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GUIDE TO THE

The Encyclopedia of Caves is a complete source of information
on the subject of caves and life in caves, contained within a
single volume. Each article in the Encyclopedia provides an
overview of the selected topic to inform a broad spectrum of
readers, from biologists and geologists conducting research in
related areas, to students and the interested general public.

In order that you, the reader, will derive the maximum
benefit from the Encyclopedia of Caves, we have provided this
Guide. It explains how the book is organized and how the
information within its pages can be located.

SUBJECT AREAS

The Encyclopedia of Caves presents 107 separate articles
on the entire range of speleological study. Articles in the
Encyclopedia fall within 15 general subject areas, as follows:

* Types of Caves

* Cave Features

* Hydrology and Hydrogeology

e Speleothems and Other Cave Deposits

* Cave Ages and Paleoclimate

* Exceptional Caves

* Biology of Particular Organisms in Caves

* Ecology

* Cave Invasion

* Biogeography and Diversity

* Evolution and Adaptation in Caves

* Exploration of Caves

* Contemporary Use of Caves

e Historical Use of Caves

e Ground Water Contamination and Land Use Hazards
in Cave Regions

ORGANIZATION

The Encyclopedia of Caves is organized to provide the
maximum ease of use for its readers. All of the articles are
arranged in a single alphabetical sequence by title. An
alphabetical Table of Contents for the articles can be found
beginning on page v of this introductory section.

So they can be more easily identified, article titles begin
with the key word or phrase indicating the topic, with any
descriptive terms following this. For example, “Invasion,
Active versus Passive” is the title assigned to this article,
rather than “Active versus Passive Invasion,” because the
specific term nvasion is the key word.

You can use this alphabetical Table of Contents by itself to
locate a topic, or you can first identify the topic in the
Contents by Subject Area on page x and then go to the
alphabetical Table to find the page location.

ARTICLE FORMAT

Each article in the Encyclopedia begins with introductory text
that defines the topic being discussed and indicates its
significance. For example, the article “Behavioral
Adaptations” begins as follows:

Animals living in darkness have to compete for food,
mates, and space for undisturbed reproduction just as their
epigean conspecifics do in the epigean habitats, but there is
one striking difference: In light, animals can use visual
signals. Thus, important aspects of their behavior driven by
visual signals cannot apply in darkness. The question arises,
then, of how cave dwellers compensate for this disadvantage
in complete darkness. This article uses several examples to
compare various behavior patterns among cave dwelling

populations with epigean ancestors.
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Major headings highlight important subtopics that are
discussed in the article. For example, the article “Beetles”
includes these topics: Adaptations, Colonization and
Geographical Distribution, Systematics of Cave Beetles,
Ecology, Importance and Protection.

CROSS-REFERENCES

Cross-references appear within the Encyclopedia as
indications of related topics at the end of a particular article.
As an example, a cross-reference at the end of an article can
be found in the entry “Camps.” This article concludes with

the statement:

See Also the Following Articles
Recreational Caving * Exploration of Light Sources

This reference indicates that these related articles all
provide some additional information about Camps.

BIBLIOGRAPHY

The Bibliography section appears as the last element of the
article. This section lists recent secondary sources that will
aid the reader in locating more detailed or technical
information on the topic at hand. Review articles and
research papers that are important to a more detailed
understanding of the topic are also listed here. The
Bibliography entries in this Encyclopedia are for the benefit
of the reader to provide references for further reading or
additional research on the given topic. Thus they typically
consist of a limited number of entries. They are not intended
to represent a complete listing of all the materials consulted
by the author or authors in preparing the article. The
Bibliography is in effect an extension of the article itself, and

it represents the authors choice as to the best sources
available for additional information.

GLOSSARY

The Encyclopedia of Caves presents an additional resource for
the reader, following the A-Z text. A comprehensive glossary
provides definitions for more than 450 specialized terms used
in the articles in this Encyclopedia. The terms were identified
by the contributors as helpful to the understanding of their
entries, and they have been defined by these authors
according to their use in the actual articles.

INDEX

The Subject Index for the Encyclopedia of Caves contains
more than 4600 entries. Within the entry for a given topic,
references to general coverage of the topic appear first, such
as a complete article on the subject. References to more
specific aspects of the topic then appear below this in an
indented list.

ENCYCLOPEDIA WEBSITE

The Encyclopedia of Caves maintains its own Web page on the
Internet at:

htep://books.elsevier.com/caves

This site provides information about the Encyclopedia and
features links to related sites that provide information on
subjects covered in the Encyclopedia. It also hosts sample
material, published reviews, and the opportunity to purchase
additional copies of the Encyclopedia on a secure Web site.
The site will continue to evolve as more information
becomes available.



ew things capture man’s imagination, as do caves. Mark

Twain recognized this in writing 7om Sawyer. Tom, Huck
Finn, Becky Thatcher, and Injun Joe are well-known
characters of interest to children and adults alike. Their cave
exploration, for example, with candles flickering, currents of
fresh air causing flames to flutter, and the discovery of Injun
Joe in the dim light of a lantern with a hidden treasure was a
masterpiece of literature. Twain captured it all.

Caves, stalactites, stalagmites, albino sightless fish, and
underground rivers have been around for millions of years.
The earliest “cave art” dates to 15,000 B.P. in the caves of
Altimara in Spain and in Lascaux in France, which contain
spectacular drawings of animals. Cave artifacts are the earliest
evidence of cave occupation at the time of Australopithecus
(3.5 m.y.b.p). Caves provided evidence that Homo (2.4
m.y.b.p.), used caves for shelters, a water source, and safety.
Caves have provided information about the evolution of
mankind through their artifacts, weapons, fire, and art.
Shanedar Cave, in Iraq, as an example, was the burial place
for nine Neanderthal skeletons that provided knowledge
about care of the sick and elderly and the ritualistic burial of
their dead over 34,000 years b.p.

Approximately one-fifth of the earth’s surface is underlain
by carbonate rocks of a complex physical character that
produced a diverse topographic expression by weathering
under varied climatic conditions. Carbonate terranes in
some areas are underlain by broad, rolling plains, whereas in
others they are characterized by steep bluffs, canyons, sinks,
and valleys. Owing to the variability of the solubility of
limestone, man’s inhabitation and development in limestone
areas has sometimes been difficult. There are areas of
limestone covered by fertile soils, whereas in others, soils are
missing. In the United States, a large area in the Midwest is
underlain by limestone and covered by a very rich soil that

produces large quantities of food. This area is called, literally,
“the breadbasket of a nation.”

Carbonate rocks are a source of abundant water supplies,
minerals and oil, and gas. Even though there are many
blessings associated with carbonate terranes, there are also
many problems related to developing an adequate water
supply, assuring proper drainage, providing stable foundation
conditions, and preventing serious pollution problems.
Because of this complexity, the evolution of concepts related
to the movement and occurrence of ground water in karst,
methods of exploration and development of water, safe
engineering practices in construction of all kinds, and
adequate environmental safety precautions cannot be based
on one set of uniform rules.

Caves Karst areas are dynamic and environmentally sensi-
tive. The geologic structure, solubility of the rocks involved,
and the climatic conditions determine to a great degree how
rapid these changes can take place. Therefore, investigations
must consider the dynamic nature of karst. It is necessary to
recognize the synergistic relation between circulation of
water and the solution of the rock. The greater and more
rapid the solution of the rock can lead to changes in and
progressive lowering of water tables—base levels and cave
enlargement, changes that can take place in a relatively brief
period of time and can impact the hydrogeologic history of
and area, and bring about major environmental problems.

During the past few years many outstanding publications
illustrated by fine graphics have described caves and the
science of karst. The literature on the subject is voluminous
with over 50 new textbooks, approximately 1000 technical
manuscripts, and over 300 field trips associated with
meetings or congresses.

Because of this proliferation of scientific material and the
diversification of disciplines involved—Dbotany, biology,
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chemistry, archaeology, geology, engineering, speleology,
conservation and planning, history and resource exploration,
and development—it is not easy to maintain a grasp of the
status of karst research. The Encyclopedia of Caves, with 107
articles by world-wide experts on caves, is quite unique with
contributions from multi-disciplines and a great variety of
subject matter, academic, as well as practical, with case
histories describing all types of cave-associated problems such

as: drainage, water supply, construction, environmental
exploration, development, and management of water
supplies in karst. This volume is a must for karst researchers,
cave enthusiasts, teachers, and developers.

Philip LaMoreaux
June, 2004



hroughout history, caves have always been of at least

some interest to almost everyone. During the past few
centuries caves have been a passionate interest to at least a
few people. The number of those with a passionate interest
has been continuously growing. The core of the cave enthu-
siasts are, of course, the cave explorers. However, scientists of
various sorts, mainly geologists and biologists, have also
found caves useful and fascinating subjects for scientific
study.

There have always been cave explorers. Some, such as E. A.
Martel in France in the late 1800s, achieved amazing feats of
exploration of deep alpine caves. In the United States, the
number of individuals seriously interested in the exploration
of caves has grown continuously since the 1940s. Cave
exploration takes many forms. Some cavers are interested in
caving simply as a recreational experience, not intrinsically
different from hiking, rock climbing, or mountain biking.
But many pursue genuine exploration. Their objective is the
discovery of new cave passages never before seen by humans.
As the more obvious entrances and the more accessible caves
have been explored, cave exploration in the true sense of the
word, has become more elaborate and more difficult. To meet
the challenge of larger, more obscure and more difficult
caves, cavers have responded with the invention of new
techniques, new equipment, and the training required to use
it. To meet the challenge of long and difficult caves, cavers
have been willing to accept the discipline of project and
expedition caving and to accept the arduous tasks of
surveying caves as they are explored. The result has been the
accumulation of a tremendous wealth of information about
caves that has been invaluable to those studying caves from a
scientific point of view.

In the early years of the twentieth century, a few geologists
became interested in the processes that allowed caves to form.
Biologists were interested in the unique habitats and the

specialized organisms that evolved there. In both sciences and
in both Europe and the United States, the interest was in the
caves themselves. The study of caves was focused inward and
some proposed the study of caves to be a separate science
called speleology. In the latter decades of the twentieth
century, there was a gradual change in perspective. The study
of caves came to be seen as important for its illumination of
other realms of science.

In the past few decades, the geological study of caves has
undergone a tremendous expansion in point of view. The
caves themselves are no longer seen as simply geological
oddities that need to be explained. Caves are repositories and
are part of something larger. As repositories, the clastic
sediments in caves and the speleothems in caves have been
found to be records of past climatic and hydrologic
conditions. Cave passages themselves are recognized as
fragments of conduit systems that are or were an intrinsic
part of the groundwater system. Active caves give direct
insight into the hydrology and dry caves are records that tell
something of how drainage systems have evolved. Techniques
for the dating of cave deposits have locked down events
much more accurately in the caves than on the land surface
above. Caves then become an important marker for
interpreting the evolution of the landscape above. Even the
original, rather prosaic, problem of explaining the origin and
development of caves has required delving into the chemistry
of groundwater interactions with carbonate rocks and on the
fluid mechanics of groundwater flow.

Cave biology has likewise evolved from an exercise in
taxonomy—discovering, describing, and classifying organ-
isms from caves—to the use of caves as natural laboratories
for ecology and evolutionary studies. The central question
that has occupied the attention of biologists at least since the
time of Lamarck is how did animals come to lose their eyes
and pigment. The question gets answered each generation

Xix
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using the scientific tools available and its most contemporary
form is a question of the fate of eye genes themselves. Cave
animals have also served as models for the study of
adaptation because of their ability to survive in the harsh
environments of caves. There are also interesting biological
questions about the evolutionary history of cave animals that
are being unraveled using a variety of contemporary
techniques. Finally, there is increasing concern about the
conservation of cave animals. Nearly all have very restricted
ranges and many are found in only a single cave. The past
two decades have seen a phenomenal growth in the
understanding of how to manage cave and karst areas to
protect the species that depend on them.

One should not suppose that caves are of interest only to
geologists and biologists. Caves are repositories of archaco-
logical and paleontological resources. Ancient art has been
preserved in caves. Caves appear in folk tales, legends,
mythology, and in the religions of many peoples. Caves
appear frequently in literature, either as an interesting setting
for the story or as a metaphor. The latter has a history
extending at least to Plato.

In planning the content of the Encyclopedia of Caves, the
editors were faced with this great variety of “clients” with
their highly diverse interests in caves. Several decisions were
made. One was that we would address the interests of as
many “clients” as possible given the limitations of space.
Thus, the Encyclopedia, in addition to the expected articles
on biology and geology, also contains articles on exploration
techniques, archaeology, and folklore. A second decision was
to allow authors a reasonable page space so they could discuss

their assigned subject in some depth. As a result of this
decision the Encyclopedia contains a smaller number of
articles and thus a smaller number of subjects than might be
expected. The object was to provide a good cross-section of
contemporary knowledge of caves rather than attempt an
entry for every possible subject.

The level of presentation was intended to be at the college
level. In this way the articles would have sufficient technical
depth to be useful to specialists but would still be accessible
to the general reader. Some of the subjects are intrinsically
more technical than others but we have attempted to keep to
a minimum the specialist jargon and in particular the
obnoxious acronyms that turn many technical subjects into a
secret code known only to insiders.

The selection of authors was made by the editors. We
attempted to select contributors who we knew were expert in
the subject being requested of them. For many subjects there
was certainly a choice of potential experts and our selection
was to some degree arbitrary. We sincerely hope that no
one is offended that some other person was selected rather
than them.

We take this opportunity to thank the authors for their
hard work. The Encyclopedia is a collective effort of many
peoples in many disciplines. We are particularly appreciative
of everyone’s efforts to communicate with cave enthusiasts
outside of their particular discipline.

David C. Culver
William B. White
September 2004



Adaptation to Darkness

Elke Aden
Zoological Institute and Zoological Museum, University of Hamburg,
Germany

L ight is the origin of all life, and primary production is the
source of biodiversity; nevertheless, life also exists in
darkness. Animals living in this “unreal” world have their
origin in the light and have to be adapted to this environment.
Probably no animals have a more intimate environmental
adaptation than those inhabiting caves. What does adapra-
tion mean and how dark is darkness?

DARKNESS

The most obvious characteristic of caves is the darkness
beyond the twilight zone that extends a short distance in
from the entrance (Fig. 1). An experiment to characterize
cave darkness as absolute darkness illustrates this point well.
A photographic film developed after being exposed for a
week in the depths of a cave was completely blank (Moore
and Sullivan, 1978). This should be the definition for dark,
and it is darker than the darkest night. This level of darkness
is comparable with deep-sea ocean depths, because below
1000 to 1200 meters there is no penetration of sunlight, but
sometimes bioluminescence does occur. Normally, no bio-
luminescence is observed in caves; only caves in New Zealand
and Australia are known to have light-producing insect
larvae. There are some parallels in adaptations to darkness
between the deep sea and caves. The large domain on earth
where life exists without light is termed allobiosphere, after
Hutchinson (Danielopol ez al., 1996). Perpetual darkness is a
characteristic of most rock void habitats anyway, so let us
choose to define a cave as a habitat entirely without natural

illumination (Chapman, 1993). For another definition of a
cave, see Culver and White (Cave, Definition of).

ADAPTATION

To explain the origin and maintenance of patterns of organic
diversity, biologists normally use two principles: phylogeny
and adaptation. The term adaptation is applied to several
different biological phenomena. Generally, three different
types of responses of organisms to their environment have
been termed adaptive:

Physiological adaptation is the ability of organisms to
adjust phenotypically to short-term changes in the
environment. This is somatic or phenotypic plasticity,
and it is not heritable. For example, adaptation of the
eye is sensitivity adjustment effected after considerable
exposure to light (light adapted) or darkness (dark
adapted).

Adaptation in behavior means fatigue in responses to a
repeated, uniform stimulus.

Evolutionary adaptation is the long-term, hereditary
change that occurs in species in response to a
particular set of environmental factors.

Putting all these things together, let us say that adaptation
means any morphological, physiological, or behavioral
characteristics that fit an organism to the conditions under
which it lives. The term adaptation arises from the Latin ad
+ aptus (“towards a fit”). Adaptive traits are those that are
correlated with an aspect of the environment and are postu-
lated to have arisen and been subsequently maintained by
the same selective pressure (Northcutt, 1988). Culver ez al.
(1995) stress the predominant importance of the genetic
component: Adaptation is a progress of genetic change
resulting in improvement of a character with reference to a
specific function or a feature of a selective advantage that has
become prevalent in a population. Because most traits have
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multiple functions, it is necessary to determine how a trait is
actually needed by an organism in the real world—its
biological role—when trying to evaluate its adaptiveness.

TROGLOBITES

Animals that live permanently in the dark zone and are found
exclusively in caves are termed #roglobites, from troglos
(“cave”) and bios (“life”). Typical troglobites are pale and
blind. These genetically fixed characters evolved in all
troglobites of many different systematic groups subsequent
to exposure to darkness for a sufficiently long period. Usually
pigmentation is necessary as protection against sunlight,
especially the ultraviolet wavelengths. In caves, this protec-
tion is obsolete. The eye is a sense organ to detect light, so in
caves even the most highly developed eyes are completely
useless. When we recall the definition of adaptation we can
say that the loss of eyes is not an adaptation to fit an animal
for the dark environment, but it is a restraining condition
that occurs only in the darkness as a matter of course.
Nevertheless, in the field of regressive evolution, the loss of
the eye has received strong attention. Another view is that the
regression of ocular structures is surely an adaptive feature,
because it is submitted to natural selection in order to save
energy (for discussion, see Culver and Wilkens, 2000).

TROGLOMORPHY

The term troglomorph refers to any morphological, physio-
logical, or behavioral feature that characterizes cave animals
(Christiansen, 1992). The troglomorphic suite in cave
animals exemplifies evolutionary convergence resulting
from life in similar environments. Troglomorphy comprises
constructive as well as regressive characteristics of the cave
animals. In consequence, not every troglomorphic trait is
adaptive, but on the other hand all cave adaptations result in
troglomorphy. Not every cave animal displays the complete
set of troglomorphic traits. Their expression depends on the

characteristics of the epigean ancestor. A prerequisite for
constructive traits is their genetic availability in epigean
forms. For example a fish that lacks barbels probably will not
evolve them as a cave fish. To see the degree of adaptation,
one has to search in each individual species to determine
what trait could be improved. The reason for the similarities
of troglomorphies in different troglobites is the process
of evolution, with mechanisms underlying parallelism and
convergence. The term troglomorphy is restricted to cave
animals; the same traits lead to the more general concept of
darkness syndrome, which is comprised of morphological
and biological changes of animals inhabiting the aquatic
allobiosphere (Danielopol ez al., 1996).

The most conspicuous troglomorphic feature in troglo-
bites is regression of their eyes. In cave fishes, the degree of
eye reduction is commonly considered as a reflection of the
period of cavernicolous evolution and therefore indicates the
relative phylogenetic age of related cave fish species. Within
the ontogeny, the eye is built up to a species-specific degree
of development followed by a more or less pronounced
regression (Langecker, 2000). Either a rudiment or even a
total loss of any eye tissue can be found. Loss of the eyes is
linked to learning how to navigate blindly. This problem is
solved by cave animals in different ways. To find food and to
reproduce are essential. Animals able to find food and a
partner without the use of the eye are good candidates for
generating a cave form. Without a need to improve the
efficiency of the other nonvisual senses, there will not be a
constructive evolution. Alternatively , when the nonvisual
senses are not good enough for blind navigation, there will be
a constructive evolution of other structures or features.

DERIVATION OF TROGLOBITES

To begin adaptation to an environment such as a cave, a
population has to pass through stages of subterranean
evolution. For a critical review of the relevant theories of the
evolution of subterranean animals, see Culver and Wilkens

Entrance Zone

Twilight Zone

Dark Zone

FIGURE 1 The darkness beyond the twilight zone that extends a short distance in from the cave entrances.



(2000). All known cave species originate from surface-
dwelling species that have incidentally invaded caves. When
the ancestral form has remained extant, a direct comparison
can be made between the ancestral and derived cave forms.
In a few cases among isopods, amphipods, and fish, the cave
and epigean form are regarded as being conspecific, but for
most cave animals direct epigean ancestors are unknown. The
surface-dwelling ancestors of many cave forms have become
extinct, leaving their underground derivatives as the sole
representatives of the taxon.

Comparing the epigean and hypogean forms of one
species, we can identify what may be an obvious adaptation
to darkness; however, both lineages are susceptible to evolu-
tionary change, even the epigean one, so it may be difficult
to recapitulate the common ancestral state. The interpreta-
tion might be complicated by whether a structure or feature
is adapted or not. Additionally, it is necessary to evaluate if
a supposed troglomorphic trait is, in fact, apomorphic or
merely a plesiomorphy of the group or lineage.

ADAPTATION TO DARKNESS IN CAVE FISHES

Even though the majority of troglobiotic species live in
terrestrial cave environments, some species (e.g., fish) evolve
in aquatic caves. Fish, in terms of numbers, are by far the
most important of all vertebrate classes, probably accounting
for over half of all recognized vertebrate species. In many
ways, their visual systems and specifically their eyes are
similar to our own. The retina is widely used as a model
system for the study of the central nervous system (Douglas
and Djamgoz, 1990). Much can be learned about the visual
system by examining how it is reduced under such strong
environmental conditions as total darkness. For further
discussion of eye reduction in cave fishes, see Wilkens (Fish).
Troglobitic fishes can be found all over the world. On the
other hand, a single species is often endemic; that is, it is only
found in a single cave or a small karst area. About 81 species
of hypogean fishes are known in 18 families (Weber, 2000;
updated by G. Proudlove, pers. comm.). All of them are able
to navigate in complete darkness, and several exhibit a
compensatory development of extraoptic sensorial organs.

Silurids are characterized by long tactile and gustatory
barbels and do not depend on sight in their feeding activities.
This is, of course, a favorable requisite for successful cave
colonization. Indeed, about a third of the cave fishes belong
to the catfishes.

Fishes may lose their eyes, but never their auditory and
lateral line systems. Some of them are more sensitive to vibra-
tion in the surrounding water than their seeing relatives—for
example, by virtue of a better lateral line system. To improve
orientation, the tactile sense, the olfactory sense, taste, and
hearing can be advanced. This can be achieved by increasing
the number of receptors, or an elongation of the neuromast
cupulae may occur. A dispersion of structures can be seen in
some cases. Often, elongated antennae or different appen-
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dages in invertebrates or elongated barbels in cave fish have
evolved to improve orientation. These modifications in sensory
structures have converged in different cave animals and/or in
different populations. No general way to compensate the
visual system exists in all cave animals. For more information
on sensory compensation in specific cave fish species, see
Wilkens (Fish).

Due to compensatory improvement of extraocular senses,
the signal processing structures are altered correspondingly.
For example, an enhancement in taste bud number is
matched by an increase in the size of the forebrain, which
contains the teleost gustatory center (Jeffery, 2001).
Similarly, eye regression leads to a reduced tectum opticum,
which is the main center of vision processing.

In summary, adaptation to darkness means managing to
live blindly, if necessary, via an improvement of nonvisual
senses that may enhance the fitness of the animal to life in a
dark environment like a cave. Each cave is characterized by
constraints that depend on its mode of formation, location,
age, size, temperature, humidity, and food supply. The
adaptations of cave animals depend not only on darkness but
also on the remaining cave conditions.

See Also the Following Articles
Adaptive Shifts
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Adaptation to Low Food

Kathrin Hiippop
Helgoland

ave animals share numerous adaptations to the relative

food scarcity in their habitat. A refined sensory orienta-
tion due to elongated appendages combined with enlarged or
multiplied sensory areas and changes in foraging behavior
improve food-finding ability in hypogean environments
which are generally and/or patchily scarce in food. A reduced
energy demand, realizable through reduced metabolic rates
and/or changes of life history toward more K-selection, is a
method to cope with the general food scarcity in caves.
Higher fat accumulation ability additionally aids survival
during starvation periods in caves periodically low in food.
All of these and several other factors concerning adaptation
to food scarcity in subterranean habitats can be illustrated in
a causal network.

INTRODUCTION

Subterranean environments are characterized not only by
continuous darkness but also by a reduced variability in
the number of specific abiotic conditions such as moisture,
temperature, and water chemistry, as well as by isolation
and restriction in space. Additionally, hypogean systems
are relatively energy limited compared to photosynthetically
based epigean systems. As a response, many cave animals share
numerous adaptations to the food scarcity of their environ-
ment. They not only show morphological and behavioral
adaptations but also have evolved several special physiological
characters. Especially energy economy, which is a reduction in
energy consumption, has a high selective advantage in cave
animals and has been observed in numerous species in a
variety of phyla (Poulson, 1963; Culver, 1982; Hiippop,
2000). All factors concerning adaptation to food scarcity in
caves can be illustrated in the causal network shown in Fig. 1

On one hand, the high environmental stability in caves,
including darkness and sometimes predator scarcity, allows
the evolution of characters; on the other hand, it reguires
character changes. In fact, most characteristics of adaptation
to food scarcity can only be realized in ecologically stable
and, above all, predator-poor caves (Fig. 1). Food scarcity
acting as a selective force in caves requires adaptations.
Possible adaptations of cave animals to survival in caves low
in food are an improved food-finding ability, an improved
starvation resistance, a reduced energy demand by reduced
metabolic rates, and life history characters changed toward
more K-selected features (Hiippop, 2000). Further, feeding
generalism and dietary shift may be realized. Many of these
characteristics have evolved coincidentally, depending on
the kind of food scarcity. As a consequence, most real cave

animals show no or only minor signs of malnutrition despite
the low food availability in their environment.

TYPES OF FOOD SCARCITY

Not only the intensity but also the quality of the food
scarcity and the duration of this selective force determine the
degree of adaptation. Food scarcity in caves can have three
facets: general food scarcity, periodic food supply, and patchy
food scarcity. General food scarcity holds for nearly all caves
and occurs especially in caves with no or low but continuous
food input. Additionally, many caves are not stable through-
out the year. Periodic food supply characterizes caves that are
flooded periodically (normally several times during the rainy
season) or caves with periodic food input by visiting animals.
Seasonally flooded caves are subject to severe changes regard-
ing food input, water quality, oxygen content, temperature,
and competitors or predators. During the wet season, food
supply can be very high and even abundant for some weeks
or months. After exhaustion of these food reserves, animals
in such caves suffer food scarcity like animals in generally
food poor caves. Some cave animals have to cope with patchy
food scarcity. This means that food is not necessarily limited
but is difficult to find and exploit. Under such conditions,
cave organisms can be observed aggregated at patchy food
resources.

WHAT TO FEED IN CAVES
Food Input

The basic food resource in most caves is organic matter from
external origin. Wind, percolating surface water, flooding,
and streams provide input of many kinds of organic matter,
such as detritus, microorganisms, feces, and accidental or
dead animals. Some caves are visited actively by epigean
animals for shelter or reproduction. Such caves are much
richer in food than are more isolated ones, because the
visitors provide an additional food input in the form of their
feces or their carcasses. Bat guano can present an immense
source of food for guanobionts. Bacteria and above all micro-
fungi decompose detritus and guano, thus building the basis
for a food pyramid in caves. Lava tubes can be rich in food
due to exudates from roots growing through the ceilings into
the caves (Poulson and Lavoie, 2000).

Chemoautothrophy

As the only primary producers in caves, a few species of
chemoautotrophic bacteria may support the survival of cave
animals, especially in caves that have no natural entrance and
where the absence of water infiltration from the surface
excludes the input of photosynthetic food (Sarbu, 2000).
However, these chemoautotrophic systems are quantitatively
important in only a few exceptional caves, the best known
example being the Movile Cave in Romania.
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Influence of Cave Type

The amount of food supply in caves depends on the cave
type, on surface connections, and on the geographic location.
Generally, the food supply in tropical and subtropical caves is
greater than in temperate ones because the biomass in the
tropical epigeum is greater and its production is mostly un-
interrupted (Poulson and Lavoie, 2000). As a consequence,
selection pressure can be expected to be weaker, the evolu-
tionary rate slower, and the appearance of troglobites not as
fast in such caves compared to caves with low energy input
such as temperate ones. In fact, troglobites are far more
abundant in temperate zones than in the tropics, and species
richness in caves is often correlated with the amount of
available energy.

FOOD FINDING

A variety of morphological and physiological adaptations and
changes in feeding behavior are the basis for more efficient

foraging and increased food-finding ability of cave animals in
darkness and under conditions of continuous or patchy food
scarcity compared to surface relatives. Such alterations are
only advantageous under low food conditions and in dark-
ness. In the case of high prey density or in light conditions,
cave species are inferior to competing epigean relatives.

Appendages and Sensory Equipment

The most obvious morphological alterations in cave animals
are longer legs, antennae, fins and barbels, or enlarged or
flattened heads. If these body parts bear sensory organs, their
enlarged surface can be correlated to an increased number
of chemosensitive or mechanosensitive organs. As a conse-
quence, an increased sensitivity to chemical and mechanical
stimulants and changes in feeding behavior are possible. Cave
animals can detect the food faster and at a greater distance
from their bodies than can epigean ones and, as a side effect,
spend less energy for food searching. All of these characters
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have been observed in a broad variety of taxa, from
amphipods over crayfish, isopods, spiders, beetles, and fish to
salamanders, and more. Cave fish have been studied most
intensively in this respect, above all those of the famous North
American cave fish family, the Amblyopsidae, or the Mexican
characid fish Astyanax fasciatus and cave salamanders.

In the Amblyopsidae, a positive trend in several of the
specified troglomorphic features progresses from an epigean
species over four gradually more cave-adapted species
(Poulson, 1963). Adaptive alterations to the cave conditions
are correlated with enlarged associated brain parts, whereas
smaller optic lobes reflect the reduction of eyes as a conse-
quence of darkness and uselessness. For cave salamanders, the
most likely function of the elongated limbs is to raise the
body and particularly the head above the cave floor to
increase efficiency of the lateral-line system. They also permit
the salamanders to search a larger area per unit of energy
expended and thus increase feeding efficiency. In interstitial
species, the evolution of appendage length is different than in
cave species. Due to the small size of the interstitial gaps,
they tend to have shorter appendages and a more worm-like
appearance (Coineau, 2000).

Behavior

Changes in foraging behavior can also increase the food-
finding ability. In the darkness of caves, a food-searching
behavior concentrated on only the two-dimensional bottom
or other surface areas can be much more economic in time
and cost than a food search in a three-dimensional space, as
exhibited by most surface animals in light and what they also
try to do in darkness. Several cave animals have abandoned
the shoaling or grouping behavior and adopted a continuous
moving mode as a consequence of darkness and food scarcity
in the cave habitat. They compensate for the optically orien-
tated and spatially limited food searching mode of epigean
relatives by covering a greater area using chemo- and
mechanosensors. The amblyopsid cave fish have developed a
different swimming behavior, referred to as glide-and-rest
swimming. This behavior, also enabled by the larger fins,
not only conserves energy but also results in a reduction of
interference noise for neuromast receptors thus improving
prey detection.

Other Factors

Most cave animals cope with food scarcity by taking a wide
range of food or exhibiting a different food preference com-
pared to surface relatives. Sometimes they show a dietary
shift if one food source becomes scarce. A higher food utiliza-
tion efficiency in cave animals as adaptation to the food
scarcity is still not proven. Finally, the improvement of one
feature sometimes may have more than one positive effect
on the cave animals. The elaboration of the antennae in
amphipods not only enhances food-finding ability, and thus

survivorship, but also improves the mate-finding ability in
populations with often low densities. Elongated bodies pre-
sumably facilitate movement through an interstitial medium.
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An improved food-finding ability is adaptive predominantly
in patchily food-limited cave habitats and may be realized
through changes in foraging behavior and improved ability
for sensory orientation. The latter includes improvements not
only in taste and smell senses but also in spatial orientation,
as is required in the darkness of caves. A multiplied and
improved sensory equipment can be causally connected with
longer appendages and, by this, with neoteny. An improved
food-finding ability itself can reduce the general energy
demand of cave animals or improve the ability of fat
accumulation.

HOW TO SURVIVE STARVATION PERIODS

Besides a general food scarcity, many cave animals are faced
with temporal periodicity of food; hence, they need an im-
proved ability to survive long periods of starvation. Seasonality
in caves, as already mentioned, is based on periodic flooding
or on animals visiting the cave periodically, such as bats.
Normally, this results in annual cycles.

Fat Accumulation

The main way to improve the survival capacity in periodi-
cally food-scarce cave environments is the accumulation of
large amounts of adipose tissue during food rich seasons.
High lipid contents have been observed not only in cave
animals but also in many surface species subjected to seasonal
changes in food supply. The energy content per gram of
lipids is roughly twice that of proteins or carbohydrates;
therefore, fat accumulation is the best way to store energy.
This may be achieved through excessive feeding, increased
feeding efficiency, or improved metabolic pathways favoring
lipid deposition. Cave animals build up fat reserves during
the food-rich season and store them in their abdominal
cavity, in subdermal layers, intra- or extracellularly in the
hepatopancreas (decapods) or in the muscle mass, within the
orbital sockets of the reduced eye, or in the more or less
reduced swim bladder (as some fish do). They are able to
survive starvation periods from several weeks to one year (as
proven with fish), probably even more. Additionally, cave
species cope better with starvation periods when metabolic
rates are reduced, and cave animals can enable their young to
resist starvation periods by producing eggs with more yolk.

Examples

Amphipods, decapods, remipedes, collembola, beetles, and
several fish species all over the world have been observed to



accumulate fat deposits, some up to huge amounts, and to be
able to survive starvation periods better than their epigean
relatives. For example, the different stages of various
morphological adaptations in the five North American
amblyopsid cave fish species are correlated with the time the
species have been isolated in caves. The increasing ability
to cope with food follows the same order (Poulson, 1963),
which supports the high adaptive value of starvation
resistance in cave animals.

Individuals of one hypogean variety of the Mexican
characid fish Astyanax fasciatus fed ad libitum in the labora-
tory were able to accumulate fat up to 71% of dry body mass
compared to only 27% in the conspecific epigean fish variety.
A good measure to compare the nutritional states of animals
within one species or within closely related species is
calculation of the condition factor (CF):

CF = 100 wl™

where w is the wet body mass in grams, and / is the body
length in centimeters. Not until after a starvation period of
almost half a year did the CF of individuals of the hypogean
variety of A. fasciatus fall below the CF of the epigean fish in

an unstarved condition (Table I).
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A higher fat content is highly useful in cave animals con-
fronted with periodic food scarcity in that it increases their
resistance to starvation. Cave animals may be able to improve
their capacity of fat accumulation by an improved food-
finding ability, perhaps supported by a higher food utilization
efficiency. Lowered metabolic rates reduce energy demand
during starvation and thus increase starvation resistance. An
increased starvation resistance possibly also has an influence
on the survival rate of the young.

TABLEI Fat Content and Condition Factors of the Epigean
and One Hypogean Variety of the Mexican Characid Astyanax
Jasciatus in Relation to the Number of Experimental
Starvation Days

Days of Starvation

0 109 174
Fat content (% wet body mass)
Epigean fish 9 2 —
Hypogean fish 37 28 27
Fat content (% dry body mass)
Epigean fish 27 8 —
Hypogean fish 71 63 62
Condition factor (100 g cm™)
Epigean fish 2.0 1.6 —
Hypogean fish 2.9 2.5 1.9

Source: Adapted from Hiippop, K., in Subterranean Ecosystems, Wilkins,
H. et al., Eds., Elsevier Press, Amsterdam, pp. 159-188.
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ENERGY DEMAND

A reduced energy demand is highly adaptive in the food
scarcity of caves. It reflects a resistance not only to starvation
during periodic food limitation or to general food scarcity
but also to food patchiness, low oxygen content, or other
abiotic factors in the cave environment. The energy demand
of an animal usually is quantified by its metabolic rate.
Meaningful information on the metabolic rate is given by the
measurement of oxygen consumption of the entire organism
or parts of it. In addition, indirect parameters such as respira-
tory frequency, resistance to anoxia, ability to survive starva-
tion periods, body composition, growth rate, gill area, or
turnover rate of adenosine triphosphate (ATP) give informa-
tion on the metabolic rate. All of these methods have been
used, and in most investigations the metabolic rates of the
hypogean species were found to be more or less lower than
that of their epigean relatives.

Aquatic Cave Animals

Not only in caves but also in interstitial habitats, aquatic
animals above all practice striking energy economy. Several
cavernicolous amphipod, isopod, decapod, and fish species
have been shown to live with metabolic rates much lower
than those of surface relatives. The most detailed analysis
of cave adaptation in fish (Poulson, 1963) demonstrates a
decreasing trend in the metabolic rate from the epigean
species in the Amblyopsidae over the troglophilic to
gradually more cave-adapted ones. This trend in the
metabolic rate is negatively correlated with starvation
resistance. High fat reserves together with low metabolic rates
explain the long survival time of the most troglobitic
amblyopsid species when starved. However, high fat contents
may lead to misinterpretations of metabolic rates. Studies in
the Mexican cave fish A. fasciatus regarding metabolic rate,
body composition, and starvation survival revealed lower
metabolic rates in one cave form as compared to the epigean
relative and very high fat contents (Hiippop, 2000) (see
Table I). Because fat tissue is known to have a relatively
low maintenance metabolism compared to other tissues or
organs, lean body mass or bodies with comparable fat
contents should be preferred as a metabolic reference to avoid
misinterpretations of the metabolic rate. The recalculation of
metabolic rates in A. fasciatus resulted in nearly identical
values in both varieties of the fish species. Although
obviously adapted to a periodically low energy environment,
as can be seen from the high fat content, the hypogean
A. fasciatus were not yet able to reduce their energy turnover
rate in adaptation to a general food scarcity.

Terrestrial Cave Animals

Only a few investigations on metabolic rates of terrestrial
cave animals exist. Although food scarcity generally is even
greater in the terrestrial than in the aquatic cave environ-
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ment, only a few cave arthropod species were found to show
a tendency toward energy economy.

Activity

Every activity increases the energy consumption of animals.
The standard metabolic rate (i.e., the lowest oxygen con-
sumption rate that can be measured during a test) excludes
motion activity and is a measure of the physiological adapta-
tion of cave animals to food scarcity. However, the routine
metabolic rate (ze., the mean metabolic rate over 24 hours
which includes spontaneous activity) is a more appropriate
index of actual energy expenditures in nature; it actually may
have the highest rank among other adaptations reducing
energy demand in cave animals. The routine metabolic rate
may be reduced in cave animals due to reduced motion
activity, to changed motion patterns (temporal as well as
morphological), to reduced or no longer practiced aggressive
and territory behavior, or to reduced fright reactions.
Actually, in most cave animals activity is reduced. Although
an increase in food-finding ability in cave animals often
seems to go along with an increase in food-searching activity,
changed motion patterns result in a reduction of energy
expenditure, sometimes to a fantastic extension. For example,
in the most cave-adapted species of the amblyopsid fish in
North America, over 90% of the total energy savings by adap-
tations are based on the reduced activity (Poulson, 1985).

Excitement and Aggression

Metabolic rates definitely are elevated by an animal’s reaction
to disturbance (excitement) and by aggressive behavior.
Interior activity, or excitement without expression in motion
activity, elevates the standard metabolic rate. External
activity, including motion activity resulting from excitement
or aggression, increases the routine metabolic rate. An
increased resistance to disturbance has been shown to be
important for energy economy in the amblyopsid fish
(Poulson, 1963). The generally low standard and routine
metabolic rates of cave amblyopsids and their resistance to
disturbance are interpreted not only as adaptations to the
reduced food supply, by a factor of about 100 compared to
the surface, but also as a by-product of relatively stable cave
conditions and a general lack of predators in the amblyopsid
cave environment (c.f/, regressive evolution).

The Conflicts of Body Size

In addition to food scarcity, the interstitial habitat is
constrained by the grain size of the substrate. Interstitial
animals are constrained in size and shape due to the small size
of the interstitial gaps. They often are very small and have
shortened appendages excluding the posterior appendages,
which tend to be elongated (Coineau, 2000). In this special
subterranean habitat, the motion activity for food searching

in interstitial animals can actually be increased and can result
in an elevated routine metabolic rate compared to surface
forms (Danielopol ez al., 1994). Often, interstitial species are
much smaller than their surface relatives, so their higher
mass-specific routine metabolic rate corresponds to a smaller
routine metabolic rate per individual. The energy reserves
of larger animals last longer and are more resistant to food
shortage than of small animals because the metabolic rate
of animals is not directly proportional to body mass but is
related to mass by the following equation:

Metabolic rate = aM*

where 4 is the intercept, M is the body mass, and 4 is the
mass exponent or slope smaller than 1 (Withers, 1992). Con-
sequently, subterranean animals have to resolve the conflict
between two advantages: (1) to be larger with a lower energy
demand per unit mass but a higher one per individual, or (2)
to be small, thus requiring less energy per animal and/or
being able to live in crevices. Interstitial forms may have
reduced their body size to fit better into the small crevices
and to cope better individually with food scarcity in their
special habitat (Danielopol ez al., 1994).

Ectothermy and Neoteny

Troglobites are exclusively ectotherms. The generally very
low metabolic rates of ectotherms (only 10 to 20% or even
less that of similar sized endotherms) are the basis for their
success in zones characterized by limited resource supplies,
such as shortages in food, oxygen or water. Ectotherms can
utilize energy for reproduction that endotherms are forced to
use for thermoregulation. Finally, ectotherms are able to exploit
a world of small body sizes unavailable to endotherms. Body
sizes less than 2 grams are not feasible for endotherms
because the curve relating metabolism to body mass becomes
asymptotic to the metabolism axis at body masses lower than
2 grams (Withers, 1992).

Within the ectothermic vertebrates, only fish and
amphibians evolved cave species. Because they are the largest
animals in cave communities, they usually represent the
highest trophic level in the cave food web and can survive in
large populations only in relatively food-rich caves. Most
troglobitic salamanders are aquatic and show the retention of
larval characters, known as neoteny, which enables them to
survive in the relatively less food-scarce aquatic cave habitat
compared to the terrestrial cave habitat (Culver, 1982).
Finally, suppression of the energetically expensive metamor-
phosis in hypogean salamanders can be interpreted as an
adaptation to general food scarcity.

Hypoxic Conditions

Besides food scarcity, numerous cave or interstitial species
have to cope with temporary or permanent hypoxic
conditions. Also, this character of some cave environments



forces reduced metabolic rates and has been proven in
crustaceans and fish. In contrast to surface species, several
hypogean species have no sharp break in the oxygen uptake
lines under depleting oxygen concentrations. This absence
of a discontinuity in the oxygen uptake line is called oxy-
regulation and is considered to be adaptive in environments
characterized by variable oxygen conditions (Danielopol ez

al., 1994).

Character Reduction

Many features become reduced during the evolution of cave
animals. This regressive evolution generally is described as
the reduction of “functionless” characters in cave animals
and not only concerns structural but also behavioral and
physiological traits. It obviously should be an advantage for
cave animals to use the energy saved from not building
or maintaining useless characters when living in strongly
food-limited cave environments by transferring it to the
development or support of other characters or to growth,
reproduction, or survival during starvation periods. There
exist a few hints among beetles and spiders of this possible
strategy of cave animals to adapt to a food-restricted cave
environment. Nevertheless, more often the reduction of cha-
racters in cave animals seems to be the result of accumulated
neutral mutations.
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A reduced energy demand is adaptive mainly in those caves
that are generally low in food. A lowered interior activity,
meaning a reduced standard metabolic rate, can be the result
of an increased fright resistance, a lowered aggressive
behavior, and possible changes in biochemical mechanisms
(e.g., ATP turnover rates). Reduced motion activity (Z.c., a
lowered routine metabolic rate) can be achieved by means
of reduced body movement to escape (a reduced number of)
predators or for aggression, changes in feeding behavior and
locomotion, and an improved sensory orientation resulting
in fewer movements for food searching. In the end, reduced
metabolic rates result in a higher availability of energy for
growth and/or a greater resistance to starvation. Additionally,
character reduction, reduced growth rates, and smaller adult
body size have the ability to reduce energy demand in cave
animals. The reduced energy demand in cave animals can
have two effects. Under the aspect of metabolic span, a
reduction per time is correlated with a prolonged lifetime
combined with iteroparity. On the other hand, the reduction
per individual life enables higher survival rates of individuals
or even the increase of population size.

LIFE HISTORY CHARACTERS

The extremes of the spectrum of life history adaptations are
characterized as - and K-selection. Whereas r-selection (r
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being the slope of the population growth curve) means a
trend toward high population growth rate under temporarily
good conditions in relatively unpredictable and changing
habitats, K-selection (K being the carrying capacity of the
habitat) can be realized only in more predictable and stable
habitats, and the appropriate fitness measure is the maximum
lifetime reproduction. K-selected species are characterized by
low or no population growth; they have reached a maximal
K. This situation is connected with fewer but larger and
more nutrient-rich eggs, increased time required for
hatching, prolonged larvae stage, generally decreased growth
rate, delayed and perhaps infrequent reproduction, increased
longevity, and parental care. Many cave animals show a
couple of these characters, demonstrating a trend toward
more K-selection in cave species. The life history of cave
animals has been the subject of some reviews; the main inves-
tigations were done on a variety of invertebrates, particularly
crustaceans and arthropods, and on fish and salamanders

(Hiippop, 2000).

Egg Size

The adaptive value of fewer but bigger eggs, not only for
cave fish but for all animals living in food-poor habitats, is
obvious. Bigger eggs with more energy-rich yolks release
bigger larvae. These larvae have a bigger head with larger
mouth, so they can start external feeding on a larger spec-
trum of food particles and have a better chance to survive.
Furthermore, bigger larvae may have a higher resistance to
starvation and a higher mobility for food searching and for
effective escape reactions. The reduction of the clutch size
can finally result in a single larva per reproductive season that
possibly never feeds, as in cave beetles.

Growth Rate

A reduced growth rate in cave animals is adaptive to food
scarcity because it means a reduced energy demand per time.
More animals can live on a defined amount of food, or
a defined group of animals can survive longer on it. A
reduction in energy demand per unit time through a lower
metabolic rate, together with a reduction of absolute and
relative costs of reproduction, can make possible an increase
of population density and hence an increase in the number
of females actually breeding per year.

Longevity

There is evidence that the total metabolic turnover in a
lifetime not only of endotherms but also in ectotherms is the
product of the energy turnover rate and the duration of
life, called the metabolic span. Generally, lower metabolic
rates and slower growth rates (that is, “slower living”) are
connected with increased longevity. Because the reproductive
success of an animal might be defined by the ability to
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live long enough to survive the gap between good years,
an increased lifetime in cave animals is advantageous in a
generally food-scarce environment or in caves where
relatively food-rich reproductive seasons occur irregularly.
The increased longevity of cave animals connected with a
delay in maturity and a trend from semelparity to iteroparity
means that the population is less likely to disappear in years
when food supply is too low to allow females to produce

offspring.

A Case Study

Extremely prolonged lifetimes of more than 150 years are
known among North American cave crayfish; however, the
amblyopsid cave fish, intensively investigated by Poulson
(1963), are the best known example of how cave animals
adapt their life history to food scarcity. Within this group of
fish species it is obvious how cave animals with increasingly
slower energy turnover rates have increasingly prolonged life
cycles connected with many increasingly K-selected features,
such as bigger and fewer eggs with prolonged developmental
time, prolonged branchial incubation time (= parental care),
bigger larvae at first external feeding, reduced growth rate,
delayed maturity, and multiplied chances to reproduce with
increasing cave adaptation (Table II). Population growth rate
and population density decrease with phylogenetic age of
the cave species, and the population structure shifts toward

adults (Poulson, 1963).
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Life history changes toward more K-selected characters
are correlated with a prolonged lifetime (and consequently
iteroparity) and/or with a shift toward more adults in the

TABLE II
Amblyopsid Fish Chologaster cornuta Compared to the

Some Life History Characters of the Epigean

Troglobitic Amblyopsis rosae

C. cornuta  A. rosae

Egg size (mm) 091t 1.2 1.9t02.2
Developmental time few weeks 5t 06
months
Larval size (mm) When hatching 3 5
When leaving gill cavity 8 12
Adult size (mm) 23 t0 55 36 to 48
Female body mass (g) 0.93 1.25
Adult maturity (year) 1 3
Maximal life span (years) 1 5t0 6
Number of mature ova per female 98 23
Average number of reproduction per lifetime 1 0.6
Maximum number of reproduction per lifetime 1 3

Source: Adapted from Poulson (1963, 1985) and Culver (1982).

population. Additionally, more K-selection may include
bigger and fewer eggs and longer incubation and brood care,
giving the offspring a higher chance of survival. A reduced
growth rate and a smaller adult size may save energy. A
prolonged developmental period may result in neoteny
which in turn can have an influence on food-finding ability
through appendage lengthening and changes in foraging
behavior.
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Adaptation to Low Oxygen

Frédéric Hervant and Florian Malard
Université Lyon

INTRODUCTION

Before the late 1970s, ecological studies were carried out
mainly in the unsaturated zone of karst aquifers, more
particularly in caves. Because cave water bodies are exposed
to the atmosphere, they are usually saturated with oxygen,
but dissolved oxygen (DO) was not measured routinely,
and oxygen availability in subterranean biotopes was rarely
considered as a key ecological factor that governed the
occurrence and spatiotemporal distribution of hypogean
animals. Biological activity, animal density, and organic



matter content in the groundwater were assumed to be too
low to induce oxygen deficiency; therefore, the possibility
that hypogean organisms may have to face hypoxic stress was
not considered. Physiological studies essentially concerned the
adaptive responses of hypogean animals to low food supply
including their higher food-finding ability, strong resistance
to starvation, and reduced metabolism (Hiippop, 2000).

Since the 1970s, this view has been reevaluated by many
researchers who have frequently reported low dissolved
oxygen concentrations from shallow groundwater in un-
consolidated sediments, more particularly in the hyporheic
zone of streams (Boulton ez al., 1992; Strayer et al., 1997);
the groundwater environment has been described as being
hypoxic or weakly oxygenated. Also, several authors have
conducted laboratory studies to test the resistance and
adaptive strategies of animals in response to low oxygen
(Malard and Hervant, 1999).

The ensuing material begins by examining the oxygen
status of different groundwater systems including deep- and
shallow-water-table aquifers and the hyporheic zone of
streams. Then, based on laboratory studies conducted by one
of the authors (Hervant ez al, 1996-1999; Malard and
Hervant, 1999), we examine the behavioral, respiratory, and
metabolic responses of groundwater organisms, especially
crustaceans, to low oxygen concentrations. Finally, we
suggest that the selection of organic-matter-rich habitats in
groundwater increases the risk of facing hypoxic stress.

SUPPLY AND CONSUMPTION OF DISSOLVED
OXYGEN IN GROUNDWATER

Because of permanent darkness, there is no photosynthesis in
groundwater, thus no production of oxygen; therefore, the
oxygen status of groundwater is determined by the rate of
oxygen transport from the surface environment and by the
rate of oxygen consumption in the subsurface.
Replenishment of dissolved oxygen occurs by air diffusion
from the unsaturated zone or by recharge with normoxic
rainwater or river water. Fluctuations of the groundwater
table enhance air entrapment, thereby increasing dissolved
oxygen transfer from entrapped air. Oxygen transport within
groundwater may occur as a result of oxygen diffusion,
convection currents caused by heat transfer, and advection of
water in response to hydraulic gradients. The diffusive
movement of oxygen in water is negligible, and convective
currents are limited in groundwater by sediment and weak
thermal gradients (the geothermal gradient is usually about
0.01°C m™") (Malard and Hervant, 1999); therefore, oxygen
transport in groundwater is primarily due to advective move-
ment of water in response to hydraulic gradients. Because
groundwater velocity is usually low (i.e., 10°-10 ms™),
the available flux of DO in groundwater is much slower than
in surface waters. On the other hand, oxygen consumption
by microorganisms is limited in many aquifers by the avail-
ability of biodegradable organic carbon. Consequently, DO
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may persist at considerable distances from the recharge zone
in deep-water-table aquifers where soil-generated dissolved
organic carbon is completely degraded during the transit
of infiltrating water in the unsaturated zone. In confined
aquifers of the Ash Meadows basin (southcentral Nevada),
Winograd and Robertson (1982) sampled ground water with
2 mg L' O, at a distance of 80 km from the recharge zone.
In contrast, dissolved oxygen may be totally consumed over
very short distances (i.e., a few meters or even centimeters)
in shallow-water-table aquifers or in the hyporheic zone of
rivers because of the input of soil- or river-labile dissolved
organic carbon. Malard and Hervant (1999) reported strong
variability among groundwater systems in the length of
underground pathways for dissolved oxygen. Based on cross-
system comparison from literature data, these authors
suggested that differences among hyporheic zones reflect
variation in the contact time of water with sediment, whereas
differences among confined aquifers are primarily a result of
differences in the rate of DO consumption.

SMALL-SCALE HETEROGENEITY IN DISSOLVED
OXYGEN IN GROUNDWATER

Small-scale investigations of oxygen distributions in sub-
surface waters revealed strong variations over distances of a
few centimeters or meters. This heterogeneity, an essential
feature of the groundwater environment, was observed in a
number of subsurface water habitats, including the saturated
zone of karst aquifers, the water-table region of deep- and
shallow-water-table porous aquifers, the halocline of anchia-
line caves, the hyporheic zone of rivers, and the interstitial
environment of marine and freshwater beaches (Malard and
Hervant, 1999) (Fig. 1). Small-scale spatial heterogeneity in
DO reflects changes in sediment composition and structure,
subsurface water flow velocity, strength of hydrological
exchanges with the surface environment, dissolved and
particulate organic matter content, and activity of micro-
organisms. Strong temporal changes in DO may also occur
in the hyporheic zone of streams as well as in the recharge
zone of aquifers, but these fluctuations are strongly damped
with increasing distance from the stream and the recharge
zone. Whereas diminished oxygen concentration is typically
not a rule for the groundwater environment, the high
spatial heterogeneity of DO at meso- (meter) and micro-
(centimeter) scales is considered a peculiarity of groundwater
habitats (Malard and Hervant, 1999). This implies that
animals living in groundwater have to experience highly
variable oxygen concentrations as they move through a
mosaic of patches with contrasted DO concentrations.

FIELD EVIDENCES OF SURVIVAL IN LOW
OXYGENATED GROUNDWATER

Results of field studies reveal that most animals can be found
living in a wide range of DO, even anoxia in some cases
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FIGURE 1 Mesoscale (meter) and microscale (centimeter) heterogeneity in dissolved oxygen concentrations in (A) a deep water-table aquifer (Ronen ez al.,
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(Malard and Hervant, 1999). Based on 700 faunal samples
collected in the hyporheic zone of several desert streams in
Arizona, Boulton er al. (1992) examined the field tolerance
to DO of 23 common taxa. These authors showed that most
taxa could be encountered in subsurface waters with less than
1 mg L™ O,. Strayer ez al. (1997) obtained similar results
based on 167 samples of hyporheic invertebrates collected
at 14 sites in the eastern United States; however, in both
studies, several animal groups, particularly crustaceans and
insects, occurred more frequently in well-oxygenated
sediments than where oxygen was scarce. Several crustaceans
(including the amphipod Niphargus hebereri Schellenberg,
the thermosbaenacean Monodella argentarii Stella, and some
species of remipedes) are known to develop dense popula-
tions in the sulfide zone of anchihaline caves (Malard and
Hervant, 1999). It is not yet clear, however, whether these
crustaceans permanently live in deoxygenated waters or if
they temporarily seek shelter in a more aerated environment.
A diversified aquatic fauna was also found to live in the
uppermost hypoxic layer (DO < 0.3 mg L™ O,) of sulfidic
groundwater in Movile Cave, Romania (Malard and
Hervant, 1999). On the other hand, the paucity of fauna in
extensive areas of hypoxic groundwater suggests that most
hypogean taxa are probably not able to survive a lack of
oxygen for very long. Reports of groundwater animals among
poorly oxygenated groundwaters are equivocal because their
presence may be due to either tolerance to low oxygen
concentrations by hypogean invertebrates or the existence
of microzones of high dissolved oxygen. Recent detailed
laboratory studies on the behavioral, respiratory, and
metabolic responses of several subterranean crustaceans to
anoxia have enabled us to define more precisely the degree of
tolerance of groundwater animals to low oxygen concentra-
tions and to elucidate some the mechanisms responsible
for extended survival under oxygen stress (Hervant et al.,

1996-1999).

SURVIVAL TIMES UNDER ANOXIA

Most data available on adaptations to low oxygen in ground-
water organisms arise from comparisons of the adaptive
responses of three hypogean crustaceans (the amphipods
Niphargus virei Chevreux and Niphargus rhenorhodanensis
Schellenberg and the isopod Stenasellus virei Dolfus) and two
epigean crustaceans (the amphipod Gammarus fossarum
Koch and the isopod Asellus aquaticus L.) to anoxia (Hervant
et al, 1996-1999; Malard and Hervant, 1999). The
responses of these five crustaceans were examined in darkness
(at 11°C) under three different experimental conditions:
anoxia, normoxia following an anoxic stress (postanoxic
recovery), and declining DO concentration (from 10.3 to
0.7 mg L™ O,). Information gained from these experiments
concerned: (1) the lethal time for 50% of the population
(LT 50%) in anoxia; (2) the locomotory activity (number of
periods of locomotion per minute) and the ventilatory
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activity (number of pleopods beats per minute) of animals;
(3) the oxygen consumption rates in normoxia and under
declining Po, (in order to determine the critical partial pres-
sure of oxygen, Pc); and (4) changes in the concentrations
of key metabolites such as high energy compounds (e.g.,
adenosine triphosphate [ATP], phosphagen), anaerobic
substrates (glucose, glycogen, amino acids), and anaerobic
end products (lactate, alanine, succinate, malate, propionate).
Groundwater crustaceans show survival times (LT 50%)
of about 2 to 3 days under anoxia (Table I) and several
months in moderate hypoxia (Danielopol, 1989; Malard and
Hervant, 1999). They are much more resistant to oxygen
deprivation than morphologically closed epigean species
whose LT 50% values range from a few hours to one day.
Hypogean fishes, crayfishes (Huppop, 2000), and urodele
amphibians (Hervant, unpublished data) also display much
higher survival times than their related epigean species.

BEHAVIORAL ADAPTATIONS

Every spontaneous or stress-induced activity increases ener-
getic expenditures and, therefore, oxygen consumption.
Some hypogean species show a very low activity rate when
compared to morphologically closed epigean animals (Table
I). This reduced activity has been interpreted to be a result
of (1) food scarcity, stable environmental conditions, and
general lack of predators and territorial behavior; (2) cramped
interstitial habitats; and/or (3) low oxygen availability (Hervant
et al., 1996; Hiippop, 2000). A low activity rate in ground-
water animals which is often associated with an increase in
food-finding ability is an efficient adaptation to low food
supply because it results in a reduced energy demand.
Epigean Gammarus fossarum and Asellus aquaticus respond
to experimental anoxia by a marked hyperactivity (Table I)
that, in natural conditions probably corresponds to an
attempt to move to more oxygenated habitats (i.e., to a
behavioral compensation). In contrast, all three hypogean
crustaceans show a drastic reduction in locomotory activity
under lack of oxygen (Table I). This adaptive behavior
reduces energy expenditure during oxygen deprivation (by
decreasing the oxygen consumption) and therefore increases
survival time in deoxygenated groundwater. This “sit-and-
wait” strategy, very advantageous under hypoxic (and/or
food limited) environments, was also observed in starved
stygobite crustaceans (Hervant and Renault, 2002) and cave
salamanders (Hervant ez al., 2001). Danielopol ez al. (1994)
then Mésslacher and Creuzé des Chatelliers (1996) showed
that the hypogean isopod Proasellus slavus actively explored
its interstitial environment but slowed down exploratory
movement under severe hypoxic conditions (z.e., 0.1 mg L™
O,). The lack of an escape behavior is probably not universal
for hypogean aquatic organisms, however, because active
animal migration in response to fluctuating DO concen-
trations has already been documented in natural biotopes
and in a laboratory flume (Henry and Danielopol, 1999).
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TABLE I

Comparison of Locomotory and Ventilatory Activities, Oxygen Consumption (SMR), and Intermediary and Energetic

Metabolism During Normoxia, Anoxia, and Postanoxic Recovery in Two Surface-Dwelling and Three Groundwater Crustaceans

Epigean Hypogean

G. fossarum A. aquaticus N. rhenorho. N. virei S. virei
Survival during anoxic stress
Lethal time for 50% of the population 63h 19.7h 46.7 h 52.1h 61.7 h
Activity
Number of periods of locomotion per minute (in normoxia) 19.3 6.7 12.5 1.4 4.5
Changes during anoxia X X | \ \
Ventilation
Number of pleopods beats per minutes (in normoxia) 60 43 44 48 38
Changes during anoxia X % “ “ AV
Respiratory metabolism
Normoxic O, consumption (SMR; pL )2/g dw/h) 940 1325 605 305 425
O, critical pressure (mg.L™) 3.6 3.8 2.0 1.8 2.0
Body energy stores (in normoxia)
Stored glycogen (umol/g dw) 110 165 356 243 307
Stored arginine phosphate (mol/g dw) 7.0 10.5 26.5 26.5 31.5
Post-anoxic recovery
Glycogen re-synthesis rate (Wmol/g dw/min) 0.003 0.01 0.07 0.03 0.04
% of glycogen re-synthesis 8 19 47 49 53

Source: Adapted from Hervant et al., 1995-1998; Malard and Hervant, 1999.

RESPIRATORY ADAPTATIONS

Subterranean animals generally have reduced standard
metabolic rates (SMRs) and reduced routine metabolic rates
(RMRs) when compared to their surface-dwelling counter-
parts (Hiippop, 2000). For example, the cave salamander
Proteus anguinus Laurend and the groundwater crustaceans
Niphargus virei, Niphargus rhenorbodanensis, and Stenasellus
virei show SMRs in normoxia from 1.6 to 4.5 times lower
than their epigean relatives (Table I) (Hervant et al., 1998).
Low SMRs and RMRs among hypogean animals have long
been interpreted only as an adaptation to low food avail-
ability (Hiippop, 2000); however, reduced SMRs in some
populations of subterranean animals may also reflect an
adaptation to low oxygen concentrations in the groundwater
(Hervant and Renault, 2002). A reduced metabolic rate (i.e.,
low energetic requirements) results in a lower oxygen removal
rate and an increased survival time in anoxia.

The hypogean amphipods N. virei and N. rhenorhoda-
nensis and the hypogean isopod S. virei reduce their venti-
latory activity during anoxic stress (Table I), thereby limiting
their energy expenditure. Several animals contract an oxygen
debt during oxygen deprivation that is repaid upon return
to normoxia (Herreid, 1980). The repayment of this debt
during recovery from anaerobic stress involves a significant
increase in SMR. The oxygen debt of hypogean V. virei
and N. rhenorhodanensis is 2.2 to 5.3 times lower than that of
epigean G. fossarum and A. aquaticus (Hervant er al., 1998).
This lower oxygen debt indicates a reduced energetic expen-
diture (i.e., an energy sparing) which is probably linked to
lower locomotory and ventilatory activities during anoxia.

The resistance to anoxia (and/or long-term fasting)
displayed by numerous hypogean species may be explained
by their ability to remain in a prolonged state of torpor. This
state enables hypogean organisms to tolerate a prolonged
reduction in oxygen (and/or food) availability by maximizing
the time during which metabolism can be fuelled by a given
energy reserve (or a given food ration). This supports the
classic suggestion that difficulties in obtaining food in
stressful environments may select for conservative energy use
(Hervant and Renault, 2002). These adaptive responses may
be considered for numerous subterranean organisms as an
efficient energy-saving strategy in a harsh and unpredictable
environment where hypoxic (and/or starvation) periods of
variable duration alternate with normoxic periods (and/or
sporadic feeding events). Hypoxia-tolerant (and/or food-
limited) groundwater species appear to be good examples
of animals representing a low-energy system (Hervant ez a/.,
2001; Hervant and Renault, 2002).

Theoretically, aerobic organisms can be described as meta-
bolic conformers or regulators if their oxygen consumption
varies directly with or is independent of Po,, respectively;
however, these two types are merely the two ends of a large
spectrum of respiratory responses of species. Animals never
fully belong to one or the other type, and below a critical Po,
(Pc) a regulator becomes a conformer (Herreid, 1980); there-
fore, Pc is a good indicator of the tolerance or adaptation of
an organism to low Po,. Gammarus fossarum, A. aquaticus,
N. virei, S. virei and N. rhenorhodanensis are able to maintain
a relatively constant rate of oxygen consumption relatively
constant that is independent of Po, and between normoxia
and Pc (Hervant et al, 1998). However, the Po, at which



respiratory independence is lost is significantly lower for
hypogean species than for surface-dwelling ones (Table I).
This implies that groundwater species are able to maintain an
aerobic metabolism for a longer time in declining Po,
(progressive hypoxia) instead of partly switching to a low-
energy anaerobic metabolism. The maintenance of an aerobic
metabolism (i.e., survival at a lower energetic cost) under
hypoxic conditions is partly due to the lower SMR of
hypogean animals. Mésslacher and Creuzé des Chatelliers
(1996) also found that the RMRs of an unpigmented and
eyeless subterranean form of A. aquaticus decreased with
decreasing environmental DO concentration. In contrast,
Danielopol et al. (1994) showed that the hypogean isopods
Proasellus slavus, Proasellus strouhali, and a blind population
of A. aquaticus maintain a high ventilation activity inde-
pendent of the external oxygen concentration (z.e., from 0.1
to 9mgL™" O,). However, the occurrence of respiratory
regulation over such a wide range of DO concentrations had,
until then, not been observed among epigean crustaceans
(Malard and Hervant, 1999) and had rarely been observed in
other invertebrates (Herreid, 1980).

METABOLIC ADAPTATIONS
Metabolic Responses During Anoxia

A number of biochemical adaptations that permit extended
survival under prolonged hypoxia or anoxia have been
identified in various well-adapted epigean groups, especially
marine annelids and intertidal mollusks (Fields, 1983). These
include the maintenance of high reserves of fermentable
fuels (such as glycogen and amino acids) in some tissues
under normoxic conditions, the use of anaerobic pathways to
enhance ATP yield and to maintain redox balance during low
oxygen conditions, and mechanisms for minimizing meta-
bolic acidosis often associated with anaerobic metabolism.
Nevertheless, epigean crustaceans have been recognized as
being of a “modest anaerobic capacity” without special and
efficient mechanisms of anaerobic metabolism (Zebe, 1991).

Examination of biochemical (i.., intermediary and energy
metabolism) responses of hypogean crustaceans N. virei, N.
rhenorhodanensis, and S. virei during anoxic stress show that,
similarly to epigean crustaceans (for review, see Zebe, 1991),
anaerobic metabolism does not lead to a high ATP produc-
tion rate (Hervant et al., 1996, 1997). The five crustaceans
studied respond to severe experimental anoxia with a slight
improvement of a classical anaerobic metabolism that is
characterized by a decrease in ATP and phosphagen (arginine
phosphate, representing an immediate source of ATP), a
coupled utilization of glycogen and some amino acids
(mainly glutamate), and the accumulation of lactate and
alanine as end-products. The only difference is that both
Niphargus species also accumulate a low proportion of succi-
nate, which slightly enhances ATP yield during anaerobiosis
(Fields, 1983). Lactate is largely excreted by all five
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crustaceans. This excretion, which is unusual for crustaceans
(Zebe, 1991), can be considered a simple way to fight against
metabolic acidosis linked to anaerobic end-product
(including H*) accumulations.

There is a striking difference in the respective amounts of
glycogen and phosphagen stored by epigean and hypogean
crustaceans. Glycogen body reserves (Table I) are 1.5 to 3.2
times higher in the three hypogean crustaceans studied than
in the epigean G. fossarum and A. aquaticus (Hervant ez al.,
1996, 1997) but are also higher than those reported for
all surface-dwelling crustaceans, even those most tolerant
of anoxia or hypoxia (Malard and Hervant, 1999). High
amounts of fermentable fuels result in a more sustained
supply for anaerobic metabolism, thereby increasing survival
time during oxygen deprivation. Moreover, glycogen utiliza-
tion rates and lactate production rates are significantly lower
in hypogean crustaceans. This finding is probably linked
to lower SMRs and to the reduction of locomotory and
ventilatory activity during anoxia (Table I) (Hervant et al,

1996, 1998).

Metabolic Responses During a Postanoxic Recovery

Phase

It is ecologically very important for organisms to recover
quickly and completely from hypoxic or anoxic stress when
oxygen is available once more. This recovery implies a resto-
ration of high energy compounds (mainly ATP, phosphagen,
and glycogen), as well as disposal of anaerobic end-products
(mainly lactate, alanine, and succinate). End-products can be
disposed of in three different ways during a postanoxic
recovery phase: complete oxidation, conversion back into
storage products such as glycogen (via the glyconeogenesis
pathway, such as glycogen de novo synthesis from lactate,
amino acids, and/or glycerol), and excretion into the
medium (Hervant ez al., 1996). Excretion is an important
mechanism for the disposal of lactate during aerobic recovery
in the epigean G. fossarum and A. aquaticus. This is a costly
strategy because it implies a loss of energy-rich carbon
chains. In contrast, hypogean crustaceans preferentially use
glyconeogenesis to convert lactate into glycogen stores. The
existence of glyconeogenesis has already been demonstrated
in several crustaceans (Hervant et al, 1999), although the
organ sites for this metabolic pathway have not been
identified clearly. Recent experiments using injections of
labeled glucose and lactate (Hervant et al., 1999) revealed
that the gluconeogenesis rate in N. vire/ during postanoxic
recovery was higher than any rate measured previously
for epigean crustaceans. Glycogen reserve restoration was
indeed 2.5 to 6.6 times greater in hypogean species than in
G. fossarum and A. aquaticus (Table I). This ability to quickly
resynthesize during recovery periods the body stores depleted
during lack of oxygen allows groundwater organisms to fuel
successfully an ensuing hypoxic or anoxic period; therefore,
groundwater species are well adapted to live in habitats show-
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ing frequent and unpredictable alternations of normoxic and
hypoxic/anoxic phases.

IMBRICATION OF ADAPTIVE STRATEGIES TO
LOW FOOD RESOURCES AND LOW OXYGEN
SUPPLY

The occurrence of adaptive strategies in response to low
oxygen among animals living in an oligotrophic environment
may seem paradoxical. Notwithstanding the fact that the
supply of organic matter is typically lower in groundwater
than in surface water, field ecological studies carried out
for the last 30 years have shown that several groundwater
habitats (particularly unconsolidated sediments) have
reduced DO concentrations. Although a few subterranean
habitats are known to be organic-matter rich (Huppop,
2000), low DO concentration in many groundwater habitats
is most likely attributable to the lack of oxygen production
and low transport rate of DO than to elevated concentrations
of organic matter. If food availability drives habitat selection
in groundwater, hypogean animal populations would prefer-
entially occur in groundwater biotopes receiving higher
fluxes of organic matter from the surface environment. These
habitats are also more likely to exhibit reduced DO concen-
trations because of increased respiration rates associated with
the input of organic matter. Thus, the selection of habitats
having increased food supply increases the probability of
facing hypoxic stress among hypogean animals. Meantime,
the development of behavioral, respiratory, and metabolic
strategies to low food supplies also selects for higher
resistance to a low oxygen supply. Clearly, the role of food
availability and the significance of low oxygen supply in
determining the development of adaptive strategies and
distribution patterns of animals in groundwater are over-
lapping aspects that can hardly be treated independently.

Some metabolic pathways, therefore, that are specifically
linked to the response to long-term starvation and/or adapta-
tion to oxygen stress are associated with energy-limited
subterranean organisms. Hervant and Renault (2002)
demonstrated that the groundwater crustacean S. wvirei
preferentially utilizes lipids during food shortage, in order to
(1) save carbohydrates and phosphagen, the two main fuels
metabolized during oxygen deficiency in crustaceans (Zebe,
1991), and (2) save proteins (and therefore muscular mass)
for as long as possible. Thus, this species can (1) successfully
withstand a hypoxic period subsequent to (or associated
with) an initial nutritional stress, and (2) rapidly resume
searching for food during short-term, sporadic, nutrition
events.

A general adaptation model for groundwater animals
involves their ability to withstand prolonged hypoxia and/or
long-term starvation (Hervant ez al, 2001; Hervant and
Renault, 2002; Hiippop, 2000) and to utilize in a very
efficient way the high-energy body stores. Because the three
hypogean crustaceans studied lack a high-ATP-yielding

anaerobic pathway (such as observed in permanent anaerobic
organisms) (Fields, 1983), their higher survival time in
anoxia is mainly due to the combination of four mechanisms:
(1) high storage of fermentable fuels (glycogen and phos-
phagen); (2) low SMR in normoxia; (3) further reduction in
metabolic rate by lowering energetic expenditures linked to
locomotion and ventilation during hypoxia; and (4) high
ability to resynthesize the depleted body stores during subse-
quent recovery periods. The ability to maintain and rapidly
restore (without feeding) high amounts of fermentable
fuels for use during lack of oxygen can be considered an
adaptation to life in a patchy environment. Through their
efficient exploratory behavior in a moving mosaic of patches
of low and high DO concentration (Malard and Hervant,
1999), numerous groundwater animals probably experience
highly variable DO and/or food concentrations. The behav-
ioral, physiological, and metabolic responses of numerous
hypogean animals partly explain why they occur in ground-
water systems with a wide range of DO (Malard and
Hervant, 1999).

A high resistance to lack of oxygen (and/or to food
deprivation) is not universally found in subterranean
organisms but is probably more related to oxygen availability
and/or to the energetic state of each subterranean ecosystem.
Indeed, groundwater ecosystems are far more complex
and diverse than earlier presumed. The aquatic amphipod
Gammarus minus showed no significant difference in behav-
ioral, physiological, and metabolic responses to experimental
anoxia and subsequent recovery among a spring and a cave
populations (see Malard and Hervant, 1999). Despite a
strong tendency toward morphological convergence,
subterranean organisms do not form a homogeneous group
(Malard and Hervant, 1999). Further developments in the
study of their physiology would highlight the diversity
of adaptive responses among hypogean animals that have
colonized contrasted groundwater ecosystems.

See Also the Following Articles
Adaptive Shifis
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daptive shift is an evolutionary phenomenon in which
individuals from an existing population change to exploit
a new habitat or food resource. If successful, the new
population may diverge behaviorally, morphologically, and
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physiologically to become a distinct population or species.
The phenomenon is inferred from the many examples of
adaptive radiation in which separate species within a lineage
have adapted to occupy different habitats or food resources.
We can only see the end results of the process, making it
difficult to test the model except indirectly through appro-
priate comparative studies of the closely related species.
Adaptive shifts are most recognizable on islands where pairs
of closely related species overlap in distribution yet are
adapted to radically different habitats. These species retain
characteristics that indicate a logical progression from an
immediate common ancestor, corroborating the view that
they diverged from one another through the process of adap-
tive shift. Only in the last few decades have adaptive shifts
been advanced to explain the evolution of troglobites. The
generally accepted view of cave adaptation held that surface
populations of facultative cave species became locally
extirpated (for example, by changing climate), thus isolating
the surviving populations in caves where they could evolve in
isolation. Any interbreeding with its surface population was
believed to be sufficient to swamp any incipient specializa-
tion. Divergence by adaptive shifts is usually envisioned as
sympatric or parapatric; that is, the diverging populations
remain in contact during the split. It now appears that many
cave-adapted animals evolved by the process of adaptive
shifts from representatives of the local surface fauna. How
this occurs is the focus of this chapter.

THEORY OF ADAPTIVE SHIFT

For over a century, the evolution of obligate cave species
(troglobites) was assumed to be restricted to continental
regions that had been influenced by glacial events and that
the ecological effects resulting from the severe climatic
fluctuations provided the isolation and necessary elements to
facilitate the evolution of troglobites. Because most troglo-
bites appear to have no surviving ancestors, it has been
assumed that they evolved allopatrically (i.e., as a conse-
quence of extinction of their closely related epigean species);
however, it is possible that many temperate-zone troglobites
evolved parapatrically through adaptive shifts and that their
current isolation occurred after cave adaptation.

In the adaptive shift model, populations of epigean species
invade subterranean habitats to exploit novel resources, and
the drastic change in habitat is considered to be the driving
force for genetic divergence and speciation. The presence
of exploitable food resources provides the evolutionary
“incentive” for adaptation. Evolutionary theory predicts that
adaptation and new species are more likely to arise from
large, expanding populations to exploit marginal resources at
the edge of their habitat and to make adaptive shifts to
exploit new environments than are small populations.

Adaptive shifts proceed in a three-step process. First, a
new habitat or resource becomes available for exploitation.
This opening of an ecological niche can occur either by an
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organism expanding its range or by geological or successional
processes creating an opportunity for a resident population.
Second, there is a shift in behavior to exploit the new habitat
or food resource. Third, if the behavioral shift successfully
establishes a new population, natural selection fosters adapta-
tion. In a classic comparative study of cave and surface
springtails, Christiansen (1965) demonstrated that a
behavioral shift to exploit a new resource or survive a new
environmental stress occurs first, and, if it is successful,
morphological, physiological, and additional behavioral
changes follow. Even if the populations remain in contact,
the selection pressures imposed by the different environ-
ments and augmented by environmental stress, if strong
enough, can force the two populations to diverge.

Speciation by adaptive shift is parapatric in that adaptive
differentiation, accompanied by a reduction in gene flow,
proceeds across a steep environmental gradient within a
contiguous area. If the colonization is successful, the found-
ing population reproduces and expands into underground
habitats. Maintenance of the barrier to gene flow could be
facilitated by selection against hybridization (e.g., decreased
hybrid viability), assortative mating, or spread of the
incipient cave population away from the narrow hybrid zone,
thereby reducing the effect of introgression from epigean
individuals. It has been hypothesized for cave species that
selection for novel mating behaviors may be the principal
origin of isolation. Many adaptive shifts undoubtedly fail;
that is, the founding population dies out. Conversely,
interbreeding and selection following a shift can produce a
single more adaptable population capable of exploiting both
environments.

FACTORS UNDERLYING ADAPTIVE SHIFTS INTO
CAVE HABITATS

The trigger for an adaptive shift into caves is the availability
of suitable habitat and exploitable resources. Only a small
percentage of epigean groups have representatives inhabiting
caves, and several factors appear to be involved in deter-
mining whether or not an organism can take advantage of the
opportunity to exploit caves. These factors often act in
concert but for clarity can be considered either intrinsic or
extrinsic. Intrinsic factors are characteristics inherent in the
organism that allow it to make the shift—for example, the
ability to live in damp, dark habitats. Extrinsic factors are
those imposed on the organism by the environment.

Intrinsic Factors

PREADAPTATION  The role of preadaptation has been
recognized for more than a century as one of the principal
factors explaining which taxa have successfully adapted to
live in caves. Most preadaptations simply result from the
correspondence of an organism’s preferred environment with
that found in caves. That is, organisms that have character-

istics that allow them to live in damp, dark, wet-rock
microhabitats on the surface have a better chance of
surviving in caves than do organisms that do not possess
these traits. Similarly, survival is enhanced if their normal
food resource naturally occurs in caves. Nymphs of epigean
cixiid planthoppers are admirably preadapted to caves as they
feed on plant roots and therefore already have a suite of
behavioral, morphological, and physiological adaptations
to survive and feed underground. In the cave species, these
preadapted nymphal characters have been retained into
adulthood so that the adults are also able to live
underground.

GENETIC REPERTOIRE
population must have the ability to change. For example, if

In order to adapt to caves, a

an organism is genetically hard-wired to require light, tempe-
rature change, or other environmental cues to complete its
life cycle and reproduce, it is unlikely to colonize caves. In
cixiids, salamanders, and a few other groups, the adaptive
shift to living in caves was greatly facilitated by neoteny
or the retention of nymphal characters into adulthood.
Development of neoteny in salamanders is believed to
involve relatively small changes in the genes that regulate
development. This demonstrates that a small genetic change
can have a large effect on phenotype.

FOUNDER EVENTS AND SUBSEQUENT POPULATION
FLUSH AND CRASH CYCLES Because only a few indivi-
duals from the parent population make the initial shift, only
a subset of the genetic diversity found in the parent popula-
tion can be carried into the founding population. Certain
alleles may be lost, while certain rare ones may become more
abundant. Inbreeding, response to environmental stress, and
expression of previously rare alleles may result in coevolved
blocks of loci becoming destabilized, thus allowing new
combinations of genes. If the new colony expands rapidly
into the new habitat (e.g., due to abundant food or reduced
competition and predation), the relaxed selection pressure
allows the survival of new mutations and unusual recom-
binants that ordinarily would be lost due to low fitness. Thus,
the genetic variability may be quickly reestablished in the
founding population; however, by this time there may be
significant genetic divergence from the parent population.
A subsequent population crash (as when the new colony
exceeds the carrying capacity) places extreme selection
pressure on the population. These cycles of expansions and
crashes in founding populations are thought to facilitate
adaptation to a new environment.

In parapatric divergence, occasional backcrosses with the
parent population can increase genetic diversity and provide
additional phenotypic variability on which natural selection
can act. Mixing of the two gene pools by interbreeding
becomes less likely as the new population expands its range
beyond that of the parent population and adapts to the
stresses of the new environment.



RESPONSE TO STRESS  Environmental stresses in a novel
habitat may facilitate adaptive shifts. Organisms living under
environmental stresses often experience higher mutation
rates and display greater phenotypic and genetic variation. In
nature, selection and the high energetic costs of stress usually
reduce this variation; however, where sufficient exploitable
food energy compensates for the extra costs of survival in a
novel habitat, some of the enhanced variation may survive
and in time result in a new population adapted to cope with
the stresses. The higher energetic costs required to cope with
stress augment both natural and relaxed selection pressures to
favor the loss of unused characters, such as eyes and bodily
pigment of troglobites. The lower metabolic and fecundity
rates possessed by troglobites may in large part be an
adaptation to cope with stresses found in subterranean
environments.

MATING BEHAVIOR AND HYBRIDIZATION An impor-
tant constraint among organisms colonizing caves is the
ability to locate mates and reproduce underground. The
normal cues used by a species may not be present or the mate
recognition signal system may be confusing in the unusual
environment. For example, sex pheromones would not
disperse in the same way in caves as they do on the surface.
Also, an animal may have difficulty following the plume in a
three-dimensional dark maze. The rarity of troglobites that
use airborne sounds to locate and choose a mate attests to the
difficulty of using sound underground and suggests that
muteness in crickets is a preadaptation for colonizing caves.
In addition, environmental stress can reduce sexual selection
and disrupt mating behaviors. Founder events can exacerbate
these effects and the resulting release of sexual selection
pressure may allow hybridization with relatives. The main-
tenance of limited gene flow between the diverging popu-
lations is thought to be important in providing the additional
genetic variability to accelerate adaptation; however,
evolution of more appropriate mating behaviors in a newly
established cave population may provide the critical factor in
isolating the diverging populations.

Extrinsic Factors

PRESENCE OF CAVERNICOLOUS HABITATS Obviously,
there must be an opportunity for a surface population to
colonize caves; that is, the surface population must live in
contact with cavernous landforms. Geological processes
(such as lava flows) can create new cave habitats, ecological
succession or the immigration of a new organism can intro-
duce suitable new food resources into caves, or a preadapted
surface population can migrate into the cave area. The
Hawaiian Islands formed sequentially in line, and the
successful colonization of each island after it emerged from
the sea had to proceed in an orderly fashion. Phytophagous
insects had to wait for their hosts to establish and so on.
Terrestrial obligate cave species are not likely to have crossed
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the wide water gaps between each island. Even though
suitable lava tubes and cave habitats were available from the
beginning, the evolution of cave species had to wait for their
surface ancestors to become established and for appropriate
food resources to accumulate in caves. These circumstances
provided tremendous advantages to the first organisms that
could exploit a newly available resource and preempt the
resource from subsequent colonists.

PRESENCE OF EXPLOITABLE FOOD RESOURCES An
exploitable food resource is the paramount prerequisite that
allows individuals of a population to shift into a new habitat
or life style. In fact, in most examples of adaptive shift, both
the cave and surface species feed on the same food resource.
Sparse soil and organic litter with areas of barren rock on the
surface are characteristic of cavernous landforms, including
those created by limestone, lava, and talus. Where an inter-
connected system of cave and cave-like subterranean voids
occur, organic material does not accumulate on the surface
but is washed underground by water, falls underground by
gravity, or is carried underground by living organisms.
Many surface organisms will follow their food underground
and attempt to exploit it. Even though their food may be
abundant in caves, most organisms adapted to living in
surface habitats may become lost in deep cave passages
because their normal cues are reduced or absent or because
they cannot cope with the harsh environment. Thus, much
of this sinking material is outside the reach of most surface
organisms; however, it becomes a rich reward for any
organism that can adapt to exploit it.

ENVIRONMENTAL STRESSES ~ The environment in deep
caves and cave-like voids is highly stressful for most surface
animals, and relatively few surface species can survive for
long underground. Even though food may be adequate, it is
much more difficult to find and exploit in the complex three-
dimensional dark maze, especially because many environ-
mental cues (e.g., light/dark cycles, temperature changes, and
air currents) are absent. Furthermore, the atmosphere is
characteristically above the equilibrium humidity of body
fluids, making respiration and water balance difficult to
sustain. The substrate is moist, and the voids occasionally
flood. Carbon dioxide and oxygen concentrations can reach
stressful levels. In many cave regions, radiation from decay-
ing heavy isotopes may exceed hazardous levels. Because of
the mazelike space, escape to a less stressful environment is
virtually impossible, and cave animals must either adapt to
cope with these and other stresses 77 situ or die out.

ANCESTRAL HABITATS Troglobites originated from a
variety of damp surface habitats. Specifically, the ancestral
habitats include soil, leaf litter, mosses, and other damp
microhabitats in forests; damp, wet-rock habitats (such as
marine lictoral, riparian, and cracks in barren lava flows);
and guano-inhabiting species living in caves and animal
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burrows, These source habitats corroborate the concepr of
preadaprarion,

CASE STUDIES
Hawaii

Twelve waxonomic groups have independentdy adapred
caves an two of more islands in Hawaii, indicaring thar cave
adapration is & peneral phenomenon fostered by ecological
and evolurionary  facrors, On the voung less than one
million vears) Hlawaii [sland, some raxa have undergone (or
are underpeing) adapoive shifts into both caves and new
surface habicars in a phenomenon called sasprive reafiaion,

Many of these ooglobites sill have extant close surface
refatives living in nearby habitars, The bemer known amang
chese are listed in Table 1and discussed below, The number
of examples will increase as more taxa are studied, Cave
species om the alder iskands tend o be relices todays however,
they alse are believed to have originally cvolved by adapeive
shifts.

CIXIID PLANTHOPPERS (HEMIPTERA: FULGOROD-
MORFHA: CIXNDAEN  Cixiid planchoppers exemplify how
adapeive shifts might occur (Fig, 13 The nemphs of nearly all
spocies in the family live in or ose mo the soil and feed on
the sylem sap of oo, Ciid nymphs of surface species
male oo adules (Fig, 23, emerge above ground, and live, feed,

TARLE Dl  Paraparric Cave diid Surfice '!-llll-u.:u Pairs Dleci r‘llls ai Hawaii Tsknd
ave Spacien Common Mamse Surface [Bzlative Anceseral Hahieas
.I'J'rﬂ'lmln'u:h'm-&: e Saier, woad bonse .I'J'rﬂ'l.rnllﬁl:h'm-éu tercardiesca Mlamne lnincerad
M mrkoeild Lixiel plamhopper M dageoa Menic fomrent
l!'?-'énnrllpn.l_'?ln'lm.rl‘ Lixiel plamhopper NG apgn ? Rase frres
M bormdier Lixiel plamhopper NG apgn? Liry shaeubs fand
Wertdraleres avma® | hresd -] Brage Werddralerter anlicewe Crypise rain frewent hahiase
Camnrmoabiur sarur Rk cricket araneoadiv llrﬂrl:‘ Farren biva Ao
i siwdrvisirenr Manna |
Awivalrbée bocarhs Earwig Ancealabir mueriifms Manna lirerst
A, hwwiironr Barren biva lowa?
Sorcwa fararisy’ Wal spkhir St = ” Barren biva lows

* Represented by seweral distincy populaions or speces. Polymonghic ceve populsions may repreent sepanae imvsions or oonkd reale froom divengemoe of

 single Ensage after cave adapraion.

sod| lowyer
with roof

parerd reck
{non-cowermsa]

woung lava
E Joavemous)

FRGURE | Dhagrammaiie vhew of an adapdive shils from sarfaor to e mehergroumd sovirenessencs by a cioed plantheppar, AL, accidmial; A%, adapome whilt; fel,

[ e H I'E rnpiephale; Girl, croglahine.
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and mare on vegeration. Plants living on or near cavernous
Landforms often send cheir roors through the interconnecred
svstem of voids deep underground following nutrients and
percelating proundwarer. Thus, rooes are often an impereant
soirree of food energy in caves, especially in the cropics
and lava ubes, Mymphs of surface species may migrate along
roats deep into caves from their normal shallow habirar,
These nymiphs can exploic deep roots, a5 the deep habicar
is sirmikar o their normal one ewepr for the perperislly
saturated armosphers, and for dhis stress chey already have
mechanisms e excrete excess water as syplem sap is very
dilure, When they maldr, the adules may have licle chance o
fird cheir way to che surface o reproduce and would sven-
wially die from che sressful environmene: howeser, if host
pane roors were abundane and large numbers of nymiphs
contindally made their way wnderground, an adulr mighe
cccasioinally find a mare and reproduce forouitously, Most of
these early chance matings, iF succesful ar all, would produce
norial suirface adules char would also becone Jost, Evenially,
somie offapring might acquire tein from mndom mucation
af penetic recombinarion thar ane passed on and char allow
the offepring ro survive and reproduce underground more
easilyv. IF chis incipient celony successfully establishes
an underground population, it could moere fully exploit the
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deeper root resources, In faor, a whole new habirar and
resource wiollkd be opened o the expanding population as it
cowild move throughour the inrercenneceed voids in the cave
region and leave its surface relarives behind, The surface
envirenment on cavernous landferms provides licke suitable
hahirar for epipean planthoppers, so thar the subterranean
popubation s often larger than surface populations over
caves, This is especially true on valcances where eruprions
can creare vast new habivars for cave populations, [n Hawaii,
the principal pioncering plant on young lava flows is the
endemic tree Merrorislerer polymorpda (Myrraceae), the roots
of which are the hosts of O arus pofypbernus .l (ensus baens)
nymiphs (Fig 31 Even widely scartered small orees on 100-
year-old flows send abundant roors deep into caves. As envi-
sioned, sdapration can be rapid in the invasive expanding
phase, Subsequenty, the newly established  subrerranean
popubation will scquire the rroglomoerphic traits characrer-
istic for abligate cavernicoles: reduction of eyes, wings, and
bodily pigment.

Im Hawaii, the penus Ofar has underpone exrensive
adaprive radiarion in surface habitars after the succesful
colenizatien of a single ancestral species, and abour 30
endemic specics and subspecies have boen described from all
majer islands, Eighteen surface species (ag., Fig, 20 are
known from the island of Hawaii, where ac least three
independent adapeive shifts into subrerrancan habirars have
cecurred {Table [}, The clearest case for adaprive shift among
cave cixiids involves O kil and 0 buswaa, C1 pakaili
has reduced wings, eves, and bodily pigment and is known
fecm a single 1500- vo 3000-vear-old Lava rube from Hualalai
Volcaig, [re pmale penitalia (which usually  peovide ain
excellent means For distinguishing species in the group) are
virtually identical o the fully winged and eved epipean O
kv, O boarss B widespread in mesic forests on Hawail,
ez nymphs are frequent in shallow caves and even ooour mear
the entrance in the sime cave with (0 prakail, Adules of O
dnanoe may be socidental in caves, as accumiilbations of body
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FIGURE 4 Adult female of Oliarus polyphemus. (Photograph by W.P. Mull.)

parts from thousands of dead individuals have been found in
dead-end passages in some caves.

The highly troglomorphic O. polyphemus s.I. (Fig. 4) also
occurs in the same cave with O. makaiki, as well as in
virtually every suitable cave containing its host roots,
Metrosideros polymorpha; however, each cave system appears
to harbor a unique population of this troglobite. Each
population differs only slightly in morphology, but the
mating calls are highly distinctive and probably sufficient
to reduce hybridization if the populations were to come in
contact. The ancestor of O. polyphemus s.I. has not been
determined, although it certainly belongs in the endemic
Hawaiian group of species. It is also unknown whether O.
polyphemus s.1. represents a single colonization event in caves
with subsequent divergence underground or whether some
populations represent separate invasions by the same or
closely related surface species.

Adult planthoppers use substrate-borne sounds to recog-
nize and locate their mates. Among surface species, females
feed on the host plant while the males fly from host to host
and initiate a species-specific mating song. If a receptive
female hears an appropriate song, she will answer with her
own song. The male orients to the call, and the two alter-
nately sing and listen until the male finds the female, who
remains 7z situ. Studies have shown that Hawaiian cave
Oliarus essentially use the same mate recognition system:
substrate-borne vibrations, with living roots being an
excellent transmitting medium. In laboratory studies on the
cave cixiid Oliarus polyphemus s.1., the flightless females feed
on the host root and occasionally call. Males are also flightless
and wander from root to root listening. When a male hears
a female, he answers, and if the song is appropriate the two
sing and listen alternately until the male locates the
stationary female. Although the behavior has not been
confirmed in natural settings in caves, it is believed that this
switch in behavior occurred as an adaptation to the sub-

terranean environment. Singing is energetically costly, and
males expend extra energy finding roots in the dark, three-
dimensional maze. Also, predators can use these songs to
locate prey, and males would be especially vulnerable if they
had to sing on every root they found; therefore, males would
be more likely to find a female if they did not have to initiate
calling. Females conserve energy by staying in place and
feeding, and they produce fine wax filaments that deter
predators.

TERRESTRIAL ISOPODS (CRUSTACEA: ISOPODA:
PHILOSCIIDAE) ~ Species in the genus Littorophiloscia are
marine littoral and inhabit tropical shorelines worldwide.
One epigean species, L. hawaiiensis, is endemic to Hawaii
and is so far known only from littoral habitats on the islands
of Hawaii and Laysan. Surprisingly, an undescribed troglo-
bitic species also lives on Hawaii Island. The cave form is
remarkably similar in morphology to L. hawaiiensis, differing
only in the troglomorphic characters (reduced eyes and
pigment) displayed by the cave population. The males even
share the same distinctive sexual characters. Results from
a recent molecular phylogenetic study showed that L.
hawaiiensis and the cave Littorophiloscia are distinct species
that diverged from each other most likely by an adaptive
shift. The initial adaptive shift must have been from salty
marine littoral habitats to freshwater terrestrial habitats,
possibly in coastal springs in young lava flows. Suitable fresh-
water shorelines are not well developed on Hawaii Island, but
lava tubes would offer a vast new habitat. The complex three-
dimensional system of anastomosing voids characteristic of
young basaltic lava flows provides an immeasurably large
habitat for cave animals. In contrast, L. hawaiiensis is
restricted to a narrow band along the coast where it lives under
rocks resting on soil. Thus, an adapting cave population
would quickly move away from contact with its ancestral
population and greatly exceed it in size.

A possible alternative explanation is the classical model
of cave adaptation in which the coastal species became
extinct stranding an incipient cave population; however, this
model still requires that the adaptive shift to freshwater (and
possibly to caves) had to occur before extinction, and that
circumstance is precluded in the classical model. This
scenario also requires a subsequent colonization by the halo-
philic littoral species that secondarily reestablished parapatry.

CRICKETS (ORTHOPTERA: GRYLLIDAE) On the island
of Hawaii, the marine littoral rock cricket Caconemobius
sandwichensis has colonized both unvegetated lava flows and
caves, both of which are barren-rock habitats like its ancestral
home. Several distinct populations of rock crickets inhabit
each of these inland environments, but it is unknown
whether these represent multiple adaptive shifts from the
marine littoral habitat or result from divergence after
colonization of the new habitat, or both. A hybrid zone
between the marine littoral species and the lava flow cricket



C. fori was found around a pool of brackish water in a deep
crack where a young lava flow entered the sea, suggesting that
the adaptive shift is ongoing. C. fori is a nocturnal scavenger
on very young (e, 1 month to about a century old) lava
flows on Kilauea, disappearing when plants colonize the flow.
It hides in deep cracks and caves during the day where it
overlaps with several distinct cave populations or species.
Additional recognizable populations of lava crickets,
resembling C. fori, occur allopatrically on Mauna Loa and
Hualalai volcanoes, also on Hawaii Island.

Up to three morphologically, behaviorally, and physio-
logically distinct populations of cave crickets can be found
in larger caves, and individual caves may harbor a unique
population of one or more of these forms. The total diversity
of cave-adapted rock crickets on Hawaii is astounding,
especially given the young age of the island. These multiple
simultaneous adaptive shifts into such different habitats from
the same ancestor further corroborate the contention that
cave adaptation via adaptive shifts is a general phenomenon.

A possible scenario for the origin of troglobitic rock
crickets and wolf spiders on the island of Hawaii might
proceed like this. Marine littoral crickets could have been
among the earliest colonists of newly emerging islands,
because all that they required was already present: a rocky
shoreline and ocean-derived flotsam. Barren lava was the
original terrestrial habitat, and sea birds would have sought
these new islands for nesting, presenting an inviting habitat
for the littoral crickets to shift to the land where they could
feed on wind-borne debris. Subsequent accumulation of
organic material underground would have allowed the
colonization of caves by either the seacoast or lava cricket
preempting some resources, possibly before many plants and
potential competitors arrived on the island.

WOLF SPIDERS (ARACHNIDA: LYCOSIDAE) The big-
eyed wolf spiders (family Lycosidae) live on barren landscapes
in many parts of the world and are good long-distance
dispersers. They would also have been among the earliest
colonists on emerging islands in Hawaii. There are several
barren-ground populations of an undescribed species of
Lycosa on Hawaii Island that differ in behavior, morphology,
and color, but surprisingly they can hybridize. They occupy
a range of habitats from hot, dry coastal barren lava plains
to the freezing stone deserts above 4000 meters on Mauna
Kea and Mauna Loa. On young lava flows, they prey on
Caconemobius lava crickets. One member of this group
followed its prey underground, becoming the anomalous
small-eyed, big-eyed wolf spider (Lycosa howarthi).

The lycosid wolf spiders are characterized by the possession
of four huge eyes (for spiders) and four smaller eyes, and they
are among the better-sighted spiders. The troglobitic species
has six vestigial eyes, yet differs from the lava flow species
only by the characters associated with cave adaptation. As
noted, both the epigean spider and cricket were early
colonists on Hawaii, and possibly the spider was able to
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preempt the cave habitat because it was among the first
predators to have the opportunity to exploit the young caves
on the island.

Other Islands

Adaptive shifts are best known from islands in large part
because of their youth and isolation. Thus, many diverging
species pairs are still extant, and their evolutionary history
has not been obscured by geological or ecological events.
Examples of troglobite evolution by adaptive shift are known
from the Galapagos, Canary, and Greater Antilles islands.
In the Galapagos, at least ten species of troglobitic terrestrial
invertebrates still live parapatrically with their putative epigean
ancestors. At least seven extant parapatric pairs of troglobitic
and epigean species are known from the Canary Islands.
Some of these, such as the Dysdera spiders and cockroaches,
represent multiple invasions into caves, in parallel with
Hawaii.

Continents

Clear examples of adaptive shifts in continental caves are
relatively rare, possibly because the great age of these systems
has obscured the evolutionary history of the taxa involved or
because the phenomenon has not generally been considered;
nevertheless, there are a few cases. Perhaps the best docu-
mented is the detailed study (Culver ez al., 1995) done on the
spring- and cave-inhabiting amphipod Gammarus minus,
which occurs in freshwater basins in temperate eastern North
America. The study demonstrated that several cave popula-
tions were derived from independent invasions from springs
and that some hybridization had occurred; however, the
constraints imposed by the dynamics of water flow and other
factors may have isolated some populations from each other.
In spite of considerable genetic and morphological diversity,
these populations are all considered one species. In parallel
with some Hawaiian forms, the definition of what consti-
tutes a species is sometimes not clear. Adaptive shifts have
been proposed to explain the origins of cave species in North
Queensland, Australia, but the few phylogenetic analyses
completed to date have not supported the contention.

CONCLUSIONS

In cavernous regions, organic energy is continually being
transported into an extensive system of subterranean voids,
as evidenced by the characteristic presence of areas with a
barren exposed rocky surface. Epigean species can exploit
food resources on and near the surface, but increased
environmental stress levels and absent or inappropriate cues
prohibit their access to this resource in the deeper voids.
Animals following their normal food deeper may eventually
become lost and be unable to return to the surface. Surface
species continue to be frequent accidentals in caves and
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provide a large proportion of the food to the cave-adapted
predators and scavengers. Over time, a few of these acci-
dentals may eventually survive and found a new population.
A major initial factor facing a new cave population may be
the ability to locate a mate and reproduce underground.
Once a population is able to reproduce underground, a large
new habitat will be opened up to it, and the population can
expand rapidly. Evolution of troglobites by adaptive shift
may be a common phenomenon; however, many examples of
adaptive shift remain unrecognized, especially because the
phenomenon is not generally considered. Other scenarios
(such as allopatric evolution, which appears to be supported
for many temperate troglobites) are also conceivable. The
adaptive shift model and the classical theory of troglobite
evolution may not be mutually exclusive.

THE FUTURE

Adaptive shifts offer extraordinary opportunities for research.
Comparative studies of closely related pairs of species
adapted to such different environments as caves and surface
habitats should provide better understanding not only of the
processes of cave adaptation but also of selection and species
formation in general. Molecular systematics will clarify the
evolutionary history of taxonomic groups as well as elucidate
the genetic basis of adaptive shifts. Phylogenetic analyses
can elucidate the evolutionary transformation of specific
morphological, behavioral, physiological, and ecological
traits that occurred during the process of adaptation to novel
habitats. The remarkable divergence from their epigean
relatives displayed by troglobites makes such studies espe-
cially interesting. Comparative physiological experiments can
potentially dissect out for study the specific mechanisms
involved in coping with a variety of environmental stresses.
For example, terrestrial cave species live in an air-filled
aquatic environment, while the close relatives of some live in
desert-like environments. These species pairs are ideal models
for studies on the physiological mechanisms involved in
regulating water balance.

See Also the Following Articles
Adaptation to Darkness ® Adaptation to Low Food
Adaptation to Low Oxygen
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DEFINITIONS

In 1973, Holthuis described several new and unusual red
shrimps collected from land-locked saltwater pools in the
tropical Indo-West Pacific. Because these pools shared
common features, Holthuis coined the term anchialine (from
the Greek meaning “near the sea”) and described this type of
habitat as “pools with no surface connection with the sea,
containing salt or brackish water, which fluctuates with the
tides.” In 1966, Riedl had referred to similar habitats as
Randhoelen (or “marginal caves”). Anchialine pools occur in
uplifted reef limestone as well as irregular porous lava flows.
The water in these pools varies in salinity from nearly fresh
to fully marine. Dampened tidal fluctuations indicate the
influence of a continuous water table extending inland from
the open sea. Both salinity and the degree of connection to
the sea control the nature of the biota, as pools close to the
sea contain typical marine species, while those farther inland
have fewer, but more unusual species.

Explorations by cave divers have resulted in the discovery
of extensive, entirely submerged cave systems of which the
classical anchialine pool represents only a small portion
(Fig. 1). Thus, a new and ecologically more refined definition
of the term anchialine was proposed at the 1984 Interna-
tional Symposium on the Biology of Marine Caves:
“Anchialine habitats consist of bodies of haline waters,
usually with a restricted exposure to open air, always
with more or less extensive subterranean connections to the
sea, and showing noticeable marine as well as terrestrial



FIGURE 1 Diver swimming past submerged stalagmitic columns in Crystal

Cave, an anchialine cave in Bermuda. (Photo by Cristian Lascu.)

influences.” An alternate spelling of anchialine is anchibaline,
which adds an “h” to reflect international conventions on
classification of salinity.

ANCHIALINE BIODIVERSITY

Anchialine stygobites are almost exclusively of marine origin
and consist primarily of crustaceans (Table I). In addition,
various freshwater stygobites including many nematodes,
triclad turbellarians, polychaetes, copepods, mysids, thermos-
baenaceans, isopods, amphipods, shrimp, and fish are marine
relicts that may have invaded fresh groundwater by way of
anchialine habitats. The reason why crustaceans make up
80 to 90% of anchialine stygobites is unclear. Perhaps
crustaceans are better able to adapt to such limiting factors in
the anchialine environment as lack of light, low levels of
dissolved oxygen, and limited food supply.

Many new higher taxa have been discovered from
anchialine caves, including the crustacean class Remipedia,
the peracarid order Mictacea, and the copepod order Platy-
copioida, plus 10 new families and more than 50 new genera.
A diverse group of higher crustacean taxa characteristically
inhabit anchialine caves. These include:

Remipedia: Free-swimming stygobitic crustaceans with a
short head and elongate trunk composed of numerous
segments, each with a pair of biramous swimming
appendages (Fig. 2). This class includes 12 described
species—eight from anchialine caves in the Bahamas,
plus one each from the Canary Islands, Yucatan
Peninsula, Cuba, and Western Australia (Fig. 3).
Remipedes are considered the most primitive of living
crustaceans.

Ostracoda: Small, free-swimming crustaceans with a
calcareous bivalve shell. The ostracod orders
Halocyprida, Myodocopida, Podocopida, and
Platycopida include anchialine species. Of these, the
halocyprids contain the most stygobitic species with
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TABLEI Approximate Number of Strictly Anchialine Species
Sponges 4
Turbellarians

Gastropods 5
Annelids 10
Chaetognaths 4
Tantulocarids 1
Copepods 55-60
Ostracods 40-45
Mysids 35-40
Remipedes 12
Thermosbaenaceans 30-35
Mictaceans 1
Tanaidaceans 2
Leptostracans 1
Bochusaceans 2
Isopods 35-40
Amphipods 95-100
Decapods 45-50
Syncarids 2
‘Water mites 3
Pisces 10

Source: Adapted from Pesce (2000).

FIGURE 2 A remipede from Norman’s Pond Cave in the Exuma Cays,
Bahamas.

three primarily or exclusively anchialine genera.
Danielopolina includes 13 species with 5 species from
caves in the Bahamas, 2 from the Canary Islands, and
1 each from Cuba, Jamaica, Yucatan, Galapagos,
Western Australia, and deep-sea Atlantic (Fig. 4).
Speleaoecia has 11 species, including 6 from the
Bahamas, 2 from Cuba, and 1 each from Jamaica,
Yucatan, and Bermuda. Deeveya has the most restricted
distribution, with 8 species all from the Bahamas.
Copepoda: Small crustaceans that are the most abundant
and diverse type of animal on the planet. Copepods
from the orders Calanoida, Cyclopoida,
Harpacticoida, Misophrioida, and Platycopioida
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FIGURE 3 World map showing the distribution of the crustacean class Remipedia.

inhabit anchialine caves. The calanoid family
Epacticeriscidae, cyclopoid family Speleoithonidae,
and harpacticoid families Rotundiclipeidae,
Superornatiremidae, and Novocriniidae are almost
exclusively anchialine. Misophrioids include both
anchialine and deep-sea species. Several exclusively
anchialine copepod genera are widely distributed. For
example, seven species from the epacteriscid genus
Enantiosis inhabit caves in Palau (two species), plus
one species each in the Bahamas, Bermuda, Belize,
Galapagos Islands, and Fiji (Fig. 5).

Mpysidacea: Small, shrimp-like crustaceans with stalked
eyes; embryos carried ventrally. Nineteen genera of
mysids include stygobiont representatives. Most
colonized groundwater during regressions of the
Tethys and Mediterranean Seas.

Mictacea: Small crustaceans with seven pairs of pereopods
(legs) (Fig. 6). The order Mictacea includes four
species—one each from anchialine caves in Bermuda
and the Bahamas and two from deep waters of the
Equatorial Adantic and the Indo-Pacific. A new order,
Bochusacea, has been proposed to include the
Bahamian species, as well as the two deep-sea species
previously included within the Mictacea.

Lsopoda: Small, sessile-eyed crustaceans inhabiting a

variety of terrestrial, marine, and freshwater habitats.
The isopod family Cirolanidae includes six anchialine
genera. The anthurid genus Curassanthura consists of
three anchialine species from Bermuda, the Canary
Islands, and the Netherlands Antilles. The family
Atlantasellidae includes only two species, which
inhabit anchialine caves in Bermuda and the
Dominican Republic.

Amphipoda: Small crustaceans with a laterally compressed

body. The amphipod families Bogidiellidae,
Gammaridae, Hadziidae, Hyalidae, Ingolfiellidae,
Liljeborgiidae, Lysianassidae, Pardaliscidae,
Phoxocephalidae, and Sebidae include anchialine
species. Of these families, the Hadziidae + Melitidae
complex contains the largest number of anchialine
taxa.

Thermosbaenacea: Small crustaceans with embryos carried

dorsally (Fig. 7). Four genera of anchialine
thermosbaenaceans include Monodella and
Tethysbaena from the Mediterranean region;
Halosbaena from the Canary Islands, Caribbean, and
Western Australia; and 7ulumella from the Yucatan
Peninsula and the Bahamas.
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FIGURE 4 World map showing the distribution of the halocyprid ostracod genus Danielopolina. One additional species of Danielopolina inhabits deep waters

in the mid-Atlantic Ocean.

Decapoda: Shrimps, crabs, and lobsters. Anchialine
shrimps include 18 genera from four superfamilies:
Alpheoidea, Oplophoroidea, Palaemonoidea, and
Procaridoidea. The galatheid crab Munidopsis
polymorpha inhabits an anchialine lava tube in the
Canary Islands. Two species of brachyuran crabs occur
in anchialine habitats in the Galapagos Islands, while
a third brachyuran inhabits anchialine limestone caves
in the Solomon Islands.

CHARACTERISTICS OF ANCHIALINE TAXA
Troglomorphic Adaptations

Most obligate anchialine taxa exhibit typical troglomorphic
adaptations to a lightless, food-poor cave environment.
These include varying degrees of eye loss and depigmenta-
tion, increased tactile and chemical sensitivity, and larger but
fewer eggs. Similar adaptations are also found in marine
organisms inhabiting other lightless environments such as
the interstitial and deep sea. Total depigmentation and loss
of eyes are found in anchialine polynoid polychaetes,
remipedes, halocyprid ostracods, epacteriscid and misoph-

rioid copepods, cirolanid isopods, leptostracans, thermos-
baenaceans, chaeotognaths, fishes, some shrimps, and
numerous amphipods. Such pronounced troglomorphic
adaptations usually occur in more primitive taxa that appa-
rently have been restricted to caves for long time periods.

As with deep-sea shrimps, many anchialine shrimps are
scarlet to blood-red in color. Ten species of insular, Indo-
Pacific anchialine shrimps, representing nine genera in five
families, all possess red integumentary chromatophores.
However, color display is variable between individuals within
a population. In contrast, continental cave shrimps of the
Indo-Pacific are colorless with the exception of Macro-
brachium cavernicola, a red palaemonid from inland caves in
India. The hippolytid shrimp Barbouria cubensis displays an
intense red coloration when found in anchialine pools open
to the surface but is colorless in totally dark caves. If these
shrimps are moved from darkness to light, a color trans-
formation occurs within a matter of minutes.

Eyes are also present in many anchialine shrimps. Of 14
species within the atyid genus Typhlatya, pigmented eyes are
found in 5 (mostly brackish or marine) species, suggesting a
more recent adaptation to caves, while the remaining five
(mostly freshwater) species lack eye pigment. Reduced but
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FIGURE 5 World map showing the distribution of the epacteriscid copepod genus Enantiosis.

FIGURE 6 The peracarid crustacean Mictocaris halope inhabits anchialine

caves in Bermuda. The order Mictacea was erected to include both cave and
deep sea species.

pigmented eyes are present even in some of the most primi-
tive anchialine shrimps, such as Procaris hawaiana, Procaris
chacei, Agostocaris williamsi, Yagerocaris cozumel, and
Ventrocaris chaceorum.

Primitive Characteristics

Living fossils are organisms that occur in low numbers, have
few close relatives, inhabit small geographic areas, and evolve

FIGURE 7 A thermosbaenacean from Norman’s Pond Cave in the Exuma
Cays, Bahamas.

at a very slow rate so that they have survived long periods of
time with few changes. Anchialine stygobites such as the
remipedes and the copepods Antrisocopia and Erebonectes fit
these criteria and are regarded as living fossils. A number of
anchialine crustaceans possess extremely primitive character-
istics. Anchialine caves contain many of the most primitive
known copepods in the orders Calanoida, Misophrioida, and
Platycopioida. The platycopioid Antrisocopia prehesilis from
Bermuda caves resembles in many ways with the theoretical



ancestral copepod. Erebonectes nesioticus, also from Bermuda,
is considered one of the most primitive calanoids due to its
first antennae consisting of 27 segments (the highest number
ever recorded), essentially unmodified mouthparts, and
primitive legs. Misophrioid copepods are of considerable
phylogenetic interest because they represent the first branch
to diverge from the main podoplean lineage within the
Copepoda. Aside from the order Platycopioida, copepods are
divided into two superorders: Gymnoplea including the
Calanoida and Podoplea with the remaining eight orders
including the Misophrioida. The presence of numerous
primitive and apparently ancient taxa in anchialine caves
attests to the great age and long-term stability of this habitat.
Thus, anchialine caves act as preserving centers for relict
animals known nowhere else on Earth.

Anomalous Biogeographical Distribution

Despite being limited to caves, many anchialine taxa have
a broad and highly disjunct distribution, thus raising
questions as to their origins. A variety of genera contain
species inhabiting caves on opposite sides of the Atantic
Ocean. These include the remipede Speleonectes, the anthurid
isopod Curassanthura, the mysid Heteromysoides, the ostracod

29

Anchialine Caves, Biodiversity in

Danielopolina, the thermosbaenacean Halosbaena, the poly-
chaete Namanereis, the shrimp Typhlatya, and the amphipods
Gevegiella, Pseudoniphargus, and Spelaeonicippe. Such an
amphiatlantic distribution suggests a Tethyan origin, with
dispersal by plate-tectonic rafting.

Other anchialine genera, previously known from caves
in the Caribbean and Atlantic, are found in the Galapagos
Islands, located 1000 km off the South American coast in
the eastern equatorial Pacific. Included in this group are the
shrimp Tjphlatya, the ostracod Danielopolina, and the
copepods Enantiosis and Expansophria. The Caribbean-
derived anchialine fauna of the Galapagos must have entered
the Pacific prior to closure of the Panama land bridge about
3 to 5 million years ago.

Even more complex zoogeographic relationships exist
for other anchialine taxa. The primitive shrimp Procaris is
known only from caves and anchialine pools on Hawaii in
the mid-Pacific, Ascension Island in the South Atlantic,
Bermuda in the North Atlantic, and Cozumel in the
Caribbean (Fig. 8). Equally perplexing is the case of the
misophrioid copepod genus Expansophria. It is represented
by cave species from Palau and the Galapagos Islands on
opposite sides of the Pacific and from the Canary Islands
in the Atlantic.
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FIGURE 8 World map showing the distribution of the anchialine shrimp genus Procaris.
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FIGURE 9 The polychaete Pelagomacellicephala iliffei belongs to the family
Polynoidae, which is known primarily from the deep sea, including bathyal
and abyssal depths.

Anchialine taxa, originally thought to be limited to or
known primarily from the Adantic and Caribbean, have
recently been discovered in caves in the Cape Range of
Western Australia. These include the remipede Lasionectes,
the isopod Haptolana, the thermosbaenacean Halosbaena, the
ostracod Danielopolina, and the amphipod Liagoceradocus.
The wide range and overlapping distributions of these
taxa suggest considerable age coupled with similar dispersal

mechanisms and simultaneous colonization of the present
habitat.

Deep-Sea Affinities

A considerable number of anchialine species have close
relatives inhabiting the deep sea. Anchialine genera with
affinities to present-day bathyal taxa include the galatheid
crab Munidopsis, the polynoid polychaetes Giesiella and
Pelagomacellicephala (Fig. 9), the mictacean Mictocaris, the
ostracod Danielopolina, the amphipod Spelaconicippe, and
the misophrioid copepods Bosxshallia, Dimisophria,
Expansophria, Misophria, Palpophria, and Speleophria.
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Anchialine Caves
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nchibaline (or anchialine) habitats are water bodies in

hollows along the sea coasts where the influence of the sea
may be felt and which are inhabited by some subterranean
species. This usually indicates an underground connection of
the cave or a pool with the sea. Such a habitat may contain
seawater, but it primarily has layers of different brackish
salinities. In exceptional cases, it has freshwater but is
inhabited by some animals of the recent marine provenience
(Sket, 1996). We must, however, exclude genuine sea caves—
“spaces ... containing a high number of speleophilous forms
of the rocky littoral with exclusion of any speleobiotic
species” (Riedl, 1960).

In principle, anchihaline habitats can occur everywhere
along the coast, but hardly any have been noted and
investigated outside the tropical or warm moderate climatic
zones. Geologically, two very different types of coasts are
often of interest. Some anchihaline caves are in karstified
limestones, while others are in lava fields. Because the sea level
along most coasts during the Ice Ages was approximately 100
meters lower than now, the coasts may be hollowed out to
such a depth. They often contain dripstone formations (such
as stalactites and stalagmites), indicating their own previous
continental and terrestrial nature. The limestones may be of
different ages; some being old and primarily compact, with
others being quite recently formed and still primarily porous
coral limestones or little transformed coral reefs. Similarly,
anchihaline habitats are also formed in lava flows, either in
systems of cracks or in the tunnel-shaped lava tubes.

GEOGRAPHY AND SOME HISTORICAL DATA

Although well known since ancient times, the so-called b/ue
caves in the Mediterranean (e.g., Capri, Italy; Bidevo, Croatia)
were never investigated speleobiologically, as their morpho-
logy does not promise extensive anchihaline habitats in them.
A number of localities with anchihaline caves have been
discovered and investigated along tropical seas and in the
Mediterranean. Since the middle of the 19th century,
brackish habitats of some fish and shrimp species in Cuba
have been known. Another historical site of this kind is



Jameo del Agua, a segment of a lava tube on the island of
Lanzarote (Islas Canarias). The 20th century began with the
discovery of interesting fauna in some south Italian caves.
Important anchihaline caves were later sampled in Lybia, and
in islands of the Caribbean.

Riedl (1966), who systematically studied sea caves of the
Mediterranean, conceived the concept of the marginal cave
(“Randhoehle” in German), which was similar to the
present-day concept of the anchi(h)aline cave. Riedl defined
the marginal cave by its position at the sea coast, the presence
of brackish water, and the presence of stygobiotic species in
it, but he also supposed that the origin of such caves was due
to wave action and their gradual loss of connection to the sea.
Thus, they should be a vector of the stygobiotic fauna
originating in the sea and making it limnic.

An important study by Holthuis (1973) followed Riedl’s
studies and dealt with a number of shrimp species, including
the now well-known red shrimps, as well as with a new
concept of anchialine pools that was free of suppositions
about the past and the future of the habitat and therefore
easier to apply. However, Holthuis obtained his animals
from open pools in Hawaii and on the Red Sea coast which
contained some troglomorphic animals along with a very
scarce selection of normal marine animals. In the period that
followed, Stock and his numerous colleagues investigated a
number of anchihaline caves in the Caribbean, mainly in
regard to their faunistic and taxonomic features but also bio-
geographically. This region appeared to be particularly rich in
such caves and fauna (e.g., Stock, 1994). Stock suggested and
substantiated the spelling change of anchialine to anchibaline.

Sket studied the caves along the Adriatic coast and gave the
first detailed quantitative data about ecological conditions in
them (Sket, 1986). Later, he also specified the concept of
the anchihaline cave habitat. Iliffe (2001) is noted for his
sampling of a great number of caves in the Caribbean region
as well as in the tropical islands of the Indopacific. His studies
revealed a high number of new animal species representing
an array of groups. In the meantime, a number of other field
researchers and taxonomists were either sampling caves more
locally or describing and studying collected animals.

Yager (1981) discovered the new crustacean group
Remipedia, probably the most astonishing discovery in
anchihaline waters. About the time of this discovery, research
intensified into the blue holes and inland anchihaline caves
in the Bahamas. Por, Fosshagen and Boxshall studied
Copepoda and Tantulocarida; Kornicker and Danielopol
studied Ostracoda; Stock and Holsinger studied Amphipoda;
Holthuis and others studied Caridea; and Stock and
Botosaneanu studied Isopoda. Jaume noted euhaline
anchihaline caves in the Mediterranean (e.g., Jaume and
Boxshall, 1996), and Por described hyperhaline pools in
the Arabian peninsula. A number of authors discussed the
models and hypotheses regarding the colonization of
subterranean habitats by animals in which the anchihaline
caves played a not negligible role.
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MORPHOLOGY AND HYDROLOGY
(See Por, 1985; Sket, 1986, 1996; Iliffe, 2001.) The morpho-

logy of the anchihaline caves and other cavities containing
anchihaline habitats is of low importance for their fauna;
however, it may be highly important for its accessibility
(particularly for the time before SCUBA techniques were
introduced) and to gain an understanding of its composition
and distribution, as well as relations between species.
Comparatively scarce are horizontal caves that either are
filled with water along the entire corridor or exhibit series of
pools with different connections between themselves and
with the sea. Such caves can be either karst caves or lava
tubes. Horizontal coastal caves may, however, be very exten-
sive inundated cave systems, such as those being investigated
along the Mexican coasts.

More common are shallow, vertical caves. They may be of
small dimensions, as are the natural wells on Adriatic islands
(Croatia, within the former Yugoslavia), which are sometimes
artificially elaborated as watering places for sheep. Similar are
grietas in some Caribbean islands or cracks in lava fields of
the Galapagos; however, accessible vertical parts are always
connected with horizontal corridors or fissures that may
connect groups of caves. Of large dimensions are cenotes,
known mainly in the Yucatan peninsula (Mexico), which
again are often extended by systems of horizontal corridors.
An important characteristic of such habitats is that a signi-
ficant part of the aqueous body is illuminated by daylight.

Even more open are anchihaline pools in lava or in coral
reefs. Such pools must be connected to the sea and may be
interconnected by systems of more or less dark corridors or
fissures, although the open space may prevail. Such pools are
particularly well developed in Hawaii.

Due to the effect of chained vessels, in caves close to coasts
under the influence of tides, the tides may also be felt
underground, although with a certain delay and decline. This
means that in the mild cases, such as in the Adriatic coastal
caves, the entire stratified column of water moves twice a day
up and down, carrying the floating organisms with itself and
remarkably changing the life conditions for substracum-
bound animals, particularly in the reach of the halocline. The
tides in the open Adriatic are only approximately 0.5 meters,
but more extreme conditions may occur elsewhere. In the
Bahamian blue holes, the effects of very important tidal
currents (dangerous for a diver) have not yet been studied for
their influence on living conditions. In the horizontal St.
Paul Underground River corridor (Palawan, Philippines), the
seawater moves with the tides for some kilometers in and out
along the bottom. It is difficult, however, to imagine that an
anchihaline fauna exists in such a cave.

The aqueous body is seldom purely marine (euhaline) but
such are present in some deeply set submarine caves that have
to be very extensive to contain any stygobionts. However,
extensive portions of the cave systems in the underground
of the Bahamas (Porter), as well as some caves in the
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Mediterranean islands (Jaume) are functionally euhaline.
When influenced by freshwater, the situation may be very
different for a cave on a small island than one that is on
the mainland coast. In any case, the relation between the
fresh and marine part of the column is governed by
the Ghyben—Herzberg principle: In a porous aquifer, if the
freshwater overlies seawater, the interface will be below the
sea level approximately 40 times the height of the water
above sea level. On an island, the freshwater body will take
on the form of a lens (Ghyben—Herzberg lens), the depth of
which depends on the precipitation at the site and the speed
of the water outflow toward the sea. The shape of the
freshwater lens and the height of the underlying layers of
seawater will change slowly during the year and from year
to year. Less predictable and more complex is the situation
on the coast of the continent (or of a larger island), where
canalized (thus concentrated) water inflow from inland may
be the result of net-like systems of corridors. This may
complicate the salinity distribution and will sometimes
change the salinity relations very rapidly.

The transition from euhaline to limnic salinities in
the column is never absolutely gradual. The depth of very
gradually stratified or even homogeneous waters is regularly
divided by a halocline that can be a few decimeters to a
couple of meters thick. The halocline is a layer where the
salinity abruptly changes (sometimes from polyhaline to
nearly limnic). In genuine caves—such as in caves in
general—the water temperature may be constant and equal
throughout the column, approximately equal to the local
yearly average. If the water body is exposed to the surface
temperature influences, this may also cause a temperature
stratification, changing its direction throughout the year.
During the winter in moderate climates, the surface cooling
in freshwater lakes causes the loss of stratification and
penetration of cooler (i.e., heavier) and well-aerated surface
water toward the bottom. In anchihaline waters, the density
changes caused by varying temperatures are much lower than
the density differences caused by a small salinity difference.
With cooling from 20 to 4°C, the density of pure water
changes from 998 to 1000 g L™ (i.e., 2 g L"), while with the
increase of salinity from 10 to 20 ppt the density changes
from 1009 to 1019 gL' (i.e., 10 gL™"). This makes the
water column in mixohaline anchihaline caves very stable
and prevents mixing of layers, with consequences as
explained below.

Although the source of organic input can appear rather
obvious, some sources have been also traced by sophisticated
isotope methods (Pohlman ez /., 2000). In caves of Mexico,
the soil particles may originate from a tropical rain forest,
while in the Mediterranean these particles may be from the
poor remains of soil in deep karren. The use of the holes as
watering places, however, may cause the introduction of very
high quantities of debris which is deposited on the bottom.
Another source of organic matters is production in illumi-
nated parts of caves. Rich planctonic algal communities may

be present there, while rocky walls can also be overgrown by
microscopic algae. The virtual contribution of autotrophic
bacteria has only been inferred (supposed). Rich sources of
oxydizable substances can be used in such a way. Some
nitrate production (which may be by nitrite oxydation) has
been noted within the halocline in a Mexican cave. On the
other hand, remarkable hydrogen sulfide (H,S) concentra-
tions in many anchihaline caves are a strong basis for chemo-
autotrophy; clouds of bacteria within the halocline and mats
covering the bottom have been observed in some caves, and
the sulfide-oxidizing mixotrophic bacteria of the genera
Beggiatoa and Thiothrix have been identified.

Wherever the input of organic substances is remarkable,
they are deposited on the bottom and putrefy, which often
causes total consumption of oxygen and an accumulation
of hydrogen sulfide. If communication with the open sea is
feeble, a thick lower layer of the water may be infested by
this gas. A 250-mmol L' concentration was established in a
Mexican cave, while such remarkable concentrations have
only been organoleptically established in Adriatic caves. Such
an accumulation can be identified up to the water surface in
extreme cases.

The oxygen that is consumed in cave waters must be
renewed from air on the surface, by an influx of precipitation
water and water jets from inland, at the surface, or by mixing
or diffusion from the open sea in deeper layers. Therefore,
the surface layer is usually comparatively well aerated while
the oxygen concentration diminishes towards the halocline;
below the halocline it may rise again or decrease further. It is
the rule that dissolved oxygen does not reach its saturation
in anchihaline waters. Its depletion may be remarkable,
probably total, although no analysis until now has been
accurate enough to establish this. Such are the conditions
close to the debris-covered bottom under a deep layer of
hydrogen sulfide-rich water. In some other caves, the oxygen
saturation is the lowest or close to zero within the halocline,
the most stable water layer. Characteristically, the pH has also
always been lowest in the halocline when measured.

NON-CRUSTACEAN GROUPS IN THE
ANCHIHALINE FAUNA

Sponges are represented very richly in true marine caves,
sometimes with some deep-sea elements, such as the calcified
Calcarea Pharetronida. This is particularly evident in some
sack-like Mediterranean caves that capture and hold cold
water throughout the year and also harbor small glass
sponges (Hexactinellida) and the exceptional carnivorous
Cladorhizidae (Asbestopluma hypogea Vacelet et Boury-
Esnault) (Vacelet ez al., 1994). Some species are claimed to be
true stygobionts of anchihaline caves, such as the haplosclerid
Pellina penicilliformis Van Soest and Sass in marine caves in
Bahamas and the axinellid Higginsia ciccaresei Pansini and
Pesce in Southern Italy; the latter is a typical anchihaline
animal living in brackish water.



Very little is known about gastropods in anchihaline caves.
The presence of the tiny and mostly interstitial marine
Caecum spp. is most probably in connection with some sand
deposits within the cave. Only some of the apparently hydro-
bioid snails in Adriatic caves have yet been identified.

Among the few filter feeders are some tube worms occur-
ring quite regularly at high salinities, such as Filogranula
annulata (O.G. Costa) in Adriatic caves. Some stygobiotic errant
polychaetes have been described, such as, for example, Gesiella
jameensis (Hartmann—Schroeder) from the Canaries. Probably
more sediment dependent are the tiny members of the family
Nerillidae. It is remarkable that the Dinaric cave tube worm
(Marifugia cavatica Absolon and Hrabe) has never been found
in a cave within the influence of the sea. Some oligochaetes occur-
ring in such caves do not seem to be closely related to them.

Some species of sessile chactognaths (family Spadellidae)
occur in euhaline anchihaline waters, and at least the eyeless
and pigmentless Paraspadella anops Bowman et Bieri from
the Bahamas is supposed to be stygobiotic; some other
species from caves are oculated.

Fishes are among the longest known anchihaline animals;
approximately 10 anchihaline species are known today. The
family Ophidiidae is exapted for such habitats by their shy
behavior, nocturnal habits, and/or deep-sea prevalence. The
stygobiotic Lucifuga subterraneus Poey and Stygicola dentatus
Poey have been recognized in Cuban grietas and similar
localities since the middle of the 19th century. New, related
species have recently been found in the region. The
stygobiotic and euryhaline Ogilbia galapagosensis (Poll and
Leleup) from underground waters of the Galapagos Islands
has variably reduced eyes and a closely eyed relative in the
species O. deroyi (Van Mol), which dwells in littoral crevasses.
In Yucatan caves, the ophidiid Ogilbia pearsei (Hubbs) is a
neighbor of Ophisternon infernale (Hubbs), representing
another family of often cryptically living fishes, Synbran-
chidae. The synbranchid Ophisternon candidum (Mees), at up
to 370 mm in length, is probably the longest cave animal.
It inhabits brackish waters in northwestern Australia,
accompanied by the gobiid Mylieringa veritas Whitley. It is
remarkable that related (congeneric) species occur in
anchihaline caves in mutually very remote areas.

ANCHIHALINE CRUSTACEA

Generally, Crustacea are by far the richest and most diversely
represented group in subterranean waters, and the same holds
for anchihaline cave waters. The predominance of crustaceans
may also be felt within a particular cave where the specimen
number or the biomass relation between crustaceans and
non-crustaceans may be 10:1 or higher. Among Crustacea,
by far the richest in species are Amphipoda and Copepoda,
although Decapoda (due to their size) are probably the most
obvious. For Remipedia, the anchihaline caves are the only
known habitat, and it seems to be the central one also for
Thermosbaenacea.
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Remipedia are crustaceans with by far the most plesio-
morphic trunk and appendages but with a highly specialized
(diversified) anterior end of its body, a very nice case of
mosaic evolution. They have up to now only been found in
anchihaline caves in euhaline salinities, or close to them,
usually below the halocline in poorly acrated water (typically
less than 1 mg L™ oxygen). Remipedia are hermaphrodites.
Up to 45-mm-long, centipede-shaped swimmers have been
found in the tropical belt connecting Mexico, the Bahamas,
and the Canaries and along the northwestern Australian
coast; they seem to be absent in the Mediterranean. In
some Bahamian caves, a number of species may occur
together; Speleonectes lucayensis Yager was the first found and
described.

Copepods are the richest group of “Entomostraca”, which
include approximately 25% of crustacean species either
in the whole or in subterranean habitats, but only 14% of
those in anchihaline waters. In subterranean freshwaters,
Harpacticoida are several times richer than Cyclopoida, while
Calanoida are negligible (approximately 440:150:10 in
1986); in anchihaline waters, the harpacticoids are not so
important, while calanoids are comparatively well re-
presented. Each of these groups has some ecologically
endemic families, or nearly so, such as Superornatiremidae
in Harpacticoida, Epacteriscidae in Calanoida, and
Speleoithonidae in Cyclopoida. According to existing data, a
family may be also geographically extremely limited, such as
the calanoid Boholinidae in the Philippines. Of particular
interest is the small and relatively plesiomorphic group
Misophrioida, an essentially (but not exclusively) deep-sea
group discovered recently in Acdantic and Indo-Pacific
tropical anchihaline caves.

Ostracods are easily recognizable as tiny crustaceans with
extremely shortened body hidden between two valves. The
order Halocyprida is well represented with species of very
diversely shaped and sculptured valves. Among them, the
genus Danielopolina is interesting for its presence in
anchihaline waters and in deep sea.

Leptostracans are small malacostracans with a bivalved
carapax on the anterior part of the body and stalked eyes.
Speonebalia cannoni Bowman, Yager et lliffe from a cenote-
like cave in the Caicos Islands is eyeless.

Decapods are the best known crustaceans represented in
anchihaline caves, primarily by different kinds of shrimps.
Members of the small family Procarididae have only been
found in such habitats in the tropical Adantic and in Hawaii;
Agostocarididae seem to be restricted to the Caribbean
region. Atyidae are a huge family of freshwater shrimps,
represented at the sea nearly exclusively by some genera in
anchihaline waters. The most remarkable is the genus
Typhlatya, which is found with some closely related genera
exhibiting a range of polyhaline to limnic species distributed
circumtropically; they also exhibit different degrees of troglo-
morphism. The atyid Antecaridina lauensis (Edmondson)
alone is very widely distributed—Madagascar, Red Sea,
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Hawaii—which is testament to the dispersion possibilities
of some shrimps outside the anchihaline habitat. This has
been also proven for Palaemonidae, represented by the genus
Macrobrachium, for example, which repeats some distrib-
utional characteristics of the family Atyidae. The palaemonid
Typhlocaris lethaea Parisi from Lybia is probably the largest
cave invertebrate at all. A series of anchihaline genera belong
to the essentially marine family Alpheidae. The alpheid
Barbouria cubensis (Von Martens) in the Caribbean region
has been known since the beginning of 20th century;
the Indo-Pacific Parhippolyte uveae Borradaile, again one
of the famous red shrimps, has been known from the end of
the 19th century. Some Grapsidae crabs, such as Orcovita
spp., have been found recently, although they are mostly not
very troglomorphic. The only anomuran, the historical
Munidopsis polymorpha Koelbel (family Galatheidae), from
the inundated lava tube in Canary Islands, belongs to an
essentially deep sea genus.

Thermosbaenaceans are small (up to 5 mm long) and
delicate crustaceans with a short carapax under which the
female broods her eggs; all are stygobiotic. Although the first
species was found in hot (approximately 45°C) freshwater
springs, and some species inhabit fresh continental waters,
most are nevertheless anchihaline. The group is distributed in
the Tethyan fashion, which will be described later. As an
example, Halosbaena acanthura Stock is widely spread in
the Caribbean, inhabiting interstitial and cave waters of
brackish to hyperhaline salinities. Related species are known
from the Canaries and northwestern Australia in almost
fresh water. Monodella halophila S. Karaman, found in caves
along the northeastern Adriatic coast, often most densely
populates the least aerated water layers of a polyhaline
salinity.

Mysids are small and delicate shrimp-like crustaceans
with a ventral brood chamber. It is essentially a marine
group that inhabits anchihaline caves circumtropically, with
some exceptional species in southern Italy. Such is also the
distribution of the genus Spelacomysis, which resembles the
atyid shrimp Tjphlatya in its geographical and ecological
distribution and the span of morphological adaptations.
The widely distributed and non-troglomorphic species S.
cardisomae Bowman seems to penetrate the entire variably
brackish part of the groundwater body in the Caribbean
island of San Andres, occurring even in the putrefied and
probably deoxygenated waters in the land crab burrows.

Mictaceans slightly resemble the thermosbaenaceans.
This is a small group of some deep-sea and two marine
cavernicolous species in the Bermudas (Mictocaris halope
Bowman and Iliffe and Bahamas.

Isopods are one of the major groups of Malacostraca,
characterized mainly by their foliaceous abdominal appen-
dages (pleopods); they are very diverse in shape and size.
Since early in the 20th century, some Tjphlocirolana spp.
from the Mediterranean basin have been known; some are
anchihaline while some are from freshwaters. Similarly old is

the history of Annina lacustris Budde-Lund from east Africa
which is a very euryoecious, non-troglomorphic animal that
also occurs in mixohaline anchihaline caves. All of these
animals belong to the family Cirolanidae, which is essentially
marine, and the great majority of freshwater species is
stygobiotic. A number of genera and species have been found
in anchihaline waters, particularly in the Caribbean, (such as
Bahalana mayana Bowman in Mexico and the Yucatan), but
also in the Mediterranean and in Indo-Pacific areas and
elsewhere, such as Haptolana pholeta Bruce et Humphreys
in western Australia. Similar is the frame habitat selection of
the genus Cyathura (Anthuridae), although these animals are
strongly sediment bound and burrow, while cirolanids are
free walkers and even occasional swimmers. The stygobiont
anthurids are only present in the tropics.

The presence of tiny species of the families Microcerberidae
and Microparasellidae in anchihaline waters such as artificial
wells is mostly due to sand deposits as they are essentially
interstitial animals. Genuine cave animals are evidently some
members of the related (i.e., asellote) families of Janiridae
(Trogloianiropsis loberai Jaume) in the Balearic Islands;
Stenetriidae (Neostenetroides schotteae Ortiz, Lalana et Perez)
in Cuba; and Gnathostenetroididae (Stenobermuda mergens
Botosaneanu and Iliffe) in the Bahamas, which were found
in Caribbean to Bermudian anchihalines, as well as in
Mediterranean caves. The family Adantasellidae seems to be
endemic to anchihaline caves of the tropical Atlantic
(Bermuda and the Caribbean).

Amphipoda seem to be by far the richest anchihaline group
(more than twice the species number of any other crustacean
group or three times all non-crustacean species), although
the effect of numerous researchers cannot be excluded.
The family level taxonomy of this group (counted to 6000 or
even 8600 world species) is not yet settled, but it has to be
used for the sake of surveying. The most characteristic group
is comprised of Hadziidae and Melitidae with particularly
high diversities of genera in the Caribbean region (e.g.,
Metaniphargus, Bahadzia) and Mediterranean (e.g., Hadzia)
and with a number of scattered taxa elsewhere (eg.,
Liagoceradocus spp.); Western Australia seems to represent the
third such diversity center (with the genus Nedsia, for
example). The group as a whole, as well as some genera, are
represented by species of different salinity preferences, from
euhaline to limnic. On a smaller scale and limited to the
Mediterranean and Atlantic, is the genus Pseudoniphargus;
the majority of its species are freshwater but never very far
from the sea. Taxonomicaly remote is the family Ingol-
fiellidae; although including some marine species, it also
includes ancient freshwater species in the center of Africa, for
example. This family also has some anchihaline species.

Some taxonomically and geographically isolated species
seem to be more or less direct descendants of marine
relatives, such as Antronicippe serrata Stock et lliffe
of Pardaliscidae, from anchihaline caves in Galapagos
Islands.



At least most species or groups mentioned above are
primarily marine, conquering continental waters with more
or less success. Different are some amphipods of the Dinaric
(i.e., Adriatic) anchihaline caves. Some species of Niphargus
are present there; N. hebereri Schellenberg is moderately
widely distributed, although not obligate, while the narrowly
endemic N. pectencoronatae Sket seems to be an obligate
anchihaline species. Niphargids are a large group of essen-
tially freshwater animals and only secondarily did they adapt
to the brackish water; V. hebereri is very euryhaline and also
in other respects a very tolerant species.

BIOGEOGRAPHY

Different patterns of geographical distribution can be seen
in anchihaline cave faunas. One of the most remarkable
patterns is the so-called Tethyan distribution (Humphreys,
2001), if historical grounds are emphasized, or circum-
tropical distribution, if we suppose ecological connections.
The Tethys Sea encircled the globe in the Mesozoic period,
when the supercontinent Pangaea split into a northern
Laurasia and southern Gondwana. It was only in the Tertiary
when southern and northern continents came so close to
each other that they disconnected this circumtropical seaway;
note that even the Mediterranean was completely dry for
some period in Miocene. A number of animal groups,
even genera and some species, have distribution ranges that
reflect the possible circumglobal distribution within the
Tethys. We may presume that particularly in the tropical belt
a number of Tethyan inhabitants have survived and many
of them succeeded in colonizing marginal waters, avoiding
in this way competition with modern sea fauna. Such are
Remipedia, Thermosbaenacea, hadziid amphipods, the
Typhlatya-related group of shrimp genera, and even the
mysid genus Spelacomysis, the thermosbaenacean genus
Halosbaena, and some others. However, it is difficult to
believe that some circumtropically spread species, such as the
shrimp Antecaridina lauensis, could conserve its morpho-
logical unity without a recent or nearly recent gene flow
among populations; its genetic unity, however, has not been
proven. An open question is also what occurred during the
Messinian salinity crisis. Did the Tethyan elements tempo-
rarily change for freshwaters? Maybe this is connected with
the existence of some freshwater populations of some elements
such as Hadzia fragilis S. Karaman in the Adriatic region.

A certain number of those Tethyan elements character-
istically skip the Mediterranean in their west—east distribu-
tion, such as Remipedia and the genus Halosbaena; therefore,
it is also possible that some Tethyan elements disappeared
from the dried-out Messinian Mediterranean, which was
later colonized again by only some of them. The third
possibility is their disappearance during the colder climates
in place after the Terciary.

Other distribution patterns are more locally restricted.
An instructive one is the paralittoral distribution area along
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the northeastern (Dinaric) coast of the Adriatic. Typical
anchihaline taxa (such as Hadzia fragilis and Monodella
halophila) are present along the coast, including the islands,
in brackish waters. They are, however, absent in such waters
within the gulf of Kvarner (Quarnero) which was not yet
marine prior to the Pleistocene. These species are replaced
in the Kvarner anchihaline caves by generally continental
species, such as Niphargus arbiter G. Karaman, while Hadzia
is represented there by freshwater populations. This is a clear
evidence of a historical—not purely ecological—basis for the
species distribution in anchihaline habitats.

BIOLOGY AND ECOLOGICAL DISTRIBUTION OF
INHABITANTS

Unfortunately, for most anchihaline species the ecological
inclinations are virtually unknown. Some groups are evidently
represented only by euhaline or at least polyhaline species
which are all unquestionable immigrants from the deep sea
or close relatives of deep-sea animals: the glass sponges and
carnivorous sponges in the Mediterranean sea caves, the
anomuran Munidopsis polymorpha in the Canary Islands, and
the mictacean Mictocaris halope in the Bermudas. There
are also unique representatives of some marine groups such
as chaetognaths or leptostracans (Paraspadella anops and
Speonebalia cannoni); however, the completely anchihaline
group Remipedia also seems to be polyhaline.

The most anchihaline animals are to some degree
euryhaline, with different optima more or less expressed. The
distribution of shrimp species in a series of pools in Hawaii
seems to depend mostly on different salinities. They are
able to adapt their position in the water body to other local
conditions, particularly the presence of competitors or
predators. The physically delicate thermosbaenacean Monodella
halophila, along the Adriatic coast, is limited to compar-
atively high salinities, although its very close relative M.
argentarii Stella inhabits freshwaters in the Italian Monte
Argentario. The Adriatic caves are inhabited by some (most
of them by two) amphipod species which may be predatory
on Monodella. This might also explain the (supposed)
absence of Monodella in some Caribbean islands where caves
were probably not investigated meters deep and where
hadziid amphipods were regularly found. Some essentially
limnic species, such as the copepod Diacyclops antrincola
Kiefer or the shrimp Troglocaris sp. may be present at higher
salinities than the supposed marine derivatives Hadzia fragilis
and Salentinella angelieri Ruffo et Delamare-Deboutteville,
while the limnic Niphargus hebereri Schellenberg reaches 30
ppt salinity, which is close to marine values.

It was observed in some Adriatic anchihaline waters that
at least some absolutely troglomorphic animals do not avoid
sunlit parts of the water body if they are not forced to do so
by competing surface animals. The population of Niphargus
hebereri was the most dense at the water surface in a shaft-like
cave. Such a behavior (as well as similar situations in conti-
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nental cave waters) teaches us that light and dark relations are
not of direct importance for cave species. This also excuses
us when we treat the open anchihaline pools jointly with
anchihaline caves. The so-called red shrimps are very charac-
teristic inhabitants of those pools, and they show quite
different relations toward sunshine. The atyid Halocaridina
rubra Holthuis also appears in open anchihaline pools during
sunshine, while Antecaridina lauensis (Edmondson is more
photophobic but is able to change its color from red to white
translucent and back in response to light and disturbance.
The hippolytid Parhippolyte uveae Borradaile hides in cracks
after sunset and during cloudy days, while it reappears
in ponds in masses when the sun strikes the water; it is
also able to rapidly change its coloration. One has to add,
however, that these observations were made in single
localities, and we do not know if such was the behavior of the
species in any conditions.

Again, very characteristic is the sometimes apparently
positive (in fact, probably neutral) relation of anchihaline
animals toward low oxygen concentrations in water. These
discussion has unfortunately some very serious limitations.
First, due to some analysis problems at very low oxygen
concentrations, we do not know if cave animals have been
found in totally anoxic or just deeply suboxic water; however,
the presence of H,S in a thick layer speaks in favor of a total
lack of oxygen. Second, particularly high densities of some
animal colonies within the anoxic (or suboxic) water layers
are most probably a result of competition (or predation)
avoidance; however, this speculative conclusion has never
been subjected to an experimental verification. Anyway, at
extremely low oxygen concentrations and in the presence of
H,S (not quantitatively evaluated) euhaline Remipedia were
found commonly or regularly; the mesohaline Monodella
halophila, often; and the originally limnic Niphargus hebereri,
quite so. Resistance to extremely low oxygen concentrations
has been experimentally studied and verified in some
freshwater cave crustaceans; it may be explained by their
characteristically low metabolism.

Thus, based on the evidence available, anchihaline animals
are in general very euryecious (generalist) toward a number
of ecological parameters. One of the most durable among
stygobionts is Niphargus hebereri, which has been found in
limnic conditions (kilometers far inland) and in mixohaline
waters of up to 30 ppt salinity; in very food poor habitats
and in deposits of decaying organic debris; in well-
oxygenated waters as well as in apparently anoxic layers; in
waters smelling strongly of H,S; and in a sink polluted with
mineral oil.

TROPHIC RELATIONS

Supposedly, the richest source of food is input from the earth
surface, while some food may be produced in the cave itself,
as mentioned above. It is safe to say that the currents reaching
into a euhaline marine cave are bringing food particles as well

as pelagic larvae. Therefore, such caves are usually populated
with a depauperate marine fauna, and the stygobionts are to
some degree excluded by competition. As the most modest
users of organic matter and as ecological generalists (as shown
above), they are able to populate the rest of the coastal
underground. Some interesting studies of the organic matter
transport within genuinely marine and anchihaline caves
have been made but generalizations are still not possible. The
sessile suspension feeders (filtrators) are nearly absent; some
sponges and tube worms are on the border between the
marine and anchihaline realm. Very few observations have
been done about the behavior of those crustaceans that
possess putative filtering structures, such as atyid shrimps
and thermosbaenaceans. They seem to be predominantly on
the bottom and collect organic detritus particles or bacteria
from the sediment. Probably more pelagic is the rich assort-
ment of anchihaline calanoid copepods. On the other hand,
some inhabitants are proven predators, such as the procaridid
shrimp Procaris ascensionis Chace, that feed on other shrimps.
Little is known about feeding by Remipedia, but their
maxillipeds are explicitly predatory. Most probably the
majority of anchihaline amphipods are generalistic, feeding
on detritus and carcasses as well as on live animal prey.

THEORETICAL IMPORTANCE OF ANCHIHALINE
HABITATS

The position of anchihaline habitats on the doorstep between
the epigean and hypogean realms, as well as between marine
and freshwater environments, makes them very intriguing for
theoretical exploitation. Several theories about the coloniza-
tion of the underground include anchihaline habitats, either
implicitly or explicitly. However, the first question that has to
be answered regards the origin of the anchihaline fauna itself.
The marine provenance of the majority is out of the question
if we look at the taxonomic composition. Only one local
fauna is known for which a higher percentage of members are
freshwater by origin (anchihaline fauna along the Adriatic
coast). The fact that the band inhabited by it was out of the
sea during the last glaciation is not peculiar to that area.
Probably, it was the particularly rich continental cave fauna
that succeeded to rule anchihaline waters and thus prevented
intrusion of other biota.

A much-discussed question has been the relation of
anchihaline fauna to the deep sea. Their phylogenetic prox-
imities have been discussed previously. At one time it was
thought that anchihaline species were directly derived from
deep-sea species. Later, data about deoxygenation of deeper
sea layers during the geological past cast doubts on this
possibility, and some researchers came to regard the deep-sea
species and anchihaline species as two parallel lineages ori-
ginating from littoral ancestors. However, cladistic analysis
of some ostracod and some copepod groups have revealed
that at least some anchihaline species in some regions may
originate from deep-sea faunas (Danielopol, 1990).



The anchihaline habitat may also be regarded as a door
into continental waters. The regression model and the two-
step model suggest that a marine benthic animal colonizes
marine cave, adapts to the cave environment and to the less
saline water, and becomes isolated from the sea after the sea
regresses, which results in a limnic stygobiont. These and
other models differ in some details which become theore-
tically negligible (making all models complementary) if we
consider the ecologically and genetically sound supposition
of an active immigration. Active immigration into a new
habitat would be furthered by a diversified gene pool and
wide ecological potential of the species and would be forced
to occur only by its own normally excessive reproduction and
population expansion. Sea regression (stranding) in this
context is not an act of repression; it implies only inter-
ruption of the gene flow (with the marine or surface part of
the population) and therefore faster specialization. Of course,
this is equally important for understanding the origin of the
surface freshwater fauna, which may have occurred the same
way on the surface, and the origin of continental cave fauna,
which occurred by immigration from surface freshwater
underground.

ANCHIHALINE FAUNA AND HUMANS

It has always been a challenge to humans to enter the dark
underworld; sometimes such a venture reveals the beauty of
speleothems or offers the promise of a cool atmosphere in the
heat of summer. So, many karst and lava caves have been
exploited for tourism, and those that are close to coastal
tourist resorts are particularly subject to such a possibility.
Some of them contain anchihaline pools.

The gipun cave in Cavtat (near Dubrovnik, Croatia) was
adapted for such visits decades ago, with the anchihaline pool
at its end being shown as a special gem. Its comparatively
very rich fauna of tiny crustaceans is not particularly interest-
ing for most non-professionals but has nonetheless been
greatly endangered by pollution produced by the visitors.
Anchihaline caves play an important role in tourism and the
economy of Bermuda; nevertheless, a number of them have
been damaged or destroyed—along with their diverse
fauna—>by pollution or by quarrying activities. On the other
hand, the lava cave Jameo del Agua in Lanzarote (Islas
Canarias, Spain) has also been exploited for tourism and its
Jameito or cangrejo ciego (Munidopsis polymorpha) is an official
symbol of the island that is used in various promotional
campaigns. The gorgeous hypogean estuary St. Paul Under-
ground River (Palawan, Philippines) is the central attraction
of the St. Paul Subterranean National Park; unfortunately,
there are no data on an anchihaline fauna in it. Very
imposing is the 7-cm long anchihaline shrimp Tjphlocaris
lethaea from the cave Giok-Kebir, close to Benghazi (Libya);
this might be the world’s largest troglobiotic invertebrate and
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could be an interesting subject for interested tourists.
Although smaller, the beautifully colored anchihaline red
shrimps can be remarkable enough to be given local verna-
cular names such as opacula (Halocaridina rubra) in Hawaii.
They may be a subject of local taboos, such as pulang pasayan
(Parhippolyte uveae) in the Philippines, or even of a kind of
worship, such as ura buta (the same species) on the Fiji Island
of Vatulele. No doubg, red shrimps might become also an
attraction for ecotourists.

Apart from species protection to serve tourist needs or
religious habits, modern humans have became aware of the
biological importance of such habitats. A system of anchi-
haline pools on the Hawaiian island of Maui has been pro-
tected as a natural reserve particularly for the rich anchihaline
fauna. A flooded crack in the Sinai Peninsula has (or used to
have) a similar status.
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INTRODUCTION TO BATS

Bats (order Chiroptera) are an ecologically diverse and geo-
graphically widespread mammalian group. With over 1100
species (Simmons, 2003), members of two suborders (Micro-
chiroptera and Megachiroptera) constitute approximately
one-fifth of all extant mammals. They range in size from the
tiny 2-gram Kitti’s hog-nosed bat (Craseonycteris thonglogyai)
to the large, Malayan flying fox (Preropus vampyrus) weighing
about 1200 grams, with a wingspan of nearly 1.5 meters
(Kunz and Pierson, 1994). Bats exhibit several life history
traits that make them unique among mammals. Compared
to small terrestrial mammals, for example, bats of similar size
have very few young and long periods of pregnancy and
lactation, and they may live up to 37 years. Differences in
life-history traits between bats and other mammals are often
attributed to the evolution of flight and echolocation
(Crichton and Krutzsch, 2000; Kunz and Fenton, 2003).

Bats are the only mammals that have evolved powered
flight; thus, along with echolocation, flight has made it
possible for bats to seck shelter in many different types of
structures (e.g., foliage, tree cavities, caves, rock crevices) that
are not generally used by terrestrial mammals and to exploit
a wide variety of food sources. The diets of bats include fruit,
nectar, pollen, leaves, invertebrates (e.g, insects, spiders,
crustaceans, and scorpions), small vertebrates (e.g., frogs,
birds, fish, and other mammals), and blood (Kunz and
Pierson, 1994).

Although echolocation has evolved independently in birds
and mammals, the most sophisticated and diversified form of
echolocation can be found in bats. Echolocation is used for

prey detection and capture, for navigation, and in some
instances for communication. Several species rely on a
combination of vision, olfaction, and prey-generated sounds
to locate food in addition to or instead of echolocation
(Altringham, 1996).

The roosting habits of bats are often highly specialized,
with different species occupying tree cavities; spaces beneath
exfoliating bark; unmodified foliage; leaves modified into so
called “tents;” abandoned ant, termite, and bird nests; large
and small caves; rock crevices; and a wide range of manmade
structures, including mines, buildings, stone ruins, and
bridges (Kunz, 1982; Kunz and Fenton, 2003). Caves
alone provide a variety of structural substrates for roosting,
including crevices, cavities, textured walls and ceilings,
expansive ceilings, rock outcrops, and rock rubble on floors.
In addition, the microclimates of caves that are occupied by
bats can vary enormously, depending on latitude, altitude,
depth, and volume, as well as the number, size, and position
of openings to the outside. These variables can influence the
amount of airflow, the presence of flowing and standing
water, and daily and seasonal variations in atmospheric
pressure, temperature, and humidity. Thus, the environ-
mental conditions within caves may be hot, cold, dry, humid,
still, or windy.

This chapter highlights the biology of bats that typically
roost in caves and cave-like structures. Specifically, we discuss
why bats live in caves, where they are found, their roosting
requirements, as well as conservation and management issues
important to protecting cave-dwelling species.

CAVE BATS AND THEIR DISTRIBUTION

Cave bats are defined as trogloxenes, species that do not
complete their entire life cycle within caves. Their ability to
fly and echolocate has allowed microbats to exploit caves and
similar subterranean habitats for roosts and to forage for food
away from these structures. The vast majority of bats that
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belong to the suborder Microchiroptera are able to
echolocate and navigate in dark underground habitats and to
feed in open fields or in dense forested areas. Rousette fruit
bats (suborder Megachiroptera) may also roost in caves, but
they rely on tongue clicks to produce audible sounds to help
them navigate in the dark. The handful of other mega-
chiropterans found roosting in caves are restricted to areas
with enough light to make it possible for them to find their
way in and out, as they largely rely on vision and not echolo-
cation to navigate while in flight (Kunz and Pierson, 1994).

Bats are virtually ubiquitous. They are known from all
continents, except Antarctica, and from many oceanic
islands. Most bats occur in tropical regions, where they are
often the most diverse and abundant mammals present. The
diversity of bats generally increases as one travels from the
poles toward the equator, a pattern that is largely attributable
to an increase in habitat complexity as latitude decreases
(Findley, 1993; Kunz and Fenton, 2003).

The distribution of cave bats not only depends on the
presence of caves, but is also a consequence of specific
roosting requirements (Kunz, 1982). For example, although
the ghost bat (Macroderma gigas), the orange leaf-nosed bat
(Rhinonycteris aurantius), and the large bent-wing bat
(Miniopterus schreibersii) are all found in Australian caves,
their roosting requirements and hence geographic distrib-
utions are quite different (Baudinette ez 4/, 2000). The
orange leaf-nosed bat selects caves that are extremely hot and
humid (28 to 30°C and greater than 94% relative humidity)
and currently are known from only ten caves in Australia. In
contrast, the large bent-wing bat can be found roosting at a
broader range of temperatures and humidities and has one
of the widest reported distributions of cave-roosting bats,
encompassing southern Europe, Africa, southeast Asia,
Japan, and Australia. The ghost bat is restricted in its distrib-
ution to the Northern Territories of Australia, but it occupies
far more caves and mines than the orange leaf-nosed bat. As
one might expect, the ghost bat has roosting requirements for
which humidity is not such a vital condition as compared to
the orange leaf-nosed bat.

Bats are found almost everywhere subterranean habitats
exist. The distributions of cave-dwelling bats are determined
largely by species-specific roosting requirements that vary
depending on their ecology and evolutionary history. Local
and global distributions and densities of bats that rely on
caves for at least part of their life cycle are in turn determined
largely by the distribution, quantity, and characteristics of
available caves. For example, the Townsend’s long-eared bat
(Corynorhinus townsendii), known only from North America
(Fig. 1), is primarily found roosting in caves and cave-like
structures (Wilson and Ruff, 1999).

FUNCTIONS OF CAVE ROOSTS

Caves are used by bats for a variety of reasons, including
courtship and mating, raising young, and hibernating.

FIGURE 1 Townsend’s long-eared bat (Corynorhinus townsendii) is an
insectivorous, cave-dwelling bat endemic to North America. (Photograph by

J.S. Altenbach.)

Bats seek shelter during the day and disperse from these
sites to forage for food at night. During the day, bats typically
rest, groom, and often interact with their roost-mates. For
example, a typical day for lactating female lesser long-nosed
bats (Leptonycteris curasoae) involves resting quietly for up
to 16 hours, interspersed with periodic grooming and
nursing behavior. Alchough females usually roost together in
caves during the day, they seldom interact with one another
(Fleming ez al., 1998). In contrast, the common vampire bat
(Desmodus rotundus) forms long-term social bonds, and
individuals groom one another as they interact socially while
occupying cave and tree roosts (Greenhall and Schmid,
1988). In addition, many insectivorous species retreat to
caves between feeding bouts, where they may cull the wings
and heads of insects that were captured while foraging.
Frugivorous species sometimes transport large fruits to caves
where they cull soft pulp and where they can reduce the risks
of predation. Some species that roost in foliage or tree cavities
in the warm months hibernate in caves during the winter
(Kunz, 1982; Kunz and Fenton, 2003).

Courtship and Mating

Several types of mating systems have been described for cave-
roosting bats. Mating systems of bats and other mammals are
often classified into three general categories: promiscuity,
polygyny, and monogamy. However, bat mating systems
cannot always be easily categorized into one of these groups,
as they often depict a continuous spectrum of mating
behaviors (Crichton and Krutzsch, 2000).

Promiscuity is a type of mating system in which both
males and females have multiple partners. Such a system is
almost always highly structured, with some males siring more
young than others. Promiscuity is common among temperate
cave-dwelling species, possibly because of the limited time
available for mating in autumn before individuals enter
hibernation (Altringham, 1996). Males and females of many
temperate species generally do not roost together during



warm months but instead roost alone or in small groups.
Assemblages of bats that gather at caves and mines in the
autumn (referred to as swarming) may aid individuals in
finding a mate. During the swarming season, bats are active in
caves and mines at night, where males can often be observed
displaying and chasing females. In the United Kingdom,
male and female greater horseshoe bats (Rbhinolophus ferru-
mequinum) have a mating system in which males establish
territorial sites inside caves and mines in early autumn.
Females gather at these sites and selectively visit a series of
different males on their territories (Crichton and Krutzsch,
2000).

Polygyny, a mating system thought to be the most
common in bats, is characterized by one male mating with
several females (Crichton and Krutzsch, 2000). An example
of this type of mating system can be observed in the greater
spear-nosed bat (Phyllostomus hastarus). In this species,
females roost in caves in small stable groups, often remaining
together for 10 years or more. Because the females often form
discrete roosting groups in solution cavities or “pot holes” on
cave ceilings, it is easy for a dominant male to defend a group
of females from intrusions by other males. By defending
the females, or the roost cavity, a so-called harem male is
often able to mate with several females. Sometimes these
harem males are accompanied by a subordinate male who has
positioned himself in the harem to assume a dominant role
if the harem male should become injured or die. The risks
and costs associated with mate-guarding behavior can be
substantial. For example, a harem male greater spear-nosed
bat may incur some injuries while defending the females or
roost cavity and in the final analysis may sire only 60 to 90%
of the young born to those females (Crichton and Krutzsch,
2000). A similar pattern of mate guarding and courtship has
been observed in the Jamaican fruit bat (Artibeus jamaicensis),
which commonly roosts in caves on many of the islands in
the West Indies and throughout Central and South America.

Monogamy occurs when males and females form long-
term pair bonds. This type of mating system has been
described for only a few species of bats. Two examples are
the African false vampire bat (Cardioderma cor) and the
American false vampire bat (Vampyrum spectrum), both of
whom are carnivorous, sit-and-wait predators. An extended
period of parental involvement in which males provision
both females and young may have contributed to the
evolution of monogamy in these and other species (Crichton
and Krutzsch, 2000).

Rearing Young

During pregnancy and lactation, females form maternity
colonies, which are often located in separate places from
roosts used by males. In most species of bats, the respons-
ibility of raising young lies solely with females. Pregnancy
and lactation are both energetically expensive events, thus
females and their young can benefit from the heat generated
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when they form clusters in the partially enclosed spaces often
found in caves and cave-like structures. Roosting together in
large clusters may reduce the energy expenditure of some
individuals by up to 50%. When lactating females disperse
from roosts in the evening to feed, they often leave their pups
in a warm, incubator-like environment. Females incur high
energy costs when they forage and return to the roosts one to
three times each night to find and suckle their dependent
young. Thus, assembling in warm places can help reduce the
energy needed by small bats to remain homeothermic
(Crichton and Krutzsch, 2000).

Each spring, Brazilian free-tailed bats (Zadarida brasiliensis)
migrate from Mexico to the southwestern United States
to form large maternity colonies in caves and sometimes
other structures. This species is thought to form the largest
aggregations of mammals known to mankind, where nightly
emergences sometimes exceed several million individuals
from a single cave (Fig. 2). Each time a female Brazilian free-
tailed bat returns from a feeding bout to suckle her young,
she faces the daunting task of finding her own pup among
the millions of babies that are left on the ceilings and walls of
the cave. A mother bat begins this adventure by returning to
the area in the cave where she left her pups before emerging
to feed. Next, she uses vocal and olfactory cues to identify her
own pups among the thousands or more that are present
(Crichton and Krutzsch, 2000). Hungry pups will sometimes
attempt to nurse from almost any female, although lactating
females usually guard against milk stealing from unrelated
individuals (McCracken, 1984). The investment that a
mother bat makes in her pups is substantal, requiring
quantities of food intake equal to about two-thirds of her
body mass each night at peak lactation (Kunz et al., 1995).

Young Brazilian free-tailed bats grow rapidly from a diet of
energy-rich milk. Mothers nourish their young with milk for
several weeks, because young bats cannot fly and feed on

FIGURE 2 Emerging column of Brazilian free-tailed bats (7adarida
brasiliensis) dispersing nightly from caves used as maternity roosts in
northern Mexico and the southwestern United States during warm months.
(Photograph by T.H. Kunz).
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their own until their wings have almost reached adult
dimensions. Within 6 weeks of birth, young free-tailed bats
are able to fly and forage on their own. In contrast to most
other mammals that typically wean their young at about
40% of adult size, most insectivorous bat species suckle their
young until they are about 90% of adult size (Crichton and
Krutzsch, 2000).

HIBERNATION

Bats have evolved behavioral and physiological mechanisms
to avoid long periods of adverse weather and low food or
water availability. Some species migrate to more suitable
areas, but others use daily torpor, a controlled lowering of
body temperature to conserve energy. Only temperate species
in the families Vespertilionidae, Rhinolophidae, and
Molossidae are known to hibernate in caves and mines
(Fig. 3) (Kunz and Fenton, 2003).

Hibernating bats rely on stored fat as their primary energy
source during hibernation and are sustained on these reserves
for upward of 6 to 8 months. Hibernation is an energy-
saving strategy that is strongly influenced by the ambient
conditions in a cave. When a bat is hibernating, low ambient
temperatures lead to a decrease in metabolism. When the
ambient temperature is too cold or too warm, bats typically
arouse and move to another part of the cave. It is important
for hibernating bats to occupy caves and mines that provide
a variety of temperatures, because individuals often change
roosting positions as the season progresses (Kunz and Fenton,
2003).

During hibernation, bats lower their body temperature
to within a few degrees of the ambient temperature, but
individuals arouse periodically by producing heat employing
non-shivering thermogenesis. Bouts of hibernation can last
anywhere from a few days to several months. In areas with
moderate winters, bats such as the greater horseshoe bat
(Rhinolophus ferrumequinum) in the United Kingdom may
feed on insects on warm winter nights. Arousals from deep
hibernation are energetically costly, with a single arousal
expending the energy equivalent of a bat spending 68 days in

FIGURE 3 Small hibernating cluster of the cave myotis (Myotis velifer), a
cave-dwelling species endemic to North America. (Photograph by T.H.
Kunz.)

deep torpor. Thus, if hibernating bats arouse too often, either
because the microclimate is not optimal or from human
disturbance, they may not have enough fat reserves to survive
the winter (Kunz and Fenton, 2003).

COSTS AND BENEFITS OF LIVING IN CAVES

The decision about where to roost is critical to the survival
and reproductive success of bats. The type of roost that a bat
selects is influenced by its morphology, ecology, and physio-
logical requirements and often reflects a compromise
between the costs and benefits associated with a particular
type of roost (Kunz, 1982). For cave-roosting species, the
benefits of living in a cave usually outweigh any costs that
they may otherwise incur. In the following section, we
discuss the major costs and benefits considered critical for the
selection of roosts by cave-dwelling bats. It is important to
note that roosting requirements and relevant costs and
benefits are not uniform for all species and may vary intra-
specifically, depending on geographic location, reproductive
condition, and/or season (Kunz and Fenton, 2003).

Benefits

Caves offer a wide range of benefits including a structurally
and climatically stable environment, and protection from
predators and adverse weather. Microclimate, specifically
temperature and relative humidity, is arguably the most
important factor in roost selection by cave-dwelling bats
(Baudinette ez al., 2000). Different bat species roost in a
variety of microclimates within caves and mines, and this
variation is often correlated with a bat’s body size, diet,
phylogeny, and their ability to enter torpor (Kunz and
Fenton, 2003).

Compared to non-volant mammals, bats have high rates of
evaporative water and heat loss, due in part to their relatively
high surface-to-volume ratio, enhanced by the large surface
of their naked wing membranes. At low relative humidities
(<20%), bats may lose up to 30% of their body mass per day
from evaporative water loss alone. This rapid dehydration
can be lethal. Many bats select caves that have high relative
humidity to help conserve water during the day (Kunz and
Fenton, 2003).

Bats are endothermic, meaning that they rely on the
internal production of heat to maintain their body tempe-
ratures within their thermal neutral zone. Maintaining
homeothermic body temperatures requires a substantial
amount of energy. At ambient temperatures above and below
the thermal neutral zone, bats must expend energy to cool or
warm themselves, respectively. Bats use at least four different
strategies for conserving energy while in their roosts (Kunz
and Fenton, 2003). Some species select roosts that have
an ambient temperature within their thermal neutral zone.
The California leaf-nosed bat, for example, often exploits
geothermally heated mines to conserve heat during the



winter. Other species form large colonies in parts of caves
that have little airflow, leading to an increase in roost tempe-
rature as the metabolic heat generated by the bats becomes
trapped. The lesser long-nosed bat (Leptonycteris curasoae)
in South America, the large bent-wing bat (Miniopterus
schreibersii) in Australia, and the Brazilian free-tailed bat
(Tadarida brasiliensis) in the southwestern United States
are examples of cave-dwelling species that form colonies
large enough to substantially increase the temperature of
their roost environment. Still other species select colder roost
environments that allow them to reduce their body tempera-
ture and thus become torpid. Daily torpor not only reduces
the amount of energy a bat expends in a day but also helps
reduce water loss. Finally, some species form dense clusters
that buffer individuals from changes in ambient temperature,
a behavior that also reduces their energy expenditure.

In addition to the energy savings that bats may experience,
they can also benefit from social interactions promoted by
cave living. For example, the environmental stability of caves
can facilitate social interactions such as finding, attracting,
and guarding mates; information transfer; and interactions
that evolve through kin selection and/or reciprocal altruism
(Crichton and Krutzsch, 2000). Females that roost together
sometimes share information about feeding resources, such as
the location of flowering and fruiting trees. Female greater
spear-nosed bats (Phyllostomus hastatus) typically roost in
caves where they form stable groups of unrelated individuals.
Information transfer, presumably facilitated by vocal contact,
may help females coordinate efforts to defend food patches
from other bats (Wilkinson and Boughman, 1998).

The common vampire bat (Desmodus rotundus), another
highly social species, has evolved a system of sharing blood
with both relatives and unrelated roost mates. Vampire bats
must obtain a blood meal at least once every three days or
they will invariably die. Females often share blood with
roost-mates that are at risk of starving, but this sharing
occurs only among individuals with whom they are closely
associated. This is referred to as reciprocity (or reciprocal
altruism) and occurs when the cost to the individual
performing the altruistic act is less than the benefit to the
recipient when such an act is later reciprocated (Greenhall

and Schmidt, 1988).

Costs

There are several potential costs associated with living in
caves, most of which are related to living in large groups.
Large numbers of bats that live in close physical contact with
one another may be more prone to transmit certain diseases
or increase the risk of parasitic infestations. High mite
infestations on a bat, for example, may cause an increase in
the amount of time an individual spends grooming, and thus
increase is daily energy budget (Kunz, 1982).

That bats often emerge synchronously from a cave may
increase an individual’s risk of predation. Researchers have
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documented birds of prey, such as owls, hawks, and falcons,
swooping down into columns of bats that emerge nightly
from caves and mines. As many as 14 bird species are known
to feed on bats in Britain alone, with the most important
predators being owls. Some birds even specialize on bats,
such as the bat hawk (Machaerhamphus alcinus) in Africa
and the bat falcon (Falco rufigularis) in Central and South
America. Most predatory birds are territorial, so their
numbers at any one cave are probably quite small, thus the
impact on local populations is probably minimal. Other
animals that sometimes prey on cave-roosting bats include
snakes, raccoons, skunks, opossums, and other bats; even a
frog has been observed preying on bats (Altringham, 1996).
Few studies, however, have evaluated the impact that
predators have on bat populations.

The distribution of caves in most terrestrial landscapes is
highly variable, and some may not be located near abundant
food resources upon which bats depend. Bats that roost alone
or in small groups in tree cavities and in foliage can often take
advantage of food resources located near their roosts, but
cave bats, especially those that form large colonies, more
often must commute considerable distances to foraging sites.
Because flight is energetically expensive, bats must make
compromises between colony size and the amount of energy
spent commuting to feeding sites and the energy that is
conserved by selecting a roost that has microclimate
conducive to energy and water conservation (Kunz, 1982).

Local food resources may not be sufficient to support the
energy and nutrient budgets of all individuals that form
large cave colonies, thus some individuals must disperse
considerable distances in order to secure their daily energy
and nutrient requirements. Some maternity colonies of
Brazilian free-tailed bats (7adarida brasiliensis) may number
in the millions, requiring some individuals to fly upwards of
50 km each night to obtain their food. This may also be the
case for other species that form large colonies in caves, such
as the large bent-wing bat (Miniopterus schreibersii) and the
lesser long-nosed bat (Leptonycteris curasoae) (Kunz and
Fenton, 2003).

CONSERVATION AND MANAGEMENT

In recent years, reductions in the numbers of cave bat popu-
lations have increasingly concerned conservation biologists
(Kunz and Racey, 1998). One of the major problems that
places bat populations at risk is that they have relatively low
reproductive rates and are unable to recover quickly from
population declines. Cave bats face a variety of human
threats that may vary in different regions of the world.
Some threats reflect differences due to socioeconomic
conditions, habitat types, and cultural attitudes toward
bats. Notwithstanding, several successful approaches, such as
habitat restoration and cave protection, have been employed
to protect bats, their roosts, and food resources. Increasingly,
most if not all geopolitical units (cities, states, countries) are
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faced with issues related to increased mining and quarrying
operations, spelunking, ecotourism, vandalism, sealing of
caves and mines for safety reasons, and deliberate killing
of bats. Other local issues include guano mining and over-
collection of bats for scientific research which can have
adverse affects on cave environments. The negative image of
bats often portrayed by the media can best be overcome
through better educational efforts. Lack of basic information
about the natural history of most cave-roosting bats is a
problem in many regions of the world. Thorough knowledge
about the ecology and behavior of different species is
essential if natural resource managers and politicians are to
make informed decisions that affect the well-being of bats
and the food and roost resources on which they depend
(Kunz and Racey, 2003).

ECOSYSTEM SERVICES PROVIDED BY CAVE BATS

Many cave-dwelling bats provide essential ecosystem services
by helping to maintain forest diversity by dispersing seeds
and pollinating flowers. Changes in bat diversity or
abundance due to forest fragmentation or roost destruction
can lead to the dysfunction of forest ecosystems. In addition
to plant-visiting bats that disperse seeds and pollinate
flowers, many insectivorous bats consume vast quantities of
insects. Some insectivorous species feed on insects that cause
significant damage to agricultural crops. The Brazilian free-
tailed bat (Z7adarida brasiliensis), for example, is known to
feed on insects that cause millions of dollars in damage to
corn and cotton crops in the United States each year. In
addition, nearly everywhere that large quantities of guano
have accumulated in caves, local communities have
discovered its value as a fertilizer. In some parts of the world,
guano is mined locally and sold commercially for fertilizer.
Although guano mining is no longer common in most
industrialized countries, it is still practiced in some under-
developed countries (Kunz and Pierson, 1994; Kunz and
Fenton, 2003).

The organic input from bat guano (feces and urine) is
essential for sustaining the health of cave ecosystems. Many
cave-dependent organisms (e.g., fungi, arthropods, fish,
salamanders) depend on bats to produce guano and thus
provide critical food resources in an environment where
other sources of organic nutrients are relatively scarce. Not
only do bats defecate and urinate in caves, but some also
discard culled wings of insects or seeds and bits of fruit and
leaves as they feed, and thus supply energy and nutrients for
a variety of cave organisms such as fungi, arthropods, fish,
and salamanders (Kunz and Racey, 1998).

Human Disturbance

Humans enter caves for various reasons, including scientific
research—exploration, shelter, tourism, mining, and even
sometimes for collecting bats to eat. Whatever the intentions

might be, these activities can have adverse consequences for
bats (Kunz and Racey, 1998; Kunz and Fenton, 2003).
Disturbing bats during the maternity period, whether they
are handled or not, can cause pregnant females to abort their
young or cause young to fall to the floor, leading to injury or
certain death. Hibernating bats are particularly vulnerable to
disturbances from human activities. When humans disturb
hibernating bats, they often respond by arousing, which is
energetically expensive. Non-tactile stimuli, such as light and
noise, can also increase the activity of bats that hibernate in
caves and thus lead to the depletion of valuable energy
reserves (Kunz and Fenton, 2003).

Habitat Destruction and Alteration

Mining and quarrying activities can have adverse impacts
on cave-roosting bats, because such activity often modifies
the physical structure and microclimate of their subterranean
habitats. Because many bats have very specific roosting
requirements, such changes may cause bats to abandon these
sites. Just as important is the fact that mining operations
often use chemicals that are highly toxic. In some regions,
modern gold-mining techniques, for example, use cyanide
to extract gold from ore, and such practices have killed
enormous numbers of animals, including cave bats, by
contaminating water sources from which bats derive their
food and drinking water.

In some situations, bats have taken advantage of human
technology by readily using manmade structures such as
bridges and mines. Increases in the number of abandoned
mines and bat-friendly bridges have also increased the
abundance and distribution of some cave-dwelling species.
However, reclamation of mines and the closing of others have
also led to an increase in bat mortality when these structures
are closed without first verifying their presence (Tuttle and
Taylor, 1994).

The habitat surrounding caves can be just as important as
the environment within the cave itself. Many hibernating
species, such as the endangered Indiana bat (Myotis sodalis),
typically roost beneath exfoliating bark during the
warm months but hibernate in caves during the winter. To
survive a prolonged period of hibernation, bats must be
able replenish their fat reserves following migration, thus
productive foraging habitats located near hibernacula are
essential to their success. The vegetation around a cave not
only supports source populations of insect prey but also may
buffer the interior of the cave from severe changes in wind
flow and temperature.

The Paradox of Vampire Bats

A source of myths and legends, vampire bats offer a valuable
lesson about the need to learn more about these and other
species before it is too late to protect them from extinction.
Three species of vampire bats range from northern Mexico



through South America, but only the common vampire bat
(Desmodus rotundus) is abundant enough to be considered a
nuisance to humans and their livestock. All three species
depend on a diet of blood, but they feed on a variety of
different animals. Most of our knowledge of vampire bats
comes from the common vampire bat, which specializes
on mammalian blood as a source of food. Populations of
vampire bats increased sharply in areas of Latin America
following the introduction of livestock by European settlers
over 500 years ago. Because the common vampire bat
feeds on cattle and occasionally on humans, this species has
become a pest in most of Central and South America. The
economic loss due to cattle dying from bat-transmitted rabies
alone is a major concern in many regions of Latin America
(Greenhall and Schmidt, 1988).

Lack of education and misguided attempts to control
vampire bat populations have led to the mass destruction of
these and other non-targeted species. Nonselective killing
techniques, such as fire and gas (fumigating), have been used
either because local landowners are often unaware of the
differences between vampire bats and other species or because
they are uninformed about the value of bats in general.
Poisons, such as strychnine or anticoagulants, are often
applied to the wounds on livestock because vampire bats
return to wounds that they made the previous night
(Greenhall and Schmidt, 1988). Selective approaches that
concentrate on controlling vampire bats should be used
whenever possible. Recent discoveries by researchers indicate
that chemicals present in the saliva of common vampire bats
have important medical benefits (e.g., reducing the risks of
stroke and heart attacks in humans). Thus, a bat species that
is considered a nuisance or public health threat by some
segments of society may also offer enormous benefits to
others.

Many local, national, and international organizations have
become engaged in efforts to support research on bats and
have also helped to educate the public about the benefits of
bats to humankind. Many cave organizations have joined this
effort to protect cave bats. Television programs, newspaper
articles, and other media must be used to promote the ecolo-
gical value of bats and the importance of caves for sustaining
many bat populations on a worldwide scale. Organizations
such as Bat Conservation International (www.batcon.org),
Bat Conservation Trust (www.bats.org.uk), the Lubee Bat
Conservancy (www.lubee.com), and the Organization for
Bat Conservation (www.batroost.com) are among a growing
number of non-government organizations that are contrib-
uting to these efforts. Notwithstanding, additional efforts are
needed to help promote and protect the nearly 1100 species
of bats known worldwide.
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Beetles
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INTRODUCTION

As part of the Insects class, representatives of the order of
Coleoptera usually have a sclerotized body with sclerotized
forewings that are leathery or horny and modified to act as
rigid covers (elytra) over the membranous, reduced, or even
absent hindwings. The mouthparts are adapted for cutting,
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nibbling, and chewing, and the antennae have usually 8 to 11
articles. The male genitalia are retractable, and the females do
not posses an ovipositor. Beetles are the most numerous of all
insects, with more than 300,000 described species—almost
one-third of all known animals (Brusca and Brusca, 1990).
Big or small, they are everywhere, occurring in all environ-
ments, including caves, lava tubes, cracks and fissures in a
massif, mesovoid shallow substratum (MSS) in limestone, or
in different other rocks as schist, gneiss, granodiorites,
basalts, quartzits, grits, etc.

Of the 40 families of the order, 15 have species in the
underground world: the aquatic Dryopidae, Dytiscidae
(predaceous diving beetles), Elmidae, Hydrophilidae (water
scavenger beetles), and Noteridae, as well as the terrestrial
Carabidae (ground beetles), Cholevidae, Curculionidae
(weevils), Histeridae, Pselaphidae, Staphylinidae (rove beetles),
Merophysidae, Ptiliidae, Scydmaenidae, and Tenebrionidae
(darkling beetles) (Fig. 1). Even underground they are the
best represented of all animals, with around 2000 species.

It is not surprisingly that one of the first discovered cave
animals was a beetle, in Postojnska Jama (Slovenia). In 1831,
Ce observed specimens that looked very much like ants on
the beautiful stalagmites. Count Franz von Hohenwart sent
the material to the Austrian naturalist Schmidt, who described
Leptodirus hohenwarthi, an amazing terrestrial species
displaying high degree of adaptation to cave life (Fig. 2).

ADAPTATIONS

Several adaptations of cave beetles to darkness, low and
heterogeneous in time and space food input (at least in
temperate regions, where the food is brought inside caves
through the cracks network, only in some seasons and mostly
by water), and a relatively constant climate are characteristic
of cave life, but the degree of morphological, anatomical,
behavioral, and physiological adaptation is not similar in all
species. One of the first morphological changes to occur
among beetles during colonization of caves is a loss of

Staphylinidae
Pselaphidae 1% Aquatic beetles
4% N, 2%
Histeridae Others
1% T 0%
Curculionidae
1%
Cholevidae Carabidag
3% ’ 60%

FIGURE 1 Proportion of cave beetle families in the group of Coleoptera.
(Adapted from Juberthie and Decu, 1998.)

FIGURE 2 Leprodirus hochenwarthi (Schmidt, 1832). (Photograph by Valika

Kustor, Slovenia.)

pigmentation. The cuticle becomes thinner, and the color of
the cave beetles given by the benzoquinones is a red-brown.
The most evident morphological change is the reduction or
complete lack of eyes. The ocelles and rhabdomeres can
disappear completely, and reduction can also affect the
optical center, much more pronounced than for stygobitic
fishes and decapod crustaceans.

Elongation of the body and antennae, which become
slender and longer, is linked to their preferred habitat (the
network of cracks) and serves as compensation for the lack
of eyes. Longer antennae mean also longer mechanical, gusta-
tory, olfactory, and hygrosensitive sensilla, as well as enhance-
ment of the receptory surface. Cave beetles have larger
reception surface compared with their epigean relatives.

Life in caves makes the use of the wings impossible. Wings
are completely lost in some species, and the elytrae are fused
together. Moreover, in highly specialized species, under the
elytrae is located a compartment containing air for humidity
regulation and that causing a false physiogastry, similar to
the bulging abdomen of ants and termites filled with lipid
reserves.

The anatomical internal modifications are especially due
to the scarcity of food and its uneven distribution through-
out the year; therefore, adapted species have developed a fat
body containing huge vesicles filled with fat, proteins, and
glycogen that allow survival during several months of fast.
There is also a modification of the exocrine glands, observed
on some Cholevidae. The soil species have a big sternal
exocrine gland (secreting pheromones) that disappears com-
pletely in cave relatives, being replaced by smaller unicellular
glands. The secreted substances switch from a mixture of



very volatile and less volatile ones for soil species to less
volatile ones, perceived only at small distances (the special
group of cuticular hydrocarbons), in subterranean species. In
caves, the presence of food can be an attractant at long
distances, while the small-distance pheromones act in place,
releasing the mating behavior and even the laying of eggs.
This behavior saves the energy needed for the production of
offspring. Even the larvae save energy by not feeding during
the development, as they are protected by small “houses”
of clay.

Several breeding experiments were done in the Pyrenean
Cave laboratory of Moulis (France) (Deleurance-Glagon,
1963) on beetles with different degrees of adaptation. The
most adapted have low fecundity, with a reduction in the
number of ovarioles. The females lay few eggs or only one,
bigger, with more vitellinic reserves; also, the time required
for egg hatching is longer. The larval stages and larval life are
reduced, and the time spent as a pupa increases (Fig. 3). The
life cycle varies; French species spend 4 to 5 years as adults,
and the American Promaphagus species spend only 2 years
(Peck, 1986).

The activity of epigean species depends very much on the
day/night and seasonal alternations. For cave beetles in the
absence of light and other 24-hour environmental cues,
periods of activity and rest to do not have a daily rhythm.

The tropical caves with important food input are
inhabited by less adapted beetles, especially those caves with
large deposits of guano. The process of adaptation of
guanophilic and guanobitic species is slowed down. In these
regions, at low altitude the species are troglomorphic, and
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FIGURE 3 Development cycles of underground beetles with different levels
of adaptation: 1, endogean; 2, less adapted; 3, very adapted.
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true troglobitic beetles typically inhabit high mountain caves

(Sbordoni et al., 1977).

COLONIZATION AND GEOGRAPHICAL
DISTRIBUTION

The beetles that have colonized the underground world were
preadapted or exapted; they were terrestrial and nocturnal,
preferring moist habitats, frequently the fissures of soil, bark,
or entrances to caves. The moment of cave occupation is
still debated, but it is often related with the Quaternary
glacial-interglacial periods or with the natural processes of
empty environment colonization. Peck (1981) proposed the
following scenario for colonization of caves in the Grand
Canyon (between 1160- and 1580-m altitude) by
Promaphagus hirtus. The first species aroused during the
interglaciary period after the Illinois glaciation (235,000 to
185,000 BP) and dispersed underground during the next
glaciation. Then, again, new cave species appeared in the next
interglaciary period (150,000 to 90,000 BP). Colonization
with troglophilic or troglobitic species was followed by
isolation during the interglaciary periods which separated the
populations, and new cave species appeared. This hypothesis
has been tested and validated with alloenzyme paleodating
and paleotemperature measurements.

The subterranean beetles spread on all continents and on
some islands, not only in karstic areas (Fig. 4). The richest
regions are the temperate ones. The glaciated areas usually do
not have cave beetles, but some troglobitic species have
recolonized the underground habitats. There are parts of
the world where the beetle fauna is very diversified, such
as the Mediterranean karst. The reasons for the separation of
different populations with wide ranges of distribution can be
paleogeographical, paleoclimatical, or ecological. European
and North American species are the best known, given the
number of specialists and long biospeleological tradition, but
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FIGURE 4 World distribution of cave beetles (in gray). (Adapted from
Juberthie and Decu, 1998.)
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also the favorable climatic conditions. The extreme north
and south areas were repeatedly covered with ice, and the
limits of the glaciers are very well reflected today in the limits
of the troglobitic beetle distribution.

SYSTEMATICS OF CAVE BEETLES

The family Carabidae includes the Trechinae, representing
1047 species in 105 genera. These have colonized all the
subterranean habitats, from soil to caves. The cavernicolous
species have been classified into two morphological types
(anophthalm and aphenopsian), corresponding to how
advanced they are in the adaptive evolutionary processes
(Fig. 5). The anophthalm type characterizes the endogean
and some cave species: depigmented, reduced or no eyes,
anterior body and appendages slightly elongated. The other
type, aphenopsian, is a very evolved species that is eyeless
with a very long body, antennae, and legs and very thin
cuticle. Typical for this last type are Aphaenaops in Europe
and Neaphaenops and Mexaphaenops in North America. But,
one of the most amazing adaptations concerns the sensory
equipment, with development of olfaction through increased
numbers of antennae receptors and lengthening of the
mechanical trichobotries on the elytrae. Some Trechinae are
polyphagous predators, such as the French Aphaenops, which
has a diet consisting of adults and larvae of other beetles,
springtails, flies, sometimes millipedes, crickets, diplurans,
etc. and which hunts in caves and MSS (Juberthie and
Decu, 1998). Others are very specialized on a single prey,
such as Rhadine subterranea from Great Onyx Cave (United
States), which feeds exclusively on the eggs and young of the
cricket Hadenoecus subterranea. The anatomy and behavior of
this beetle are surprisingly adapted for locating and stealing
the eggs deposited one at the time beneath the surface of silt.
Chemical substances left by the cricket release the search
behavior of the beetle, and when the prey is found a hole is

FIGURE 5 Different Trechinae adaptations to caves: (a) anophthalm and (b)
aphenopsian. (Adapted from Ginet and Decou, 1977.)

dug and the contents of the eggs are devoured (Mohr and
Poulson, 1966). Some species can be rare in caves, only
sometimes being found on the sandy banks of subterranean
rivers or during flooding seasons. The Trechinae are very
mobile and active in the search of the food, probably cover-
ing large areas in fissured massifs. In this group, the steps of
evolution and the way in which adaptation has occurred can
be observed very well thanks to the presence of many species
outside, in moist or dark habitats (such as under rocks or
moss) and deep in the soil. The troglomorphic features of
the cave Carabidae are very diversified; some of them are
explained by adapration to different underground compart-
ments, but others represent the original contribution of some
phyletical line or the years spent as cave inhabitants (Fig. 6).

Another rich group is the Cholevidae, especially the
subfamily of Leptodirinae, with 138 genera and 562 species.
Leptodirinae occur only in European caves, being replaced in
North America by the smaller but very interesting subfamily
of Promaphaginae. As for the previous group, the Cholevidae
have colonized all the subterranean habitats, but they con-
sume organic or decomposed matter and are not predators.
Cave clay or moonmilk that contains bacteria, fungi, and
algae is important to their diet, and these beetles can
sometimes be found in huge numbers on these substrates.
Species of this group have different morphologies according
to their degree of adaptation to cave life; four morphological
types are accepted: (1) bathyscioid, for humicolous, endo-
genous, and some less specialized cave species with more or
less globular forms of body and short appendages; (2)
pholenonid, characterizing specialized forms with longer,
slender bodies and appendages and false physiogastry; (3)
leptodiroid, for highly specialized species, such as Leptodirus,
with extremely elongated legs and antennae and a very small
anterior part of the body; (4) scaphoid (from scaphe, Greek for
“boat”), which are also highly specialized and very similar
to the previous group but with a different form of the body,
like a boat (Fig. 7). Not enough data are available regarding
predators of these beetles. It is generally accepted that they do

FIGURE 6 Head, antennae, and first pair of legs of (a) Clivina subterranea
and (b) lrmlodytes stammeri showing the differences, respectively, between
new colonizers and old colonizers of caves.



FIGURE 7 Different types of Leptodirinaec as adaptation to caves: (a)
batyscioid; (b) pholeuonid; (c) leptodiroid; (d) scaphoid. (Adapted from
Ginet and Decou, 1977.)

not have as many as their epigean relatives, but some cases
of predation from harvestmen and pseudoscorpions have
been reported, and is probably more pronounced on the eggs
and larvae than on the adults. Other Coleoptera families
have few troglobitic representatives but do have interesting
adaptations to subterranean life.

The aquatic beetles (Fig. 8a) were not as successful in
colonizing hypogean habitats as the terrestrial ones. The first
stygobiontic beetle was mentioned in France at the beginning
of the 20th century. Today, 21 genera with 31 species are
known to inhabit cave streams, springs, or wells, usually in
warmer climates. Besides the typical adaptations of cave
beetles, aquatic beetles have other adaptations, such as
switching between swimmers and crawlers, different methods
for obtaining air through cuticular respiration or tracheated
elytral respiration, pupation at the bottom of subterranean
waters, and smaller size (from 1.1 to 4.5 mm).

The Curculionidae is the best represented family of beetles
on the surface, but there are few cave inhabitants, with no
typical cave adaptation. These species display different
degrees of specialization to a deep soil environment, as the
eyeless Troglorhynchus monteleonii from a cave in Central Italy
(Osella, 1982). It is not a question of adaptation for cave life
but rather one of a different degree of specialization to a deep
soil environment (Juberthie and Decu, 1998). The cave in
this case is more of a trap.

Troglophilic and guanobitic specialization (many species
are myrmecophylous and termitophylous) of the Histeridae
can explain the low number of cave species; the first
cave specimen was discovered in Turkey (Fig. 8b). Most
subterranean species are troglophilic and guanobitic. Thirty-
five genera of Pselaphidae have troglobitic representatives
(Fig. 8c). The origin of the temperate troglobitic pselaphids
can be traced to the Tertiary, under similar conditions as
in the humid and relatively cold forests of the African
mountains, where forms with small eyes and no wings are
largely spread in the humus.

Most Staphylinidae are from the Mediterranean region
(Morocco, Algeria, Spain, Italy) or nearby (Romania and
the Canary and Madeira Islands), but generally they are
troglophilic (Fig. 8d).
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FIGURE 8 Cave beetles: (a) aquatic Morimotoa gigantea (Uéno, 1957) (from
Japan); (b) histerid Spelacabraeus agazzii (Moro, 1957) (from Italy); (c)
pselafid Decumarellus sarbui (Poggi, 1994) (from Romania); (d) staphylinid
Domene vulcanica (Orom{ and Hernandez, 1986) (from Canary Islands).

Other families of cave beetles are associated with guano
deposits and therefore do not share the same morphological
adaptations as the cave species.

ECOLOGY

Cave beetles generally live in relatively stable climates with
constant temperature, an atmosphere saturated with water
vapor, and no air currents. There is a link between the
presence of beetles in caves and food input in spring and
autumn (for temperate regions). It has been observed that
populations migrate between the network of cracks and the
caves, depending on the presence of food and on climatic
parameters. The fissures and cracks offer a more stable
habitat than the big passages and rooms that have large
volumes of air and are more or less in direct contact with the
natural entrances. Very sensitive to any change in the
conditions of their environment, cave beetles quickly initiate
a behavior, even if it is only to run.
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FIGURE 9 Numerical variation of Pholenon moczaryi in Vadu Crisului Cave
(Romania), in the period 1968 to 1970 as a consequence of flooding periods
(indicated by arrows). (Adapted from Racovita, 1971.)

Interesting examples are provided by studies from
Transylvania (Romania), France, and the United States.
Variations of the number of individuals at different time
during a year were determined to be influenced by air tempe-
rature or the level of the subterranean stream. The example
in Fig. 9 relates the increase of water level to the withdrawal
of the local population of Pholenon (Racovita, 1971).

Determining the size of cave beetle populations has been a
concern of coleopterologists. Individuals captured at a given
time have been marked and then recaptured after a period of
time. Estimates can then be made by comparing the number
of recaptured marked individuals with the total number of
all marked ones. For example, the Neaphaenops tellkampfi
in Mammoth Cave has been estimated to be 750,000
individuals (Barr and Kuehne, 1971). In France, the popu-
lation of catopid Speonomus in a MSS station was estimated
at 1,000,000 individuals for two species, and the population
of trechine Aphaenops was estimated to be 100,000
individuals (Juberthie and Decu, 1998).

The presence of two or more beetle species in the same
cave usually means that one of them is dominant, especially
if they compete for the same food resources. The species can
choose different places in the underground system and the
predators different niches. In the Transylvanian caves, two
genera of Leptodirinae coexist: Pholenon and Drimeotus.
With very few exceptions, Drimeotus is limited primarily to
near the entrances and, in small numbers, in the network
of cracks, while the Pholenon are numerous throughout
the entire cave. In Mammoth Cave, beside the numerous
Neaphaenops  tellkampfi, there are other two dominant
trechine with different distributions: Pseudoanophthalmus
menetriesii, which is found in the upper level, and P striatus,
which is found along the subterranean river. Mammoth Cave
has one of the largest and most complex subterranean
biological communities of all known caves, with no less than
six trechine species, one pselaphid, and one catopid. In
White Cave, the animal’s entire life is dependent on crickets
and to a lesser extent on a few pieces of rotten wood (Barr
and Kuehne, 1971); a generalized food web for this com-
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FIGURE 10 Food web in White Cave. (Adapted from Barr and Kuchne,
1971.)

munity is shown in Fig. 10. On the partially decomposed
cricket guano live saprophytic snails, isopods, millipedes,
springtails, diplurans, and catopid beetles. These are eaten by
spiders, harvestmen, pseudoscorpions, and trechine beetles
(it has not been determined whether or not the predators are

highly specialized).

IMPORTANCE AND PROTECTION

The diversity of species makes this group of cave inver-
tebrates one of the best for testing many of the hypotheses
concerning adaptation strategies during colonization of
empty places on Earth. Cave beetles are also very precious
to the natural biodiversity of the world. One species can
populate one cave or one massif, so the degree of endemism
is very high. On the other hand, in many regions the
biospeleological explorations are only just beginning, and the
task of the coleopterologist is to find and describe newly
discovered species. The importance of their studies lies
primarily in the development of knowledge regarding
conservation management measures to be taken for more
vulnerable or rare species. Experiments carried out in a
Romanian show cave indicate that the presence of tourists
has eliminated the troglobitic beetles from visited parts of
the cave and has also influenced the yearly dynamics of the
leptodirin population (Fig. 11) in the non-visited part.

Rare and having a strange morphology, cavernicolous
species have attracted the attention of collectors, especially in
Europe; however, laws to prevent overcollection of specimens
from caves seem to have had little effect on this trade.
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nimals living in darkness have to compete for food,

mates, and space for undisturbed reproduction just as
their epigean conspecifics do in the epigean habitats, but
there is one striking difference: In light, animals can use
visual signals. Thus, important aspects of behavior driven by
visual signals cannot apply in darkness. The question arises,
then, of how cave dwellers compensate for this disadvantage
in complete darkness. This article uses several examples to
compare various behavior patterns among cave dwelling
populations with epigean ancestors.
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COMPARISON OF BEHAVIOR PATTERNS IN CAVE
DWELLING ANIMALS AND THEIR EPIGEAN
RELATIVES

Potential cave dwellers must have the sense organs and
behavior necessary to find food and to reproduce in caves.
Such animals may be said to be preadapted to cave life, and
in fact some of these animals can survive in the darkness
without behavioral adaptations and can reduce behavioral
characters not necessary in the caves. In contrast, some cave
dwellers have improved sense organs and have acquired
behavior adapted to their extreme habitats.

Food and Feeding Behavior

Suitable food sources and quantity vary from cave to cave. In
general, cave animals depend upon food brought in from
outside and are omnivorous. With some exceptions, most
caves do not have an abundance of food compared to above-
ground habitats. Food sources can be widely distributed or
concentrated in patches, and their occurrence is mostly
unpredictable; therefore, food-finding abilities have to be
improved, and food must be stored to ensure survival during
long starvation periods.

When the blind fish population of Astyanax fasciatus from
Pachon Cave was studied in competition experiments
conducted in darkness, it was found that they retrieved 80%
of small pieces of meat distributed on the bottom of an
aquarium, whereas the epigean fish got only 20% (Hiippop,
1987). Among amblyopsid fish, which comprise six species
in four genera, the ability to detect invertebrates at low prey
densities in the dark is much better for the cave-living species
Amblyopsis spelea than the troglophile Chologaster agassizi.
When one Daphnia was introduced into a 100-L tank, the
A. spelea found the prey hours before the C. agassizi did. In
addition, the maximal prey detection distance is greater in
cave species. Daphnia was detected by Typhlichtys subterra-
neous within 30 to 40 mm and by C. agassizi within 10 mm.
(Poulson, 1963).

The reaction to prey by salamanders has been studied in
the facultative cave-living Pyrenean salamander Euproctus
asper, which has fully developed eyes, and the blind Proreus
anguinus. Both species react to living and dead chironomids.
Even in light, where E. asper can use their visual sense, P
anguinus required less time to initiate the first snapping
response to dead prey. When the time between the start of
an experiment and the first snap at prey was divided into
pre-approach and approach phases, it turned out that the
difference found could be attributed to the pre-approach
phase (Fig. 1a). Living prey was detected more quickly than
dead prey in both species, but E. asper needed more time in
the darkness than did P anguinus (Fig. 1b,c). These data
show that P anguinus is well adapted to search prey on the
basis of chemical and mechanical information. In contrast,
E. asper demonstrated a more directed, visually dominated
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FIGURE 1 Snapping response in Euproctus asper and Proteus anguinus. The
mean time interval between the start of the experiments and the first snap at
prey was divided into a pre-approach phase (hatched bars) and an approach
phase (open bars) in three different experimental treatments. Standard
errors of the mean are shown on top of the bars. (From Uiblein, E, Durand,
J. P, Juberthie, C., and Parzefall, J., Behav. Proc., 28, 33-40, 1992. With

permission.)

approach behavior with live prey in light and can switch to a
more active, widely foraging mode with live prey in darkness
and dead prey in light. This young cave colonizer seems less
adapted to the dark but is capable of foraging successfully in
both epigean and hypogean habitats.

Compensating for the unpredictability of food quality and
quantity also results in physiological adaptations. Cave
animals are able to survive for long periods without food—
nearly one year for invertebrates and up to several years for
caves fishes and salamanders (Vandel, 1964). In A . fasciatus,

the cave fish are able to build up enormous fat reserves. A
1-year-old cave fish fed ad libitum had a mean fat content of
37 % fresh body mass compared to 9% in epigean fish under
the same conditions (Hiippop, 1987).

Reproductive Behavior

Having found enough food to reach sexual maturity, the next
problem to be solved by cave dwellers is finding a sexual
partner in the darkness. Subsequently, they need behavior
patterns that provide effective fertilization in the absence of
any visual orientation. In species with high population
densities, it is easy for the male to find a female. The male of
the galatheid crab Munidopsis polymorpha of the marine cave
Jameos del Aqua on Lanzarote in the Canary Islands receives
a chemical signal sent by the molting female ready for
reproduction (Parzefall and Wilkens, 1975).

In terrestrial invertebrates, a comparable situation has
been observed: The females of the cave crickets Hadenoecus
subterraneus and H. cumberlandicus that are ready to mate
release an olfactory attractant. Normally, several males reach
the attractive female at the same time. They can transmit
information about their high reproductive fitness by sending
tactile signals through the air by their elongated antennae as
it is done by both of the cricket species. In M. polymorpha the
male emits rhythmic water waves with chelipeds (Fig. 2).
They must repeat these signals several times. The female
eventually decides which male is good, accepts the sperm
transfer (or not), and escapes.

A comparable situation has been found in the live-bearing
poeciliid fish Poecilia mexicana, which lives in a high-
population-density cave habitat. The males check conspecific
females by nipping at the genital region. The females ready
for reproduction produce a species-specific chemical signal
and attractant for about 3 days during a cycle of about 28
days. A female accepting a male stops swimming and allows
the copulation. Normally, bigger males are preferred on the
basis of visual signals. Only the cave fish female is able to
perform this behavior in darkness (Fig. 3); she does so by
switching from the visual system to a lateral line system (the
fish have one lateral line system only) (Parzefall, 2001).

FIGURE 2 The male Munidopsis polymorpha (right) displays with cheliped
shaking in front of a female. (From Parzefall, J. and Wilkens, H., Ann.
Spéléol., 30, 325-335, 1975. With permission.)
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In the above-mentioned crab and cricket species, data
about sexual behavior in their epigean relatives are lacking,
so we cannot determine whether the reproductive behavior
has changed in adaptation to the dark habitat. For Poecilia
mexicana, comparative data on epigean conspecifics reveal
that in the epigean habitat visually orientated sexual displays
are lacking, in contrast to other species of the genus such
as P velifera, P latipinna, and P reticulata. So, P mexicana
seems to be preadapted to cave life and has improved their
reproductive fitness in the dark by means of a special female
choice behavior based on a lateral line system (the fish have
one lateral line system only).

Species with lower population densities in cave habitats,
such as the characid fish Astyanax fasciatus or the salamander
Proteus anguinus, attract conspecifics from chemical signals
transmitted in the water. Comparative studies with the
epigean proteid Necturus maculosus have demonstrated that

this information is species specific (Parzefall ez al., 1980).
The animals also constantly deposit a substance while in
contact with the substrate and at communal resting
places. This substance is individual specific but does not
provide any detailed information about sex or reproductive
state; it merely brings members of the species together. For
recognition of sex and reproductive state, Proteus requires
direct contact. When sexually motivated, a male establishes
a territory that a female may enter only after direct
body contact. The male sends a chemical signal by fanning
his tail against the female and from time to time begins
to walk away. The female follows and nips at the genital
region of the male. After a short walk, they stop and the
male deposits a spermatophore, which the female retrieves
and places in her cloacal region. Unfortunately, comparative
data in the epigean salamander Necturus maculosus are
lacking.
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Aggressive Behavior

Aggressive behavior consists of different patterns of
threatening postures and attacks followed by fights. This
behavior has various functional aspects and is absolutely
necessary in darkness; therefore, it has to be adapted to cave
conditions.

COMPETITION FOR FOOD Food competition results
in food territories for groups, pairs, or solitary animals.
Within a group, a limited food supply can lead to aggressive
encounters. In general, defending food resources is only
adaptive when the costs are not higher than the potential
incoming energy of the food. The majority of data available
regarding aggression among cave and epigean populations
is for the characid fish Astyanax fasciarus. The epigean
form is widely distributed in Mexico. When undisturbed, the
epigean fish defends small territories of 10 to 20 cm, de-
pending on body size, by fin spreading, snake swimming, and
Ramming (Fig. 4). In the laboratory, epigean fish of both
sexes display the entire aggressive pattern. The subdominant
fish demonstrates submission by a head-up position and
trying to hide or escape. The fights can be very strong; in

smaller aquaria that offer no place to hide the death of the
subdominant fish can result.

Aggressive behavior depends on optical releasers. Using
dummies of different types, it has been found that natural
shape and locomotion are important visual signals. Tests with
infrared video have shown that the epigean fish is not able to
perform aggressive patterns in complete darkness (Hausberg,
1995). They do not establish territories at all. From such data
we can conclude that epigean fish, when colonizing caves,
were no longer able to perform aggressive encounters. In the
blind populations of the Pachon, Piedras, and Yerbaniz caves,
Hausberg (1995) noted a high percentage of fish with
injuries on fins and scales. In an experiment with the Pachon
population, the number of injured fish increased in the
absence of food. The aggressive behavior observed within this
fish includes defending small territories of a few centimeters
by biting, circling, and tail beating (Fig. 5). Also in these
experiments, a striking difference in swimming behavior was
observed; the fish that were regularly fed glided slowly
through the water of the entire aquarium without initiating
aggressive encounters against conspecifics. When food was
lacking, the locomotor activity decreased. The fish mostly
hovered at the bottom and rhythmically flicked their fins;

FIGURE 4 Aggressive patterns in the epigean Astyanax fasciatus. (a) Aggressive fine ercection; the head-down position of the fish on the right expresses a higher
aggressive motivation. (b) Snake swimming is shown by the fish on the right and aggressive fin erection by the fish on the left. (c) The fish on the left is
ramming against the one on the right. (d) Both fish show circling and tail beating. (From Parzefall, ]. and Hausberg, C., Mém. Spéleol., 28, 153—-157, 2001.

With permission.)



FIGURE 5 Ramming and circling in the Pachon cave population of
Astyanax fasciatus. (From Parzefall, J. and Hausberg, C., Mém. Spéleol., 28,
153-157, 2001. With permission.)

fish entering the small area of a few centimeters were attacked.
The territory size was correlated with the aggressiveness of
the fish, and the aggressive patterns differed from those
shown in epigean fish. The cave fish has developed an
aggressive behavior with signals that are only effective in close
body contact.

Among cave-living invertebrates, the galatheid crab
Munidopsis polymorpha of the marine cave Jameos del Aqua
on Lanzarote in the Canary Islands feeds mainly on diatoms
on lava rocks. The animals keep a minimal distance from one
another according to the length of their second antenna
(Fig. 6). Any closer than this distance, and Munidopsis attacks
with its extended chelipeds and by snapping its pincers. This
behavior does not depend on optical releasers but on water
movements (Parzefall and Wilkens, 1975). The aggressive
patterns of Munidopsis are very similar to the one described
for the deep-water, bottom-living, epigean galatheid Munida
sarsi. The author believes that, despite their naturally dim
environment, vision is still the primary sense involved in the
aggressive behavior of this species, so it appears that the
aggressive behavior of galatheids is effective in light and in
darkness, with no striking differences.

COMPETITION FOR MATES: TERRITORIALITY AND
RANK ORDER
anguinus, studies in the laboratory have revealed that males

In the blind cave salamander Proteus

show aggressive behavior and territoriality for only a very
short reproductive period. Normally, the animals rest under
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FIGURE 6 Aggressive interactions among Munidopsis polymorpha. (From
Parzefall, J. and Wilkens, H., Ann. Spéléol., 30, 325-335, 1975. With

permission.)

c)

FIGURE 7 Aggressive behavior of a Proteus anguinus male against an
intruder in his territory: (a) body contact (chemical identification); (b) tail
beating; (c) biting. (From Parzefall, . Z. Tierpsychol., 42, 29-49, 1976. With

permission.)

stones in groups of both sex without any aggressive reaction.
When a male became sexually active, it begins to control its
conspecifics by contacts with his snout and allows only
females in the reproductive state to remain in the hiding
place. Intruders will be attacked by tail beating, ramming,
and biting in close body contact (Fig.7). After being
attacked in a particular territory, Proteus avoids that territory
for several days on the basis of chemical cues on the substrate.
In the Poeciliid fish Poecilia mexicana, males use aggressive
behavior to establish a size-dependent rank order within a
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mixed school. The females have a reproductive cycle of about
28 days and are attractive to males within the first 3 days
of the cycle. The dominant male controls the females by
nipping in response to an attractive female. In the field,
the pair separates from the shoal and become more or less
sedentary. The male nips and tries to copulate while also
defending the female. During aggressive encounters with
more or less equal-sized males, small males use a female-like
body coloration to try to sneak copulations (Parzefall, 1979).
The population of P mexicana that colonized a limestone
cave in Tabasco (Mexico) does not school, and the males
do not fight. In laboratory studies with epigean fish and cave
fish having functional eyes, a quantitative, genetically based
reduction of aggressive patterns and schooling has been
demonstrated (Parzefall, 1979). The reaction are highly
variable within the population. Some of the cave fishes tested
seemed unable to understand the attacks and answered by
nipping and copulation attempts. It seems that aggression in
these cave fishes is a disadvantage, because fighting males risk
losing the opportunity for contact with an attractive female

in darkness.

DISCUSSION

Studies of behavior in cave dwellers have revealed complex
systems of responses to visual, chemical, and tactile stimuli.
Many animals can survive in complete darkness with no
visual signals. The use of weak electric signals among cave
dwellers has not been detected. In some cases, an existing
behavior (such as the aggression exhibited by Astyanax
Jasciatus) has changed to a more effective behavioral system.
These changes are always based on existing above-ground
behavior, and no completely new behavioral character has
been found in cave animals.

See Also the Following Articles
Morphological Adaptations
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Breakdown

Elizabeth L. White

The Pennsylvania State University

ave roofs and walls are rarely stable. Rockfall pieces range

from small isolated blocks to complete ceiling collapse.
The term breakdown refers to the masses of rock fragments
found mostly on cave floors. Breakdown is frequently
mentioned in the literature and is ubiquitous in most caves.
This article considers breakdown mechanics and outlines a
number of geological processes that could set the stage for
breakdown. Many of the field observations were made in the
Flint Ridge Section of Mammoth Cave and in the historic
sections of Mammoth Cave located in south-central
Kentucky. Most of the observations for folded-limestone
caves were made in Appalachian Mountain caves of
Pennsylvania and West Virginia. The observations for the
younger Tertiary and Pleistocene limestone caves were made
on Mona Island (off the coast of Puerto Rico) and on San
Salvador Island in the Bahamas.

BREAKDOWN MORPHOLOGY

Perhaps the most common breakdown feature is the
breakdown-littered cave floor as shown in Fig. 1. Piles of
breakdown are unsorted and highly permeable. Layering is
undistinguishable or nonexistent. From this reference point
one can distinguish small-scale breakdown features that
are the various types of breakdown blocks themselves and
large-scale features that are cavern features consisting of (or
generated by) breakdown processes.

Small-Scale Features

Breakdown can be classified by the relationship of individual
blocks to the bedding of the parent bedrock:
Block breakdown consists of masses of rocks with more
than one bed remaining as a coherent unit.
Slab breakdown consists of fragments of single beds.
Chip breakdown consists of small rock chips and shards
derived from the fragmentation of individual beds.



FIGURE 1 Breakdown-littered cave floor.

This classification has the advantage that breakdown
observed in the field can be properly classified without
speculation as to its origin; however, it has the disadvantage
of also being a function of the limestone lithology.
Thus, limestone fragments of a given intermediate size might
be blocks if derived from a thin-bedded limestone or slabs
if derived from a massively bedded limestone. In general,
however, this classification has been found useful for the areas
studied.

Block breakdown can be massive; blocks measure up to
tens of meters on a side and are usually bounded by bedding
planes along the bedding and by joint planes across the
bedding. Slab breakdown has a plate shape, with slab thick-
ness being controlled by the thickness of the beds; the widch
of individual slabs varies from tens of centimeters to many
meters. Chip breakdown ranges in size from centimeters to
tens of centimeters; the shape of chip breakdown is variable
and dependent on the process that created the breakdown.
Crystal wedging , frost pry, and closely spaced joints produce
very angular chunks, whereas pressure-induced spalling and
mineral replacement produce flatter, more irregular shards.

In the Flint Ridge Section of Mammoth Cave, slab
breakdown is the most common and is distributed through
all levels of the cave. Block breakdown occurs where major
roof collapse has taken place and where dividing walls have
fallen between coalescing vertical shafts. An extensive break-
down has occurred in the upper gallery of the Great Salts
Cave Section. This passage is floored with block and slab
breakdown to a depth of 12 or more meters for a distance of
more than a kilometer. The largest breakdown block so far
observed in this passage is a single block 19 m long, 4.5 m
wide, and 1 m thick.

Large-Scale Features

Although breakdown blocks form a variety of features in
caves ranging from a few scattered blocks to major collapsed
passages, it is useful to describe two types of features: termi-

Breakdown 57

nal breakdown and breakout domes. Zerminal breakdown
occurs at the end of collapsed major cave passages. Eroding
valleys on the surface have the effect of causing collapse
(breakdown) in the caves below. Massive breakdown that
completely occludes a cave passage is referred to as terminal
breakdown. In a number of caves, artificial entrances have
been created where the cave passage would have intersected
the surface topographic valley. In the Central Kentucky
Karst, a terminal breakdown is the most common terminator
of passages. Often the terminal breakdown contains
sandstone as well as limestone fragments where the collapse
has extended upward to the overlying caprock. Major trunk
passages beneath the sandstone-capped plateau were once
continuous feeder conduits carrying groundwater from the
Sinkhole Plain to the south and east of the plateau to Green
River in the north. These formerly continuous passages
have been truncated by ceiling collapse. Some are actual
intersections of the passages with the surface; others have
collapsed at depth. The present-day configuration of the cave
system is due in large part to these random features of
collapse. Similar terminal breakdown occurs in many other
caves with and without caprock.

Breakout domes, among the most remarkable of cavern
features, are the huge rooms that form as a result of major
ceiling collapse. Some of these, such as Chief City in
Mammoth Cave, have floor dimensions of more than 100 m
and ceiling heights of 30 m. The Rumble Room in the
Rumbling Falls cave system under Fall Creek Falls State Park
in Tennessee has a ceiling about 20 stories tall. This breakout
dome is the largest in the eastern United States and the
second-largest breakout dome known in the United States.
Other breakout domes include Rothrock Cathedral in
Wyandotte Cave (Indiana), the entrance room in Hellhole
Cave (West Virginia), the entrance room in Marvel Cave
(Missouri), Devil’s Sinkhole (Texas), and Salle de la Verna in
Pierre Saint-Martin (France). The details of the enlargement
mechanism are less clear in Devil’s Sinkhole than in the
others mentioned, although it also has the bechive-shaped
room and the gigantic debris cone typical of all breakout
domes.

Careful examination of many breakdown areas reveals a
continuum of sizes, from very large breakdown rooms to
small, roughly circular or elliptical breakdown areas in cave
ceilings. The features at the small end of the scale are
sometimes only 3 m in diameter and involve only one or two
beds. The morphological term breakout dome describes all
such features, regardless of their size.

Debris piles vary in size from dome to dome, but in those
domes that are accessible the volume of debris is much
smaller than the enclosing volume of the dome. Because the
bulk density of the debris cone is considerably less than that
of the original bedrock, it is apparent that large quantities of
material must have been removed. Large breakout domes
must therefore have formed at a time when water was actively
circulating near their base. The dome could then enlarge by
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a mechanism of solution action on fallen blocks with con-
current stoping of the sides. The dome itself is usually
circular or elliptical in contour. The top is often capped by a
single massive bed.

BREAKDOWN MECHANICS

Breakdown is generally assumed to be formed by simple
mechanical bed failure due to gravitational load. Proposed
failure mechanisms include brittle fracture of incompetent
beams (White and White, 1969, 2000) and failure by
inelastic creep (Tharp and Holdrege, 1994; Tharp, 1995).
The brittle fracturing provides the simplest model for break-
down occurrence—the concept dates back to the work of
Davies (1951), who based his model on the mining litera-
ture. The model assumes a rectangular passage formed in
well-bedded limestone. A small amount of elastic sag of the
unsupported roof beds causes these beds to separate slightly.
Figure 2 shows the parameters of the fixed-beam model and
the dome shape of the stress distribution. The beds act as
fixed beams across the cave passage. For the ceiling to be
stable, the bending strength of the beams must be greater
than the gravitational force acting on the weight of the
unsupported span. Thicker beds are stronger than thin beds.
There will be a critical thickness (zcg;r) for any given passage
width at which the strength of the bed is just sufficient to
support its weight. When the mechanics are worked out,
only the length of the beam (L) and the critical bed thickness
(#crer) remain. The width of the beam cancels out. The beam
length (Z) is set equal to the passage width, while the extent
of the ceiling bed along the axis of the cave passage does
not enter the calculation. Figure 3 shows the roof stability
according to the fixed-beam model. For a fixed beam, the
critical thickness is:
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where p is the density of the bedrock (in kg/m?), 8 is the
bedding dip (in degrees), and S is the flexural strength (in
MPa). If the ceiling beds are not supported at both sides of
the cave passage, they are treated as cantilever beams for
which the critical thickness is:
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FIGURE 2 Sketch showing the parameters of the fixed-beam model.
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The fixed-beam model implies a completely elastic response

of the ceiling beds. It does not allow for plastic deformation

and long-term creep that could lead to bed failure in the

absence of any geologic triggers. It also has no time depend-

IcriT =

ence; a stable ceiling would remain stable until some geologic
process destabilized it. Numerous occurrences of recent
breakdown have been reported. Some have occurred near
entrances where freeze—thaw cycles may be responsible. Some
have occurred deep in the cave but in areas of active vadose
water. However, a fraction of recent breakdown occurrences
are in dry passages with no obvious triggering mechanism.

There have been four documented roof failures in
Mammoth Cave in the past century. Three were massive
rockfalls, but the fourth involved a plastically deformed
ceiling slab that had been mapped in detail. The slab
displayed extensive plastic deformation in the 1960s.
Sometime in the early 1970s it fell.

A more comprehensive model allows for inelastic creep
(Tharp and Holdrege, 1994; Tharp, 1995). Materials break
through a mechanism of crack propagation. Tharp’s model is
based on the propagation of micro-cracks, which allow defor-
mation and creep. The crack propagation velocity is given by:

K\
v=e (K,) )
where K is the stress intensity (MPa m®?), K}, is the fracture
toughness of the bedrock, and ¢ is a constant related to the

activation energy for crack movement. The parameter ¢ is
given by:
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FIGURE 3 Cave roof stability according to the fixed-beam model for the
special case of horizontal beds. Typical values of shear stress for Paleozoic
limestones range from 12 MPa (1700 psi) to 18 MPa (2600 psi).
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where H is the enthalpy of activation = 67-147 kJ/mole; R is
the gas constant = 8.3145 J/K; V} and # are fitting constants.

Propagation of micro-cracks allows inelastic deformation
and also a time-to-failure. Using the Tharp model, the
time-to-failure is the time scale of crack propagation through
beds of nominal thickness. The time frame can range from
thousands of years to as much as 1 million years. Thus, the
time to failure can be in the same range as the age of the cave
passage, implying that breakdown can occur at any time,
even in the absence of geologic triggering processes.

The Tharp model introduces fracture toughness as another
parameter in addition to the flexural strength for determin-
ing whether particular beds will collapse. The Paleozoic
limestones of the eastern United States (where many of the
breakdown investigations have been made) are dense, fine-
grained rocks. Coarse fracturing occurs along joints and
bedding plane partings. But, within the rock mass there is
little to inhibit crack propagation, and these rocks break
mainly by brittle fracture. It is for this reason that the fixed-
beam model has worked so well.

Porous and vuggy rocks, such as the Tertiary limestone
beds of the Caribbean, may have a lower flexural strength but
they have higher fracture toughness, because pores and vugs
inhibit crack propagation. The caves on Mona Island in
Puerto Rico have large, relatively flat chambers with little
breakdown because of the toughness of the porous, young
limestone beds. Because of the inability of the limestone beds
to propagate cracks, roof spans of 30 m or more are found
throughout these caves.

BREAKDOWN PROCESSES

Crystal Wedging or Mineral-Activation To Initiate
Breakdown

Many breakdown areas in caves with extensive sulfate
minerals (primarily gypsum) suggest that crystal wedging and
replacement of limestone by gypsum are important factors
in this type of cavern collapse. Features that are characteristic
of mineral-activated breakdown are: (1) walls and ceilings
fractured in irregular patterns, often with visible veins of
gypsum following the fractures; (2) breakdown consisting of
thin, irregular splinters and shards of bedrock; and (3) curved
plates of bedrock ranging in size from a few centimeters to
more than a meter hanging from the ceiling at steep angles
cemented only by a thin layer of gypsum. Microscope
examination of thin sections of the bent beds shows that the
sagging and bending are due to the direct replacement of
limestone by gypsum. Figure 4 shows the curved breakdown
slabs in Turner Avenue in Mammoth Cave. Another charac-
teristic feature is the collapses that take the form of
symmetrical mounds with coarse, irregular blocks at the base
grading upward into a rock flour at the top.
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FIGURE 4 Thin plates and fragments, some held to the ceiling by gypsum,

in the Upper Turner Avenue in Mammoth Cave (Kentucky). Total width of
image is approximately 1 m.

Crystal wedging produces a subset of chip breakdown.
Chip breakdown consists of rock fragments that are smaller
than individual bedding plane slabs and can result from
many processes, including purely mechanical ones. Crystal
wedging breakdown appears to be of two types. Type I
consists of angular rock fragments broken on sharp planes
that cut the bedding planes. Type I breakdown, with fractures
filled with gypsum, results from mechanical wedging due
to crystallization of the gypsum. Similar rock fragments are
found near cave entrances, where they result from frost
action. Type II breakdown is more complex. The fragments
and plates are angular and sharp and are fractured across the
usual zones of weakness—bedding planes and joints. Many
of the fragments, only a few centimeters on a side and less
than a millimeter thick, crush like broken glass when walked
upon. These irregular plates are the signature of the crystal
wedging process. The limestone bedrock is shattered and
intermixed with gypsum so that the passage walls become

piles of rubble.

Geologic Processes That Initiate Breakdown

Within the context of either the fixed-beam or Tharp model,
any geologic processes that lengthens the beams or converts
fixed beams into cantilever beams can move the ceiling beds
from stable to unstable configurations. Beam thickness,
flexural strength, and fracture toughness are properties of the
bedrock and do not change during evolution of the cave
passage. A list of triggering processes, not necessarily
complete, is as follows:

Passage enlargement below the water table. Phreatic
passages continue to enlarge as water flows through
them. If the hydrologic conditions are such that the
passage is not drained, it may continue to enlarge
until it becomes mechanically unstable

Removal of buoyant support. By Archimedes’ principle, the
ceiling beds of a water-filled cave passage are buoyed
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upward by a force proportional to the ratio of the
density of water to the density of the bedrock. For
limestone with a typical density of 2.65 g/cm?, 35%
of the buoyant support of the ceiling is lost when the
cave is drained.

Effects of base-level back flooding. During the time when
the emergent cave passage is in the flood-water zone,
rises and falls in base level alternatively fill and drain
the cave passage. Additional dissolution at this time,
particularly dissolution along ceiling joints, can turn
fixed beams into cantilever beams and destabilize the
ceiling.

Action of vadose water. Formation of vertical shafts,
solution chimneys, and solutionally enlarged fractures
by the action of undersaturated vadose water often has
the effect of cutting ceiling beds, thus changing fixed
beams into cantilever beams.

Ice wedging. Caves that draw in cold winter air can have
freezing conditions some distance inside. When water
moving through joints and bedding plane partings
freezes, then the expansion creates enough force to
fracture the bedrock.

Crystal wedging. Replacement of calcite in the bedrock by
other minerals can exert a wedging effect. Because
gypsum has a greater volume than the calcite it replaces,
enough force is generated to fracture the bedrock.

Role of Breakdown in Speleological Processes

Both geologic triggering and slow creep of beds under load
assure that breakdown can occur at any time during the
evolutionary history of a cave passage; however, breakdown
processes are most active during the enlargement phase of
cave development and during the decay phase of cave
development. The role of breakdown in the enlargement
phase includes the following:

Breakdown during the enlargement phase exposes more
limestone surfaces and thus increases the rate of
dissolution.

Upward stoping by breakdown processes can create large
chambers, if actively circulating water removes the
breakdown blocks at floor level.

Upward stoping along fracture zones with removal of
fallen blocks results in the formation of stoping shafts;
Sétano de las Golondrinas in Mexico is an
outstanding example.

Breakdown in master conduits, particularly during the
floodwater stage, can provide a support structure for
groundwater dams. Silt and clay that deposit behind
the blockage seal the dam, raise hydraulic heads
upstream, and thereby generate a hydraulic gradient
for the formation of new tap-off passages.

Breakdown continues to play a role during the stagnation
and decay phases of cave development as follows:

Breakdown processes can stope upward to interconnect
previously isolated cave levels into an integrated
system of passages.

Truncation of cave passages by the formation of terminal
breakdown is a dominant process in the breakup of
continuous conduits into the fragments characteristic
of the decay stage of cave development.

The final phase in the decay of caves is the passage
collapse that takes place when the eroding land
surface intersects the stress dome in the rocks of the
cave ceiling.

The final residue of a cave is a rubble zone consisting largely

of breakdown.
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