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We dedicate this book to the many young scientists that have joined the

global herpetological community during the past 20 years, bringing new

perspectives, new techniques, and new data to a taxonomically delimited
field that impacts all conceptual areas of the biological sciences.

L.J.V.and J.P.C.



The diversity of living creatures on our planet is extraordi-
nary—and thus, trying to understand how those organisms
function, and how and why they do the things they do, is
an awesome challenge. To make the challenge a bit more
manageable, we traditionally divide the study of biology
into many categories, some based on methodology (e.g.,
“microscopy” or “molecular biology”), some on function
(e.g., “ecology” or “physiology”), and some on relatedness
among the things that are to be studied (e.g., “ornithology”
or “herpetology”). At first sight, thislast way of dlicing the
cake seems a bit old-fashioned—surely we can simply ask
the same questions and use the same methods, regardless
of what kind of organism we might be studying? If so, are
traditional taxonomy-based divisionsjust historical relics of
the early naturalists, doomed to eventual extinction by the
rise of powerful conceptual and methodological advances?

Nothing could be further from the truth. Entrancing as
the new approaches and conceptual divisionsare, the reality
of lifeon Earth isthat organisms do fall into instantly recog-
nizable types. Few people would mistake atree for alizard,
or awhale for an insect. The reason is simple: evolution is
a historical process that creates biodiversity by the accu-
mulation of small changes along genealogies, with the vast
majority of species becoming extinct during that process.
So the end result at any time in Earth’s history is a series
of terminal branches from the great tree of life—terminal
branches that form larger branches, that in turn coalesce
to form even larger branches, and so forth. All the species
within each of those larger branches share common ances-
tors not shared by any species on the other branches, and,
as a result, the species within each branch resemble each
other in many ways. For example, no amphibian embryo
grows up with an amniotic membrane around it in the egg,
whereas every reptile embryo has one.

The evolutionary conservatism of major characteristics
such as metabolic rates, reproductive modes, feeding struc-
tures, and the like, in turn have imposed evolutionary pres-
sures on myriad other features—and the end result is that
the diversity of life is packaged into a meaningful set of
categories. That isthe reason why most of us can easily dis-
tinguish afrog from any other kind of animal and can even
tell the difference between a crocodile and a lizard. And it
is a mgjor reason why there is immense value in defining
a scientific field based on evolutionary relatedness of the
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creatures being studied, not just on methods or concepts.
So “herpetology” is a useful category: If we really want to
understand what animals do, we can’t ignore the history
behind each type of organism. Many of its features will be
determined by that history, not by current forces. Because
of that historical underpinning, the most effective way to
answer general questionsin biology may be to work within
one or more of those major branchesin thetree of life. Start-
ing from common ancestors, we can see with much greater
clarity how evolutionary forces have created rapid change
in some cases (why are chameleons so incredibly weird
compared with other lizards?), have produced remarkably
little change over vast timescales in others (can it really be
true that crocodiles are more closely related to birds than to
lizards?), and have even generated convergent solutions in
distantly related species exposed to similar adaptive chal-
lenges (like horned lizards in the deserts of North America
compared with thorny devilsin the deserts of Australia).
Allied to the greater clarity that comes from compar-
ing like with like, and including genealogy in our thinking,
are other great advantages to taxon-based categories like
“herpetology.” Organisms are composites of many traits,
and these need to work together for the creature to function
effectively. So we can't really look at metabolic rate sepa-
rately from foraging behavior, or social systems separately
from rates of water loss. Biology forges functional links
between systems that our conceptual and methodological
classification systems would treat in isolation from each
other, ignoring their need for integration within a function-
ing individual. And there are many other advantages also.
In a purely pragmatic sense, the methods that we use to
study animals—such as the ways we observe them, catch
them, handle them, mark them, and follow them around—
depend enormously on many of thetraits that differ so con-
spicuously between major vertebrate lineages. A textbook
of herpetology can thus teach us more about how to study
these animals than can a textbook focused on any single
functional topic. And lastly, the conservation challenges
facing reptiles and amphibians also are massively affected
by their small body sizes, low rates of energy use, primarily
tropical distributions, and the like—so that if we areto pre-
serve these magnificent animals for future generations, we
need a new generation of biologists who can comprehend
the sophisticated functioning of these threatened creatures.



This marvelous book captures the excitement of herpetol-
ogy and will do much to instill that appreciation.

Much has happened in the world of herpetological
research since | wrote the Foreword to the Third Edition of
this book. The authors have updated their work to include
those new insights, and the extent of the work required tells
us just how dramatically our understanding of reptile and
amphibian biology has advanced. One of the most striking
features of this new generation of herpetological researchers
isthat so many of them come from devel oping countries—
especially in the tropics, which hold so much of the planet’s
herpetological diversity. Tropica fieldwork is no longer
the province of “pith-helmet biology,” where researchers
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from developed countries glean fragments of data during
brief tripsto placesfar from home. Instead, locally born and
locally based researchers are taking their studiesto awhole
new level, based upon a deep familiarity with the systems,
and a perspective based upon living in an area rather than
just visiting it. Herpetology is evolving as a discipline, and
the book you hold in your hands shows the rapid growth of
our insightsinto the extraordinary world of amphibians and
reptiles.

Rick Shine
School of Biological Sciences, University of Sydney,
Sydney, Australia
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It is an admirable feature of herpetologists that they are able to
cross the boundaries between different aspects of their subject,
which remains, perhaps more than other branches of zoology, a
single coherent discipline.

A.d A. Bellairsand C. B. Cox, 1976.

We are now in the Fourth Edition of Herpetology, and
advances in the field have been remarkable. The global
interest in herpetology hasincreased dramatically, with new
professional societies emerging in nearly every country and
literally thousands of bright, enthusiastic herpetologists
entering the field. Perusal of nearly every scientific jour-
nal reveals author lines with new names, many of which
will make significant contributions to the field throughout
their entire careers. Technological and analytical advances
in phylogenetics have not only resulted in new phylogenetic
hypotheses for clades of amphibians and reptiles, but have
resulted in reinterpretations of ecological and behavioral
phenomena. Most striking is the impact of phylogenetics
on historical biogeography and related fields. Not only can
we trace the history of clades on aglobal level, we can also
add a time component to the divergence histories of clades
based on evolutionary rates of genes. These independently
derived divergence histories can then be used to integrate
the evolution of clades with the geological history of the
planet.

Herpetology is arapidly evolving field, and, although it
is ataxonomically delimited field, research on amphibians
and reptiles has set new directions, defined new fields, and
led to major discoveriesin all conceptual areas of biology—
discoveries that have changed the way we think about life
on Earth. We know more now than we ever did, and we
will continue to know and understand more as innovative
technologies allow us to explore new ideas in ways never
before thought possible. At the same time, we are losing
species and habitats at a rate unparalleled in the history of
life, and much of it can be tied directly to human activity
and indirectly to human population growth. When Coleman
and Olive Goin published Introduction to Herpetology in
1962, the population of the Earth was nearly 3 billion; when
George Zug published the first edition of Herpetology—An
Introductory Biology of Amphibians and Reptiles in 1993,
the population was 5.4 billion; today, the world population
has reached more than 7 hillion! The exponentia rate of
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population increase is reflected in the exponential increase
in environmental effects. We consider it imperative that
students understand the basis for life around them and the
connections between our survival and the survival of other
species. The biology of amphibians and reptiles provides a
unique opportunity to achieve that goal, for severa rather
obvious reasons. Amphibians and reptiles live in water, on
and under the surface of the land, or in vegetation cover-
ing the Earth. As aresult, they are exposed to all chemicals
that are released into the environment, either directly or
indirectly. Because many, if not most, have special habi-
tat reguirements, modifications of their habitats usualy
result in loss of populations or species. Some species are
harvested commercialy for food or cultural medicines, and
those with considerable monetary value are rapidly being
overexploited. Amphibians (frogsin particular) have gained
enormous popularity in the arts and crafts trade, partly
because they are colorful and diverse, and partly because
they are non-threatening. The pet trade has brought amphib-
ians and reptiles into the homes of millions of people and
sparked their interest in these remarkable animals. Harvest-
ing of these animals for the pet trade has had local effects
on populations, but captive breeding has offset some of that
impact. The pet trade has directly or indirectly resulted in
the introduction of exotic species, many of which cause
major problems for endemic faunas. It is our hope that we
can use the interest in these fascinating animals to draw stu-
dents into understanding general biological concepts, all of
which apply to the biodiversity surrounding us that helps
sustain life on Earth.

Our primary goals in revising Herpetology—An Intro-
ductory Biology of Amphibiansand Reptilesareto (1) update
the text to reflect some of the truly exciting discoveries that
have been made since about 2008 when we completed the
third edition (published in 2009), (2) update the taxonomy,
which in some cases has changed radically as the result of
much more sophisticated evolutionary analyses (e.g., squa-
mates and anurans), and (3) introduce the reader to some
of the leading herpetological researchers by featuring them
throughout the book. In doing the latter, we emphasize that
many truly phenomenal researchers make major discover-
ies every day—we have selected a few from the many, and
with future editions, our selections will vary. Our intent is
not to slight any researcher by non-inclusion, but rather to
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highlight a few of the many in an attempt to make research
discovery a little more personal. After al, successful her-
petologists are redly just normal people driven by their
interest in herpetology just as rock stars are normal people
driven by their interest in music and the performing arts.

We have explicitly tried to keep the text at a level that
will be of use to undergraduates with a basic background in
biology as well as those with a much broader background.
Because color is so important in the lives of amphibians
and reptiles, we useit throughout the text, which we believe
aids significantly in showcasing how special these animals
are. Color is also useful in chapters in which we discuss
crypsis, aposomatic coloration, and socia behaviors medi-
ated by visual displays. We remind the reader that not only
are amphibians and reptiles part of our own evolutionary
history, but also they are an integral part of our natural heri-
tage. They, along with all other animal and plant species,
comprise life on Earth.

Readers will note that the taxonomies that we present
in Chapters 15-22 differ from those in past editions. This
in itself is a testament to the rapid advances being made in
phylogenetics. In addition, many new species, genera, and
families have been described since the last edition, and this
will continue. Indeed, between the time that we completed
thisrevision and the release date (approximately 8 months),
additional taxa will be described and new phylogenies will
appear rendering some of our taxonomies dated. A num-
ber of websites can be used to track changes as they occur,
and we recommend that users of this text refer to these
periodically for updates. For amphibians, two websites,
AmphibiaWeb (http://amphibiaweb.org/) and the American
Museum’s Amphibian Species of the World (http://research.
amnh.org/vz/herpetology/amphibia/) are particularly use-
ful. For reptiles, The Reptile Database (http://www.reptile-
database.org/) maintained by Peter Uetz and supported by
the Systematics working group of the German Herpetol ogi-
cal Society and the European Union through the Catalogue
of Life Project is continually updated.

Classification and nomenclature continue to change, and,
if anything, therate of changeisgreater than it ever has been.
New fossils, new techniques for obtaining and interpreting
phylogenetic data, and the beginnings of atruly phylogenetic
taxonomy and its associated nomenclature are changing
amphibian and reptilian classification monthly. The ability
to recover relationships among taxa at al levels based on
combinations of morphological, gene sequence, behavioral,

Introduction

physiological, and ecological data (total evidence) demon-
strates the complexity of the evolutionary history of amphib-
ians and reptiles. At the same time, it brings us much closer
to constructing phylogenetic hypotheses that accurately
reflect evolutionary relationships. At times, molecular data
are at odds with morphological data (fossil or otherwise),
and when new and different phylogenetic hypotheses emerge
based on solid molecular data and analyses, we have to ask
whether morphological traits that we have so long believed
reflect homology may have misled us. Most striking is the
observation that classical Linnean taxonomy presents afalse
impression about relationships of taxa. For example, Lin-
nean taxonomy implies that all Families are equal age, that
all Ordersare equal age, and so on. Although some elements
of Linnean taxonomy are useful in alowing usto talk about
amphibians and reptiles, the basic notion that organisms
can be placed in arbitrary groups and given names is highly
misleading. Our classification contains a mix of lower
taxonomic-level Linnean taxonomy (to facilitate discussion)
and phylogenetic taxonomy (to reflect relationships). We use
species, genus, subfamily, and family as labels, emphasiz-
ing that each does not correspond to a given phylogenetic
distance or evolutionary time period (e.g., not only are dif-
ferent “families’ different ages, they are nested within each
other). We have attempted to be as current as possible and
our classification sections reflect published interpretations
through August 2012. Numerous phylogenetic hypotheses
exist for most groups of amphibiansand reptiles, resulting in
different classifications, sometimes strikingly different. We
have selected a single cladistic interpretation for each group
or combined the results of two interpretations when asingle
cladistic analysis for al members of the group (clade) was
not available. We discuss other interpretations and analy-
ses, but not necessarily al available studies, to ensure that
readers are aware that other interpretations exist. We use
Latinized familial and subfamilial group names for mono-
phyletic groups and Anglicized or Latinized namesin quotes
for groups that are of uncertain monophyly. Some authors
have not assigned family names to some species and groups
of species that represent a sister taxon to another family;
where Latinized familial names are available, we have used
the available name or elevated a subfamilial nameif that lat-
ter taxon includes the same set of species. Distributions are
an important component of an organism'’s biology; our maps
show the natural (nonhuman dispersed) distribution as best
aswe were able to determineit.
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Although ampbhibians and reptiles are not closely related evolutionarily, they are usually studied together, largely
because they often occur side by side and share many physiological, behavioral, and ecological similarities. More-
over, both are very ancient groups with fascinating histories. What we see today are the successful remnants of a
few groups that avoided extinction for various historical reasons. Major extinction events reduced global diversity
of amphibians and reptiles several times, only to be followed by relatively rapid diversification events within some
of the surviving groups.
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Herpetology is the study of amphibians and reptiles. We
focus on the biology of extant amphibians and reptiles
throughout much of the text. Nevertheless, we provide an
introduction to what is currently known about the fascinat-
ing history of these animals. Reconstructing this history
has been achallenge, largely because the fossil record isso
incomplete, but also because methods used to reconstruct
relationships (phylogenies) continue to change. Living
amphibians and reptiles are representatives of a small num-
ber of the many historical tetrapod radiations (Fig. 1.1).
Living amphibians are descendants of the first terres-
trial vertebrates. Their ancestors were lobe-finned fishes
(Sarcopterygii), a group of bony fishes (Osteichtyes).
These fishes appeared in the Lower Devonian Period
(morethan 400 millionyearsago [=400 Ma, where 1 mega-
annum=1 million years ago]) and radiated in fresh and
salt water. The earliest fossils assigned to Tetrapoda (from
Greek, tetra=four, poda=foot) included Elginerpeton,
Ventastega, Acanthostega, and Ichthyostega, all of which
were completely aquatic but had four distinct limbs. They
appeared as fossils in the late Devonian (about 360 Ma)
but may have been present much earlier (see below). They
arein agroup of tetrapods referred to asichthyostegalians.

Herpetology. http://dx.doi.org/10.1016/B978-0-12-386919-7.00001-0
Copyright © 2014 Elsevier Inc. All rights reserved.

Early Amniotes 18
Radiation of Diapsids 19
Linnean Versus Evolutionary Taxonomy 21

Rules and Practice 22

Evolution-Based Taxonomy 25
Systematics—Theory and Practice 26

Systematic Analysis 26

Types of Characters 26
Morphology 27
Molecular Structure 28
Methods of Analysis 29
Numeric Analyses 30
Phylogenetic Analyses 31

Amphibians have successfully exploited most terrestrial
environments while remaining closely tied to water or
moist microhabitats for reproduction. Most amphibians
experience rapid desiccation in dry environments, but
some species have evolved spectacular adaptations that
permit existence in extreme habitats.

During the Carboniferous, about 320Ma, the ances-
tors of modern reptiles (including birds) and mammals
appeared. They not only were able to reproduce on land
in the absence of water but also had an effective skin bar-
rier that presumably reduced rapid and excessive water
loss. Higher taxonomy of early tetrapods remains unsta-
ble. Anthracosaura and Reptiliomorpha have been used to
include reptile ancestors, but definitions of each, in terms
of fossil taxa included, varies from author to author. We
use anthracosaur to include modern amniotes and extinct
tetrapods that cannot be considered amphibians. The study
of birds and mammals, formally called Ornithology and
Mammalogy, respectively, are beyond the scope of this
book.

Amphibians and reptiles (collectively, herps) are not
each other’'s closest relatives evolutionarily, yet they
have traditionally been treated as though they are related
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PART | I Evolutionary History

Microsaurs
Lepospondyls
Anthracosaurs
Temnospondyls
Ichthyostegalians

Petrolacosaurus kansensis

FIGURE 1.1

A super-tree of relationships among early (fossil) tetrapods. To aid in interpreting the structure of the tree, we have color-coded major

groups that are discussed in the text. Orange lines indicate the Lissamphibia, the group from which all extant amphibians originated. Green lines indi-
cate the Parareptilia, the group from which turtles were once believed to have originated. Although modern turtles have historically been placed in the
Parareptilia based on their “anapsid” skull, recent molecular data indicate that they are nested within the Eureptilia. Red lines indicate the Eureptilia, the
group from which all modern reptiles originated. It is useful to refer back to this graphic as you read through the history of tetrapod evolution in order to
tie group or fossil names with appropriate evolutionary groups. Adapted from Ruta and Coates, 2003; Ruta et al., 2003b.

(e.g., “herpetology” does not include birds and mam-
mals). Nevertheless, many aspects of the lives and biology
of amphibians and reptiles are complementary and allow
zool ogists to study them together using the same or similar
techniques. Biological similarities between amphibians and
reptiles and the ease of field and laboratory manipulation of
many species have made them model animals for scientific
research. They have played prominent roles in research on

ecology (e.g., tadpoles, salamander larvae, lizards, theturtle
Trachemys scripta), behavior (e.g., the frogs Engystomops
[Physalaemus] and Lithobates [Rana] catesbeianus), phy-
logeography (e.g., the lizard genus Crotaphytus, plethod-
ontid salamanders), genetics (Xenopus), developmental
biology (e.g., Xenopus, plethodontid salamanders, reptiles),
viviparity (squamates), and evolutionary biology (e.g., Ano-
lis, Lepidodactylus).



Chapter | 1

TABLE 1.1 A Hierarchical Classification for Living
Amphibians and Reptiles

Tetrapoda
Amphibia
Microsauria
Temnospondylia
Lissamphibia
Gymnophiona—caecilians
Batrachia
Caudata—salamanders
Anura—frogs
Anthracosauria
Amniota
Synapsida
Reptilia
Parareptilia
Eureptilia
Diapsida
Sauria
Un-named clade
Archosauria
Crocodylia—crocodylians
Aves—birds
Testudines—turtles
Lepidosauria
Sphenodontia—tuataras
Squamata—Ilizards (including
amphisbaenians and snakes)

Note: Differences between this classification and that derived from

Fig. 1.1 result from a combination of different sets of taxa, characters,
and analyses. Some authors consider Crocodylia, Aves, and Testudines
as archosaurs, which would eliminate the unnamed clade but require a
clade name for Crocodylia+Aves.

Sources: Carroll, 2007; Gauthier et al., 1988a, 1989.

AMPHIBIANS AND REPTILES—
EVOLUTIONARY HISTORY

Living amphibians are represented by three clades: Gym-
nophiona (caecilians), Caudata (salamanders), and Anura
(frogs) (Table 1.1). Detailed characterizations and taxon-
omy of living amphibians and reptiles are given in Part V1.
Caecilians superficially resemble earthworms (Fig. 1.2). All
extant caecilians|ack limbs, most are strongly annulated, and
have wedge-shaped, heavily ossified heads and blunt tails
reflecting aburrowing lifestyle of thesetropical amphibians.
Some caecilians (e.g., Typhlonectes) are only weakly annu-
lated and are aguatic. Salamanders have cylindrical bod-
ies, long tails, distinct heads and necks, and well-devel oped
limbs, although a few salamanders have greatly reduced
limbs or even have lost the hindlimbs (Fig. 1.2). Salaman-
dersareecologically diverse. Some aretotally aquatic, some
burrow, many are terrestrial, and many others are arborea,
living in epiphytes in forest canopy. Frogs are unlike other
vertebrates in having robust, tailless bodies with a continu-
ous head and body and well-developed limbs (Fig. 1.2). The
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hindlimbs typically are nearly twice the length of the body,
and their morphology reflects their bipedal saltatory loco-
motion. Not al frogs jump or even hop; some are totally
aquatic and use a synchronous hindlimb kick for propulsion,
whereas others simply walk in their terrestrial and arboreal
habitats. Among amphibians, frogs are the most speciesrich
and widely distributed group; in addition, they are morpho-
logically, physiologically, and ecologically diverse.

Living reptiles are represented by the clades Archo-
sauria (crocodylians and birds), Testudines (turtles), and
Lepidosauria (tuataras and squamates) (Table 1.1). Until
recently, turtleswere considered as the outgroup to all other
reptiles because their skulls have no fenestre (openings),
which placed them within the anapsids, an extinct and very
old group of reptiles. Recent nuclear DNA dataindicate that
their “anapsid” skull condition may be derived from a diap-
sid skull and that they are sister to crocodylians and birds.
Turtles, likefrogs, cannot be mistaken for any other animal
(Fig. 1.3). The body is encased within upper and lower bony
shells (carapace and plastron, respectively). In some spe-
cies, the upper and lower shells fit tightly together, com-
pletely protecting the limbs and head. Although turtles are
only moderately speciesrich, they are ecologically diverse,
with some fully aquatic (except for egg deposition) and oth-
ers fully terrestrial. Some are small in size whereas others
are gigantic, and some are herbivores and others are carni-
vores. Living archosaurs include the closely related croco-
dylians and birds. Birds are reptiles because they originated
within Archosauria, but they have traditionally been treated
as a separate group of vertebrates. Crocodylians are preda-
ceous, semiaguati ¢ reptilesthat swimwith strong undulatory
strokes of a powerful tail and are armored by thick epider-
mal plates underlain dorsally by bone. The head, body, and
tail are elongate, and the limbs are short and strong. The
limbs allow mobility on land, although terrestrial activities
are usually limited to basking and nesting.

Tuataras and the squamates comprise the Lepidosauria.
Represented by only two species on islands off the coast of
New Zealand, the lizard-like tuataras (Fig. 1.3) diverged
early within the lepidosaurian clade. Lizards, snakes, and
amphishaenians comprise the Squamata. These three groups
are easily recognized and, as a result, are often treated in
popular literature and field guides as though they are sister
taxa or at least equal-rank clades. They are not. Snakes and
amphisbaenians are nested within lizards (see Chapters 21
and 22). Squamates are the most diverse and species rich
of living reptiles, occupying habitats ranging from tropical
oceans to temperate mountaintops. Body forms and sizes
vary considerably (Fig. 1.3). Some are short and squat
with very short tails (e.g., horned lizards) whereas others
are limbless and long and thin (e.g., vine snakes). Some
aretiny (e.g., many sphaerodactylid geckos) and others are
huge (e.g., the anaconda and reticulate python). Most are
terrestrial or arboreal, though many snakes are semiaquatic,
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Pipa (Pipidac) Dendrosaphus (Hylide)

Lithabates (Ranidas) Siren {Sirenidas)

Ambystoma (Ambystomatidae)

Siphonops (Siphonopidas)

FIGURE 1.2 A sampling of adult body formsin living amphibians.

Chelonoidis (Testudinidae)

Stenocercus (Tropiduridae)

Paleosuchus (Alligatoridag)

FIGURE 1.3 A sampling of adult body formsin living reptiles.
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spending much of their livesin or immediately adjacent to
fresh water, or, less commonly, in estuaries and sea water.
Theterm*“lizard” isusually usedtorefer to all squamatesthat
are not snakes or amphisbaenians. Thus“lizards’ are highly
variable morphologically and ecologically, but most have
four well-developed limbs and an elongate tail. Amphisbae-
nians are elongate with short, stubby tails, scalesarrangedin
rings around the body, and mostly limbless (the exception is
Bipes, which has two mole-like front limbs). They are sub-
terranean and are a monophyletic group of lizards. Snakes
are the most species rich of several groups of limbless or
reduced-limbed lizards. A few snakes are totally aquatic and
some are even totally subterranean. Like amphisbaenians,
snakes are a monophyletic group of lizards.

RELATIONSHIPS AMONG VERTEBRATES

Origin of Tetrapods

The transition from fish to tetrapod set the stage for one of
the most spectacular radiations in the evolutionary history
of life, ultimately alowing vertebrates to invade nearly al
of Earth’sterrestrial environments. Understanding the com-
plexity of the early evolutionary history of tetrapods has
been a challenge for paeontologists because many fossil
taxa are represented only by fragments of jaws or limbs,
making it difficult to determine phylogenetic relationships.
To help orient readers, we recommend that you repeatedly
examine Figure 1.1 while reading the text. The first tetra-
pod found was Ichthyostega (Ichthyo=fish; stega=roof).
For many years, this abundant fossil and another fossil,
Acanthostega, represented by a few skull fragments, were
the only known early tetrapods. In 1985, Tulerpeton was
discovered in Russia. The next discoveries of tetrapods
were made because of afortuitous event. In 1971, a gradu-
ate student conducting a sedimentology project in Green-
land collected tetrapods that were placed in a museum but
never studied. When these specimens were examined more
closely, they were recognized as Acanthostega. This discov-
ery led to a resurgence of interest in early tetrapods, and
many other fossils present in museums from previous work
were reexamined and studied in detail. Additional material
of various species made it easier to identify fragments that
had not previously been recognized as tetrapods. In addi-
tion, new techniques such as CT (computed tomography)
scanning allowed reinterpretations of previously collected
material. The result of the study of this material led to dis-
carding the original idea that tetrapods evolved from |lobe-
finned fishes (sarcopterygians) that were forced onto land
because of major droughts during the Devonian. The idea
was that only those fish that could evolve limbs for terres-
trial movement on land survived. Although various scien-
tists challenged this idea, it was not until the discovery of
well-preserved material of Acanthostega in the late 1980s
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that a new paradigm of tetrapod evolution became widely
accepted. Acanthostega was clearly atetrapod but was not a
land animal. It had four limbs with digits, but no wrists and
could not have supported itself on land. This realization and
a reinterpretation of Ichthyostega as a fish with limbs led
to the idea that tetrapod limbs functioned for locomotion in
shallow, vegetated Devonian swamps or shallow seas. Only
later did their descendants emerge onto land.

An increase in exploration of Devonian sites has pro-
vided new material in recent years, and a much clearer pic-
ture of the evolution of this group is emerging. To date, 18
distinct Devonian tetrapods from nine localities worldwide
have been discovered, and 13 genera have been described.
Other significant discoveriesinclude several new prototetra-
pods and other tetrapods from the Early Carboniferous. The
localities and named tetrapod genera include Pennsylva
nia (Hynerpeton, Densignathus); Scotland (Elginerpeton);
Greenland (Ichthyostega, Acanthostega, Ymeria); Latvia
(Obruchevichthys, Ventastega); Tula, Russia (Tulerpeton);
Livny, Russia (Jakubsonia); New South Wales (Metaxyg-
nathus); China (Snostega); and Canada (Tiktaalik). Most
early tetrapods are known from Euramerica, where, in Late
Devonian, this land mass was separate from Gondwana.
Two species, Metaxygnathus from Australia and Snostega
from China, are known from Gondwana. It is probable that
additional discoveries in northern Gondwana and China
will support aglobal distribution of early tetrapods.

About 3040 million years (a short time, geologicaly
speaking) after thefirst tetrapods appeared, amphibians and
anthracosaurs began to radiate, ultimately giving rise to all
extant tetrapods. Reptiles evolved from one descendent lin-
eage of the early anthracosaurs. These evolutionary events
occurred in landscapes that appeared alien compared to the
familiar landscapes of today. Plants, like animals, were only
beginning to radiate into terrestrial environments from a
completely aquatic existence. Upland deserts consisted of
bare rock and soil. Plants grew only in valleys and along the
coasts where water was abundant. Early diversification of
terrestrial arthropods was under way, which clearly affected
amphibian and reptile diversification by providing a rich
and abundant food supply. Keep in mind that many other
tetrapod clades also diversified, becoming extinct at various
times during the history of life (see Fig. 1.1).

We first examine what some of the key fossilstell usand
what they may not tell us. We then summarize some of the
morphological, and sensory, respiratory, and feeding sys-
tem changes that were associated with the invasion of land.

Although many details are uncertain, five to seven well-
known key fossils illustrate the transition from fish to tet-
rapod (Fig. 1.4). Conventional wisdom is that tetrapods
arose from osteolepiform lobe-finned fishes represented in
this figure by Eusthenopteron. Panderichthys and Tiktaalik
were large, flat predatory fish considered transitional forms
between osteolepiform fishes and tetrapods. They had
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Fin/Foot

FIGURE 1.4 Relationships, body forms, and limb structure of the seven key fossil vertebrates used to recover the evolution of supportive limbsin tetra-
pods. Glyptolepis is the outgroup. Adapted from Ahlberg and Clack, 2006; Clack, 2006; Daeschler et al., 2006; Schubin et al., 2006.

strong limb-like pectora fins that enabled them to support
their bodies and possibly move out of water. Acanthostega
and Ichthyostega were primitive tetrapods. All of these spe-
ciesranged in sizefrom 0.75to 1.5m in length. Many other
important fossils from this period exist (e.g., Fig. 1.1), each
with its own place in the story of tetrapod evolution, and we
refer the interested reader to the paleontological literature
for more details on these.

Key Fossils

Because of their importance in reconstructing the evolu-
tionary history of tetrapods, we comment briefly on seven
of the key fossil genera, Eusthenopteron, Panderichthys,
Elpistostege, Tiktaalik, Acanthostega, |chthyostega, and
Tulerpeton.

Eusthenopteron—A tristichopterid fish, more or less contem-
porary with Acanthostega, Eusthenopteron is a member
of the tetrapod stem group. It is convergent with tetrapods
in many respects, including having enlarged pectoral fins,
and aflat, elongate snout (Fig. 1.4). Asawhole, fishesin
thisgroup (also including rhizodontids and osteol epidids)
were ambush predators that lived in shallow waters.

Panderichthys—Thislarge Middle Devonian el pistostegalian
sarcopterygian fish from Latvia that lived 385 million
years ago is the best-known transitional prototetrapod.
Complete specimens are available from the Middle to
Late Devonian. It had aflat head, long snout, and dorsally
situated eyes (Fig. 1.4). The tetrapod-like humerus was

dorsoventrally flattened, presumably lending strength
for support of the body, although the fins have fin rays,
not digits. A midline fin is present only on the tail.
Panderichthys was a predatory fish that may have used its
finsto “walk” in shallow freshwater swamps.
Elpistostege—This el pistostegalian sarcopterygian fish from
the early Late Devonian of Canadais most closely related
to Tiktaalik. It is known only from skull and backbone
fragments, but has long been recognized as an intermedi-
ate form. Elpistostege, unlike Tiktaalik, appears to have
occurred in an estuarine habitat, possibly indicating that
thesefishesasagroup were exploiting avariety of habitats.
Tiktaalik—The recent discovery of many specimens of
this elpistostegalian sarcopterygian from a single Late
Devonian locality in Arctic Canada grestly improved
our understanding of the transition to tetrapods within
fishes. This species may prove as significant as the
well-known Archaeopteryx, a fossil that represents the
divergence of birds within reptiles. Phylogenetically,
Tiktaalik, with Elpistostege, is apparently sister to
Acanthostega+Ichthyostega. In many ways, Tiktaalik
was like Panderichthys—both had small pelvic fins with
fin rays and well-developed gill arches, evidence that
both were aquatic (Fig. 1.4). Tiktaalik had a combina-
tion of primitive and derived features. Primitive features
included rhombic, overlapping scales like Panderichthys,
lack of adorsal fin, paired pectoral and pelvic fins with
lepidotrichia (fin rays), and a generalized lower jaw.
Derived features in Tiktaalik included a flat body with
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raised, dorsal eyes, a wide skull, and a mobile neck.
The robust forefin and pectoral girdle indicated that it
was capable of supporting itself on the substrate. These
features represent a radical departure from previously
known, more primitive sarcopterygian fishes. Discovery
of an intermediate fossil such as Tiktaalik helps to visu-
dize the mosaic pattern of morphologica changes that
occurred during the transition from sarcopterygian fishes
to the earliest tetrapods. In fish, breathing and feeding
are coupled because taking water in over the gillsin a
sucking motion also pullsin food. These features became
separated in Tiktaalik. The longer skull and mobile neck
allowed aquick snap of the head to capture prey.

Acanthostega—This primitivetransitional Late Devonian tet-
rapod from Greenland lived 365 million years ago. Study
of this best-known tetrapod changed our understanding of
early tetrapod evolution. The forelimb clearly had eight
digits, but the limb had no wrist bones or weight-bearing
joints, thus showing that limbs with digits evolved while
these animals lived in water and that they most likely did
not have the ability to walk (Fig. 1.4). Because the limb
is similar to the fish Eusthenopteron, it is considered to
be primitive. Acanthostega had 30 presacral ribs; the fish-
like ribs were short and straight and did not enclose the
body. It had atrue fish tail with fin rays; the tail waslong
and deep, an indication that it was a powerful swimmer,
and it had fish-like gills. Of 41 features unique to tetra-
pods, Acanthostega had two-thirds of them. It had alarge
stapes that remains as part of the auditory system of more
recent tetrapods. The lower jaw of Acanthostega bore the
inner tooth row on the coronoid bone, afeature indicative
of atetrapod and not a fish. This finding led to a close
study of other jaw fragments already present in museums;
these jaw fragments could now be distinguished as either
fish or tetrapod. Acanthostega most likely lived in fresh-
water rivers.

Ichthyostega—A primitive Late Devonian tetrapod from
Greenland, Ichthyostega lived 365 million years ago.
It had a forelimb with seven digits in a unique pattern.
Four main digits formed a paddle bound together by stiff
webbing, and three smaller digits formed a leading edge
(Fig. 1.4). Twenty-six presacral imbricate ribs were pres-
ent. It had a true fish tail with fin rays but may have had
some ability to move about on land. Based on overall
skeletal morphology, |chthyostega likely had some ability
for dorsoventral flexion of the spine, and the limbs may
have moved together rather than alternately. Preparation
of recently collected material revealed that the auditory
apparatusis adapted for underwater hearing. |chthyostega
may have lived in freshwater streams and may have been
able to move about on land to some extent.

Tulerpeton—This primitive Devonian tetrapod from Russia
was described in 1984. Both the forelimb and hindlimb
had six digits (Fig. 1.4). The robust shoulder joint and
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dender digits indicate that Tulerpeton was less aguatic
than either Acanthostega or |Ichthyostega.

Relationships among major tetrapod groups and their
descendants appear in Figure 1.5. Crown groups are clades
that produced descendants still alive today. It should be
obvious from this reconstruction that the evolution of limb-
like pectora fins was occurring independently in several
stem tetrapod clades. Morphology of skull, jaw, and bran-
chial skeleton also changed in response to the transition to
land (Fig. 1.6). Reduction of gill arches, increasein relative
size of lateral processes on vertebrae, and modifications in
bones in the pectoral skeleton indicate that Acanthostega
was “walking” and at least partialy supporting the anterior
end of its body whilein shallow water.

Major Features of Early Tetrapod Evolution

Although the radiation of elpistostegalian fish (Panderich-
thys, Elpistostege, and Tiktaalik) suggests that the tetrapod
origin was associated with deltaic, estuarine, or freshwater
settingsin Late Devonian, recent discovery of well-preserved
and dated tetrapod tracks from Polish marine tidal flat sedi-
ments of early Middle Devonian, approximately 18 million
years earlier than the earliest tetrapodomorph body fossils
(Kenichthysfrom China, 395Ma) and 10 million yearsearlier
than the oldest el pistostegids, suggests a marine origin much
earlier (Fig. 1.7). Consequently, we have a series of body
fossils that appear to explain the series of events during the
evolution of tetrapods contradicted by tetrapod tracks dated
long before any of the genera preserved as fossils existed.
Thismeans either that as yet undiscovered el pistostegids had
diversified much earlier or that tetrapods originated from
another group of bony fishes. Molecular data indicate that
ancestors of extant tetrapod clades were most closely related
to lungfish and appeared 397416 Main the Early Devonian.
Moreover, they arose from marine environments at a time
when oxygen levels were increasing and both coral reef and
arthropod diversity were high. Although changes occurred in
nearly al systems during the transition from water to land,
it remains difficult to determine which changes preadapted
tetrapod ancestors to move to land (exaptation) and which
represent true responses (adaptations) to the transition.

Respiration

Lungs appeared early in the evolution of bony fishes, long
before any group of fishes had other terrestrial adaptations.
Indeed, lungs are the structural predecessors of swim blad-
ders in the advanced fishes. Lungs may have developed
as accessory respiratory structures for gaseous exchange
in anoxic or low-oxygen waters. The lung structure of the
fish—tetrapod ancestor and the earliest tetrapods is unknown
because soft tissue does not readily fossilize. Presumably
lungs formed as ventral outpocketings of the pharynx,
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FIGURE 1.6 Anatomica systems in Eusthenopteron, Panderichthys, and Acanthostega. Note shift of the branchial skeleton upward and back and
increasing ossification of the pectoral region and spinal column. From Coates et al., 2008.
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FIGURE 1.8 Air breathing cycle of the longnosed gar (Lepisosteus osseus). As the gar approaches the surface at an angle, it dropsiits buccal floor and
opensit glottis so air can escape from the lungs (bottom center, clockwise). By depressing the buccal floor, the gar flushes additional air from the opercular
chamber. Once flushed, the gar extends its snout further out of the water, opens its mouth, depresses the buccal floor drawing air into the buccal cavity,
and shuts the opercula. The mouth remains open and the floor is depressed further; then closing its mouth, the gar sinks below the surface. Air is pumped
into the lungs by elevating the buccal floor. Capital |etters indicate sequence of events. Adapted from Smatresk, 1994.

probably with a short trachea leading to either an elongated
or a bilobed sac. The internal surface may have been only
lightly vascularized because some cutaneous respiration
was also possible. Respiration (i.e., ventilation) depended
upon water pressure. A fish generally rose to the surface,
gulped air, and dived (Fig. 1.8). With the head lower than
the body, water pressure compressed the buccal cavity and
forced the air rearward into the lungs, since water pressure
was lower on the part of the body higher in the water col-
umn. Reverse airflow occurred as the fish surfaced headfirst.
This mechanism is still used by most air-breathing fish for

exhalation. Shallow water habitats would have selected for
respiratory advances such as the buccal and costal pumping
mechanisms employed by tetrapods. The broad skull alows
spacefor buccal pumping. An enlarged spiracular tract led to
respiratory modifications that allowed breathing in aguatic—
terrestrial habitats. The buccal force pump replaced a pas-
sive pump mechanism. Air entered through the mouth with
the floor depressed, the mouth closed, the floor contracted
(elevated) and drove air into the lungs, and the glottis closed,
holding the pulmonary air at supra-atmospheric pressure.
Exhalation resulted from the elastic recoil of the body wall,
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driving air outward. Thusrespiratory precursorsfor invasion
of land were present in aguatic tetrapod ancestors.

Movement

Thetransformation of finsto limbswaswell under way before
early tetrapods moved to land. The cause and timing remain
debatable, but fleshy fins seem a prerequisite. The fleshy fins
of sarcopterygian fishes project outward from the body wall
and contain internal skeletal and muscular elements that per-
mit each to serve asastrut or prop. Because limbs evolved for
locomation in water, presumably initialy for dow progres-
sion aong the bottom, they did not need to support heavy
|oads because buoyancy reduced body weight. The fin-limbs
probably acted like oars, rowing the body forward with the
fin tips pushing against the bottom. Shifting from a rowing
function to a bottom-walking function required bending of
thefin-limb to allow the tip to make broader contact with the
substrate (Fig. 1.9). The underlying skeletal structure for this
is evident in Tiktaalik (Fig. 1.4). Bends or joints would be
the sites of the future elbow—knee and wrist—ankle joints. As
flexibility of the joints increased, limb segments developed
increased mobility and their skeletal and muscular compo-
nents lost the simple architecture of the fin elements. Per-
haps at this stage, fin rays were lost and replaced by short,
robust digits, and the pectora girdle lost its connection with
the skull and allowed the head to be lifted while retaining
a forward orientation as the limbs extended and retracted.
Some sarcopterygian fishes represent this stage. Their limb
movements, although in water, must have matched the basic
terrestrial walking pattern of extant salamanders, i.e.,
extension—retraction and rotation of the proxima segment,
rotation of the middle segment (forearm and crus), and flex-
ure of the distal segment (feet). Astetrapods became increas-
ingly terrestrial, the vertebral column became a sturdier arch
with stronger intervertebral links, muscular as well as skel-
etal. The limb girdles also became supportive—the pelvic
girdle by adirect connection to the vertebral column and the
pectora girdle through a strong muscular sing connected to
the skin and vertebral column. The evolution of pentadactyly
and terrestriaity appear closely linked. The recently discov-
ered Pederpes finneyae, aterrestrial tetrapod from the end of
the Early Carboniferous, probably had hindlimbs capable of
walking.

Feeding

The presence of afunctional neck in Tiktaalik provides some
insight into the early evolution of inertial feeding, in which
the mouth—head of the tetrapod must move forward over
the food. While in the water, the fluidity and resistance of
water assisted in grasping and swallowing food. In shallow
water or out of water, the ability to move the head would
provide a substantial advantage in capturing prey. Several
modifications of the skull may have been associated with
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FIGURE 1.9 Fin and limb skeletons of some representative fishes and
tetrapods. Dermal fin skeleton with fin rays and scales is shown in light
gray for Sterropterygion. The first eight taxa have similarly elaborate
dermal skeletons, but these are not illustrated. These do not occur in the
digit-bearing taxa. lllustrations are in dorsal aspect except for Sauripterus
and Sterropterygion, which are in ventral aspect. Note changes in relative
structure and size of the humerus, radius, and ulna, which ultimately form
thelimb bonesin tetrapods. Modified from Coates et al., 2008 (see original
paper for reference to individual graphics).
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thisfeeding behavior. With the independence of the pectoral
girdle and skull, the skull could move left and right, and up
and down on the occipital condyles—atlas articulation. The
snout and jaws elongated (see Fig. 1.6). The intracrania
joint locked and the primary palate became a broader and
solid bony plate.

Skin

The skin of larval amphibians and fish is similar. The
epidermis is two to three layers thick and protected by a
mucous coat secreted by numerous unicellular mucous cells
(Chapter 2). The skin of adult amphibians differs from that
of fish ancestors. The epidermis increased in thickness to
five to seven layers; the basal two layers are composed of
living cells and are equivalent to fish or larval epidermis.
The external layers undergo keratinization and the mucoid
cuticle persists between the basal and keratinized layers.
Increased keratinization may have appeared as a protec-
tion against abrasion, because terrestrial habitats and the
low body posture of the early tetrapods exposed the body
to constant contact with the substrate and the probability of
greater and frequent surface damage.

Sense Organs

As tetrapods became more terrestrial, sense organs shifted
from aquatic to aerial perception. Lateral line and elec-
tric organs function in water and occur only in the aquatic
phase of the life cycle or in aquatic species. Hearing and
middle ear structures appeared. The middle ear was modi-
fied in early tetrapods. Changes in eye structure evolved
in early tetrapods sharpening their focus for aerial vision.
The nasal passages became a dual channel, with air pas-
sages for respiration and areas on the surfaces modified
for olfaction.

The preceding summarizes the major anatomical altera-
tions that occurred in the transition to tetrapods within
fishes. Many physiological modifications also occurred;
some of these are described in Chapter 6. Some aspects,
like reproduction, remained fish-like: external fertilization,
eggs encased in gelatinous capsules, and larvae with gills.
Metamorphosis from the aquatic larval to a semiaquatic
adult stage was a new developmental feature. The unique
morphological innovations in the stem tetrapods illustrate
the divergent morphology and presumably diverse ecology
of these species. This diversification was a major feature of
the transition from water to land.

EVOLUTION OF EARLY ANAMNIOTES

Ancient Amphibians

Given the existing fossil record, clearly defining Amphibia
has been a challenge. Whether they are members of the more
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ancient Temnospondyli or more recent L epospondyli remains
debatable. Edops (Fig. 1.10) and relatives, Eryops and rela-
tives, trimerorhachoids, and a diverse assortment of taxa
labeled dissorophoids make up the mgjor groups of extinct
temnospondyls. Aistopods, baphetids (=Loxommatidag),
microsaurs, and nectrides have been identified as amphibians,
although their relationships remain controversia (Fig. 1.11).
The baphetids are not amphibians; presumably they are an
early offshoot of the early protoamniotes and possibly the
sister group of the anthracosaurs. Details on the appearance
and presumed lifestyles of these extinct groups are provided
in Chapter 3. All of these groups except the Lissamphibiahad
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FIGURE 1.10 Comparison of the skulls of an early amphibian Edops
and an early reptile Paleothyris. Scale: bar=1cm. Reproduced, with per-
mission, from Museum of Comparative Zoology, Harvard University.
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their origins in the Devonian, and few clades survived and
prospered into the Permian. As an aside, the lepospondyls
and labyrinthodonts were once widely recognized groups of
extinct amphibians. Lepospondyls (=Aistopoda+ Microsau-
ria+Nectridea) shared features associated with small body
size and aquatic behavior, but not features of phylogenetic
relatedness that would support monophyly of lepospondyls
(Fig. 1.1). Labyrinthodonts encompassed phylogenetically
unrelated taxa united by shared primitive (ancestral) char-
acters. Thus, the group is polyphyletic and its use has been
largely discontinued. Some analyses suggest that Lissam-
phibia had its origin with Lepospondyli, but the most com-
plete anadyses indicate that the lissamphibians originated
within the temnospondyls.

By defining Amphibia by its members, it is possible to
identify unique characters shared by this group. These charac-
ters are surprisingly few: (1) the articular surface of the atlas
(cervical vertebra) is convex; (2) the exoccipital bones have a
suturearticulation to the dermal roofing bones; and (3) thehand
(manus) hasfour digitsand thefoot (pes) five digits. Other fea
tures commonly used to characterize amphibians apply spe-
cificaly to the lissamphibians, athough some of them may
apply to al Amphibia but are untestable because they are soft
anatomical structuresthat have left no fossil record.

Modern Amphibians—The Lissamphibia

Most recent analysesindicate that modern amphibians (Lis-
samphibia) are monophyletic (i.e., share a common ances-
tor). Numerous patterns of relationship have been proposed,
but the recent discovery of Gerobatrachus hottoni from the
Permian and areanalysis of existing data indicate that frogs
and salamanders had a common ancestor about 290Ma.
Gerobatrachus is a salamander-like amphibian with a skull
and other features of the head that are similar to those of
frogs. Thus caecilians, which are much older, are sister to
the frog—salamander clade. The Lower Triassic frog, Triad-
obatrachus massinoti, from Madagascar, shows a possible
link to the dissorophid temnospondyls. T. massinoti shares
with them a large lacuna in the squamosal bone that may
have housed a tympanum. Neither salamanders nor cae-
cilians have tympana, although they have greatly reduced
middle ears, suggesting independent loss of the outer ear
structures.

A number of other unique traits argue strongly for the
monophyly of the Lissamphibia. All shareareliance on cuta-
neous respiration, a pair of sensory papillae in the inner ear,
two sound transmission channelsin theinner ear, specialized
visual cells in the retina, pedicellate teeth, the presence of
two types of skin glands, and several other unique traits.

Three structures, gills, lungs, and skin, serve as respi-
ratory surfaces in lissamphibians; two of them freguently
function simultaneously. Aquatic amphibians, particularly
larvae, use gills; terrestrial forms use lungs. In both air and
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water, the skin plays amajor role in transfer of oxygen and
carbon dioxide. One group of terrestrial amphibians, the
plethodontid salamanders, has lost lungs, and some aquatic
taxa also have lost lungs or have greatly reduced ones;
these amphibiansrely entirely on cutaneous respiration. All
lunged species use aforce—pump mechanism for moving air
in and out of the lungs. Two types of skin glands are pres-
ent in al living amphibians: mucous and granular (poison)
glands. Mucous glands continuously secrete mucopolysac-
charides, which keep the skin surface moist for cutaneous
respiration. Although structure of the poison glandsisiden-
tical in al amphibians, the toxicity of the diverse secretions
produced is highly variable, ranging from barely irritating
to lethal to predators.

The auditory system of amphibians has one channel that
iscommon to all tetrapods, the stapes—basilar papilla chan-
nel. The other channel, the opercular—amphibian papilla,
allows the reception of low-frequency sounds (<1000Hz).
The possession of two types of receptors may not seem
peculiar for frogs because they are vocal animals. For the
largely mute salamanders, a dua hearing system seems
peculiar and redundant. Salamanders and frogs have green
rodsin the retina; these structures are presumably absent in
the degenerate-eyed caecilians. Greenrodsarefound only in
amphibians, and their particular function remains unknown.

The teeth of modern amphibians are two-part structures:
an elongate base (pedicel) is anchored in the jawbone and
a crown protrudes above the gum. Each tooth is usually
constricted where the crown attaches to the pedicel. As the
crowns wear down, they break free at the constriction and
arereplaced by anew crown emerging from within the pedi-
cel. Few living amphibians lack pedicellate teeth. Among
extinct “amphibians,” pedicellate teeth occur in only afew
dissorophids.

Living amphibians share other unique traits. All have fat
bodies that develop from the germinal ridge of the embryo
and retain an association with the gonads in adults. Frogs
and salamanders are the only vertebrates able to raise and
lower their eyes. The bony orbit of all amphibians opens
into the roof of the mouth. A special muscle stretched across
this opening elevates the eye. The ribs of amphibians do not
encircle the body.

EVOLUTION OF EARLY AMNIOTES

Early Tetrapods and Terrestriality

Based on body fossils, terrestrial tetrapods presumably
appeared in the Early to Middle Mississippian period
(360-340Ma; Lower Carboniferous). Uncertainty arises
because few tetrapod fossils are known from this period.
Tetrapod fossils appear with high diversity in the Late Mis-
sissippian and Early Pennsylvanian (340-320Ma). The
diversity includes the first radiation of amphibians and the
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appearance of anthracosaurs and the earliest amniotes. This
interval saw the emergence of waterside from shallow-water
forms and to increasingly abundant and diverse terrestria
forms. Unlike the largely barren landscape of the Devonian
during the transition from fish to tetrapod, Carboniferous
forests were widespread, composed of trees 10m and taller,
probably with dense understories. Plant communities were
beginning to move into upland areas. While plants diversi-
fied on land, a corresponding diversification of terrestria
invertebrates and vertebrates was occurring.

The evolution of terrestrial vertebrates required modi-
fications in anatomy, physiology, behavior, and a host of
other characteristics. Trueterrestriality required major reor-
ganizations of lifestyle and life processes. The shifts from
eggs that required water or moisture for deposition to those
that could withstand dry conditions and from free-living
embryos to direct development was critical in the move
to land, but other adaptations were also required. Move-
ment and support without the support of water required
adjustments in the musculoskeletal system. Feeding in air
required behavioral and morphological shifts, as did the
use of different prey and plant materials for food. Gravity,
friction, abrasion, and evaporation obligated modification
of the integument for protection and support and internal
mechanisms to regulate water gain and loss. Modification
was not confined to the preceding anatomical and physi-
ological systems. These changes did not occur synchro-
nously; some were linked, others were not; some required
little modification because of exaptation (“preadaptation”),
and others required major reorganization. The diversity of
changesisreflected in the diversity of Lower Carboniferous
amphibians and the polyphyletic anthracosaurs.

Amphibians remained associated with aguatic habi-
tats, and several independent clades moved at least par-
tially to land. Many of these were successful in terms of
high abundance or diversity and geologic longevity. Never-
theless, amphibians remained tied to moisture. As amphib-
ians diversified in association with aquatic habitats, an
increasing number of anthracosaurs and their descendants
shifted to terrestriality in all phases of their life (Fig. 1.11;
Table 1.2). These are represented today by the amniotes
(Amniota).

Full terrestriality required that organisms havethe ability
to reproduce and develop without freestanding water. The
evolution of the amniotic egg, which could be deposited on
land and could resist dehydration, solved this problem (see
Chapter 2 for anatomical details; note that many reptilian
egos still must absorb moisture to complete development).
Internal fertilization set the stage for production of closed
(shelled) eggs. By enclosing an embryo in a sealed chamber
(shelled egg), the evolution of extraembryonic membranes
not only provided embryos with protection from the physi-
cal environment, but also provided areservoir for metabolic
waste products.

PART | I Evolutionary History

Internal fertilization is not a prerequisite for direct
development, nor does direct development free the parents
from seeking an aquatic or permanently moist site for egg
deposition. Among extant amphibians, internal fertiliza-
tion predominates in caecilians and salamanders, but few
anurans with direct development have internal fertilization.
When an egg is encased in a protective envel ope, the encas-
ing process must be done inside the femal€e's reproductive
tract, and if sperm is to reach the egg—ovum surface, the
sperm must be placed within the femal €' s reproductive tract
as well. Sperm delivery and fertilization must precede egg
encasement.

Because internal fertilization has arisen independently
in the three extant amphibian clades, it is reasonable to
assume that internal fertilization could easily arise in pro-
toamniote anthracosaurs. One problem with thefossil record
for early tetrapods is that anamniotic eggs do not readily
fossilize (there are no hard parts), and as a conseguence
it is difficult to reconstruct events leading to the evolution
of internal fertilization and the shift to shelled eggs. The
common scenario suggests that naked amniotic eggs with
direct development were laid first in moist areas. Selection
to reduce predation by microorganisms drove the replace-
ment of gelatinous capsules by the deposition of an increas-
ingly thicker calcareous shell and the shift of egg deposition
to drier sites. Recent modification of this hypothesis has
placed more emphasis on the development of the fibrous
envelope precursor to the shell and the supportive role of
such an envelope for a large-yolked egg. Other scenarios,
such as the “private pool” theory, have directed attention
to the development of the extraembryonic membranes and
their encapsulation of the egg or embryo. Each hypothesis
has a facet that reflects an aspect of the actual evolution-
ary history, but none provides a full explanation. Lacking
historical data (fossils), we cannot determine whether the

TABLE 1.2 A Hierarchical Classification of Anthracosaur
Descendants

Tetrapoda
Amphibia
Anthracosauria
Anthracosauroidea
Batrachosauria
Seymouriamorpha
Cotylosauria
Diadectomorpha
Amniota
Synapsida
Reptilia

Note: This classification derives from the sister-group relationships dis-
played in Figure 1.7. Because of the hierarchical arrangement, a reptile
or mammal is an anthracosaur, although paleontologists commonly
use anthracosaur to refer to the extinct tetrapod groups that are not
Amphibia and likely not Amniota.
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amniotic membranes evolved in embryos held within the
female’'s oviduct or whether they evolved in externaly
shed eggs. Either explanation is equally parsimonious from
available information on extant vertebrates (Fig. 1.12).
Similarly, we cannot determine when and how a fibrous
envel ope replaced the sarcopterygian’s gelatinous envel ope,
although a fibrous “shell” likely preceded a calcareous one
because calcium crystals are deposited in a fibrous matrix
inall living reptiles.

Juveniles and adults also required a protective envel ope
because of the desiccative effect of terrestria life. Changes
in skin structure are invisible in the fossil record, but the
skin of present-day amphibians suggeststhat theinitial evo-
Iutionary steps were an increase in skin thickness by add-
ing more cell layers and keratinization of the externalmost
layer(s). Keratinization of skin effectively reducesfrictional
damage and the penetration of foreign objects but appears
to be ineffectual in reducing water loss. Early modifica-
tions of the integument were aso driven by its increased
role in the support of internal organs to compensate for the
loss of buoyancy and compression of water. These changes
occurred in deep dermal layers and involved altering fiber
direction and layering.

Associated with increasingly impermeable skin (effec-
tively reducing cutaneous respiration) was the shift to more
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FIGURE 1.12 A branching diagram of the evolution of basal Amniota
and early reptiles, based on sister-group relationships. The diagram has
no time axis, and each capitalized name represents a formal clade-group
name. Opinion varies on whether the mesosaurs are members of the
Reptilia clade or the sister group of Reptilia. If the latter hypothesis is
accepted, the Mesosauria and Reptilia comprise the Sauropsida. Turtles
(Testudines) are shown here as nested within the Parareptilia based on
morphology. More recent molecular analyses indicate that they are nested
in the Eureptilia (see Chapter 18). After Gauthier et al., 1989; Laurin and
Reisz, 1995; Lee, 1997; a strikingly different pattern is suggested by deB-
raga and Rieppel, 1997.
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effective pulmonary respiration. The first modifications of
lungs were probably an increase in size and internal parti-
tioning. The latter is commonly associated with increased
vascularization. Once again, these modifications appar-
ently occurred in the protoamniotes. When and where they
occurred can be partially identified by examining rib struc-
ture and the appearance of a complete rib cage. A rib cage
(thoracic basket) signals the use of a thoracic respiratory
pump for ventilation of the lungs. The rib cage appears
incompletein most anthracosaurs and seymouriamorphs, so
those groups probably were still largely dependent on the
buccal force pump. Therib cage of diadectomorphs extends
further ventrally; although it still appears incomplete, this
condition may mark the transition from buccal to thoracic
ventilation.

Anthracosaurs and early amniotes lacked otic notches,
denoting the absence of eardrums. Although not deaf, they
were certainly insensitive to high-frequency sounds. It is
doubtful that their olfactory sense was as limited. Well-
developed nasal passages in fossils and the presence
of highly developed olfactory organs in living reptiles
indicate that this sense was well developed in the earli-
est amniotes. Nasal passages contained conchae, which
may have aided in the reduction of water loss. Eyes were
also likely well developed at this stage, because vision is
extremely critical in foraging and avoiding predatorsin an
aerial environment.

Locomotory and postural changes for a terrestrial
life are reflected in numerous changes in the postcranial
skeleton. Vertebral structure changed to produce a more
robust supporting arch. The pleurocentrum became the
main component of the vertebral body, displacing the
intercentrum forward and upward. Neura arches became
broader, zygapophyses tilted, and regionalization of neu-
ral spine height occurred, yielding differential regional
flexibility with an overall strengthening of the vertebral
column. Modification of the two anteriormost cervical
vertebrae (atlas—axis complex) stabilized lateral head
movement during walking and running. Modifications
in the limb and girdle skeletons are not as evident in the
early anthracosaurs as those appearing in later amniotes.
The humerus remained a robust polyhedral element that
had a screw-like articulation with the glenoid fossa. The
shoulder or pectoral girdle lost dermal bone elements but
remained large. The iliosacra articulation was variable
and depended upon the size and robustness of the species,
although two sacral ribs usually attached to each ilium.
Hindlimbs commonly were larger and sturdier, demon-
strating their increasing role in propulsion.

The skull became more compact and tightly linked,
although it was still massive in many anthracosaurs and
early amniotes (Fig. 1.10). A mgjor trend was the reduction
of the otic capsule in early tetrapods, without the concur-
rent development of structural struts; thus, the skull roof
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and braincase became weakly linked. Different strengthen-
ing mechanisms appeared in different lineages. The diadec-
tomorphs and reptiles shared the unique development of
a large supraoccipital bone to link the braincase and skull
roof. The cheek to braincase solidification occurred in three
general patterns within the amniotes. The anapsids devel-
oped a strong attachment of the parietal (skull roof) to the
sgquamosal (cheek) along with a broad and rigid supraoc-
cipital attachment. In the diapsids, the opisthotic extended
laterally to link the braincase to the cheek. A lateral expan-
sion of the opisthotic also occurred in the synapsids but in
adifferent manner.

The robust stapes with its broad foot plate was a critical
strut in the strengthening of the skull. Thisrole as a support-
ive strut precluded its function as an impedance matching
system (see the discussion of earsin Chapter 2). Later, the
opisthotic became the supportive unit, and the stapes (colu-
mella) became smaller and took on its auditory role. This
change occurred independently in several reptilian lineages;
although the results are the same, the evolutionary route to
the middle ear of turtles differed from that of the archosaurs
and lepidosaurs. The synapsids followed an entirely differ-
ent route and evolved the unique three-element middle ear
seen today in mammals.

Early Amniotes

The Amniota derives its name from the amniotic egg,
a synapomorphy shared by all members (Fig. 1.12 and
Fig. 1.13). Other stem amniotes may have had amniotic
eggs, athough they are not classified as amniotes. A fossil
taxon cannot be identified as an amniote or anamniote by
structure of its egg, because few fossil eggs of anthraco-
saurs have been found. Further, no eggs have been found in
association with an adult’s skeleton or with afossil embryo
showing extra-embryonic membranes. Bony traits must
be used to determine which taxa are amniotes and which
ones are not, and there is no unanimity in which bony traits
define an amniote. Indeed, amniotes are commonly defined
by content; for example, Amniota comprise the most recent
common ancestor of mammals and reptiles and al of its
descendants.

Unquestionably, anthracosaurs are the ancestral stock
that gave rise to the amniotes (Fig. 1.1 and Fig. 1.12). They
have features present in amniotes but not in Paleozoic or
later amphibians. Anthracosaurs and amniotes share such
features as a multipartite atlas—axis complex in which
the pleurocentral element provides the maor support.
Both have five-toed forefeet with a phalangeal formula of
2,3,4,5,3 and a single, large pleurocentrum for each verte-
bra. These traits are also present in the seymouriamorphs
and diadectomorphs.

The seymouriamorphs are an early divergent group of
anthracosaurs, athough their fossil history does not begin
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FIGURE 1.13 This distribution of egg retention based on extant spe-
cies does not permit the identification of the condition in basal amniotes.
The origin of terrestrial amniotic eggs as an intermediate stage is equally
parsimonious with the evolution of amniotic eggs within the oviduct to
facilitate extended egg retention. Updated from Laurin and Reisz, 1997.

until the Late Pennsylvanian. These small tetrapods prob-
ably had external development and required water for repro-
duction. Neither seymouriamorphs nor diadectomorphs are
amniotes (Fig. 1.12).

The diadectomorphs shared a number of specialized
(derived) features with early amniotes—traits that are not
present in their predecessors. For example, both groups
lost temporal notches from their skulls, have afully differ-
entiated atlas—axis complex with fusion of the two centra
in adults, and have a pair of sacra vertebrae. They share
a large, plate-like, supraoccipital bone and a number of
small cranial bones (supratemporal, tabulars, and postpari-
etals) that are lost in advanced reptiles. The stapes of both
were stout bones with large foot plates, and apparently
eardrums (tympana) were absent. These latter features do
not suggest that they were deaf, but that their hearing was
restricted to low frequencies, probably less than 1000Hz,
much like modern-day snakes and other reptiles without
eardrums. Possibly, their development included pream-
niotic changes, such as partitioning of the fertilized egg
into embryonic and extraembryonic regions, or even afull
amniotic state.

The first amniote fossils, Archaeothyris (a synapsid),
Hylonomus (areptile), and Paleothyris (areptile; Fig. 1.12),
are from the Middle Pennsylvanian, but they are not primi-
tive amniotes in the sense of displaying numerous transi-
tional traits. Divergence of synapsids and reptilian stocks
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was already evident. Synapsida is the clade represented
today by mammals; they are commonly called the mammal-
like reptiles, an inappropriate and misleading name. Pely-
cosaurs were the first mgjor radiation of synapsids and
perhaps gave rise to the ancestor of the Therapsida, the
clade includes modern mammals.

Divergence among basal reptiles apparently occurred
soon after the origin of synapsids, and again because of the
absence of early forms and the later appearance of highly
derived reptilian clades, there is uncertainty and contro-
versy about the early evolutionary history of the reptiles.
The Mesosauria of the Lower Permian are considered asis-
ter group to al other reptiles or a sister group to al other
parareptiles (Fig. 1.12). Mesosaurs were specialized marine
predators, and their specializations have provided few clues
to their relationships to other early reptiles.

Controversy has surrounded the origin of turtles and
whether the Parareptilia is paraphyletic or monophyletic.
Recent discoveries and better preparation of old and new
fossils have led to a redefinition of the Parareptilia and to
its recognition as a clade including the millerettids, pare-
iasaurs, procolophonoids, and turtles. The latter two taxa
are considered to be sister groups. However, another inter-
pretation recognizes pareiasaurs and turtles as sister groups.
A dtrikingly different interpretation considers turtles as
diapsids and further suggests a moderately close relation-
ship to lepidosaurs. Molecular data support the diapsid rela-
tionship by yielding a turtle—archosaur (crocodylian+ bird)
sister-group relationship or a turtle—crocodylian one. These
data support the idea that turtles are more closely related
to other living reptiles than to living mammals, but they do
not provide information on the early history of reptile evo-
lution. As noted earlier in the discussion of fish-tetrapod
relationships, molecular data yield a phylogeny of living
taxa only. Relationships of extinct taxa and their sequence
of divergence based strictly on morphology add complexity
to phylogenies and often reveal relationships different from
molecular-based phylogenies. One difficulty with molecu-
lar studies is that, for early divergences, few taxa are used.
As new taxa are added to the analyses, proposed relation-
ships can change greatly. Nevertheless, it appears that the
best current data suggest that turtles are nested within diap-
sids, which we adopt here.

Prior to the preceding studies, turtles were considered
asister group to the captorhinids, and these two taxa were
the main members of the Anapsida, the presumed sister
group of the Diapsida. The parareptiles were considered
to be paraphyletic. In spite of the different placement
of turtles, the preceding studies agree on monophyly of
the parareptiles and a sister-group relationship of cap-
torhinids to all other eureptiles (Fig. 1.12). Paleothyris
(Fig. 1.12) isamong the ol dest eureptiles, although already
structurally derived from, and the potential sister group to,
all diapsid reptiles.

Tetrapod Relationships and Evolutionary Systematics
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RADIATION OF DIAPSIDS

Diapsida is a diverse clade of reptiles. Modern diapsids
include lizards, snakes, turtles, birds, and crocodylians;
extinct diapsidsinclude dinosaurs, pterosaurs, ichthyosaurs,
and many other familiar taxa. The stem-based name Diap-
sidaisderived from the presence of apair of fenestraein the
temporal region of the skull. These are secondarily closed in
turtles. Diapsids are al so diagnosed by a suborbital fenestra,
an occipital condyle lacking an exoccipital component, and
aridged—grooved tibioastragalar joint.

The earliest known divergence yielded the araeosce-
lidians, a short-lived group, and the saurians (Fig. 1.11,
Table 1.3). The araeoscelidians were small (about 40cm
total length) diapsids of the Late Carboniferous and were
an evolutionary dead end. In contrast, the saurian lineage
gave rise to al subsequent diapsid reptiles. Members of
the Sauria share over a dozen unique osteological features,
including a reduced lacrimal with nasal-maxillary contact,
no caniniform maxillary teeth, an interclavicle with distinct
lateral processes, and a short, stout fifth metatarsal.

The Euryapsida apparently arose from an early split in
the Sauria clade (Fig. 1.14). They comprise a diverse group
of mainly aguatic (marine) reptiles, ranging from fish-like

TABLE 1.3 A Hierarchical Classification of the Early
Reptilia

Amniota
Synapsida
Reptilia
Parareptilia
Millerettidae
Unnamed clade
Pareiasauria
Unnamed clade
procolophonoids
Eureptilia
Captorhinidae
Unnamed clade
Paleothyris
Diapsida
Araeoscelidia
Sauria
Archosauromorpha
Archosauria
Crurotarsi
Crocodylia
Ornithodira
Testudines
Lepidosauromorpha
Lepidosauria
Sphendontida
Squamata

Note: This classification derives from the sister-group relationships in
Figures 1.11 and 1.12.



20

Ichthyosauria

’— Placodontia
|— Plesiosaurs

Araeoscelidia

’— Lepidosauromorpha
|— Archosauromorpha

Sauropterygia

Euryapsida

Sauria

| Diapsida

FIGURE 1.14 A branching diagram of the evolution of basal reptile
clades, based on sister-group relationships. The diagram has no time
axis, and each capitalized name represents a formal clade-group name.
Plesiosaursis used as avernacular name and is equivalent to Storr’s (1993)
Nothosauriformes. After Caldwell, 1996; Gauthier et al., 1989.

ichthyosaurs to walrus-like placodonts and “sea-serpent”
plesiosaurs. Individually these taxa and collectively the
Euryapsida have had a long history of uncertainty in their
position within the phylogeny of reptiles. Only since the
late 1980s has their diapsid affinity gained a consensus
among zoologists, athough different interpretations about
basal relationships remain. For example, are they a sister
group of the lepidosauromorphs or a sister group of the
lepidosauromorph—archosauromorph  clade? Is Ichthyo-
sauria a basal divergence of euryapsids or perhaps not a
euryapsid? The monophyletic clade interpretation rests
on sharing six or more derived characters, such as a lac-
rimal bone entering the external nares, an anterior shift of
the pineal foramen, and clavicles lying anteroventral to the
interclavicle.

Archosauromorpha and Lepidosauromorpha are the
other two clades of the Sauria (Fig. 1.14) with living rep-
resentatives, including turtles, crocodylians, and birds in
the former, and tuataras and squamates (lizards, includ-
ing amphisbaenians and snakes) in the latter. Both clades
have had high diversity in the deep past, although dinosaurs
focus attention on the diversity within archosauromorphs,
specifically on the archosaurs. However, Archosauria had
earlier relatives (e.g., rhynchosaurs, protorosaurs, and
proterosuchids;, Fig. 1.15), and, furthermore, archosaurs
are much more than just dinosaurs. Archosaurs encom-
pass two main clades, Crocodylotarsi (or Crurotarsia) and
Ornithodira. They share arotary cruruotarsal ankle, an ant-
orbital fenestra, no ectepicondylar groove or foramen on
the humerus, a fourth trochanter on the femur, and other
traits. Aside from the two main groups, archosaurs include
some early divergent taxa, for example Erythrosuchidae,
Doswellia, and Euparkeria. These taxa appear to have been
carnivores and ranged in size from the 0.5-m Euparkeria to
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FIGURE 1.15 A branching diagram of the evolution within the
Archosauromorpha, based on sister-group relationships. The diagram has
no time axis; numerous clades and branching events are excluded; and
each capitalized name represents aformal clade-group name. After Benton
and Clark, 1988; Gauthier et al., 1989; Gower and Wilkinson, 1996.

the 5-m erythrosuchid Vjushkovia. These basal clades were
relatively short lived. The Ornithodira and Crocodylotarsi
radiated broadly and have modern-day representatives.

The Ornithodiraincludesthe Pterosauriaand Dinosauria
(Fig. 1.15). Pterosaurs were an early and successful diver-
gence from the lineage leading to dinosaurs. The leathery-
winged pterosaurs seemingly never attained the diversity
of modern birds or bats but were a constant aerial pres-
ence over tropical seashores from the Late Triassic to the
end of the Cretaceous. Dinosaurs attained a diversity that
was unequaled by any other Mesozoic group of tetrapods.
Their size and diversity fan our imaginations, nonetheless,
numerous other reptile groups (e.g., phytosaurs, prestosu-
chians) were highly diverse, and some of these were just as
remarkable as the ornithischian and saurischian dinosaurs.

Dinosaur evolution is well studied and outside the
province of herpetology but relevant to the evolution of
the living reptiles. Birds (Aves) are feathered reptiles, and
Archaeopteryx is a well-known “missing link” that has a
mixture of reptilian and avian characteristics. Although no
one would argue that Archaeopteryx is not a bird, a contro-
versy exists over the origin of birds. The current consensus
places the origin of birds among the theropod dinosaurs
(Fig. 1.15); however, three other hypotheses have current
advocates, although all hypotheses place the origin of birds
within the Archosauria. The theropod dinosaur hypothesis
hasthe weight of cladistic evidencein its support. The other
proposed bird ancestors are an early crocodyliform, among
the basal ornithodiran archosaurs, and Megalanocosaur us,
another basal archosaur taxon. Although these latter inter-
pretations represent minority positions, the cladistic near
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relatives (bird-like theropods) of birds occur much later
(>25Ma) in the geological record than Archaeopteryx.

Crocodylotarsi, the other mgjor clade of archosaurs, has
an abundance of taxa and a broad radiation in the Mesozoic
and Early Tertiary. The Crocodylia, a crown group includ-
ing the most recent common ancestor of the extant Alliga-
toridae and Crocodylidae and its descendants, remains a
successful group but shows only one aspect of crocodylo-
tarsian radiation. The earliest radiations in the Middle and
Late Triassic included phytosaurs, aetosaurs, and rauisu-
chids. The phytosaurs were long-snouted crocodylian-like
reptiles, and the position of their nostrils on ahump in front
of the eyes suggests a similar aguatic ambush behavior
on terrestrial prey. The aetosaurs were armored terrestrial
herbivores, and the rauisuchids were terrestrial predators
that developed an erect, vertical limb posture and reduced
dermal armor. Another clade, the Crocodyliformes, which
includes the later-appearing Crocodylia, also appeared in
the Middle Triassic and yielded the diversity of Jurassic
and Cretaceous taxa. The crocodyliforms had members that
were small and wolf-like, large bipedal and tyrannosaurus-
like, giant marine crocodilian-like, and a variety of other
body forms.

Lepidosauromorpha, the archosauromorph’s sister
group, consists of several basal groups and the lepidosaurs
(Fig. 1.16). All share derived traits such as a lateral ridge
of the quadrate supporting a large typanum, no cleithrum
in the pectora girdle, an ectepicondylar foramen rather
than a groove in the humerus, and a large medial centrale
in the forefoot. The earliest known and basal group is the
Younginiformes from the Upper Permian and Lower Trias-
sic. They were aguatic, and adaptation to an aquatic lifeis
a recurrent theme in the evolution and radiation of lepido-
sauromorphs. Another basal group with ahighly specialized

Younginiformes
Kuehneosauridae
Squamata
Gephyrosaurus
Sphenodon

Rhynchocephalia

Lepidosauria

| Lepidosauriomorpha

FIGURE 1.16 A branching diagram of the evolution within the
L epidosauromorpha, based on sister-group relationships. The diagram
has no time axis; numerous clades and branching events are excluded;
and each capitalized name represents a formal clade-group name. After
Gauthier et al., 1989; Rieppel, 1994; Caldwell (1996) and deBraga and
Rieppel (1997) provide different interpretations of lepidosauromorph
relationships.
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lifestyle was Kuehneosauridae. They had elongate thoracic
ribs that probably supported an aerofoil membrane and per-
mitted them to glide from tree to tree or to the ground, as
in the extant gliding lizard Draco. Kuehneosaurids are the
sister group to Lepidosauria. Lepidosauriais a clade with a
wealth of derived featuresthat are shared. Some of these are
teeth attached loosely to the tooth-bearing bones, fusion of
the pelvic bones late in development, hooked fifth metatar-
sals, and paired copulatory organs (hemipenes; rudimentary
in Sohenodon). Of the two sister groups within the Lepi-
dosauria, only two species of tuataras (sphenodontidans)
survive. The Sphenodontida has acrodont dentition and a
premaxillary enameled beak. Sphenodontidanswere moder-
ately diverse and abundant in Late Triassic and Jurassic, and
largely disappeared from the fossil record thereafter. The
terrestrial sphenodontidans had the body form still seen in
the tuataras. Gephyrosaurusistheir sister taxon and shared
a similar habitus; however, it had triangular teeth with a
shearing bite. Squamates are the sister group of the sphen-
odontidans (Fig. 1.16) and are more abundant and species
rich than the latter group from their first appearance in the
Late Jurassic to today. In an al-inclusive sense, squamates
(lizards and snakes) were and are predominantly small-
bodied (<0.5m) carnivores. Although historically believed
to comprise two major lineages, Iguania and Scleroglossa
based on fossil, morphological, ecological, and behavioral
data, recent nuclear DNA studies indicate that the Iguania
are nested within Autarchoglossa (a subclade of the former
Scleroglossa), which would eliminate Scleroglossa as a
squamate clade. This result isintriguing and appears to be
supported by a preponderance of data. This finding forces
reconsideration of many interpretations of the evolution of
ecology, morphology, behavior, and physiology that assume
an Iguania-Scleroglossa sister relationship. The fossil his-
tory of Squamata and other extant reptilian and amphibian
groups is detailed in Chapter 3. Similarly, phylogenetic
relationships of major groups are examined in the Overview
sections of each chapter of Part V1.

LINNEAN VERSUS EVOLUTIONARY
TAXONOMY

Taxonomy is the naming of organisms and groups of simi-
lar organisms. Classifying objects is part of human nature
and has its origins deep in prehistory. The earliest human
societies began to name and recognize plants and animals
for practical reasons, such as what is good or bad to eat,
or what will or will not eat humans. This partitioning of
objects places them into conceptual groupsand is practiced
daily by all of us. Thismay seem straightforward on the sur-
face, but the degree to which we now understand the evolu-
tion of life on Earth has shaken the very foundations of our
thinking on naming organisms and groups of organisms.
In most introductory biology courses, we learn Linnean
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taxonomy, aformal system of classification that dates from
Linneaus's tenth edition of Systema Naturae in 1758. This
catalogue gave a concise diagnosis of al known species
of plants and animals and arranged them in a hierarchical
classification of genus, order, and class. Categories (taxa)
were based on overall similarity. Linneaus's catalogue was
the first publication to use consistently a two-part name (a
binomial of genus and species). Scientific names of plants
and animals remain binomials and are given in Latin (the
language of scholarsin the eighteenth century). The botan-
ical and zoological communities separately developed
codes for the practice of homenclature. The most recent
code for zoologistsis the International Code of Zoological
Nomenclature, Fourth Edition (the Code), effective Janu-
ary 2000. The International Code of Zoological Nomen-
clature can now be found online at http://www.iczn.org/
iczn/index.jsp. The Linnean taxonomy system implies that
taxonomic categories (genera, orders, classes, etc.) provide
information about similarity (e.g., all species in a genus
share something) and that this similarity reflects evolution-
ary history. Evolutionary taxonomy rests on the assump-
tion that similarity reflects homology (e.g., that speciesin
a genus share characteristics with a common origin) and
results in evolutionary “trees’ that reflect both degrees of
relatedness and time (Fig. 1.17). The resulting problem is
that what we traditionally think of as taxonomic categories
(e.g., the families Colubridae [snake] and Ranidae [frog])
arenot the same agein terms of their evolutionary histories.

LINNEAN TAXONOMY
E F

A B C D
Species (12) ‘ ‘

Genera (5)

Subfamilies (3)

G H I J K L

CUTHTU T A

Families (2)

Orders (1)
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Each genus within each family has a different evolutionary
history and thus the “Linnean” categories fall apart. The
International Code of Zoological Nomenclature fails to
break from the Linnean typological paradigm and conse-
guently does not reflect evolutionary history. Changes have
been proposed, and some heated discussion has followed.
Throughout this book, we continue to use severa lower
categories of Linnean taxonomy (genera, subfamilies, and
families) simply to make it possible to talk about groups
of amphibians and reptiles. We do not assign taxonomic
categories to higher-level clades.

Rules and Practice

The International Code of Zoological Nomenclature is a
legal document for the practice of classification, specifi-
cally for the selection and assignment of names to animals
from species through family groups. Unlike our civil law,
there are no enforcement officers. Enforcement occurs
through the biological community’s acceptance of a schol-
ar's nomenclatural decisions. If the rules and recommenda-
tions are followed, the scholar’s decisions are accepted; if
the rules are not followed, the decisions are invalid and not
accepted by the community. Where an interpretation of the
Code is unclear or a scholar’s decision uncertain relative to
the Code, the matter is presented to the International Com-
mission for Zoological Nomenclature (a panel of systematic
zoologists), which, like the U.S. Supreme Court, provides

EVOLUTIONARY TAXONOMY
A B C D EF

Time or relative similarity

FIGURE 1.17 Linnean taxonomy places organisms in categories based on overall similarity. Evolutionary taxonomy places organisms in clades based
on relatedness (homol ogies), which has a clear time component. A dendogram based on Linnean taxonomy (@) contains many polytomies because catego-
ries are discreet, (b) can contain some “species’ (A—F and G—K) that are“equal” in rank with similar hierarchical organization to the Subfamily level and
others (L in particular) that contain this structure only in name, and (c) has no time component. Thus species L isin L subfamily. Dashed lines indicate
where the taxonomic categories would occur for speciesL. A dendogram of evolutionary relationships has no clear Genus, Subfamily, or Family structure
but presents arelatively accurate hypothesis of known relationships and relative divergence times. Species are end points of divergences. Because of the
implicit lack of atime element, individual taxonomic groups in the Linnean system often do not have comparable evolutionary histories across taxa. For
example, afamily of scorpions might have a much deeper (older) evolutionary history than afamily of snakes.
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an interpretation of the Code and selects or rejects the deci-
sion, thereby establishing a precedent for similar cases in
the future.

The Code has six major tenets:

1. All animals extant or extinct are classified identicaly,
using the same rules, classificatory hierarchies, and
names where applicable. This practice avoids dual and
conflicting terminology for living species that may have
afossil record. Further, extant and fossil taxa share evo-
lutionary histories and are properly classified together.

2. Although the Code applies only to the naming of taxa
at the family-group rank and below, all classificatory
ranks have Latinized formal names. All except the spe-
cific and subspecific epithets are capitalized when used
formally; these latter two are never capitalized. For
example, the major rank or category names (phylum,
class, order, family, genus, species) for the green iguana
of Central America are Chordata, Vertebrata, Tetrapoda,
Iguanidae, Iguana iguana. The names may derive from
any language, although the word must be trangliterated
into the Roman a phabet and converted to a L atin form.

3. To ensure that a name will be associated correctly with
ataxon, atype is designated—type genus for a family,
type species for a genus, and a type specimen for a spe-
cies. Such a designation permits other systematists to
confirm that what they are calling taxon X matcheswhat
the original author recognized as taxon X. Comparison
of specimensto thetypeiscritical in determining the spe-
cific identity of a population. Although the designation
of a single specimen to represent a species is typologi-
cal, asingle specimen as the name-bearer unequivocally
links aparticular nameto asingle population of animals.
Of these three levels of types, only the type of the spe-
cies is an actual specimen; nonetheless, this specimen
serves conceptually and physically to delimit the genus
and family. A family is linked to a single genus by the
designation of atype genus, whichin turnislinked to a
single species by a type species, and hence to the type
specimen of a particular species. The characterization
at each level thus includes traits possessed or poten-
tially possessed by the type specimen. An example of
such a nomenclatural chain follows: Xantusia Baird,
1859 is the type genus of the family Xantusiidae Baird,
1859; Xantusia vigilis Baird, 1859 is the type species
of Xantusia; and three specimens, USNM 3063 (in the
United States National Museum of Natural History)
are syntypes of Xantusia vigilis. Severa kinds of types
are recognized by the Code. The holotype is the single
specimen designated as the name-bearer in the origina
description of the new species or subspecies, or the sin-
gle specimen on which a taxon was based when no type
was designated. In many nineteenth-century descrip-
tions, several specimens were designated as a type
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series; these specimens were syntypes. Often syntypic
series contain individuals of more than one species,
and sometimes to avoid confusion, a single specimen, a
lectotype, is selected from the syntypic series. Partialy
because of this kind of problem, more recent Codes do
not approve the designation of syntypes. If the holotype
or syntypesarelost or destroyed, anew specimen, aneo-
type, can be designated as the name-bearer for the spe-
cies. Other types (paratypes, topotypes, etc.) are used in
taxonomic publications; however, they have no official
status under the Code.

Only one name may be used for each species. Yet com-
monly, a species has been recognized and described
independently by different authors at different times.
These multiple names for the same animal are known
as synonyms and arise because different life history
stages, geographically distant populations, or males and
females were described separately, or because an author
is unaware of another author’s publication. Whatever
the reason, the use of multiple names for the same ani-
mal would cause confusion; hence only one name is
correct. Systematists have selected the simplest way
to determine which of many names is correct, namely
by using the oldest name that was published in con-
cordance with rules of the Code. The concept of the
first published name being the correct name is known
as the Principle of Priority. The oldest name is the pri-
mary (senior) synonym, and all names published sub-
sequently are secondary (junior) synonyms (Table 1.4).
Although simple in concept, the implementation of the
Principle may not promote stability, especially so when
the oldest name of a common species has been unknown
for many decades and then is rediscovered. Should
viridisquamosa L acépéde, 1788 replace the widely used
kempii Garman, 1880 for the widely known Kemp'srid-
ley sea turtle Lepidochelys kempii? No. The goal of the
Code isto promote stability of taxonomic names, so the
Code has a50-year rule that allows commonly used and
widely known secondary synonymsto be conserved and
the primary synonym suppressed. The difficulty with
deviating from priority is deciding when anameis com-
monly used and widely known—the extremes are easy
to recognize, but the middle ground is broad. In these
circumstances, the case must be decided by the inter-
national commission. In deciding whether one name
should replace another name, a researcher determines
whether anameis*“available” prior to deciding which of
thenamesis*“valid.” The concept of availability depends
upon ataxonomic description of anew name obeying all
the tenets of the Code in force at the time of the descrip-
tion. Some basic tenets are as follows: published sub-
sequent to 1758 (tenth edition of Systema Naturae),
a binomial name for a species-group taxon, name in
Roman alphabet, appearing in a permissible publication,
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TABLE 1.4 Abbreviated Synonymies of the European Viperine Snake (Natrix maura) and the Cosmopolitian

Green Seaturtle (Chelonia mydas)

Natrix maura (Linnaeus)

1758 Coluber maurus Linnaeus, Syst. Nat., ed. 10, 1:219. Type locality, Algeria. [original description; primary synonym]

1802 Coluber viperinus Sonnini and Latreille, Hist. nat. Rept. 4:47, fig. 4. Type locality, France. [description of French population, con-

sidered to be distinct from Algerian population]

1824 Natrix cherseoides Wagler in Spix, Serp. brasil. Spec. nov. :29, fig. 1. Type locality, Brazil. [geographically mislabeled specimen

mistaken as a new species]

1840 Coluber terstriatus Duméril in Bonaparte, Mem. Accad. Sci. Torino, Sci. fis. mat. (2) 1:437. Type locality, Yugoslavia. Nomen
nudum. [=naked name; name proposed without a description so terstriatus is not available]

1840 Natrix viperina var. bilineata Bonaparte, Op. cit. (2) 1:437. Type locality, Yugoslavia. Non Coluber bilineata Bibron and Bory 1833,
non Tropidonotus viperinus var. bilineata Jan 1863, non Tropidonus natrix var. bilineata Jan 1864. [recognition of a distinct population
of viperina; potential homonyms listed to avoid confusion of Bonaparte’s description with other description using bilineata as a species

epithet]

1929 Natrix maura, Lindholm, Zool. Anz. 81:81. [first appearance of current usage]

Chelonia mydas (Linneaus)

1758 Testudo mydas Linnaeus, Syst. Nat., ed. 10, 1:197. Type locality, Ascension Island. [original description; primary synonym]

1782 Testudo macropus Wallbaum, Chelonogr. :112. Type locality, not stated. Nomen nudum.

1788 Testudo marina vulgaris Lacéde, Hist. nat. Quadrup. ovip. 1: Synops. method., 54. Substitute name for Testudo mydas Linnaeus.

1798 T. mydas minor Suckow, Anfangsg. theor. Naturg. Thiere. 3, Amphibien :30. Type locality, not stated. Nomen oblitum, nomen
dubium. [forgotten name, not used for many years then rediscovered; name of uncertain attribution, tentatively assign to mydas]

1812 Chelonia mydas, Schweigger, Konigsber. Arch. Naturgesch. Math. 1:291. [present usage but many variants appeared after this]

1868 Chelonia agassizii Bocourt, Ann. Sci. nat., Paris 10:122. Type locality, Guatemala. [description of Pacific Guatemalan population as

distinct species]

1962 Chelonia mydas carrinegra Caldwell, Los Angeles Co. Mus. Contrib. Sci. (61): 4. Type locality, Baja California. [description of Baja

population as a subspecies]

Note: The general format of each synonym is: original date of publication; name as originally proposed; author; abbreviation of publication; volume num-
ber and first page of description; and type locality. Explanations of the synonyms are presented in brackets.
Source: Modified from Mertens and Wermuth, 1960, and Catalogue of American Amphibians and Reptiles, respectively.

and description differentiates the new taxon from exist-
ing ones. If the presentation of a new name meets these
criteriaand others, the nameisavailable. Failure to meet
even one of the criteria, such as publication in a mim-
eographed (not printed) newsletter, prevents the name
from becoming available. Even if available, aname may
not be valid. Only asingle name is valid, no matter how
many other names are available. Usually, the valid name
is the primary synonym. The valid name is the only one
that should be used in scientific publications.

. Just as for a species, only one name is valid for each
genus or family. Further, a taxonomic name may be
used only once for an animal taxon. A homonym (the
same name for different animals) creates confusion
and is also eliminated by the Principle of Priority. The
oldest name is the senior homonym and the valid one.
The same names (identical spelling) published subse-
quently are junior homonyms and invalid names. Two

types of homonyms are possible. Primary homonyms
are the same names published for the same taxon, for
example Natrix viperina bilineata Bonaparte, 1840 and
Tropidonotus viperina bilineata Jan, 1863. Secondary
homonyms are the same names for different taxa, for
example the insect family Caeciliidae Kolbe, 1880 and
the amphibian family Caeciliidae Gray, 1825.

. When a revised Code is approved and published, its

rulesimmediately replace those of the previous edition.
This action could be disruptive if the new Code differed
greatly from the preceding one, but most rules remain
largely unchanged. Such stasisis not surprising, for the
major goa of the code is to establish and maintain a
stable nomenclature. Rulestested by long use and found
functional are not discarded. Those with ambiguities are
modified to clarify the meaning. When a rule requires
major ateration and the replacement rule results in an
entirely different action, a qualifying statement is added
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so actions correctly executed under previous rules
remain valid. For example, the first edition of the Code
required that a family-group name be replaced if the
generic name on which it was based was a secondary
synonym; the second and third editions do not require
such a replacement; thus, the latter two editions permit
the retention of the replacement name proposed prior
to 1960 if the replacement has won general acceptance
by the systematic community. Such exceptions promote
nomenclature stability.

Evolution-Based Taxonomy

The preceding rules illustrate the typological approach of
Linnean taxonomy, especialy the emphasis on named cat-
egories and fixed levels within the hierarchy. The adoption
of cladistics as the major practice and conceptua base of
current systematics has increased the advocacy for a tax-
onomy and nomenclature that are based on the principle
of descent (homology). Hierarchies can represent the basic
evolutionary concept that organisms are related through
common descent, but the rigid structure of the Linnean
hierarchy system failsto accomplish that (Fig. 1.17). Advo-
cates for an evolution-based taxonomy argue that the taxo-
nomic system should directly reflect phylogeny and retain
only those elements that do not interfere with the accurate
and efficient depiction of this phylogeny. A consequence of
this demand is a change in how a taxon is named. In the
Linnean system, ataxon is defined in terms of its assumed
category or hierarchical position; in contrast, the evolution-
based system defines a taxon in terms of its content, i.e.,
the clade containing the most recent ancestor of X and all
of its descendants. A result of the latter practiceis a classi-
fication in which a species can have a hierarchical position
equivalent to a clade with dozens of speciesin several lower
“level” clades (Fig. 1.17). Another consequence is the aban-
donment of category labels, such as family, order, or class,
resulting in the development of the PhyloCode, which, like
the International Code of Zoological Nomenclature, isaset
of rules for nomenclature, in this case, entirely based on
the hierarchical reality of evolutionary trees. If all scien-
tists were to switch to a PhyloCode taxonomy and totally
abandon Linnean taxonomy, not only would most scientists
be confused for along period of time (relatively few scien-
tists working with organisms are systematists), but also the
most basic understanding of “groups’ of organisms would
be lost to the public. Homology-based phylogenetic rela
tionships are real, classifications are not. What this means
is that, as Charles Darwin pointed out in 1859, a single
evolutionary tree links al organisms that have ever lived.
Phylogenies are our best approximation of what happened
historically, and they improve as techniques and sampling
improve. Although we construct classifications, no true
“classification” exists in nature; rather, classifications are
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FIGURE 1.18 In evolutionary taxonomy, names of evolutionary groups
of organisms (clades) can be confusing. Node-based clades are defined as
the most recent common ancestor (the black circle) and all descendants.
For example, Anura is the most recent common ancestor of Ascaphus
and Leiopelmatidae. Stem-based clades are defined as those species
sharing a more recent common ancestor with a particular organism (the
stem) than with another. Thus Salientia is al taxa (in this case Ascaphus
and Leiopelmatidae) more closely related to Anura than to Caudata
Apomorphy-based clades share a particularly unique character (the bar in
the graphic on the right). Thus Anura would be the clade stemming from
the first amphibian to have a urostyle (a skeletal feature unique to frogs).

hierarchically ordered lists of organisms that allow us to
talk about them in a reasonable fashion. When we say “the
family Viperidae,” most of us form a mental image of the
vipers and pit vipers. To say “the clade comprised of the
first snake (ancestor) to have only aleft carotid artery, eden-
tulous premaxillaries, block-like, rotating maxillaries with
hollow teeth...and all of its descendants’ isabit abstract for
most of us. Even within evolutionary systematics, homen-
clature is confusing because clades can be node-, stem-, or
apomorphy-based (Fig. 1.18). We adhere to a combination
of a Linnean classification system to the family level for
ease of discussion, but a phylogenetic system at higher lev-
els and the recognition that a phylogenetic system underlies
our use of Linnean taxonomy.

An example of problems that can arise from classifica-
tion systems that are not based on relationships appears in
Figure 1.19. The branching diagram shows evolutionary
relationships as we currently understand them for extant
tetrapods and three extinct groups. The group that we
typically have called “amphibians’ contains three groups
(clades) with independent origins (polyphyletic), and the
group that we typically call “reptiles’ does not contain one
of the members of the Reptilia clade, birds (paraphyletic).
Homology-based classification systems that get away from
Linnean systems present a much more reglistic representa-
tion of the evolution of life.

Species are the basic units of our classifications and the
only real units, existing not asartificial categoriesbut asreal
entities. Typically, a species is defined as a set of unique,
genetically cohesive populations of organisms, reproduc-
tively linked to past, present, and future populations as a
single evolutionary lineage. Our hierarchical classification
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FIGURE 1.19 An abbreviated cladogram of tetrapods illustrating mono-
phyly, paraphyly, and polyphyly. The heavier line and capitalized group
names depict the monophyletic groups of Amphibia and Reptilia recog-
nized in the text. The boxes define earlier concepts of Amphibia (polyphy-
letic) and Reptilia (paraphyletic).

places closely related species together in the same genus
and combines related genera into the same subfamily,
and related subfamilies into the same family. At each level,
we proceed backward in time to points of evolutionary
divergence—specifically to a speciation event that gave
riseto new lineages (Fig. 1.17). Aswe learn more about the
genetics of populations, our definitions become a bit less
clear; nevertheless, species are usually the end points of our
phylogenies (some interesting exceptions exist—for exam-
ple, “species’ produced by hybridization are “end points’
originating from other extant “end points’—see Chapter 4).

SYSTEMATICS—THEORY AND PRACTICE

Systematics is the practice and theory of biological clas-
sification. Thus modern systematics centers on discover-
ing and describing the full diversity of life, understanding
the processes resulting in this diversity, and classifying
the diversity in a manner consistent with phylogenetic
relationships (i.e., evolutionary history). Systematics has
never been as relevant as it is today. Whether unraveling
the interworkings of a cell, tracing the transmission route
of adisease, or conserving afragment of natural habitat, we
must know the organisms with which we are working. Cor-
rect identification provides immediate access to previously
published information on a particular species. Just knowing
what they areisonly afirst step. Knowing where they came
from (evolutionary history) and the underlying mechanisms
allowing them to adapt (change) has taken center stage in
the fight to combat infectious disease (e.g., AIDS, bird flu,
ebolavirus) and our attempts to maintain biodiversity (con-
servation strategies). Knowledge of a species’ evolutionary
relationships opens a wider store of information because
related species likely function similarly.
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Most importantly, our ability to recover the evolution-
ary history of extant species by using the tools of modern
evolutionary systematics has changed the way we approach
all areas of organismal biology. “ Comparative” historically
meant comparing two or more species, often species living
in the same kind of habitat. Today, “comparative” means
restricting species’ comparisons to variance in biological
traits not explained by common ancestry. For example, two
desert lizards might be similar ecologically because (1) they
independently evolved sets of traits allowing existence in
xeric environments or (2) they share a common ancestor
that was adapted to xeric environments. These competing
hypotheses can be tested only by knowing the structure of
evolutionary relationships among the species, an approach
that is becoming known as “tree thinking.” Throughout this
text you will encounter phylogenetic analyses applied to
ecology, behavior, physiology, biogeography, and morphol-
ogy, and it should become clear that this powerful concep-
tual approach is leading to a much better understanding of
the natural world than we have ever experienced.

Systematic Analysis

Systematic research is a search for evolutionary patterns.
I nvestigations span the spectrum from analyses of intraspe-
cific variation to the deepest phylogenetic levels. At one
end, the researcher examines species through the analysis
and definition of variation within and among populations
and/or closely related species. At the opposite end, research
is directed at the resolution of genealogical relationships
among species, genera, and higher taxonomic groups.

Species and their relationships are discerned by examin-
ing individuals. An individual’s attributes provide a means
to infer its affinities to another individual (or larger group).
Such inferences of relationships provide a framework to
examine evolutionary processes and the origin of diver-
sity. Diversity occurs at many levels, from the variety of
genotypes (individuals) within a deme (local interbreeding
population) to the number of species within a genus (or
higher group) or within a habitat or geographical area. Only
through the recognition of which group of individuals is a
particular species and which ones are something else can
we address other biological questions.

Types of Characters

Any inheritable attribute of an organism can serve as a
character. A character can be anatomical (e.g., a process or
foramen on a bone, number of scales around the midbody,
snout—vent length), physiologica (resting metabolic rate,
thyroxine-sensitive metamorphism), biochemical—molecular
(composition of venom, DNA sequence), behavioral (court-
ship head-bobbing sequence), or ecological (aquatic versus
terrestrial). DNA and genomic sequencing is by far the most
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popular approach today because it provides so much infor-
mation regarding history. Each gene can produce anywhere
from 100 to 10,000 characters. In addition, the summary of
al genesin a coalescent framework provides the history of
relationships of populations or species.

Systematic study involves the comparison of two or
more samples of organisms through their characters. This
comparison involves two procedural concepts. the OTU,
operational taxonomic unit; and character states. OTUs are
the units being compared and can be an individual, popula-
tion, species, or higher taxonomic group. The actual condi-
tions of a character are its states, for example an eye iris
being blue or green, or a body length of 25 or 50mm. The
assumption of homology isimplicit in comparison of char-
acter states; that is, all states of a character derive from the
same ancestral state. Characters can be either qualitative
(descriptive) or quantitative (numeric). Qualitative charac-
ters have discrete states, that is, “ either/or” states: vomerine
teeth present or absent, and the number of upper lip scales.
Quantitative characters have continuous states: head length
of anindividual can berecorded as 2, 2.3, 2.34, or 2.339cm.

To be useful for systematics, a character’s states gener-
aly have lower variation within samples than among sam-
ples. A character with a single state (invariant condition) in
all OTUs lacks discriminatory power among the samples.
A highly variable character with numerous states in one or
more samples adds confusion to an analysis and should be
examined more closely to identify the cause of the high vari-
ability (e.g., lack of homology) and be excluded if necessary.

Knowledge of the sex and state of maturity of each speci-
men is critical for recognition of variation between females
and males, and among ontogeneti ¢ stages. Both must be con-
sidered whether the characters are anatomical, behavioral, or
molecular in order to avoid confounding intraspecific varia-
tion with variation at the interspecific or higher level.

Morphology

Three discrete classes of anatomical characters are recog-
nized: (1) mensural or morphometric characters are mea-
surements or numeric derivatives (e.g., ratios, regression
residuals) that convey information on size and shape of a
structure or anatomical complex; (2) meristic characters
are those anatomical features that can be counted, such as
number of dorsal scale rows or toes on the forefoot; and (3)
qualitative characters describe appearance; for example, a
structure’s presence or absence, color, location, or shape.

1. The most common morphometric character in herpe-
tology is snout—vent length (SVL). This measurement
gives the overall body size of al amphibians, squa-
mates, and crocodylians, and how it is measured differs
only slightly from group to group depending on the ori-
entation of the vent, transverse or longitudinal. Because
of their shells, carapace length and plastron length
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are the standard body size measurements in turtles.
Numerous other measurements are possible and have
been employed to characterize differences in size and
shape. Mensural characters are not confined to aspects
of external morphology but are equally useful in quanti-
fying features of internal anatomy, for example skeletal,
visceral, or muscular characters. Asin all characters, the
utility of measurements depends on the care and accu-
racy with which they are taken. Consistency is of utmost
importance, so each measurement must be defined pre-
cisely, and each act of measuring performed identically
from specimen to specimen. The quality of the specimen
and nature of the measurement also affect the accuracy
of the measurement. Length (SVL) of the same speci-
men differs whether it is alive (struggling or relaxed) or
preserved (shrunk by preservetive; positioned properly
or not); thus, aresearcher may wish to avoid mixing data
from such specimens. Similarly, a skeletal measure-
ment usualy will be more accurate than a visceral one
because soft tissue compresses when measured or the
end points often are not as sharply defined. Differences
can also occur when different researchers measure the
same characters on the same set of animals. Thus within
asample, variation of each character includes “natural”
differences between individuals and the researcher’s
measurement “error.” Measurement error is usualy not
serious and is encompassed within the natural variation
if the researcher practiced a modicum of care while tak-
ing data. The use of adequate samples (usually >20 indi-
viduals) and central tendency statistics subsumes this
“error” into the character’s variation and further offers
the opportunity to assess the differences among samples
and to test the significance of the differences, aswell as
providing single, summary values for each character.

. Meristic characters are discontinuous (=discrete). Each

character has two or more states, and the states do not
grade into one another. The premaxillary bone can have
2, 3, or 4 teeth, not 2.5 or 3.75 teeth. Meristic characters
encompass any anatomical feature (external or internal)
that can be counted. Researcher measurement error is
possible with meristic characters. These characters are
examined and summarized by basic statistical analyses.

. Qualitative characters encompass a broad range of

external and internal features, but unlike mensura or
meristic characters, they are categorized in descriptive
classes. Often asingle word or phraseis adequate to dis-
tinguish among various discontinuous stetes, for exam-
ple pupil vertical or horizontal, coronoid process present
or absent, carotid foramen in occipital or in quadrate, or
bicolor or tricolor bands at midbody. Qualitative charac-
ters can have multiple states (>2), not just binary states.
Even though these characters are not mensural or mer-
istic, they can be made numeric, smply by the arbitrary
assignment of numbers to the different states or by size
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comparison (e.g., 1x width versus 3x height). The pre-
ceding characters emphasize aspects of gross anatomy,
but microscopic characters may also be obtained. One of
the more notable and widely used microscopic (cytolog-
ical) characters is karyotype or chromosome structure.
The most basic level is the description of chromosome
number and size: diploid (2n) or haploid (n) number of
chromosomes, and number of macro- and microchro-
mosomes. A dlightly more detailed level identifies the
location of the centromere (metacentric, the centromere
isin the center of the chromosome; acrocentric, the cen-
tromere is near the end; and telocentric, the centromere
is at the end) and the number of chromosomes of each
type or the total number (NF, nhombre fundamental) of
chromosome arms (segments on each side of the centro-
mere). Special staining techniques allow the researcher
to recognize specific regions (bands) on chromosomes
and to more accurately match homologous pairs of chro-
mosomes within an individual and between individuals.

Molecular Structure

The preceding characters are largely visible to the unaided
eye or with the assistance of a microscope. Chemica and
molecular structures also offer suites of characters for sys-
tematic analysis. The nature of these characters can involve
the actual structure of the compounds (e.g., chemical com-
position of the toxic skin secretions in the poison of frogs
or nucleotide sequences of DNA fragments) or comparative
estimates of relative similarity of compounds (e.g., immu-
nological assays).

Many systematists have widely and enthusiasticaly
adopted techniques from molecular biology. Their usein sys-
tematics rests on the premise that aresearcher can assess and
compare the structure of genes among individuals to assess
relationships among species and higher taxa through exami-
nation of molecular structureof proteinsand other compounds
that are a few steps removed from the gene. Molecular data
offer a different perspective, sometimes yield new insights,
and in many instances permit usto answer questionsthat can-
not be addressed with other kinds of characters. Importantly,
whatever the nature of a character, the fundamental assump-
tion is that the character being compared between two or
more OTUs is homologous, and this requirement applies to
molecular characters as well as gross anatomical ones.

A variety of molecular techniques have been used in
systematics. Electrophoresis (mobility of allozymes on a
starch gel) was popular for examining patterns of variation
within populations, and immunology (antigen—antibody
or immunological reaction) was used to estimate genetic
affinities of species. However, advances in technology have
resulted in a shift to almost exclusive use of gene sequenc-
ing. DNA and genomic sequencing is by far the most
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popular current approach because it provides so much infor-
mation regarding history. Each gene can produce anywhere
from 100 to 10,000 characters. In addition, the summary of
all genesin a coalescent framework provides the history of
relationships of populations or species. The attractiveness
of nucleic acids for inferring phylogenetic relationships is
that their nucleotide sequences are the basic informational
units encoding and regulating all of life's processes, and a
huge number of nucleic acids (charactersin this case) can be
examined. Every sitein agene, for instance cytochromebin
most colubroid snakes, is 1117 base pairs long and thus has
1117 sites or characters, each of which could be occupied
by one of four states: adenine, cytosine, guanine, or thy-
mine. Examination of nucleic acid sequences began in the
1980s as advances in methodol ogy and equipment made the
techniques more accessible and affordable to systematists.
It has now become an indispensable part of systematics and
is applied in most major fields of biology. A major feature
of nucleic acid analyses is their broad comparative power
and spectrum, ranging from the ability to examine and iden-
tify individual and familial affinities (e.g., DNA fingerprint-
ing) to tracing matriarchal lineages (mitochondrial DNA, or
MtDNA) and estimating phylogenetic relationships across
diverse taxonomic groups (nuclear DNA). While extremely
valuable for systematic studies, nucleic acid characters are
not a panacea and have their own set of difficultiesin analy-
sisand interpretation.

Several techniques are available for comparing nucle-
otide sequences among different taxa. More recently,
the technology for determining the sequence of nucleo-
tides (base pairs; see Table 1.5) has become increasingly

TABLE 1.5 Sample of mtDNA Sequence Data for Select
Iguania

Anolis CAATT TCTCC CAATT ACTTT AGCTT TATGC
CTATG ACACA CAACA

Basiliscus CAATT TTTAC CAATC ACCCT AGCCC TCTGC
CTATG ACACG TAGCC

Oplurus CAATT TCTTC CAATC ACATT AGCCC TATGC
CTATG GTATA CCTCA

Sauromalus CAATT TCTCG CCCTC ACACT AGCCC TATGC
CTATG TCTCA CTTTC

Chamaeleo CAATT TCTAC CCCAT ACCCT AGCCA TATGC
CTACT CTACA CTGCC

Uromastyx CAATT CCTAC CCCTG ACCTT AGCCA TATGC

CTATT ATACA CAAAC

Note: The sequences represent the 4071st to 445th positions on the ND2
gene. They are presented here in sets of five to permit ease of compari-

son. Abbreviations are: A, adenine; C, cytosine; G, guanine; T, thymine.
Source: Macey et al., 1997: Fig. 1.
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FIGURE 1.20 The production of phylogenetic trees from gene sequence
datais arelatively easy process, at least conceptually. Gene sequences are
assembled from the organisms of interest (A). These can be obtained from
animals collected, tissues borrowed, or sequences aready available from
GenBank (see http://www.nchi.nim.nih.gov/genbank/). Typically, at least
one outgroup (distantly related taxon) is included to root the tree (deter-
mine oldest nodes within the group of interest). Homologous sequences
are then assembled from the various samples (B). All sample sequences are
then aligned (homologous nucleotides in columns) to identify insertions
and deletions (different nucleotides than expected based on homology)
(C). These indicate evolutionary change for a particular sample sequence.
Models of sequence evolution for analyses are then chosen (D) based on
data available and model complexity. Traditional analyses and/or Bayesian
analyses are then applied to data to reconstruct evolutionary trees from
the data (E). A number of traditional approaches exist (Table 1.7) that are
based on analyses of bootstrapped data (a subsample of data used to define
models to test with remaining data) (E). The relatively newly applied
Bayesian approaches use a Markov chain Monte Carlo (MCMC) analysis,
arandomization procedure that has much stricter rules (E, and see Holder
and Lewis, 2003). Both of these produce numeroustreesthat differ slightly
in structure. A “best” treeis selected based on a set of criteria, or in some
cases, several “best” trees are reported if the analyses provide support for
more than one (F). Because all phylogenetic trees are hypotheses, they can
then be tested with additional data (G).
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accessible and is generally preferred, because sequence
data provide discrete character information rather than
estimates of relative similarity between nucleic acids (e.g.,
as in DNA hybridization) or their products (immunologi-
cal tests). Several sequencing protocols are available, and
it is necessary to select or target a specific segment of a
particular nucleic acid owing to the enormous number of
available sequences within the cell and its organelles. First,
the nucleic acid to be examined is selected (e.g., mitochon-
drial or nuclear DNA, ribosomal RNA) and then specific
sequences within this molecule are targeted. The target
sequence is then amplified using a polymerase chain reac-
tion (PCR) to produce multiple copies of the sequence for
each OTU being compared. The sequence copies are iso-
lated and purified for sequencing. Sequence determination
relies on site-specific cleavage of the target sequence into
fragments of known nucleotide sequences and the separa-
tion and identification of these fragments by electropho-
resis. The homologous sequences are then aligned and
provide the data for analyzing the phylogenetic relation-
ships among the OTUs. The entire process is summarized
in Figure 1.20. Because entire genomes of some reptiles
are available now (e.g., anole, gartersnake, cobra, etc.) and
more will be in the near future, next generation sequenc-
ing will play alarger role in systematics and evolutionary
biology. Next generation sequencing combines several
methods to permit sequencing of hundreds of individuals
for alarge portion of their genome. High throughput gene
sequencers and more powerful computing technology have
made this possible.

METHODS OF ANALYSIS

The opportunities for analysis are as varied as the charac-
ters, and thisfield is rapidly evolving. Choice of analytical
methods depends on the nature of the question(s) asked
and should be made at the beginning of a systematic study,
not after the data are collected. With the breadth of sys-
tematic studies ranging from investigations of intrapopu-
lational variation to the relationships of higher taxonomic
groups, the need for a carefully designed research plan
seems obvious.

Systematic research often begins when a biologist dis-
covers a potentially new species, notes an anomal ous distri-
bution pattern of aspecies or acharacter complex, or wishes
to examine the evolution of a structure, behavior, or other
biological aspect, and thus requires a phylogenetic frame-
work. With a research objective formulated, a preliminary
study will explore the adequacy of the characters and data
collection and analysis protocols for solving the research
question.

A small set of available analytical techniques follows.
These techniques segregate into numeric and phylogenetic
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ones. Numeric analyses offer a wide choice of methods to
describe and compare the variation of OTUs and/or their
similarity to one another. Phylogenetic analyses address
common ancestry relationships of OTUs, specificaly
attempting to uncover the evolutionary divergence of taxa.

Numeric Analyses

Any study of variation requires the examination of multiple
characters scored over numerous individuals. The resulting
data cannot be presented en masse but must be summarized
and condensed. Numeric analyses provide this service. The
initial analysis examines the variation of single characters
within each sample using univariate statistics. The next
phase compares individual characters within subsamples
(e.g., femalesto males), therelationship of charactersto one
another within samples, and character states of one sample
to those of another sample using bivariate statistics. The
final phase usudly is the comparison of multiple charac-
ters within and among samples using multivariate analysis.
Each phase yields a different level of data reduction and
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asks different questions of the data, for example: (1) What
is the variability of each character? (2) What are the dif-
ferences in means and variance between sexes or among
samples? (3) What is the covariance of characters within
and among samples (Table 1.6)?

Even the briefest species description requires univariate
statistics. A new species is seldom described from a single
specimen, so univariate analysis shows the variation of
each character within the sample and provides an estimate
of the actual variation within the species. Means, minima,
maxima, and standard deviations are the usua statistics
presented. An in-depth study of a group of species typi-
cally uses univariate and bivariate statistics to examine the
variation within each species and one or more multivariate
techniques to examine the variation of characters among the
species and the similarities of species to one another.

Multivariate analysis has become increasingly impor-
tant in the analysis of systematic data, particularly mensu-
ral and meristic data sets (Table 1.6). Multivariate analysis
allowstheresearcher to examineall charactersand all OTUs
simultaneously and to identify patterns of variation and

TABLE 1.6 Examples and Definitions of Numeric Analytical Tools

Univariate

Frequency distributions. Presentation techniques to show frequency of occurrence of different data classes or character states. Frequency
tables, histograms, pie charts, and other techniques permit easy visual inspection of the data to determine normality of distribution, range

of variation, single or multiple composition, etc.

Central tendency statistics. Data reduction to reveal midpoint of sample for each character and variation around the midpoint. Mean
(average value), mode (most frequent value), and median (value in middle of ranked values); variance, standard deviation, standard
errors (numeric estimates of sample’s relative deviation from mean); kurtosis and skewness (numeric estimates of the shape of a sample’s

distribution).

Bivariate

Ratios and proportions. Simple comparisons (A:B, % =B/A x 100) of the state of one character to that of another character in the same

specimen.

Regression and correlation. Numeric descriptions (equation and value, respectively) of the linear relationship and association of one

character set to another.

Tests of similarities between samples. A variety of statistical models (x?, Students’ t, ANOVA/analysis of variance) test the similarity of the

data between samples.

Nonparametric statistics. Statistical models containing no implicit assumption of particular form of data distribution. All other statistics in

this table are parametric, and most assume a normal distribution.

Multivariate

Principal components analysis/PCA. Manipulation of original characters to produce new uncorrelated composite variables/characters

ordered by decreasing variance.

Canonical correlation. Comparison of the correlation between the linear functions of two exclusive sets of characters from the same

sample.

Discriminant function analysis/DFA. Data manipulation to identify a set of characters and assign weights (functions) to each character
within the set in order to separate previously established groups within the sample.

Cluster analysis. A variety of algorithms for the groupings of OTUs on the basis of pairwise measures of distance or similarity.

Sources: In part, modified from James and McCullough, 1985, 1990.
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association within the characters, and/or similarities of
OTUs within and among samples. For example, principal
component analysis is often used in an exploratory man-
ner to recognize sets of characters with maximum discrimi-
natory potential or to identify preliminary OTU groups.

Data matrix Distance matrix
1 2 3 4 5 6 A B C D E
A 0 1 0O 0 0 1 A 0 2 3 3 6
B 1 0 0 0 0 1 B 0 1 3 4
c 1 0 1 0 0 1 _> c 0 2 3
D 1 1 1 0 1 1 D 0 3
E 1 O 1 1 1 O E 0
B C A D E BC D E
A 2.5 3
BC 2.5 3.5
D
—> D E
BCA 2.6 3.7
D
BCAD

FIGURE 1.21 Construction of branching diagrams by two methods:
phenetics and cladistics. The OTU x Character matrix (upper left) contains
five OTUs (A-E) and six characters (1-6). Each character has two states,
Oor 1(eg., absent or present, small or large, etc.). Pairwise comparison of
OTUs creates an OTU x OTU matrix. The distance values are the sums of
the absolute difference between states for all six characters. Zeros fill the
diagonal because each OTU iscompared to itself; only half of the matrix is
filled with the results of asingle analysis because the two halves are mirror
images of one another. An unweighted pair-group method (UPGM) clus-
tering protocol produces a phenetic dendrogram (phenogram, middle |eft);
in UPGM, the most similar OTUs are linked sequentially with a recal-
culation (middle right) of the OTU x OTU matrix after each linkage. The
cladogram (lower left) derives directly from the OTU x Character matrix.
The solid bars denote a shared-derived (synapomorphic) character state,
the open bars an evolutionarily reversed state, and the character numbers.
For comparison with the UPGM phenogram, the cladogram is present in a
different style without the depiction of character state information.
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These observations can then be used in a discriminant
function analysis to test the reliability of the OTU group-
ings. Because these techniques are included in most statisti-
cal software, use without an awareness of their limitations
and mathematical assumptions may occur. Users should be
aware that combining meristic and mensural characters,
using differently scaled mensural characters, or comparing
data sets of unequal variance can yield meaningless results.

Cluster analysis is another multivariate technique,
although it is not strictly statistical in the sense of being
inferential or predictive. Thenumerousclustering algorithms
use distance or similarity matrices and create a branching
diagram or dendrogram. These matrices derive from a pair-
wise comparison of each OTU for every character to every
other OTU in the sample (Fig. 1.21). The raw data in an
OTU x Character matrix are converted to an OTUxOTU
matrix in which each matrix cell contains adistance or simi-
larity value. The clustering agorithm uses these values to
link similar OTUs and OTU groups to one another, proceed-
ing from the most similar to the least similar.

The preceding numeric techniques do not provide esti-
mates of phylogenetic relationships; rather, they summarize
the level of similarity. Overall similarity has been argued
as an estimate of phylogenetic relationship. This concept is
the basic tenet of the phenetic school of systematics, which
came into prominence in the late 1950s and then rapidly was
replaced by phylogenetic systematics. Phenetics as a clas-
sification method has largely disappeared (although many of
itsanalytical algorithmsremain) becauseits basic premise of
“similarity equalsgenedlogical relationship” isdemonstrably
false in many instances, and the resulting classifications do
not reflect accurately the evolutionary history of the organ-
isms being studied. Another basic premise of the phenetic
school wasthat large character sets produce more robust and
stable classifications; unfortunately, the addition of more
characters usually changes the position of OTUs on the den-
drogram and yields a dissimilar classification. This insta-
bility of OTU clustering arises from the use of unweighted
characters and the swamping of useful characters by ances-
tral (=primitive) and nonhomol ogous (=homoplasic) ones.

Phylogenetic Analyses

Phylogenetic analysis has been variously practiced since
the publication of Darwin’s Origin of Species. However in
the mid-1960s, with the publication of the English language
edition of Willi Hennig's Phyl ogenetic Systematics, system-
atists began more rigorous and explicit character analyses
and the reconstruction of phylogenies (taxa geneal ogies).
This approach gives repeatability to systematic practices
and is broadly known as cladistics. The basic tenets of phy-
logenetic systematics are as follows: (1) only shared simi-
larities that are derived are useful in deducing phylogenetic
relationships; (2) speciation produces two sister species,
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TABLE 1.7 Comparison of Methods for Analyzing Phylogenetic Data

Method

Neighbor joining

Parsimony

Minimum evolution

Maximum likelihood

Bayesian

Coalescent

Advantages

Fast

Fast enough for the analysis of
hundreds of sequences; robust if
branches are short (closely related
sequences or dense sampling)

Uses models to correct for unseen
changes

The likelihood fully captures what the
data tell us about the phylogeny under
a given model

Has a strong connection to the
maximum likelihood method; might be
a faster way to assess support for trees
than maximum likelihood bootstrapping

Examines species trees relationships
given gene tree histories while
accounting for disagreement in these
gene trees due to lineage sorting,
migration, gene duplication, etc.

Evolutionary History

Disadvantages Software
Information is lost in compressing sequences PAUP
into distances; reliable estimates of pairwise MEGA
distances can be hard to obtain for divergent PHYLIP
sequences; no link to evolution, just similarity
Can perform poorly if substantial variation in PAUP
branch lengths exists NONA
MEGA
PHYLIP
Distance corrections can break down when PAUP
distances are large MEGA
PHYLIP
Although previously slow, newer technology PAUP
has solved this problem PAML
PHYLIP
The prior distributions for parameters must MrBayes
be specified; it can be difficult to determine BAMBE
whether the Markov chain Monte Carlo
(MCMC) approximation has run long enough
Requires many independent loci and lots of BEST, BEAST,
computer time, but unlike the other methods ~ STEM

represents what is actually known about
species relationships rather than gene tree
relationships

Source: In part, from Holder and Lewis, 2003.

(3) speciation is recognizable only if the divergence of two
populations is accompanied by the origin of aderived char-
acter state.

Character analysis plays a major role in phylogenetic
reconstruction, because it is necessary to determine the
ancestral or derived status for each character state. A special
terminology is associated with the determination of char-
acter state polarity: plesiomorphic, the same state as in the
ancestral species; apomorphic, a derived or modified state
relative to the ancestral condition; autapomorphic, aderived
state occurring in a single descendant or lineage; synapo-
morphic, a shared-derived state in two or more species.
Sister groups are taxa uniquely sharing the same ancestor;
synapomorphic characters identify sister groups. We reiter-
ate that characters can be anything from gene sequences to
morphology to ecology.

Determination of character state polarity can use one or
more protocols. Outgroup comparison is generally consid-
ered the most reliable method. Operationally, the researcher
identifies acandidate sister group(s) (outgroup) of the group
being studied (ingroup) and then examines the distribution
of character states for each character in these two groups. If
a state occurs only in the ingroup (but not necessarily in all
members of the group), it is hypothesized to be apomorphic,

and if present in both in- and outgroups, it is considered ple-
siomorphic. Ontogenetic analysis, commonality, and geo-
logical precedence are supplementary methodologies and
arerarely used now owing to their low reliability.

Once characters have been polarized, the researcher
can construct a cladogram by examining the distribution
of apomorphic states. Numerous computer algorithms
are available for the evaluation of character state distribu-
tions and cladogram construction. The following protocol
demonstrates some fundamentals of cladogram construc-
tion. Figure 1.19 uses the OTU x Character matrix for the
sequentia linkage of sister groups, and all “1” states are
considered apomorphic. Linkage proceeds as follows. D
and E are sister taxa, synapomorphic for character 5; C and
D—E are sister groups, synapomorphic for character 3; B
and C-D-E are sister groups, synapomorphic for character
1; A and B—C-D are sister groups, synapomorphic for char-
acter 6. Taxon E shows the plesiomorphic state for character
6, which might suggest that E is not amember of the ABCD
clade; however, it does share three other apomorphic char-
acters, and the most parsimonious assumption is that char-
acter 6 underwent an evolutionary reversal in E. Similarly,
the most parsimonious assumption for the synapomorphy of
character 2 in taxaA and D is convergent evolution. These
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shared character states of independent origin are nonhomol-
ogous or homoplasic.

Phylogenetic inference experienced major advances in
theory and application during the last 20 years. Inferring
phylogeny from large data sets and particularly molecular
ones is complex, often requiring days or weeks of analy-
ses using the best computers available. The most frequently
used analyses are summarized in Table 1.7. Statistical-
based methods, maximum likelihood, Bayesian inference,
and coalescent analyses have done away with some of
these interpretations (apomorphic, synapomorphic, etc.).
The statistical methods simply assess the probability of
obtaining any tree given the tree. For example, in maxi-
mum likelihood, trees are fit to the dataset at hand using
statistical models of evolution, and the best tree is chosen
as the one that has the highest likelihood score. Support
can be assessed by non-parametric bootstrapping. Bayes-
ian inference, while using similar models, produces a pos-
terior probability of treesthat fit the data, which essentially
is the likelihood of the tree multiplied by prior information
(models, branch lengths, etc.) over probability of all trees.
Coalescent methods can use trees generated by maximum
likelihood or Bayesian inference but assesses, given inde-
pendent gene trees, the single speciestree history that could
encapsulate each of the gene trees given their distinct his-
tories and differences. Coalescent species trees are more
informative in phylogenetics and where the field is moving
given thousands of unlinked gene trees made across popul a-
tions and species.

QUESTIONS

1. Definethe following termsin a phrase or a sentence.
OoTU—
Clade—
Sister taxa—
Synapomorphy—
Type specimen (holotype)—
Paraphyly—
Polyphyly—

2. What do fossil tetrapodstell us about the transition from
water to land?

3. Why wasthe amniotic egg such an important innovation
in the evolution of tetrapods?

4. Explain the difference between evolutionary taxonomy
and Linnean taxonomy.

5. Construct a defendable argument supporting the place-
ment of turtlesin the Eureptilia.

6. Describe the process used to generate gene trees.
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DEVELOPMENT AND GROWTH

Ova, Sperm, and Fertilization

All vertebrate life begins with a single cell, the zygote. For
most amphibians and reptiles, this single cell results from
the fusion of an ovum and a spermatozoan, the female and
the male sex cells, a process called fertilization. Fertiliza-
tion occurs predominantly outside the female's body and
reproductive system (external fertilization) in nearly all
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Copyright © 2014 Elsevier Inc. All rights reserved.
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frogs and inside the femal€'s reproductive system (internal
fertilization) in al caecilians, most salamanders, and all
reptiles. Sex cells or gametes are unlike any other cellsin
the body because they have one-half the number of chro-
mosomes (a haploid condition, 1N) of the typical body cell.
Their sole role is fusion and creation of a new individual.
They, of course, differ in structure aswell; these details and
those of the subsequent aspects of gametogenesis and fertil-
ization are presented in Chapter 4.
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Cells that will produce gametes differentiate early in
development and migrate from their origin along the neural
tube to the gonadal area of the embryo. The surrounding
cell mass differentiates into the gonadal tissues and struc-
tures that support and nourish these precursors of the sex
cells. The precursor cells can produce additional cellsby the
usual mode of cell division (mitosis); however, gamete pro-
duction requires a special mechanism (meiosis) to reduce
the number of chromosomes to 1N. Consequently, each
spermatozoan and ovum has the haploid number of chromo-
somes, and upon fertilization, the chromosome number is
restored to diploid, or 2N. The series of stepsin thismeiotic
or reductive cell division is known generally as gametogen-
esis. Gametogenesis produces ova in females (oogenesis),
and spermatozoa in males (spermatogenesis). The ability
to produce gametes defines an individual’s sexual maturity,
and as you will seelater in this chapter, sexual maturity and
what we think of as morphological maturity can often be
offset (i.e., they may not occur together).

EARLY DEVELOPMENT

Embryogenesis

Development consists of control of cell growth and differen-
tiation (embryogenesis) and morphogenesis (see following
section). Embryogenesis begins when the nuclei, an ovum
(IN), and a sperm (1N) fuse to form a zygote (2N). The
zygote undergoes successive divisions (cleavage) that result
in formation of a blastula, aball of cells. Cleavage isapro-
gressive division of the larger zygote cell into smaller and
smaller cells. Cleavage continues until the cells of the blas-
tulareach the size of normal tissue cells. No overall change
in size or mass of the original zygote occurs; however, the
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amount of yolk in the zygote greatly affects the manner of
cleavage, the resulting blastula, and the blastula's subse-
guent development. Because of their differing yolk content,
the transformation of amphibian and reptilian zygotes into
embryos is not identical and, therefore, the term develop-
ment has two different but overlapping meanings. Develop-
ment usually refers to al embryological processes and the
growth (enlargement) of the embryo. Development can also
refer to just the embryological processes, including embryo-
genesis (the formation of the embryo and its embryology
through metamorphosis, hatching, or birth), organogenesis
(the formation of organs), and histogenesis (the formation
of tissues).

Ovaare categorized by their yolk content. | solecithal ova
have a small amount of yolk evenly distributed throughout
the cell. Mammals have isolecithal ova, but amphibians and
reptiles do not. These two clades have mesolecithal (mod-
erately yolked) and macrolecithal (heavily yolked) ova,
respectively (Table 2.1); the ova of most direct-developing
amphibians tend toward macrolecithal. The latter situation
highlights the devel opmental modes of the two yolk classes.
Moderate amounts of yolk permit only partial development
of an embryo within the egg and its protective capsules
before it must hatch and become free-living, at which time
it iscaled alarva. Large amounts of yolk permit complete
development of an embryo within an egg or within or on
one of its parents; when a“macrolecithal” embryo hatches,
its development is largely complete and it is a miniature
replicate of its parents.

Hatching occurs long after the zygote is formed, and
developmental routes are varied. Cleavage of a mesoleci-
thal ovum is complete or holoblastic, that is, the first cleav-
age furrow divides the zygote into two equa halves, the
second furrow into four equal-sized cells, and so on. Yolk

TABLE 2.1 Summary of Development in Extant Amphibians and Reptiles

Amphibia
Ovum size (diameter) 1-10 mm

Yolk content Moderate to great

Fertilization External or internal
Cleavage Holoblastic!
Embryo Ovum-zygote elongating

to pharyngula

Fate of ovum-zygote Zygote becomes

entire embryo

Mode of development Indirect or direct

Reptilia
6-100+ mm
Creat
Internal
Meroblastic

Cleavage-cell disk
folding to pharyngula

Cell disk forms embryo
and extra-embryonic
structures

Direct

'In amphibians with large, yolked eggs and direct development, meroblastic cleavage has been reported only for the salamanders of the genus Ensatina

(Hanken and Wake, 1996).
Source: In part, after Ellison, 1987.
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concentration is greater in the bottom half of the zygote,
and cell division is slower there. Nonetheless, the result is
a blastula—a ball of cells with a small cavity in the upper
half. In contrast, cleavage of amacrolecithal ovum isincom-
plete or meroblastic, because the mass of yolk allows only
asuperficial penetration of the cleavage furrow (Table 2.1).
These furrows are confined to a small area on the top of the
zygote, and the resulting blastulaisaflat disc of cells cover-
ing about one-third of the surface of the original ovum. The
entire mesolecithal blastula becomes the embryo, whereas
only the disc-blastula of a macrolecithal ovum becomes the
embryo and associated extra-embryonic membranes.

The next phase, gastrulation, includes cell movement
and cell division and results in the formation of the three
embryonic tissue layers. These layers (ectoderm, meso-
derm, and endoderm) are precursor tissuesto all subsequent
tissues. Although embryonic tissue layers consist of undif-
ferentiated cells at the conclusion of gastrulation, once the
layers are formed, their respective fates are determined.
Ectoderm becomes epiderma and neural tissues; meso-
derm forms skeletal, muscular, circulatory, and associated
tissues; and endoderm formsthe digestive system tissues. In
amphibian gastrulation, an indentation appears on the upper
surface of the blastula. The indentation marks the major
area of cell movement asthe cells migrate inwardly to form
the embryonic gut tube with the mesoderm lying between
this tube and the external (ectoderm) layer. At the comple-
tion of gastrulation, the embryo is still largely a sphere. In
reptilian gastrulation, cell movement creates an elongate,
but unopened, indentation (the primitive streak) along the
future anteroposterior axis of the embryonic disc. A cavity
does not form and the endoderm appears by a delamination
of the underside of the embryonic disc. This delamination
typically precedes the formation of the primitive streak.

Before gastrulation concludes, a new set of cell move-
ments and proliferation begins. This embryonic process
is neurulation and, as the name suggests, establishes the
neural tube, the precursor of the brain and spinal cord. Neu-
rulation is accompanied by an elongation of the embryo
as it begins to take on form. Simultaneously, endodermal
and mesodermal layers proliferate, moving, and continuing
their differentiation. The fate of these cells is determined
at this point; they are committed to specific cell and tissue
types. These processes in amphibians and reptiles result
in a “pharyngul@’ stage in which the basic organ systems
are established. However, amphibian and reptilian pharyn-
gulae have strikingly different appearances and futures.
The amphibian pharyngula contains al the yolk within
its body as part of the digestive system. It will soon hatch
from its gelatinous egg capsule and become a free-living
larva. As you would expect based on relative egg size,
direct-developing amphibian embryos (larger eggs) follow
adifferent development pathway, although their anatomy is
largely the same as that of typical amphibians with larvae.
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Thereptilian pharyngulalies on top of ahuge yolk mass,
and this yolk mass is extra-embryonic; it is not part of the
pharyngula. It becomes part of the embryo only through
conversion of the yolk for nutrition. The endodermal tis-
sue continues to grow outward and eventually encompasses
the yolk mass, thereby forming the yolk sac (Fig. 2.1 and
Fig. 4.6). While the reptilian pharyngula develops, the
cells of superficial layers (ectoderm and mesoderm) of the
extra-embryonic disc also proliferate and move. They grow
upward and over the pharyngulaand encloseitinanamniotic
sheath (Fig. 2.1). The overgrowth begins at the anterior end
of the embryo and proceedsin awavelike manner to enclose
the embryo. Because this up-and-over growth is a fold of
tissue, the resulting sheath consists of four layers around a
cavity: ectoderm, mesoderm, cavity mesoderm, and ecto-
derm. The outer two layers form the chorion, the cavity is
the amniotic cavity, and the inner two layers become the
amnion. Eventually, the chorion grows to encase the entire
zygotic mass including the yolk sac (Fig. 4.6), whereas the
amnion encloses only the embryo (Fig. 2.1). The alantois
is the third “extra-embryonic” membrane, but unlike the
amnion and chorion, it is an outpocketing of the hindgut.
The allantois consists of endoderm and mesoderm and
grows outward into the amniotic cavity, in many instances
filling the entire cavity with its outward wall merging with
the amnion. This amniotic complex forms a soft “shell”
within the leathery or hard shell of the typical reptilian egg.

MORPHOGENESIS

Developing Form and Function

Morphogenesis is the unfolding of form and structure.
Unfolding refers to the differentiation of undifferentiated
(unprogrammed) cells and the organization of these dif-
ferentiated cells into tissues (histogenesis), organ systems
(organogenesis), and a functional organism (embryogen-
esis). Growth simply refers to the enlargement of an organ-
ism and/or its component parts. While cells differentiate
and take on specific functions, they also multiply. Thismul-
tiplication can yield an increase in size (growth) of an organ
or organism; however, cell multiplication can also produce
migratory cells, such as neural crest cells, which migrate
elsawhere in the embryo before forming a specialized tis-
sue or organ, or cells with special functions such as blood
cells, some of which transport oxygen and others that fight
infections. These two phenomena and related ones are not
considered as growth.

Morphogenesis has its beginning in the pharyngula,
and subsequent development focuses on organogenesis
and histogenesis. Within many amphibians, these two pro-
cesses proceed rapidly to produce structures that enable
the embryo to live outside the egg. Most larvae have full
sensory capabilitiesfor finding food and escaping predators
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FIGURE 2.1

Selected developmental states of a turtle embryo showing the formation of the extra-embryonic membranes. Clockwise from upper |eft:

shelled egg showing early embryogenesis; embryonic disc during neural tube formation and initiation of amniotic folds; embryo during early morphogen-
esis as somites form showing rearward growth of the amniotic fold asit envel opes the embryo; embryo in early organogenesiswith initial outgrowth of the
allantois; near-term embryo encased in amnion showing the yolk-sac attachment protruding ventrally. Adapted from Agassiz, 1857.

as well as other necessary structures to perform the full
range of life processes for survival. Hatching in a typical
amphibian embryo occurs when specialized epidermal cells
secrete a gelatinous substance to dissolve the egg capsule.
Direct-developing amphibians and reptiles remain within
the egg capsules or shells until embryogenesis is complete,
hatching as miniature replicates of adults. The details of

organogenesis are available in embryol ogical textbooks, but
one aspect, the timing of ontogenetic events, is an essen-
tial element of amphibian development and evolution, and
indeed is critical to the evolution of new lifestyles and body
formsin all organisms. Changesin developmental timing at
any stage of an organism’s ontogeny have the potential to
create astructurally and physiologically different organism.



Chapter | 2 Anatomy of Amphibians and Reptiles

TABLE 2.2 Patterns and Processes of Heterochrony

Pattern Simple pertubations (process)

Decelerated (deceleration)
Hypomorphic (hypomorphosis)
Post-dispaced (post-displacement)

Truncation of trait offset shape

Accelerated (acceleration)
Hypermorphic (hypermorphosis)
Pre-displaced (pre-displacement)

Extension of trait offset shape

No change in trait offset shape ~ Must involve more than one pure

perturbation

Source: Reilly et al., 1997.

In addition, structures and functions within an individual
can vary in developmental timing independently.

Heterochrony

Shape arises from differential growth within astructure. If a
ball of cells multipliesuniformly throughout, the result isan
ever-enlarging sphere; however, if the cellsin one areagrow
more slowly than surrounding cells, the sphere will form
a dimple of slow-growing cells. Such differential growth
is a regular process of development, and each pattern of
differential growth is usually genetically programmed so
that every individual of a species has the same, or at least
similar, body form, although environmental factors can
alter the pattern. Timing and rate of growth are the essential
ingredients for the production of specific shapes and struc-
tures, and shape and structure affect the function of tissues,
organs, or organisms.

Changes in timing and/or rate of growth (i.e., heter-
ochrony) have been a common feature in the evolution of
amphibians and reptiles, and especialy in salamanders.
The recognition of heterochrony as a concept arose from
the observation that differences in the morphology of some
species could be explained by changes in their ontogeny.
Ontogenetic processes can begin earlier (pre-displacement)
or later (post-displacement) or can end earlier (hypo-
morphosis) or later (hypermorphosis) than in an ancestor
(Table 2.2). These alterations are measured relative to the
normal onset (beginning) or offset (termination) times; they
refer specifically to the development of atrait or feature of an
organism, such asfoot structure or head shape. Alterations of
ontogeny also occur when the speed of the developmental
rateis shifted either faster (acceleration) or slower (decelera-
tion); either of these shifts can result in a different morphol-
ogy. Thefinal condition of thetrait relative to its conditionin
the ancestor determines the pattern of heterochrony. A trait
might not develop fully (truncation), it might develop beyond
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Pattern

Interspecific (process) Intraspecific (process)

Paedomorphic (paedomorphosis) Paedotypic (paedogenesis)

Peramorphic (peramorphosis) Peratypic (peragenesis)

Isomorphic (isomorphosis) Isotypic (isogenesis)

the ancestral condition (extension), or it might remain the
same as the ancestral trait even though the developmental
path differs. A single or related set of traits can change in
descendants without affecting the devel opmental timing and
rates of other traits;, paedogenesis (Table 2.2) is a common
heterochronic event in amphibians. These processes and the
resulting patterns occur at two different scales, intraspe-
cific and interspecific. Changesin atrait within populations
(intraspecific) or a species result in different morphs within
the same population, such as carnivorous morphs of spade-
foot tadpoles. Differences in a trait's development among
species (interspecific) reflect phylogenesis. Thesetwo levels
of heterochrony and the complex interplay of heterochronic
processes have led to confusion and an inconsistent use of
terms. Dr. Steve Reilly and his colleagues constructed a
model that demonstrates some of this complexity and applies
a set of terms making the process of heterochrony relatively
easy to understand (Table 2.2). By understanding thissimple
model, much developmental variation within and among
species can be attributed to heterochrony.

The modd centers on developmental patterns in an
ambystomatid salamander in which individuals with larva
morphology as well as individuals with adult morphology
can reproduce. Paedomorphosis and paedogenesis refer to
a developmental process in which a trait fails to develop to
the point observed in the ancestral species or individuals,
respectively. The axolotl (Ambystoma mexicanum) is a pag-
domorphic species. Morphological development of certain
traits in the axolotl is truncated relative to that in its ances-
tral species Ambystoma tigrinum. Intraspecifically, morphs
of Ambystoma talpoideum with larval traits can reproduce,
hence their morphologica development is truncated relative
to their reproductive development and thus they exhibit pae-
dogenesis(Fig. 2.2). Many other examplesexist. For example,
the tiny head relative to body size in New World microhy-
lid frogs likely represents truncation of head development
(Fig. 2.3) and isassociated with specidization ontiny ant prey.
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Paedogenesis and isogenesis in Ambystoma talpoideum
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FIGURE 2.2 Paedogenesis and isogenesis in Ambystoma tal poideum. The life history of A. talpoideum demonstrates the complexities of trait devel op-
ment patterns. The ancestral condition for this species is metamorphosis into a terrestrial salamander in less than 1 year. Under certain environmental
conditions, paedogenesis occurs when metamorphosis is delayed and results in sexual maturation of the individual with retention of larval traits (i.e., the
larval morphology) producing paedotypic individuals. Isogenesis occurs when similar early larvae follow different developmental trajectories but ulti-
mately produce similar adults. The adults are termed isotypic individuals (SM. Reilly).

FIGURE 2.3 The concept of heterochrony can be applied to awide vari-
ety of traits. The New World microhylid, Dermatonotus muelleri, has a
tiny head relative to its body and, because other New World microhylids
are similar, truncation of head development likely occurred in an ancestor
to the clade of New World microhylids (Luis Gasparini).

Peramorphosis and peragenesis refer to a develop-
mental process in which a trait develops beyond the state
or condition of that trait in the ancestral species or indi-
viduals, respectively. The male Plestiodon [Eumeces] lati-
ceps develops avery large head relative to head size in its
sister species P. fasciatus, which presumably represents
the ancestral condition. The larger head is an example of
peramorphosis, however, individuals within populations
of P. laticeps have variable head size. This intraspecific
variation likely arises from sexual selection and repre-
sents peragenesis, assuming that a smaller head size isthe

population’s ancestral condition, a reasonable assumption
considering that females and juveniles have relatively
small heads.

Isomorphosis and isogenesis refer to a develop-
mental process in which a trait is identical to the trait
in the ancestral species or individuals, respectively, but
the developmental pathway is different. For isomorphy
or isogenesis to occur, development must undergo two
or more heterochronic processes in order to “counter-
act” differences in developmental timing and speed. The
various species of the salamander Desmognathus display
direct and indirect development with variable durations
of embryogenesis, yet adult morphology (head shape,
skull, and hypobranchial architecture) is nearly identical,
exemplifying isomorphosis. Isogenesis occurs in Ambys-
toma talpoideum where adult terrestrial morphology is
identical in those individuals that underwent a typical
developmental pattern and in those individuals that were
paedogenic (Fig. 2.2).

HOX GENES AND THE REGULATION
OF DEVELOPMENT

The sequence of events that occurs during embryogenesis
and morphogenesis is strikingly similar in a general way
among all amphibians and reptiles. In fact, this similarity
can be expanded to include all of the Bilateria (organ-
isms with bilateral symmetry). Underlying this similarity
is a set of genes, known as Hox genes, that determine
the basic structure of an organism. Hox genes contain
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Frogs

Agquatic/pond types

Ambystoma tigrinum

Sphaenorhynchus orophilus

Agquatic/stream types

Eurycea bislineata

Babina holsti

Terrestrial/direct development types

Plethodon glutinosus

Eleutherodactylus nubicola

FIGURE 2.4 Body forms of some amphibian larvae arranged by habitat type.

a specific DNA sequence, known as the homeobox, and
most are linked together sequentially in the chromosome.
Their sequential organization corresponds to their pattern
of expression along the head-to-tail axis of the organism.
Hox genes produce Hox proteins, which, as transcription
factors, bind to specific nucleotide sequences (enhancers)
on DNA, where they can repress or activate genes. An
individual Hox protein can activate one gene and repress
another.

Hox genesoperate at multiplelevel sduring devel opment
and morphogenesis. Large networks of other genes, such
as those responsible for development of specific limbs, are
regulated by Hox genes. At lower levels within the develop-
mental hierarchy, Hox genes regulate formation of tissues,
organs, and structures. Hox genes themselves are regulated
by a set of genes that are regulated by maternally supplied
mMRNA. As an example of the importance of Hox genes
during development, mutations on specific Hox genes can
lead to rearrangement of body parts, which usually result in
embryo death.

EMBRYONIC LIFESTYLES

Protective Barriers

Tetrapod zygotes have barriers to protect them from pre-
dation by micro- and macroorganisms, from physiological
challenges, and from abiotic physical threats. For those
amphibians and reptiles with internal devel opment, whether
intra- or extrauterine, the parent’s body provides the shield;
however, for externally deposited zygotes (eggs), a protec-
tive barrier must be deposited around the ovabefore they are
released to the outside. Egg-laying amphibians encase their

ovain several mucoprotein and mucopolysaccharide layers
that can be penetrated by a sperm in the cloaca or immedi-
ately upon release of eggs into the external environment.
These layers form the gelatinous capsules and egg masses
of amphibians (Fig. 4.6). Reptiles, which have internal fer-
tilization, can encase their zygotes in afibrous capsule that
is made even more durable by the addition of calcium salts,
thereby producing calcareous shells. Additional details of
protective barriers are in Chapter 4.

Larvae—Free-Living Embryos

The diversity of amphibian larval morphologies equals the
diversity of adult stages. Most larvae feed during their free-
living developmental period. However, some do not eat and
depend upon the yolk stores of the original ovum. Caecilian
and salamander larvae resemble adults in general appear-
ance and anatomical organization (Fig. 2.4). The transition
(metamorphosis) from embryonic larva to nonembryonic
juvenileis gradual with only minor reorganization. In con-
trast, the anuran larva (tadpole) undergoes a major reorga-
nization during its metamorphosis from embryo to juvenile
because the tadpole is anatomically (and ecologically) dif-
ferent from the juvenile and adult.

Larvae of many of the three amphibian groups are
aquatic. Some, including viviparous caecilians and some
clades of salamanders and frogs, have direct devel opment
and thus do not have aguatic larvae. Aquatic larvae share
anatomical characteristics associated with an agquatic exis-
tence. They havethin, fragile skin consisting of two or three
epidermal layers. The skin is heavily vascularized owing to
its role as a major respiratory surface, a role shared with
the gills. All amphibian larvae develop pharyngeal slits and
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external gills—usually three pairs that project from the out-
side of the pharyngeal arches. The external gills persist and
function throughout the larval period in salamanders, basal
anurans, and caecilians. In tadpoles of neobatrachian frogs,
external gills are resorbed and replaced by internal gills,
which are lamellar structures on the walls of the pharyn-
gedl dlits. All larvae have lidless eyes and large, nonvalvular
nares. They have muscular trunks and tails for undulatory
swimming, and the tails have dorsal and ventral fins. The
skeleton is entirely or mainly cartilaginous. All have well-
developed lateral line systems.

Caecilian and salamander larvae are miniature adult rep-
licates, differing mainly by their smaller size, pharyngeal
dits and gills, tail fins, a rudimentary tongue, and special-
ized larval dentition. In contrast the body plan of the anuran
tadpole bears little similarity to the adult’s. In general, tad-
poles are well designed for consuming food and growing.
The most salient feature of the body is alarge coiled intes-
tine. Mouth and eyes are situated anteriorly, the centrally
located body is spherical, and a muscular tail provides the
thrust that results in tadpole movement. Functional limbs
do not appear until late in larval life, and then only the
hindlimbs are visible externally. Front limbs develop at the
sametime as the hindlimbs, but they are enclosed within the
operculum and emerge only at metamorphosis.

The general tadpole body form has been modified into
hundreds of different shapes and sizes, each adapted to a
specific aquatic or semiterrestrial habitat and feeding behav-
ior. This diversity has been variously partitioned. In the
1950s, Dr. Grace Orton recognized four basic body plans;
her morphotypes defined the evolutionary grade of tad-
poles and to some extent their phylogenetic relationships.
Another approach is to examine the relationship between
tadpole morphology and ecological niches. One such an
analysis defined 18 guilds based on ecomorphol ogy, which,
with their subcategories, included 33 body types. Although
morphotypes can define adaptive zones of tadpoles, they do
not necessarily reflect phylogenetic relationships because
considerable convergence has occurred. Both classifica-
tions emphasize external, oral, and pharyngeal morphology.

Most tadpoles have a large, fleshy disc encircling their
mouth (see Fig. 10.22). Depending on the manner of feed-
ing and the type of food, the oral disc ranges in position
from ventral (suctorial, to anchor in swift water and scrape
food off rocks) to dorsal (grazing on surface film in calm
water) and in shape from round to dumbbell. The margin of
the disc is variously covered with papillae, and these have
a variety of shapes. Their actual function remains uncer-
tain, although chemosensory, tactile, and current detection
are some possibilities. Tadpoles lack teeth on their jaws;
instead many tadpoles have keratinous jaw sheaths and par-
allel rows of keratinous labial teeth on the oral disc above
and below the mouth. The labial teeth are not homologous
with teeth of other tetrapods. The jaw sheaths cut large
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food items into smaller pieces; the rows of labial teeth act
as scrapers or raspers to remove food from rocks and plant
surfaces. The oral—pharyngeal cavity is large. Its structures
trap and guide food into the esophagus, as well as pump
water through the cavity and across the gills. The gills are
initially visible externally, but at hatching or shortly there-
after, an operculum grows posteriorly from the back of the
head to fuse to the trunk, enclosing the gills and the devel -
oping forelimbs. To permit water flow, a single spiracle or
pair of spiracles remains open on the posterior margin of the
operculum. Because the operculum covers the gill region,
the head and body form a single globular mass. Adhesive
glands are transient structures present near the mouth in
early embryonic stages at the time of hatching. The glands
secrete a sticky substance that tadpol es use to adhereto their
disintegrating egg mass or to some structure in the environ-
ment. Because of the fragility of the newly hatched larvae,
adherence provides stability for the larva until the oral disc
and tail musculature develop fully and locomotion becomes
possible.

Life in an Eggshell

Eggshells protect reptile embryos, but in so doing, impose
specia costs on embryo growth and physiology. An amphib-
ian larva can grow to near adult size before metamorphos-
ing, although most do not. A reptile in an eggshell cannot
grow in size within the shell but must undergo complete
development prior to hatching. By folding and curling, a
reptile embryo can attain a surprising length, but it is still
smaller than would be possible outside of a shell (Fig. 2.5).
Determinants of offspring size are complex and discussed
elsewhere(see” Growthasal ife-History Trait” in Chapter 4).
Most reptile hatchlings are, however, heavier than the mass
of the origina ovum. Metabolism of the yolk uses water
absorbed through the shell, and the embryo grows beyond
the original ovum.

Just astemperature, water availability, and gas exchange
affect the physiological processes of juveniles and adults,
they also have the greatest impact on devel oping eggs. Eggs
are not laid randomly in the environment. Females select
sites that offer the greatest potential for egg and hatchling
survival. Oviposition site selection has been honed by natu-
ral selection over generations of females. Nevertheless,
abiotic and biotic environments are extremely variable, and
eggs and their enclosed embryos must tolerate and respond
to these varying conditions. A few examples illustrate the
breadth of nesting environments and egg—embryo physi-
ological responses.

Temperature tolerances of embryos lie typically within
thetolerancerangeof thejuvenilesand adultsof their species,
but because the rate of development is temperature depen-
dent and eggs lack the mobility to avoid extremes, expo-
sure to extremes is likely to be fatal. At low temperatures,
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FIGURE 2.5 Reptiles are tightly coiled inside of eggs prior to hatching.
Embryos of Plestiodon fasciatus inside of eggs. Developmental stages 39
(upper) and 40 (lower) (James R. Stewart).

development slows down and hatching is delayed, result-
ing in emergence at suboptimal times or embryos that never
complete development. At high temperatures, the embryo’s
metabolism increases exponentially so that yolk stores are
depleted before development is completed, and of course,
either extreme can be directly lethal by damaging cells and/
or disrupting biochemical activity. Selection of protected
oviposition sites potentially avoids extremes of temperature
and provides a stable temperature environment. But tem-
peratures do fluctuate within and among nests, and in some
reptiles with temperature-dependent sex determination,
skewed sex ratios among hatchlings can result from varying
nest temperatures (see Chapter 5).

Moisture is no less critical for the proper develop-
ment and survival of reptile embryos than for amphib-
ians. However, amphibians typically require immersion in
water, whereas immersion of most reptile eggs results in
suffocation of embryos. Embryos do not drown, rather, the
surrounding water creates a gaseous-exchange barrier at
the shell-water interface, and the small amounts of gases
that cross are inadequate to support cellular metabolism.
The Australian sideneck turtle Chelodina rugosa avoids
this dilemma, even though females lay their eggs in sub-
merged nests. Once the eggs are laid, development stops.
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Developmental arrest typically occurs in the gastrulation
phase, and embryogenesis begins only when the water dis-
appears and the soil dries, permitting the eggs and/or the
embryosto respire. The relative availability of water affects
the rate of development and absolute size of the hatchlings.
For example, eggs of the turtle Chrysemys picta hatch
sooner and produce larger hatchlingsin high-moisture nests
than those in nests with lower moisture. Developmental
abnormalities can also result if hatchlings experience dehy-
dration as embryos.

Adeguate gas exchange is an unlikely problem for spe-
cies that lay or attach their eggs openly in cavities or crev-
ices (e.g., many geckos), but for the majority of reptiles
that bury their eggs, adequate gas exchange can be criti-
cal. Changes in soil permeability affect the diffusion of air,
drier soils having the highest diffusion rates and wet soils
the lowest. Similarly, soil friability and associated aspects
of particle size and adhesiveness influence movement of
gas through soil. Nest site selection is poorly understood
for most reptiles, although consequences of nest site selec-
tion have received considerable attention. How can afemale
select a site that will avoid nest predation and maintain
appropriate temperatures and humidity during an extended
time period, considering the vagaries of temporal variation
in local weather?

CHANGING WORLDS—HATCHING,
BIRTH, AND METAMORPHOSIS

Hatching and Birth

In amphibians, the timing of hatching depends upon the
life history. For those species with larvae, hatching occurs
early in embryogenesis typically at Gosner stage 17, and
for those species with direct-devel oping embryos, hatching
occurs at the compl etion of development. Direct-devel oping
embryos do not pass through a major metamorphic event.
Exit from the egg in either situation requires penetration
of the gelatinous egg capsules. The actual hatching mecha-
nism is known only for afew species, but because these all
share “hatching” glands on the snout and head of the larvae,
the mechanism is probably common to most other amphib-
ians. These glands secrete proteolytic enzymes that weaken
and dissolve the capsules, allowing the larva or juvenile to
escape. Frogletsin the genus Eleuther odactylus are assisted
by an egg tooth, a bicuspid structure located on the upper
lip. Stage 15 embryos use the structure to slice through the
tough outer egg capsules. The structure sloughs off within
2 days after hatching. Birth, whether from an intra-uterine
or extra-uterine situation and whether asalarval or juvenile
neonate, appears to be triggered by a combination of mater-
nal hormonal activity and embryonic—fetal secretions.
During much of larval life, growth is emphasized over
morphogenesis. Morphogenesis is greatest in the early



44

Stage 25
O] . I\\\i\<\\\\\x&§§(&

spiracle developed

Stage 26
R K&
rear limb bud
length < 1/2 of diameter
Stage 30

//////

rear limb bud length
is twice diameter

T

Stage 41

77

forelimb emerged and
larval mouthparts gone

FIGURE 2.6 Selected larval stages of a typical anuran. Terminology
from Gosner, 1960.

stages and then slows for caecilian and salamander lar-
vae. Frog larvae similarly undergo major development
changesin their early stages, but distinct structural changes
occur throughout larval life (Fig. 2.6). Larval life span is
variable—from less than 20 days in some spadefoot (frogs
in the family Scaphiopodidae) populations to several years
in other frogs and salamanders. The duration is species
specific and genetically fixed, but not rigidly so, largely
because all metabolic processes are temperature dependent.
For example, bullfrog (Lithobates catesbeianus) larvae can
metamorphose in 3 months in some southern populations
but require 3 years in some northern populations.

Birth in reptiles appears to be triggered largely by
maternal hormonal activity, although a maternal—fetal feed-
back mechanism plays an essential role in the female's hor-
monal cycles. Hatching in reptiles requires the penetration
of the amnionic membranes and the eggshell. Reptiles use
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FIGURE 2.7 Egg of a Geochelone sulcata just beginning to hatch. The
arrow points to the emerging egg tooth as it begins to slice through the
leathery shell (Tim Colston).

a projection on the tip of the snout to break through these
two enclosures. In turtles, crocodylians, and Sphenodon,
the projection is a keratinous protuberance, the egg car-
uncle, which slices through the encasing layers (Fig. 2.7).
Crocodylian and turtle embryos extract calcium from the
eggshell during their embryogenesis, and this weakening of
the eggshell makes it easier to rupture. Squamates presum-
ably lost the caruncle and replaced it with an egg tooth that
projects outward from the premaxillary bone. Hatching can
be extended, requiring several hours to a day for complete
emergence, but can also be rapid, with near synchrony of
hatching among eggs in the same nest. A few turtles have
delayed emergence, hatching in autumn but not emerging
from the nest until spring. This situation alerts us to the
possibility that hatching and nest emergence are potentially
separate events in other reptile species as well. Generally,
parents are not involved in the hatching and emergence pro-
cess. Nevertheless, parental crocodylians aid their young
during hatching and emergence and some skinks (New
World Mabuya) remove embryonic membranes from neo-
nates when they are born. The possibility exists that many
more species aid in the hatching and emergence process but
are simply difficult to observe and thus are unreported.

Metamorphosis

Metamorphosis does not occur in reptiles. Metamorphosis
in amphibians is the transformation of the larva to a min-
iature adult replicate, and usually from an aquatic to ater-
restrial or semi-terrestrial lifestyle. Metamorphosis marks
the beginning of the end of larval life. Once begun, meta-
morphosis usually proceeds rapidly, which reduces the
transforming amphibian’s exposure to predation or other
potential stresses when it is neither fully aquatic nor fully
terrestrial.
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FIGURE 2.8 Key events during development of afrog (Xenopus laevis) tadpole. Above the line are “tadpole” blots of animals incubated for 24h with
Na 1|, fixed with formaldehyde, and washed to lower background (see Brown, 1997 for the method). Tadpoles were dried on filter paper and filmed. X.
laevis has two thyroid glands located on either side of the midline (solid arrow). The first incorporation of iodine into the thyroid gland occurs 10 days
after fertilization at Nieuwkoop and Faber (NF) developmental stage 46. The solid line represents concentrations of both TH and TR during development.

TRp isadirect response gene of TH. Redrawn from Brown and Cai, 2007.

Metamorphosis is initiated internally and maintained by
the hormone thyroxine (TH), and the process is obligatory.
TH dlicits extensive cellular, biochemical, and morphologi-
cal changesto occur during metamorphosis (Fig. 2.8). Events
that occur during metamorphosis, including atered gene
expression, morphogenesis, tissue restructuring, and exten-
sive cell death, result from differential response of tissues to
TH. Thegenetically determined developmental programisin
place prior to the release of TH. The key element determin-
ing the response to the hormone is determined by the nuclear
thyroid hormone receptor (TR). Asin most vertebrates, two
thyroid hormone receptors, TRo and TRp, repress transcrip-
tion in the absence of the TH, and whose concentration of
TR in tissues is directly modulated by TH. Nevertheless,
environmental factors can initiate early thyroxinereleaseiif a
larva has completed certain morphogenic events. For exam-
ple, crowding, reduced food or oxygen, drying of water bod-
ies, or increased predation can resultin TH release. Although
TH and its derivatives promote metamorphosis, they do not
operate alone. The thyroid is present early in larval life, but
its secretory activity is apparently inhibited by corticoid
hormones, such as corticosterone. Furthermore, prolactin is
abundant in early larval stages and makes the body tissues
insensitive to TH. When these inhibitions are removed, the
thyroid secretes TH, effecting transformation.

Metamorphosis signals the completion of embryogen-
esis. Some developmental processes, such as maturation
of gonads, continue through the juvenile stage, but the
major structural and physiological features are in place at
the conclusion of metamorphosis. Metamorphosisis nearly

imperceptible in caecilians and salamanders but dramatic
in frogs (Table 2.3). Anuran larvae require major structural
and physiological reorganization because of the striking dif-
ferences between the larval and the juvenile—adult stages.
Change does not occur all at once but gradually, each step
leading to the next level of transformation. Unlike insect
pupae, metamorphosing tadpoles remain active, capable of
avoiding predators and environmental stresses.

GROWTH

Growthisthe addition of new tissuein excessof that required
for the replacement of worn-out or damaged tissue. Asacel-
[ular process, growth rate in ectotherms depends on tempera-
ture, slowing and ceasing as temperature declines. Excessive
temperature also slows or halts growth because maintenance
and metabolic costs exceed energy procurement. Growth
is influenced by the availability and quality of food. In this
respect, ectotherms have an advantage over endotherms by
ceasing to grow during food shortages and renewing growth
when food becomesavailable. Thisisonereasonwhy reptiles
and amphibians often persist in large numbers in extreme
environments such as deserts when resources become low,
either seasonally or asthe result of extended drought. Meta-
bolic demands of endothermy in mammals and birds render
them vulnerable to starvation when resources are [ow.

In a relative sense, most growth occurs primarily in
embryonic and juvenile stages of amphibians and many
reptiles. Embryonic growth usualy is proportionately
greater than juvenile growth, because embryos have large,
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high-quality energy resources in the form of yolk that
require little energy expenditure to acquire and process.
Juveniles and free-living amphibian larvae face variable
food supplies, often with low energy content, and must
expend energy to obtain and process food, while simulta-
neously avoiding predation and environmental hazards.
From hatching or birth, most reptiles and amphibians will
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increase 3- to 20-fold in length, but some species may
increase over 100-fold in mass. Unlike mammals and birds,
inwhich growth slows dramatically or stops at sexual matu-
rity (determinate growth), many sexually mature amphib-
ians and most reptiles generally continue growing, often for
very extended time periods, giving the false impression that
growth isindeterminate.

TABLE 2.3 Anatomical Changes in Frogs and Salamanders Accompanying Metamorphosis

Frogs
Buccal region
Major remodeling

Oral disc with papillae and keratinous tooth rows and
jaw sheaths disappears

Jaws elongate, enlarging mouth, and teeth develop
Buccal musculature reorganized

Tongue muscles develop

Pharyngeal region

Remodeling with shortening of the pharynx

Gills and pharyngeal slits disappear
Rearrangement of aortic arches

Modification of hyoid and segments of the branchial
skeleton for tongue support

Viscera

Lung development completed

Stomach develops

Reduction of intestine and change of digestive epithelium
Reduction of pancreas

Pronephros kidney disappears

Skin

Number of epidermal cell layers increases
Pigmentation and pattern change

Skeleton

Ossification moderate to strong

Major remodeling of cranial skeleton

Loss of tail; development of urostyle

Sense organs

Protrusion of eyes with development of eyelids
Remodeling of eye and growth of eye muscles

Development of stapes in middle ear

Salamanders

Slight remodeling

Teeth change from bicuspid to monocuspid

Tongue muscles develop

Gills and pharyngeal slits disappear

Rearrangement of aortic arches

Modification of hyoid and segments of the branchial
skeleton for tongue support

Lung development completed

Digestive tube modified slightly

Pronephros kidney disappears

Number of epidermal cell layers increases

Pigmentation and pattern change

Ossification slight to moderate

Little change in cranial skeleton

Protrusion of eyes with development of eyelids

Note: These structural changes represent only a portion of anatomical changes occurring during metamorphosis.

Source: Hourdry and Beaumont, 1985.
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Mechanics of Growth

All tissues grow during juvenile life, although the rate var-
ies among tissues. Growth can be measured by changes in
overall size, most often in length. Mass is more variable
owing to numerous factors, such as hydration, gut contents,
and reproductive state, each of which can change an ani-
mal’s weight without changing its overall length. Skeletal
growth is the ultimate determinant of size because the skel-
eton is the animal’s supportive framework. Skeletal ele-
ments of amphibians and reptiles usually lack epiphyses
and grow by apposition, a process in which one layer forms
on top of another. Because of these attributes, extended
growth is possible and leads to the assumption of indeter-
minate growth in these animals. Other reasons for assum-
ing that indeterminate growth occurs are the large sizes of
individuals in some species and the continuation of growth
long after sexual maturity. This traditional view of growth
patterns rests on the assumption that growth patterns are
based on age. Thus determinate growth would be defined
as no growth following attainment of sexual maturity and
indeterminate growth as continuing to grow after reaching
sexual maturity. However, mounting evidence indicates that
growth is not necessarily associated with age, and in some
species that have been well studied, patterns of growth vary
considerably among individuals.

Growth is often referred to as determinate or indetermi-
nate (Fig. 2.9). Determinate growth is usually considered to
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FIGURE 2.9 Traditional comparison of determinate and indeterminate
growth (upper graphic) and more realistic comparison (lower graphic) for
ectothermic amphibians and reptiles. Neither of these graphics can be eas-
ily applied to frogs because of their complex life historiesinvolving alarva
that is morphologically very different from the adult. Also, see Chapter 5.
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occur when growth stops at sexual maturity, or when repro-
duction begins. Prime examples are birds and mammals.
Indeterminate growth is usually considered to occur when
growth continues after sexual maturity, or after reproduc-
tion begins. Most reptiles are considered to have indetermi-
nate growth. Although these definitions are useful, they fail
to consider variation in individual growth patterns and the
cascading effect that this variation might have on overall
lifetime reproductive success. This is considered in more
detail in Chapter 5. Because amphibians and reptiles are
ectotherms, growth rates, like al other physiological traits,
are temperature dependent. Thus seasonal temperature pat-
terns have an impact on growth rates such that growth is
more ratchet-like (lower graphic in Fig. 2.9) than smooth.

Age

The length of time an individual lives is not as critical as
the time required to reach the magjor life history events of
hatching or birth, sexual maturity, and reproductive senility.
Reproductive periodicity, thetimeinterval between episodes
of the production of offspring, isanother critical age-related
aspect of an individua’s life history. In amphibians with a
larval stage, two intervalsare critical: embryogenesiswithin
the egg and larval period to metamorphosis. All of these
events are regularly subjected to selection within a popula-
tion, and the modal condition within a population can shift.

Age at sexua maturity ranges from 4 to 6 months
(Arthroleptis poecilonotus, an artholeptid frog) to 7 years
(Cryptobranchus, hellbender salamander) for amphibians
and from 2 to 4 months (Anolis poecilopus, a polychrotid
lizard) to 40+ years (Chelonia mydas, green sea turtle) for
reptiles. These marked extremes reflect differences in adult
size only in part, because not al small species mature so
quickly or large ones so slowly (Table 2.4). Age of maturity
is a compromise among many variables on which selection
may operate to maximize an individual’s contribution to the
next generation. Maturing and reproducing quickly is one
strategy, but small body size reduces the number and/or size
of offspring and smaller adults tend to experience higher
predation. Maturing later at a larger body size permits the
production of more and/or larger offspring but increases the
probability of death prior to reproducing, and may yield
a smaller total lifetime output of offspring. The resulting
diversity in size and age at sexual maturity, number and size
of offspring, and the frequency of reproduction illustrate the
numerous options molded by natural selection for attaining
reproductive success.

Longevity oftenindicatesalong reproductivelife span of
anindividual or species. The reproductive life span of some
species (e.g., Uta stansburiana) is a single reproductive
season, and most individual s disappear from the population
within ayear of hatching. Longevity in afew surviving indi-
viduals of Uta stansburiana can exceed 3 years in natura
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TABLE 2.4 Natural Longevity of Select Amphibians
and Reptiles

Adult Age at Maximum

size maturity age
Taxon (mm) (months)  (months)
Cryptobranchus 330 84 300
alleganiensis
Desmognathus 73 84 124
quadramaculatus
Eurycea wilderae 34 48 96
Anaxyrus americanus 72 36 60
Lithobates catesbeianus 116 36 96
Chrysemys picta 119 72 360
Geochelone gigantea 400 132 840+
Trachemys scripta 195 50 288
Sphenodon punctatus 180 132 420+
Aspidiscelis tigris 80 21 94
Gallotia stehlini 120 48 132+
Uta stansburiana 42 9 58
Diadophis punctatus 235 32 180+
Pituophis melanoleucus 790 34 180+

Note: Body size is for females at sexual maturity (mm, snout-vent

length except carapace length for turtles); age of maturity for females
(months); maximum age of either sex (mo).

Sources: Salamanders—Ca, Peterson et al., 1983; Dgq, Bruce, 1988b;
Organ, 1961; Ew, Bruce, 1988a. Frogs—Aa, Kalb and Zug, 1990; Lc,
Howard, 1978. Turtles—Cp, Wilbur, 1975; Gg, Bourne and Coe, 1978;
Grubb, 1971; Ts, Frazer et al., 1990. Tuataras—Sp, Castanet et al., 1988.
Lizard—At, Turner et al., 1969; Gs, Castanet and Baez, 1991; Us, Tinkle,
1967; Medica and Turner, 1984. Snakes—Dp, Fitch, 1975; Pmd, Parker and
Brown, 1980.

populations. For other species the reproductive life span
can be a decade or longer, and individuals may live more
than half a century (e.g., Geochelone gigantea). Annual or
biennial species have little time for growth, so these species
typicaly are small; the opposite is not true for the long-
lived species. Although many long-lived species are large,
some, such as the desert night lizard, Xantusia vigilis, are
tiny yet long-lived. Often small-bodied long-lived reptiles
or amphibians have secretive lifestyles.

INTEGUMENT—THE EXTERNAL ENVELOPE

The skin is the cellular envelope that forms the boundary
between the animal and its external environment, and, as
such, serves multiple roles. Foremost are its roles in sup-
port and protection. The skin holds the other tissues and
organsin place, and yet it is sufficiently elastic and flexible
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FIGURE 2.10 Amphibian skin. Cross-section through the ventral skin of
a marine toad Rhinella [Bufo] marina. Abbreviations: Mg, mucus gland;
Pg, poison or granular gland; Sc, stratum compactum; Sg, stratum germi-
nativum; Ss, stratum spongiosum.

to permit expansion, movement, and growth. As a protec-
tive barrier, it preventsthe invasion of microbes and inhibits
access by potential parasites, resists mechanical invasion
and abrasion, and buffers the internal environment from the
extremes of the external environment. The skin also serves
in physiological regulation (e.g., heat and osmotic regula-
tion), sensory detection (chemo- and mechanoreception),
respiration, and defense (e.g., coloration, production of
defensive chemicals, weaponry).

Amphibian skin consists of an external layer, the epider-
mis, which is separated from the internal layer, the dermis,
by a thin basement membrane (Fig. 2.10). The epidermis
is typicaly two to three cell layers thick in larvae and five
to seven layers thick in juvenile and adult amphibians. The
innermost layer of cells (stratum germinativum) divides
continuously to replace the worn outer layer of epidermal
cells. Theouter cell layer isalivein larvae, but in most juve-
niles and adults, cells slowly flatten, keratinize, and die as
they are pushed outward. Thislayer of dead, keratinouscells
(stratum corneum) shields the inner layers of living cells
from injury. The dermisis athicker layer, containing many
cell types and structures, including pigment cells, mucous
and granular glands, blood vessels, and nerves, embedded in
a connective tissue matrix (Fig. 2.10). The innermost layer
of the dermis is a densely knit connective tissue (stratum
compactum), and the outer layer (stratum spongiosum) is a
looser matrix of connective tissue, blood vessels, nerve end-
ings, glands, and other cellular structures. In caecilians and
salamanders, the stratum compactum is tightly linked with
the connective tissue sheaths of the muscles and bones. In
contrast, much of the body skin isloosely attached in frogs.

Skin of reptiles has the same cellular organization asin
amphibians. Notably, the epidermis is thicker with numer-
ous differentiated layers above the stratum germinativum.
Differentiation produces an increasingly thick, keratinous
cell membrane and the eventual death of each cell. This
basic pattern is variously modified among reptilian clades
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and occasionally among different parts of the body of the
same individual. Reptiles uniquely produce p-keratin as
well as a-keratin, which they share with other vertebrates.
[-keratin isahard and brittle compound, whereas a-keratin
iselastic and pliable.

On all or most of the body, skin is modified into scales.
Even though mammals and birds have reptilian ancestors,
their skin structure is quite different from that of extant
reptiles (Fig. 2.11). Scales are called plates, scutes, shields,
laminae, lamellae, scansors, or tubercles, depending upon
taxonomic group, size and shape of scales, and location
of scales on the body. Some names are interchangeable,
whereas others refer to specific structures. For example,
scutes are the same as shields, but scansors are scales or
lamellae beneath the digits that allow geckos to cling to
nonhorizontal surfaces. All reptilian scales are keratinized
epidermal structures, but those of the lepidosaurs are not
homologues of crocodylian and turtle scales. Scales com-
monly overlap in squamates but seldom do in crocodylians
and turtles.

Two patterns of epidermal growth occur. In crocodyl-
ians and turtles, the cells of the stratum germinativum
divide continuously throughout an individual’s life, stop-
ping only during hibernation or torpor. This pattern is
shared with most other vertebrates, from fishes to mam-
mals. A second pattern, in which epidermal growth is
discontinuous but cyclic, occurs in lepidosaurs (see the
later section “Ecdysis’). Upon shedding of the outer epi-
dermal sheath (Oberhautchen), the germinative cells enter
a resting phase with no mitotic division. The renewal
phase begins with synchronous division of germinative
cells and differentiation of the upward-moving epithelium

Sauropsids
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Structure of extant mammal, bird, and reptile skin. Homology isillustrated by color and key evolutionary events areillustrated in smaller

into two distinct layers separated by a narrow layer of cell
secretions.

The surface of each reptilian scale is composed entirely
of p-keratin, and the interscalar space or suture is com-
posed of a-keratin. This distribution of keratin produces a
durable and protective scale surface with junctures between
the scales that allow flexibility and expansion of the skin.
Although the preceding pattern is typical, scales on the
limbs of some turtles have surfaces composed of a-keratin,
and in softshell and leatherback turtles, the shell surfaceis
composed of a-keratin. In most of the hard-shelled turtles,
scutes and sutures contain only p-keratin. The two-layered
epidermis of lepidosaurs has an a-keratin inner layer and a
[-keratin Oberhautchen.

An anomaly of special interest is the natural occurrence
of individual snakes that are nearly scaleless in several spe-
cies of colubrids and viperids. Only the labial and ventral
scales are usually present. The remainder of the skin is a
smooth sheet of soft, keratinous epidermis. Genetically,
scalelessness appears to be a simple Mendelian homozy-
gous recessive trait.

INTEGUMENTARY STRUCTURES
Amphibian Glands and Skin Structures

Amphibians have several types of epidermal and dermal
glands. Mucous and granular (poison) glands occur in all
postmetamorphic (i.e., juvenile and adult) amphibians
and are numerous and widespread on the head, body, and
limbs. Both types are multicellular, flask-shaped glands
with the bulbous, secretory portion lying within the stratum
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FIGURE 2.12 The tropica toad Rhaebo guttatus has enlarged paratoid
glands behind the head aswell as many other glands over the body surface.
Secretions from the paratoid glands can be toxic (Janalee P. Caldwell).

spongiosum of the dermis; their narrow necksextend through
the epidermis and open on its surface. Although occurring
over the entire body, the glands are not evenly distributed;
their role determines their density and location. Mucous
glands are the most abundant; about 10 of them are present
for every granular gland. The mucous glands are especialy
dense dorsally, and they continuously secrete clear, slimy
mucus that maintains a thin, moist film over the skin. Holo-
crine-type dermal glands produce genetically coded cationic
anti-microbia peptides, which are released upon stimulation
and kill most infectious microorganisms. Granular glands
tend to be concentrated on the head and shoulders. Presum-
ably, predators that attack these vulnerable parts of the body
would be deterred when encountering poisonous or noxious
secretions produced by the glands. The granular glands are
often aggregated into macroglands, such as the parotoid
glands of some frogs and salamanders (Fig. 2.12). Usualy
these macroglands contain more complex individual glands.

Larvae have a greater variety of epidermal glands. Most
are single-celled (unicellular), although many can be con-
centrated in a single region. For example, the hatching
glands are clustered on the dorsal forepart of the head. Uni-
cellular mucous glands are widespread and secrete a protec-
tive mucous coat over the surface of the living epidermis.
This mucous coat also serves as a lubricant to enhance the
flow of water over the larva when swimming. Merkel and
flask cells are scattered throughout the larval epidermis,
but they are not abundant in any region. Their functions are
uncertain. Merkel cells might be mechanoreceptors, and
flask cells may be involved in salt and water balance.

The skin of amphibians ranges from smooth to rough.
Some of the integumentary projections are epidermal,
but most involve both the epidermis and the dermis.
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Integumentary annuli of caecilians and costal grooves of
salamanders match the segmentation of the axial muscula-
ture and vertebral column. Each primary annulus and each
costal groove lies directly over the myosepta (connective
tissue sheet) between the muscle masses; thus, the number
of annuli equals the number of trunk vertebrae. In caeci-
lians, this annular pattern can be complicated by the devel-
opment of secondary and tertiary grooves, the secondary
ones appear directly above the myosepta. The warts, papil-
lae, flaps, tubercles, and ridges in frogs and salamanders
can be aggregations of glands or simply thickenings in the
underlying dermis and epidermis.

Although amphibians lack epidermal scales, they do
have keratinous structures. Claw-like toe tips of pipid frogs,
spades of scaphiopodid frogs, and rough, spiny skin of
some frogs and salamanders are keratinous. These struc-
tures persist year-round. Other keratinous structures are
seasonal and usually associated with reproduction. Many
male salamanders and frogs have keratinous nuptial pads
on their thumbs at the beginning of the mating season; some
even devel op keratinous spines or tubercles on their arms or
chests. At the end of the mating season, these specialized
mating structures are typically shed, and they redevelop in
subsequent breeding seasons.

Dermal scales exist only in caecilians, although not in
all species. These scales are flat, bony plates that are bur-
ied deeply in pockets within the annular grooves. Whether
these scales are homologues of fish scales remains uncer-
tain. Some frogs, such as Ceratophrys and Megophrys, have
osteoderms (bony plates) embedded in or immediately adja-
cent to the dermis. In some other species of frogs, the dorsal
skin of the head is compacted and the connective tissue of
the dermis is co-ossified with the skull bones, a condition
known as exostosis.

REPTILIAN SCALES, GLANDS, AND
SKIN STRUCTURES

Scales of crocodylians, turtles, and some lizards (e.g.,
anguids, cordylids, scincids) are underlain by bony
plates, called osteoderms or osteoscutes, in the dermis.
Organization of osteoderms aligns with organization of
the dermis. The outer layer of osteoderms is spongy,
porous bone; the inner layer is compact, dense bone.
Usually osteoderms are confined to the back and sides
of the animal and attach loosely to one another in sym-
metrical rows and columns to permit flexibility while
maintaining a protective bony armor. In crocodylians and
a few lizards (Heloderma), osteoderms fuse with dorsal
skull elements, forming a rigid skull cap. In turtles, the
carapace (upper shell) arose from the fusion of osteo-
derms with vertebrae and ribs dorsally, whereas the plas-
tron (lower shell) arose from the fusion of osteoderms
and the sternum ventrally.
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FIGURE 2.13 Femoral pores of the male of the lizard Sceloporus undu-
latus are located along the posterior edge of the underside of the thighs.
They appear aslines of black spots (Laurie Vitt).

Reptiles have a variety of skin glands. Although com-
mon over the body, the multicellular glands are typically
small and inconspicuous. Their secretions are mainly lipid-
and wax-based compounds that serve as waterproofing, sur-
factant, and pheromonal agents.

Aggregations of glandular tissues occur in many rep-
tiles. Musk or Rathke's glands are present in all turtles
except tortoises (Testudinidae) and some emydid turtles.
These glands are usually bilaterally paired and lie within
the bridge between the top and bottom shells, opening to
the outside through individual ductsin the axillaand ingui-
nal region or on the bridge. Male tortoises have a mental
gland just behind the tip of the lower jaw. Both male and
female crocodylians have paired mandibular and cloacal
glands. The occurrence of large glands is more erratic in
lepidosaurs. Some geckos and iguanians have a series of
secretory pores on the underside of the thighs and pubis
(Fig. 2.13). Each pore arises from the center of an enlarged
scale and produces awaxy compound containing cell frag-
ments. These femoral and precloacal (pubic) pores do
not open until the lizards attain sexual maturity and often
occur only in males. They may function as sexual scent
glands. Snakes and some lizards have paired scent glands
at the base of the tail; each gland opens at the outer edge
of the cloacal opening. These saclike glands release copi-
ous amounts of semisolid, bad-smelling fluids. For some
species, the fluid may serve in defense, whereas in other
situations, they may function for sexual recognition. Other
glandular aggregations occur but are limited to a few rep-
tiles. For example, a few Australian geckos have special-
ized squirting glands in their tails, and some marine and
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desert species of turtles, crocodylians, and |epidosaurs
have salt glands.

Specialized keratinous structures are common in rep-
tiles. All limbed species with functiona digits have claws,
which are keratinous sheaths that encase the tips of the ter-
minal phalanges. The sheaths have three layers. The out-
ermost layer is formed of hard p-keratin. The claws form
either as full keratinous cones, as in crocodylians and tur-
tles, or as partial cones, as in lepidosaurs. The upper and
lower jaw sheaths of turtles are also keratinous structures
and replace the teeth as the cutting and crushing surfaces.
Hatchling turtles, crocodylians, and Sohenodon have an egg
tooth or caruncle on the snout to assist in hatching.

A dozen or more types of small, epidermal sense organs
occur inreptiles, particularly in lepidosaurs. Most are barely
visible, appearing as tiny pits or projections. These epider-
mal structures are not shed during the sloughing cycle. Pre-
sumably, most of these structures respond to tactile stimuli;
however, the presence of alight-sensitive region on the tail
of a sea snake suggests a broader range of receptors and
sensitivities. These organs are often concentrated on the
head but are also widespread on the body, limbs, and tail.

ECDYSIS

Adult amphibiansshed their skininacyclic pattern of severa
daysto afew weeks. This shedding, called ecdysis, slough-
ing, or molting, involves only the stratum corneum and is
commonly divided into several phases. At its simplest, the
shedding cycle consists of epidermal germination and matu-
ration phases, pre-ecdysis, and actual ecdysis. These phases
are controlled hormonally, athough timing and mechanisms
differ between species and amphibian groups. The stratum
germinativum produces new cells that move outward and
upward in a conveyer belt-like fashion as new cells are pro-
duced beneath them. Once these new cellslose contact with
the basement membrane, they cease dividing and begin to
mature, losing their subcellular organelles. Pre-ecdysis is
signaled by appearance of mucous lakes between the matur-
ing cells and the stratum corneum. The lakes expand and
coalesce, and cellular connections between the dead cells
of the stratum corneum and the underlying, maturing cells
break. Externaly, the skin commonly splits middorsally
first over the head and then continues down the back. Using
itslimbs, the frog or salamander emerges from the old skin,
which is often consumed. During the pre-ecdytic and/or the
ecdytic phase, epidermal cells beneath the mucous lakes
complete their keratinization and die.

The shedding process of larval amphibians is not well
known. In the mudpuppy Necturus maculosus and probably
in most other larvae, skin is shed as single cells or in small
pieces. Shed skin is not keratinized and may be alive when
shed. Epidermal cells mature as they are pushed to the sur-
face, but keratinization is not part of maturation.
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Inreptiles, different epidermal organizations and growth
patterns produce different shedding or sloughing patterns.
In the epidermis of crocodylians and the nonshell epider-
mis of turtles, cell growth is continuous and portions of the
outer surface of the skin are shed continuously in flakes and
small sheets. Depending on species, scutes of hard-shelled
turtles are either retained or shed seasonally. When retained,
successive scutes form a flattened pyramid stack, because
an entire new scute devel ops beneath the older scute at the
beginning of each growing season. Scute growth is not con-
fined to the margins, although each new scute is thickest
there and much compressed beneath the older scutes.

The shedding pattern in lepidosaurs is more complex
and intimately tied to the unique epidermal growth pattern.
In tuataras and most lizards, skin is shed in large patches,
whereas in snakes skin is usually shed as a single piece.
But in al lepidosaurs, the sequence of epidermal growth
and shedding is identical (Fig. 2.14). During the resting
stage, the epidermis has a basal germinative layer of cells,
a narrow band of o precursor cells, a thin meso-layer of
mucus and other cell secretions, and externally the begin-
nings of an outer-generation layer capped by the Ober-
hautchen. The resting stage ends as cell proliferation and
differentiation begin in the outer-generation layer. Then the
germinative cells begin to divide. As each newly formed
layer of cellsis pushed upward and outward by cell divi-
sion below them, the cells differentiate and produce the
inner-generation layer. This inner-generation layer forms
the precursor of scales (outer-generation layer) for the next
epidermal cycle. As the Oberhautchen nears completion,
the outer-generation layer separates from the inner layer
and is shed, completing the shedding or sloughing cycle
(Fig. 2.15). This cycleis repeated at regular intervals when
food is abundant. The growth—shedding (renewal) phase
requires about 14 days. The resting phase may last from a
few days to many months.
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COLORATION

Color of amphibiansis affected by the presence of pigment
cells(chromatophores) in the dermal layer of the skin. Three
classes of chromatophores are melanophores, iridophores,
and xanthophores. The primary pigment in melanophoresis
eumelanin, which imparts black, brown, or red coloration.
Pigments in iridophores are purines such as guanine; these
cellsreflect light because of pigment-containing organelles
arranged in stacks. Xanthopores impart yellow, orange, or
red coloration because they contain pteridine pigments. In
addition to containing different pigments, each of the three
cell typesisstructuraly different. The three classes of chro-
matophores are arranged as a unit and produce an animal’s
external coloration (Fig. 2.16). For example, the blue color
of iridophores combined with the yellow color of xantho-
phores produces a green-colored skin.

FIGURE 2.15 Anolis punctatus shedding its skin. Note that the old skin
separates in several places from the new skin (Laurie Vitt).

outer
generation
layers

(o \

Oberhautchen

o
b € el

lacunar
= |
e .~
: inner
7 generation

layers

stratum germinativum

FIGURE 2.14 Sequential cellular changes during a single shedding cycle in squamate epidermis. Adapted from Landmann, 1986.
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Melanophores have a central cell body with long, atten-
uated processes radiating outward. Melanophores occur
individually in the epidermis or as part of the dermal chro-
matophore unit. Epidermal melanophores are common in
larvae and are often lost or reduced in their number at meta-
morphosis. The dermal chromatophore unit contains a basal
melanophore, an iridophore, and a terminal xanthophore.
Dendritic processes of the melanophore extend upward and
over the iridophore, which is then overlain by a xantho-
phore (Fig. 2.16). The color produced by the unit depends
largely upon the color of pigment in the xanthophore and
the reflectivity of the iridophore. Melanophores are largely
responsible for lightening or darkening of the color pro-
duced in the other two chromatophores.

Color changes can occur quickly, in less than a min-
ute, by dispersal or reduction of the eumelanin within the
melanophores’ processes. Increased eumelanin darkens
the observable color of the skin, while reduced eumelanin
alows colors produced by the iridophores and xantho-
phores to predominate. Slow color changes may take weeks
to months and occur when pigment concentration increases
or decreases within the chromatophores or when pigment is
in adjacent cells. Short-term color changes are controlled by
hormonal or nervous stimulation. Some species have spec-
tacular coloration and patternsthat aid in crypsis (Fig. 2.17).

Reptiles generaly have two types of color-producing
cells. Melanophores are scattered throughout the basal lay-
ers of the epidermis. During the renewal phase of epider-
mal growth, the melanophores send out pseudopodia that
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transfer melanin into the differentiating keratocytes. The
melanin-bearing keratocytes occur in the p-layer of cro-
codylians, iguanian lizards, and snakes, and in the a- and
pB-layersin many other lizards.

The second type of cell that produces color is the chro-
matophore, which is structurally similar to that in amphib-
ians. Different types of chromatophores are stacked in the
outer portion of the dermis. A single layer of xanthophores
(=lipophores and erythrophores) lies beneath the basal
membrane of the epidermis. Beneath the xanthrophores are

FIGURE 2.17 Frog skin contains a variety of pigments that often result
in bizarre intricate patterns, as in this Amazonian Ceratophrys cornuta
(Janalee P. Caldwell).

CHROMATOPHORE Unit

FIGURE 2.16 Arrangement of chromatophoresin amphibian skin, called the dermal chromatophore unit. The unit consists of xanthophores, which give
yellow, orange, or red coloration, the iridophores, which reflect light and cause bright colors, and the basal melanophores, which have dendritic processes

that extend between the xanthophores and the iridophores.
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two to four layers of iridophores (=guanophores and leu-
kophores), and at the bottom are large melanophores. This
organization may represent the general pattern for all rep-
tiles that change color, because stacked chromatophores are
absent in some species that do not change color. The pres-
ence, density, and distribution of chromatophores within
each layer vary within an individual and among species to
produce the different colors and color patterns.

SKELETON AND MUSCLES—SUPPORT,
MOVEMENT, AND FORM

The evolutionary transition from a fish-like ancestor to
amphibians was accompanied by major reorganizations
within the musculoskeletal system. As ancestral tetrapods
shifted their activities from an aquatic to a terrestrial envi-
ronment, the buoyant support of water disappeared, and
the pull of gravity required a strengthening of the verte-
bral column to support the viscera. Simultaneously, these
ancient tetrapods were shifting from undulatory locomotion
to limbed locomotion. The new functions and demands on
the musculoskeletal system required a more tightly linked
vertebral column, elaboration of the limbs and girdles, and
modification of the cranium for capture and ingestion of
terrestrial food. As in amphibians, the reptilian musculo-
skeletal system is adapted primarily for terrestrial limbed
locomotion, and some species are secondarily modified for
aquatic or terrestrial limbless locomotion. With the excep-
tion of turtles, reptiles retain considerable lateral flexure of
the body, and only in archosaurs does dorsoventral flexure
become an important component of locomotion.

Each extant amphibian group has had a long and inde-
pendent evolutionary history. Many structural differences
appeared during this long divergence, and these differences
are nowhere more apparent than in the composition and orga-
nization of the musculoskeletal system. Similarly, the long
independent evolution of each reptilian group is strongly
evident in al aspects of their musculoskeletal system. This
great diversity permits us to present only a general survey
of the musculoskeletal systems of amphibians and reptiles.

HEAD AND HYOID

The crania skeleton of vertebrates contains elements from
three units: the chondrocranium, the splanchnocranium, and
the dermocranium. The chondrocranium (neurocranium)
comprises the skeleton surrounding the brain and the sense
organs, that is, the olfactory, optic, and otic capsules. The
splanchnocranium is the branchial or viscera arch skeleton
and includes the upper and lower jaws, the hyobranchium,
and gill archesand their derivatives. Most e ementsfrom these
two crania skeletons appear first as cartilage. Cartilaginous
precursors define the position of the later developing bony
element. Bone formed by replacement of cartilage is called
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replacement or endochondral bone. The dermocranium con-
tainsthe roofing elementsthat lie external to the chondro- and
splanchnocranial elements. These roofing e ements have no
cartilaginous precursors; instead, ossification centers develop
in the dermis and form dermal or membrane bones.

All three crania are represented by numerous skeletal
elements in fish and in the fish ancestors of amphibians.
The earliest amphibians showed a loss of elements from
each of the craniaand afirmer articulation of the remaining
elements. The reduction has continued in modern tetrapod
clades, which have lost additional, but often different, ele-
ments in each group. Fewer elements have been lost in the
caecilians, in which the skull is a major digging tool and
must remain sturdy and firmly knit, often by the fusion of
adjacent elements (see Fig. 15.1).

In extant amphibians, much of the chondrocranium
remains cartilaginous throughout life (Fig. 2.18). Only the
sphenoethmoid (orbitosphenoid in salamanders), which
forms the inner wall of the orbit, and the fused prootic and
exoccipital, which form the rear of the skull, ossify. Within
the skull proper, the bony elements of the splanchnocranium
are the stapes (ear) and the quadrate (upper jaw). Meckel’'s
cartilage forms the core of the mandible (lower jaw), and
ossification in its anterior and posterior ends forms the
mentomeckelian bone and articular, respectively. The der-
mal bones form the major portion of the adult skull, linking
various cranial elements and forming a protective sheath
over the cartilaginous elements, the brain, and the sense
organs. The skull is roofed from anterior to posterior by
the premaxillae, nasals, frontals, and parietals. Each side of
the skull contains the maxilla, septomaxilla, prefrontal, and
squamosal. Dermal bones also sheath the skull ventrally,
creating the primary palate (roof of mouth). The palate con-
sists of vomers, palatines, pterygoids, quadratojugals, and
a parasphenoid, which is the only unpaired dermal bonein
the amphibian skull. Dermal bones of the mandible are the
dentary, angular, and prearticular, which encase Meckel’'s
cartilage. Teeth occur commonly on the premaxillae, maxil-
lae, vomers, palatines, and dentaries.

Jaws of vertebrates arose evolutionarily from thefirst vis-
cera or branchia arch. The second visceral, hyomandibu-
lar, arch supported the jaws and bore gills, and the third and
subsequent visceral arches comprised the major gill arches.
Remnants of these archesremain in modern amphibians. The
jaws consist mostly of dermal bones; only the mentomeck-
elian, articular, and quadrate are bony remnants of the first
arch. The quadrate becomes part of the skull proper, and the
dorsalmost element of the hyomandibular arch becomes the
stapesfor transmission of sound waves from the external ear-
drum, the tympanum, to the inner ear. The ventral portion of
the second arch persists as part of the hyoid apparatus. The
subsequent two to four visceral archesmay persist, at least in
part, as gill archesin larvae and in some gilled adults (e.g.,
Proteidae), and a so as elements of the hyoid in juveniles and
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FIGURE 2.18 Crania skeletons of representatives of the three clades of extant amphibians. Dorsal, lateral, and ventral views (left to right) of the cae-
cilian Epicrionops petersi, the salamander Salamandra salamandra, and the frog Gastrotheca walkeri. Reproduced, with permission, from Duellman and

Trueb, 1986.

adults. Some elements from the more posterior visceral arch
become structural supportsinthe glottis, larynx, and trachea.

The composition and architecture of the hyoid is highly
variable within and between each group of living amphib-
ians. In dl, the hyoid lies in the floor of the mouth and
formsthe structural support for the tongue. In some species,

components of the hyoid can be traced accurately to their
visceral arch origin; in other species, their origin from a
specific arch element is uncertain. Hyoid elementsin primi-
tive salamanders retain an architecture similar to that of
visceral arches of fishes, but with loss of arch elements
(Fig. 2.19). In more advanced salamanders, the number
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FIGURE 2.19 Hyobranchia skeleton of a typical vertebrate, the salamander Cryptobranchus (dorsal view), and the caecilian Ichythyophis
(ventral view). Reproduced, with permission, from Duellman and Trueb, 1986.

of hyoid elements is further reduced. The hyoid remains
cartilaginous in caecilians without segmentation of hyoid
armsinto individual elements. The anuran hyoid isasingle
cartilaginous plate with two to four processes and has little
resemblance to its visceral arch precursor.

Cranial musculature contains one functional group for
jaw movement and another for respiring and swallowing.
Jaw muscles fill the temporal area of the skull, extending
from the area of the parietal, prootic, and squamosal to the
mandible. Muscles that attach to the dorsal surface of the
mandible close the mouth, and those that attach to the lat-
eral and ventra surface of the mandible open the mouth.
Muscles that function in respiration and swallowing form
the floor of the mouth, throat, and neck. These muscles
move and support the gills and/or the hyoid and the tongue.

In reptiles, the anterior portion of the chondrocranium
remains cartilaginous, even in adults, and consists mainly
of continuous internasal and interorbital septa and a pair
of nasal conchae that support olfactory tissue. Between

the eyes and ears, the chondrocranium ossifies as the basi-
sphenoid, and further posteriorly, the basioccipital, a pair
of exoccipitals, and the supraocciptal bones develop below
and behind the brain (Fig. 2.20). Occipital elements encir-
cle the foramen magnum, the site at which the spinal cord
exits the skull. Below the foramen magnum, exoccipitals
and the basiocciptal join to form a single occipital condyle,
which bears the articular surface between the first cervi-
cal vertebra, the atlas, and the skull. Regions of each otic
capsule remain cartilaginous, although much of the capsule
becomes the epiotic, prootic, and opisthotic bones.

The stapes of the middle ear is a splanchnocranial ele-
ment, as are the quadrate and the epipterygoid; the latter is
small in lizards and turtles and is lost in snakes and archo-
saurs. The quadrate is a large bone on the posterolateral
margin of each side of the skull. It bearsthe articular surface
for the lower jaw. On the mandible, the articular bone pro-
vides the opposing articular surface and isthe only splanch-
nocranial element of the lower jaw. The reptilian hyoid arch



Chapter | 2 Anatomy of Amphibians and Reptiles 57

Pseudemydura umbrina
nasal premaxillary
maxillary maxillary

prefrontal postorbital
vomer

frontal
frontal prefrontal / _ \
\ palatine —____

nasal .
postorbital N parietal

squamosal pterygoid —__

parietal maxillary — / basisphenoid \
. prootic —_
> Mgl prefygoid / \ N basioccipital )
$ quadrate  exoccipital quadrate ——___
§§ basioccipital ———
&

/

supraoccipital

supra-

occipital . )
opisthotic

Alligator sinensis
—— premaxillary

premaxillary

maxillary
maxillary
___— nasal frontal  parietal  squamosal i
) quadrate  palatine
lacrimal acri rr%rglfrontal // quadratojugal
ontal nasal \ /artlcular
___—preirontal - remaxillary \ jugal y
ol
jugal \ maxillary Su‘a(\q\l
\
N ectopterygoid
frontal &® PIEVEOIES
/ dentary pterygoid —mH—_
postorbital jugal ——
parietal quadratojugal~——_
quadrate ————
squamosal quadratojugal basioccipital
\ quadrate Ctenosaura pectinata
premaxillary
remaxillar
maxillary P y—0
nasal vomer
— ) | . Ilacrimalf | - o —
refrontal prefronta rontal postorbital  parietal )
_—Pp
gal ] | / squamosal palatme\
_—luga premaxillary \ /
____— palatine — prootic
frontal —— ectopterygoid maxillary \quadrate

pterygoid
pterygoid . basisphenoid
/ JUQal id \
—— postorbital pterygoi
prootic l
quadrate —

%, quadrate
%,

> —— squamosal
basioccipital

FIGURE2.20 Cranid skeletonsof representativesof thethreecladesof living reptiles. Dorsd, lateral, and ventral views (left toright) of theturtle Pseudemydura
umbrina, the crocodylian Alligator sinensis, and the lizard Ctenosaura pectinata. Adapted from Gaffney, 1979; lordansky, 1973; Oelrich, 1956, respectively.

is reduced and consists of alarge midventral plate, usually — dermocranium containsthe nasals, prefrontals, frontals, and
with three processes that extend upward and posteriorly. parietals, al of which are paired. The upper jaws, the pre-

Dermal bones compose the major portion of the reptil-  maxillae, and the maxillae join the roofing bones directly.
ian skull and mandible, forming over and around the endo-  Cheek and temporal areas contain a postorbital, postfrontal,
chondral bones. From anterior to posterior, the roof of the jugal, quadratojugal, and squamosal bone on each side. The
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primary palate or roof of the mouth consists of premaxillae
and maxillae anteriorly, and a median vomer that is bor-
dered laterally by the palatines and posteriorly by the ptery-
goids and occasionally a parasphenoid. When a secondary
palate forms as in crocodylians, it derives largely from the
premaxillae and maxillae. A few other dermal bones, for
example the septomaxilla and the lacrimal, are present in
some extant reptiles. Jugals, quadratojugals, prefrontals,
postfrontals, and squamosals are absent individualy or in
various combinations in some taxa.

The mandible or lower jaw contains numerous paired
dermal bones including dentaries, splenials, angulars,
surangulars, coronoids, and prearticulars (Fig. 2.20). Only
the dentary bears teeth, and in the upper jaw, only the max-
illa, premaxilla, paatine, and pterygoid bear teeth. Teeth
can be absent on one or more of these teeth-bearing bones.
In turtles, teeth are entirely absent; their cutting and crush-
ing functions are performed by the keratinous jaw sheaths.

Typical reptilian teeth are cone-shaped and arranged in
a single, longitudinal row. This basic shape has been vari-
ously modified. For example, the teeth are laterally com-
pressed and have serrated edges in some herbivorous lizards
and are elongated and posteriorly curved in snakes. When
teeth attach to the bone by sitting in sockets asin crocodyli-
ans, they arereferred to asthecodont (Fig. 2.21). Pleurodont
teeth found in most lepidosaurs arise from a one-sided
groove in the jaw. Acrodont teeth, which attach directly to
the bone surface, occur in two lizard clades. Tooth replace-
ment is continuous throughout life, except in most acrodont
forms, in which teeth are replaced in juveniles.

Skulls of turtles and all other extant reptiles are dis-
tinct (Fig. 2.20). In the turtle skull, the bony temporal
arcade composed of parietals, squamosals, postorbitals,
jugals, and quadratojugal lacks openings. Although the
lack of openings in the quadratojugal has historically
placed turtles with anapsids, the closed condition appears
to be secondarily derived from adiapsid ancestor of turtles
(Fig. 2.22). In the typical diapsid skull, the temporal
area has two openings called fenestrae, an upper one
between the parietal and the postorbital-squamosal, and
a lower one between the squamosal and jugal—quadra-
tojugal. Most living turtles have emarginated temporal
arcades, leaving a small arch of bone behind each eye.
Only afew turtles, such as the sea turtles, retain a nearly
complete arcade. Crocodylians retain the basic diapsid
architecture, although the upper or superior temporal
fenestrais small (Fig. 2.20). In lepidosaurs, only Sphen-
odon retains the two fenestrae. Squamates have only one
upper fenestra or none at all. In squamates with only one
upper fenestra, the lower temporal arch (composed of the
squamosal, quadratojugal, and jugal) has been lost. In
squamates with no fenestrae, the upper arch (composed
of the squamosal and parietal) or the upper and middle
arches (composed of the squamosal and postorbital) have
been lost.
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FIGURE 2.21 Reptile teeth can sit on top of the jaw (acrodont), embed-

ded in the jaw (thecodont), or on the side of the jaw (pleurodont). Tooth
location is one of the many important taxonomic characters used to sepa-
rate major taxa. Adapted from Kardong, 2006.

Loss of arches and fenestrae in the diapsid skull is asso-
ciated withincreased flexibility of the skull. Hinges between
various sections of the skull allow it to flex, aprocess known
as kinesis (Fig. 2.23). A hinge can occur in the back of the
skull (a metakinetic joint) between the dermal skull and the
braincase at the parietal—supraocciptal junction. This hinge
is the oldest kinetic joint and occurred early in reptilian
evolution and today occurs in Sphenodon. Two other joints
developed in the dermal roofing bones. A dorsa meso-
kinetic joint lies between the frontals and parietals in many
lizards, and in many snakes, a prokinetic joint occurs at the
contact between the nasals and the prefrontals or frontals.
The most striking kinesis of the lepidosaurs, which occurs
in snakes and some lizards, is streptostyly or quadrate rota-
tion. Each quadrateisloosely attached to the dermocranium
and has a free ventral end. This loose ligamentous attach-
ment allows the quadrates to rotate and swing forward and
backward, and inward and outward. Streptostyly enhances
the jaw’s grasping ability and increases the gape.

The complexity in the arrangement and subdivision of
muscles mirrorsthe diversity of the bony architecture of the
head. Reptiles lack facial muscles, but the diversity of jaw
and tongue muscles permits a wide range of feeding and
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FIGURE 2.22 Evolution of skull openings (fenestre) in modern reptiles.
Variation exists in the openings (fenestre) behind the orbit and the position
of the postorbital (Po) and squamosal (Sq) bones that form the arch from
the orbit to the back of the skull. The anapsid (closed) condition is thought
to be ancestral. Lizards (including snakes) clearly have modified diapsid
(two fenestre) skulls. Turtles, which have been placed historicdly in the
Parareptilia based on the absence of a second fenestra, more likely have a
highly modified diapsid skull in which both fenestre have closed. Other bones
shown include the quadratojugal and thejugal. Adapted from Kardong, 2006.
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FIGURE 2.23 Evolution of jaw structure and function in squamates.
Clockwise from upper left, ancestors of sgquamates had rigid jaws and
skulls such that the skull lifted as a unit when opening the mouth (metaki-
nesis). The “hanging jaw” of squamates (streptostyly) allowed rotation of
the lower jaws on the quadrate bone. Gekkotans and anguimorphs have
kinetic jointsin the skull located behind the eyes (mesokinesis), and snakes
have an extrajoint located anterior to the eyes (prokinesis). Increased flex-
ibility of the skull allows greater prey-handling ability. The red circle with
across indicates focal point of rotation.
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defense behaviors. The jaw’s depressor and adductor mus-
cles arise from within the temporal arcade and attach to the
inside and outside of the mandible. In highly kinetic skulls,
muscles are more finely subdivided and permit a wider
range of movements of theindividual bones, including those
of the upper jaw. Throat muscles are typically flat sheets of
muscles that extend onto the neck. Beneath these muscles,
the hyoid muscles are thicker sheets and longer bundles that
attach the hyoid plate and processes to the mandible and to
the rear of the skull and the cervical vertebrae.

VERTEBRAL COLUMN

The amphibian vertebral column combines rigidity and
strength to support the head, limb girdles, and viscera, and
yet it alows enough flexibility to permit lateral and dorso-
ventral flexure of the column. These seemingly conflicting
roles are facilitated by the presence of dliding and rotating
articular facets on the ends of each vertebra and by overlap-
ping sets of muscular dlips linking adjacent vertebrae.

Each vertebraconsists of aventral cylinder, the centrum,
and a dorsal neura arch that may have a dorsal projection,
the neural spine (Fig. 2.24). The anterior end of the cen-
trum articul ates with the posterior end of the preceding cen-
trum. These central articular surfaces are variously shaped.
In opisthocoel ous vertebrae, the anterior surface is convex
and the posterior surface is concave. In procoelous verte-
brae, the anterior surface is concave and the posterior sur-
faceis convex; in amphicoelous vertebrae, both surfaces are
concave. Intervertebral discs, usually of fibrocartilage, lie
between central surfaces of adjacent vertebrae. A pair of flat
processes extends from the prezygapophyses and postzyg-
apophyses that form the anterior and posterior edges of the
neural arch, respectively (Fig. 2.24). These processes form
another set of articulations between adjacent vertebrae.
Articular surfaces for the ribs lie on the sides of each verte-
bra; a diapophysis lies dorsal to the base of the neural arch
and a parapophysis lies on the side of the centrum. Ribs
are much shorter in amphibians than in the other tetrapods,
such as reptiles and mammals, and do not extend more than
halfway down the sides.

The first postcranial vertebra, the atlas, is modified to
create a mobile attachment between the skull and the ver-
tebral column. The atlantal condyles on the anterior surface
articulate with the paired occipital condyles of the skull. The
succeeding vertebrae of the trunk match the general pattern
previously described. The number and shape of the vertebrae
differ in the three amphibian groups. Salamanders have 10
to 60 presacra vertebrae, including a single atlas or cervica
vertebra and a variable number of trunk vertebrae. The trunk
vertebraeareal similar and have well-devel oped zygapophy-
ses, neura spines, and usually bicapitate, or two-headed ribs.
Rather than exiting intervertebrally between neural arches of
adjacent vertebrae asin other vertebrates, the spinal nerves of
salamanders often exit through foraminain the neural arches.
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FIGURE 2.24 Anterior and lateral views of vertebral morphology of the
tetrapods Salamandra salamandra and Crocodyl us acutus and a schematic
lateral view of an early tetrapod. Adapted in part from Francis, 1934;
Mook, 1921; Goodrich, 1930.

Postsacral vertebrae are aways present in variable numbers
and are differentiated into two to four precaudal (cloacal)
and numerous caudal vertebrae. Caecilians have 60 to 285
vertebrae, including asingle atlas, numeroustrunk vertebrae,
no sacral vertebrae, and a few irregular bony nodules repre-
senting precaudal vertebrae. The trunk vertebrae are robust
with large centraand neural spines; most bear bicapitateribs.
Frogs have five to eight presacral vertebrae. The atlas (presa-
cral 1) lacks transverse processes, which are usually present
on all other presacra vertebrae. Ribs are absent in most frogs
but are present on presacrals |1 through IV only in Ascaphus,
Leiopelma, discoglossids, bombinatorids, and pipids. Each
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sacral vertebra has large transverse processes called sacral
diapophyses, athough whether they are true diapophysesis
uncertain. The sacral vertebra articulates posteriorly with an
elongate urostyle, which represents arod of fused postsacral
vertebrae (Fig. 2.25).

Musculature of the vertebral column consists of epaxial
(dorsal trunk) muscles and hypaxia (flank or ventral trunk)
muscles. Epaxial muscles consist largely of longitudinal
dlips that link various combinations of adjacent vertebrae.
These muscleslie principally aboverib attachments (apoph-
yses) and attach to the neural arches and spines. They pro-
vide rigidity and strength to the vertebral column. Hypaxial
muscles support the viscera and contain the oblique muscle
series that occurs on the flanks and the rectus muscle series
that occurs midventrally aong the abdomen.

The trend for increased rigidity of the vertebral column
that began in early tetrapodsisfurther elaborated in reptiles.
The vertebrae form a firmly linked series and additionally
elaborated intervertebral articular surfaces interwoven with
a complex fragmentation of the intervertebral muscles. In
reptiles, vertebral rigidity is augmented by regiona differ-
entiation of the vertebrae. This regionalization permits dif-
ferent segments of the column to have different directions
and degrees of movement and isreflected in the architecture
of both bones and muscles.

Reptilian vertebrae and vertebral columns are variable
across taxa, but some features are shared by most reptiles
(Fig. 2.24). The centra are the weight-bearing units of the ver-
tebral column. Each centrum is typically a solid spool-shaped
bone, but in Sphenodon and some geckos, the notochord per-
ssts and perforates each centrum. A neura arch sits astride
the spinal cord on each centrum. The legs or pedicels of each
arch fuse to the centrum or insert into notches on the centrum.
Neural spines vary from short to long, and wide to narrow,
depending upon the position within the column and the type of
reptile. The intervertebra articular surfaces, or zygapophyses,
consist of an anterior and a posterior pair on each vertebraand
arise from the top of pedicels. Articular surfaces of the ante-
rior zygapophysesflare outward and upward, and the posterior
surfaces are inward and downward. The angle of these articu-
lar surfaces determines the amount of lateral flexibility. When
articular surfaces are angled toward the horizontal plane, flex-
ibility between adjacent vertebrae increases, but if the surfaces
are angled toward the vertical plane, rigidity increases. Pedi-
cels aso bear articular surfaces for ribs. For two-headed ribs,
the upper surfaceisthe transverse process or diapophysis, and
the lower surface is the parapophysis. Ribs of extant reptiles
are single-headed and articulate with the transverse processin
all lineages except crocodylians. In many lepidosaurs, acces-
sory articular surfaces occur at the base of the neural spine. A
zygosphene projects from the front of the arch into a pocket,
the zygantrum, on the rear of the preceding vertebra. Articu-
lar surfaces between the centra are varigble, but the procoe-
lous ball-and-socket condition is widespread, occurring in
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FIGURE 2.25 Postcranial skeletons (ventral view) of agray treefrog (Hyla versicolor) and a hellbender (Cryptobranchus alleganiensis). Adapted from

Cope,1898.

all extant crocodylians and most lepidosaurs. The most vari-
able central articular patterns occur in the cervica vertebrae,
where, for example, procoel ous, opisthocoel ous, and biconvex
centraexist in the neck of an individua turtle.

Regional differentiation of the vertebrae is characteris-
tic of crocodylians (Fig. 2.26). They have nine cervical, 15
trunk, two sacral, and numerous caudal vertebrae. The first
two cervical vertebrae, the atlas and axis, are constructed of
several unfused components. The atlas bearsasingle anterior
surfacefor articulation with the occipital condyle of the skull.
The axis and subsequent cervical vertebrae bear two-headed
ribs that become progressively longer toward the trunk. The
first eight or nine trunk vertebrae have ribs that extend ven-
traly to join the sternum and form the thoracic basket. The
remaining thoracic vertebrae have progressively shorter ribs.

Ribs of the sacral vertebrae anchor the vertebral column to
the ilia of the pelvic girdle. The caudal or postsacral verte-
brae become sequentially smaller and laterally compressed,
and progressively lose their processes posteriorly.

Limbed lepidosaurs have the same regiond differentiation
pattern as crocodylians. Vertebral number is much more vari-
able, although al have a pair of sacrd vertebrae. Generally,
eight cervical vertebrae and ribsexist only on the posterior four
or five vertebrae; however, Varanus has nine and chameleons
have three to five cervical vertebrae. Trunk vertebrae are even
more variable in number; 16 to 18 vertebrae appear to be the
primitive condition, but the vertebral number can be fewer
than 11 in chameleons and considerably morein elongated liz-
ards, particularly in limbless and reduced-limbed anguids and
skinks. Caudal vertebrae are similarly variable in number. In
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FIGURE 2.26 Partial skeleton of a crocodylian showing the variation in structure of vertebrae. The vertebral column is divided into five regions. Note
the location of the gastralia (floating “ribs’). Redrawn from Kardong, 2006.

Cervical

Scapula vertebrae
Humerus

Thoracic
vertebrae

Peripheral
plate

Expanded
rib

Pubis

Ischium

FIGURE 2.27  Upper: Skeleton of amodern turtle showing fusion of verte-
brae to the shell. Adapted from Bellairs, 1969. Lower: Major components of
turtle skeleton showing position of vertebrae and pectoral and pelvic girdles.
Adapted from Kardong, 2006.

limbless squamates, differentiation islimited; the atlasand axis
are present, followed by 100 to 300 trunk or precloacal verte-
brae, saveral cloacdl vertebrag, and 10 to 120 caudal vertebrae.

In contrast, vertebral number is nearly invariable in
turtles (Fig. 2.27). All living turtles have eight cervica

vertebrae. When present, cervical ribs are rudimentary and
confined to the posteriormost vertebrae. The variable neck
lengths of different turtle species arise from elongation or
shortening of vertebrae. Of 10 trunk or dorsal vertebrae,
the first and last are attached but not fused to the carapace.
The middle eight are firmly fused or co-ossified with the
neural bones of the carapace. Trunk ribs extend outward
and fuse with the costal bones of the shell. The two sacral
vertebrae link the pelvic girdle to the vertebral column by
short, stout ribs. Caudal number is variable but |ess than 24
in most species.

Division of the vertebral column muscles into epaxial
and hypaxial bundles persists in reptiles, although the dis-
tinctiveness of the two types is not obvious. Similarly, the
segmental division largely disappearsin reptiles. Most axial
muscles span two or more vertebral segmentsand often have
attachments to several vertebrae. The complexity of the
intervertebral muscles is greatest in limbless taxa. Unlike
fish, their undulatory locomotion is not a uniform wave of
contraction but requires individualized contraction patterns,
depending upon which part of the body is pushing against
the substrate. Turtles lack trunk musculature. Epaxia and
hypaxial muscles, however, do extend inward from the neck
and tail to attach to the carapace and dorsal vertebrae.

GIRDLES AND LIMBS

Limbs of amphibians and other tetrapods have evolved for
terrestrial locomotion from the fins of fish ancestors. Girdle
and limb components, the appendicular muscles and skel-
eton, of tetrapod vertebrates, derive from the girdle and fin
components of their fish ancestors. Severa opposite trends
are evident in the evolution of limbs from fins. The anterior
(pectord) girdlelosesits articulation with the skull and hasa
reduced number of elements. In contrast, the posterior (pel-
vic) girdle becomes elaborated and enlarged; it articulates
with the vertebral column. Within the limbs, the number of
skeletal elements is reduced, and a series of highly flexible
joints appears along the limb. On forelimbs, the first joint is
formed wherethe propodial segment of the humerusmeetsthe
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epipodia segment of the radius and ulna. On the hindlimbs,
thefirst joint isformed where the femur meets the fibula and
tibia. Additional joints are formed where the mesopodia seg-
ments of the carpa (front limbs) or tarsal (hindlimbs) ele-
ments meet the metapodia segment of the metacarpals (front
limbs) or metatarsals (hindlimbs), and the phalanges (front
and hindlimbs) (Fig. 2.25). These morphological specidiza
tionslargely reflect the change in function of the appendages
from steering and stability in fish locomotion to support and
propulsion in tetrapod locomotion (Fig. 1.4).

The girdles provide internal support for limbs and
transdlate limb movement into locomotion. Primitively, the
amphibian pectoral girdle contained dermal and endochon-
dral elements. Derma elements originate in the dermis.
However, endochondral elements originate when hyaline
cartilage is replaced by bone. The endochondral coracoid
and scapula form the two arms of aV-shaped strut that has
a concave facet, the glenoid fossa, at their juncture; the
glenoid fossa is the articular surface for the head of the
humerus. Dermal elements, including the cleithral elements
and a clavicle, strengthen the endochondral girdle. A der-
mal interclavicle—the only unpaired pectoral element—
provides midventral strengthening to the articulation of
the left and right clavicles and coracoids. This midventral
articulation includes the sternum posteriorly. The pelvic
girdle, forelimbs, and hindlimbs contain only endochon-
dral elements. Three paired elements form the pelvic gir-
dle. A ventra plate contains the pubes anteriorly and the
ishia posteriorly; an ilium projects upward on each side
from the edge of the puboishia plate and articulates with
the diapophyses of the sacral vertebra. A concave facet, the
acetabulum, lies at the juncture of the three pelvic elements
and isthe articular surface for the head of the femur.

The girdles are anchored to the trunk by axial muscles.
Because the pectoral girdle lacks an attachment to the axial
skeleton, a series of musclesformsasdling that extends from
the back of the skull across the anterior trunk vertebrae to
insert on the scapula and humerus. The pelvic girdle has a
bony attachment to the vertebral column, and its muscular
gling is less extensive. Muscles of the limbs divide into a
dorsal extensor and a ventral flexor unit. Within each unit,
most of the muscles cross only a single joint, such as from
the girdle to the humerus or from the humerus to the ulna.

Caecilians have lost all components of the appendicu-
lar skeleton and musculature. Limbs and girdles are pres-
ent in most salamanders, although they may be reduced in
size and have lost distal elements, asin the dwarf siren. All
frogs have well-developed limbs and girdles. Salamanders
and frogs have only four, or sometimes fewer, digits on the
forefeet. The missing digit in frogs and salamanders is the
fifth or postaxial (outer) digit. Hindfeet of anurans and sala-
manders usually retain all digits, but if oneislogt, itisalso
thefifth digit.

Reduction and loss are common features of the sala
mander skeleton. The pectoral girdleislargely cartilaginous
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and contains only the scapula, procoracoid, and coracoid.
These three elements are regularly indistinguishably fused
and ossified only in the area of the glenoid fossa. The left
and right halves of the girdle overlap but do not articulate
with one another. A small, diamond-shaped, cartilaginous
sternum lies on the ventral midline posterior to the girdle
halves and is grooved anteriorly for a dliding articulation
with the edges of the coracoids. The humerus, the radius,
and the ulna have ossified shafts, but their ends remain car-
tilaginous. Carpals are often entirely cartilaginous or have a
small ossification node in the center of larger cartilaginous
elements. Reduction by loss and fusion of adjacent carpalsis
common in salamanders. Phalanges ossify, but their number
in each digit is reduced. The common phalangea formula
for most modern amphibians is 1-2-3-2 or 2—2-3-3, com-
pared to the 2—-3-4-5-4 formula of ancestral amphibians.

The salamander pelvic girdle has a more robust appear-
ance than the pectoral girdle. The ilia and ischia are ossi-
fied, athough the pubes remain largely cartilaginous.
The two halves of the girdle are firmly articulated, and a
Y-shaped cartilaginous rod, the ypsiloid cartilage, extends
forward and likely supports the viscera. Hindlimb elements
show the same pattern of ossification as those of forelimbs;
the hindfoot is typically 1-2—3-3-2 and loss of the fifth toe
is common, for example, in Hemidactylium.

The appendicular skeleton of frogs is robust and well
ossified. Saltatory locomotion of anurans, both in jump-
ing and landing, requires a strong skeleton. The pectoral
girdle contains a scapula capped by a bony cleithrum and
a cartilaginous suprascapula and, ventrally, a clavicle and
a coracoid; an omosternum (or episternum) and a sternum
extend anteriorly and posteriorly, respectively, from the
midline of the girdle. Two types of girdles, arciferal and
firmisternal, occur in anurans. In both types, the clavicles
articulate firmly on the midline. In the firmisternal girdle,
the coracoids are joined firmly through the fusion of their
epicoracoid caps. In contrast, the epicoracoid caps overlap
in arciferal girdles and can slide past one another. The two
girdle types are quite distinct in many species, although in
others, the girdle structure is intermediate. The humerusis
entirely ossified and has an elevated, spherical head. Epipo-
dia elementsfuseinto asingle bony element, the radioulna.
Carpal elements are bony and reduced in number by fusion.
The phalangeal formulais rarely reduced from 2—2—-3-3.

The anuran pelvic girdleis unlike that of any other tetra-
pod (Fig. 2.25). A plate, formed by the pubisand ischium, is
compressed into a bony, vertical semicircular block on the
midline; the ischia lie posterodorsally and the pubes form
the ventral edge. The ilia complete the anterior portion of
the pelvic block, and each ilium a so projects forward as an
elongate blade that attaches to the sacral diapophysis. The
hindlimb elements are elongate and proportionately much
longer than the forelimb. The epipodial elements are also
fused into asingle bone, thetibiofibula, whichistypically as
long or longer than the femur. Two mesopodial elements, the
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fibulare (astragalus) and the tibiale (calcaneum), are greatly
elongate, giving frogs along ankle. Most of the other meso-
podia elements are lost or greatly reduced in size. With the
exception of afew species, frogs have five toes and seldom
deviate from a 2—2—3-4-3 phalangeal formula.

Limb and girdle skeletons of extant reptiles share many
components with that of extant amphibians. Nonetheless,
the morphology and function of the muscular and skel-
etal components are different. Little of the reptilian endo-
chondral skeleton remains unossified. The reptilian rib or
thoracic cage is linked to the pectoral girdle through the
sternum. A shift in limb posture occurred with the develop-
ment of a less sprawled locomotion. Salamanders and liz-
ards have similar gait patterns and considerable lateral body
undulation when walking or running (Fig. 2.28). Lizards
differ from salamanders in that they have more elevated
postures and a greater range of limb movement. No reptile
has a musculoskeletal system so tightly linked to saltatory
locomotion as that of frogs, although some lizards can cata-
pult themselves using thrust from the tail.

Early reptiles had a pectoral girdle composed of five der-
mal components—including paired clavicles and cleithra,
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and an episternum (interclavicle)—and the paired, endochon-
dral scapulocoracoids, each with two or three ossification
centers, the scapula, the coracoid or the anterior and posterior
coracoids. A cleithrum lies on the anterolatera edge of each
scapula. Cleithra disappeared early in reptilian evolution and
do not exist in extant reptiles. The episternum isanew girdle
element, lying ventromedial and superficia to the sternum
(Fig. 2.29). The clavicles extend medially aong the base of
the scapulae to articulate with the anterior ends of the epister-
num. The endochondral components lie deep to the dermal
ones. The scapulais a vertical element, and the coracoid is
horizontal. At their junction, they support the glenoid fossa
for articulation of the humerus. Coracoids of the left and right
sides meet medially and are usually narrowly separated by a
cartilaginous band, which is continuous posteriorly with the
broader, cartilaginous sternum. The sternum bearsthe attach-
ments for the anterior sternal (thoracic) ribs and often a pair
of posterior processes that receive the attachments for addi-
tional ribs. Posterior to the thoracic ribs, a series of dermal
ribs, the gastralia, may support the ventral abdominal wall
(see Fig. 2.26). These abdominal ribs are superficia to, and
are not joined to, the thoracic ribs or any sternal processes,

FIGURE 2.28 Primitive lateral-sequence gait of a salamander. The center of mass (red circle) remains within the triangle of support (dashed line), and
three of the four limbs meet the ground at the same time. During atrot gait (not shown), diagonal limbs meet the ground at the same time and the center of
gravity fallson aline connecting those limbs. Often, thetail isused to stabilize the trot gait, which formsatriangle of support. Redrawn from Kardong, 2006.
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although the connective tissue sheath of the gastralia may
attach to the epipubis of the pelvic girdle.

Crocodylians, Sphenodon, and some lizards have gas-
tralia, although the gastralia and sternum are absent in
snakes and turtles. The ventral shell of turtles, the plastron,
is largely a bony neomorph, defined as a novel and unique
structure; only the clavicles and the episternum appear to
have become part of the plastron. Snakes havelost all pecto-
ral girdle elements, and many limbless lizards have greatly
reduced endochondral elements; occasionally, the dermal
elements are lost. Even limbed lizards show a reduction of
dermal elements; the episternum is reduced to a thin cru-
ciform rod of bone in most. Chameleons lack the clavicles
and the episternum. Clavicles are absent in crocodylians,
but the episternum remains as a median rod.

The reptilian pelvic girdle contains three pairs of endo-
chondral elements: the vertical ilia that attach to the sacral
vertebrae dorsally, and the horizontal pubes (anterior) and
ischia (posterior). The elements form a ventral plate that
joins the left and right sides of the girdle (Fig. 2.29). An
acetabulum occurs on each side at the juncture of the three

Pectoral girdle

episternum
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epicoracoid

suprascapula
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Pelvic girdle

episternum

acetabulum
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FIGURE 2.29 Ventral views of the pectoral (upper) and pelvic (lower)
girdles of a juvenile tuatara (Sphenodon punctatus). Adapted from
Schauinsland, 1903.
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bones. These elements persist in all living reptiles, with
the exception of most snakes. In al, the puboischiac plate
develops a pair of fenestrae that often fuse into a single
large opening encircled by the pubes and ischia. The plate
becomes V-shaped as the girdle deepens and narrows. In
most reptiles, the ilia are rod-like. In a few primitive snake
families, a rod-shaped pelvic bone remains on each side.
Its precise homologues are unknown, but it does bear an
acetabulum and usually processes that are labeled as ilial,
ischial, and pubic processes. The femur is vestigial and
externally covered by a keratinous spur.

Early reptiles had short, robust limb bones with numer-
ous processes. In modern species, the propodia elements,
the humerus and femur, are generally smooth, long, and
columnar with aslight curve. Their heads arelittle morethan
rounded ends of the bony element. Only in turtles are the
heads elevated and tilted from the shaft as distinct articular
surfaces. Epipodial pairsare of unequal size, with the ulnaor
tibia the longer, more robust weight-supporting element of
the pair. With rotation of the epipodium, the ulna developed
aproximal olecranon process and asigmoid notch for articu-
lation with the humerus. The tibia lacks an elevated process
but hasabroad proximal surfacefor femoral articulation. The
mesopodia elements consist of numerous small block-like
bones. The arrangement, fusion, and loss of these elements
arehighly variable, and the wrist or ankle flexure usually lies
within the mesopodium. Metapodial elements are elongate
and form the base of the digits. The basic phalangeal formula
for the reptilian forefoot (manus) is 2-3-4-5-3 and that for
the hindfoot (pes) 2-3-4-5-4. Most extant reptiles have lost
phalanges within digits or occasionally entire digits.

Pectoral girdle and forelimbs attach to the axial skeleton
by muscles that extend from the vertebrae to the interior of
the girdle or to the humerus. A similar pattern of muscu-
lar attachment exists for the pelvic girdle and hindlimbs,
although this girdle attaches firmly and directly to the ver-
tebral column through the sacral ribs—lia buttress. Within
limbs, the single-jointed muscles serve mainly as rotators,
and the multiple-jointed muscles serve as extensors and
flexors, many of which extend from the distal end of the
propodium to the manus or pes.

NERVES AND SENSE ORGANS—
COORDINATION AND PERCEPTION

The nervous system of vertebrates has four morphologi-
cally distinct, but integrated, units. the central nervous
system, the peripheral nervous system, the autonomic ner-
vous system, and various sense organs. The first three of
these units are composed principally of neurons or nerve
cells, each of which consists of acell body and one or more
axons and dendrites of varying lengths. The appearance of
nervous system structures depends upon the organization
of various parts of the neurons within the structure. For
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example, nerves are bundles of axons, and gray matter of
the brain results from concentrations of cell bodies. Sense
organs show a greater diversity of structure and organiza-
tion, ranging from single-cell units for mechanoreception
to multicellular eyes and ears. Neurons or parts of neurons
are important components of sense organs, but most sense
organs require and contain a variety of other cell and tissue
types to become functiona organs.

NERVOUS SYSTEMS

The central nervous system includes the brain and the spinal
cord. Both deriveembryologically and evolutionarily from a

medulla oblongata
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middorsal neural tube. The anterior end of thistube enlarges
to form the brain, which serves as the major center for the
coordination of neuromuscular activity and for the inte-
gration of, and response to, al sensory input. The brain is
divided during development by a flexure into the forebrain
and hindbrain. The forebrain and hindbrain are each fur-
ther partitioned, structurally and functionally, into distinct
units (Fig. 2.30). From anterior to posterior, the forebrain
consists of the telencephalon and the diencephalon, the
midbrain consists of the mesencephalon, and the hindbrain
consists of the cerebellum and medulla oblongata. Twelve
pairs (10 in extant amphibians) of cranial nerves arise from
the brain as follows: olfactory (1) from the telencephalon;
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FIGURE 2.30 Above: A diagrammatic lateral view of the brain and spinal cord of afrog. Below: Structure of the frog brain.
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optic (1) from the diencephal on; oculomotor (I11), trochlear
(IV), and abducens (V1) from the mesencephalon; and tri-
geminal (V), facial (VII), auditory (V111), glossopharyngeal
(1X), and vagus (X) from the medulla. The accessory (X1)
and hypoglossal (X11) crania nerves aso originate from the
medullain other vertebrates, but apparently a shortening of
the cranium places them outside the skull in amphibians;
hence, they become spinal nerves.

Embryonic flexure disappears in amphibians as subse-
guent embryonic growth straightens the brain. Morphology
of thebrainissimilar inthethreeliving groups, although the
brain is shortened in frogs and more elongate in salaman-
ders and caecilians. The telencephalon contains elongate
and swollen cerebral hemispheres dorsally encompass-
ing the ventral olfactory lobes. The cerebral hemispheres
compose half of the total amphibian brain (Fig. 2.30). The
small, unpaired diencephalon lies behind the hemispheres
and merges smoothly into the mesencephalon’s bulbous
optic lobes. Internally, the diencephalon is divided into the
epithalamus, thalamus, and hypothalamus. A small pineal
organ, the epiphysis, projects dorsally from the epithala-
mus, a parietal process, lying anterior to the epiphysis, is
absent in extant amphibians. The anterior part of the ven-
tral hypothalamus holds the optic chiasma where the optic
nerves cross as they enter the brain, and the posterior part
holds the infundibular area, from which the hypophysis or
pituitary gland projects. Behind the optic Iobes, the hind-
brain is a flattened triangular area tapering gradually into
the spinal cord. Neither the cerebellum, the base of the tri-
angle abutting the optic lobes, nor the medullais enlarged.

Brain size and morphology vary considerably among
reptile clades. In all reptiles, the basic vertebrate plan of two
regions, the forebrain and the hindbrain, is maintained, and
flexure of the brain stem is limited. The brain case is com-
monly larger than the brain, so that its size and shape do not
accurately reflect dimensions and morphology of the brain.
The forebrain of adult reptiles contains the cerebral hemi-
spheres, the thalamic segment, and the optic tectum, and
the hindbrain contains the cerebellum and medulla oblon-
gata. The cerebral hemispheres are pear-shaped with olfac-
tory lobes that project anteriorly and end in olfactory bulbs.
These lobes range from long, narrow stalks with tiny bulbs
in many iguanian lizards to short, stout stalks and bulbs in
tortoises. Their sizes reflect the reliance on olfaction for
many functions in amphibians and reptiles. The thalamic
area is a thick-walled tube compressed and hidden by the
cerebral lobes and the optic tectum. The dorsal, epithalamic
portion hastwo dorsal projections. The anteriormost projec-
tion is the parietal (parapineal) body; in many lizards and
Sphenodon, it penetrates the skull and forms a parietal eye.
The posterior projection, the epiphysis, is the pineal organ
andistypically glandular in turtles, snakes, and most lizards,
although in some lizards and Sohenodon, it is a composite
with a rudimentary retinal structure like the parietal body
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and glandular tissue. Crocodylians lack a parietal—pineal
complex. The ventral portion of thalamic area is the hypo-
thalamus. In addition to its nervous function, the thalamus,
the hypothalamus, and the adjacent pituitary gland function
together as a major endocrine organ. The dorsal part of the
posterior portion of the forebrain is the optical tectum and
theventral portion isthe optic chiasma. The cerebellum and
medulla are small in extant reptiles.

The spinal cord isaflattened cylinder of nerve cells that
extends caudad through the vertebrae. A bilateral pair of
spinal nerves arises segmentally in association with each
vertebrafor the entire length of the cord. Each spinal nerve
has a dorsal sensory and a ventral motor root that fuse
near their origins and soon divide into dorsal, ventral, and
communicating nerve branches. Neurons of the first two
branches innervate the body wall, as well as the skin, mus-
cle, and skeleton. Neurons of the communicating branches
join the central nervous system and the autonomic system
to innervate the viscera, including the digestive, urogenital,
circulatory, endocrine, and respiratory organs.

The spinal cord extends to the end of the vertebra col-
umn in salamanders and caecilians, but in anurans, the cord
ends at the level of the sixth or seventh vertebrae, and a
bundle of spinal nerves, the cauda equina, continues cau-
dad through the neural canal. In all reptiles, the spinal cord
extends from the medulla posteriorly to the end of the ver-
tebral column. The diameter of the cord is nearly uniform
from brain to base of tail, except for a slight expansion in
the region of the limbs. Organization of the spinal nervesis
similar in all living amphibians and reptiles. The dorsal root
contains somatic and visceral sensory neurons and some
visceral motor neurons. The somatic motor and some vis-
ceral motor neurons compose the ventral root.

Nerves and their ganglia (aggregations of neuron cell
bodies), exclusive of the skull and vertebral column, compose
the peripheral and autonomic nervous systems. The periph-
eral system contains the somatic sensory neurons and axons
of motor neurons; the autonomic system containsthe viscera
sensory and some motor neurons. The latter are generally
associated with the involuntary activity of smooth muscles
and glands of the viscera. Most actions of the autonomic ner-
vous system are involuntary, affecting digestion, heart and
respiratory rate, and some other physiological functions.
Both the peripheral and autonomic systems are similar in the
three amphibian groups, but neither system has been stud-
ied extensively, especialy the autonomic system. Peripheral
nerves transmit the animal’s perception of the outside world
to the central nervous system and then transmit messages to
the appropriate organs for the animal’s response.

SENSE ORGANS

Sense organs provide an animal with information about
itself and its surroundings. Sense organs that monitor the
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internal environment and those that monitor the external
environment are integrated either directly with the central
nervous system or indirectly with it through the autonomic
and peripheral networks. The eyes, ears, and nose are obvi-
ous external receptors. Heat and pressure receptors of the
skin are less obvious, as are internal receptors, such as the
proprioceptors of joints and muscles.

Cutaneous Sense Organs

The skin contains a variety of receptors that register the
environment’s impingement on the animal’s exterior. Pain
and temperature receptors consist of free and encapsulated
nerve endings, most lying in the dermis but afew extending
into the epidermis. Mechanoreceptors, sensitive to pressure
and touch, are similarly positioned in the skin. The pressure
receptors may also sense temperature.

The lateral line system of larval and afew adult amphib-
ians is the most evident of the cutaneous sense organs.
Superficially it appears as a series of pores on the head
and body of aquatic larvae and some aguatic adults, such
as cryptobranchid, amphiumid, proteid, and sirenid sala
manders; typhlonectid caecilians, and pipid frogs. The
mechanoreceptor organs or neuromasts are arranged singly
or in compact linear arrays called stitches to form the vari-
ous lines or canals that traverse the head and trunk. Each
neuromast contains a small set of cilia projecting from its
outer surface. The ciliabend in only one axis, thereby sens-
ing water pressure or current changes along only that axis.
They are sensitive to light currents and used to locate food.
Neuromasts are reduced only in species living in rapidly
flowing water.

Recently, ampullary organs were discovered on the
heads of some larval salamanders and caecilians. These
electroreceptors are less numerous, lying in rows parallel to
the neuromasts. Like neuromasts, ampullary organs provide
the larva with a sense of its surroundings, identifying both
stationary and moving objects lying within the electrical
field surrounding the larva.

Cutaneous sense organs are especially common in rep-
tiles and occur in a variety of forms. In addition to pain
and temperature receptors, several types of intragpithelia
mechanoreceptors register pressure, tension, or stretching
within the skin. Mechanoreceptors with discoid endings or
terminals occur over most of the body, and mechanorecep-
tors with branching terminals lie within the hinges between
scales of lepidosaurs. Mechanoreceptors with coiled, lan-
ceolate, or free terminals are confined to the dermis. On the
surface of the skin, tactile sense organs are abundant; they
range in shapes from button-like and smooth to those with
barbed bristles.

Pit organs of some boids, pythonids, and viperids are
specialized structures in the dermis and epidermis that
house infrared heat receptors. In Boa, these receptors,
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Infra-red
heat sensor

FIGURE 2.31 Infra-red heat-sensing pits arelocated bel ow and posterior
to the nares in pit-vipers. These sense organs detect movement across a
thermal landscape based on relative temperature. The snake in the photo-
graph is Bothriopsis bilineata from the Amazon rainforest (Laurie Vitt).

both intragpidermal and intradermal types, are scattered on
unmodified supra- and infralabial scales. In Python, aseries
of pits occursin the labial scales, and the heat receptors are
concentrated on the floor of the pit. In pit vipers (crotaline
snakes), apit organ occurs on each side of the head between
the naris and the eye (Fig. 2.31). The openings face forward
and their receptor fields overlap, giving them stereoscopic
infrared vision. The heat receptors lie within a membrane
stretched across the pit.

Ears

Ears of tetrapods, including frogs, lizards, and mammals,
are structurally similar and serve two functions: hearing, the
reception of sound waves; and balance, the detection of the
position and movement of the animal’s head. The receptors
for both functions are neuromasts located in the inner ear.
These neuromasts differ somewhat from those of the lat-
era line system, but they similarly record fluid movements
along a single axis by the deflection of termina cilia.

Ears are paired structures, one on each side of the head
just above and behind the articulation of the lower jaw. Each
ear consists of an inner, middle, and outer unit (Fig. 2.32).
The inner ear is a fluid-filled membranous sac, containing
the sensory receptors and suspended in a fluid-filled cavity
of the bony or cartilaginous otic capsule. The middle ear
contains the bone and muscular links that transfer vibra-
tions from the eardrum, the tympanum, to the inner ear.
An outer ear is usually no more than a slight depression of
the tympanum or may be absent. Salamanders, caecilians,
and some frogs lack tympana. In these amphibians, low-
frequency sounds may be transmitted via the appendicular
and cranial skeleton to the inner ear. For reptiles, an outer
ear occurs only in crocodylians and some lizards; tympana
are flush with the surface of the head in turtles and some
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FIGURE 2.32 Lateral view of the anatomy of alizard's ear. The otic cap-
sule consists mainly of the opisthotic and prootic. Adapted from Baird, 1970.

lizards. A specia muscle allows crocodylians and most
geckos to close the ear cavity. Although functionally simi-
lar, tympanic ears evolved independently in frogs, turtles,
lepidosaurs, and archosaurs.

The middle ear of reptiles contains atympanum and two
ear ossicles, the stapes and the extracolumella, within an
air cavity. The tympanum receives sounds and transmits the
vibrations along the extracolumell a—stapes chain to the oval
window of the inner ear. The middle ear cavities are large
inturtles, large with left and right cavities connected in cro-
codylians, small and nearly continuous with the pharynx in
most lizards, narrow canalsin snakes, and usually absent in
amphisbaenians. The stapesistypically a slender columnar
bone, and its cartilaginous tip, the extracolumella, has three
or four processes that reach the tympanum. In snakes, the
stapes abuts against the quadrate bone for transmission of
vibrations.

Unlike reptiles, the amphibian middle ear has two audi-
tory pathways: the tympanum-stapes path for airborne
sounds and the forelimb—opercular path for seismic sounds.
Both pathways reach the inner ear through the fenestra ova-
lis of the otic capsule. The tympanum-—stapes path is shared
with other tetrapods. In amphibians the stapes is a single
bony rod that extends between the external eardrum and
the fenestra ovalis of the inner ear. In most frogs, the sta-
pes lies within an air-filled cavity, and in salamanders and
caecilians, the stapes is embedded in muscles. The limb—
opercular path is unique to frogs and salamanders. Sound
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waves are transmitted from the ground through the forelimb
skeleton onto the tensed opercular muscle that joins the
shoulder girdleto the operculum lying in the fenestraovalis.

In amphibians and reptiles, the membranous inner ear
basically consists of two sacs joined by a broad passage.
Thedorsal sac or utriculus hasthree semicircular canalsthat
project outward from it. One of these canals lies horizon-
tally, the other two are vertical, and al three are perpendicu-
lar to one another. This orientation allows movement to be
recorded in three different planes and provides information
for the sense of balance. The neuromasts are clustered in
patches, one patch in each semicircular canal and one or
more patches in the utriculus and the ventral sac, the sac-
culus. In amphibians, the sacculus al so contains several out-
pocketings, including the amphibian papilla, basilar papilla,
lagena, and endolymphatic duct. The two papillae contain
patches of neuromasts specialized for acoustic reception.
Reptileslack the amphibian papilla but have a cochlear duct
from which the auditory sensory area projects ventrally
from the sacculus and adjacent to the oval window.

Although ears are the primary receptors for sound, low-
frequency sound may also be received through vibration of
the lateral body wall and lungs and transmitted to the inner
ear.

Eyes

Eyes vary from large and prominent to small and incon-
spicuous in extant amphibians. All have a pair of eyes
located laterally or dorsolaterally on the head. Most ter-
restrial and arboreal salamanders and frogs have moderate
to large eyes, whereas fossorial and aquatic species usually
have small eyes. Eyes are degenerate and lie beneath the
skin in caecilians and cave-dwelling salamanders; in a few
caecilians, eyes lie beneath bone. Eyes of most reptiles are
large and well developed. The eyes are degenerate only in
afew fossorial species and groups. They have disappeared
completely in only a few species of scoleophidian snakes,
leaving no pigment spot visible externaly.

The structure of the eye is similar in al vertebrates
(Fig. 2.33). Itisahollow spherelined internally with aheavily
pigmented sensory layer, theretina. Theretinais supported by
the sclera, a dense connective tissue sheath forming the out-
sidewall of the eyeball. The corneais the transparent part of
the outer sheath lying over agap in theretinathat allowslight
to enter the eye. In postmetamorphic amphibians, eyelids and
a nictitating membrane dide across the exposed cornea to
protect and moisten it. A spherical lenslies behind the cornea
and is anchored by a corona of fibersthat extend peripheraly
to the cornea—scleral juncture. The amount of light passing
through the lens and onto the retinais regulated by adelicate,
pigmented iris lying behind the cornea. Its central opening,
the pupil, is opened (dilated) or closed (contracted) by periph-
erally placed muscles. The eye retains its spherical shape by
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FIGURE 2.33 Cross-section of the anatomy of a snake eye. Adapted
from Underwood, 1970.

the presence of fluid, the vitreous humor in the cavity behind
the lens and the aqueous humor in front of the lens.

Light enters the eye through the iris and is focused on
the retina by the lens. The organization of the retina's sev-
eral layers differs from what might be expected. The sensory
or light-registering surfaces are not the innermost surface of
the eye. Instead, the innermost layer consists of transmission
axonsthat carry impulsesto the optic nerve, and the next layer
contains connector neurons that transfer impulses from the
adjacent receptor cell layer. The deepest layer contains pig-
ment cells adjacent to the sclera. The receptor surfaces of the
sensory cells face inward, not outward, toward the incoming
light, and against and in the pigment layer. Amphibians have
four kinds of light receptors: red and green rods, and single
and double cones. The cones are the color receptors that pos-
sess specialized pigments sensitive to anarrow range of wave-
lengths. When light strikes these pigments, their chemical
stateischanged. Amphibians arethe only vertebrateswith two
types of rods, and the green rods are unique to amphibians.
Theserods are absent in taxawith degenerate eyes. The visua
pigment of the rods is sensitive to all wavelengths of light;
hence, rods register only the presence or absence of light.

The eyes of reptiles, except snakes, have aring of bony
plates (scleral ossicles) embedded in the sclera and sur-
rounding the cornea. Pupils range from round to elliptical
and are usualy oriented vertically, although occasionally
they are horizontal in some species. The reptilian eyeball
and lens are usually spherical (Fig. 2.33). Rather than mov-
ing the lens for accommodation, lens shape is changed by
the contraction of radial muscles in the ciliary body encir-
cling the lens. Crocodylians and turtles share aduplex retina
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(rods and cones) with other vertebrates and possess single
and double cones and one type of rod. In squamates, the ret-
ina has been modified. Primitive snakes have asimplex ret-
ina consisting only of rods; advanced snakes have a duplex
retina of cones and rods, although the cones are probably
transformed rods. Inlizards, the simplex retina contains two
or three different types of cones.

Nasal Organs

Olfaction or smelling is performed by bilaterally paired nasa
organs and the vomeronasal (Jacobson’'s) organ. Each nasa
organ opens to the exterior through the externa naris and
internally into the buccal cavity viathe choana(internal naris).
Between these openings in amphibians lies a large olfactory
(principal) cavity and several accessory chambers that extend
laterally and ventrally; the vomeronasal organ isin one of the
accessory chambers. A nasolacrimal duct extends from the
anterior corner of each eye to the principal cavity. The sur-
face of the chambers contains support and mucous cells and
islined with ciliated epithelium. The ciliated neuroepithelium
occurs in three patches. The largest patch occupies the roof,
medial wall, and the anterior end of the principa cavity. A
small, protruding patch occurs on the middle of the floor, and
another small patchis present in the vomeronasal organ cham-
ber. The neuroepithelium of the principal cavity isinnervated
by neurons from the olfactory bulb of the brain, and the vom-
eronasal organ is innervated by a separate olfactory branch.
Olfaction is a chemosensory process. The actua receptor site
on the cdll is unknown but may be either at the base of each
cilium or near the cilium'’s junction with the cell body.

The nasal organs of salamanders are composed of alarge
main cavity partidly divided by a ventrolatera fold. Aquatic
salamanders have the simplest and smallest nasal cavities, but
they possess large vomeronasal organs. Frogs, in general, have
acomplex nasal cavity congsting of three chambersand alarge
vomeronasal organ. Caecilianshave smplenasa cavitiessimi-
lar to salamanders but with a major modification, the sensory
tentacle. The size, position, and structure of the tentacle vary
among different species; however, in al, the tentacle arises
from a combination of nasa and orbital tissues as a tubular
evagination from the corner of the eye. The tentacle's exterior
sheathisflexible but nonretractable. The tentacle proper can be
extruded and retracted into its sheath. Odor particles are trans-
ported via the nasolacrimal duct to the vomeronasal organ.

In reptiles, each nasal organ consists of an external
naris, a vestibule, a nasal cavity proper, a nasopharyngeal
duct, and an internal naris. These structures serve as air
passages and are lined with nonsensory epithelium. The
sensory or olfactory epithelium lies principally on the roof
and anterodorsal walls of the nasal cavity. These passages
and cavities are variously modified in the different reptilian
groups. The vestibule is a short tube in turtles and snakes,
and is much longer and often curved in lizards. A concha
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FIGURE 2.34 Lepidosaurians can have gustatory organs (taste buds),
nasal olfactory systems (sense of smell), and/or vomeronasal systems
(chemosensory using the tongue to transport chemicals). Adapted from
Schwenk, 1995.

covered with sensory epithelium projects into the nasal cav-
ity from the lateral wall. Sphenodon has a pair of conchae,
sgquamates and crocodylians have one, and turtles have
none. The vomeronasal organ is an olfactory structure, used
primarily to detect nonaerial, particulate odors (Fig. 2.34).
It arises embryologically from the nasal cavity but remains
connected to this cavity as well as to the oral cavity only
in Sohenodon. In squamates, it communicates with the oral
cavity by a narrow duct. Odor particles are carried to the
vicinity of the duct by the tongue. Well developed in squa-
mates, this organ is absent in crocodylians; in turtles, it lies
inthe main nasal chamber rather than in a separate chamber.

Internal Sense Organs

The major internal sense organs are the proprioceptor
organs embedded in the muscles, tendons, ligaments, and
joints. These organs record the tension and stress on the
musculoskeletal system and allow the brain to coordinate
the movement of limbs and body during locomotor and
stationary behaviors. The proprioceptors show a structural
diversity from simple nerve endings and net-like endings to
specialized corpuscles. Structurally, the proprioceptors of
reptiles are similar to those of amphibians.

Taste buds or gustatory organs are present in all amphib-
ians, although they have been little studied and nearly exclu-
sively infrogs. Therearetwo types. papillary organs, located
on fingiform papillae on the outer surface of the tongue, and
nonpapillary organs, located throughout the buccal cavity,
except on the tongue. Each type of taste bud is a compos-
ite of receptor and support cells. The buds are highly sensi-
tive to salts, acids, quinine (bitter), and pure water. In many
reptiles, taste buds occur on the tongue and are scattered
in the ora epithelium (Fig. 2.34). Structurally, they appear
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similar to those of amphibians and share the same sensory
responses. In squamates, taste buds are abundant in fleshy-
tongued taxa and are greatly reduced or absent in taxa (e.g.,
most snakes) with heavily keratinized tongue surfaces.

HEART AND VASCULAR NETWORK—
INTERNAL TRANSPORT

The circulatory system is a transport system that carries
nutrients and oxygen to all body tissues and removes waste
products and carbon dioxide from them. This system con-
tains four components: blood, the transport medium; vascu-
lar and lymphatic vessels, the distribution networks; and the
heart, the pump or propulsive mechanism.

Blood

Amphibian blood plasmais a colorless fluid, and it contains
three major types of blood cells: erythrocytes, leucocytes,
and thrombocytes. The blood cells are typicaly nucleated,
although in salamanders a small number of each of the three
types lacks nuclei. Erythrocytes carry oxygen to and carbon
dioxide from the tissues; both gases attach to the respira-
tory pigment hemoglobin. Erythrocytes vary in size among
amphibian species, but, in generd, amphibians have the
largest erythrocytes known among vertebrates. Leucocytes
consist of avariety of cell types, most of which areinvolvedin
maintenance duties such as removing cell debris and bacteria
or producing antibodies. The thrombocytes serve as clotting
agents. Only the erythrocytes are confined to vascular ves-
sels; the other blood cells and the plasma lesk through the
walls of the vascular vessels and bathe the cells of al tissues.
The plasma and cells reenter the vascular vessals directly or
collect in the lymphatic vessels that empty into the vascular
system.

Blood plasma is colorless or nearly so in most reptiles.
A few skinks and crotaline snakes have green or greenish-
yellow blood. In addition to dissolved salts, proteins, and
other physiological compounds, the plasma transports three
types of cells: erythrocytes, leucocytes, and thrombocytes,
all of which have nuclei in reptiles.

Arterial and Venous Circulation

The vascular vessels form a closed network of ducts that
transports the blood. Blood leaves the heart through the
arteries that divide into smaller and smaller vessels, the
arterioles. The smallest vessels, the capillaries, are only
dlightly larger than the blood cells flowing through them.
Within the capillary beds, the plasma and some leucocytes
and thrombocytes leak through to the lymphatic system.
Beyond the capillaries, the vessels become progressively
larger. Venules, comparable to arteriolesin size, lead to the
larger veins, which return blood to the heart.
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FIGURE 2.35 Lateral view of the circulatory system of afrog.

In amphibians, blood leaves the heart through the conus
arteriosus, which soon divides into three aortic arches, the
pulmocutaneous arch, the systemic arch, and the carotid
arch (Fig. 2.35). The position and number of aortic arches
are highly variable in amphibians. The pulmocutaneous arch
divides into cutaneous arteries that serve the skin and into
pulmonary arteries that lead to the respiratory surfaceswhere
gaseous exchange occurs. The systemic arch curves dorsally
and fuses on the midline with its bilateral counterpart to form
the dorsal aorta. Vessels that branch from the dorsal aorta as
it extends posteriorly provide blood to al viscera and limbs.
The branches of the carotid arch carry blood to the tissues and
organs of the head and neck. The venous system has acompa-
rable distributiona pattern of vesselsbut in reverse. A pair of
common jugular veins drains the numerous veins of the head
and neck; the subclavian veins gather blood from the smaller
veins of the forelimbs and skin; and the pulmonary veins
drain the lungs. A single postcava vein is the mgjor efferent
vessel for the viscera and hindlimbs. All these veins, except
the pulmonary vein, empty into the sinus venosus, which
opens directly into the heart (Fig. 2.35). The sizes, shapes,
and branching patterns within the vascular network are nearly
as variable within ataxon asthey are between unrelated taxa.
The visceral arches of amphibian larvae giveriseto the aortic
arches of adults, although adults lose the first two arches. Of
the remaining arches, some salamanders retain al, whereas
anurans retain three, and caecilians retain two.

The arterial and venous networks of reptiles are similar
to those of adult amphibians, but, like amphibians, the rep-
tilian groups differ from each other. For example, the pat-
tern of vessels to and from the trunk of snakes and turtlesis

not the same. The major trunk vesselsleading from the heart
to the viscera, head, and limbs and those vessels returning
the blood to the heart are more similar among species and
groups than they are different.

In reptiles, the pulmonary artery typically arises as a
single trunk from the cavum pulmonale of the right ventricle
and bifurcates into the right and left branches above and in
front of the heart (Fig. 2.36). The systemic arteries (aortas)
arise separately but side by side from the cavum venosum of
theleft ventricle. The left systemic artery curves dorsaly and
bifurcates into a small ductus caroticus and the larger sys-
temic branch. The right systemic artery bifurcates in front of
the heart; the cranial branch formsthe major carotid network,
and the systemic branch curves dorsally to join the left sys-
temic branch. This combined aorta (dorsal aorta) extends pos-
teriorly and its branches serve the limbs and the viscera. The
major venous vessels are the jugular veinsthat drain the head
and the postcaval vein that receives vessels from the limbs
and viscera. Thejugular and postcaval trunksjoin into acom-
mon SiNUS venosus; in turn, it emptiesinto the right atrium.

Lymphatic Network

The lymphatic network is an open system, containing both
vessels and open cavities or sinuses within the muscles, in
the visceral mesenteries, and beneath the skin. It is a one-
way network, collecting the plasma and other blood cells
that have leaked out of the capillaries and returning them
to the vascular system. Lymph sinuses are the major collec-
tion sites, and the subcutaneous sinuses are especially large
in frogs. The sinuses are drained by lymphatic vessals that
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FIGURE 2.36 Heart anatomy of aturtle and avaranid lizard; diagrammatic ventral views of frontal sections. The arrowsindicate only the general path-
way of blood flow through the ventricle into the aortic arches. Adapted from Burggren, 1987.

empty into veins. In amphibians and fishes, lymph heartslie
at venous junctions and are contractile structures with valves
that prevent backflow and thereby speed the flow of lymph
into the veins. Frogs and salamanders have 10 to 20 lymph
hearts; the elongate caecilians have more than a hundred.
The lymphatic system of reptiles is an elaborate drain-
age network with vessel sthroughout the body. This network
of microvessels gathers plasma (Ilymph) from throughout
the body, and smaller vessels mergeinto increasingly larger
ones that in turn empty into the main lymphatic trunk ves-
sels and their associated sinuses. The trunk, vessels, and
sinuses empty into veins. Major trunks collect plasma from
the limbs, head, and viscera, forming a network of vessels
that outlines the shape of the reptile’s body. The occurrence
of valvesisirregular, and plasma flow can be bidirectional;
however, the major flow in all trunksistoward the pericar-
dial sinus and into the venous system. A single pair of lym-
phatic hearts but no lymph nodes occur in the pelvic area.

Heart

Heart structure is highly variable in amphibians. All have
a three-chambered heart composed of two atria and one
ventricle, but the morphology of the chambers and the pat-
tern of blood flow through the chambers vary (Fig. 2.35).
The differences are associated with the relative impor-
tance of cutaneous and pulmonary respiration. Even dif-
ferences in an amphibian’'s physiological state modify the
flow pattern—a hibernating frog might have a flow pattern
that mixes pulmonary and systemic blood in the ventricle,
whereas an active frog does not. The atria are thin-walled
sacs separated by an interatrial septum. The sinus veno-
sus empties into the right atrium, and the pulmonary veins
empty into the left atrium. Both atria empty into the thick,

muscular-walled ventricle, which pumps the blood into
the conus arteriosus. Although the ventricle is not divided
by a septum, oxygenated and unoxygenated blood can be
directed into different arterial pathways. Such segregation
is possible owing to the volume and position of the blood in
the ventricle, the nature of the ventricular contractions, the
spiral fold of the conus arteriosus, the branching pattern of
the arteriesfrom the conus, and the rel ative resistance of the
pulmonary and systemic pathways.

No single model represents ageneralized reptilian heart.
Heart size, shape, structure, and position are linked to other
aspects of each species’ anatomy and physiology. The ani-
mal’s physiology is a major determinant of heart structure
and function, but phylogeny and behavior also play deter-
mining roles. In snakes, heart position is correlated with
arboreal, terrestrial, and aquatic habits. Among these vari-
ables, three general morphological patterns are recognized.

The typical heart of turtles and squamates (Fig. 2.36) is
three-chambered, with two atria and a ventricle with three
chambers or cava. From left to right, the cava are called the
cavaarteriosum, the cava venosum, and the cava pulmonale.
The right atrium receives unoxygenated venous blood from
the sinus venosus and empties into the cavum venosum of
the ventricle. The left atrium receives oxygenated blood
from the lungs via the pulmonary veins and empties into
the cavum arteriosum. Because the three ventricular cava
communicate and muscular contraction of the ventricle is
single-phased, oxygenated and unoxygenated blood mix,
and blood exits simultaneously through all arterial trunks.
Blood in the cavum pulmonale flows into the pulmonary
trunk, and blood in the cavum venosum into the aortas.

Monitor lizards (varanids) have a higher metabolic rate
than other lizards and a so have differences in the architec-
ture of the ventricular cava, which communicate with one
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another (Fig. 2.36). The cavum venosum is small—little
more than a narrow channel linking the cavum pulmonae
with a greatly enlarged cavum arteriosum. Ventricular con-
traction is two-phased so that the pumping cycle creates
a functionally four-chambered heart. Although mixing of
unoxygenated and oxygenated blood can occur and prob-
ably does in some circumstances, the cavum pulmonale
is isolated during systole (contraction), and unoxygenated
blood is pumped from the right atrium to the lungs. In croc-
odylians, the ventricle is divided into separate right and | eft
muscle components. Uniquely, the two aortas in crocodyl-
ians arise from different ventricular chambers, the left aorta
from the right chamber and right aorta from the left cham-
ber. This arrangement provides an opportunity for unoxy-
genated blood to bypass the lungs in special physiological
circumstances, such as during diving, by altering the pattern
of ventricular contraction.

DIGESTIVE AND RESPIRATORY ORGANS—
ENERGY ACQUISITION AND PROCESSING

The digestive and pulmonary systems are linked by a com-
mon embryologica origin, similar functions, and shared
passageways. The lungs and respiratory tubes form as an
outpocketing of the principal regions. Both systems are
intake ports and processors for the fuels needed to sustain
life: oxygen for use in respiration, and water and food for
use in digestion (see Chapter 6, “Water Balance and Gas
Exchange,” and Chapter 10, “ Foraging Ecology and Diets”).

Digestive Structures

The digestive system of amphibians has two major com-
ponents, a digestive tube that has specialized regions and
various digestive glands. The digestive tube or tract extends
from the mouth to the anus, which empties into the cloaca.
From beginning to end, the regions are the buccal (oral)
cavity, the pharynx, esophagus, stomach, and small and
large intestines. The general morphology of these regions
is similar within amphibians, although the digestive tract is
short in anurans and long in caecilians.

The mouth opens directly into the buccal cavity and is
bordered by flexible, immobile lips. The bucca cavity is
continuous posteriorly at the angle of the jaw with the phar-
ynx. The primary palate forms the roof of the buccal cav-
ity, and the tongue lies on its floor. The tongue is variously
developed in amphibians. In its least-developed form, the
tongueisasmall muscular pad lying on asimple hyoid skel-
eton, as seen in pipid frogs. Some salamanders and many
advanced frogs have tongues that can be projected very
rapidly for long distances in order to capture prey. These
projectile tongues have amore elaborate hyoid skeleton and
associated musculature with a glandular pad attached to the
muscular base.
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Amphibian teeth are typically simple structures; each
tooth has an exposed bicuspid crown anchored to a base, or
pedicel in the jaw. Caecilians and a few frogs have unicus-
pid curved teeth. Salamanders and caecilians have teeth on
all the jawbones; most frogs lack teeth on the lower jaw and
afew lack teeth on the upper jaw.

The pharynx is the antechamber for directing food into
the esophagus and air into the lungs. A muscular sphincter
controls movement of food in the thin-walled esophagus,
and peristaltic movement propels food downward into the
stomach. The stomach isan enlarged and expandabl e region
of the digestive tube. Its thick muscular walls and secre-
tory lining initiate the first major digestive breakdown of
food. The food bolus passes from the stomach through the
pyloric valveinto the narrower and thin-walled small intes-
tine. The forepart of the small intestine is the duodenum,
which receives the digestive juices from the liver and pan-
creas. The small intestine of amphibians has only a small
amount of internal folding and has villi to increase surface
areafor nutrient absorption. It is continuous with a slightly
broader large intestine in caecilians, salamanders, and some
frogs. In advanced frogs, a valve separates the large and
small intestines. The large intestine empties into the cloaca,
which is a sac-like cavity that receives the products and by-
products of the digestive, urinary, and reproductive systems.
The cloaca exits to the outside through the vent.

The mouth of reptiles opens directly into the buccal cav-
ity, and a variety of glands are situated in the head region
(Fig. 2.37). Lips bordering the mouth are flexible skin folds,
but they are not movable in lepidosaurs. Lips are absent in
crocodylians and turtles. Tooth rows on the upper and lower
jaws of most reptiles form a continuous border along the
internal edge of the mouth. Turtles lack teeth and have kera-
tinous jaw sheaths. In reptiles, teeth typically serve for grasp-
ing, piercing, and fragmenting food items. In many squamate
reptiles (e.g., snakes), teeth aid in prey manipulation during
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FIGURE 2.37 A variety of glands occur in the oral region of the head of
reptiles, athough not al reptiles have al glands shown. Premaxillary, nasal,
and palatine glands secrete mucous to lubricate the mouth. Lacrima and
Harderian glands secrete fluids that wet the vomeronasal region and the eyes.
The Duvernoy’s gland occurs in venomous snakes and produces venom.
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swallowing. Only in afew species do teeth cut and dice (e.g.,
Varanus) or crush (Dracaena). A well-developed tongue
usually occupies the floor of the mouth. Tongue morphol-
ogy variesin association with a variety of feeding behaviors;
chameleons have projectile tongues, and varanoid lizards and
snakes have tel escoping tongues. Theroof of the buccal cavity
isformed by the primary palate. Two pairs of structures open
anteriorly in the roof of the bucca cavity; the small Jacob-
son’s organ opens just inside the mouth and is immediately
followed by thelarger internal nares. Crocodylians have a sec-
ondary palate that creates a separate respiratory passage from
theinternal nareson the primary palateto the beginning of the
pharynx. This passage allows air to enter and exit the respira-
tory system whilefood is held in the mouth. A few turtlesand
snakes (aniliids) have developed partial secondary palates.

The pharynx is a smal antechamber behind the buccal
cavity. A valvular glottison itsfloor isthe entranceto thetra-
chea. Ontherear wall of the pharynx abovethe glottis, amus-
cular sphincter controls the opening into the esophagus. The
Eustachian tubes, one on each side, open onto the roof of the
pharynx. Each tube is continuous with the middle-ear cham-
ber to permit the adjustment of air pressure on the tympanum.
Middle ears and Eustachian tubes are absent in snakes.

The esophagus is a distensible, muscular, walled tube of
variable length between the buccal cavity and the stomach. In
snakes and turtles, the esophagus may be one-quarter to one-
half of the body length (Fig. 2.38). It is proportionately shorter
in reptileswith shorter necks. The stomach isaheavy muscular
and distensible tube, usually J-shaped and largest in the curved
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area. The stomach narrows to a thick muscular sphincter, the
pylorus or pyloric valve. This valve controls the movement of
the food bolus from the stomach into the small intestine. The
small intestine is a long narrow tube with little regional dif-
ferentiation externaly or internaly; the pancreatic and hepatic
ducts empty into its forepart. The transition between the small
and large intestine is aorupt. The diameter of the latter is sev-
eral times larger than the former, and often a small outpock-
eting, the caecum, lies adjacent to the juncture of the two
intestines. The largeintestine or colon isastraight or C-shaped
tube that emptiesinto the cloaca. Thelargeintestineistheleast
muscular and most thin-walled structure in the digestive tract.

The cloaca is part of the digestive tract and is derived
from the embryonic hindgut. A muscular sphincter, the
anus, lies between the large intestine and the cloaca. The
dorsal portion of the cloaca is the coprodaeum and is the
route for the exit of feces. The urodaeum or urogenital sinus
isaventral outpocket of the cloaca and extends a short dis-
tance anterior to and beneath the large intestine. Digestive,
urinary, and genital products exit via the vent, a transverse
dlit in turtles and lepidosaurs and a longitudinal dlit in cro-
codylians. Pheromonal (sexual attractant) glands and sperm
storage occur in the cloaca of many amphibiansand reptiles.

Digestive Glands

A variety of glands occurs within the digestive tract. The
lining of the buccal cavity contains unicellular and multi-
cellular glands. Multicellular glands secrete mucus that

liver

FIGURE 2.38 Visceral anatomy of a generalized male snake; ventral view.



76

lubricates the surface, and although numerous and wide-
spread in terrestrial amphibians, they are less abundant in
aquatic taxa such as pipid frogs and aguatic salamanders.
The intermaxillary gland opens in the middle of the palate
and secretes a sticky compound that helps prey adhere to
the tip of the tongue. Numerous unicellular and multicel-
lular glands are present in the lining of the remainder of the
digestive tract; most secrete mucus and afew secrete diges-
tive enzymes and acid into the stomach.

The liver and pancreas are major secretory structures
that lie astride the stomach and duodendum and are derived
from the embryonic gut. Theliver isthe largest of the diges-
tive glands, serving as a nutrient storage organ and producer
of bile. The bile drains from the liver into the gallblad-
der and then moves via the bile duct into the duodenum,
where it assists in the breakdown of food. The pancreas is
asmaller, diffuse gland. It secretes digestive fluids into the
duodenum and also produces the hormone insulin.

Similarly, the ora cavity of reptiles contains numerous
glands. Small, multicellular mucous glands are a common
component of the epithelial lining and compose much of the
tissue on the surface of the tongue. Larger aggregations of
glandular tissue, both mucous and serous, form five kinds of
salivary glands: labial, lingual, sublingual, paatine, and den-
tal. In venomous snakes, the venom glands are modified sali-
vary glands. Mucous glands occur throughout the digestive
tract. The stomach lining is largely glandular and has severa
types of gastric glands. The small intestine has many small
glands within its epithelia lining. The liver, usualy the larg-
est single organ in the viscera cavity, and pancreas produce
secretions that assist in digestion. The pancreas is a smaller,
more diffuse structurethat lieswithin the visceral peritoneum.

Respiratory Structures
Lungs

The respiratory passage includes the external nares, olfac-
tory chambers, internal nares, buccopharyngeal cavity, glot-
tis, larynx, trachea, bronchial tubes, and lungs. The glottis,
adlit-like opening on thefloor of the pharynx, isavalve that
controls airflow in and out of the respiratory passages. The
glottis opens directly into a box-like larynx. This voice box
occursinall amphibiansbut isanatomically most complexin
frogs. The larynx exits into the trachea; the latter bifurcates
into the bronchi and then into the lungs. Bronchi are absent
in al frogs except the pipids. Amphibian lungs are highly
vascularized, thin-walled sacs. Internaly, they are weakly
partitioned by thin septa composed of connective tissue.
This weak partitioning and the small size, or even absence,
of the lungs emphasizes the use of multiple respiratory sur-
faces in amphibians. Lung ventilation is triphasic by means
of a buccopharyngeal force pump mechanism. Inhalation
begins with nares open, glottis closed, and depression of the
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buccopharyngeal floor, which draws air into this cavity. The
glottis then opens, and elastic recoil of the lungs forces the
pulmonary air out and over the new air in the buccopharyn-
geal pocket. The nares close, and the buccopharyngeal floor
contracts and pumps air into the lungs as the glottis closes
to keep air in the lungs under supra-atmospheric pressure.
Similar, but faster and shallower, throat movements occur
regularly in frogs and salamanders, rapidly flushing air in
and out of the olfactory chambers.

Reptiles have an identical respiratory pathway. Air exits
and enters the trachea through the glottis at the rear of the
pharynx. The glottis and two or three other cartilages form
the larynx, a simple tubular structure in most reptiles. The
larynx isthe beginning of the trachea, arigid tube of closely
spaced cartilaginous rings within its walls (the rings are
incomplete dorsally in squamates). The trachea extends
down the neck beneath the esophagus and forks into a pair
of bronchi, each of which entersalung.

Lung structure is variable among reptiles (Fig. 2.39).
Most |epidosaurs have simple sac-like lungs. Each bronchus
emptiesinto alarge central chamber of the lung. Numerous
faveoli (small sacs) radiate outwardinall directions, forming

FIGURE 2.39 Internal morphology of generalized reptilian lungs; sche-
matic cross-sections of a single-chambered lung (top) as in a skink, a
transitional lung (middle) as in an iguanian lizard, and a multichambered
lung (lower) asin aseaturtle. The central chamber of a single-chambered
lung is not divided by a mgor septum, athough small niches are com-
monly present along the wall. The transitional lung has a central lumen
partialy divided by large septum. The multichambered lung is partitioned
into numerous chambers of various sizes; all chambers communicate with
the intrapulmonary bronchus via an airway. Adapted from Perry, 1983.
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a porous wall around the central chamber. The walls of the
faveoli arerichly supplied with blood and provide the major
surface for gaseous exchange. Iguanians have the centra
chamber of each lung divided by a few large septae. These
septae partition the lung into a series of smaller chambers,
each of which possesses porous faveolar walls. Varanids,
crocodylians, and turtles al so have multichambered lungs; a
bronchus extends into each lung and subdivides into many
bronchioles, each ending in a faveolus. In some lizards,
smooth-walled tubes project from the chamber beyond the
surface of the lung. No gas exchange occurs in these air
sacs, rather, the sacs may permit the lizard to hold a larger
volume of air. The sacs are used by some species to inflate
their bodies to intimidate predators.

Development of air sacs is even more extensive in
snakes because of their highly modified lungs. A single
functional right lung and a small, nonfunctional left lung
are the common condition (Fig. 2.38). A functional left
lung occurs only in a few snakes (e.g., Loxocemus), and
in these snakes, it is distinctly smaller than the right lung.
The trachea and right bronchus extend into the lung and
empty into a chamber with a faveoli-filled wall as in most
lizards. Snake lungs are typically long, one-half or more of
the snake’s body length. Usually the posterior one-third or
moreisan air sac.

Many snakes also have a tracheal lung. This lung is a
vascular, faveoli-dense sac that extends outward from where
the tracheal rings are incomplete dorsaly; posteriorly, it
abutstheright lung. Breathing occurs by expansion and con-
traction of the body cavity. Among squamates, the thoracic
cavity is enlarged during inhalation by contraction of the
intercostal muscles drawing the ribs forward and upward.
Compression of the cavity during exhalation occurs when
the muscles relax and the weight of the body wall and adja-
cent organs sgueeze the lungs. In crocodylians, the diaph-
ram contracts and enlargesthe thoracic cavity for inhalation;
abdominal muscles contract and drive the liver forward for
exhalation. Inturtleswith rigid shells, the posterior abdomi-
nal muscles and several pectoral girdle muscles expand and
compress the body cavity for breathing.

Other Respiratory Surfaces

Lungs are only one of several respiratory structures in
amphibians. A few caecilians have a small third lung bud-
ding off the trachea. The buccopharyngeal cavity is heav-
ily vascularized in many amphibians and is a minor gas
exchange surface.

Gillsarethemajor respiratory structuresinlarvaeand afew
adult sdlamanders. Three pairs of externa gills, which develop
and project from the outside of the pharyngeal arches, occur in
salamanders and caecilians. External and internal gills occur
sequentialy in anuran larvae; the former arise early, remain
largely rudimentary, and are replaced quickly by the latter.
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In most adults and larvae, the skin is the major respira
tory surface and is highly vascularized. Gas exchangein all
vertebrates requires a moist surface; drying alters the cell
surfaces and prevents diffusion across cell membranes.

Reptiles are dependent upon their lungs for aerial res-
piration. None of the aquatic species has developed a suc-
cessful substitute for surfacing and breathing air. Long-term
submergencein reptilesispossible owing to ahigh tolerance
to anoxia, a greatly suppressed metabolism, and varying
degrees of cutaneous respiration. Softshell turtles are pur-
ported to obtain more than 50% of their respiratory needs
by cutaneous and buccopharyngeal respiration when sub-
merged, but experimental results of different investigators
are conflicting. The accessory cloacal bladders of turtles
have also been proposed as auxiliary respiratory structures;
however, their walls are smooth and lightly vascularized,
unlike most respiratory surfaces.

URINARY AND REPRODUCTIVE ORGANS—
WASTE REMOVAL AND PROPAGATION

The urinary and reproductive systems are intimately related in
their location aong the midline of the dorsal body wall and by
a shared evolutionary history. Through generations of verte-
brates, male gonads have usurped the urinary ductsof primitive
kidneys for transportation of sperm. Most adult amphibians
have opisthonephric kidneys, whereas amniotes have meta-
nephric kidneys. The development of these two kidney types
isdifferent, but both pass through atransient embryonic stage,
the mesonephros. In amniotes, ducts from the ancestral opis-
thonephric kidney system have been usurped by the reproduc-
tive system, and the opisthonephric kidney system, including
the ducts, has been replaced by the metanephric kidney system
and ducts. The structures of each system are paired.

Kidneys and Urinary Ducts

Kidneys remove nitrogenous waste from the bloodstream
and maintain water balance by regulating the removal or
retention of water and salts. The functional unit of the kid-
ney is the nephron or kidney tubule. Each nephron con-
sists of arenal corpuscle and a convoluted tubule of three
segments, each of variable length in different species. The
corpuscle encloses a ball of capillaries, and most filtra-
tion occurs here. Filtration (selective secretion) may also
occur in the tubule, but resorption of salts and water to the
blood is the major activity as the filtrate passes through
the tubule. The tubules of adjacent nephrons empty into
collecting ducts, which in turn empty into larger ducts and
eventually into the urinary duct that drains each kidney.
Primitively and embryologically, the kidney developed
from aridge of mesomeric tissue aong the entire length of
the body cavity. In modern amphibians, a holonephric kid-
ney exists embryologicaly but never becomes functional.
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Instead the functiona kidney (pronephros) of embryos and
larvae arises from the anterior part of the “holonephric’
ridge. The pronephros begins to degenerate as the larva
approaches metamorphosis, and a new kidney, the opis-
thonephros, develops from the posterior part of the ridge.
Tubules of the anterior end of the male’s opisthonephric
kidney take on the additional role of sperm transport. In
primitive salamanders, this new role causes the anterior end
of the kidney to narrow and the tubules to lose their filtra-
tion role. In caecilians, the kidney remains unchanged, and
in anurans and advanced salamanders, the kidney shortens
into acompact, ellipsoidal organ asaresult of the loss of the
anterior end. A single urinary duct, the archinephric duct,
receives urine from the collecting ducts of each kidney
and empties into the cloaca (Fig. 2.40). Two principal pat-
terns characterize urinary drainage in amphibians. Only the
archinephric duct drains the kidney in caecilians and primi-
tive salamanders, whereas in frogs and advanced salaman-
ders, the archinephric duct drains the anterior portion of the
kidney, and an accessory duct drains the posterior one-half.
The bladder has a single, separate duct, the urethra, which
empties into the cloaca. Fluids enter and exit the bladder
through this duct.

Metanephric kidneys of reptiles vary in size and shape.
They are smooth, equal-sized, and nearly spherical in some
lizards (Fig. 2.41), and smooth or rugose, elongated cylin-
ders in snakes (Fig. 2.38). Kidneys are lobate spheroids in
crocodylians and turtles. In al forms, kidneys lie side by
sideonthedorsal body wall in front of the cloaca, andin all,
aureter drains each kidney and empties independently into
the cloaca. An elastic-walled urinary bladder is present in
turtles and most lizards but absent in snakes and crocody!-
ians. The bladder joins the cloaca through a single median
duct, the urethra, through which urine enters and exits.

Gonads and Genital Ducts

In amphibians and reptiles, the female and male gonads
(ovaries and testes, respectively) develop from the same
embryological organs. The undifferentiated organs arise
on the body wall between the middle of the kidneys.
Germ cells or gametes migrate into each organ and ini-
tiate the reorganization and consolidation of the prego-
nadal tissue into an external cortex and internal medulla.
Later, when sexual differentiation occurs, the cortex is
elaborated into an ovary in females, and the medullainto
atestisin males.

Structurally, male and female gonads are quite differ-
ent. The ovary is a thin-walled sac with the germ cells
sandwiched between the inner and outer ovarian walls.
The germ cells divide, duplicate themselves, and produce
ova. A single layer of follicle cells in the epithelium of
the ovarian wall encases each ovum, providing support
and nourishment. This unit, the follicle, which consists of
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FIGURE 2.40 Ventral view of the reproductive tracts of a female (left
side) and male (right side) salamander.

the ovum and follicle cells, grows into the ovarian lumen.
Numerous developing follicles form the visible portion
of the ovaries in gravid females. The testis is a mass of
convoluted seminiferous tubules encased in a thin-walled
sac. Small amounts of interstitial tissue fill the spaces
between the tubules. The developmental cycle (gameto-
genesis) of the ovaand spermatozoa appearsin Chapter 4.

In amphibians, spermatozoa collect in the lumen of
the seminiferous tubules and then move sequentially
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FIGURE 2.41 Schematic of amale lizard showing the location of some
digestive and endocrine glands.

through progressively larger collecting ducts into the
kidney collecting ducts before emptying into the archi-
nephric duct. Because of its dual role in urine and sperm
transport, the archinephric duct is called the urogenital or
Wolffian duct. The oviducts (MUllerian ducts) are paired
tubes, one on each side of the dorsal body wall, lateral to
each ovary. Each arises de novo as a fold of the perito-
neum or, in salamanders, by asplitting of the archinephric
duct. The anterior end of the oviduct remains open as an
ostium; ova are shed into the body cavity and moveto and
through the ostium into the oviduct. The posterior part
of the oviduct is expanded into an ovisac, which empties
into the cloaca. After ovulation, eggs remain briefly in
the ovisac prior to amplexus and egg laying. Oviducts
form in both males and females, degenerating although
not disappearing in many male amphibians, where this
nonfunctional duct is called Bidder’s duct. Similarly,
some males retain a part of the gonadal cortex attached to
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the anterior end of the testis. This structure, common in
bufonids, is Bidder’s organ.

In reptiles, apair of ovaries occupies the same location
as the testes of the males, and the right ovary precedes
the left in squamates. Each ovary is an aggregation of epi-
thelial cells, connective tissue, nerves, blood vessels, and
one or more germinal cell beds encased in an elastic tunic.
Depending upon the stage of oogenesis, each ovary can be
asmall, granular-appearing structure or alarge lobular sac
filled with spherical or ellipsoidal follicles. An oviduct is
adjacent to but not continuous with each ovary. The ostium
(mouth) of the oviduct lies beside the anterior part of the
ovary; it enlarges during ovulation to entrap the ova. The
body of the oviduct has an albumin-secreting portion fol-
lowed by a thicker shell-secreting portion. The oviducts
open independently into the urogenital sinus of the cloaca.

The testis is a mass of seminiferous tubules, intersti-
tial cells, and blood vessels encased in a connective tis-
sue sheath. The walls of seminiferous tubules are lined
with germinal tissue. Sperm produced by these tubules
empties through the efferent duct into the epididymis on
the medial face of the testis. The ductuli coalesce into
the ductus epididymis that runs to the cloaca as the vas
(ductus) deferens. In shape, testes vary from ovoid to
spindle-shaped. The testes are usually adjacent to each
other, although the right testis lies anteriorly, especially
in snakes and most lizards.

All living reptiles have copulatory organs, which are
rudimentary in Sphenodon. Crocodylians and turtles have
a single median penis that originates in the floor of the
cloaca. Squamates have a pair of hemipenes, each of
which originates at the junction of the cloacal vent and
base of the tail.

ENDOCRINE GLANDS—CHEMICAL
REGULATORS AND INITIATORS

The endocrine system is comprised of numerous glands scat-
tered throughout the body. The glands are an integrative sys-
tem, initiating and coordinating thebody’ sreactionstointernal
and external stimuli. Unlike the nervous system, endocrine
glands do not communicate directly with one another and
their target organs. Instead, they rely on vascular and neural
pathwaysto transmit their chemica messengers. Unlike other
organ systems, the endocrine system is a composite of unre-
lated anatomical structures from other systems, for example
the pituitary of the nervous and digestive systems, the gonads
of the reproductive system, or the pancreas of the digestive
system. Only afew of the many glandsand their functionsare
mentioned here, and these are described only superficialy.
The commondlity of all endocrine organsistheir secretion of
one or more chemical messengers, hormones, that stimulate
or arrest the action of one or more target organs, including
other endocrine glands or tissues. Hormones work in both
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short-term cycles and continuously to maintain a stable inter-
nal environment and in thelong term and cyclically to control
periodic behaviors, such as reproduction.

Pituitary Gland

The pituitary gland or hypophysis is the master gland of
the body. Structuraly, it consists of two parts: the neu-
ropophysis, which arises from the ventral portion of the
diencephalons, and the adenopophysis, which is derived
from the roof of the buccal cavity. The neuropophysis and
adenopophysis interdigitate and are joined by neural and
vascular connections. The brain receives stimuli that trig-
ger the release of neurohormones by the brain cells. These
hormones reach the neuropophysis through blood vessel s or
secretory axons of neurons ending in the neuropophysis. In
turn, the neuropophysis produces hormones that stimulate
the adenopophysis (e.g., GnRH, gonadotropin-releasing
hormone) or act directly on the target organs (ADH, antidi-
uretic hormone; M SH, melanophore-stimulating hormone).
The adenopophysis secretes six maor hormones: adre-
nocorticotropin, two gonadotropins (FSH, LH), prolatin,
somatotropin, and thyrotropin. These hormones control
growth, metamorphosis, reproduction, water balance, and a
variety of other life processes.

Pineal Complex

The pineal complex consists of a pinea (epiphysis) and
a frontal (parapineal) organ, each arising embryologi-
cally from the roof of the diencephalon. These two organs
are light receptors as well as endocrine glands. As light
receptors, they record the presence or absence of light,
and, as glands, they produce and release melatonin. These
two functions are associated with cyclic activities, includ-
ing both daily cycles or circadian rhythms and seasonal
cycles. Frogs possess both a pineal organ lying inside
the skull and a frontal organ piercing the skull and lying
beneath the skin on top of the head. Caecilians and sala-
manders have only the pineal organ, which may extend
upward to, but does not pierce, the skull roof. All rep-
tiles except crocodylians have pineal organsthat lie on the
brain but do not exit the skull. Some lizards (e.g., igua-
nians) have pineal organs that pass through the skull and
form a parietal eye.

Thyroid and Parathyroid Glands

These two glands are linked because of their shared location
in the throat adjacent to the larynx and trachea (Fig. 2.41).
Although both arise embryologically as outpocketings of
pharyngeal pouches, they have quitedissimilar functions. The
parathyroid hormones regulate calcium levels in the blood,
and hence control bone growth and remodeling. Thethyroidis
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well known for its accumulation of iodine and the importance
of its hormones in controlling development, metamorphosis,
and growth. Amphibians typically have a bilobular thyroid
and a pair of parathyroids. In reptiles, the thyroid assumes a
variety of forms. It isasingle, nearly spherical organ in tur-
tles and snakes. In crocodylians, it is an H-shaped, bilobular
organ, which has alobe on each side of the trachea connected
by anarrow isthmus. Some lizards share this bilobular condi-
tion, others have alobe on each side but no isthmus, and still
others have asingle median gland. In Sohenodon, thegland is
transversely elongated. The reptilian parathyroid appears as
one or two pairs of granular glands, usually at the base of the
throat adjacent to the carotid arteries.

Pancreas

The pancreas is composed of both exocrine and endocrine
tissues. The exocrine portion secretes digestive enzymes;
clusters of cells, the Idets of Langerhans, secrete the hor-
mone insulin. Insulin is critical for regulating carbohydrate
metabolism; it stimulates the liver and adipose tissue to
remove glucose from the bloodstream through glycogen
production and fat synthesis, respectively. Insulin facilitates
striated muscle activity by increasing the movement of gly-
cogen into the muscle cells. In amphibians, the pancreasis
a diffuse gland that lies within the mesentery between the
stomach and duodenum. The reptilian pancreas is a compact
organ that lies in the mesentery adjacent to the duodenum
(Fig. 2.41).

Gonads

Aside from producing gametes, gonads also produce sex
hormones. Maturation and production of gametes are
closely regulated by the brain, through the production
of hypothalamohypophyseal hormones, and the pituitary
by production of gonadotropins. In turn, the hormonal
response of the gonads influences secretory cycles of
these two organs. In addition to initiating gametogen-
esis, gonadotropins stimulate production of estrogens and
androgens, the female and male sex hormones, by gonadal
tissues. Estrogens and androgens are steroids, and sev-
eral closely related estrogens or androgens are produced
in each sex. Stimulation and inhibition of the reproduc-
tive structures are obvious actions of the sex hormones,
but they interact also with a variety of other tissues. They
induce the skin to produce secondary sexual character-
istics, and they provide a feedback mechanism to the
hypothalamic—pituitary complex. Estrogens are produced
largely by the follicle cellsin the ovarian follicles and the
corpus lutea. Androgens are derived principally from the
cellsof Leydig that liein theinterstitial tissue between the
seminiferous tubules. The Sertoli cells also produce minor
amounts of androgens.
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Adrenals

The adrenals are hilaterally paired glands that lie anterior
to the kidneys in reptiles (Fig. 2.41) and elongate glands
that lie on the ventral surface of the kidneysin amphibians.
Each adrenal is an admixture of two tissues: the interre-
nal (cortical) cells form the main matrix of the gland, and
adrenal (medullary) cellsform strands and islets within the
interrenal matrix. These two tissues have different embryo-
logical origins and distinctly different functions. The chro-
maffin cells produce adrenaline and noradrenaline, both of
which affect blood flow to the brain, kidney, liver, and stri-
ated muscles, mainly during stressreactions. Theinterrenal
tissue produces avariety of steroid hormones. One group of
interrenal hormones affects sodium and potassium metabo-
lism, another group affects carbohydrate metabolism, and
athird group (androgens) affects reproductive processes.

QUESTIONS

1. With what you know about determinant and indetermi-
nant growth, describe growth in afrog from the time that
the animal hatches from an egg until it dies of old age.
Indicate how food supply, metamorphosis, and tempera-
ture might affect growth.

2. Describe differences between morphological and physi-
ological color change in amphibians, and in doing so,
provide some realistic examples.

3. Describe and compare the morphology of salamander
and frog larvae (tadpoles). How do these differences
relate to their general ecology?

4. Why is metamorphosis such an important event during
the life history of most frogs?

5. Describe the key differences in skeletal structure
between adult frogs and adult salamanders, and then
between turtles and crocodylians. What are some of the
ecological consequences of these differences?

6. How do amphibians and reptiles differ in terms of their
early development (egg structure and embryogenesis)?
How do reptiles dispose of metabolic waste products
whileinside a shelled egg?

7. What is heterochrony and how does it work both within
species and among species?

8. Compare respiratory systems between amphibians and
reptiles and provide examples.
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Tetrapods adapted first to a shallow-water existence and
then to a totally terrestrial one. Some taxa remained asso-
ciated with water whereas some terrestrial groups later
returned to the water (e.g., many turtles). The origin of
terrestriality was followed quickly by an eruption of new
species with new lifestyles and body forms. As portrayed
in Chapter 1, this adaptive radiation was not confined to
amphibians and reptiles but occurred in other ancient tet-
rapods that left no living descendants. Although amphibian
(anamniote) diversification began earlier, amniotes were the
dominant group by the mid-Permian in terms of number of
species and individuals, based on the fossil record. The his-
tory of these adaptive radiations is complex and extensive.
We introduce some extinct amphibian and reptilian taxa and
discuss the history of the clades that compose the modern
herpetofauna.

HISTORY OF AMPHIBIANS

Radiation among Early Anamniotes

Tetrapods in the Late Devonian were aquatic or semi-
aquatic at best, but adaptations had appeared that would
permit them to become terrestrial. Early tetrapods
(e.g., Acanthostega, Ichthyostega) lived in the heavily
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vegetated, shallow water. Their large size (0.5 to 1.2m
total length [TL]), large heads, and tooth-filled jaws
suggest that they were formidable predators and fed on
large prey. Many aquatic invertebrates were available and
crustaceans had already experienced some diversifica-
tion. Early tetrapods had fusiform bodies and strong tails
(Fig. 1.4), suggesting that they were capable of fast
burst swimming. They also had short and stout fore- and
hindlimbs, perhaps permitting them to “walk” slowly and
stalk prey in dense aquatic vegetation (Fig. 1.4). Unlike
subsequent tetrapods, all known early tetrapods had
more than five digits; Acanthostega had eight digits on
its forefeet. Ferns, mosses, and other early plants com-
pletely covered lowland coastal areas and floodplains,
and plants were no longer confined to water or the mar-
gins of streams, lakes, and seas. Ferns likely formed
forests in some places. By the early Carboniferous, gym-
nosperms began diversifying, followed by angiosperms
in the Jurassic, setting the stage for rapid diversification
of terrestrial arthropods. Plants were even beginning to
invade the upland areas. Tetrapods largely disappeared
from the fossil record at the end of the Devonian. They
next appeared en masse in the Upper Mississippian and
Lower Pennsylvanian when fossils representing lowland
lake and swamp assemblages reappeared.
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Amphibians of the Late Paleozoic
and Early Mesozoic

Most amphibians of the Paleozoic and early Mesozoic
can be categorized into three major clades, the Temno-
spondyli, the Seymouriamorpha, and the Lepospondyli
(Fig. 3.1). The more than 300 species of temnospondyls
were medium to large (1-6 m) salamander-like tetrapods
living in streams, lakes, and swamps. Most were aquatic,
but some became more or less terrestrial. They appeared
in Early Carboniferous and flourished during the Carbon-
iferous, Permian, and Triassic. A few survived into the
Cretaceous. By the Late Permian, most terrestrial tem-
nospondyls had disappeared, but semiaquatic and aquatic
temnospondyls continued to diversify. A Permian temno-
spondyl, Prionosuchus, looked like a giant salamander
with a long, gavial-like snout, and was the largest amphib-
ian ever described, reaching 9m in total length. Others,
such as the eryopoids included aquatic to terrestrial,
small to large amphibians. The heavy bodied Eryops is

lcm

FIGURE 3.1
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characteristic of this group, although it was larger (nearly
2m TL) than most eryopoids. Development was gradual
in temnospondyls, with no indication of the kinds of trans-
formations seen in modern amphibians. Modern amphib-
ians (Lissamphibia) likely have their origins within the
Temnospondyli.

The less diverse seymouriamorphs were represented by
the aquatic discosauriscids and the terrestrial seymouriids.
Discosaurids were newt-like and are known only from
either larval forms or neotenic forms. Rounded scales
covered the body. They also had lateral line systems.
Seymouriids are represented by the genus Seymouria,
containing three species (Fig. 3.2). These were stocky
reptilomorphs with large heads, well-developed jaws,
robust bodies, and strong limbs. They were terrestrial, but
likely returned to water to breed. Larvae are not known
for seymouriids. Seymouriamorphs appeared in the early
Permian and persisted through nearly the entire Permian.
No evidence exists for either metamorphosis or neoteny in
seymouriamorphs.

Seymouria-
morpha

SNVIGIHdNY ATdV3

Diplocaulus

Phlegethontia

Paleozoic and early Mesozoic amphibians fall into three major clades, Temnospondyli, Seymouriamorpha, and Lepospondyli. The highly
diverse Temnospondyli likely gave rise to the Lissamphibia, and thus ancestors to all extant amphibians. Adapted from Schoch, 2009a.

Lysorophus
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The Lepospondyli contains four clades, Microsauria,
Nectridia, Aistopoda, and Lysorophia. Lepospondyls var-
ied considerably in morphology. Some were salamander-
like, some were flat with large, triangular-shaped heads,
and some were even limbless (Fig. 3.1). Most species were

FIGURE 3.2 Seymouria, an Early Permian anthracosaur from Texas.
Scale: bar=5cm (R. S Clarke).
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small (5-10cm). They were present from the Carboniferous
through the Permian (Fig. 3.3).

The microsaurs were small (most <50cm TL), sala-
mander-like tetrapods. Microsaurs were the most diverse
among lepospondyls, and they varied considerably in
morphology. Some species had long, thin bodies, whereas
others were rather short and stout. All microsaurs had
short legs and short tails. Some lived on dry land, some
burrowed, and others retained a larval-type morphology
with external gills, and they presumably were aquatic.
These were heavily ossified amphibians, with ossifica-
tion occurring early during development. Consequently,
even though they resembled salamanders, their life his-
tories were quite different, with metamorphosis unlikely.
They are known from the Late Carboniferous through the
Early Permian.

Nectrideans were small to medium sized, newt-like
amphibians, all less than 0.5m TL. The heads of some, such
as Diplocaulus, were arrow-shaped with large, laterally
projecting horns. This head shape appears to facilitate rapid
opening of the mouth for suction-gape feeding. Diplocau-
lus had a biphasic lifestyle (larva and adult morphs), but
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FIGURE 3.3 Geological occurrence of some early tetrapods, and extinct and living amphibians. Abbreviations for Cenozoic epochs: Paleo, Paleocene;
Eo, Eocene; Oligo, Oligocene; Mio, Miocene; Pli, Pliocene; Pleistocene is the narrow, unlabeled epoch on the far right side of the chart. Taken partly

from Carroll, 20009.
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morphological changes that occurred were most likely asso-
ciated with changes in the mode of feeding, not a shift from
aquatic to terrestrial life. Other nectrideans had more typi-
cally shaped heads with strong dentition for snap-and-grasp
feeding. Presumably, they were predominantly aquatic and
semiaquatic.

Aistopods were delicate eel-like, limbless amphibians
that persisted from the Carboniferous through the Early
Permian. Some were very small (5cm) and others were
moderately large (70cm). Presumably they were aquatic
and semiaquatic because they had fragile skulls unlike
those of burrowing animals. Ophiderpeton, which reached
70cm, fed on small invertebrates, primarily worms and
arthropods.

Lysorophians were similar to aistopods in that they
were eel or snake-like. This is a low diversity group, with
only about five genera in a single family, the Cocytinidae.
Limbs are extremely small or absent. They were aquatic,
and occurred during the Carboniferous and Permian.

At the Permian-Triassic boundary, about 252 Ma (mil-
lion years before present), the greatest extinction event in the
history of the Earth occurred. Nearly 70% of terrestrial spe-
cies and 96% of marine species disappeared. This included

PART | I Evolutionary History

more than 80% of all known genera disappearing and nearly
60% of known families. These extinctions occurred in one
to three pulses, and the possible causes are many, but likely
included an environmental change followed by one or more
catastrophic events.

Following the Great Extinction, reptiles and synap-
sids had become the dominant terrestrial vertebrates by
the Triassic. A few anthracosaur groups survived into
the earliest Triassic but soon disappeared. In contrast,
amphibians experienced a minor diversity explosion with
the appearance of at least seven different groups of pre-
sumed temnospondyls, including the first lissamphibian.
The radiation included small to large temnospondyls with
several groups having species in the 1.5-3m range (e.g.,
capitosauroids, chigutisauroids, and metoposaurids) and
some mastodonsaurids to 6 m TL. All large species appear
to have been highly aquatic, and most had crocodile-like
body forms (Fig. 3.4). The mastodonsaurids were a short-
lived group found only in Lower Triassic sediments of
northern Eurasia. The 2m (TL) trematosaurs were another
Lower Triassic taxon with triangular to gharial-like heads;
some were marine, an anomaly for amphibians. Three
temnospondyl groups (brachyopoids, capitosauroids,

FIGURE 3.4 Triassic landscape showing early reptiles including the dycinodont Placerias (left), a group of theropods in the genus Coelophysis (right),
several phytosaurs (crocodile-like), and a group of metaposaurs (labyrinthodont amphibians). By Karen Carr, with permission of the Sam Noble Oklahoma

Museum of Natural History.
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and plagiosaurids) occurred throughout the Triassic (Fig.
3.3). Although never common in the fossil record, they
persisted throughout this period. The plagiosaurus were
peculiar amphibians with broad flattened bodies and
heads, and a back armored with numerous small, bony
pustules. The brachyopoids were the most diverse group
and appeared in the Late Permian and survived into the
Lower Jurassic. The Chigutisauridae were the longest
lasting of the extinct temnospondyls, surviving into the
Early Cretaceous. One group of temnospondyls, the Lis-
samphibia, still survives.

Metamorphosis in Ancient Amphibians

Among the most fascinating aspects of the biology of
modern amphibians is the transition from an aquatic larva
to a terrestrial or semi-terrestrial adult (metamorphosis),
particularly in frogs, in which the change is drastic. Most
early amphibians were aquatic or, at best, amphibious.
Ontogenetic changes that occurred were minor compared
with frog metamorphosis. The most obvious evidence of at
least some ontogenetic change in morphology is the pres-
ence of larvae (aquatic) and terrestrial or semi-terrestrial
adults. Both are known in discosauriscids (Seymouriamor-
pha) and a diversity of temnospondyls (amphibaemids,
micromelerpetontids, branchiosaurids, zatracheids, eryop-
ids, sclerocephalids, archegosaurids, and stereospondyls).
Seymouriids, amphibamids, branchiosaurids, zatracheids,
and eryopids had terrestrial adults with well-developed
centra in the vertebrae and a shoulder girdle. All of these
except zatracheids had carpels and tarsals. Sclerocepha-
lids had vertebral cetrae, a shoulder girdle, carpels, tarsals,
and a complete pelvis, but it remains unknown whether
adults were terrestrial. Some unusually well-preserved
series of temnospondyl fossils paint a reasonably good
picture of the morphological changes that occurred as they
transformed from an aquatic larvae to an adult. The disso-
rophoids of the Permo-Carboniferous underwent a series
of ontogenetic changes shortening the transition from a
larval morph to an adult morph resulting in the origin of
a short-phase metamorphosis. In zatracheids, a relatively
short-phase transformation occurred, in which a typical
aquatic larva transformed into an adult with a short body
and a very large head, much like that found in present-day
horned frogs (Ceratophrys). In some, ontogenetic changes
in morphology were much less pronounced, and the lar-
val morph remained aquatic producing neotenic adults
(retaining the larval morph).

Larval morphs of the temnospondy! Micromelerpeton
have distinct lateral-line grooves on the front of the dor-
sal surface of the skull indicating that they had lateral-
line sensory systems, present only in aquatic tetrapods
(Fig. 3.5). Adult morphs had a more ossified skull lack-
ing the lateral-line grooves but with bones surrounding the

braincase. In addition, the skull of terrestrial adults con-
tains a polygon-type ornamentation indicative of a more
heavily ossified skull. The larval morph also had a well-
developed hyobranchial apparatus forming a basket below
and behind the skull. This type of hyobranchial appara-
tus supports external gills in modern aquatic amphibians
(Fig. 3.6). The hyobranchial apparatus forms the floor of
the tongue when retained in adults. Aquatic taxa and lar-
vae of taxa with semi-terrestrial or terrestrial adults were
elongate with long tails whereas adults that moved about
on land had stocky bodies, short tails and a much greater
degree of ossification in the body, skull, and limbs (Figs.
3.5 and 3.7). Among temnospondyls, some experienced
slow transformation from aquatic larvae to terrestrial

Larval Morphology

Adult Morphology
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14 - ornament

Palygon 9
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FIGURE 3.5 The larval morph of the temnospondyl Micromelerpeton
has lateral line grooves, which are lacking in the adult morph, and lacks
bones of the braincase that occur in adult morphs. Ornamentation on the
skull bones also differs. Adapted from Schoch, 2009a.
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FIGURE 3.6 The larval morph of Micromelerpeton had external gills
and a hybranchial apparatus (gill skeleton) with gill teeth (branchial denti-
tion) indicating that it was aquatic. Adapted from Schoch, 2009a.
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adults (e.g., Eryops), some were highly plastic in terms of
development in response to immediate ecological condi-
tions (e.g., Sclerocephalus), and others were completely
aquatic evolving large body sizes enabling them to be top
predators (e.g., Trematolestes, Gerrothorax, and Mast-
odontosaurus).

Although it might seem intuitively obvious that the
transition from an aquatic to a partially terrestrial exis-
tence would be the driving force behind the evolution of
transformation from larvae to adults, this appears not to
be the case in ancient amphibians. Rather, an ontogenetic
change in feeding, which resulted in modifications of the
jaw and other morphological traits, likely drove the evo-
lution of a morphology that allowed access to terrestrial
environments. Truncation of events occurring during the
transformation such that most changes occurred rela-
tively simultaneously, as seen in the branchiosaurid dis-
sorophoids, represents the origin of metamorphosis as we
know it in lissamphibians.

History of the Lissamphibia

Until recently, it was believed that the first lissamphib-
ian to appear in the fossil record was the Lower Trias-
sic frog, Triadobatrachus massinoti, suggesting an
Early Mesozoic divergence among lissamphibians.
However, the recent discovery of Gerobatrachus, called
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FIGURE 3.7 Aquatic taxa (neotenes) as well as aquatic larvae (as in

Micromelerpeton) had elongate bodies with long tails and relatively little

ossification, whereas terrestrial adults of most species (represented here by

Micropholis), had a short trunk, massive pectoral girdle, and bony tarsals.

Adapted from Schoch, 2009a.
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the “frogamander” in popular literature, sets the clock
back considerably. This amphibamid temnospondyl was
found in Baylor County, Texas, and its age is estimated
at approximately 290 Ma, which places it in the Permian.
Gerobatrachus is salamander-like with frog-type ears.
The skull is like that of a frog, but ankle bones are fused
together, as in salamanders. Consequently, the first major
divergence within the Lissamphibia may have occurred
between 240 and 275 Ma, about 12-87 my after the Great
Extinction. Nevertheless, Triadobatrachus massinoti
remains the first frog (Fig. 3.8), although it had 14 body
vertebrae and a short tail of six vertebrae. Its pelvic
girdle and skull are similar to those of modern frogs.
T. massinoti is unlikely to be the ancestor of later frogs;
nonetheless, it provides a glimpse of the divergence
in anatomy of frogs away from early temnospondyls.
Its body size of about 10cm SVL (snout-vent length)
and the lack of any large frog fossils suggest that frogs
remained relatively small throughout their evolutionary
history, unlike many other earlier amphibian groups.
Only a single fossil exists for Triadobatrachus, and it
may represent a juvenile of an aquatic form or a meta-
morphosing individual of a semi-terrestrial one. After
Triadobatrachus, frogs vanished from the fossil record
for another 50 million years, and salamanders appeared
before the reappearance of frogs.

Caecilians are often depicted as diverging first because
of their extreme structural divergence from frogs and

FIGURE 3.8 Triadobatrachus massinoti from the Triassic of
Madagascar. Scale bar=1cm. Adapted as a partial reconstruction from
Estes and Reig, 1973.
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salamanders. If caecilians are sister to the frog—salaman-
der clade as molecular studies indicate, then caecilians
must have split from a Gerobatrachus ancestor prior to
the Great Extinction. However, some researchers sug-
gest that caecilians may have had a lepospondyl ancestor,
and, if so, they would be more closely related to amniotes
than to other amphibians. This issue remains unresolved;
however, it is certain that by the mid-Jurassic, only liss-
amphibians and chigutisaurids, both of which were temno-
spondyls, remained of the previously numerous amphibian
clades (Fig. 3.3).

Caecilians

Caecilians are poorly represented by fossils, and this thin
evidence has kept their origin and evolution controversial.
Until recently, they were known by a single Paleocene fos-
sil vertebra from Brazil and a Late Cretaceous vertebra
from Bolivia. The discovery of an Early Jurassic caecilian
in the southwestern United States is significant because it
extends the history of the group deep into the Mesozoic
and closer to its potential ancestors of the Upper Permian
or Lower Triassic. This caecilian, Eocaecilia micropodia,
is represented by most of the skeleton, including limb and
girdle elements and the skull. The former elements alone
demonstrate that it is not an aistopodan, although they
do not resolve the question of lissamphibian monophyly.
Eocaecilia micropodia, however, does answer questions of
skull and limb evolution in the Apoda. The Apoda is the
clade (stem-based) encompassing the fossil taxon and the
ancestor and all descendants of the extant gymnophionans
(Table 3.1).

A single vertebra from each of two South American cae-
cilians and the recent find of four vertebrae in the Upper
Cretaceous of the Sudan help define the geological and geo-
graphic occurrence of caecilians but assist little in under-
standing their evolutionary history. The Brazilian fossil is
most similar to the vertebrae of the African Geotrypetes
(Caeciliidae) and has been named Apodops. If this similar-
ity denotes actual relationship, it provides another example
of Gondwanan affinities among African and South Ameri-
can amphibians.

Albanerpetontids

Albanerpetontids are a group of salamander-like lissam-
phibians that were linked to prosirenid salamanders until
recently. They are moderately abundant as microfossils
from Middle Jurassic to Early Miocene deposits of North
America, Europe, and Central Asia. Although abundant,
they are represented largely by disassociated skeletal ele-
ments, but even these fragments show albanerpetontids to
be very different “salamanders.” They had a unique peg-
and-socket symphyseal joint in the mandible, a two-part

craniovertebral joint, and sculptured osteoderms dorsally
from snout to tail. They are defined as having nonpedi-
cellate marginal teeth with chisel-like crowns that are
labiolingually compressed and with three mesiodistally
aligned cuspules. The tooth structure suggests that they
had a shearing bite. They were small lissamphibians,
<15cm TL.

The discovery of a complete and fully articulated speci-
men (Celtedens; Fig. 3.9) permitted the recognition of the
albanerpetontids as a separate clade of lissamphibians,
likely the sister group of the salamander—frog clade. If they
are sister to other lissamphibians, then their origin must
date to the Permian even though they are absent or unrecog-
nized in the fossil record until the Jurassic.

Salamanders

Extant salamanders comprise two clades: Cryptobranchoi-
dei and Diadectosalamandroidei (Table 3.2). Both clades
occur as fossils, and several other clades (e.g., karaurids
and prosirenids) are known only from fossils. The extinct
and extant salamanders form the Urodela (stem-based

TABLE 3.1 A Hierarchical Classification of the Extant
Caecilians (Gymnophiona)

Gymnophiona
Rhinatrematidae
Neocaecilia
Ichthyophiidae
Teresomata
Scolecomorphidae
Unnamed clade
Unnamed clade
Herpelidae
Chikilidae
Unnamed clade
Caeciliidae
Typhlonectidae
Unnamed clade
Indotyphlidae
Unnamed clade
Siphonopidae
Dermophiidae

Note: This classification is based on phylogenetic relationships depicted
in Fig. 15.2. Category titles are not assigned to the hierarchical ranks.
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clade) with a history extending from the Middle Jurassic,
about 165 Ma (Fig. 3.3). Urodelan history is linked mainly
to the northern hemisphere (Holarctic) and to the ancient
continent of Laurasia; nonetheless, recent fossil salaman-
der discoveries in Africa and South America show that the
relatively recent dispersal of plethodontids southward is
not the first occurrence of salamanders on Gondwanan-
derived continents.

The earliest salamanders are two species of Marmor-
erpeton from a Middle Jurassic deposit in central Eng-
land. They were moderate-sized (<30cm TL), presumably
totally aquatic salamanders. Their relationships are uncer-
tain, in part because they are represented by only a few
vertebrae, a humerus, and miscellaneous skull elements.
They appear to be related to the extinct scapherpetontids,
but they also have some primitive features suggesting a
possible sister-group relationship to all other urodeles.
The earliest crown-group salamander was the cryptobran-
chid Chunerpeton tianyiensis, which was discovered in
the Middle Jurassic of Inner Mongolia, dated at 161 Ma.
The recent discovery of Beiyanerpeton jianpingensis, a
salamandroid, in the Tiaojishan Formation in Liaoning
Province, China, indicates that the Cryptobranchoidea
and Salamandroidea had diverged before the Late Juras-
sic. Its age is estimated at 157 my, putting it in the Upper
Jurassic.

Albanerpeton Celtedens ibericus

FIGURE 3.9 Albanerpetontidae, salamander-like lissamphibians from
the Cretaceous and Tertiary. Skull of Albanerpeton and morphology of
Celtedens ibericus. After Estes and Hofstetter, 1976, and as suggested by
the skeleton in McGowan and Evans, 1995, respectively.
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The karaurids are another ancient group of salamanders
(see Fig. 1.1). They are known presently from a few fos-
sils from the Upper Jurassic of Kazakhstan. The fossil of
Karaurussharovi is fortunately nearly complete (Fig. 3.10).
Its primitive morphology indicates that the karaurids are a
sister group of the Caudata. Karaurus was small (about
120mm SVL) and terrestrial, judging from its body form
and the dermal sculpturing (skin fused to bone) on the skull
bones.

The first batrachosauroidids appeared soon after the
karaurids in the Late Jurassic (Fig. 3.3), but unlike the lat-
ter, they persisted as an occasional member of freshwater
assemblages until the Early Pliocene and are found only in
North American deposits. They are similar to proteids; how-
ever, it is uncertain whether this similarity is related to the
retention of a larval morphology as adults (heterochrony) or

TABLE 3.2 A Hierarchical Classification of the Extant
Salamanders (Urodela)

Urodela (Caudata)
Cryptobranchoidei
Sirenoidea
Sirenidae
Unnamed clade
Cryptobranchoidea
Cryptobranchidae
Hynobiidae
Diadectosalamdroidei
Salamandroidea
Salamandridae
Unnamed clade
Dicamptodontidae
Ambystomatidae
Unnamed clade
Proteioidea
Proteidae
Plethodontoidea
Rhyacotritonidae
Xenosalamandroidei
Amphiumidae
Plethodontidae
Note: This classification is based on phylogenetic relationships in Fig.

16.1. Based on Frost et al., 2001, Roelants et al., 2007, and Wiens
etal., 2005.
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an indication of phylogenetic relationship. An assortment
of other salamander fossils has been found from the Late
Jurassic. Most are too fragmentary or incomplete, such as
the Wyoming Comonecturiodes marshi, to indicate their
affinities.

Salamanders are largely absent from Cretaceous deposits
until the Late Cretaceous. The exceptions are the batracho-
sauroidids, prosirenids, and a salamandroidean. The prosi-
renids consist of two species, Prosiren elinorae of Texas
and Ramonellus longispinus of Israel. Both are assumed
to share the sirenid morphology, with elongate bodies and
presence of forelimbs only. Other characteristics suggest
that they are not sirenids, and that they might not even be
closely related. The late Lower Cretaceous Valdotriton is
a modern salamander anatomically and a salamandroidean.
Because it is represented by six complete skeletons, its
proposed inclusion in the Salamandroidae is robust, but it
is not a member of any currently named family. It appears

FIGURE 3.10 Karuarus sharovi (about 15cm TL), the earliest known
salamander, from the Late Jurassic of Russia. Adapted as a partial recon-
struction from Carroll, 1988.

“intermediate” between the proteids and all other salaman-
droideans.

Two extant families, Amphiumidae and Sirenidae, and
the extinct scapherpetonids make their first appearance
in the Upper Cretaceous. Proamphiuma from a Montana
Cretaceous deposit is the first fossil amphiumid. Like
many fossils with “pro” in their names, Proamphiuma
is a structural precursor to Amphiuma (Paleocene to
Recent), and the relationship actually may be ancestor
to descendant. The amphiumids have remained a strictly
North American group throughout their 60+ million-year
history.

Sirenids first appeared in the North American Cre-
taceous as the giant Habrosaurus, which survived into
the Early Paleocene. This siren looked much like its liv-
ing relatives, except for specialized shovel-shaped teeth.
Other Cretaceous sirenids are Kababisha humarensi and
K. sudanensis from Africa and Notoerpeton bolivianum
from South America. Another somewhat younger sirenid
also occurred in Africa. Sirenids are unknown then until
the Middle Eocene when Siren appears in North America,
where the remainder of the sirenid fossil history is found.
Pseudobranchus occurred first in Pliocene deposits in
Florida.

The extinct scapherpetontids were a group of mod-
erate-sized salamanders living from the Late Cretaceous
to the Early Eocene in North America. These salaman-
ders are related to the present-day dicamptodontids, and
Scapherpeton and Piceoerpeton share the Dicamptodon
body form. Lisserpeton appears to have had an elongate
body and reduced limbs. Interestingly, one species of Pic-
eoerpeton occurred on Ellesmere Island within the pres-
ent Arctic Circle. Fossil dicamptodontids made their first
appearance in North America during the Eocene but some-
what later than the last scapherpetontid. However, fossil
dicamptodontids appeared first in the Upper Paleocene of
Europe and again in the Middle Miocene. Upper Paleo-
cene trackways in western North America are attributed
to a dicamptodontid because of the unique bilobate palm
impressions. Furthermore, the trackways are associated
with a redwood flora, an association occurring today in
Dicamptodon. Subsequent North American fossil occur-
rence is in the Middle Miocene.

Other modern salamanders (Cryptobranchidae, Pro-
teidae, and Salamandridae) appeared in the Paleocene
(Fig. 3.3). The cryptobranchoid Cryptobranchus occurred
first in the Paleocene of Saskatchewan and again in the
Appalachian and Ozark Pleistocene assemblages. Andrias
has a much more extensive history. The oldest Andrias fos-
sils are from the European Upper Oligocene, and Andrias
persisted there at least through the Pliocene and in the
North American Miocene. Within its present range, Andrias
has been found only in Japanese Pleistocene deposits.
The fossil forms were also giant salamanders, one with
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a TL of more than 2m. The only other salamanders that
might have attained such lengths were some fossil sire-
nids, but it is difficult to confirm because all fossil sirenids
are known only from a single or short series of vertebrae.
Hynobiidae, the other cryptobranchoid lineage, has no
fossil record.

Proteids occurred first in the Late Paleocene of North
America and the Middle Miocene of Europe. These fos-
sils represent the extant Necturus and Proteus, as well as
two extinct genera from the Miocene of Europe. All were
small, perennibranchiate salamanders (gill-bearing as lar-
vae and adults). Ambystoma appeared in the Eocene of
North America and is moderately common in Pleistocene
deposits.

Of living salamanders, salamandrids have the most
speciose fossil record, with representatives of 18 genera
and more than 50 species. Living genera, such as Notop-
hthalmus, extend as far back as the Miocene, Taricha and
Triturus to the Oligocene, and Salamandra and Tylotriton
to the Eocene. The extinct genera derive principally from
the Paleocene to Oligocene. However, as noted above, Bei-
yaner peton jianpingensis was recently found in the Middle
Jurassic of Inner Mongolia. The fossil species of the extinct
and extant genera match the extant species in size and body
form and probably shared the diversity of behaviors and
ecology seen in modern species.

Today, the plethodontids are the most speciose of the
salamanders, and yet they have a meager fossil record.
Half a dozen genera are represented, and four of these
occur no earlier than the Pleistocene. A few vertebrae
attributable to Aneides have been found in an Early Mio-
cene deposit in Montana, and a fossil trackway from the
Early Pliocene of California has been referred to Batra-
choseps.

Frogs

The Salientia encompasses all taxa of extinct and living
frogs, and the Anura, a crown-group clade, contains the
ancestor of all living taxa and its descendent taxa. The
“proanurans” is an informal name for the earliest and
structurally most primitive frogs. Proanuran taxa include
Triadobatrachus and other extinct frogs that have sister-
group relationships to one another or to the Anura clade;
in most instances the relationships are uncertain. Anurans
previously have been divided into three subgroups: a
grade of early frogs (extinct), and the extant Mesobatra-
chia and Neobatrachia. These subgroups appear more or
less sequentially and chronologically in the fossil record
relative to their branching or cladistic pattern (Fig. 3.3).
However, categorizing extant frogs into Mesobatrachia
and Neobatrachia is inconsistent with recent phylogenetic
analyses based on sister-group relationships. Modern
frog taxonomy is much more complex and hierarchical in
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structure (Table 3.3; Fig. 17.1). The first frog fossil is from
Madagascar, suggesting a Gondwanan origin for frogs.
However, the next frog fossil was found in North America.
These two occurrences and the ancientness of the lissam-
phibians suggest that the groups giving rise to modern
lissamphibians were widespread on the megacontinent of
Pangaea. Subsequent fragmentation of this megacontinent
could have yielded modern families of both Gondwanan
and Laurasian origins.

The fossil record reflects a higher diversity of frogs
than of salamanders and caecilians, similar to that observed
among the modern lissamphibians. Only frogs are known
from the Triassic. At least six frog taxa have been found in
Jurassic deposits compared to three salamanders and one
caecilian. In the Cretaceous (Fig. 3.3), salamanders and
frogs are equally represented, and in the Tertiary, the extant
families for both salamanders and frogs appear, establishing
the diversity seen today.

The next proanuran after Triadobatrachus was Pro-
salirus bitis from the mid-Lower Jurassic (151-154 Ma)
of Arizona and from the same deposits as Eocaecilia. Its
limb and girdle morphology is essentially modern and
indicates that P. bitis was a jumping frog. The body was
truncated, although the actual number of presacral verte-
brae is unknown. Similarly its affinities to other Jurassic
frogs and extant families are not clear. The Patagonian
Vieraella herbstii was likely a contemporary of P. bitis.
It is estimated to have lived 188-213 Ma, making it the
oldest true frog. Structurally, V. herbstii and the later Pata-
gonian Notobatrachus degustori are even more modern in
occurrence (158-172 Ma; Fig. 3.11). They have a suite of
primitive characteristics, such as nine presacral vertebrae,
free ribs, and a partially fused astragalus—calcaneum, all
traits shared with Ascaphus and Leiopelma. As a result,
these ancient Patagonian frogs have been considered rep-
resentatives of the extant Leiopelmatidae. Their similarity
is a reflection of primitiveness, not phylogenetic related-
ness. They are best considered the sister group to mod-
ern anurans. Vieraella herbstii was a small frog (about
28 mm SVL). Notobatrachus degustori was much larger
(120-150mm SVL), roughly three times the size of mod-
ern leiopelmatids.

The next group of frogs to appear was the Alytidae
(Discoglossidae). This extant group appeared regularly in
fossil assemblages during the last 170 my. Eodiscoglossus
appeared in the Late Jurassic of Spain and persisted into the
Early Cretaceous. At least skeletally, it seems nearly identi-
cal with today’s Discoglossus. Two other genera appeared
in the Late Cretaceous of western North America, and one
of them (Scotiophryne) survived into the Paleocene. Alyt-
ids are absent throughout the Eocene. One alytid, Latonia,
reappeared in the Oligocene of Europe. Modern Disco-
glossus and Alytes are found in the European Miocene and
Pleistocene, respectively.
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TABLE 3.3 A Partial Hierarchical Classification of the

Extant Frogs (Anura)
Salientia
Triadobatrachus
Anura
Leiopelmatidae
Unnamed clade
Costata
Alytidae
Bombinatoridae
Unnamed clade
Xenoanura
Pipidae
Rhinophrynidae
Unnamed clade
Anomocoela
Scaphiopodidae
Pelodytidae
Pelobatidae
Megophryidae
Neobatrachia
Hyloidea
Heleophrynidae
Unnamed clade
Unnamed clade
Calyptocephalidae
Unnamed clade
Myobaterachidae
Limnodynastidae
Nobleobatrachia
Centrolenidae
Leiuperidae
Leptodactylidae
Hylodidae
Aromobatidae
Dendrobatidae
Cycloramphidae

Bufonidae

TABLE 3.3 A Partial Hierarchical Classification of the
Extant Frogs (Anura)—Cont'd

Hylidae
Ceratophryidae
Hemiphractidae
Ceuthomantidae
Eleutherodactylidae
Brachycephalidae
Craugastoridae
Strabomantidae
Unnamed clade
Sooglossoidea
Sooglossidae
Nasikabatrachidae
Ranoidea
Microhylidae
Arthroleptidae
Hyperoliidae
Brevicipitidae
Hemisotidae
Dicroglossidae
Nyctibatrachidae
Micrixalidae
Ceratobatrachidae
Ranidae
Ptychadenidae
Phrynobatrachidae
Petropedetidae
Pyxicephalidae
Mantellidae
Ranixalidae
Rhacophoridae
Note: This classification is taken from a variety of sources. Families are

listed under major clades rather than presenting a complete hierarchical
arrangement; see Figure 17.1 for details.

The assignment of some taxa to the Alytidae or Bom-
binatoridae clades is uncertain because of the recency of
the recognition of these clades and the continued use of
the older alytid concept by anuran paleontologists. Bom-
bina is known since the Early Miocene in Europe. If either
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FIGURE 3.11 \Vieraella herbstii, an ancient frog from the Jurassic of
Patagonia. Scale bar=2mm. Adapted from Estes and Reig, 1973.

Enneabatrachus or Scotiphyrneare bombinatorids, then this
group has a history extending from the late Upper Jurassic
or earliest Lower Cretaceous.

Pelobatidae and/or Scaphiopodidae, two modern clades
of anatomically conservative and similar frogs, appeared
in the Late Jurassic of Asia and North America. Fossils
from the western North American Morrison Formation
cannot be assigned to a particular genus but are unques-
tionably either pelobatids or scaphiopodids. The next
appearance was in the Cretaceous; Eopelobates and
Kizylkuma differ sufficiently from their later-appearing
relatives to be placed in a separate clade (Eopelobatinae).
Eopelobates had a long existence from the Late Creta-
ceous to the Middle Miocene and an equally broad geo-
graphic occurrence from western North America through
temperate Asia to Europe. The eopelobatine species were
generally moderate-sized (50-60mm SVL), terrestrial
frogs. They lacked spades on the heels, a prominent
characteristic of modern pelobatids/scaphiopodids but
presumably shared many features of their natural history.
The pelobatids appear in the European basal Miocene
(Pelobates), and the scaphiopodids appear in the Early
Oligocene of North America (Scaphiopus). A closely
related group, the Asian Megophryidae, is unknown as
fossils. The related pelodytid frogs had a brief appear-
ance in the Eocene of central Europe and the Miocene of
western North America.

Gobiates, a Cretaceous frog from Central Asia, was
initially considered a near relative to Eopelobates, but it is
morphologically quite distinct. It is another basal or pro-
anuran group, even though it is presently known only from
the mid-Cretaceous and is now recognized as a distinct
lineage (Fig. 3.3). Gobiates was moderately speciose with
about a dozen species.

The recently extinct paleobatrachid frogs were a long-
lived clade. They appeared first in the Upper Cretaceous
and went extinct in the early Pleistocene. Throughout their
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FIGURE 3.12 Paleobatrachus grandiceps, a representative of the
extinct Paleobatrachidae, from the Oligocene of eastern Europe. Scale
bar=10mm. Adapted from Estes and Reig, 1973.

entire history, they were confined to Europe, with one
questionable Cretaceous occurrence in North America.
Although apparently abundant, they were only moderately
speciose, with less than two dozen species recognized
throughout their 120 million-year history. All paleobatra-
chids were moderate to small frogs, generally less than
50mm SVL, and strictly aquatic. They had long, robust
hindlimbs and long digits on both the fore- and hind-
feet. Neusibatrachus, the oldest paleobatrachid, occurred
first in the Late Jurassic but then is unknown in the fos-
sil record until the Miocene. Paleobatrachus (Fig. 3.12),
with 12 species, spanned the Eocene to Pliocene period.
Fossils of this taxon are abundant in a series of freshwater
deposits in eastern Czech Republic. In this area, volca-
nic gases apparently poisoned the waters of streams and
ponds, periodically causing massive die-offs of all aquatic
animals. These gases also stimulated diatom blooms,
and the diatom skeletons buried frogs and even tadpoles.
Burial was rapid, and imprints of soft parts remain to help
paleontologists reconstruct the anatomy and life histories
of the paleobatrachid frogs.

The paleobatrachids and pipids are sister groups, and
all paleobatrachids resembled the modern clawed frogs
(Xenopus). Pipids did not appear in the fossil record until
the Early Cretaceous, but they are more likely ancestors
rather than descendants of paleobatrachids. The paleo-
batrachid’s restricted distribution in Europe throughout
their history contrasts sharply to the presence of pipids
in South America and Africa since the Cretaceous. The
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Upper Jurassic pipoid Rhadinosteus may resolve this
dilemma. Three definite pipids occurred in the Early Cre-
taceous of the eastern Mediterranean, suggesting an early
radiation of the African pipids. Xenopus occurred early in
Africa, from the Late Cretaceous of Nigeria and the Oli-
gocene of Libya. It is a remarkably adaptable frog genus,
and even today it is the most speciose of the pipid clade.
The ancient pipids (Saltenia and Shelania) of the South
American Paleocene derive from the southern portion
of that continent. Shelania fossils are frequently found
as complete or nearly complete skeletons in Patagonian
sediments. These fossils provide valuable insights into the
evolution of pipid frogs.

Although fossorial rather than aquatic, the Rhi-
nophrynidae is the sister group of the paleobatrachid-
pipid clade. The first rhinophrynids occurred in the Lower
Eocene of western North America. Others occurred in
the Oligocene but thereafter disappeared from the fos-
sil record. The Jurassic Rhadinosteus represents an early
pipoid and structurally is most similar to the rhinophry-
nids, likely indicating the divergence of the extant pipoid
families.

More advanced frogs also began to appear in the Early
Tertiary, even somewhat earlier than rhinophrynids. Sur-
prisingly, considering their present diversity, neobatra-
chians are neither abundant nor diverse throughout much
of the Tertiary. Only in the Pliocene and Pleistocene do
they become more common in fossil beds. Excluding fos-
sil records from the Pliocene, only the bufonids, hylids,
leptodactylids, limnodynastids, microhylids, ranids, and
rhacophorids have Tertiary representatives. Leptodac-
tylids are definitely known from the Upper Cretaceous
of South America, and if an Indian fossil’s identity is
confirmed, hylids will likewise have a Late Cretaceous
occurrence. A nearly continuous record exists for bufo-
nids in South America from their first occurrence in the
Late Paleocene. They also were present in North America
and Europe from the mid-Tertiary onward. Although all
fossil bufonids have been assigned to the genus Bufo,
recent reorganization of the former Bufo into numerous
genera will require a reexamination of fossil material in
order to place fossil taxa in the appropriate new genera.
Hylids (described as Hyla) appeared in the Oligocene in

North America and in the Miocene in Europe. The only
other fossil hyline hylid is Proacris from the Miocene of
Florida. The Miocene Austral obatrachusis the first fossil
representing pelodryadine hylids and was contemporane-
ous in the Late Miocene with the still extant Litoria. Lep-
todactylidae has a broader and more diverse fossil history,
and, although most fossils have been found in the New
World, some have been found in the European Eocene.
The ceratophryid Wawelia occurred in the Miocene of
Argentina, and a Cretaceous fossil is potentially a cera-
tophryid. Two genera of telmatobiine ceratophryids are
represented in the Oligocene and Miocene. A few Eleu-
therodactylus (Eleutherodactylidae) and Leptodactylus
(Leptodactylidae) species occurred in the Pleistocene. An
Eleutherodactylus in amber from the Hispaniolan Eocene
and its amber-associated biota provide important insights
into the early distribution of the Mesoamerica biota and
landmass movements. The widespread and diverse ranids
are represented in the fossil record only by Ptychadena
in the Moroccan Miocene and an assortment of nearly 50
species of ranoids from the Oligocene onward of Europe
and the Miocene through Pleistocene of North and Cen-
tral America.

HISTORY OF REPTILES

The first tetrapod is known from the Late Devonian,
the first amphibian from the Middle Mississippian,
and the first amniotes from the Middle Pennsylvanian
(Fig. 3.13). These first amniotes were Archaeothyris (syn-
apsid), Hylonomus, and Paleothyris (reptiles), showing
that clades that ultimately would produce mammals and
modern reptiles were already established in the Late Car-
boniferous. These three amniotes were small and lizard-
like, but structurally quite distinct from modern lizards.
Another tetrapod, Casineria, had a mix of amphibian and
reptilian traits. If it was an early amniote, then it would
move the origin of reptiles back to the Mississippian,
about 540 Ma.

Many of the anthracosaurs were aquatic tetrapods (see
Chapter 1), although some, such as Proterogyrinus, were
definitely terrestrial. Anthracosaurs lived from the Late
Devonian into the Late Permian. Thus, amniote ancestors

FIGURE 3.13 Hylonomus lyelli, the earliest known reptile, from the Early Permian of Nova Scotia. Size, about 42cm SVL. Adapted from Carroll and

Baird, 1972.
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diverged early in the history of anthracosaurs. The sey-
mouriamorph anthracosaurs diverged later (see Fig. 1.1).
Their fossil history begins in the Early Permian at a
time when amniotes were beginning to establish their
dominance on land. Diversity of these moderate-sized
(25-100cm TL) tetrapods was low, although their fossil
remains are moderately abundant in the Early Permian.
They too were terrestrial. Terrestrial seymouriamorphs
disappeared from the fossil record in the mid-Permian,
but aquatic seymouriamorph fossils appeared in the Late
Permian. The diadectomorphs, another group of anthraco-
saurs, the pareiasaurs, are structurally more primitive than
early amniotes, although they appeared in the Late Penn-
sylvanian subsequent to the origin of amniotes (Fig. 3.13).
Although primitive because of their early occurrence, they
were specialized tetrapods. Another example, Diadectes,
was large (3m TL) and had a partial secondary palate and
molariform cheek teeth suggesting an herbivorous diet.
Like many early reptiles, this group was short-lived evo-
lutionarily.

Radiation among Early Amniotes

Several contemporaneous taxa of reptiles and synapsids
from a buried forest of the Middle Pennsylvanian in Nova
Scotia, Canada, are the earliest known amniotes. They
apparently lived in hollow, upright trunks of buried trees
and were entombed when the forest was periodically
flooded. These (Archaeothyris, Hylonomus, and Paleo-
thyris) were small, approximately 15cm long (SVL).
Many of the later Paleozoic amniotes were quite large,
particularly in comparison to most living reptiles. The
explosive radiation of reptiles was still millions of years
away in the future Mesozoic. Nonetheless, amniotes,
particularly pelycosaurs (synapsids), began to assume a
dominant role in terrestrial vertebrate communities of the
Permian.

Protomammals: The Synapsids

Synapsids include all living and extinct mammals and
all extinct tetrapods more closely related to mammals
than to other amniotes. They are defined by the structure
of their skull, which contains a single fenestra (open-
ing) behind the eye. One of the earliest synapsids was
Archaeothyris, an ophiacodontid. Ophiacodontids had
only a modest history with low diversity, perhaps surviv-
ing into the Late Permian. They are the basal members
and potential ancestors of the pelycosaurs. Pelycosaurs
diversified into two dozen genera and numerous species
in six or more clades. They became the major tetrapods
of the Early Permian in both abundance and number of
species. The earliest pelycosaurs were small (ca. 30cm
SVL) and lizard-like. They had large heads with big,
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widely spaced teeth, suggesting that they were effec-
tive carnivores of large prey. This basal stock radiated
into several groups of medium to large carnivores and at
least two groups of herbivores. Two clades, Edaphosau-
rus (herbivorous edaphosaurids) and Dimetrodon (car-
nivorous sphenacotontids), had members with a dorsal
“sail” of elongated neural spines on the trunk vertebrae.
Both pelycosaurs were large (Dimetrodon to >3m TL).
The sail was likely a thermoregulation mechanism. In
Dimetrodon, for example, surface area of the sail scales
with body mass in a typical volume-to-area relationship
that is associated with thermoregulation in extant reptiles
(see Chapter 7). Some other pelycosaurs were varanid-
like and probably were agile and carnivorous, similar to
present-day varanids. Pelycosaurs began to disappear in
the middle of the Late Permian. Their decline might have
been brought about by the success of another early syn-
apsid lineage that gave rise to the therapsid radiation of
the Upper Permian. Later in the Triassic, mammals arose
within the therapsids.

Paleozoic Reptiles

Many early reptiles have skulls with a solid bony tempo-
ral area (i.e., no temporal fenestrae; see Fig. 2.22). Taxa
without temporal fenestrae were, at one time, considered
to be closely related and called the Anapsida. While this
relationship is no longer accepted, “anapsids” remains
a vernacular name for early reptiles sharing the anapsid
skull. Other clades defined originally on the nature of
temporal fenestration persist, for example Diapsida and
Synapsida. Captorhinids define the Eureptilia, and fossil
reptiles lacking temporal fenestrae define the Pararep-
tilia (Fig. 1.12). The oldest parareptilian is Eudibamus
cursoris from the Lower Permian of Germany (290 Ma),
which was apparently cursorial, using bipedal locomo-
tion. Modern and fossil turtles lack temporal fenestrae
(“anapsid”), but appear to have secondarily lost tempo-
ral fenestrae and thus are now considered nested within
Eureptilia. Only the eureptiles have a fossil presence
in the Late Pennsylvanian. Hylonomus (Fig. 3.13) and
Paleothyris (Fig. 1.12) are two of these eureptiles, and
a third is Petrolacosaurus. Petrolacosaurus was a mod-
erate-sized (ca. 40cm TL) terrestrial reptile, iguana-like
with enlarged upper canines. It is typically linked to
the short-lived Araeoscelis clade (Araeoscelidia) of the
Lower Permian. Araeoscelidans are basal diapsids and
the sister group to the Sauria. All were lizard-like in head
and body proportions, but their limbs were gracile and
elongate with fore- and hindlimbs of nearly equal length.
Their dentition was simple and indicates a general car-
nivorous diet.

Thereafter, no other diapsids or saurians are found
until Claudiosaurus and Paliguana of the Upper Permian.
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These two diapsids were not contemporaries (Fig. 3.14).
The former is a long-necked, marine reptile that has been
considered a plesiosaur or, at least, a basal sauropteryg-
ian. Evidence now suggests that the body form of Clau-
diosaurus is independently evolved and that Claudiosaurus
arose prior to the archosauromorph-lepidosauromorph
divergence. Paliguana has similarly been linked to a later
appearing group, the Squamata. This relationship is uncer-
tain, although Paliguana certainly is a diapsid and may be
a squamate.

The Captorhinidae represents a primitive group of eurep-
tiles, and some features suggest an origin prior to that of
Paleothyris. The captorhinids were medium-sized, lizard-
like reptiles, although the broad-jowled head was propor-
tionately larger than that of most lizards. The teeth showed
regional differentiation with large, pointed incisors in front
and double to triple rows of short, cone-shaped teeth in the
rear. Their bodies were slender and limbs moderately long,
suggesting that they were agile carnivores.

Several groups of Permian reptiles, the Mesosau-
ridae, Millerettidae, procolophonoids, and Pareiasauria
(Fig. 3.15), have proven exceedingly difficult to classify,

and for lack of a better name, were called the pararep-
tiles and presumed to be unrelated. Additional fossils,
improved preparation, and new analytical techniques now
indicate that the Parareptilia, excluding Mesosauridae, is a
monophyletic clade (Fig. 1.11).

The mesosaurs (Early Permian) were miniature
(ca. 1m TL), aquatic, gharial-like reptiles with a Gond-
wanan distribution. They had long, narrow-snouted
skulls, and the long, thin teeth of the upper and lower jaw
curved outward and interdigitated when the jaws were
closed. Such jaws are effective for catching fish with
a sideward sweep of the head. The body and tail were
similarly elongated and the tail laterally compressed for
undulatory swimming. Nonetheless, the limbs were well
developed, and the hindlimbs and feet were large, per-
haps used as rudders.

The parareptiles are a diverse group of small to large
reptiles, mainly of Middle Permian to Lower Triassic
age. The procolophonoids existed from the Late Permian
through the Triassic, with some surviving the Great Extinc-
tion. The millerettids were small, lizard-like reptiles. Their
small heads and simple conical teeth match the appearance
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FIGURE 3.14 Geological occurrence of some early anthracosaurs and amniotes, and extinct and living reptiles. Abbreviations for Cenozoic epochs:
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Paraiasaurus Kanpinksyl

FIGURE 3.15 Pareiasaurus karpinksyi, a pareiasaur from the Late Permian of Russia (about 3m TL). Adapted from Gregory, 1951.

of many iguanians living today, and they probably shared
a diet of insects. The pareiasaurs and the procolophonoids
were more diverse. The pareiasaurs were the giants of the
parareptiles with some taxa to 3m (TL) (Fig. 3.15). They
had large barrel-shaped bodies, elephantine limbs, and pro-
portionately small, broad-jawed heads capped with thick
bone and numerous projections. The teeth were closely
spaced with laterally compressed leaf-shaped crowns. By
all indications, the pareiasaurs were slow, lumbering her-
bivores. The procolophonoids were small to medium-sized
lizard-like reptiles. Their stocky bodies, short limbs, and
broad-jowled heads gave them the appearance of mod-
ern Uromastyx or Sauromalus, and they may have shared
the herbivorous habits of these extant lizards. Unlike the
pareiasaurs, their widely spaced, thick, bulbous-crowned
teeth were probably used for crushing rather than mincing.
Numerous complete skeletons of Owenetta (a procolopho-
noid) show that this small reptile of the Late Permian shares
many features with the oldest known turtle, Proganochelys;
however, it is unlikely that procolophonoids contained the
ancestors of turtles based on recent nuclear gene analyses
that place turtles in with diapsids.

Like Claudiosaurus, Eunotosaurus is another enigmatic
Permian reptile. This small (20cm SVL) lizard-like crea-
ture from the Middle Permian was once considered the link
between the basal reptiles and turtles because it had eight pairs
of broadly expanded ribs on the trunk. However, the pectoral
girdle lies external to the ribs, and the skull is strongly diver-
gent from the cranial morphology of any early turtles.

Age of Reptiles—Radiation in the Mesozoic

Reptiles dominate fossil beds of the Mesozoic. They are the
most numerous, most diverse, and some of the largest fos-
sils. They were the dominant terrestrial and aerial animals,

and although not the dominant marine ones, many were
major predators in marine environments. The following
summaries touch only briefly on this diversity.

Marine Reptiles

Ichthyosaurs (Ichthyopterygia) dominated marine environ-
ments during much of the Mesozoic, although they declined
greatly in abundance in the Early Cretaceous and disap-
peared by the mid-Cretaceous. As their name implies, the
ichthyosaurs were fish-like reptiles (Fig. 3.16), with mor-
phology similar to that of mackerel, tunas, and dolphins.
They ranged in size from about 1.5 to 15m. Their fish-like
form and the presence of fetuses within the body cavity of
some individuals indicate that they were viviparous (live-
bearing). Most other Mesozoic marine reptiles probably
were oviparous and had to return to land like modern sea
turtles to deposit their eggs.

Among early crocodyliforms, several groups became
highly aquatic and perhaps totally so. The most special-
ized group was the Metriorhynchidae (Middle Jurassic to
Early Cretaceous). Eleven genera are recognized. All were
about 3m long with heavy, streamlined heads, bodies,
and tails. The tail had a shark-like downward bend at its
tip (heterocercal), and the limbs were flippers. The head
was long-snouted and strongly toothed. By all appear-
ances, they were excellent swimmers and successful fish
predators. The marine metriorhynchid crocodyliform Geo-
saurus from Patagonia had a pair of lobulated protuber-
ances (nasals) in the skull suggesting that it already had
salt glands. Thus, as early as 140 million years ago, an
extra-renal osmoregulatory system existed, which may
partially explain the success of this group in marine envi-
ronments. Other marine crocodyliforms included the Tele-
osauridae (late Lower Jurassic to early Early Cretaceous),



Chapter | 3 Evolution of Ancient and Modern Amphibians and Reptiles 99

FIGURE 3.16 The Ichthyosaur Ichthyosaurus intermedius was one of
the large marine reptiles present during the Jurassic. Photograph by Sarah
Riebolt, courtesy of the Museum of Paleontology, University of California,
Berkeley.

Dyrosauridae (Late Cretaceous to Eocene), and a few
more Mesozoic families of brief geologic occurrence.
These taxa were more typically crocodylian in appear-
ance, although with a tendency toward streamlining and
reduction of dorsal armoring.

In the Middle Cretaceous, the first marine turtles
appeared. They already had streamlined shells and flipper-
forelimbs, indicating a much earlier origin. Three clades
are evident in these sea turtles, the Cheloniidae, Protoste-
gidae, and Dermochelyidae. Cheloniids and the extinct
protostegids were moderately abundant and widespread
throughout the Upper Cretaceous and had a modest radia-
tion. The protostegid Archelon ischyros was the largest of
the sea turtles and had a carapace length (CL) of nearly
3m. Today’s giants, the dermochelyids, did not appear
until late in the Cretaceous.

A clade of aquatic lizards split early from the evolution-
ary line leading to the extant varanoid groups. The doli-
chosaurs (Middle to Late Cretaceous) were long-necked
plesiosaur-like lizards with low diversity. Their relationship
to the mosasaurs is unclear. The earliest mosasaurs were
the small (1-2.5m TL) aigialosaurs, monitor-like in gen-
eral appearance, although they had shorter necks, reduced
but not structurally reorganized limbs, and a laterally com-
pressed, heterocercal tail. They lived in the Late Jurassic
to Middle Cretaceous seas. The Late Cretaceous mosasaurs
(Fig. 3.17) had a moderate adaptive radiation that produced
a variety of different sizes and feeding morphologies (e.g.,
at least 16 different body forms are recognized). These
body forms remained somewhat lizard-like, even though the
mosasaurs were highly aquatic animals. The head was elon-
gate and narrow, joined by a short neck to an elongate trunk
and tail. Their limbs were modified into flippers by a short-
ening of the pro- and epipodial elements and an elongation
(i.e., hyperphalangy) of the meso- and metapodial elements

FIGURE 3.17 Cretaceous sea showing several typical reptiles, including
the turtle Protostega (left), the mosasaur Platecarpus (largest reptile), and
a plesiosaur (top). The extinct bony fish Xiphactinus (bottom right) and
the aquatic bird Hesperornis (center right) are also shown. By Karen Carr,
with permission of the Sam Noble Oklahoma Museum of Natural History.

and phalanges. The sinuous body and tail were both used
in undulatory swimming, with flippers serving as rudders.
Terrestrial locomotion would have been most difficult. They
gave birth to live young. Sizes ranged from 2.5m (TL) to
nearly 12.5m. Some mosasaurs were surface creatures; oth-
ers probably dove regularly to depths of several hundred
meters for food. All were carnivorous predators. At least 29
genera are known.

Gliders and Fliers

Most airborne animals develop flight surfaces by modifying
anterior appendages or by stretching membranes between
anterior and posterior appendages. Several groups of diap-
sid reptiles independently had modified ribs and associated
muscles that formed an airfoil. This ribcage adaptation is
unique to diapsids and exists today in Draco, a group of
Indomalaysian agamid lizards (Fig. 3.18). The thoracic ribs
are greatly elongated and for more than one-half of their
length are free of the body cavity and attached to each other
by a thin web of skin. Limbs are well developed, and Draco
can run nimbly up and down tree trunks, with the elongated
ribs folded tightly against the body. When pursued, they
jump into the air. The elongated ribs unfold like a fan and
create an airfoil that allows them to glide long distances at a
gentle angle of descent.

The first flying reptile appeared in the Late Perm-
ian. Coelurosauravus was a moderately large diapsid
(ca. 18cm SVL) with membranes arising from each side
of the trunk and creating an airfoil of nearly 30 cm width.
The original description suggested that this airfoil was
supported by the ribcage as in Draco. Subsequent exami-
nations show the airfoil to be supported by dermal rods
that would have appeared Draco-like in gliding flight.
Although highly specialized as a glider, Coelurosauravus
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FIGURE 3.18 Top: The sauropsid reptile Mecistotrachelos apeoros
was one of several gliding reptiles in the Triassic. Its large limbs sug-
gest that it may have been arboreal. It had a much longer neck than
that of other gliding reptiles such as Kuehneosaurus and |carosaurus
(by Karen Carr, with permission of the Virginia Museum of Natural
History). Middle: Skeleton of Kuehneosaurus, a diapsid glider, from
the late Upper Triassic showing ribs modified to support the airfoil.
Scale: bar=4cm (adapted from Robinson, in Romer, 1966). Bottom:
Draco jareckii, an agamid lizard that glides using a rib-supported airfoil.
(R. M. Brown).
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had many primitive diapsid features and is a basal member
of the neodiapsid clade.

The Late Triassic kuehneosaurids were also gliders.
They had ribcage airfoils like that of Draco (Fig. 3.18).
They are an early divergent lineage and the sister group
of the lepidosaurs. Another Late Triassic glider, Sharov-
ipteryx, known from a single fossil, had large membranes
extending from each hindlimb to the base of the tail and
perhaps small ones from the forelimbs to the trunk, creat-
ing a stealth-bomber profile with a long, thin tail projecting
posteriorly. Sharovipteryx is a small (<10cm SVL) diapsid
of uncertain affinities.

The typical vertebrate airfoil of modified forelimb wings
was used for flight by two groups of ornithodiran archo-
saurs—pterosaurs and birds. Both of these aerial reptiles
were capable of self-propulsive, “flapping” flight. Some
proponents, however, still argue for only gliding flight in
pterosaurs. The pterosaurs developed a membranous wing
that stretched from the posterior edge of the forelimb to the
body. The proximal skeletal elements were shortened and
robust for the attachment of flight muscles. Most of the
wing’s span attached to a greatly elongated fourth digit, that
is, elongation of metacarpal IV and especially the phalanges,
each of which was longer than the humerus. The birds modi-
fied their specialized scales (feathers) to produce an airfoil
surface. The forelimb provided the support for the feathers
and the anterior edge of the airfoil. In birds, the humerus is
short, and the radius and ulna elongate along with elongate
metacarpals and phalanges of the first three digits.

The pterosaurs appeared in the Late Triassic as full-
winged fliers and persisted as a group throughout the
remainder of the Mesozoic (Fig. 3.19). Nearly a hundred
species of pterosaurs are recognized—from small species
(15cm wingspan) to the aerial giants, Pteranodon (7m
wingspan) and Quetzalcoatlus (11-12m wingspan). Quet-
zalcoatlus northropi had a wingspan of nearly 10 meters,
and was among the largest animals ever to fly. Some ptero-
saurs were scavengers, insectivores, piscivores, carnivores,
and even filter-feeders. Their distant relatives, the birds,
did not appear until the Late Jurassic (Archaeopteryx), and
bird diversity either remained low throughout the remain-
der of the Mesozoic or, alternatively, only a few kinds were
fossilized.

The present controversy concerning the origin of birds
from within dinosaurs or from other and earlier archosau-
romorphs is based on how flight evolved. The non-dinosaur
proponents suggest flight arose from gliding down; in con-
trast, the dinosaur proponents advocate that flight arose
from running and jumping up. The gliding-down advocates
point to the small forelimbs of the proposed dinosaur-bird
ancestors and the low probability of such limbs becom-
ing wings. The running—jumping advocates note that limb
evolution can proceed in either direction and feathers were
present to provide lift.
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FIGURE 3.19 Cretaceous coastal scene showing several reptiles characteristic of the period, including the carnivorous Dienonychus (left; some restora-
tions show Dienonychus with feathers), the coelurosaurian Ornithodesmus (in the air), and a group of the ornithopod dinosaurs Tenontosaurus. By Karen
Carr, with permission of the Sam Noble Oklahoma Museum of Natural History.

Archosauromorphs

The archosaurs, the so-called “Ruling Reptiles” of the
Mesozoic, are a monophyletic group represented today
only by crocodylians and birds, basically what remains of
the clades Crurotarsi and Avemetatarsalia. Turtles are now
considered the sister taxon to Crurotarsi+Avemetatarsa-
lia based on molecular studies, and thus their “anapsid”
skull condition is derived from a diapsid skull condition.
Although turtles fall within Diapsida, we do not include
them in the Archosauria because their position with respect
to extinct archosaurs cannot be determined.

The Crurotarsi includes a diverse group of crocodylians
and relatives. The Avemetatarsalia contains the dinosaurs,
pterosaurs, and their relatives. The divergence of these two
groups is evident by the Middle Triassic. Rhynchosaurs,
proterosuchids, erythrosuchids, and Euparkeria were
early offshoots of the diapsid lineage that led to the archo-
saurs. They show a sequential alteration of the skeleton
toward the archosaurian mode and a trend toward increas-
ing size. Proterosuchids (Late Permian to Early Triassic)
were moderate-sized, varanid-like reptiles with a sprawl-
ing gait. The erythrosuchids, present from Early to Middle
Triassic, were large (ca. 5m), heavy-bodied reptiles with
the beginnings of a more erect limb posture and the archo-
saurian triradiate pelvic girdle. Euparkeria, however, was

less than 1 m TL, and it likely was quadrapedal, walking
on all four limbs.

Euparkeria, from the Early Triassic, is variously con-
sidered the most primitive or the sister group of archo-
saurs. It appeared much like a short-necked monitor lizard
and is the first of this clade with dermal bony armor, a
trait that occurs in numerous subsequent archosaurs. Of
the archosaurian lineages, the Crurotarsi radiated broadly
beginning in the Middle Triassic. The Avemetatarsalia
(pterosaurs and dinosaurs), did not appear until later, with
the first definite dinosaur fossils from the Triassic—Juras-
sic boundary. These first fossils contain representatives
of three taxa, and all three were lightweight, bipedal sau-
rischian dinosaurs, demonstrating that the saurischian—
ornithischian divergence had occurred. The diversity
of dinosaurs was great (Fig. 3.20). They ranged in all
sizes from 1 to 25m (TL) and had an enormous variety
of shapes. They had equally varied diets and occupied a
wide range of habitats. The recent discovery of Asilisau-
rus kwongwe, a silesaur from the Middle Triassic of Tan-
zania, pushes back the origin of dinosaurs from about 230
to 240 Ma. Asilisaurus shares many dinosaur character-
istics and is believed to be the sister group to dinosaurs.
Because the diversity of Avemetatarsalia and its evolution
are so broadly covered elsewhere, that literature is recom-
mended to the reader.
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FIGURE 3.20 Jurassic scene showing typical reptiles including a Segosaurus (lower left), an Apatosaurus (largest), the carnivorous Saurophaganax (bipedal),
a group of Camptosaurus (right), and two Archaeopteryx (flying). By Karen Carr, with permission of the Sam Noble Oklahoma Museum of Natural History.

The Crurotarsi includes a large number of families,
most of which had a general crocodylian body form that
was variously modified. The diversity of this group does
not match that of the avemetatarsalian archosaurs. None-
theless, nearly two dozen families and numerous species
are known from the Mesozoic. Until recently, the classi-
fication emphasized levels (grades) of specialization or
divergence from the basic pseudosuchian stock. These
grades, such as the protosuchian (Fig. 3.21) or mesosu-
chian, contained multiple groups. That classification is
now being replaced by monophyletic groupings. However,
the new classification is not yet firmly established, in part
because the fragmentary nature of some of the extinct spe-
cies and genera does not permit reliable determination of
relationships.

The phytosaurs from the Late Triassic are the most
primitive Crurotarsi and an early offshoot of the main
crocodylian lineage. They were 2-4m (TL) gharial-like
animals. However, their teeth were small and remained
inside the mouth when closed, and their nostrils were
on a raised bony mound at the base of the long, narrow
snout. The aetosaurs of the Late Triassic are another
early evolutionary side branch. They had a small, pig-
like head (Fig. 3.21) on a heavily armor-plated crocodyl-
ian body and tail. Their small, leaf-shaped teeth suggest
an herbivorous diet, which would make them the earliest
herbivorous archosaurs.

Several other divergent groups appeared and dis-
appeared in the Triassic. The main crocodylian clade,

Stegonolepis

FIGURE 3.21
Segonolepis (above) of the Upper Triassic and an unnamed Edentosuchus-
like protosuchid of the Early Jurassic. Scale bar=1cm. Adapted from
Walker, 1961 and Seus et al., 1994, respectively.

Cranial structure of ancient crocodylians: the aetosaur
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Crocodyliformes, was represented by a few subclades
(e.g., teleosaurids) in the Early Jurassic, but the diver-
sity of this group did not arise until the Late Jurassic
and Early Cretaceous. The low Jurassic diversity results
from the presence of only a few terrestrial and freshwa-
ter fossil deposits, the habitats in which crocodyliforms
were radiating. A marine radiation of crocodyliforms is
evident from the late Lower Jurassic through the Middle
Cretaceous, and one group, the dyrosaurs, persisted into
the mid-Tertiary. All were highly aquatic. The teleosau-
rids from the Early Jurassic through the Early Creta-
ceous were gharial-like crocodyliforms (1-9.5m TL) of
estuarine and near-shore habitats. The forelimbs of the
teleosaurids were greatly reduced, and swimming prob-
ably was accomplished through the undulatory movement
of the body and tail. The hindlimbs remained large and
likely served as rudders. Another clade included the mon-
strous (>11m TL), semiaquatic Sarcosuchus, an Early
Cretaceous pholidosaurid. Other members of this marine
radiation were metriorhynchids and Pelagosaurus.

The neosuchians, the lineage leading to the modern
crocodylians, consist of much more than the sole surviv-
ing Crocodylia and include several Cretaceous groups, such
as Bernissartia, a small alligator-like, molluscivorous form.
The Crocodylia, the modern crocodylian clade, presum-
ably arose in the Early Cretaceous. Members of the extant
families did not appear until the Late Cretaceous, and they
have been the prominent semiaquatic crocodylians since
then (see the section “History of Extant Reptiles,” below).
A few species became terrestrial, and the pristichampsines
had hoof-like feet.

Extinct Lepidosauromorphs

The lepidosauromorphs are the second major diapsid lin-
eage. The first appearance of this group occurred in the
Late Permian. The Younginiformes, including Youngina,
Acerosodontosaurus, and Tangsauridae, are basal members
of this early radiation that survived into the Early Triassic.
Youngina was a slender diapsid that would have been eas-
ily mistaken for many modern lizards and was likely an
agile, terrestrial insectivore. The tangsaurids were similar
but had laterally compressed tails and probably an aquatic
lifestyle. Another group of Upper Permian—Lower Trias-
sic lepidosauromorphs includes Paliguana, Saurosternon,
and Palaesagama. They were medium-sized (<20cm TL)
lizard-like diapsids. The relationships of these eolacertil-
ians are uncertain and debated, but a recent analysis places
Paliguana as sister to Kuehneosaurus, the gliding Triassic
lepidosaur (see Fig. 3.18).

Sauropterygians were immensely successful aquatic
lepidosauromorphs that appeared early in the Triassic and
remained abundant until the end of the Cretaceous. The
sauropterygians consist of two distinct but related groups,

the placodonts (Middle and Upper Triassic) and the “ple-
siosaurs” in the broadest sense. The placodonts, although
presumably aquatic, did not have a strongly aquatic-
designed morphology. They had short, broad heads,
stout bodies, and long, laterally compressed tails. Their
limbs were short and well developed with a terrestrial
front- and hindfoot anatomy. Most were 1-2m TL, and
some had dermal carapaces resembling turtle shells. The
broad heads and tooth morphology suggest that they were
either herbivores or fed on a diet of shelled invertebrates,
gathered in coastal and shallow-water environments. The
“plesiosaurs” had a body form unlike that of any other
aquatic tetrapods. Although streamlined, the body was
large and stocky with a long, flexible neck and large
flipper-like limbs. The Triassic nothosaurs were small to
moderate-sized (20cm to4 m TL) reptiles with the tail
extending one-third to nearly one-half of the total length.
This morphology suggests that they swam by undula-
tory movements of the tail and posterior half of the body,
using the limbs as rudders. The subsequent plesiosaurs
appeared in the mid-Triassic and were abundant in the
Jurassic through the Middle Cretaceous. They were gen-
erally large creatures from 10 to 13 m in total length. The
body was barrel-shaped with a short tail, less than body
length, and very large flipper-like limbs. In one group, the
neck was very long ending in a tiny head, and in another
group the neck was shorter with a large, elongated head.
How they swam is uncertain. The two most likely pos-
sibilities are aquatic flight like penguins and sea turtles
whose limbs move in a figure-8 stroke as in flying birds,
or alternatively, with the more paddle-like stroke of seals.
No matter how they swam, they were probably excellent
and fast swimmers.

Other lepidosauromorphs are largely absent from the
fossil record until the Late Triassic when the Rhyncho-
cephalia and the kuehneosaurids appeared (Fig. 3.14).
Kuehneosauridae is the sister group to the Lepidosauria
(Fig. 1.16). Kuehneosaurids (Fig. 3.18) and the eolacertil-
ians are similar in size.

The first rhynchocephalian was Brachyrhinodon taylori
from the Upper Triassic of Virginia and a likely contem-
porary of the first kuehneosaurid. Rhynchocephalians were
a moderately diverse group, and some appeared much like
the living tuataras, Sphenodon. A small group of aquatic
genera, the pleurosaurines, had elongated bodies and tails,
and usually a barracuda-like head (Fig. 3.22). A rhyncho-
cephalian mini-radiation occurred from the Late Triassic to
the Late Jurassic, during which this group was moderately
abundant. Thereafter, the fossil presence of rhynchoce-
phalians declined through the Cretaceous, and no Tertiary
forms have been found.

Lepidosaurs that are unquestionably squamates do not
appear until the Middle Jurassic (Fig. 3.14). The Parama-
cellodidae, which are often considered scincomorphs, had
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Pleurosaurus

FIGURE 3.22 Cranial structure of the marine sphenodontidan
Pleurosaurus from the Late Jurassic. Scale bar=1cm. Adapted from
Carroll and Wild, 1994.

a broad history from the Middle Jurassic into the Middle
Cretaceous. Four other presumably more basal squamate
clades, Ardeosauridae, Bavarisauridae, Dorsetisauridae,
and Euposauridae, appeared in the Late Jurassic and
apparently all became extinct in the Early Cretaceous. The
ardeosaurids contain three genera, Ardeosaurus, Eichs-
taettisaurus, and Yabeinosaurus, which appear gecko-like
in some features and have been considered gekkotans.
This gekkotan relationship is now questioned. The bava-
risaurids contain two genera, Bavarisaurus and Palaeola-
certa, and similarly share some features with gekkotans.
The other two families have been linked with extant lizard
families, but these relationships also are uncertain. The
euposaurids resemble agamids, but other evidence sug-
gests that they are rhynchocephalians. The dorsetisaurids
resemble anguimorphs although not convincingly so. The
Early Cretaceous Scandnesia is another basal squamate,
whose affinities lie basal to the Iguania and possibly with
Eichstaettisaurus.

Not all Upper Jurassic squamates are of uncertain
affinities. Parviraptor estesi is a medium-sized angui-
morph (ca. 15cm SVL) and appears to be the sister group
of the varanoids. The Cretaceous marine lizards (aigialo-
saurids, mosasaurs, and others) are strikingly similar to
the varanoids, and this similarity includes a number of
derived traits that are shared, suggesting a close relation-
ship. The Necrosauridae, occurring from the Early Creta-
ceous to the Oligocene, also have some uniquely varanoid
traits and have been proposed as a sister group of the
helodermatids.

Aside from the preceding fossil representatives, the
extant squamate families lack a fossil presence until the
Middle Cretaceous or later. These taxa are discussed in the
following section.

History of Extant Reptiles

Crocodylians

The Crocodylia, as now defined, is a clade consisting of
the ancestor of extant crocodylians and all its descendants.
Members of this clade, vernacularly the crocodylians,
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TABLE 3.4 A Hierarchical Classification of the Extant
Crocodylians (Crocodylia)

Reptilia
Diapsida
Archosauria
Crocodylotarsi
Crocodyliformes
Crocodylia
Gavialoidea
Gavialidae
Brevirostres
Alligatoroidea
Alligatoridae
Crocodyloidea
Crocodylidae

Note: This classification derives from the phylogenetic relationships
proposed in Brochu, 1997a,b, 2001, 2004.

appeared first in the Cretaceous, although no members
of the extant families occur in the fossil record until the
Tertiary (Fig. 3.14). The older and broader definition of
Crocodylia included protosuchians, eusuchians, and other
groups and extends the history into the Lower Jurassic.
A few members of these older clades survived into the
mid-Tertiary; however, the Tertiary belongs to the croco-
dylians. The higher clades (gavialoids, alligatoroids, and
crocodyloids) include many fossil taxa, and these reveal a
Cretaceous divergence of gaviaoloids from the other cro-
codylians (Table 3.4).

Gavialis has only a Miocene, Pliocene, and Recent
occurrence. Extinct gharial or gavialoid fossils occur in the
Late Cretaceous and were geographically widespread. Taxa
occurred in North America (Cretaceous to Pliocene), South
America (Oligocene to Pliocene), Europe (Cretaceous to
Eocene), Australia (Pliocene), Africa (Late Cretaceous),
and southern Asia (Eocene to Recent). All had the long, nar-
row snout associated with a specialized diet of fish. Most
extinct gharial species equaled the size of the living species,
but a Pliocene Gavialis from India apparently reached total
lengths of 15-18m.

The clade containing Borealosuchus and the pristi-
champsines are sister groups to the alligatoroid—crocodyloid
clade, and both likely arose in the Late Cretaceous. Bore-
alosuchus was broad-snouted and alligator-like. It appeared
at the end of the Cretaceous and survived into the Paleocene
of North America and Europe. The pristichampsines must
also have arisen in the Cretaceous; however, they appeared
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only briefly in the Middle Eocene of Europe. They were
peculiar crocodylians with heavy dorsal and lateral armor
and hoof-like terminal phalanges.

The earliest alligatoroid and crocodyloid fossils are
also Late Cretaceous. The Cretaceous alligatoroids include
Brachychampsa and Stangerochampsa. Several other lin-
eages arose and disappeared in the Early Tertiary. The alli-
gatorines appeared first in the Early Oligocene, although
the group certainly arose much earlier because the caimans
were present in the Early Tertiary, represented by Eocai-
man from the Middle Paleocene to Middle Miocene and the
nettosuchids from the mid-Eocene to the Pliocene of South
America. The nettosuchids had a unique jaw articulation
and typically a broad, elongate snout. Their duck-like snout
suggests a mud-noodling behavior for buried prey. Mela-
nosuchus and Caiman appear only in the Neotropic Late
Miocene and Pleistocene, respectively. In contrast, Alliga-
tor ranges from the Early Oligocene to the present in North
America and Asia.

Crocodyloids similarly had a moderate diversity in
the Late Cretaceous and Early Tertiary. The crocodylids
first appeared in the lowest Eocene. The tomostomines
occurred in the Middle Eocene of Egypt and China, then
intermittently in northern Africa and Europe from the Oli-
gocene to the Middle Miocene and then not again until
the Late Pliocene in Asia. All shared the narrow, elongate
skull. The crocodylines include a variety of lineages of
which the “true” Crocodylus is of only recent origin from
the Pliocene to the present. Extinct crocodiles are often
placed in the genus Crocodilus. The Australian—-New
Caledonian Tertiary crocodylids appear to represent a
separate evolutionary stock, the mekosuchines, that likely
were displaced in the Pleistocene by the arrival of Croco-
dylus from Asia. The mekosuchines had a variety of body
and head forms, ranging from narrow elongate skulls like
gharials to short, broad-headed species. Quinkana was
pristichampsine-like in having hoof-like terminal pha-
langes. Mekosuchus survived into the Recent era in New
Caledonia and apparently was hunted to extinction by the
first humans to arrive there.

Turtles

Turtles have a good fossil record. Their bony shells are
durable structures—in life and in death. The history of
turtles extends back at least 220-210 Ma to the Late Tri-
assic, in which the most primitive turtle, Proganochelys,
occurred. Proganochelys quenstedti was unquestionably a
turtle (Fig. 3.23). Osteoderms were present and the axial
skeleton was modified into a true shell. The ribs and ver-
tebrae were fused to dermal bones to form a carapace, and
some pectoral girdle elements and dermal bones fused to
form a plastron. P. quenstedti also had a humber of early
amniote characteristics that were lost in later turtles. Teeth

FIGURE 3.23 Proganochelys quenstedti, the most ancient turtle, from
the Lower Triassic of Germany; approximately 15cm CL. From Gaffney,
1990; courtesy of the American Museum of Natural History.

were present on the palatines but absent from the upper
and lower jaws. It had a large carapace with a length of 90
cm (CL), and it was a semiaquatic turtle, well protected by
its bony shell and bony neck spines (Fig. 3.23). P. quen-
stedti is not a “transitional” turtle. Rather, it is a member
of the Proganochelydia, which is one of the sister groups
to the pleurodire—cryptodire clade (Casichelydia) within
Testudines.

A pleurodire, Proterochersis, was contemporaneous
and sympatric in Europe with Proganochelys. It was some-
what smaller (ca. 50cm CL) and likely terrestrial. The
pelvic girdle was fused to the plastron, indicating that it
was the earliest pleurodire and confirming that the diver-
gence of cryptodires and pleurodires had occurred. Two
other contemporaries are Australochelys from the Late
Triassic—Early Jurassic of Africa and South America and
Paleochersis from the Late Triassic of Africa and South
America. All subsequent fossil turtles are either cryptodires
or pleurodires.

After Proterochersis, the pleurodire Platychelys
occurred through much of the Jurassic and into the Early
Cretaceous. By the mid-Cretaceous, pleurodire are rep-
resented in many fossil faunas, particularly those of the
Southern Hemisphere. Although now confined to the south-
ern continents, a few pleurodires occurred in the Northern
Hemisphere at least through the Miocene. Some Tertiary
pleurodires were marine or estuarine and reached the size
of modern sea turtles, although they did not develop the
morphology and locomotor mode of the cryptodiran sea
turtles. Chelids do not appear until the Oligocene or Mio-
cene and only in South America and Australia. In contrast,
the fossil history of the extant pelomedusoids begins in the
Early Cretaceous. Pelomedusid sidenecks occur first in
the Late Cretaceous with all subsequent fossils confined
to Africa. Podocnemidids had a much broader distribution
in Africa (Late Cretaceous to Eocene), southern Asia (Late
Cretaceous to Pliocene—Pleistocene), Europe (Eocene),
and South America (Late Cretaceous onward) (Table 3.5).
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TABLE 3.5 A Hierarchical Classification of the Extant
Turtles (Testudines)

Testudines
Pleurodira
Chelidae
Pelomedusoides
Pelomedusidae
Podocnemididae
Cryptodira
Trionychoidea
Carettochelyidae
Trionychidae
Unnamed clade
Unnamed clade
Unnamed clade
Chelydridae
Kinosternoidea
Dermatemydidae
Kinosternidae
Chelonioidea
Cheloniidae
Dermochelydidae
Testudinoidea
Unnamed clade
Testudinidae
Geoemydidae
Unnamed clade
Platysternidae
Emydidae

Note: This classification derives from the phylogenetic relationships
shown in Fig. 18.1.

The largest turtle recorded is the Miocene podocnemidid
Supendemys geographicus, which had a carapace length of
3 meters (Fig. 3.24).

The oldest turtle in North America and the first cryp-
todire is Kayentachelys aprix, from the late Early Jurassic
(185Ma) of western North America. It was a moderate-
sized (30cm CL), semi-terrestrial turtle. Structurally,
K. aprix was a cryptodire, although it had a number of
features not seen in modern turtles, such as small teeth
on the roof of the mouth. Thereafter, fossil cryptodires
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FIGURE 3.24 The exinct podocnemidid turtle Supendemys geographi-
cus (right) from South America was more than three times the length of
the largest living side-necked turtle, Podocnemis expansa (top left) and
twice the height of an average man. FromRiff et al., 2010. Drawing recon-
structed fromoriginal by M. Oliveira.

are absent until the appearance of the Pleisochelyidae
and Pleurosternidae in the lower Late Jurassic; subse-
quently, cryptodires remained part of the reptilian fauna.
Both fossil families contained moderate-sized, aquatic
turtles, and neither is related to any of the later-appear-
ing turtle groups. Pleurosternids are the sister group to
all subsequent cryptodires. The pleisochelyids are struc-
turally more advanced turtles and the sister group to the
meiolaniids and all extant groups of cryptodires. In origin,
the baenoids likely arose between the pleurosternids and
pleisochelyids; however, the first fossil baenids did not
appear until the Middle Cretaceous and persisted into the
mid-Tertiary. These heavy-shelled, moderate-sized turtles
were strictly North American and probably aquatic to
semiaquatic.

Extant or recently extinct clades of cryptodires began
to appear in the Cretaceous. The meiolaniids arose prior
to the origin of the chelydrids, yet neither has the tempo-
ral depth of the chelonioids, which appeared early in the
Lower Cretaceous. The meiolaniids, or horned tortoises, do
not occur in the fossil record (Australia and South Amer-
ica) until the Eocene and probably survived into prehistoric
times. Most were large (1m CL), high dome-shelled spe-
cies. They had large heads with a bizarre arrangement of
horns or spines projecting from the posterior margin of the
skull. The first fossil of chelydrids (Chelydropsis) occurred
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in the Oligocene and the first snapping turtles, Chelydra and
Macrochelys, in the Miocene.

The oldest known sea turtle, Santanachelys gaffneyi,
occurred inthe Middle Cretaceous (ca. 112 Ma). S. gaffneyi
was a large (1.5m CL), protostegid sea turtle. It and other
protostegids had all of the typical features that are seen
in extant sea turtles, such as streamlined shells and fore-
limb flippers. It is in the sister group to the extant leath-
erback sea turtles but probably did have keratinous scutes
on its shell. The leatherbacks (Dermochelyidae) did not
appear until the Eocene and thereafter experienced a
modest radiation of several genera and a dozen species.
The other group of chelonioids includes the typical hard-
shelled sea turtles, which, depending on whose opinion is
followed, include the toxochelyids, osteopygids, and che-
loniids or just the cheloniids including all the preceding as
subfamilies. The toxochelyids and osteopygids appeared
near the end of the Cretaceous. Toxochelyids did not sur-
vive into the Tertiary, and osteopygids persisted into the
Oligocene. The extant cheloniid genera likely arose in the
Late Miocene, although fossils identified as Chelonia and
Caretta have been reported from Eocene and Oligocene
sediments.

The trionychoids and testudinoids also occur in the
Cretaceous, and both are represented by extant genera
(Table 3.5). Fossil geoemydid-testudinoids might be incor-
rectly identified, thereby shifting the first appearance of
the testudinoids to the Eocene. The modern genera of these
turtles began to appear in the Miocene, concurrently with
the disappearance of the Early Tertiary genera, although a
few of the latter remained into the Pliocene.

Lepidosaurs

The extant Lepidosauria includes rhynchocephalians and
squamates (lizards and snakes). Sphenodon guentheri and S.
punctatus are the only surviving members of an old (220+
million years), conservative lineage, the Rhynchocephalia
(Sphenodontida) (Fig. 3.14). Although this clade extends
deep in time, Sphenodon has no fossil presence beyond sub-
recent records, and with few fragmentary exceptions, the
rhynchocephalians disappeared from the fossil record after
the Late Cretaceous. Nevertheless, this was a diverse clade
of reptiles during the Mesozoic and Cretaceous.

In contrast, the geological history of the extant squa-
mate families and near relatives begins in the Late Jurassic
(ca. 150 Ma), and squamate diversity is evident in the Late
Cretaceous (ca. 70-65Ma; Fig. 3.14; Tables 3.6 and 3.7).
Even though the assignment of Middle Jurassic squamates
to modern taxa is debated, the humerous groups of Creta-
ceous squamates and the structural similarity of Jurassic
squamates to them argue for a mid-Mesozic or earlier radia-
tion. The chronology of first geological occurrence appears
in Table 3.8.

TABLE 3.6 A Hierarchical Classification of the Extant
Lepidosauria, Exclusive of Snakes

Lepidosauria
Sphenodontida
Sphenodontidae
Squamata
Dibamidae
Unnamed clade
Gekkota
Pygopodomorpha
Diplodactylidae
Unnamed clade
Carphodactylidae
Pygopodidae
Gekkomorpha
Eublepharidae
Unnamed clade
Sphaerodactylidae
Unnamed clade
Gekkonidae
Phyllodactylidae
Unnamed clade
Scinciformata
Scincidae
Cordyloformata
Xantusiidae
Unnamed clade
Cordylidae
Gerrhosauridae
Unnamed clade
Laterata
Amphisbaenia
Unnamed clade
Unnamed clade
Bipedidae
Unnamed clade
Cadeidae
Blanidae

Unnamed clade

(Continued)
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TABLE 3.6 A Hierarchical Classification of the Extant
Lepidosauria, Exclusive of Snakes—Cont’d

Trogonophidae
Amphisbaenidae
Teioidea
Lacertidae
Unnamed clade
Teiidae
Gymnophthalmidae
Toxicophora
Anguimorpha
Unnamed clade
Helodermatidae
Unnamed clade
Xenosauridae
Unnamed clade
Anguidae
Diploglossiade
Xenosauidae
Unnamed clade
Shinisauridae
Varanoidea
Varanidae
Lanthanotidae
Iguania
Acrodonta
Agamidae
Chamaeleonidae
Pleurodonta
Phrynosomatidae
Unnamed clade
Unnamed clade
Iguanidae
Crotaphytidae
Unnamed clade
Unnamed clade
Unnamed clade
Leiocephalidae

Polychrotidae
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TABLE 3.6 A Hierarchical Classification of the Extant
Lepidosauria, Exclusive of Snakes—Cont’d

Unnamed clade
Tropiduridae
Unnamed clade
Dactyloidae
Corytophanidae
Unnamed clade
Hoplocercidae
Unnamed clade
Liolaemidae
Unnamed clade
Lieosauridae
Opluridae
Serpentes
Note: The squamate classification derives from the phylogenetic
relationships depicted in Fig. 21.2. Squamate phylogeny remains
a challenge, and other interpretations abound (see Chapter 21).

Anguimorpha, Iguania, and Serpentes remain as an unresolved
trichotomy as do Anguidae, Anniellidae, Anguidae, and Diploglossidae.

TABLE 3.7 A Hierarchical Classification of the Extant
Snakes

Serpentes
Scolecophidia
Anomolepididae
Unnamed clade
Gerrhopilidae
Typhlopidae
Xenotyphlopidae
Leptotyphlopidae
Alethinophidia
Amerophidia
Aniliidae
Tropidophiidae
Afrophidia
Unnamed clade
Unnamed clade
Xenopeltidae

Unnamed clade
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TABLE 3.7 A Hierarchical Classification of the Extant
Snakes—Cont’d

Loxocemidae
Pythonidae
Unnamed clade
Uropeltidae
Unnamed clade
Unnamed clade
Boiidae
Calaberiidae
Unnamed clade
Bolyriidae
Xenophiidae
Unnamed clade
Acrochordea
Acrochordidae
Colubroidea
Xenodermatidae
Unnamed clade
Pareatidae
Unnamed clade
Viperidae
Unnamed clade
Homalopsidae
Unnamed clade
Colubridae
Unnamed clade
Lamprophiidae
Elapidae
Note: This classification derives from the phylogenetic relationships
shown in Fig. 22.1. This interpretation is different from that in the
Third Edition and is depicted to show how phylogenetic rankings are

constructed. Squamate phylogeny remains a challenge (see Chapters 21
and 22). Category titles are not assigned to Linnean hierarchical ranks.

The broader hierarchical groupings have changed recently
as the result of detailed molecular studies. Formerly, Iguania
and Scleroglossa were recognized as the primary clades of
squamates, based largely on fossil and morphological data,
with Iguania sister to Scleroglossa, which contained the large
subclades Autarchoglossa and Gekkota. Gekkotans are how
placed as sister to all squamates except dibamids, and igua-
nians are nested well within other squamates (see Chapter 21).

TABLE 3.8 The Chronology of First Geological
Occurrence for Squamates

Time of
Family Period/Epoch occurrence
Gekkonidae Middle Cretaceous 112-100 mybp
Iguanidae Middle Cretaceous 98-94 mybp
Agamidae Late Cretaceous 98-94 mybp
Anguidae Late Cretaceous 98-94 mybp
Xenosauridae Middle Cretaceous 98-94 mybp
Helodermatidae Late Cretaceous 98-94 mybp
Varanidae Late Cretaceous 98-94 mybp
Aniliidae Cretaceous 98-94 mybp
Scincidae Late Cretaceous 88-84 mybp
Teiidae Late Cretaceous 82-72 mybp
Xantusiidae Middle Paleocene 62-60 mybp
Amphisbaenidae Late Paleocene 56-54 mybp
Rhineuridae Early Eocene 52-50 mybp
Boidae Early Eocene 52-48 mybp
Tropidophiidae Eocene 52-40 mybp
Typhlopidae Eocene 50-45 mybp
Lacertidae Eocene 45-40 mybp
Cordylidae Oligocene 36-34 mybp
Colubridae Oligocene 35-30 mybp
Elapidae Early Miocene 24-20 mybp
Chamaeleonidae Middle Miocene 20-15 mybp
Viperidae Middle Miocene 20-15 mybp
Acrochordidae Miocene 20-10 mybp

Note: Dates based on fossil evidence often differ considerably from
estimated divergence dates based on molecular studies (see Chapters

21 and 22).

The transition from the Cretaceous squamate fauna to
a modern one begins in the early Tertiary with a mix of
extant and extinct genera and a few extinct subfamilies or
families. Extant genera become prominent in the Miocene,
although extinct ones were still numerous. By the Pliocene,
modern squamate genera and even a few extant species
compose more than 90% of the fauna. Nonetheless, a few
ancient taxa lingered into the latest Tertiary or Quaternary.
A spectacular example is the Australian varanid Megalania,
a huge goanna. Its average size was about 1.5-1.6 m (SVL),
but some individuals reached total lengths of nearly 7m
(4-4.5m SVL). These giants, probably weighing more than
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600kg, must have been formidable predators, equivalent to
lions or tigers.

The earliest presumed iguanian is represented by a dor-
sal skull fragment from the Middle Cretaceous of Central
Asia. Even though it appears unquestionably iguanian, the
fossil lacks characteristics for familial assignment. Fos-
sils from the Late Cretaceous sites in the Gobi Desert and
western North America represent four or more genera of
Iguanidae and the same for the Agamidae. These iguanids
appear most similar to modern crotaphytines. lguanids
occur subsequently in most Tertiary periods, with the first
definite iguanine, Armandisaurus, from the Lower Miocene
of New Mexico, although the Aciprion fragment from the
Late Eocene may also be an iguanine. While the precise sta-
tus of Pristiguana from the Brazilian Cretaceous remains
unclear, Priscagama and others, such as Mimeosaurus and
Flaviagama, are certainly agamids. Agamids also appear
regularly, if not abundantly, in most Tertiary periods. Leio-
lepidines appear in Early Eocene deposits in Central Asia,
and Australian Miocene deposits contain both extant and
extinct agamid genera. Chamaeleonids are known from the
European and African Miocene and questionably from the
Chinese Paleocene.

Hoburogecko from the Middle Cretaceous of Mongo-
lia is the first gekkotan. Gekkotans are not as abundant
or frequent as fossils. Furthermore, the assignment of
pre-Pliocene fossil gekkotans to the currently recognized
subfamilies is difficult. Their presumed sister group, the
Annulata, has a much older and more extensive record.

The first amphisbaenian is the Middle Cretaceous
Hodzhakulia from Central Asia. Although represented only
by maxillary and dentary fragments, these bones exhibit fea-
tures that confirm their amphisbaenian identity. The more
complete Sneocamphisbaena was found recently in a Late
Cretaceous deposit of Mongolia. Its skull and the presence of
forelimbs indicate that it was a primitive amphisbaenian and
suggest that this taxon is the sister group to all other amphis-
baenians. The next amphisbaenian was a shovel-headed form,
Oligodontosaurus, from the Late Paleocene of western North
America. Although similar to rhineurids, which appeared
first in the Early Eocene of the American West (Fig. 3.25),
Oligodontosaurus had a distinct jaw structure and is placed
in its own lineage. The rhineurids are abundant in the Oligo-
cene of the American West and are remarkably similar to the
single species surviving today in Florida. Hyporhina, another
Oligocene shovel-nosed amphisbaenian from the West, repre-
sents another lineage. It is probable that these shovel-headed
lineages comprise a single monophyletic group. The amphis-
baenids have a fossil history beginning in the Late Eocene.

The Teioidea contains two families with a fossil history,
although that of the Lacertidae is poor with a spotty his-
tory from the Eocene onward. In contrast, the Teiidae have
a longer history. Fossil teiines and tupinambines occurred
first in the Late Cretaceous, and concurrently with the
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polyglyphanodontines. The latter are structurally similar
to extant Dicrodon and Teius, although more primitive in
some features. The polyglyphanodontines were moderately
diverse and abundant and occurred in western North Amer-
ica and Central Asia. In spite of their abundance, they disap-
peared after the Cretaceous.

Cordylidae, Gerrhosauridae, Scincidae, and Xantusi-
idae make up the Scinciformata. Cordylids have an uncer-
tain occurrence in the Late Cretaceous of western North
America. These Cretaceous fossils are inadequate for
taxonomic designation, although they have enough traits
to indicate that they most likely are cordylids. The next
cordylid occurrences were in the Oligocene of France and
the Miocene of Kenya. Xantusiids appeared in the Middle
Paleocene as the primitive Palaeoxantusia, which persisted
into the Eocene. Modern Xantusia appeared first in the Late
Miocene. A fossil jaw from the Lower Cretaceous of Spain
has been identified as a scincid, although definite scincid
fossils are confirmed only from Late Cretaceous assem-
blages of western North America. Scincids did not appear
again until the Oligocene in North America and the Mio-
cene in Asia and Australia.

The anguimorphs, represented by Parviraptor estesi,
occurred in the Upper Jurassic, but the first anguid was
the Late Cretaceous glyptosaurine Odaxosaurus from the
American West. Glyptosaurines were heavy-bodied, broad-
headed lizards with an armor of tubercular sculptured osteo-
derms covering the head and body (Fig. 3.25). This group,
common through the early Tertiary of Eurasia and North
America, disappeared in the Middle Miocene. The anguines
appeared first in the Middle Eocene of the Northern Hemi-
sphere.

FIGURE 3.25 Skulls of two extinct taxa of North American lizards, the
Middle Oligocene wormlizard Rhineura hatcheri (top; lateral view) and
the Middle Oligocene glyptosaurine Peltosaurus granulosus (bottom; dor-
sal view). Adapted from Gilmore, 1928.
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The Xenosauridae, another group of anguimorphs,
occurred in the Middle Cretaceous of Central Asia and in
the Late Cretaceous and the Upper Paleocene to Lower
Eocene of western North America. Thereafter, they disap-
peared from the fossil record and today occur as one species
in China and several species in Mexico.

Other anguimorphs are broadly and abundantly pres-
ent in the fossil record owing to the great diversity that
encompasses mosasaurs, aigailosaurs, helodermatids,
necrosaurids, and varanids. The mosasaurs and aigailo-
saurs were briefly reviewed in the earlier section “Marine
Reptiles.” The Necrosauridae includes an assortment of
primitive terrestrial varanoids whose history extended
from the Late Cretaceous to the Eocene of North America
and to the Oligocene of Eurasia. Helodermatids have a
much more extensive history than their modern distribu-
tion and diversity indicate. Paraderma bogerti was one
of two or three Upper Cretaceous beaded lizards in North
America. These early helodermatids and the Mongolian
Estesia had grooved teeth, suggesting that use of venom
has a long history in these lizards. Later records of helo-
dermatids from the Eocene and Oligocene of Europe, the
Oligocene and Miocene of south-central North America,
and the Pleistocene of the American southwest desert
indicate that these lizards were much more widespread in
the past. The earliest varanid is Palaeosaniwa canadensis
from the Late Cretaceous of Alberta. The Mongolian Late
Cretaceous also had several lizards that may be varanids.
Subsequently, the varanid Saniwa occurred in the Late
Paleocene to the Oligocene of North America and Europe,
and |berovaranus occurred in the Spanish Miocene. The
first known Varanus is from the Lower Miocene of Kenya,
and subsequent Varanus fossils occur within the distribu-
tion of the extant varanids.

Because snakes form a trichotomy with anguimorphs
and iguanians, it remains unclear what their ancestor was.
Nevertheless, their fossil record dates to as early as the igua-
nians. The oldest known snake is represented by two ver-
tebrae from the Early Cretaceous (127-121 Ma). Although
two vertebrae might seem an inadequate base on which
to recognize a snake, snake vertebrae have several unique
features that easily separate them from other squamates,
and yet they retain features that are typical lepidosaurian.
The vertebrae alone are, however, inadequate to determine
the relationship of this fossil to other snakes. Lapparento-
phis defrennei from the Middle Cretaceous (100-96 Ma) is
known only from three trunk vertebrae. L. defrennei is an
alethinophidian and presumably was a terrestrial snake. Two
other snakes of equal antiquity, Smoliophis and Pouitella,
are apparently not closely related to one another or to Lap-
parentophis, other than being primitive snakes. These three
snake genera also do not seem to be related to any of the
living families of snakes, and they or their descendants do
not occur later in time.

The remarkable discovery of Najash, a “limbed” snake
that appears to be the earliest limbed snake from a terres-
trial deposit (others like Pachyrhachiswere marine), signif-
icantly changes how we view limb loss in snake evolution.
The fossils, from the Cenomanian—Turonian (Upper Cre-
taceous), about 90-95Ma, have a sacrum that supports a
pelvic girdle and functional limbs situated outside of the
rib cage. Thus it differs from other “limbed” snake fossils
in having the sacral elements. Reconstruction of the skull
using computed tomography shows that Najash is clearly
a snake. Phylogenetic analysis places Najash as sister to
all known snakes and based on skull and other character-
istics, Najash was likely a terrestrial/subterranean spe-
cies. Consequently, snakes likely arose from a terrestrial/
subterranean ancestor rather than a marine ancestor. The
marine hypothesis for the origin of snakes has been based
largely on Pachyrhachis. Pachyrhachis was recognized
as a peculiar long-bodied varanoid of the Middle Creta-
ceous (Fig. 3.26). It had small limbs and was apparently
marine, but aspects of its skull and vertebrae were snake-
like. The initial discoverer proposed that it was a mosasaur

FIGURE 3.26 The structure of the head of the fossil snake Pachyrhachis
problematicus (upper) was reconstructed using X-ray computed tomogra-
phy (lower image), showing that the skull is indeed that of a basal macros-
tomatan snake, which means that limb loss occurred independently in
different snake clades. Adapted from Polcyn et al., 2005.
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or relative of a mosasaur. However, when reexamined, it
was declared to be a limbed snake and the sister group
to all subsequent snakes. Although this proposition remains
controversial, recent analysis of skull morphology places it
within a group of snakes, which indicates first that it is not a
sister to all other snakes, and second, when combined with
other data, suggests that limb loss must have evolved sev-
eral times within snakes.

Other snakes appeared in the Late Cretaceous. One of
these, Coniophis, was initially considered an aniliid; how-
ever, it might be a boid. Gigantophis and Madtsoia were
large snakes equal in size to the largest extant boids and
initially considered a lineage within boids. As a group,
madtsoiids are Gondwanan and occur in fossil assem-
blages from Australia (Early Eocene to Pleistocene), Mad-
agascar (Cretaceous), Africa (Cretaceous to Late Eocene),
and South America (Cretaceous to Early Eocene); recently,
one was discovered in a Spanish Cretaceous deposit. In
Australia, the madtsoiids (Wonambi, Yurlunggur, and
several undescribed taxa) were a major group of snakes
throughout the Tertiary. Was their disappearance linked to
an increasing diversity of pythons in the Late Tertiary and
Quaternary?

The unique Dinilysia (Dinilysiidae; Fig. 3.27) is known
only from the Late Cretaceous of Patagonia. It was also a
large snake, roughly equal in size and appearance to Boa
constrictor. It is one of the rare fossil snake finds, consisting
of a nearly complete skull and part of the vertebral column.
In spite of the completeness of its skeleton, the relationships
of Dinilysia remain uncertain, although it appears to be an
alethinophidian.

Additional booids (a vernacular label for alethinophid-
ian snakes that are not caenophidians) appeared in the Early
Tertiary and seemed to be the dominant snakes through the
Eocene. Apparently climatic events caused major snake
extinctions at the Eocene-Oligocene boundary. Snake
diversity remained low through the Oligocene, and domi-
nance in the snake faunas shifted to the caenophidians.
Some of the booids were related to modern species. Licha-
nura brevispondylus from the Middle Eocene of Wyoming,
for example, is the sister species of Lichanura trivirgata.
A variety of boines and erycines were present in the Eocene.
Coniophis also occurred in the Eocene of North America
and Europe and was accompanied by other aniliids. Sco-
lecophidians have an extremely poor fossil history. Only a
few fossils have been found, and the earliest are from the
Eocene. These fossils have been assigned tentatively to the
typhlopids.

The first acrochordeans appear in the Eocene and
include acrochordoid and colubroid relatives. These
acrochordeans include extinct families and genera, none
with clear affinities to modern taxa. The Oligocene pre-
sented the first colubrids, for example “Coluber” and
Texasophis. Thereafter, colubrids occur with increasing

PART | I Evolutionary History

FIGURE 3.27 Trunk vertebrae from the Upper Cretaceous snake,
Dinilysia patagonica; dorsal view of a series of four vertebrae (top), ante-
rior view (bottom left) and lateral view (bottom right) of individual verte-
brae. Adapted from Rage and Albino, 1989.

frequency. Acrochordids appeared first in the Middle
Miocene, but two earlier Paleocene and Eocene fossils
are of a related but extinct group. The first elapid was
the European Palaeonaja from the Early Miocene; sub-
sequently in the Miocene, elapids occurred in Eurasia
and North America. Viperids also appeared first in the
Miocene. As with lizards, fossil snake faunas become
increasingly modern in appearance through the Pliocene,
and by the Middle Pleistocene, most snake faunas are
composed solely of modern taxa.

QUESTIONS

1. Describe the early evolution of caecilians, salaman-
ders, and frogs. What are the key fossils that tie each
modern group to extinct groups? In addition, provide
evidence that all three modern groups most likely are
lissamphibians.

2. Describe in detail the reptile fauna of the Mesozoic. Can
you speculate why the apparently diverse marine reptile
fauna of the Mesozoic disappeared?

3. Gliding reptiles have evolved several times during
the evolutionary history of reptiles. Describe at least
three different gliding reptiles (extinct or extant) and
provide evidence that each was an independent origin
of gliding.

4. What is the oldest turtle fossil and why has it been so
difficult to trace the origin of turtles in the fossil record?

5. What are some of the reasons for the discontinuities in
the fossil records of amphibians and reptiles and how do
these discontinuities affect reconstruction of the evolu-
tionary histories of these tetrapods?
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Reproduction and
Reproductive Modes

The ability of organisms to reproduce and send their genes into future generations separates living from nonliving
things. Although unisexual reproduction maximizes reproductive rates (no investment in males), sexual reproduc-
tion provides the raw material on which natural selection operates—heritable variation among individuals. Individ-
ual females cannot predict the environments that their offspring will encounter during their lifetimes. Consequently,
production of numerous, slightly different offspring that results from reshuffling of genes during sexual reproduction
provides the opportunity for adaptation to changing environments. Individuals best able to survive and reproduce
given the abiotic and biotic environments at the time will send the most descendants into the next generation.

Amphibians and reptiles enhance reproductive output and offspring survival in many ways. Fertilization can
occur inside or outside the body of the female and development can be direct or indirect. These and other charac-
teristics define the modes of reproduction. Amphibians exhibit a spectacular diversity of reproductive modes. Their
complex life histories, which usually include a larval stage and radical metamorphosis, no doubt set the stage for
the evolution of the great diversity of reproductive modes observed today. Two major reproductive modes are gen-
erally recognized in reptiles: oviparity, the deposition of eggs, and viviparity, the birth of fully formed individuals.
However, much variation occurs within oviparous species in terms of egg retention and development prior to egg
deposition. Likewise, viviparity is complex because it has arisen independently many times. Some species have
no placenta, others have a simple placenta, and yet others have a placenta that rivals that of eutherian mammals.
Although most amphibians and reptiles reproduce sexually, some species consist entirely of females that reproduce
unisexually. In some cases, females “steal” the genomes of sexual species with which they live but do not pass them
on; in others, females produce identical daughters clonally, eliminating involvement of males entirely. Parental care
is widespread in amphibians and reptiles, varying from attendance of eggs to protection and/or feeding of offspring.
These and many other fascinating phenomena comprise reproduction and reproductive modes of amphibians and
reptiles.



Reproduction and Life

Histories

Chapter Outline

Gametogenesis and Fertilization 117
Gamete Structure and Production 117
Fertilization—Transfer and Fusion of Gametes 120
Reproductive Behaviors Associated with Mating 121

Reproductive Ecology 123
Ecology of Nesting 123

Amphibians 123
Reptiles 124
Sex Determination 126
Number and Size of Offspring 129
Reproductive Productivity 132
Seasonality in Reproduction 132
Amphibians 132

The transition from a totally aquatic life to living at least part
of the time on land presented a major challenge in vertebrate
evolution and led to an explosion of reproductive adaptations.
Because external fertilization was the ancestral condition of
the first amphibians, standing water was required for repro-
duction. The evolution of internal fertilization allowed some
amphibians independence from standing water for breeding.
Direct development (no free-living larval stage) or atten-
dance of eggs in moist microhabitats permitted development
away from water. The evolution of the amniotic egg charac-
terized one clade of tetrapod vertebrates, the Amniota (rep-
tiles [including birds] and mammals). Amniotic structures
allow respiration and storage of nitrogenous waste within the
egg, making it possible for development to occur on land in
“dry,” although not desiccating, egg deposition sites. These
factors, among others, ultimately led to the successful and
broad diversification of tetrapod vertebrates.

GAMETOGENESIS AND FERTILIZATION

In most amphibians and reptiles, a female and a male are
necessary for reproduction, although some remarkable
exceptions exist (see the section “Sexual versus Unisexual
Reproduction,” below). Within species, reproductive activ-
ity between sexes is usually synchronous, although some
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interesting exceptions are known. Internal (hormonal) con-
trols mediate reproductive timing, but ultimately reproduc-
tion is triggered directly or indirectly by environmental
cues, such as temperature, rainfall, or photoperiod (Fig. 4.1).
Hormonal changes cause gametogenesis, the production of
sex cells or gametes (ova in females, sperm in males), a pro-
cess that is similar in all vertebrates. In addition to gamete
production, gonads produce hormones that feed back on the
brain, pituitary, and other organs and ultimately influence
the physiology and behavior of reproduction.

Gamete Structure and Production

Male gametes (spermatozoa) are produced by cells (sper-
matogonia) in the seminiferous tubules of the testes dur-
ing spermatogenesis (Fig. 4.2). Spermatogonia undergo
mitotic divisions to produce additional spermatogonia,
which differentiate into primary spermatocytes. As primary
spermatocytes differentiate into secondary spermatocytes,
the chromosome number is halved by two meiotic events,
ultimately producing four 1N spermatids. By the process
of spermiogenesis, each spermatid produces a haploid sper-
matozoon. Spermatozoa receive nutrition from Sertoli cells.
Each spermatozoon is a highly modified cell with three sec-
tions: a head, a midpiece packed with mitochondria for the
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Reproductive Behaviors

Secondary Sexual Structures

FIGURE 4.1 Sexual behavior and ultimately reproduction are mediated by
interactions between environmental factors, the nervous system (brain), and
the hormonal system. Gonadotropin-releasing hormone (GnRH) stimulates
the pituitary to produce gonadotropins (lutenizing hormone and follicle-stim-
ulating hormone), which, in turn, stimulate testes or ovaries to produce mature
gametes and androgens. Androgens not only effect development of secondary
sexual structures but also feed back on sexual behavior and the brain.

cell’s energy needs, and a filamentous tail for locomotion
(Fig. 4.3). The head contains the cell nucleus capped by
an acrosome. The acrosome produces proteolytic enzymes
that digest the egg capsule and allow the spermatozoon to
penetrate into an egg. Among amphibians and reptiles, mor-
phology of spermatozoa is highly variable. Whether sperm
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FIGURE 4.2 Spermatogenesis. Diagrammatic representation of a cross-
section through a seminiferous tubule in a typical reptile testis.
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FIGURE 4.3 Structure of spermatozoan of a hylid frog. Only the base
of the sperm tail is shown, and the head of the sperm has been shortened.

Redrawn from Costa et al., 2004.
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Fertilization occurs externally in most amphibians. Corpora lutea are often prominent in reptiles but rare in amphibians. Following production of the
clutch, the process is repeated as unused ovarian follicles mobilize lipids for production of the subsequent clutch. Subsequent clutches may be produced
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morphology will prove to be a useful character in phyloge-
netic analyses remains to be seen, and attempts to correlate
sperm morphology with breeding habits have even proven
equivocal.

In females, the gametes or ova are produced in the ovary
(Fig. 4.4). Primordial gonocytes occur in capsules of nonsex
cells known as follicles, which are located in the wall of the
ovary. Primordial gonocytes divide by mitosis to produce
oogonia (cells that will produce eggs). Oogonia undergo
mitotic divisions and enlarge to produce primary oocytes,
which then undergo two meiotic divisions. The first mei-
otic division produces a secondary oocyte and the first polar
body, a nonfunctional cell; the second meiotic division pro-
duces the ovum and a secondary polar body. Each oogo-
nium thus yields only one ovum, each of which is 1N.

Nutrients accumulate in the cytoplasm of the ovum by a
process known as vitellogenesis. Vitellogenin is a precursor
of yolk proteins and is synthesized in the liver in amphib-
ians. It is transported in the bloodstream to the ovary, where
it is sequestered by growing oocytes. In the oocytes, it is
cleaved into the yolk proteins lipovitellin and phosvitin.
These compounds are stored as yolk in the ovum until
needed during embryogenesis.

At metamorphosis, the number of nonvitellogenic
oocytes in the ovary of a female amphibian increases

rapidly. Evidence from studies on the toad Bufo bufo indi-
cates that the total number of oocytes to be used during the
lifetime of the female is reached early in the juvenile stage.
Bufo bufo can produce from 30,000 to 40,000 oocytes dur-
ing this time. Species producing smaller clutches of eggs
have fewer nonvitellogenic oocytes.

Vitellogenic growth and maintenance of small oocytes
are initiated by the hormone gonadotropin and signal the
beginning of an ovarian cycle. In mature amphibians, the
ovaries contain a set of small, nonvitellogenic oocytes
that are not responsive to gonadotropin, and a set of larger
oocytes that are responsive to gonadotropin. Apparently,
once vitellogenesis begins for one set of oocytes, intraovar-
ian regulatory mechanisms prevent additional small oocytes
from responding to gonadotropin.

Fat bodies are discrete structures in all amphibians,
located adjacent to the gonads. The complex relationship
between the gonads and fat bodies has been debated for
many years. Experimental evidence regarding the role of fat
bodies is contradictory. In many species, fat bodies are large
in juvenile females and in those females with ovaries under-
going vitellogenesis. Other species, however, show no cor-
relation between fat body size and the ovarian cycle. Lipids
are stored in other organs, including the liver and gonads, as
well as fat bodies. For example, in newly metamorphosed
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Ambystoma opacum, 36% of lipids are stored in fat bodies,
compared to 17% in Ambystoma tal poideum. Increased lipid
levels may increase survivorship of these salamanders when
they enter the terrestrial environment after metamorphosis.
Fat storage patterns also can vary with environmental cor-
relates of latitude and altitude. Energy stored in fat just
after hibernation and before breeding in the European frog
Rana temporaria is greater at higher latitudes, and sexual
differences in energy storage decrease at higher latitudes.
Larger energy reserves at higher latitudes likely buffer
against unpredictability of environmental conditions during
relatively short activity periods. Similar observations have
been made on the Chinese frog Rana chensinensis. Higher
elevation populations of the North American salamander
Plethodon cinereus have more fat in their tails than those
at lower elevations, possibly for the same general reason.

In reptiles, vitellogenin is selectively absorbed during
a process called pinocytosis by oocytes and enzymatically
converted to the yolk platelet proteins lipovitellin and phos-
vitin. The first phase of vitellogenesis is usually slow, with
little observable growth in the ova. During the last phase
of vitellogenesis, ovum growth is rapid. Prior to ovulation
(release of ova from ovaries), a mature ovum is 10-100 times
its original size. The allocation of energy to reproduction is
often viewed as a continuum between use of stored energy
(capital) versus recently acquired energy (income). Repro-
duction is supported by both stored and recently acquired
energy in the Australian lizard Amphibolurus muricatus, but
each contributes differentially to egg production. Egg lipid
is derived largely from stored energy whereas egg protein is
derived equally from stored and recently acquired energy.
Moreover, female A. muricatus use both types of energy
between first and second clutches of the season, but relative
contributions of each type of energy vary.

Ovulation occurs in amphibians and reptiles when the
follicular and ovarian walls rupture, releasing ova into the
body cavity where they migrate into the infundibulum of
each oviduct. The postovulatory follicles exist only for a
short time in most amphibians and do not secrete hormones.
Walls of the follicle transform into corpora lutea in vivipa-
rous amphibians and reptiles (Fig. 4.5). Corpora lutea pro-
duce progesterone, which prevents expulsion of developing
embryos.

As ova pass through the oviduct, protective membranes
are deposited around them. In amphibians, the ovum is
already enclosed in a vitelline membrane that was pro-
duced by the ovary. Each ovum is coated with layers of
glycoproteins as it moves through the oviduct. The num-
ber of easily observable layers around the ovum is species-
specific, although specialized imaging and histological
techniques may reveal additional layers or zones within lay-
ers. As many as eight observable layers surround the ovum
in some salamanders. Anurans typically have fewer layers
than salamanders. Amphibian eggs are anamniotic because
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FIGURE 4.5 Oogenesis. Cross-section through the ovary of the skink
Carlia bicarinata, showing a corpus luteum (left) and a maturing follicle
(right) with its ovum. Abbreviations: CL, corpus luteum; F, follicular cells;
Tf, theca folliculi; Y, yolk; Zp, zona pellucida (D. Schmidt).

they lack the extraembryonic membranes characteristic of
reptiles and mammals. Three extraembryonic membranes,
the allantois, amnion, and chorion, develop during embryo-
genesis in all reptiles (Fig. 4.6; also see Chapter 2). The
allantois serves as a respiratory surface for the developing
embryo and storage sac for nitrogenous wastes.

The ovum is ultimately encased in a durable and resis-
tant shell in egg-laying reptiles. While in the upper por-
tion of the oviduct, the ovum is sequentially coated with
albumin and several thin layers of protein fibers. The fiber
layer is impregnated with calcite crystals in crocodylians
and squamates, and argonite crystals in turtles. Shortly after
ovulation and fertilization (12 hours or less in Sceloporus
woodi), endometrial glands in the oviduct produce the pro-
teinaceous fibers that constitute the support structure of the
eggshell (Fig. 4.7). The distribution of amino acids in the
protein portion of squamate eggshells affects permeability.
Relatively low amino acid levels, especially proline, inrigid-
shelled gecko eggs may contribute to the ability of these
eggs to resist desiccation when compared with flexible-
shelled eggs that contain more amino acids and higher lev-
els of proline. Shell structure varies considerably among
species of oviparous reptiles, but all shells provide some
protection from desiccation and entry of small organisms.

Fertilization—Transfer and Fusion of Gametes

Fertilization occurs when a spermatozoon and an ovum
unite to form a diploid zygote. External fertilization occurs
when this union occurs outside the bodies of the male and
female, and internal fertilization occurs when the union
occurs within the female’s body, almost always in the ovi-
ducts.

Males produce millions of tiny spermatozoa, whereas
females produce relatively few eggs. Even though eggs of
some amphibians are small, they are orders of magnitude
larger than spermatozoa. During mating, many sperm reach
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FIGURE 4.6 Comparison of anatomy of the anamniotic amphibian egg and the amniotic reptile egg. The amniotic cavity, which is fluid-filled, offers
some mechanical protection for developing embryos as well as having some physiological functions.

FIGURE 4.7 Wall of the oviduct of the lizard Sceloporus woodi during
shell production. Two proteinaceous fibers are emerging from the endome-
trial glands of the oviduct. Scale bar=5pm. Adapted fromPalmer et al., 1993.

the surface of an egg but only one penetrates the cell mem-
brane of the ovum to fertilize it. When sperm first arrive at
the egg, a few adhere to the surface. Enzymes produced by
the acrosome digest a tiny hole in the egg capsule, bring-
ing the sperm head into contact with the plasma membrane.
The enzymes break down receptors binding the sperm pro-
nucleus to the surface of the egg, and the sperm pronucleus
moves into the cytoplasm of the ovum. In response to the

entry of the sperm pronucleus, the vitelline membrane sepa-
rates and elevates, lifting all other sperm from the ovum’s
surface. As the successful sperm pronucleus moves to the
ovum pronucleus, the ovum pronucleus completes its final
meiotic division. The fusion of the two pronuclei is the final
stage of fertilization and restores the diploid (2N) condi-
tion to the fertilized ovum, which is thereafter called the
zygote. The zygote soon begins development via typical cell
division—mitosis. Embryonic development continues in
externally fertilized eggs (amphibians), but developmen-
tal arrest occurs in internally fertilized eggs (reptiles) after
development to a gastrula stage. Salamanders are unusual
because they have polyspermic fertilization, in which more
than one sperm pronucleus enters the ovum’s cytoplasm, but
only one sperm pronucleus fuses with the egg pronucleus.

Reproductive Behaviors Associated
with Mating

Courtship and mating behaviors vary greatly among species
of amphibians and reptiles. Vocal (auditory), visual, tactile,
or chemical signals used during courtship not only bring
individuals together for reproductive purposes but also pro-
vide opportunities for mate choice. Reproductive behav-
iors are influenced by hormones (Fig. 4.1). Males, but not
always females, have mature gametes when mating occurs.
In females of some species, sperm can be stored and used to
fertilize eggs long after mating.

Sperm are transferred to females in a variety of ways.
In most frogs, cryptobranchoid salamanders, and presum-
ably sirenids, external fertilization occurs; the male releases
sperm on the eggs as they exit from the female’s cloaca. In
most frogs, the male grasps the female so that his cloaca is
positioned just above the female’s cloaca. This behavior is
called amplexus, and the exact positioning of the male with
respect to the female varies among species (Fig. 4.8). In the
only two frogs that have a true intromittent organ (Ascaphus
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Axillary (Pristimantis danae)

Straddle (Guibemantis liber)

Glued (Breviceps adspersus)

Cloacal apposition (Oophaga granulifera)

Inguinal (Alytes obstetricans)

Cephalic (Colostethus inguinalis)

FIGURE 4.8 Positions used by frogs during amplexus. Adapted from Duellman and Trueb, 1986.

truei and A. montanus), the mating behavior is termed
coplexus. Amplexus can occur in salamanders with external
fertilization, or the male follows the female and deposits his
sperm directly on the egg mass during or after deposition.
Relatively few amphibians have internal fertiliza-
tion. Among frogs, the two species of Ascaphus, possibly
some of the 14 species of the bufonid genus Mertensoph-
ryne, presumably all of the 13 species of the bufonid
genus Nectophrynoides, one species in the bufonid genus
Altiphrynoides, the single species in the bufonid genus Nim-
baphrynoides, and two species of Eleutherodactylus have
internal fertilization. All salamanders other than sirenids
and cryptobranchids, all caecilians, and all reptiles have
internal fertilization. Internal fertilization usually requires
morphological structures to deliver sperm, and complex
mating rituals often are found in these species. Advantages
of internal fertilization to females include better opportu-
nities for mate choice, some control over offspring during
early developmental stages (salamanders), and control over
offspring development up until eggs are deposited or young
are born (parturition) in reptiles. All frogs with internal fer-
tilization except Ascaphus and Mertensophryne use cloacal

apposition to transfer sperm. Although the tuatara Sphen-
odon has rudimentary hemipenes, cloacal apposition is used
to transfer sperm. Males of other reptiles, the frogs Asca-
phus, and caecilians have intromittent organs that deposit
sperm into the cloaca adjacent to the oviductal openings.
The intromittent organ in Ascaphus is modified from the
cloaca; vascularization of the tissue permits engorgement of
the organ with blood, facilitating deposition of sperm into
the female’s cloaca. Mertensophryne micranotis has a pro-
truding spiny vent, which may be used to transfer sperm to
the female’s cloaca. The male reproductive structure of cae-
cilians, the phallodeum, is a pouch in the cloacal wall that
is everted into the female’s cloaca through a combination of
muscular contractions and vascular hydraulic pressure and
is withdrawn by a retractor muscle.

Males of salamanders with internal fertilization produce
spermatophores that are deposited externally. The sper-
matophore consists of a proteinaceous pedicel capped by
a sperm packet; the structure is produced from secretions
of various glands in the male’s cloaca. Male salamanders
have elaborate courtships that rely on secretions from vari-
ous types of glands to stimulate females to move over the
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FIGURE 4.9 Diagrammatic representations of a spermatophore and a
single spermatozoan of the salamander Ambystoma texanum. Sperm are
located on the periphery of the cap of the spermatophore; the sperm heads
point outward and tails are directed inward. Adapted from Kardong, 1992.

spermatophores and pick up the sperm packets with the lips
of the cloaca (Fig. 4.9). In turtles and crocodylians, a penis
of spongy connective tissue becomes erect and retracts
depending on vascular pressure; it is structurally similar
to and probably homologous with the mammalian penis.
A hemipenis is used for intromission in male squamates.
Hemipenes are paired structures located in the base of the
tail that are everted from openings in the posterior part of
the cloaca by vascular pressure. Hemipenes of squamates
are not homologous with intromittent organs of turtles and
crocodylians. Usually only one hemipenis is everted and
used during copulation. A retractor muscle withdraws the
hemipenis following copulation.

Fertilization in reptiles occurs in the upper region of the
oviducts prior to eggshell deposition (Fig. 4.4). Fertilization
also occurs in the upper region of the oviducts in caecilians.
In contrast, fertilization occurs in the cloaca in salamanders.
The exact timing of fertilization varies among species. It
can occur immediately after copulation (most lizards) or be
delayed for a few hours to years after copulation (salaman-
ders, turtles, and snakes). Sperm storage structures, which
occur in salamanders, turtles, and squamates, facilitate
retention of sperm for long periods of time. Delayed fer-
tilization permits females to mate with more than one male
and can result in multiple paternity among the resulting off-
spring (see Chapter 9). For example, female spotted sala-
manders (Ambystoma maculatum) can and often do pick up
sperm packets from more than one male, store them, and
fertilize their eggs with sperm from multiple males.
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The sperm storage structure in salamanders, the sperma-
theca, is located in the roof of the cloaca. The spermatheca
is composed of either simple tubes, each of which opens
independently into the cloaca, or a cluster of tubules that
opens by a common duct into the main cloacal chamber.
Stored sperm are expelled by muscular contraction as the
eggs enter from the oviducts. Sperm storage tubules typi-
cally do not unite to form a common duct in reptiles. They
are confined to the upper-middle section of the oviducts
between the infundibulum and the shell-secreting area in
turtles, and to the base of infundibulum and lower end of the
shell-secreting area in squamates. Because of their location
in squamates, their function for long-term storage of sperm
has been questioned. The mechanism for expelling sperm
from the tubules is unknown.

REPRODUCTIVE ECOLOGY

Ecology of Nesting
Amphibians

A nest is a discrete structure constructed by a reproductive
adult for egg deposition. Many amphibians deposit eggs in
water, and, consequently, a nest is not commonly built. Sim-
ilarly, most frogs and salamanders laying eggs on land do
not construct nests but rely on preexisting sites under leaf lit-
ter (e.g., Eleutherodactylus), on top of or under leaves (e.g.,
Phyllomedusa, centrolenids), or on top of soil under surface
objects (e.g., plethodontid salamanders). Amphibians with
terrestrial nests are limited to humid environments. Frogs
in several families (e.g., Leptodactylidae, Myobatrachidae,
Rhacophoridae) construct foam nests in which the eggs
reside (see Chapter 5). Foam nests are constructed on the
surface of water (e.g., Leptodactylus ocellatus, Physalae-
mus) or in shallow depressions on land (e.g., Leptodactylus
mystaceus). The foam ultimately dissolves, and tadpoles
drop into the water below and continue development. Lar-
vae from terrestrial foam nests are washed into small, nearby
streams or ponds during rainstorms or can develop entirely
in the nest and emerge as froglets. Tadpoles of some frogs
with terrestrial foam nests (e.g., Leptodactylus mystaceus)
can generate their own foam should the foam generated by
the female begin to dissolve. One craugastorid, Craugastor
lineatus, calls from the entrances of leaf-cutter ant (Atta)
nests and constructs foam nests in underground ant cham-
bers. Because some of these contain water, the tadpoles can
develop there. Gladiator frogs (Hypsiboas rosenbergi and
H. boans) construct water-filled basins that isolate the eggs
from streams; the eggs are deposited as a surface film on
water in the basins (Fig. 4.10). A few African frogs deposit
eggs underground near water (e.g., Leptopelis). Subse-
quently the tadpoles emerge and enter the water. Other
frogs construct underground nests, attend the eggs, and
tunnel from the nest to the water (e.g., Hemisus). Nests of
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FIGURE 4.10 Nest of the gladiator frog, Hypsiboas boans, from western
Brazil (J. P. Caldwell).

salamanders and presumably caecilians with parental care
are simply cavities in the ground or beneath vegetation (see
“Parental Care” in Chapter 5). Typically, female caecilians
and salamanders coil around their egg clutches (e.g., Spho-
nops paulensis, Hemidactylium scutatum).

Females of amphibians with aquatic larvae select an
egg deposition site either in water or in a place from which
the larvae can get to water. High humidity is necessary to
prevent desiccation in amphibians with terrestrial or arbo-
real clutches. Each kind of egg deposition site has its own
set of predation risks. Temporary ponds typically harbor
predaceous larvae of dragonflies, damselflies, caddisflies,
and diving beetles, and crustaceans as well as snakes and
turtles that can feed on amphibian eggs and larvae. Tad-
poles are sensitive to chemical cues emitted by some insect
larvae and respond to these larvae by decreasing activity
or by remaining in hiding places for long periods of time.
Clutches of Hyalinobatrachium and Agalychnis deposited
in arboreal microhabitats are subject to predation by grap-
sid crabs, cat-eyed snakes (Leptodeira), and various insects.
Eggs in streams and permanent ponds or lakes are subject to
additional predation by fish, snakes, and turtles.

Reptiles

Most oviparous reptiles construct nests for egg deposition.
Because a majority of reptile eggs require at least some
water for development, nest sites usually occur in moist
soil, inside of rotting logs or piles of humic material, inside
rotted areas of standing trees, under logs, rocks, or other
surface items, or on the surface in relatively closed spaces,
such as crevices, where humidity is high. Among crocodyl-
ians, most species construct aboveground nests that isolate
the eggs from water (Fig. 4.11; e.g., Crocodylus porosus
and Alligator mississippiensis). Crocodylus johnsoni, how-
ever, places its eggs in burrows in sand. Most species of
turtles dig nests in the ground (e.g., Gopherus berlandieri,
Malaclemys terrapin, Emydoidea blandingii, Chelydra
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FIGURE 4.11
(R Whitaker).

FIGURE 4.12 Indian python (Python molurus) brooding clutch of eggs.
This is one of the species that can provide heat to the developing embryos
by shivering thermogenesis (M. T. O’ Shea).

serpentina, Kinosternon flavescens, Apalone mutica). At
least one species, Chelodina rugosa, deposits its eggs in
sand underwater during the wet season. In this case, devel-
opment is arrested and begins when the sand dries dur-
ing the dry season. A few pythons (e.g., Python molurus
and Morelia spilota) that live in higher latitudes and thus
cooler environments deposit eggs inside holes within veg-
etation, coil around the eggs (Fig. 4.12), and provide heat
by shivering thermogenesis. Other pythons, such as Liasis
fuscus, brood their eggs but do not provide heat by shiv-
ering thermogenesis. Most lizards and snakes deposit eggs
in damp soil or rotting logs and humus (e.g., various spe-
cies of Plestiodon [Eumeces], Crotaphytus collaris, Ameiva
ameiva, Farancia abacura, Pituophis melanoleucus, Plica
plica, and Sceloporus aeneus). Many snakes and lizards and
some turtles deposit eggs in ant or termite nests (e.g., spe-
cies of Tupinambis), and still others deposit eggs in crev-
ices in rocks (e.g., Tropidurus, Platysaurus intermedius,
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FIGURE 4.13 Effects of temperature on incubation period and devel-
opmental rate in eggs of the Australian skink Bassiana duperreryi.
Developmental rate is the inverse of the observed incubation period

divided by the shortest incubation period in the laboratory. Adapted from
Shine and Harlow, 1996.

Phyllopezus pollicaris) or under loose bark of trees (e.g.,
Gonatodes humeralis).

Egg placement greatly influences survival and growth
rates of embryos. For many reptiles, mortality is greatest in
the egg stage. Amphibians also suffer high egg mortality,
but proportionally, mortality is greatest in the larval stage.
In both amphibians and reptiles, the female’s selection of
a site for her clutch will influence the survivorship of her
offspring. Good site selection yields high survivorship;
poor site selection results in low survivorship or even a total
loss of the clutch. The site selected must have the appro-
priate biophysical environment for proper development of
embryos and must provide some protection from preda-
tion and the vagaries of environmental fluctuations, such as
avoiding pond drying or excessive temperatures.

The biophysical environment of the nest site influences
the duration of incubation, developmental rate, hatching
success, and even the size of offspring (Fig. 4.13). Short
incubation time should be advantageous because it reduces
the time that eggs are exposed to mortality factors. However,
incubation times are often quite long. Apparently, reducing
developmental time can have high costs in terms of hatching
success and offspring quality. For example, hatching suc-
cess is high at temperatures varying from 24°C to 28°C and
much lower at temperatures exceeding 32°C in the Euro-
pean lizard, Podarcis muralis. Moreover, hatchlings from
eggs incubated at lower temperatures are larger in body size
(length and mass), grow faster, and perform better in sprint
speed trials than hatchlings incubated at higher tempera-
tures, even though incubation time is shorter (i.e., growth
lower but development faster) at higher temperatures. The
best balance between incubation time and offspring qual-
ity in P. muralis occurs at temperatures around 28°C, even
though this temperature is lower than optimal temperatures
for adult performance. These results support the hypothesis
that some, perhaps many, species have multiple optima. In
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FIGURE 4.14 Spatial arrangement of hatchlings of Chrysemys picta in
the nest during winter. From Breitenb