren tly  c o n tr ib u te d  to 
co n tro llin g  the co u rse  o fT e rtia ry  m am m alian  ev o lu tio n .

IX. CONCLUSIONS

T h e a p p ro x im ate ly  3 0 0 -m illio n -y e a r  h is to ry  o f synap sid  
ev olu tio n  ca n  be subd iv ided  in to  th ree  m a jo r  p hases. 
D u rin g  the íirst p hase, “n o n m am m alian  sy n a p sid s” w ere 
am o n g  the d o m in a n l terrestria l v erteb ra tes. T h e  seco n d  
ỊDhase, w h ich  b egan  in ihe Late T ria ss ic  and lasted  u n til 
the end o f the C retaceo u s, was c h a ra c ter iz e d  by the 
d o m in an ce  o f  th e  d in osau rs in terrestria l íau n as. “M am - 
m alia ío rm ” syn ap sid s and early m a m m a ls  w ere  a lesser 
co m p o n e n l o f  these faunas. T h e  th ird  p hase b eg an  a íte r  
ihe C re ta c e o u s -T e rú a ry  m ass e x tin c tio n  and  w as c h a r- 
ac lerized  by a m a jo r  d iv ersiíìca tio n  o f m a m m a ls, re- 
tu rn in g  them  to a d o m in an t p o siú o n .

In  ad d itio n  to  ih e  on g oin g  e ffe cts  o f  b a ck g ro u n d  
e x tin c tio n , m ass e x tin c lio n s  played a s ig n iíica n t ro le  in 
d irec tin g  the co u rse  o f synapsid  ev o lu tio n . T h e  P er- 
m ia n -T r ia s s ic  and , p articu larly , th e  C r e ta c e o u s -  
T ertiary  m ass e x tin c tio n  events g reatly  red u ced  syn ap - 
sid  d iversity  and  reset ihe cou rse  o f its  e v o lu tio n . O th e r  
m a jo r tu rn in g  p o ín ls  in  the e v o lu tio n  o f  th e  g ro u p , 
w h ich  in v o lv ed  exten siv e  e x tin c tio n s  ot lin ea g es, w ere 
n o t co in c id e n l w ith  m ass e x tin c tio n s — for e x a m p le , the 
p eriod s o f  faunal tu rn o v er late in  the T r ia ss ic  an d  d u rin g  
the tra n sitio n  from  the E o cen e  in to  th e  O lig o ce n e .

A ttem p ls to com p are  p atterns and  cau sal ĩa c lo rs  o f 
p re -Q u atern ary  and Q u atern ary  m a m m a lia n  e x tin c -  
tion s m u st co n sid er  the sig n iiìcan t d ifferen ces  in  reso lu - 
tio n  o f the tim esca les  at w hich  th ese  ev en ts  ca n  b e 
stu d ied . In  so m e  ìn sta n ces , the fossil re co rd  o f  Q u a te r- 
nary , p a rticu la rly  la ter Q u atern ar)', e x tin c tio n s  p e rm its  
analvsis o f b io lo g ica l change on  e co lo g ic a l tìm e sca le s  
o f  h u n d red s or thou sand s o f years. R e so lu tio n  o f  the 
pre-Q u aternary ' reco rd  is  m u ch  less . T h e  sev erity  o f 
these  e x tin c tio n  ev en ts  m ay be a rtiíìc ia llv  co m p o u n d e d  
by ou r in a b ility  to  d istin gu ish  ev en ts  that o ccu rre d  al 
d ifferen t tim es over in terv als  of h u n d red s o f  th o u sa n d s 
or a few  m illio n  years.

F in a lly , a su rv ey  o f cu rren t re se a rch  o n  the d istal 
cau sal ĩa c to rs  o f  inass e x ú n c tio n s  an d  p erio d s o f  rapid  
faunal tu rn o v er in synapsid  e v o lu tio n  in d ica te s  thai 
there  p ro b ab lv  w as not a single grim  reap er. V ary in g  
co m b in a tio n s  of’ the effects o f m o d ilĩca tio n  o f th e  co n -



íig u ration  o f  o ce a n s  and th e ir  p atterns ol c ircu la tio n , 
in creases in  the in te n s itv  o f  v o lca n ic  activ ity , and the 
sp o rad ic  im p a cts  o f  e x tra te rre str ia l b o d ies  all co n tr ib - 
uted to so m e tim e s  d e le te rio u s  ch an g es in  the  physical 
e n v iro n m e n t. S im ila rly , b io tic  factors p layed  a part. T h e  
d egree of in te rd ep en d e n ce  o f the  m em b ers  o f an eco sys- 
tem , for e x a m p le , co n tr ib u te s  to the sy ste m ’s resistan ce  
to en v iro n m e n ta l ch a n g e . C o m p e tiú o n  and p red atio n  
also have c o n tr ib u te d  to  trigg erin g  e x tin c tio n s . At dif- 
ferent tim es in  the p re -Q u a tern a ry  h is to ry  o f  m am m a- 
lian  e v o lu tio n , all ih ese  and  p ro b ab ly  o th e r  ĩa cto rs  
cau sed  e x tin c tio n s  o f  lin eag es.
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GLOSSARY

a e re n c h y m a  A sp o n gy  p lant tissue composed largely  
o f a ir sp aces en ab lin g  gas e x ch a n g e  to take p lace  by 
d iííu s io n  in  u n d erg rou nđ  m an grov e ro o ts . 

a e r ia l ro o ts  In  m an grove sp ecies  su ch  as Rhizophora, 
ro o ts  b ra n ch  o u t írom  the stem  som e d ista n ce  above 
the so il su ría ce . L en tice ls  (p o re s) in  the  aeria l p o rtio n  
o f  th ese  ro o ts  enable  gas e x ch a n g e  to  take p lace , 
th ro u g h  aeren ch y m a  tissu e , w ith  the resp ir in g  un- 
d erg ro u n d  p o rtio n s  o f the root. 

m a n g a l A term  so m etim es used  to sp ecify  the  m an- 
grove h a b ita t as a w hole as op p o sed  to  “m a n g ro v e” 
ap p lying  sp e ciíĩca lly  to the trees th em selv es. F o r  the 
m o st p art, h o w ev er, m an grove is co n sid ere d  to apply 
to b o th  trees and  habitat. 

p n e u m a to p h o re s  In  som e sp ecies  o f m an gro v e , su ch  as 
Avícennia and Sonneratia, u n d erg ro u n d  ro o ts  spread  
la tera lly  fro m  the m ain  stem . P n e u m a to p h o re s  grow  
v ertica lly  from  th ese , typ ica lly  s tan d in g  1 0 - 2 0  cm  
abov e th e  so il su ría ce , en a b lin g  gas e x ch a n g e  to take 
p lace  w ith  the u n d erg ro u n d  roots.

p s e u d o íe c a l p e lle t  F id d le r crabs and  th e ir  re la tiv es co l- 
lect so il w ith  th e ir  m o u th p a rts , sep ara ie  o rg a n ic  par- 
tic les  from  m in era l co m p o n e n ts  by  a co m p le x  ílo ta- 
tion  p ro cess , in g est the  ĩo rm er, an d  d iscard  the la tter  
in  the iorm  o f  co m p a c t p ellets. T h e se  are  k n o w n  as 
p seu d oĩecal b e ca u se , a lth o u g h  e x tra c tio n  h as laken  
p lace , the w aste m a te ria l h as n o t p assed  ih ro u g h  
the gut.

MANGROVES ARE a gro u p  o f ire e s  and  sh ru b s, m o stly  
ev ergreen , w h ich  have co n v erg e n lly  ev olv ed  p h y sio lo g- 
ical and  m o rp h o lo g ica l a d a p ta tio n s  to  shallovv in tertid al 
en v iro n m en ts . T h e se  are m o stly  c o m p o sed  o f  so ft sed i- 
m en t, in  w h ich  o th e r v ascu lar p lan ts  are rare. M an- 
groves are a lm o sl ex c lu s iv e ly  tro p ica l in d istrib u tio n  
and  often  d o m in a te  large  areas o f  c o a stlin e  or estu ary.

I. MANGROVE TREES

C u rren tly , the to ta l m an gro v e area in  the w orld  is esti- 
m ated  at 1 7 0 ,0 0 0  krrr. T h e y  are the  p rin c ip a l sou rce  
o f  p rim ary  p ro d u ctiv ity  in  su ch  areas. By th e ir  p resen ce , 
they also p rovide sh e lte r  for o th e r  o rg an ism s. M an- 
groves are th erefo re  the  en erg y  b ase, and  p h y sica l sub- 
s tra te , o f an  o ften  co m p le x  and  d iv erse  eco sy stem . M an- 
grove íau nas, to a u n iq u e  e x le n t, co m p rise  o rg an ism s 
o f  b o th  m arin e and  te rre s trìa l orig in .
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A. The Mangrove Habitat
T he m an grov e en v iro n m en t is a d em an d in g  o ne. T yp i- 
cally , m an grov es are reg u lạrly  in u n d ated  by tides and 
are th ere io re  usually  in  a p erm an en tly  vvaterlogged 
S ta te . T h e  tidal w ater is sa lin e , so  m an grov e trees have 
the p ro b lem  o f  cop in g  w ith  sa lt and  a cq u ir in g  su ffìc ien t 
w ater again st an  o sm o tic  g rad ien t. In  h o t c lim a te s , evap- 
o ra tio n  m ay m ake the sa lin ity  even greater th an  that of 
seaw ater. In the Indus D elta  (P a k ista n ), for exam p le, 
the p rev a ilin g  sa lin ity  m ay b e as m u ch  as tw ice  that o f 
seavvater. A m ong the v ascu la r p lan ts , o n ly  m an grov es 
ílo u rish  in  su ch  an in h o sp ita b le  e n v iro n m e n i (F ig . 1 ).

M angroves are deRnecl p h y sio lo g ica lly  as trees that 
can  survive in  ihe m angrove h ab ita t, o r m an gal. T he 
term  is  not a la x o n o m ic  o n e , n o r d oes it in d ica te  p hylo- 
g en etic  d iv erg en ce from  a co m m o n  m an grove a n cesto r. 
T h e  ap p ro x im a ie ly  5 0  sp ecies  g en era lly  reco g n iz ed  as 
m an grov es b e lo n g  to 2 0  gen era  in  16  Tamilies, a lth o u g h  
2 ía m ilies , A vicen niaceae and R h iz o p h o ra cea e , dom i- 
nate in  n u m b er o f species (as  they do also  in  ab u n d a n ce) 
(T a b le  I ) .  In m o st cases th ese  gen era and  ía m ilies  also 
co n ta in  n on m an g rov e m em b ers. M angrove sp e c ie s  have 
evolved  th eir sp ecìa list fea tu res as the resu lt o f  co n v er- 
g en t ev o lu tio n , and m an grove a ttrib u te s  have p rob ab ly  
evolved in d ep en d en tly  at least 15 tim es.

In ad d itio n  to irue m an grov e sp ecies , th e re  is also 
a lo o se ly  defined  category  o f m an grov e asso c ia tes . T h ese  
are sp e cie s  often  o ccu rrin g  in  m an grov e h a b ita ts  but 
w h ich  a lso  o ccu r e lsew h ere . S o m e are fo u n d  on ly  at

the landvvard m arg ins o f  the m angal, vvhereas others, 
su ch  as c reep ers  and lian es, have th eir ro o ts  ab o v e  the 
in terú d a l zo n e  b u t invade the m angal b y  u sin g  the 
m angrove trees p u rely  for su p p ort. O th er p lan ts associ- 
ated  w ith  m an grov e trees are ep ip hy tes, vvhich inclu d e 
íern s and  the “a n t-h o u se ” p lan ts (see  S e ctio n  II .A ), and 
p arasitic  m an grov e m istle to es.

B. Adaptations to the 
Mangrove Environment

1. S a lin ity

T h ree  p rin cip a l m ech an ism s enab le  m angrove trees to 
survive sa lin e  en v iro n m en ts. Som e sp ecies  ex c lu d e  salt 
at the ro o t su rface  w hile  co n tin u in g  10 take in  w ater. 
In  Aegicems and Avicennia, up to  9 7 %  o f the sa lt is 
exc lu d ed , ap p aren ily  by a p hy sica l ra th er than  a m eta- 
b o lic  m ech a n ism . T h is  h as the e ffect o f  loca lly  in creas- 
ing the sa lin ity  o f the so il around  the ro o ts , w ith im pli- 
ca tio n s  for o th e r  org an ism s: m angrove trees m odify 
th eir e n v iro n m en t as w ell as respond  to it. In  o th er 
in s ta n ce s , trees  take in  sa lt b u t seq u ester it vvithin cells 
in su ch  a w ay ih at sen sitiv e  m eta b o lic  p ro cesses  are 
p ro tected  [rom  c o n ta c t w ith  excess iv e  salt co n cen tra - 
tion s. F in a lly , several m angrove sp ecies  secrete  excess 
sa h , at co n sid era b le  m eta b o lic  co s t, from  sp ecialized  
sa lt g land s o n  th e ir  leaves. M any m angrove sp ecies  use a 
c o m b in a tio n  o f ih ese  m ech a n ism s, as show n in  T a b le  11.

FIGURE 1 M angroves (AvitTnniíi and Rhizophora) íringing a tidal creek in thc Indus Delta. 
Pakistan.



TABLE I

D istribu tion  o f Mangrove Sp ecies by 
Fam ily and G enu s1'

Pamilv Genus

N um bcr of 
m angrove 

species

Avicenniaceae Aviccnnia 8

Com bretaceac Laguncuỉarỉa 1

Lumnitzera 2

Palmae Nypa 1

Rhizophoraceac Bruguiera 6

Ceriops 2

Kandeỉia 1

RhiZophora 5

Sonneratiaceae Sonneratia 5

Bom bacaceae Camptostemon 2

Euphorbiaceae Excoecaha 1

Lythraceae Pemphis 1

Meliaceae Xyỉocarpus 2

M yrsinaceae Aegiccras 2

Myrtacéae Osbornia 1

Pellicieraceae Pelliáera 1

Plumbaginaceae Aegiaỉitis 2

Pteridaceae Acrostichum 3

Rubiaceae Scyphiphoni 1

Sterculaceae Heritiera 3

Total

16 20 54

“ This íollovvs the classificaúon o f Tom linson 
(1 9 8 6 ) ; there are ahhernative vievvs on the status of 
certain species as true m angrovcs or mangrove associ- 
ate species.

2 . W a t e r lo g g in g

T h e  m a jo r p ro b lem  o f w aterlogged  so ils  is la ck  o f  oxy- 
gen . U n d erg ro u n d  ro o ts , lik e  a ll tissu es, req u ire  o xy g en  
fo r resp ira tio n . In  a n o rm a l so il, gas e x ch a n g e  takes 
p lace  read ily  th ro u g h  a ir-filled  sp aces  b e tw een  so il par- 
tic les . In  w ater, the  rate o f  d iffu sio n  o f  o xy g en  is very 

low , and in  co n se q u e n ce  w aterlogg ed  so ils  are gen erally  
v irtu a lly  la ck in g  in  free o xy gen . O n e o f  the m o st w ide- 
sp read  m an g ro v e  trees, Rhizophora, ad ap ts to  su ch  an- 
o x ic  so ils  by k eep in g  m u ch  o f  the ro o t m ass above the 
m u d  su ría ce , su rro u n d ed  by air. T h e  s tre tch e s  o f  these 
aerial ro o ts  (F ig . 2 ) c lo se  to the so il carry  n u m ero u s gas- 
e x ch a n g e  p o res, o r le n tice ls , w h ereas the u n d erg ro u n d  
p o rtio n s  are h o n e y co m b ed  w ith  a ir-filled  sp aces.

T h is  a ir-filled  tissu e , o r aeren ch y m a , is a lso  a íeatu re  
o f  Avícennía and Sonneratía, w h o se  ro o ts  are h o riz o n ta l

TABLE II

M ethods o f Salt T o leran ce Em ployed by 
M angrove Species

Species Exclude Secrete Accum ulate

Aamíhus +

Aegíaỉitis + +

Aegiceras + +

Avicennia + + +

Bruguỉera +

Ceriops +

Excoecaria +■

Laguncuìarỉa +

Osbornia + +

Rhizophoia + +

Sonneratia + + +

Xylocarpus +

and c lo se  to the su ría ce . T h e se  sp e c ics  resp ire  by grow - 
ing n u m ero u s p e n c il-lik e  p n eu m a to p h o res  w h ich  pro- 
irud e above the m ud su ría ce  and  allow  gas exch an g e  
w ilh  ih e u n d erg ro u n d  tissu es (F ig . 3 ) .  P n eu m atop h o re  
gro w ih  is lacu lta tiv e: T h e  less w aterlogged  the so il, the 
lo w er the p n eu m a to p h o re  d en sity . In the e x trem e and 
atyp ical case  o ỉ  Avicennia g ro w in g  in sand  b e tw een  the 
E g yp lian  S in a i d esert and the sea , the so il ìs so  w ell 
o xy gen ated  that no p n e u m a to p h o res  develop.

T h e  aerial ro o ts  o f  Rhizophora and the interivvined 
u n d erg ro u n d  h o riz o n ta l ro o ts  o f  Aviccnnia p h y sica lly  
su p p o rt the trees in w hat is o ften  a relaú v ely  u n stab le  
and  sh iftin g  so il. A erial ro o ts  and  p n eu m a to p h o res  p ro- 
vide a tta ch m e n t s ites  for e p ib io n ts  and  fa c ilita te  the 
a ccre tio n  o f  sed im en t by im p e d in g  w ater m o v em en t.

3 .  R e p r o d u c t io n

M any m an gro v e sp ecies  sh o w  so m e fo rm  of v ivipary. 
Rhizophora is an  exam p le. T h e  ovum  is fertilized  w hile 
still on  the p a ren t tree  and  g row s by a co m b in a tio n  o f 
p h o to sy n th e sis  and  a c q u is itio n  o f  n u trien ts  fro m  the 
p aren t u n til it  m ay re a ch  a le n g th  o f 5 0  cm  (F ig . 4 ) . 
T h is  s tru c tu re — n e ith e r  a seed  n o r a fru it, and  h en ce 
u sually  terrned a p ro p ag u le— th e n  íalls to the ground . 
T h e  p rop ag u les o f som e sp e cie s  ro o t a lm ost im m ed i- 
ate ly , b u t o th e rs  ap p ear to  hav e an  ob lig atory  ílo atin g  
p erio d  b efo re  th ey  s in k  and  esta b lish  th em selves. T he 
m a jo r ity  o f  ílo a tin g  p ro p ag u les p ro b ab ly  settle  c lo se  to 
the  p a ren t, b u t lo n g -d is ta n ce  d isp ersal is also p o ssib le . 
F lo a tin g  m an gro v e p ro p ag u les  m ay rem ain  v iab le  for 
a m o n th  o r lo n g er: D ep en d in g  o n  c u rren t speed  and



F1GURE 2 Aerial roois o f R h izop h ora  in a Malaysian mangrove íoresi. See also color insert, 
V olum e 1.

d irec tio n , they co u ld  travel a co n sid era b le  d ista n ce . It 
is n o t u n co m m o n  for m an grov e seed lin gs fro m  M e x ico , 
for in s ta n ce , to b e  stran d ed  and  take ro o t in  T exas 
v irtu a lly  a cro ss  the len g th  o f  the  G u lf o f M e x ico . A n 
even greater d isp ersa l m ay exp la in  the m an grov e sp ecies  
Rhizophora samoensis, w h ich  is ío u n d  o n ly  in  Sam oa 
and a d ja ce n t islan d s, at the o p p o site  e x tre m ity  o f the 
P acific  from  its  p resu m ed  a n c e sto r , the sp e c ie s  R. man- 
gle o f C en tra l A m erica . T h e  s ig n iíìca n ce  o f  d isp ersal

ab ilily  for the geo g rap h ical d is trib u tio n  o f m angrove 
sp ecies  is d iscu ssed  in S e cú o n  V .B.

II. MANGROVE ANIMALS: FAƯNA 0F 
TERRESTRIAL ORIGIN

A lth ou gh  m an grove ro o ts  are p eriod ically  im m ersed , 
the  b ra n ch e s  and leaves p rovide an en v iro n m en t little

FIGƯRE 3 Mangrove pneum atophores in Negombo Lagoon, Sri Lanka.



FIGURE 4 Mangrove propagules on a R hizophora  tree, Indus Delta, Pakistan. See also color inscrt, 
Volume 1.

d itĩeren t from  that in  ad ja cen t terrestria l ĩo rests , w ith 
w hich  they  co n seq u en tly  share  m u ch  o f  th e ir  fauna. 
M angrove a n im als  o f te rrestria l, ra th er th an  m arin e, 
origin  in c lu d e  a rth ro p o d s (p a rticu la rly  in sec ts , b u t also  
sp id ers and m y ria p o d s), am p h ib ian s, rep tiles , b ird s, and  
m am m als. V irtu a lly  n o n e  are found  exclu siv e ly  in  m an- 
groves.

p lan t, Hydnophytum jorm icaríum , h as sp ecia liz ed  ch am - 
bers  in  w h ic h  an ts  d ep o sit the re m a in s  o f  th e ir  prey, 
and  from  w h ich  the p lant ca n  ab sorb  n u trien ts  re leased  
by fungal a c tio n . T h e  s itu a tio n  is íu rth e r  co m p lica ted  
by the p re se n ce  o f  b u tte ríly  larvae (Hypochrysops) 
w h ich  leed  on  the a n t-h o u se  p lant and  w h ich  are tend ed  
by the a n ts . T h e  re la tio n sh ip  ih e re lo re  in v o lv es in tera c-

A. Insects
A nyone w ho has w orked  in  m an gro v es ca n  testify  to 
the a b u n d a n ce  o f  b itin g  in sects , p articu larly  m o sq u ito es  
and  “sand  ílie s” or b itin g  m id ges (C era to p o g o n id a e ). 
M o sq u ito  larvae develop  in  ro t h o les  in m an gro v e trees, 
in  sem ip e rm a n e n t b ra ck ish  p o o ls , or in  the w ater re- 
tained  in  crab  b u rro w s. In  th e  la tter case , o n e  E ast 
A frican  sp ecies , Aẽdes pembaensis, en su res a su itab le  
b u rro w  e n v iro n m en t for its larvae by laying its  eggs 
d irectly  o n to  th e  claw s o f  the crab  Sesarma meinerti. 
Prey o f ad u lt m o sq u ito es  in c lu d es , apart from  h u m an s, 
a variety  o f  m an grov e m am m als and  b ird s, and  in  som e 
cases it ex te n d s to fìsh.

A nts are o ften  ab u n d an t in  m an grov es, in c lu d in g  the 
aggressive n e st-b u ild in g  w eaver ants ( Oecophyỉla) o f 
the  In d o -P a c iíic  and lea f-cu tte r  ants (Atta) o f  S o u th  
A m erica . P articu la rly  co m p lex  re la tio n sh ip s  have 
evolved  b e tw een  ants, ep ip h y tic  “a n t-h o u se ” p lan ts , and 
m an gro v e trees (F ig . 5 ) . A n t-h o u se  p lan ts  have b u lb o u s 
s tem s (w h ich  m ay w eigh  several k ìlo g ra m s) h o n ey - 
co m b ed  w ith  p assages ín h ab ited  b y  ants. O n e  su ch

FIGURE 5 The "ant-house plant” M yrm ecodia, epiphytic on a man- 
grove branch [reprinled from Saenger, p., Hegerl, E. J . ,  and Davie, 
J .  D. s. (1 9 8 3 ) . G lobal status o f mangrove ecosystem s. Environm ental- 
isí 3(Suppl. 3 ), 1 - 8 8 ,  1983, with perm ission of the International 
Union for the Conscr\'aùon o f Nature and Natural Resources].



tions b etw een  tw o p lan t sp e cie s , tw o an im al sp ecies, 
and o n e or m o re  fungus.

M o st m an grove ants are arb o rea l and  essen tia lly  ter- 
restria l an im als. In  m an y cases they  n est outsid e the 
in tertid a l zone and  íorage in  the  m an gal o n ly  at low  
tide. O n e  A u stra lian  sp ecies , Poỉyrachis sokolova, is tru ly  
in tertid a l, re tre a tin g  at h ig h  tide to n ests  w ith in  the 
m an grove m ud. N o th in g  is  ac tu a lly  k n o w n  o f  its physi- 
ology: lik e  o th e r  in tertid a l in se c ts , it m ay re ta in  a sur- 
face film  o f a ir and  th e re ío re  avoid  the need  for any 
sp ecia l ad ap ta tio n s to  im m e rsio n  or v ary in g  salin ity .

P ro b ab ly  o f g reater eco lo g ica l s ig n ifica n ce  are the 
various p la n t-ea tin g  in sects . T e rm ite s  p lay  a m a jo r role 
in d isp o sin g  o f dead  w ood. S o m e sp ecies  co n stru c t nests 
o f m u d  on  tree ư u n k s  several m eters  ab ov e h ig h -tid e  
level, w ith  a cce ss  ga lleries  sn a k in g  d ow n the tru n k  to 
the aeria l ro o ts  and  up w ards to the canop y.

T h e  m o st im p o rta n t h e rb iv o re s  are th o se  that eat 
m an grove leaves an d  seed lin g s, p a rticu la rly  the larvae 
o f m o th s  and b ee tles . T y p ica lly , on ly  a sm a ll p ro p o rtio n  
o f leaf p ro d u c lio n  falls to  herb iv o ry . S o m etim e , how - 
ever, it reach ed  ep id em ic  p ro p o rtio n s . Ind iv id u al trees 
in  an othervvise h ea lth y  forest m ay be co m p le te ly  d efoli- 
ated , and  o cca s io n a lly  areas o f  m any h ecta res  are 
strip p ed  o fle a v e s . C an o p y  lo ss  m ay resu lt in  the  d eío li- 
ated  trees d ying  and b ein g  rep laced  by o th e r  sp ecies  
that are m ore to le ra n t of u n sh ad ed  co n d itio n s . In sect 
h erb iv o ry  ih e re ío re  m ay a lter m an grov e co m m u n ity  
s tru ctu re .

O th e r  m an grove in sec ts  in c lu d e  the sp e cta cu la r syn- 
ch ro n o u sly  ílash in g  fireflies o f  M alaysia (Pteroptyx), 
w h ich  o ccu p y  the m an grov e Sonneratia for their dis- 
p lays, and  n u m e ro u s  sp ecies  o f b u tte ríly  and rnoth. 
H aw km o th s, bees, an d  d ro so p h ilid id  flies are  am o n g  the 
sp ecies  w h ich  are p ro b ab ly  o f  im p o rta n ce  in  p o llin atin g  
m an grove flow ers.

B. Amphibia and Reptiles
A m p h ib ia  are rare in  b ra c k ish  o r  salt w ater, but one 
sp ecies, the c ra b -e a tin g  frog  ( Rana cancrivora), is com - 
m o n  in  m an grov e h ab ita ts  o f  S o u th ea st A sia. T ad p oles 
surv ive w ell in  sa lin ity  up  to 5 0 %  th at o f  seaw ater.

R ep tiles  are m o re  ab u n d an t. N u m ero u s sp ecies  o f 
sn ak e  forage w ith in  the m an gal at low  tid e, in clu d in g  
terrestria l or a rb o re a l sp ecies  b u t also  so m e for w h ich  
the m an gal is th e ir  p rim ary  h ab ita t. M ang rove sn akes 
eat crab s  (so m e tim e s  re c ip ro ca te d ), in sec ts , and íĩsh. 
In  So u th east A sia, o n e  o f the m o st fo rm id ab le  m angrove 
p red ato rs is the m o n ito r  lizard  (Varanus indicus), w h ich  
m ay reach  1 m  in len g th . C ro co d ile s , ca im an s, and

allig a to rs  also  o ccu r in  m an gro v es, a lth o u g h  these are 
n ow  rare in  m any areas due to  h u m a n  activ ities .

c. Birds
B ird s are h ig h ly  m o b ile . M any sp en d  o n ly  part o f th e ir 
tim e in  m an gro v es, m igratin g  sea so n a lỉy , d aily , or tid- 
ally. M an g ro ves provide a feed ing  area, a n e s tin g  site , 
a refu ge fro m  the risin g  tide, o r so m e c o m b in a tio n  o f 
these . W ad ers  p robe for in v erteb ra tes  in  the m u d  o f 
the  m an gal or a d ja cen t m u d ílats. K in g íish e rs , egrets, 
and  h e ro n s  ca tch  fìsh or in v erteb ra tes  in  the sh allow  
w ater o f m angrove creek s. L arger fìsh  ea ters, su ch  as 
p e lica n s , osp reys, and co rm o ra n ts , ran ge íu rth er  afield  
and  m ay re tu rn  to the m angal to ro o s t o r  breed . In the 
C a rib b ea n , ro o sts  and n estin g  c o lo n ie s  o f  ca ttle  egrets 
(Bubulcuỉus ibis) and scarle t ib is  ( Eudocínus ruber) are 
so d en sely  p acked  that the c o n se q u e n t e n rich m e n t o f 
the so il w ith  gu ano leads to s ig n iíìca n tly  e n h a n ce d  lo ca l 
grow th  o f the  m angrove trees.

M angrove forests  typ ically  in c lu d e  n u m ero u s passer- 
ine  sp ecies. N ectar íeed ers su ch  as su n b ird s  in  M alaysia, 
h o n ey ea ters  in  A u stra lia , and h u m m in g b ird s  in  Sou th  
A m erica  m ove seaso n ally  in to  m a n g ro v es  and m ay be 
im p o rta n t p o llin a to rs . In sectiv o ro u s p asserin es  sp ecia l- 
ize in h aw k in g  for in sects  in  the ca n o p y  o r, am o n g  low - 
ly in g  v eg eta tio n , in  p ick in g  in se c ts  o ff  leaves o r from  
b a rk  crev ices  o r from  d ifferen t sp e c ie s  o f tree. B roadly  
s im ila r gu ild s o f  ìn sectiv o ro u s b ird s, co m p ris in g  differ- 
en t c o n stitu e n t sp ecies, seem  to o c c u r  in  d ifferen t geo- 
grap h ica l reg ions.

F ew  o f the  sp ecies  found w ith in  the m an gal are m an - 
grove sp e cia lis ts , and th o se  w h ich  are re s tr ic te d  to m an - 
groves in  o n e  p art o f  the w orld  m ay o ccu p y  d ifferen t 
h a b ita ts  e lsew h ere . O n e exam p le is  th e  co sm o p o lita n  
G rea t ú t (Parus mạịor), d is trib u ted  from  w estern  E u- 
rop e to C h in a : o n ly  in  M alaysia is it a m an gro v e  sp ecies. 
T h e  la ck  o f  m an grove sp ecia lists  is p ro b ab ly  due to 
th e  re lativ e  s im p lic ity  o f the m an g ro v e  forest s tru ctu re  
com p ared  w ith  typ ical tro p ica l ío re st, a llo w in g  less 
sco p e  fo r n ic h e  sp ecia liza tio n . A n o th e r  rea so n  is  p ro b a- 
b ly  the p ro x im ity  o f a p ool o f co m p e tin g  sp ecies  in  
a d ja ce n t tro p ica l ra in  forest. T h e re  are p ro p o rtio n a lly  
few er m an grov e sp ecia lis ts  in  N ew  G u in ea , w h ere rain 
fo rest u su ally  ab u ts  m an grove h a b ita ts , th an  in  A ustra- 
lia , w h ere  th is ju x ta p o s itio n  is less co m m o n . W ith in  
A u stra lia , there  are few sp ecia lists  in  the  m an grov es o f 
Q u een sla n d , w h ich  are ex ten siv e  and  co n tig u o u s w ith  
ra in  fo rest, th an  in  n o rth w estern  A u stra lia , w here this 
is n o t the case. M ost m an grove b ird s are p ro b ab ly  u sin g  
the h ab ita t o p p o rtu n istica lly .



D. Mammals
As w ith  b ird s, m an y m am m al sp ecies  use the m angal 
o p p o rtu n istica llv . T h e se  in clu d e sm all ro d en ts, ago u tis , 
wild p igs, an te lo p es, d eer, and  rh in o ce ro ses ; the S u n d - 
arbans o f Bengal are the last m a jo r  red o u b t o f the B en gal 
tiger (Panthera tigris). D o m estic  an im als , su ch  as ca m els  
and bu ffa lo , are o ften  a m a jo r e lem en t in  the m an grov e 

fauna. O tters  m ay a lso  be ab u n d an t, feeding  on  fìsh  and 
crabs from  the m an gro v e creeks.

M onkeys are c o m m o n  in  m an grov es. In  S o u th east 
Asia these in clu d e m acaq u es (Macaca) w h ich  forage 
on the m ud for cra b s  and  m o llu sks. T h e y  also u p ro o t 
large n u m b ers o f m an grov e seed lin gs: B ecau se  th ese  
are seld o m  eaten  o r ev en  greatly dam aged , the p u rp o se  
is n o t c lear. H erb iv o ro u s m o n k ey s are foun d  in  ihe 
forest canop y, in c lu d in g  lea f m o n k ey s (Presbytis) and, 
in  the m angrove ío rests  o f Saravvak, the s tr ik in g  
p ro b o scis  m o n key  (Nasalis larvatus). T h is  is foun d  
only in mangroves and riverine forests, and it special- 
izes in  eatin g  fo liag e, w h ich  is d igested  in an  e lab o rate  
m u ltich am b ered  s to m a ch  vvith the aid o f res id en t b ac- 
teria.

Bats are o íten  a b u n d a n t in  m an grov es. R e so u rcc  par- 
titio n in g  in  in sectiv o ro u s  bats p aralle ls  thai o f in sec tiv o - 
rous b ird s, w ith  sp e c ie s  sp ecia liz in g  in  d ifferen t zo n es 
o f the m angrove v eg eta tio n  and ca tch in g  th eir prey w ith  
d ifferen t ílight tech n iq u es . A sin g le  b at m ay eat up to 
on e-th ird  o f its b od y  w eigh i o f  in sects  ea ch  n igh t: A 
3 0 -g  bat m ight th e re ío re  co n su m e 5 0 0 0  in sec is  n igh tly . 
T h e  im p act o n  the in s e c t p o p u la tio n  o f  ío rag in g  b ats 
m u sl b e  co n sid erab le .

T h e  exclu siv e ly  O ld  W o rld  fru it bats o íten  o cc u r  in 
m an grov e forests in  vast n u rab ers : R o o sts  o f  an  esti- 
m ated  2 2 0 ,0 0 0  in d iv id u als  have b een  reco rd ed . M ost 
fru it bats feed on  n e c ta r  and  fru it, and  it is th is  w h ich  
a ttra c ts  m an y sp ecies  in to  the m angal. In  M alaysia , the 
lo n g -to n g u ed  fru it b at Macroglossus minimus is an  im - 
p o rta n t p o llin a to r o f  th e  m an grove Sonneratia: the  lo n g  
to n g u e is sp ecia lized  fo r in sertio n  in to  the Sonneratia 
flow er, w h ich  ca rries  large p ro je c tin g  stam en s to  d ep o sit 
p o llen  o n to  the fur o f  the  feed ing  b at. Sonneratia flow ers 
last for only  a s in g le  n ig h t, p o ssib ly  b ecau se  o f  the  w ear 
an d  tear resu ltin g  fro m  v isits  b y  su ch  a large p o llin a to r. 
T h is  sp ecies  o f b a t is  a true m an grov e sp ecia lis t, and 
in  w estern  M alaysia at least, it h as n o t b een  reco rd ed  
from  o th e r h ab ita ts. M angrove sp ecia liz a tio n  is p o ssi- 
b le  on ly  b ecau se  the ih ree sp ecies  o f Sonneratia in  
th e  area have d iffe re n t ílovvering p a ltern s  so that 
n e c ta r  is available th ro u g h o u t the year. O th e r  fru it 
b a ts  sw itch  sea so n a lly  betw een  m an grove and n o n - 
m an gro v e sp ecies.

III. FAƯNA OF MARINE ORIGIN

O n e o f  the p rin c ip a l reaso n s  for the h igh  faunal d iversity  
o f  m an grov e e co sy stem s is th e ir  a cce ss ib ility  to  o ccu p a- 
tio n  by o rg an ism s from  b o th  te rre s tria l and  m arin e  h ab i- 
tats. O f th ese , the  m arin e  invad ers are the m o re  n u m er- 
ou s in  term s o f n u m b ers and  d iv ersity  o f  sp ecies. T h ese  
in c lu d e  m o re  o r less sess ile  o rg an ism s se ttlin g  o n  aerial 
ro o ts  and  p n e u m a to p h o res  as w ell as m o re m o b ile  spe- 
c ies  liv in g  o n  and  u n d er the m ud. M an y  a n im al group s 
are rep resen ted  in  the m an gal, the m o st co n sp icu o u s  
and  e co lo g ica lly  m o st s ig n ifica n t b e in g  te le o st fìsh , cru s- 
ta cea , and m o llu sk s . As w ith  the lan d -d eriv ed  m an grove 
fau n a, the m a jo r ity  oi sp e cie s  o cc u r  e lsew h ere  and  a ccu - 
m u la te  in  m an gro v es b e ca u se  o f  the av a ilab ility  o f  food, 
sh e lte r , o r  su ita b le  su b stra te .

C o n sid e rin g  m an gro v e c o m m u n iú e s  a i a sca le  o í, for 
ex a m p le , h e c ta re s , the d iv ersity  o f s u c h  a n im als  is o ften  
h ig h . At sm a lle r sca le , h o w ev er, the  a n o x ic  co n d itio n s  
ca u sed  by \vaterlogging, ex a ce rb a te d  b y  m icro b ia l de- 
co m p o s itio n  o f  d etr itu s, m ay g reatly  red u ce  both  spe- 
c ie s  d iv ersity  an d  ab u n d an ce .

A. Root Communities
M an g ro ve ro o ts  and p n e u m a to p h o res  p rov id e a hard  
su b stra te  o ften  cov ered  w ith  a r ich  and  d iverse gro w th  
o ís p o n g e s , sea an e m o n e s, b ry o z o a n s, tu n ica te s , b arn a- 
c le s , tu b ew o rm s, and  m o llu sk s  as w ell as ep ip h y tic  al- 
gae. T h e se  in  turn  m ay a ttra c t a m ore m o b ile  p o p u la tio n  
o f  b ro w sers  or p red ato rs . T h e  ep ib io n ts  are m o stly  íìlie r  
íeed ers , e x tra c tin g  o rg an ic  p a rtic le s  su sp en d ed  in  the 
w ater, or p red ato rs  o f  z o o p la n k to n , w ith  no d irec t 
in te ra c tio n  w ith  th eir m an g ro v e  h o st. A p a rticu la rly  
th ic k  grovvth, h o w ev er, can  ad versely  a ffect the h o st 
tree b y  o cc lu d in g  le n tic e ls  an d  re s tr ic tin g  gas exch a n g e  
w ith  the u n d erg ro u n d  ro o ts . T h e  re la tio n sh ip  is som e- 
tim es m u tu ally  b e n e ẵ c ia l, as e n c ru s tin g  sp o n ges m ay 
tra n sfe r n itro g e n o u s  n u tr ie n ts  to th e ir  h o s t, and en- 
cru s tin g  fau n a can  p ro te c t th e  ro o t from  a tta ck  by 
w o o d  b o rers .

T h e  la b y rin th in e  a e re n ch y m a  tissu e o f  the ro o ts  is 
easily  p en etra ted  by w o o d -b u rro w in g  o rg an ism s. T h e  
iso p o d  c ru sta ce a n  Sphaeroma is a c o m m o n  ro o t b o rer 
an d  m ay cau se  sev ere  d am age and  ev en  d eath . Sphaer- 
o m a-in d u ced  d am age n ea r the  grovving tip  o f  a root 
m ay  in d u ce  fo rk in g , w ith  a re su ltin g  in cre a se  in  the 
n u m b e r o f  ro o ts  en te rin g  the so il: T h is  m ay b e n e íìt  the 
tree. T h e  “sh ip w o rm ” Teredo (w h ich  is in  fact a m o llu sk ) 
a lso  b o res  dead  ro o ts  and  tru n k s  ex te n s iv e ly  and plays 
a s im ila r ro le  to that o f  te rm ites  in  d isp o sin g  o f  w oody



All m u d skip p ers are p ro b ab ly  to  som e e x te n t o m n iv - 
o ro u s, b u t som e are p red o m in an tly  d ep o sit feeders and  
o th ers  carn iv ores. Prey o f the la tter in c lu đ e  crab s, in - 
sec ts , sp id ers, sh rim p s, and snails.

c. Crustacea
M angrove h a b ita ts, p articu larly  in  the In d o -W e st Pa- 
c iíìc , are d o m in ated  by crab s b e lo n g in g  to two fam ilies, 
G rap sid ae and  O cyp od id ae. T h e  fo rm er are p red o m i- 
nan tly  h erb iv o res  o r d etritu s feeders and the la tter de- 
p o sit íeed ers , e x tra c tin g  íìn e  o rg an ic  p a rtic les  fro m  
m an grov e m ud. P redatory  crab s, su ch  as the  ío rm id ab le  
Scỵlla , m ay also b e im p o rtan t co m p o n en ts  o f th e  m an - 
grove fauna. Sh rim p s (P en aeo id ea) and m ud lo b sters  
(Thalassina anomala) ,  and  sm aller cru stacea  su ch  as 
am p h ip o d s and iso p o d s, m ay also be s ig n iíìca n t as scav - 
en g ers, in  b re a k in g  d ow n lea f litte r , o r as p red ators o f 
sm a ller org anism s,

1. G r a p s id  C r a b s

G rapsid  crab s  o f the  su b íam ily  Sesarm in ae , p articu larly  
o f  th e  gen u s Sesarma, are ch a ra cteris tic  o f  m an groves, 
a lth o u g h  a few  sp ecies  o f this gen us o ccu r in  o th er 
h ab ita ts  (F ig . 7 ) . M ore than  4 0  sp ecies  o f  sesarm in e  
have b een  rep o rted  from  the m an groves o f M alaysia 
a lo n e , and  m any sp ecies, here and in  o th er reg io n s, 
u n d o u b ted ly  rem ain  to be d escribed .

Sesarma are sm all (u su ally  less th an  3 cm  in  b read th ) 
and  in co n sp icu o u sly  colo red . T h ey  are am p h ib io u s, re-

d ebris. L ik e  te rm ite s, Teredo re lies o n  sy m b io tic  m icro - 
o rg an ism s to d ig est th e  m o re  in tra n s ig e n t co m p o n e n ts  
o f w ood.

B. Fish
M angrove c re e k s  an d  in le ts  are freq u en tly  o ccu p ie d  by 
ab u n d an t an d  d iverse fìsh  p o p u la tio n s . In  S o u th ea st 
A sia, fo r in s ta n ce , reco rd s  o f m o re  th an  1 0 0  sp ecies  are 
by n o  m ean s u n u su al. M any o f these sp ecies  sp en d  on ly  
p art o f  th e ir  tim e w ith in  the m an gal, o fte n  m o v in g  to 
o th e r  h a b ita ts  sea so n a lly  or at d iffe ren t stages o f  th e ir 
life  cy cle . M u lle ts  (Liza) eat s ig n iíìca n t am o u n ts  o f m an - 
grove d etr itu s, su c h  as sh ed  leaves: m o st h u n t sm all 
c ru sta ce a  o r o th e r  in v erteb ra tes. Som e fìsh  are p erm a- 
n en t c re e k  re s id en ts , co m m u tin g  in to  the fo rest w hen  
it is su b m erg ed  at h ig h  tide and  ío rag in g  am o n g  the 
m an grov e ro o ts .

A t low  tid e, A sian  m an grov es are o ccu p ìe d  by m u d - 
sk ip p ers , w h ich  are re lativ es o f the  g o b ies  (F ig . 6 ) .  As 
th e ir  n am e su g g ests , they  sk ip  acro ss the  e xp o sed  m ud 
su ría ce  u s in g  th e ir  ta ils  and  leg -lik e  p e c to ra l fm s, som e- 
tim es ev en  c lim b in g  up aerial ro o ts  or p n eu m a to p h o res . 
T h is  a m p h ib io u s  life  req u ires  ap p rop ria te  p h y sio lo g ica l 
a d ap ta tio n s, p a rticu la rly  in  re la tio n  to resp ira tio n . M ud- 
sk ip p ers  are largely  a ir-b re a th in g , w ith  gas e xch a n g e  
tak in g  p la ce  n o t ju s t  acro ss  the g ills b u t also  at h igh ly  
v ascu larized  areas o f  the sk in . Som e s to re  a ir w ith in  
th e ir  b u rro w s to en ab le  aerial re sp ira tio n  ev en  at 
h ig h  tide.

FIGƯRE 6 M udskipper on an A vicennia  pneum atophore (phoLograph courtesy o f HAR).
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FIGURE 7 Mangrove sesarm ine crabs: (a) P arascsan n a  p lica ta ,  (h) 
Aratus pison ii. and (c) N eosannatiu m  smiííii [reprinted from lones, 
D. A. (1 9 8 4 ) . Crabs of the mangal ecosystcm. In H ydrobiology ọ f  the 
Mangíil (F . D. P oran d  I. Dor, Eds.), pp. 8 9 -1 0 9 ,  with kind perm ission 
Irom Kluvver Academ ic Publishers and ihe author].

trea tin g  in to  b u rrow s at h igh  tide and ĩo rag in g  o n  the 
e xp o sed  m u d  at lo w  tide. R esp ira tio n  in  air is ach iev ed  
p artly  by re c ircu la tin g  w ater fro m  the g ill ch arn b ers over 
the carap ace  w here it can  b e  reo xy gen ated : ev ap orativ e 
c o o lin g  d u rin g  th is p ro cess  a lso  serves lo  red u ce  the 
d angers o f h ig h  air tem p eratu re . W a te r  lo ss  ca n  be offset 
by the a cq u is itio n  oí so il w ater th ro u g h  tu fts  o f  ro o t- 
lik e  h a irs . S esa rm in es  are eu ry h a lin e , a lth o u g h  d ifferin g  
d eg rees o f sa li to lera n ce  p ro b ab ly  c o n trib u te  to the zo- 
n a tio n  o f  cra b  sp ecies  a lo n g  estu aries  or w ilh  sh o re  
level.

In so m e ca ses , sesa rm in e  crab s c lim b  trees to  feed on  
íresh  leaves o r b u d s. In  E ast A írica , Sesarma leplosoma 
u n d erta k es  sy n ch ro n iz e d  m ass m ig ra tio n s  tw ice  daily 
from  refu ges a m o n g  raan grove ro o ts  to ío rag e  o n  the 
tips o f  the b ra n ch e s  o f  the  trees. T h e  v irtu ally  ind is- 
ú n g u ish a b le  C a rib b ea n  sp ecies  Aratus pisonii sp end s 
m o st o f its tim e in  trees, on ly  rarely d escen d in g  o n to  
the m ud.

M o st sesa rm in es , h o w ev er, su b s is t o n  ía lle n  leaves 
o r p ro p ag u les. M an g ro ve leaves are o ften  r ich  in  ta n n in s  
and  o th e r  aversive m ateria ls, an d  several crab  sp ecies  
have b e e n  sh o w n  to se le c t leaves from  the m o re  p alat- 
ab le sp e cie s  o f  tree. M an y  leaves are co lle c te d  as so o n  as 
th ey  fall and  c a ch e d  in  crab  burrovvs. As d eco m p o sitio n  
p ro ceed s, ta n n in  levels d ecrease  and  n itro g e n  co n te n t 
in cre a se s  th ro u g h  the a ccu m u la tio n  o f  m icro b ia l b io - 
m ass: storage th ere fo re  in crea ses  le a f p alatab ility .

M u c h  o f  the le a f m ateria l ea ten  is  n o t a ssim ila ted  
b u t red ep o sited  o n to  the m u d  as feces, av ailab le  for 
m ic ro b ia l d eco m p o sitio n . It h as b e e n  e stim a ted  that

Processing of leaf m a le r ia l  by cra b s  in cre a se s  the ra te  

o f b rea k d o w n  o f  leaf litte r  7 5 -fo ld  com p ared  w ith  the 
rate o f d eco m p o sitio n  u n d er m icro b ia l a c tio n  alone. 
T h e re ĩo re , sesa rm in e  cra b s  co lle c tiv e ly  play a very im - 
p o rtan t ro le  in  ía c ilita tin g  en erg y  flow  th ro u g h  the m an - 
grove e co sy ste m . By ea tin g  p ro p ag u les, they also  a ffect 
sp ecies  d is tr ib u tio n  and  co m m u n ity  s tru c tu re  o f  m an- 
grove trees (see  S e ctio n  v.c.l). Hovvever, th ere  are 
g eo g ra p h ica l d iffe ren ces: in  S o u th e a st A sia and  A ustra- 
lia , sesa rm in es  are c ru c ia l in  litte r  b rea k d o w n  and se lec - 
tive rem ov al o f  p ro p ag u les, w h ereas in  F lo rid a  and  the 
C a rib b ea n  th ey  are o f lesser s ig n iíìca n ce .

2 .  O c y p o d id  C r a b s

S o m e cra b s  o f  the  íam ily  O cy p o d id ae , su ch  as the C e n 
tral A m e rica n  hairy  land  c ra b  Ucides, co n su m e m an - 
grove d etr itu s. T h e  m aịo rity  are d ep o sit íeed ers. A m ong 
th ese , the  m o st co n sp icu o u s  are the  gau d ily  co lo red  
íìd d ler cra b s  ( Uca sp p .), vvidespread th ro u g h o u t the 
m an gro v es o f  the O ld  and N ew  W o rld  (F ig . 8 ) .

T h e  c o m m o n  nam e d eriv es from  the o n e  greatly 
en larged  claw  o f  m ale íìd đ lers , w h ich  is u sed  in co u rt- 
sh ip  and in  d eterrin g  rival m ales. T h e  sm a lle r  c law  of 
m ales and  b o th  claw s o f  íem ales  are devoted  to  íeed ing. 
M ud  is scrap ed  in to  the b u cca l cav ity  in  w h ich , by a 
co m p lica te d  p ro cess  o f  ílo ta tio n  an d  m a n ip u la tio n  by 
the m o u th p a rts , fine o rg an ic  p a rtic les  are sep arated  
from  the m in e ra l c o m p o n e n ts . T h e  io rm e r is ingested  
a n d  the la tter  d ep o sited  as a b a ll o f  san d , o r “p seu d o íeca l 
p e lle t .” T h e  p ro cess  o f  sep a ra ú o n  m av b e  q u ite  selectiv e . 
In  so m e sp e c ie s , w h at is e x tra c te d  co n s is ts  a lm o st en- 
tire ly  o f  m icro b ia l ce lls  ra th er th an , fo r ex a m p le , frag- 
m en ted  le a f m ateria l. O th e rs  have su b tly  d ifferen t ex- 
tra c tio n  te ch n iq u e s  and  m ay sp e cia liz e  in  the  sm aller 
m e io ía u n a l an im als . T h e re  m ay b e as m an y  as 6 0  fìddler 
cra b s  p er sq u a re  m eter, re su ltin g  in  5 0 0  g o f  so il b ein g  
p ro cessed  d aily. T h e  to ll o n  m e io ía u n a  is p ro b ab ly  co n - 
s id era b le , and  the effects  o n  so il te x tu re  an d  co m p o si- 
t io n  are p ro fo u n d .

3 . O t h e r  M a n g r o v e  C r u s ta c e a

O th e r  cra b s  foun d  in  m an g ro v es are im p o rta n t p red a- 
tors. T h e  m o st co n sp icu o u s  is the m u d  crab  Scỵỉla ser- 
rata  o f  the  fam ily  o f  sw im m in g  cra b s  (P o rtu n id a e ). 
Scylla re a c h e s  a carap ace  w id th  o f  u p  to  2 0  cm , m ak in g  
it  the  la rg e st in v erteb ra te  p re d a to r fo u n đ  in  m an groves. 
E q u a lly  fo rm id a b le  p red ato rs are th e  m a n tis  sh rim p s 
(S to m a to p o d a ), w h ich  live in  burrovvs in  the  m u d  and 
la ce ra te  p rey  b y  rap id ly  sh o o tin g  o u t th e ir  v ic io u sly  
sp ik ed  ra p to ria l ap p end ages. O th e r  rarely  seen  b u r- 
ro w in g  c ru sta ce a n s  in c lu d e  p isto l o r  sn a p p in g  sh rim p s



FIGURE 8 Fìddler crab (ư ca ) in a Mozambique mangrove (photograph courtesy of D. Barnes). 
See also co lor insert, V olum e 1.

(Alpheus sp p .) and  th e  m ud lo b ste r  Thalassina (see  Sec- 
tion  I I I .C .4 ) .

M o re  gen eral m an grove scav en g ers in c lu d e  herm it 
cra b s, p articu larly  Cỉibanarius, w h ich  forage on the m ud 
su rface  at h ig h  lid e. S h rim p s m ay also  be  abu n d an t 
in  m an gro v es and  m an grov e creek s. P en aeid  shrim p s, 
w h ich  in  at least so m e p arts o f  the  w orld  d ep en d  heavily 
on  m an gro v es fo r íeed in g  and  b reed in g , are an im p or- 
tan t co m m e rc ia l cro p . T h e  sh rim p  Merguia ap p aren tly  
lives on ly  in  m an g ro v es and  has the d is tin c tio n  o f b ein g  
the on ly  sem ite rre stria l sh rim p : it  actu a lly  c lim b s  trees. 
O n ly  tw o sp ecies  are kn o w n . O n e  o ccu rs  in  the  In d o - 
W est P a ciíic  reg io n , from  K enya to In d o n e sia , and the 
o th er o ccu rs  in P anam a, B raz il, and N igeria . In d o -W e st 
P aciíic  and A tla n tic  reg io n s d ìffer in  the co m p o sitio n  
o f  th e ir m an grove ílo ras, and  the sep a ra tio n  o f  the two 
sp ecies  o f m an g ro v e-a sso cia ted  sh rim p s m ay have oc- 
cu rred  in  p aralle l w ith  the d iv erg en ce  o f th e  m an- 
groves th em selves.

4 .  C r u s ta c e a  a s  E c o s y s t e m  E n g in e e r s  

A ll sp ecies  have an  im p act o n  th e ir  en v iro n m e n t, at the 
very least e x ch a n g in g  m a teria ls  in  the  form  o f food, 
w aste m a teria ls , a n d  resp ira to ry  gases. S o m e species 
have effects  b ey o n d  these  s im p le  tra n sa c tio n s  and alter 
the  n a tu re  o f th e ir  e n v iro n m e n t in  w ays that affect 
sp ecies  o th er th an  th eir d irec l c o m p e tito rs , p red a to is , 
or prey. Su ch  sp ecies  are o ile n  term ed  “eco sy ste m  engi- 
n e e rs .”

In  a m an grov e eco sy stem , ih e  trees are the  greatest

e n g in eers , in ílu e n đ n g  sed im en ta tio n  rates and crea tin g  
a p hy sica l en v iro n m en t. C ru stacea  also , in  im p ortan t 
w ays, tra n sío rm  th eir su rrou n d in gs. T he lop ograph y o f 
m an grove sw am ps in  S o u th east A sia is o íte n  v isibly 
m o d ih ed  by m ud lo b sters  (see sec tio n  I I I . c . 3 ) . W h ile  
Processing m u d , Thalcissina th row s up w aste m aterial 
from  b en ea th  the su ría ce , ío rm in g  m o u n d s w hich  m ay 
reach  2 m  in  heigh t. T h ese  create  p atch es  o f dry m ud 
w h ich  p rovide h ab itats  for o th er sp ecies, in c lu d in g  the 
m an grov e fern Acrostichum , íìd d ler crab s, and  a variety  
o f o th er b u rro w in g  cru stacea  and m o llu sk s . B elw een  
the m o u n d s the m u d  su ríace  is low er, and m ore w ater- 
logged , than  it w ould  be otherw ise. B u rrow in g  crabs 
also  c o n to u r  th e ir  en v iro n m en t, a lth o u g h  less d ram ati- 

cally.
M u ch  o f th e  m icro b ia l activ ity  o f m an grov e m ud 

o ccu rs  in  the  su rface  layer, to  a d ep th  lim ited  by the 
d iffu sio n  and exch an g e  o f gases vvith the atm o sp h ere . 
As fidd ler crab s p ro cess  su rface  m u d , they  co n tin u a lly  
exp o se  fresh  m ateria l, ĩa c ilita tin g  m icro b ia ỉ activ ity , 
w h ile  the activ e  su rface  o f the m ud is in creased  in area 
by crab  bu rro w s. B u rrow in g activ ity  also o xy gen ates 
the d eep er so il and crea tes an u n d erg rou nd  lab y rin th  
o f in te rc o n n e c tin g  passages, th ro u g h  w hich sig n iíĩcan t 
u n d erg ro u n d  w ater flow  occu rs. E x p e rim e n ta l evi- 
d en ce  su gg ests that crab  activ ities  s ig n iíĩca n tly  a flect 
n u tiie n t  recyclirig  and en h an ce  grow th o f m angrove 
irees. C ru stacea  th ere ío re  a lter the s ia te  o f th e ir  
e n v iro n m e n t in  w ays that sig n iR can tly  affect o th er 
sp ecies.



D. Mollusks
1. B iv a lv e s

The rnost v isib le  b ivalve m o llu sk s  o f  m an gro v es are the 
oysters and m u ssels  found  a tia ch ed  to ro o ts . W ith in  the 
m ud, how ev er, th ere  is o ften  an  ab u n đ an t p o p u la lio n  o f 
b u rro w in g  sp ecies. T h ese , lik e  the o ysters  and  m u ssels, 
are largely Rlter feeders, e x tra c tin g  fine o rg an ic  p artic les  
Irom su sp en sio n . A less typ ical grou p  o f  b ivalv es are 
ihe sh ip w o rm s o f  the fam ily T ered in id a e  (see  S e ctio n
111.A ), in c lu d in g  the g iant m an grov e sh ip w o rm  Dicya- 
thiỊcr, w h ich  m ay rea ch  2 m  in  length .

2 . S n a ils

G astro p o d  sn ails  are a lso  gen erally  ab u n d an t in  m an - 
groves. As w ith  the cru sta cea n  íau na, th ese  in clu d e  
h erb iv o res, d etritu s and  d ep osit íeed ers, and  p red ators. 
A lth ou gh  a few sp ecies  are u n iq u ely  fo u n d  in  m an - 
groves, the m a jo ritv  o f su rfa ce -liv in g  sp ecies  a lso  o ccu r 
on o p en  m u d ílats.

T h e  p rin c ip a l p red alory  sn a ils  are sp ecies  o f  Thais, 
found  in  m an grov es w orldw ide. T h ese  cru ise  o v er m ud 
and m an gro v e ro o ts , íeed in g  on  b arn a cles  or sm aller 
g astrop od s. In ih e  m an groves o f  C osta  R ica , for exam - 
p le, T. kiosqui/ormis d en sities  m ay reach  m o re  th an  2 0 0  
per sq u are  m eter, and the sp ecies  plays a m a jo r  ro le in 
m a ìn ta in in g  the íu n c tio n  o f  m an gro v es by rem ov in g  
e n cru stin g  fauna from  th eir roots.

M any gastro p o d  sp ecies  are d ep osit feed ers, ran ging  
in s ize  Irom  tiny and  a lm o st in v is ib le  sp ecies  to the 
m assive Terebralia  and Teìescopium  o f  the  Indo-P aciH c 
reg io n , w h ich  m ay reach  a len g th  o f  10  cm  (F ig . 9 ) . 
O ne sp e c ie s , Tcrebraỉia palustris, íeed s o n  sm all d etritu s 
p a rtic les  w hen yo u ng, b u t on  re a ch in g  a len g th  oi’ ap- 
p ro x im a te ly  3 cm  it sw itch es  to a d iet o f  fa llen  leaves. 
T h e  tee th  on  the radula (th e  rib b o n -lik e  to n g u e) o f 
g astro p o d s m etam o rp h o se  ap p rop riate ly  to  a ío rm  su it- 
ab le for the a ltered  d iet. In  F lo rid a , sn a ils  are im p o rtan t 
c o n su m e rs  o f m an grove seed lin g s, at so m e lo ca tio n s  
d estro y in g  nearly  th ree -fo u rth s  o f the seed lin g  p opu la- 
tion . T h is  is an  in te re stin g  geo g rap h ica l c o n tra s t w ith  
o th e r  reg io n s , su ch  as M alaysia  and  A u stra lia , w here 
c r a b s  fu lfil this r o le  (see  S e ctio n  I I I . c . l ) .

T h e  m o st ab u n d an t sn a ils  o n  the m an gro v e trees 
are o ften  sp ecies  o f Littoraria, c lo se  re la tiv es o f  the 
p eriw in k le s  o f  tem p erate  ro ck y  sh o res. In  C en tra l 
A m erica , o n  b o th  sid es o f the Isth m u s o f  P an am a, ihe 
c o m m o n  sp ecies  is  L. anguli/era. In  the  In d o -P a cific , 
th is  sp e cíe s  is rep laced  by m an y  o th ers , w h ich  p a rtitio n  
b e tw e e n  th em  the sligh tly  d ifferen t h ab ita ts  afford ed  by 
a tree. In Papua N ew  G u in ea , L. scabra p refers the b a rk

F1GURE 9 G astropod m ollusks typical oí Indo-W cst Paciíie man- 
groves: (A) Pythin (2 .5  cm ), (B ) Tclescopium (1 0  cm ), (C ) T ercbra lia  
(6  cm ), and (D ) Cerithidea (2  cm ) (reprin ied  írom  A dvances in Maritxe 
B ỉoìogy  6 , w . M acnae, A general account o f the faưna and flora of 
m angrove sw amps and íorests in the Indo-W est Paciíìc Region, 7 4 -  
270 , 1968 , by perm ission o f A cadem ic Press).

o f trees o n  the seaw ard  sid e o f  a ío re st, L. intermedia 
p reĩers  trees  n e x t to fresh w ater c re e k s , w hereas the 
p o ly m o rp h ic  sp ecies  L. pallescens is ío u n d  so le ỉy  on 
leaves.

E. Meioíauna
W ith in  the m an gro v e m u d  lies  a r ich  fau n a v irtu ally  
in v is ib le  to  the  n ak ed  eye— the m eio fa u n a . B en ea th  an 
area o f  1 0  c m 2 o f  m u d  th ere  m ay be m an y th o u san d s 
o f  in d iv id u als . O rd ers o f  m ag n itu d e  sm a lle r th an  the 
m o re co n sp ic u o u s  m a cro ía u n a l cra b s  and  sn a ils  are 
m eio fa u n a l h e rb iv o re s, d etr itiv o re s, and  ío rm id ab le  
p red ato rs , w ith  food  ch a in s  p ro b ab ly  d ep en d en t on



p h o to sy n th e tic  cy a n o b a c te ria  (“b lu e -g ree n  a lg ae”) and 
h e te ro tro p h ic  b a c te r ia . M eio íau n a  c o lo n iz e  ía llen  
leaves, and the stages o f le a f  b reak d o w n  are acco m p a - 
nied  by co m p le x  in te ra c tio n s  and  su c ce ss io n a l sh ifts  in  
sp ecies  c o m p o sitio n  and co m m u n ity  s tru c tu re  w h ich  
paralle l, on  a m icro sco p ic  sca le , the  p ro ce sse s  o f m ac- 
ro eco lo gy .

T h e  n u m b ers  o f m eio ía u n a l in d iv id u als  are im m en se , 
and th e ir  d iv ersity  is  a s to n ish in g ly  h igh . N ot o n ly  are 
there  m an y sp e cie s  b u t also  the sp e cie s  sh o w  a h ig h er 
level o f  ta x o n o m ic  d iversity . A m o n g the m a cro ía u n a  
v irtu ally  all sp ecies  b e lo n g  to  ju s t  th ree  p hy la : a rth ro - 
p ods, m o llu sk s , an d  ch o rd ates . T h e  m e io ĩa u n a  from  
ju s t  o n e m an grove area in  A u stra lia , fo r e x a m p le , yields 
tu rb ellarian  fla tw o rm s, n em a to d es, co p ep o d s , C ilio - 
p hora, F o ra m in ifera , bivalve m o llu sk s , o lig o ch a e te  and 
p o ly ch aete  a n n elid s , h y d rozo a , a rch ia n n e lid s , k in o r- 
h y n ch s, tard igrad es, and g a stro trich s.

V ery  little  is u n d ersto o d  a b o u t the  m e io ía u n a  o f  m an - 
groves, th e ir  in te ra c tio n s , th e ir  íu n c tio n a l s ig n iíìca n ce  
in  the eco sy stem  as a w h o le , an d  the re la tio n sh ip  b e- 
tw een  the m e io ía u n a l and  m a cro fa u n a l w o rld s. T h e ir  
sm all size b e lies  th e ir  great im p o rta n ce .

IV. CONNECTIONS

T h e  sa lie n t íea tu res  o f  typ ical m an gro v e  eco sy ste m s are 
re la liv e ly  h igh  rates o f p rim ary  p ro d u ctiv ity , m u ch  o f 
th e  resu lts  o f w h ich  en ter d e co m p o s itio n  p athw ays, 
e ith e r  d irec tly  o r a fte r in itia l b rea k d o w n  b y  lea f-ea tin g  
crab s o r ra o llu sk s. T h is  is  tru e o f  leaves and  rep ro d u c- 
tive s tru c tu re s  and , o n  a m o re  p ro tra cted  tim e sca le , o f 
the  w ood y co m p o n e n ts  o f the  trees. P a rticu la te  o rg an ic  
m atter, e ith e r  sm a ll lea f frag m en ts  or b a c te r ia l ce lls , is 
in gested  b y  m o llu sk a n  and c ru sta ce a n  d ep o sit and  ỉĩlte r  
feed ers, en ters  m eio fa u n a l food  ch a in s , o r a ccu m u la te s  
in  the  m ud.

T h e  eco sy ste m  can  be view ed  p h y sica lly  as w ell as 
in  term s o f th e  flow  o f  energy  o r m atter. M an g ro v e  trees 
su p p ly  hard  su rfa ces  on w h ich  o th e r  o rg a n ism s settle , 
and th ey  m od ify  (as  w ell as resp o n d  to ) the  p h y sica l 
e n v iro n m e n t by s ta b iliz in g  the so il, ĩa c ilita tin g  accre - 
tio n  o f m ud, and  retard in g  e ro s io n . T h e  e n v iro n m e n t is 
ĩu rth er m o d ified  by the p h y sica l a c tiv itie s  o f b u rro w in g  
cru sta ce a  and o th e r  an im als .

M ang rove eco sy stem s ca n n o t b e  co n sid ered  in  iso la- 
tion . T h ey  in te ra c t w ith  a d ja ce n t h a b ita ts  th ro u g h  the 
irap p in g  o f e x o g en o u s  sed im en t o r ex p o rt o f  p articu la te  
or so lu b le  o rg an ic  m a tie r  o r in o rg a n ic  n u trien ts . A ni- 
m als, by m o v in g  b e tw een  m an g ro v es and  o th e r  h ab ita ts, 
a lso  c o n trib u te  to im p o rt and  e x p o rt o f m atter. C om -

m ercia lly  im p o rtan t penaeid  sh rim p s use m an grov es as 
n u rsery  areas so th at sh rim p  ca tch es  m any m iles  aw ay 
m ay d ep en d  critica lly  on  m angrove p ro d u ctiv ity . H ard 
ev id en ce for su c h  c o n n e ctio n s  b etw een  m an g ro v es and 
o th e r  eco sy stem s, hovvever, is som etim es e lu siv e, and 
the s tre n g th  o f  su ch  lin kages is a lm o st im p o ssib le  to 

q u an tiíy .

V. MANGROVE DIVERSITY

M an g ro ve d iv ersity  m u st b e  con sid ered  at a ran g e  o f 
sp atia l sca le s , from  global p atterns o f sp ecies  r ich n e ss  
to the p attern  o f  d istrib u tio n , at a p a rticu lar lo ca tio n , 
at a sca le  o f  a few m eters. In  co n sid erin g  m an grove 
fauna, ev en  sm a ller sp atia l sca les b eco m e relevan t. At 
all sca le s , d iv ersity  is affecied  by the past h isto ry  o f  the 
area, by p h y sica l ía cto rs , and by b io tic  in te ra c tio n s , b u t 
the im p o rta n ce  o f  ea ch  o f these and the tim esca les  over 
w h ich  they  o p erate  vary w ith scale.

A. Global Pattems
1. L a t i tu d in a l  R a n g e  a n d  S p e c ie s  D iv e r s ity

M ang roves are a lm o st exclu siv ely  iro p ical or su b tro p i- 
ca l. T h is  d is tr ib u tio n  is a re íle cú o n  o f a tem p eratu re 
lim ita tio n : T h e  g lobal d istrib u tio n  o f  m an gro v es co rre - 
la ie s  very c lo se ly  w ith , for exam p le, the w in ter p o s itio n  
o f  the  20°c iso th e rm  (F ig . 1 0 ). T h e  n u m b er o f  m an - 
grove sp e cie s  d ec lin e s  vvith in crea sin g  la titu d e, w ith  the 
m o st n o rth e rly  and so u th erly  m angroves b e in g  sp ecies  
o f Avicennia. In  tem p erate  reg ions, m an grov es are re- 
p laced  b y  sa lt m a rsh  v egetatio n : p lan ts w h ich , lik e  m an - 
gro ves, are ad ap ted  to co n d itio n s  o f sa lin ity  and w ater- 
lo gg in g  b u t w h ich  do n o t carry  the ad d ition al b u rd en  
o f b e in g  a tree  o r  o f  p ro d u cin g  large p rop agules.

2 . L o n g i t u d in a l  D if fe r e n c e s

W ith in  th e ir  tem p eratu re  and la titu d in a l co n stra in ts , 
m an gro v es sh o w  in te re stin g  p attern s o f sp ecies  d istri- 
b u tio n . T h e  p rin c ip a l b io g eo g rap h ic  d iv isio n  is b etw een  
the In d o -W e st P a c iíĩc  (IW P ) and  A t la n tic -C a r ib b e a n -  
east P a ciíìc  (A C E P ) reg íons. T h ese  tw o reg io n s have 
b ro a d ly  s im ila r areas o f m angrove h a b ita t, b u t the 1W P 
h as fo u r tim es m ore genera and s ix  tim es as m any 
sp ecies  o f  m an grov e: 17 gen era com p ared  to 4 , and  4 0  
sp ecies  co m p a red  to 7. It is ap p aren t that n o n e ot the 
m an g ro v e  gen era  are very d iverse, p o ssib ly  b ecau se  o f 
a gen eral iim ita iio n  on sp ecies  d iv ersifica tio n  in  harsh  
im e n id a l co n d itio n s . G en era  o ccu rrin g  in the 1W P, 
h ow ev er, are s lig h tly  m ore sp ecio se  th an  those o f the 
A C E P : 2 .3 5  com p ared  w ith  1 .7 5  sp ecies  p er genus.



6 3 -1 0 0 ,  wúh pcrm ission of the American Geophysical Union and ihe author].

T h e  d iíĩe re n ce s  b e tw een  the IW P  and  A C E P  reg io n s  
are m a in ta in ed  by m a jo r  b arriers . T h e  m o st o b v io u s  o f 
these is the  A írican  c o n tin e n t (F ig . 1 0 ) . L ess  o b v io u s 
is the barrier represented by the Central P a ciíìc . T h is  
resu lts p rin c ip a lly  from  d isp ersal lim ita tio n s  ra th e r  th an  
from  the a b sen ce  o f  su ita b le  h a b ita t. S u ita b lc  e n v iro n - 
m en ts  are p resen t on m an y P acifìc  islan d s w ith o u t n a lu - 
ral m an gro v e p o p u la tio n s , as show n b y  the su c ce ss  o f  
the a rtiíìc ia ] in tro d u ctio n  o f m an gro v e sp e cie s  to 
H aw aii.

F u rth e r  d isp ersal b arriers , in c lu d in g  the Is th m u s  o f  
P an am a, o p en  o cea n , and  arid  co a sts  u n su ita b le  for 
m an grov e o ccu p a tio n , divide the m a jo r  reg io n s  in to  
sm a ller su b reg io n s , each  w ith  a m o re o r less d istin ctiv e  
m an grov e ílo ra  (F ig . 1 1 ). O nly  o n e  sp ecies  o c c u rs  in  all 
s ix  su b reg io n s : the m an grove fern  AcrosLichum aureum. 
T w o  g en era , Avicennia and  Rhizophora, are c o m m o n  to 
b o th  IW P  an d  A C E P  reg io n s. A ll o th e r gen era  are  foun d  
e x c lu s iv e ly  in  e ith e r  the IW P  o r the A C E P , a lth o u g h  
the c lo se  s im ila rity  b e tw een  Laguncuỉaria (A C E P ) and  
Lumnítzera ( IW P ) su ggests a re ce n t sep a ra tio n  o f  these  
tw o gen era.

T h e  trad itio n a l e x p la n a tio n  o f  m an grov e sp e c ie s  d is- 
tr ib u tio n  is o f  a c en te r  o f  o rig in  and  o f  d iv e rs iíìca tio n  
in  S o u th e a st A sia, fo llow ed  by d isp ersal re s tr ic te d  b y  
p h y sica l b a rriers . T h is  clearly  m ak es little  sen se  in  rela-

tion  to  the cu rre n t d isp ersa l b a rrie rs . F o ssil ev id en ce  
o f  m an gro v es is  vvidespread and  rev eals a m u ch  w ider 
d is trib u tio n  d u rin g  the E o c e n e  and  e a rlie r  ep o ch s: F o s- 
s il Nypa, Avicennia, and  Rhizophora p o lle n  and  o th e r  
rem a in s , for in s ta n ce , have b e e n  id e n tiíìe d  in E o cen e  
and  M io cen e  d ep o sits  that n o w  fo rm  p art o f  N o rth  and 
S o u th  A m erica , E u ro p e , and  N o rth  A frica  as w ell as

Eastern
Pacitìc

Western
Atlantic _____________________________________

West
Aírica — —

East
Africa

Indo-
Malesia

Australasia — —

FIGURE 11 Com parison o f thc m angrovc ílora in six  geographical 
subregions. Because of thc recent closure o f ihe Isthm us of Panama, 
the eastern Pacitìc and w estcrn A tlantic (including Caribbean) arc 
m ost sim ilar in species com position. N ole also the separaúon betvvcen 
A tlan tic-C aribbean -eastern  Pacitìc (A C EP) and lndo-W est Pacilĩc 
(1WP) rcgions.



South an d  east A sia. A t the tim e, th ese  lo ca tio n s  w ere 
co n n e cte d  by the T eth y s  Sea, c o n tin u o u s  th ro u g h  w hat 
is now  the M ed iterra n ea n  and  In d ian  O cean .

S u b se q u e n tly , th is  p a n tro p ica l d is tr ib u tio n  w as par- 
titioned as a co n se q u e n ce  o f  C o n tin e n ta l m o v e m e n ts . 

C o sm o p o lita n  gen era  su ch  as Avicennia and  Rhizophora 
w ere sep arated  in to  reg io n al p o p u la tio n s  b y  the ap- 
p ro ach  o f A ír ica  to A sia 3 0 - 3 5  m illio n  years ago w h ich  
clo sed  the T e th y s  Sea, and sep aratio n  o f  th e  s is te r gen era 
Laguncuìaria and  Lumnitzera fo llow ed  the vvidening of 
the A tla n tic  b a rrie r . T h e  em erg en ce  o f  m o d ern  sp ecies  
en su ed  w ith in  th e  iso la ted  su b reg io n s . C lo su re  o f  the 
Isth m u s o f P anam a w as geo lo g ica lly  very re c e n t (a m ere
2 or 3 m illio n  years ago) so  th at d ifferen ces  b etw een  
eastern  P a c iíìc  and C a rib b ea n  sp ecies  are s lig h t. O ne 
sp ecies  (Pelliciera rhizophorae) is foun d  o n  b o th  sid es 
o f the Is th m u s, p resu m ab ly  re íle c tin g  a sep a ra tio n  in io  
two p o p u la tio n s  too  recen tly  for a llo p a tr ic  sp ecia tìo n  
to have o ccu rre d .

A n o rig in a lly  p an tro p ica l m an gro v e  d is tr ib u tio n  was 
ih e re ío re  p a rtitio n ed  into  re g io n s  and su b re g io n s , w ith  
su b seq u e n t ev o lu tio n a ry  d iv erg en ce . C lim a tìc  con d i- 
tion s th en  e lim in a te d  m angrove sp ecies  fro m  areas su ch  
as Southern  E u ro p e  and the M ed iterran ean  fring es. T h e  
cu rren t d is tr ib u tio n  p attern  resu lts  from  a co m b in a tio n  
o f la rg e-sca le  g eo g rap h ica l facto rs  and m o re  reg io n al 
c lim a tic  o n es.

3 .  D iv e r s ity  o f  M a n g r o v e  F a u n a

It m ig h t be ex p e cte d  that faunal sp ecies  d iv ersity  w ould
fo llow  a s im ila r  p attern  to th at ol m an g ro v c tree  d iver-

sity  b o th  b eca u se  the m angrove fauna has p resu m ab ly  
b een  exp o sed  Lo the sam e in ílu en ces  and b e ca u se  o f  a 
p resu rn p tion  that faunal d iversity  sh o u ld  resp o n d  to 
tree  d iversity .

T h e  1W P reg io n , r ich e r  in p lan t d iversity  than  the 
A C E P , is a lso  r ich e r  in  sp ecies  o f  m a n g ro v e-a sso cia ied  
cru sta cea  and  m o llu sk s  (T ab le  I II ) . T h e  reverse  is true 
o f  o th e r  ta x o n o m ic  grou p s, p articu larly  th o se  that form  
co n stitu e n ts  o f the ro o t co m m u n ities , su ch  as sp o n ges, 
c o e le n te ra te s , and ech in o d erm s. T h is  m ay re ílec t re- 
g io n al d ifferen ces  in tidal range and  availab ility  o f roots 
for se ttle m e n t. F o r  m an y groups, u n ío rtu n a te ly , little  
co m p arab le  data are available and reco rd ed  sp ecies  
n u m b ers  re íle c t ta x o n o m ic  in terest and effort ra th er 
th an  the c o m p o sitio n  o f actual sp ecies  assem blages.

B. Regional Patterns of Diversity
S p ecies  d iv ersity  varies w iih in  reg io n s in  resp o n se to 
m any d ifferen t facto rs. T h e  A C E P  reg io n , in ad d ition  
lo  hav in g  few er m angrove sp ecies  in  to ta l, show s less 
d iffe re n tia tio n  b etw een  lo ca lities  w ith in  the reg ion , and 
all the sp ecies  av ailab le in the g eo g rap h ical v ic in ity  are 
lik e ly  to b e  rep resem ed  ai m ost lo ca tio n s.

V ario u s facto rs  m ay resu lt in lo ca l variation  in  spe- 
c ies  d iversity . M ang roves do n o t grow  on rocky sh o res 
o r in  areas w h ere íresh  w ater is co m p le te ly  la ck in g  
(w h ich  is in  part w hy all iro p ica l sh o res are not d o m i- 
n ated  by m an g ro v es). S tre tch es  o f in h o sp itab le  co astlin e  
th ere ĩo re  a c t as b arriers  w hich  affect m an grove d ispersal 
and  g eo g ra p h ica l d is trib u tio n . T h e  arid  sh o res o f Som a-

TABLE 111

N um ber o f Sp ecics Recorded from  Mangroves in V arious L ocalities in  the Regions Indicated'1

A tlan tic -C arib bean -
east PaciRc lndo-W esí Pađíic

T axonom ic group Caribbean/W . Atlantic East Aírica Indo-M alcsia Australia

Sponges/bryozoa 36 1 5 7

C oelcntcrata/ctenophora 42 12 3 6

N onpolychactc vvorms 13 3 13 74

Polychaetes 33 72 1 1 35

Crustacea 87 163 229 128

M ollusks 124 117 211 145

Echinoderm s 29 23 1 10

Ascidians 30 13 8

Fish 212 114 283 156

Reptilcs 3 22 3

Birds 138 177 244

Mammals 5 36 7

From Sacnger ct a i., 1983.
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FIGURF. 12 The niim ber ol species o f mangrovc occurring 011 W est African islands in relation 
lo thcir distancc from ihe nearest landvvard neighbor Ireprintcd from Saengcr, p., and Bcllan, 
M. F. (1 9 9 5 ). The M angrovẹ V ệgẹtalion  o f  the Atlantic Cuast o j AỊricu. A Revinv, pp. 1 -9 6 ,  wùh 
pcrm ission ol the Laboratoirc d’Ecologie T crrestrc dc Toulousel.

lia , for exam p le, resu lt in the  re d u ctio n  in sp e cie s  n u m - 
ber n o rth w ard s so thai Avicennia marina is v irtu a lly  the 
only  m an grove sp ecies  found  in  the Red Sea. S ep aratio n  
o f m an grove estu aries  Irom  ea ch  o th e r by arid  co a s tlin e , 
and  re g io n a l-sca le  v ariatio n  in physical v ariab les , also  
affects  the sp ecies  d istrib u tio n  o f  m an grov es aro u n d  
the A u stra lian  coasts.

D isp ersal ab ility  also  a íĩe c ts  sp ecies  d is tr ib u tio n s  
w ith in  reg io n s. T h e  n u m b e r o f m an grove sp e c ie s  on  
island s o f the w estern  P a ciíìc  sh o w s c lea r a tte n u a tio n  
w ith  in cre a sin g  d istan ce  from  the sp e c ie s -r ic h  areas 
o f A ustralia  and Papua N ew  G u in ea . S im ilarly , am o n g  
island s o ff the  W e st A írican  coast there is a c le a r  rela- 
tio n sh ip  betw een  the n u m b e r o f m an grove sp e cie s  p res- 
en t and  the d istan ce  from  the n earest land w ard  n eigh - 
b o r (F ig . 1 2 ) . S p ecies  n u m b e r a lso  co rre la tes  w ith  island  
size , w ith  larger island s co n ta in in g  m ore sp ecies.

c. Local Variation in Species Distribution 
and Diversity

1. T r e e  D is t r ib u t io n

At a sp ecifìc  lo ca tio n , the d is trib u tio n  o f  m an g ro v e  sp e- 
c ies  resp on d s to p hysical v ariab les  in the e n v iro n m en t. 
T h e se  o ften  vary as grad ients: in  an  estu arin e  m an gal, 
fo r in s ta n ce , sa lin ity  and  the inA uence o f  tidal ílu c tu a - 
tio n s  tend to d im in ish  w ith  d istan ce  up  the riv er. Sed i- 
m en t c o m p o sitio n  and n u trien t d y n am ics also a ĩte r  w ith  
d is ta n ce  from  the o p en  sea. M angrove sp ecies  resp o n d

d ifferen tia lly  to su ch  u p riv e r/d o w n riv e r  g rad ien ts , re- 
su ltin g  in z o n a tio n  o f  sp e cie s .

Sim ílarly , in  areas d o m in a ted  by tide ra th e r  than river 
flow , tidal [lu c tu a ú o n s  e sta b lish  g ra d ien ts  o f  p h y sica l 
variab les, p articu larly  in sa lin ity  and  the e x te n t o f  w ater- 
logg in g  o f the  so il. A gain , m an gro v e sp e cie s  resp on d  
d ifferen tia lly  to these p h y sica l v ariab les  and  tend  to 
form  d istin ct zo n es. W h e re  b o th  riv er and  tidal in ílu - 
e n ces  in te ra c t, the p a ttern  o f  sp e cie s  d is tr ib u tio n  can  
be ex trem ely  co m p lex .

In  re latio n  to sa lin ity , sp e cie s  g en era lly  grow  b e tte r 
a t low  sa lin ity  and  d iffer m o re  in  the to le ra n ce  range 
than  in th eir sa lin ity  o p tim a . L ow  sa lin ity , in  co n se- 
q u e n ce , tend s to be a sso c ia te d  w ith  h ig h e rsp e c ie s  d iver- 
sity . At h ig h er sa lin itie s , to le ra n ce  d iffe re n ce s  re su lt in  
d ifferin g  co m p etitiv e  su c ce s s  and  tra n s la te  in to  zo n a- 
tion  o f m an gro v e sp e c ie s  a lo n g  a sa lin ity  g ra d ien t, w ith  
sp ecies  d o m in a tin g  z o n e s  a t w h ich  th ey  co m p ete  b est, 
ra th er than  th o se  c o rre sp o n d in g  to sa lin ity  gro w th  

optim a.
A lth ou gh  resp o n se  to  p h y sica l g ra d ien ts  su gg ests  a 

gradu al tra n s itio n  from  o n e  sp e c ie s  to a n o th e r  as the 
d eterm in in g  p h y sica l v aria b le  gradu ally  a lters , th is  is 
o ften  n o t the  case . M an g ro v e  sp e cie s  are freq u en tly  
foun d  in  v irtu a lly  m o n o s p e c iiĩc  stan d s o r zon.es, w ith  
a m ore o r less ab ru p t tra n s itio n  fro m  o n e  d o m in an t 
sp ecies  to a n o th e r . T h is  su g g ests  that in te ra c tio n s  be- 
tw een  tree sp e cie s , and m u tu a l e x c lu s io n , m ay p lay  a 
p art in  d e íin in g  zo n e  b o u u d a rie s . O th e r  p h y sica l vari- 
ab les , su ch  as the  d egree o f  w a terlo g g in g  and  so il an-



o x ia , n u trien t av a ilab ility , and  b io tic  in te ra c tio n s  be- 
tw een sp ecies , s im ila rly  affect sp ecies  d is trib u tio n  
w ith in  the m angal.

Su p erim p o sed  o n  the so rtin g  o f sp e c ie s  un d er the 
in ílu e n ce  o f p h y sica l variab les are v aria tio n s  resu ltin g  
from  in te ra c tio n s  w ith  the m an grove fauna. O f the fau- 
nal in ílu e n ce s , the  m o st s ig n ifica n t is th e  se lec tiv e  de- 
s tru c tio n  o f m an g ro v e  p rop agu les by sesarm in e  crabs 
(see  S e ctio n  I I I . c . l ) .  At least in  S o u th e a st Asia and 
A u stra lia , th is  is  a m ạ jo r fa c to r d ete rm in in g  m angrove 
sp ecies  d istrib u tio n . M ang rove a n im a ls  resp o n d  to 
p h y sica l grad ien ts  o f  sa lin ity  and  in u n d a tio n  regim e. 
S esarm in e  a b u n d a n ce  is  o fte n  greatest at m id sh o re , and 
it is th ere fo re  h ere  th at m an g ro v e  p ro p ag u les are m ost 
v u ln erab le . F o r  rea so n s  re la ted  to n u tr itio n a l value and 
the levels  of aversive ta n n in s , Avicennia is  gen era lly  the 
preferred food o f  sesarm in es : h e n ce  a t som e lo ca tio n s  
the d is tr ib u ú o n  o f Avicennia in  the u p p e r and low er 
shore and their Virtual absence from intermediate 
sh o re  levels.

R an d om  fa cto rs  can  a lso  a ffect m an g ro v e  sp ecies  
d istrib u tio n s. I f  a gap is crea ted  in  a m an gro v e  forest 
b ecau se  o f the  d ea ih  o f a tree , it is m o st rapid ly filled 
by ih e  sp ecies  th at are  the b e st c o lo n iz e rs  and  b est able 
to ílo u rish  in  u n sh ad ed  c o n d itio n s . In  S o u th ea st A sia, 
the  resu lt is o ften  an  in itia l in v asio n  o f  the m angrove 
fern  Acroslichum. T h is  m ay b e su cceed ed  by seed lin gs 
o f Bruguiera parvi/lora. T h is  sp ecies  h a s  relatively  sm all 
and  easily  d isp ersed  seed lin g s, w hose g ro w th  is sup- 
p ressed  by ih e  shad e o f an  in ta c t can o p y . T h e se  in turn 
are rep laced  by slovver g ro w in g  sh a d e-to le ra n t sp ecies  
su ch  as B. gymnorrhiza. Avicennia marína is  less  to lerant 
o f shad e b u t is  less  lik ely  to o ccu p y  a sm all gap b ecau se  
o f p ro p ag u le  d estru ctio n  by cra b s. lf, h o w ev er, the gap 
is a large o n e , Avicennia is  m o re  I ik e ly  to  estab lish  
itse lf, p ro b ab ly  b eca u se  ío ra g in g  crab s are  vulnerab le  
to p red a tio n  in  large o p en  sp aces. T h e  d is trib u tio n  o f 
sp e cie s  w ith in  a m an gro v e  fo rest m ay  th ere ío re  be 
p a tch y  and  re íle c t  th e  s to c h a s tic  n a tu re  o f  tree d eath  
and  the su b seq u e n t su cce ss io n a l h isto ry . O n  a larger 
sca le , e x ten siv e  d eath  o f trees b y  ty p h o o n s, by w ide- 
sp read  d efo lia tio n  b y  in sec t a tta ck , o r even  by oil sp ills  
can  have p ro lo u n d  and lo n g -la stin g  e ffe c ts  on  sp ecies  
co m p o sitio n .

T h e  s tru c tu re  o f a m an gro v e  fo rest is  th erefo re  in 
p art e x p la in a b le  in  term s o f  “p a tch  d v n a m ics”— o f gaps 
ap p earin g  by ch a n ce  and b e in g  íìlled  b y  a ch an g in g  
assem b lage  c f  sp ecies  d ifferin g  in  co m p o s itio n  (at least 
for a tim e) from  the su rro u n d in g  ío rest. E v cn tu a lly , 
so m e th in g  s im ila r  to  the su rro u n d in g  fo rest em erges. 
W ith  a h ig h  in c id e n ce  o f gaps, a m an gro v e  forest cou ld  
b e see n  as a m o sa ic  o f  p a tch es  o f  d ifferen t su ccessìo n a l

age: if  p a tch es  ap p ear relatively  rarely , the  e ffect w o u ld  
be tra n sien t a b e rra tio n s  in  an o th erw ise  h o m o g e n e o u s , 
o r co n sis te n tly  zo n ed , en v iro n m en t.

2 . D is t r ib u t io n  o f  M a n g ro v e  A n im a ls  

T h e  sp ecies  d istrib u tio n  o f the m an grov e faun a is less 
w ell u n d ersto o d  s in ce  sm all, c ry p tic , and  o ften  m o b ile  
an im al sp ecies  are less easy to  d escrib e  and  analyze 
th an  large an d  im m o b ile  trees. A h igh  level o f ta x o n o m ic  
co n fu s io n  co m p o u n d s  the p ro b lem . N ev erth eless , it 
seem s lik e ly  that the  sam e general co n sid era tio n s  apply. 
T h e  d is trib u tio n  o f m angrove crab s, fo r in s ta n ce , fo rm s 
z o n es re lated  to sh o re  level, sa lin ity , and so il te x tu re , 
w h ereas m o llu sk s  sh o w  zo n atio n  p attern s in  re la tio n  
to sh o re  level and to  v ertica l p o s itío n  o n  the ro o ts  and 
tru n k s o f m an grov e trees.

T h e  d is trib u tio n  o f  sp ecies  o f m an grove a n im a ls  m ay 
also b e  re lated  to p a tch  size and the d istan ce  betvveen 
n e ig h b o rin g  p a tch e s, on a sm aller sp atia l sca le  than  
ap p lies  to  the  d is tr ib u tio n  o f m an grov e sp ecies  th em - 
selv es, co rre sp o n d in g  to  the m ore lim ited  d isp ersal ab il- 
ity  o f the  sp ecies  in q u estio n . T h is  w as d em o n stra ted  in 
the c la ssica l e x p e rim en ts  o f S im b e rlo ff o n  the terrestria l 
arth ro p o d  fauna (p rin c ip a lly  in sec ts) o f  m an grove isle ts  
in  the C arib b ean . T h e  sp ecies  rich n e ss  on a range o f 
m an grov e isle ts  in creased  w ith  the area o f the  isle ts  
and d ecreased  w ith  in crea sin g  d istan ce  íro m  p o ten tia l 
so u rce s  o f fresh  co lo n is ts . w h e n  the fauna o f  isle ts  w as 
co m p le te ly  e lim in ated  w ith p estic id es, re co lo n iz a tio n  
so o n  e stab lish ed  an e q u ilib riu m  sp ecies  r ich n e ss  s im ilar 
to that b e ío re  the e lim in a tio n . In term s o f the  rep resen - 
ta tion  o f  d ifferen t fu n ctio n a l g rou p s th e  p rev io u s s itu a- 
tion  w as largely  rep lica ted , b u t the actu a l sp ecies  co m - 
p ris in g  the n ew  assem b lages d iffered . F in a lly , a rtiíic ia lly  
red u cin g  the area o f  m angrove in  e x p e rim en ta l isle ts  
red u ced  sp e cie s  r ìch n e ss , show ing  th at it w as cau sally  
re la ted  to h ab itat area  raiher than to  h ab ita t d iversúy.

At an even  sm a ller sca le , ind iv idu al m an grov e ro o ts  
can  b e regard ed  as “islan d s” o f h ab ita t su itab le  for ep ib i- 
o n t se ttle m e n t, su rrou n d ed  by areas o f  u n su ita b le  h ab i- 
tat. H ere, to o , the co m p o sitio n  o f ro o t e p ib io n t co m m u - 
n ities  ap p ears re la tiv e ly  stable in  term s o f  fu n ctio n a l 
grou p s. T h e  actu a l sp ecies  p resen t are  m u ch  m o re  u n - 
p red icta b le  and p articu larly  affected  by p h y sica l v ari- 
ab les  an d  b y  the su p p ly  o f co lo n iz in g  larvae. T h ese  
facto rs  are o f  d iffe ren t s ig n iíìca n ce  at d ifferen t tim e and 
sp atia l sca les.

M eio ía u n a l d iv ersity  has sca rce ly  b een  inv estigated , 
a lth o u g h  the sam e con sid era tio n s  apply as in  the  m ac- 
ro ỉau n al w orld . V aria tio n  in p h y sica l v ariab les , sp ecies  
in te ra c tio n s , p a tch in e ss , d isp ersal, and  the o th e r  factors 
re lev a n t to larger o rg an ism s m u st a lso  affect the m eio-



fauna. T o  date, lim ited  re se a rch  in terest (and  the in trin - 
sic d ifficu lty  o f stud ying  sp ecies  in te ra c tio n s  o r m easu r- 
ing, e .g ., n u tr ien t grad ients at a sca le  o f m illim e te rs ) 
has restricted  o u r kn ow led ge o f m an gro v e  m eio fau n al 
d iversity  and the íacto rs  w h ich  d eterm in e  it.

D. Genetic Diversity of Mangroves
T h e ad ven t o f m o le cu la r g en etic  te ch n iq u e s  h as m ade 
it p o ssib le  to stud y d iv ersity  at lev els  lo w er th an  the 
sp ecies. T o  date, few sp ecies  have b e e n  stu d ied , and  
clear gen eral co n clu s io n s  c a n n o t be  d raw n. In  som e 
cases, su ch  as the se lf-p o llin a tin g  Rhizophora mangìe o f 
F lo rid a  and  the C arib b ean , p o p u la tio n s  ap pear to be 
g en etica lly  h o m o g en eo u s, w ith  s lig h tly  m ore g en etic  
v aria tio n  tow ard  the n o rth e rn  ex tre m e s  o f the  sp e c ie s ’ 
range. T h e  e x te n t o f in tra sp e ciíìc  g e n etic  v ariatio n  var- 
ies w ith  the b reed in g  s tru c tu re  o f th e  p o p u la tio n , w ith  
d io ec io u s sp ecies  sh o w in g  m u ch  greater p o ly m o r- 
ph ism . G en etic  v aria tio n  b etw een  p o p u la tio n s  is natu - 
rally  greater th an  that w ith in  a p o p u la tio n  at a p a rticu la r 
lo ca tio n , a lth o u g h  W est A ĩrican  m an gro v es have greater 
levels o f g en etic  d iversity  th an  the sam e sp ecies  in  the 
F lo rid a  and C arib b ean . T h is  co n firm s the b e lie f  that 
w estern  A tlan tic  m an groves d erive íro m  A ữ ica n  popu - 
la tio n s  ra th er than  the reverse. As resea rch  p ro ceed s, 
no  d o u b t m any su ch  in sig h ts  in to  the cau ses and  co n se - 
q u e n ce s  o f in tra sp eciíìc  d iv ersity  w ill em erge.

VI. ƯSES AND ABUSES 
0F MANGROVES

M ang roves are o f in terest n o t ju s t  to  b io lo g ists . T h e ir  
d iv ersity  and  p ro d u ctiv ity  m ak es th e m  the so u rce , d i- 
rec tly  and in d irectly , o f m an y  p ro d u cts  o f u se  (and  
co ra m e rc ia l im p o rta n ce ) to h u m an s.

M angrove trees are e x p lo ited  for tim b e r for construc- 
tio n  and  fìrew ood. T h is  ran ges from  th e  casual co lle c - 
tion of íallen wood to major charcoal Industries based 
on tbe  in ten siv ely  m anaged  m an g ro v es of, for exam p le, 
w este rn  p en in su la r M alaysia. F o lia g e  m ay also  be grazed  
d irec tly  o r h arvested  for ío d d er for d o m estic  an im als . 
O n  a sm aller sca le , m an grove p ro d u cts  are co lle c te d  for 
a h o s t o f o th e r  p u rp o ses, in c lu d in g  th a tch in g  h o u ses , 
th e  m an u factu re  o f fish  trap s, for u se  in  m e d icin e , for 
ta n n in g  lea th er, and for use in  v ario u s fo od s and  d rin ks. 
In d ire c tly , m an grove p ro d u ctiv ity  su p p o rts  fish eries , 
b o th  w ith in  the m an gal an d  o ffsh o re . L ess tan g ib ly , 
m an g ro v es can  b e  o f co n sid era b le  im p o rta n ce  in  co n so l-  
idating shorelines and limiting Coastal erosion.

T h e  s ig n ifica n ce  o f m an grov es to h u m an s varies 
g reatly  from  p lace  to p la ce , b u t a ttem p ts  have b een  
m ade to a ch iev e  an o verall e co n o m ic  v a lu atio n  o f the 
go o d s and serv ices  supp lied . O n e re ce n t estim ate  ind i- 
ca tes  that, o n  average, the  an n u al value o f a h ectare  
o f  m an gro v es is  a p p ro x im ate ly  $ 1 0 ,0 0 0 ,  re su lú n g  in  a 
w orld w id e to ta l co n tr ib u tio n  o f  $ 1 ,6 4 8 ,0 0 0 ,0 0 0 .

A n  asset o f  th is  m ag n itu d e  is w o rth  co n serv in g . U n - 
ío rtu n a te ly , su sta in a b le  m an ag em en t o f m an grov e re- 
so u rce s  is th e  e x c e p tio n  ra lh e r  th an  the ru le . In  a lm o st 
all parts o f  the  w orld , m an gro v es are u n d er p ressu re 
íro m  irrig atio n  sch em es w h ich  d iv ert riv ers and p rev en t 
fresh  w ater fro m  rea ch in g  m an g ro v es and  from  p o llu - 
tio n , o v ere x p lo ita tio n , or d elib era te  c le a ra n ce  for co n - 
s tru c tio n  or fo r the p la n ú n g  o f  a ltern ativ e  cro p s. O n e 
o f th e  m o st d estru ctiv e  p ro cesses  in m an y  co u n trie s  
o f S o u th ea st A sia and C en tra l A m erica  h as b e e n  the 
c lea ra n ce  o f m an grov es for the  c o n s tru c tio n  o f sh rim p  
p o n d s— an  a tte m p l to in cre a se  the p ro d u ctio n  o f spe- 
c ies  d ep en d en t o n  m an grov es w h ile  s im u lta n eo u sly  re- 
d u c in g  the p rim ary  p ro d u ctio n  o n  w h ic h  they dep end. 
N ot su rp ris in g ly , th is has n o t b een  a su ccess.

D u rin g  the p ast few d ecad es, lo ss  o f  m an grov e area 
in  m any c o u n tr ie s  has b een  d ram atic . In  the  P h ilip p in es, 
for exa m p le , 6 0 %  o f the m an grov e area has d isapp eared , 
w hereas in o th e r  co u n trie s  su c h  as M alaysia , T h a ila n d , 
and P a k istan , an n u al lo sses are on  the o rd er o f 1 - 3 % . 
It m ay be, hovvever, th a t the  tide is lu rn in g . T h e  Virtual 
co llap se  o f th e  sh rim p  in d u stry  in  sev eral co u n trie s  and 
a g reater aw aren ess o f  the valu e o f  m an gro v es as a 
n atu ra l re so u rce  have ío cu se d  a tte n tio n  o n  ra tio n a l 
m a n ag em en t s tra teg ies  and  o n  th e  p o ssib ility  o f  re- 
v ersin g  som e o f  the  dam age. M u ch  effo rt is n ow  b ein g  
p u t in to  re p la n tin g  m an g ro v es in  ab an d o n ed  sh rim p  
p o n d s and  the re h a b ilita tio n  o f  d en u d ed  areas for 
C o asta l p r o te c t io n  o r  in  s u p p o r t  o f  lo ca l f is h e r ie s  as  

w ell as in to  d ev eỉo p in g  su ita b le  m an gro v e  areas for 
e co to u rism . T h e  d estru ctio n  o f  m an g ro v es has largely  
b e e n  due to  h u m a n  activ ities : In  the fu tu re  th e ir  survival 
m ay also d ep en d  on m an k in d .

See Also the Following Articles
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