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Preface

book is merely the most conspicuous of the changes

in this, the Fourth Edition of Herpetology and the first

to be published by Sinauer Associates. All of the topics have
been extensively revised to include new information and
interpretations with extensive in-text citations, and color
photographs now accompany all family-level descriptions.
What has not changed is the authors” appreciation of
amphibians and reptiles as complex and fascinating organ-
isms. Our perspective emphasizes the interactions at mul-
tiple levels of biological organization that shape the biol-
ogy of a species of amphibian or reptile. We present these
animals in a way that integrates all facets of their biology,
from anatomy and physiology to ecology and behavior—
topics that are too frequently treated as independent fields
of study. We believe that understanding these interrelation-
ships is the key to understanding amphibians and reptiles.

T he striking and effective use of color throughout the

Phylogeny, Systematics, and
Numbers of Species

Advances in molecular phylogenetics have dramatically al-
tered our understanding of the evolutionary relationships
of many groups of amphibians and reptiles. Because phy-
logeny provides the context for interpreting the biology of
extant species, we have expanded the explanation of cla-
distic methods and interpretations in Chapter 2. The power
of molecular methods to trace evolutionary histories has
produced a dramatic increase in the numbers of families,
especially among amphibians. Chapters 3 and 4 describe
the major lineages and the distinctive characteristics of each
family, and Chapter 5 integrates this information with the

historical and recent events that have determined the geo-
graphic distributions of extant lineages.

The past decade has seen tremendous progress infer-
ring the phylogenies of amphibians and reptiles, with many
evolutionary relationships strongly supported by large
molecular and morphological datasets. However, phy-
logenies—representations of the sequence of divergences
within an evolutionary lineage—are hypotheses, and like
any scientific hypothesis they are continuously being tested
and sometimes falsified by new information. As a result,
the numbers and names of recognized taxa are constantly
in flux. We have cited the total numbers of species of am-
phibians recognized by AmphibiaWeb (amphibiaweb.org)
and the total number of species of reptiles recognized by
The Reptile Database (www.reptile-database.org) as of
our completion date, but we recognize that some of these
numbers have doubtless already changed. Both sites are up-
dated frequently, and we encourage students to visit them.

Sadly, the number of species of amphibians and reptiles
that are considered threatened or endangered by the In-
ternational Union for Conservation of Nature (IUCN) in-
creases steadily. The numbers of species cited in this edition
are based on version 2014.3 of the IUCN Red List; species
data and definitions of categories can be found at www.
iucnredlist.org.

Herpetology is well represented on the Web, with sites
that range from scholarly to sensational, and herpetology-
related items often appear on news sites. Viewing the videos
that researchers post on YouTube can clarify and enliven
descriptions of their studies, and open access is available to
many journals and to important herpetological resources.
We provide links to this information at sites.sinauer.com/
herpetologyde.


amphibiaweb.org
http://www.reptile-database.org
iucnredlist.org
sites.sinauer.com/
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For the Student
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1 Why Study Herpetology?

cination with amphibians and reptiles, the immedi-

ate answer to this question is "Because they are so
interesting.” More objectively, we would point out that
the study of amphibians and reptiles reveals a way of be-
ing a terrestrial vertebrate that is different from the more
familiar examples of birds and mammals. Furthermore,
because of these differences amphibians and reptiles
have a critical role in energy and nutrient flow in terrestrial
ecosystems. And, sadly, we would add that an alarmingly
high proportion of species in both groups, and especially
amphibians, are classified as at risk in the Red List of the
International Union for Conservation of Nature (IUCN).

The word “herpetology” is based on the Greek root
herpes, meaning “a creeping thing.” The name may not
sound like an enthusiastic way to describe an animal, but
the ancient world held some reptiles in high esteem. Al-
exander the Great, who conquered much of the known
world around 300 ece, encouraged the legend that he
derived some of his power from a god-sent serpent that
protected him in its coils when he was a baby.

Some ancient legends are preserved even today. The
staff entwined by a serpent carried by Aesculapius, the
Roman god of healing, appears as the caduceus—a
winged staff entwined by two snakes—of modern medi-
cine. The Romans built shrines to Aesculapius throughout
their empire and released Aesculapian snakes (Zamenis
longissimus, formerly Elaphe longissima) at the shrines.
This species is native to southern Europe, including Italy
and Asia Minor, but has isolated populations in central
Europe, far to the north of other occurrences of the spe-
cies. These northern populations may be descendants of
snakes released 2,000 years ago at shrines to Aesculapius.

Herpetology also plays a role in modern medicine.
Peptides isolated from reptile venoms can treat some
chronic conditions without side effects, and compounds
from the skin of amphibians have antibacterial properties
superior to those of conventional antibiotics. Thus, the
study of herpetology encompasses both basic and ap-

To the authors of this book, who share a lifelong fas-

plied biology, at levels extending from molecules to the
global environment.

1.1 ® Changing Perspectives

The great 18th-century Scandinavian biologist Carl von
Linné had a low opinion of the creeping animals. Writing
under the Latinized version of his name, Carolus Linnaeus,
he initiated the hierarchical method of naming organisms
that we are familiar with as the binominal classification
system. His work Systema Naturae (The System of Nature) as-
sembled organisms in groups. Linnaeus did not distinguish

, amphibians from reptiles, referring to both groups as am-

phibians and characterizing them as “foul and loathsome.”
He noted that for this reason “their Creator has not exerted
his powers to make many of them.”

Now we know that Linnaeus was sadly mistaken in both
those statements. Herpetologists have found amphibians
and reptiles to be model organisms for studies in many ar-
eas of biology, and they have identified a large number of
species to study—about 7,300 amphibians (salamanders,
frogs and toads, and caecilians) and 10,000 reptiles (turtles,
crocodylians, tuatara, lizards, and snakes). For comparison,
there are about 5,500 species of mammals and 10,500 spe-
cies of birds. Thus, the study of herpetology covers more
species of animals than does either ornithology or mam-
malogy (Figure 1.1), and it includes a greater range of body
forms, behaviors, and life-history patterns.

Studies of amphibians and reptiles have played key roles
in biological specializations as diverse as developmental
biology, behavior, ecology, and medicine. Many of these
contributions are the result of unique characteristics that
make a certain species of amphibian or reptile suitable for
a particular technique. For example, the large eggs of many
frogs and salamanders allow embryonic development to
be observed under a light microscope. Much of our under-
standing of the way cells move during gastrulation (when
an embryo changes from a hollow ball of undifferentiated
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Figure 1.1 Herpetology includes more than half of the
species of extant tetrapods. Herpetologists have more
species in their field study than ornithologists and mammal-
ogists combined.

cells to a structure with distinct layers of endoderm, meso-
derm, and ectoderm) resulted from studies in which early
embryologists marked individual cells of frog and salaman-
der embryos with dye and observed their movements.

In a similar manner, the easily observed diurnal (daytime)
activity patterns of many lizards (especially Anolis species)
and their use of color and movement in social behavior have
made these animals central figures in studies of behavioral
ecology (Johnson et al. 2010; Baird 2013) and evolutionary
ecology (Losos 2009; Camargo et al. 2010; Hertz et al. 2013;
Mabhler et al. 2013; Thompson 2013) (see Chapters 13 and 16).

Herpetological studies have also contributed to advances
in molecular biology and medicine. Molecules with specific
functional properties have been used as probes to map bio-
chemical pathways (McCleary and Kini 2013). For example,
phosphodiesterase from the venom of the cottonmouth wa-
ter moccasin (Agkistrodon piscivorus) played a key role in the
pioneering studies of the cell cycle for which Stanley Cohen
and Rita Levi-Montalcini received the 1986 Nobel Prize in
Physiology or Medicine.

Some molecules from venoms have therapeutic applica-
tions (Kupferschmidt 2013). Peptides in the venom of the
African black mamba (Dendroaspis polylepis) block pain
impulses by inhibiting acid-sensing ion channels in neu-
rons of the central and peripheral nervous systems. These
peptides, called mambalgins, are as effective as morphine
and do not have morphine’s undesirable side effects of ha-
bituation and inhibition of respiration (Diochot et al. 2013).
A peptide from the venom of the Gila monster (Heloderma
suspectum) increases insulin secretion by the pancreas, and
a synthetic form of that molecule is used to treat type II
diabetes (Furman 2012).

The skins of amphibians synthesize a wealth of biologi-
cally active compounds. Antimicrobial host defense pep-

tides provide a first line of defense against pathogens in the
environment, including the chytrid fungi Batrachochytrium
dendrobatidis and B. salamandrivorans (Conlon 2011). These
small molecules (18-48 amino acid residues) have both
hydrophobic and hydrophilic regions. This amphipathic
structure allows them to penetrate the plasma membranes
of bacterial and fungal cells, leading to lysis and cell death.
The host defense peptides of amphibians are diverse,
and every new species of amphibian tested reveals previ-
ously unknown peptides. Synthetic analogs of host defense
peptides are being developed to treat inflammation, infec-
tion, and cancer (Conlon et al. 2013). Because these peptides
interact with the plasma membrane as a whole rather than
with a specific receptor molecule, pathogenic organisms are
unlikely to evolve resistance to them. Thus, these peptides
offer promise for treating infections caused by multidrug-
resistant bacteria such as methicillin-resistant Staphylococ-
cus aureus (MRSA) (Sang and Blecha 2008; Conlon and
Sonnenvend 2011; Park et al. 2011; Afacan et al. 2012).

1.2 W The Diversity of Amphibians
and Reptiles

Many people are familiar with the major groups of amphib-
ians and reptiles—salamanders, frogs and toads, turtles,
crocodylians, and lizards and snakes—from visits to zoos
or from televised nature programs. This chapter provides
an overview of some basic characteristics of these familiar
groups. Detailed descriptions of amphibians and reptiles
and their evolutionary relationships will be presented in
Chapters 2, 3, and 4.

Amphibians

Modern amphibians are grouped as the Lissamphibia. The
Greek prefix liss means “smooth” and refers to amphibians’
scaleless skin. The lack of a protective scaly covering and
other characteristics of amphibian skin shape many aspects
of their lives. Different types of glands in amphibian skin
produce peptides that deter pathogens, pheromones used
in courtship, and a variety of toxins.

The skin of amphibians has a thin stratum corneum
(outermost layer) and little keratin (the structural protein
that stiffens skin and scales) (Lillywhite 2006). As a con-
sequence, amphibian skin is very permeable to water and
gases, and this permeability shapes much of the behavior
and physiology of terrestrial amphibians (see Chapter 6).
The high rate at which water evaporates from the skin of
most terrestrial amphibians limits their activity in time and
space. Most amphibians can be active only when the rate
of evaporation is low—that is, when humidity is high and
wind speed is low. Thus, amphibians typically are active at
night (especially on rainy nights), and amphibian faunas are
most diverse in moist environments.

Skin permeability has a paradoxical aspect, however, that
allows amphibians to live in dry places. Amphibians do not
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drink water. They absorb water through the skin and can take
up water from moist soil. Anurans and salamanders that live
in desert habitats spend many months in underground bur-
rows, absorbing water from the soil around them to maintain
their water balance. Amphibians would not be able to exist in
arid environments if their skin were not permeable.

Amphibians are the only terrestrial vertebrates with a
complex life history—the series of changes or stages an
individual passes through over the course of its lifetime. An
aquatic larval stage followed by metamorphosis (a change
of form) into a terrestrial adult stage is an ancestral char-
acter of amphibians, and the name of the group is derived
from the Greek amphi, “double” or “both,” and bios, “life.”
Direct development, which bypasses the larval stage and
metamorphosis, has evolved independently in many am-
phibian lineages, but many species retain the ancestral
mode of development.

The extant (currently living) species of amphibians in-
clude three groups: Caudata (salamanders), Anura (frogs
and toads), and Gymnophiona (caecilians). The more than
7,300 amphibian species encompass enormous diversity in
body form, size, ecology, and behavior (see Wells 2007).

CAUDATA All of the more than 650 species of salaman-
ders have elongate trunks and tails (Figure 1.2). Most
salamanders have four legs, although the limbs of some
aquatic species are greatly reduced. Aquatic eggs that hatch

(A)

Figure 1.2 Salamanders occupy aquatic, terrestrial, and
arboreal habitats. (A) Adults of many (but not all) species
of aquatic salamanders retain external gills, like the North
American mudpuppy (Necturus maculosus). (B) Adults of pri-
marily terrestrial species, such as the European fire salaman-
der (Salamandra salamandra), lack gills and have sturdy legs.
(C) Some arboreal salamanders, such as the Amazon climbing
salamander (Bolitoglossa peruviana) have short, webbed toes
that allow them to cling to stems and leaves by surface tension.
(Photographs: A, © John Cancalosi/National Geographic Soci-
ety/Corbis; B, © Arterra Picture Library/Alamy; C, © Morley
Read/Alamy.)

into aquatic larvae is the ancestral mode of reproduction
for salamanders, but some lineages lay eggs on land and
others retain the eggs and give birth to fully formed young
(see Chapter 8). Two contrasting trends are prominent in
the evolution of salamanders: specialization for an entirely
terrestrial life, and specialization for a purely aquatic life.

Many members of the family Plethodontidae, the most
terrestrial lineage of salamanders, lay eggs on land and
the embryos pass through the larval stage of development
within the egg before they hatch into miniature versions
of adults (Bruce et al. 2000). The absence of lungs is an im-
portant element of the terrestrial specializations of plethod-
ontids, and is possible because the skin of salamanders is
a major site of gas exchange (see Chapter 7). The entire
family Plethodontidae is characterized by lunglessness, and
extremely small lungs are found in some other lineages of
salamanders as well.

The evolution of life histories among the plethodontids is
a study in complexity. Most terrestrial egg-laying salaman-
ders belong to the Plethodontidae, which nevertheless dis-
plays the full range of reproductive modes: aquatic eggs and
larvae (e.g., Eurycea, Gyrinophilus, Pseudotriton), terrestrial
eggs and aquatic larvae (Hemidactylium and some Desmog-
nathus), and terrestrial eggs with direct development (no
larval stage; Aneides, Ensatina, Bolitoglossa, and some Des-
mognathus). The surprise lies in the evolutionary sequence
of these modes. Rather than a straightforward transition

(©)
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from aquatic eggs and larvae to terrestrial eggs and direct
development, phylogenetic analysis of Plethodontidae re-
veals reversion from direct development to aquatic larvae
within the genus Desmognathus and raises the possibility
that there have been two additional reversions to aquatic
larvae within the family (Chippindale et al. 2004).

While the plethodontid salamanders have adapted to
terrestrial life, a completely aquatic life history has evolved
in some other groups. Specialization for purely aquatic life
includes a phenomenon called paedomorphosis (from the
Greek paedos, “child,” and morph, “form”), which is, in a
sense, the mirror image of direct development. That is, in-
stead of losing the aquatic larval stage, paedomorphic spe-
cies have lost the terrestrial adult stage. Paedomorphosis is
an example of an evolutionary praocess known as hetero-
chrony (from the Greek heteros, “different,” and chronos,
“time”), discussed in Chapters 2 and 8. Heterochrony re-
fers to alterations in the timing and rate of developmental
processes (primarily during embryonic life) that change the
body form of adults. Paedomorphic adults are aquatic and
have larval characteristics, such as the presence of exter-
nal gills and lateral line systems and the absence of eyelids
and adult tooth patterns. Paedomorphosis is characteris-
tic of some entire families of aquatic salamanders, such
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as the Proteidae (Proteus, the European cave salamander,
and Necturus, the North American mudpuppy; see Fig-
ure 1.2A). In other families, such as the Ambystomatidae
(North American mole salamanders), some species are pae-
domorphic, whereas others metamorphose into terrestrial
adults. Paedomorphosis is facultative in some species; cer-
tain populations—or even only certain individuals within
a population—retain larval characteristics, whereas other
populations or individuals metamorphose.

ANURA The anurans, with about 6,500 species world-
wide, form the largest group of amphibians, and they are
the most ecologically diverse. The immediately distinctive
characteristic of all anurans is the absence of a tail, and the
name “Anura” is formed from two Greek words (an oura)
meaning “without a tail.”

Most anurans have short bodies, large heads, and four
well-developed limbs. Although this basic body form
functions well in many habitats (Vidal-Garcia et al. 2014),
body shape and the relative lengths of the forelimbs and
hindlimbs help sort anurans into categories based on
their mode of locomotion (Figure 1.3). Species with short
hindlimbs are generally runners, hoppers, or walkers,
whereas those with long hindlimbs are swimmers or jump-

Climber

Jumper

Figure 1.3 Anuran body
forms. Most frogs that are
primarily jumpers or swim-
mers have long hindlimbs.
Climbers and runners have
long forelimbs as well as
long hindlimbs, whereas
hoppers, walkers, and bur-
rowers have shorter limbs.
(After Pough et al. 1992.)

Swimmer
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ers (moving ten body lengths or more in a single leap).
Among jumping frogs, large hindlimb muscles relative to
total body mass identify good jumpers. Long hindlimbs
are often associated with climbing frogs (Emerson 1988).

Anurans have an enormous variety of reproductive
modes, extending from aquatic larvae (tadpoles) to direct
development (eggs that hatch into tiny frogs without a
free-living tadpole stage) and even to viviparity (a female
gives birth to tiny frogs) (see Chapter 8). Free-living aquat-
ic larvae that metamorphose into adults are the ancestral
condition and remains the most common reproductive
mode (Jamieson 2003). Tadpoles are very different animals
from frogs, with complex specializations associated with
feeding (see Chapter 11). Most tadpoles are herbivores, and
they are extremely efficient filter feeders. A tadpole is basi-
cally a swimming sieve attached to a gut, and enormous
anatomical changes occur at metamorphosis when a tad-
pole changes to a frog.

GYMNOPHIONA This least familiar amphibian group
comprises the caecilians—elongate, legless, burrowing and
aquatic animals found in tropical habitats around the world
(Figure 1.4). Most of these animals spend their entire lives
underground or in the water and thus are difficult to study
(Nussbaum 1992; Gower and Wilkinson 2005). Relatively
little is known about their natural history, but work with
captive animals has revealed elaborate reproductive spe-
cializations (Exbrayat 2006; Gomes et al. 2012). Among the
most remarkable are species in which the embryos develop
within the mother, feeding on a lipid-rich substance they
scrape from the walls of the oviducts with specialized fetal
teeth. In other species, the young remain with the mother
after birth and feed by scraping lipid-rich cells from her skin
(see Chapter 8).

Reptiles

The extant reptiles, in the sense covered by herpetology, in-
clude turtles, crocodylians, tuatara, and squamates (lizards
and snakes). The qualifier “in the sense covered by herpe-
tology” is needed because the groups of animals listed do
not include all the forms descended from a common ances-
tor. Birds are closely related to crocodylians, so a complete
list of the extant reptiles would include birds. Birds are so
different from the other groups of reptiles, however, that
they are normally excluded from herpetology, and we will
use the term “reptiles” to mean non-avian reptiles—that
is, all extant reptiles except birds. Chapter 2 describes the
relationships of living and extinct amphibians and reptiles
(including dinosaurs and birds) in more detail.

All reptiles (in the herpetological sense) except the cro-
codylians have a heart with a single ventricle (i.e., a three-
chambered heart), as do amphibians and fish. Oxygenated
blood from the lungs and deoxygenated blood from the
veins both enter the single ventricle of a reptile. Despite
the lack of a septum, the two bloodstreams are normally
kept separate in the heart: oxygenated blood is pumped to
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Figure 1.4 Caecilians are elongate, legless amphibians.
This Central American species (Gymnopis multiplicata) is vivi-
parous. The embryos consume lipid-rich cells that they scrape
from the walls of the oviduct. (Photograph © Michael & Patricia
Fogden/Corbis.)

the head and body via the aortic arches, and deoxygenated
blood is sent to the lungs via the pulmonary artery (see
Chapter 7).

While it is true that an undivided ventricle is an ances-
tral character for reptiles (i.e., one that was present in the
ancestor of the groups), being ancestral does not mean
that a three-chambered heart is inferior to a four-cham-
bered heart. On the contrary, a structure must work well
to remain unchanged for 300 million years, and a three-
chambered heart can do something that a four-chambered
heart cannot—adjust the proportion of blood that goes to
the body versus to the lungs. This phenomenon is called
an intracardiac (within the heart) blood shunt, and reptiles
use intracardiac shunts to facilitate a variety of physiologi-
cal processes (Hicks and Wang 2012). Thus, this primitive
characteristic—the absence of a ventricular septum—is ad-
vantageous to extant reptiles. In fact, crocodylians, which
do have a ventricular septum, use a different method of
creating an intracardiac shunt during diving when they are
adjusting blood flow to accelerate warming and to facili-
tate digestion. We will discuss intracardiac shunts further
in Chapter 7.

TESTUDINES Just about everybody can recognize a turtle.
The shell, which is a distinguishing feature of turtles, is a
remarkable structure that encloses the entire animal in a
bony case with openings only at the front and rear. The
shell has limited the morphological diversity of turtles—
there are aquatic and terrestrial turtles, but no arboreal or
gliding species (Wyneken et al. 2007).

The habits of a turtle can often be deduced from its ap-
pearance (Figure 1.5). Terrestrial turtles, especially most



8 Chapter 1 ® Why Study Herpetology?

Figure 1.5 The body forms of turtles reflect their habits

and habitats. (A) The carapace (dorsal shell) of many tor-
toises, like that of this Galdpagos giant tortoise (Chelonoidis
nigra), are domed, with elephant-like forelimbs. (B) The shells
of aquatic swimmers such as the loggerhead sea turtle (Caretta
caretta) are flatter and hence more streamlined. That relation-
ship is not invariable, however, as seen in the next two images.

species of tortoises (Astrochelys, Chelonoidis, Geochelone,
Testudo, and several other genera), have high domed shells,
sturdy limbs, and elephant-like feet. Species of tortoises
that construct burrows have flatter shells and spadelike
front feet. The burrows of the gopher tortoise (Gopherus
polyphemus), which extend for 10 m or more and reach
depths greater than 4 m, provide shelter for more than 300
species of vertebrates and invertebrates (Kinlaw and Gras-
mueck 2012).

Aquatic turtles usually have webbed feet and relatively
flat shells that offer less resistance to movement in water
than would the domed shells of terrestrial species. Some
aquatic turtles, such as musk turtles (Sternotherus) and
mud turtles (Kinosternon), spend more time walking on
the bottom than they do swimming, however, and these
species have more domed shells than do turtles that swim
quickly to capture prey or escape predators. Some aquat-
ic turtles are still more specialized. Soft-shelled turtles

(C) Tortoises that construct burrows, like this gopher tortoise
(Gopherus polyphemus) have relatively low dorsal shells. (D)
Aquatic turtles that walk on the bottom of ponds, like the musk
turtle (Sternotherus odoratus), have domed shells. (Photographs:
A, © Steve Bloom Images/Alamy; B, © Amar and Isabelle Guil-
len/Guillen Photo LLC/Alamy; C, © FLPA/Alamy; D, © blick-
winkel/Alamy.)

(Apalone and about 14 other genera) have flat shells with-
out a bony layer or an external covering of scales. The
leatherback sea turtle (Dermochelys coriacea) is another
species in which the dermal bones are greatly reduced,
and the stiff dermal scales have been replaced by a flexible
covering of skin.

CROCODYLIA Only 25 species of crocodylians survive
today, and most of them are classified as threatened or en-
dangered on the [UCN Red List. The largest living reptiles
are the Australian saltwater crocodile (Crocodylus porosis)
and the Indian gharial (Gavialis gangeticus), both of which
probably reach lengths of 7 m. Large as they are, however,
they are small compared with some Mesozoic crocodylians
Grigg and Kirshner 2015). Sarcosuchus imperator lived in Af-
rica during the Early Cretaceous, and Deinosuchus rugosus in
North America in the Late Cretaceous. Both species prob-
ably reached lengths of 11 to 12 m and may have weighed
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as much as 8,000 kg (Erickson and Brochu 1999; Sereno et
al. 2001). They were slightly larger than Tyrannosaurus rex,
and could have preyed on dinosaurs.

Not all crocodylians are large; male dwarf caimans (Pa-
leosuchus palpebrosus) are only 1.5 to 1.6 m long, and the
females are even smaller. Estimating the maximum size of
crocodylians is difficult because they continue to grow—
albeit slowly—long after they reach maturity. Thus, among
crocodylian populations the largest individuals are also the
oldest. In a world with human predators, however, few cro-
codylians live long enough to grow to their maximum size.

The most conspicuous morphological differences among
crocodylians involve the shape of the snout (Figure 1.6).
Broad-snouted species, including the American alligator
(Alligator mississippiensis), are generalized feeders that
eat a wide variety of aquatic animals as well as an occa-
sional bird or small mammal. Some crocodylians, such as
the broad-snouted caiman (Caiman latirostris) can crush

(A) Dietary generalist (Alligator mississippiensis)

hard-shelled prey, such as turtles. Long-snouted species,
of which the Indian gharial (Gavialis gangeticus) is the
prime example, are fish-eating specialists that capture fast-
moving prey with a rapid sideways movement of the head.
Some crocodiles (Crocodylus) with broad snouts prey on
mammals, seizing them when they come near the water
to drink, and large crocodiles have been known to attack
and kill humans.

Crocodylians are members of the archosaurian lineage,
which also includes dinosaurs and birds (see Chapter 2). As
such, they provide a basis for understanding the ecology,
behavior, and physiology of dinosaurs (Brazaitis and Wata-
nabe 2011). Crocodylians provide extensive parental care to
their young, and evidence is emerging of social structures
among crocodylians that may involve many individuals
(Lang 1989; Dinets 2013). These observations support the
hypothesis that similar kinds of parental care and social
behavior were characteristic of dinosaurs.

(B) Armoured prey specialist (Caiman latirostris)

Figure 1.6 Crocodylians' jaws provide information about
their food habits. (A) Dietary generalists such as the Ameri-
can alligator (Alligator mississippiensis) have moderately broad
snouts and consume a wide variety of terrestrial and aquatic
prey. (B) Specialists on armored prey such as the broad-snouted
caiman (Caiman latirostris) have even stouter jaws with which
they crush the shells of snails and turtles. (C) Generalist fish

eaters (piscivores) such as the Nile crocodile (Crocodylus niloticus)
have moderately narrow snouts. Fish make up a large part of
their diets, but generalist fish eaters also consume a wide variety
of other vertebrates. (D) A specialist piscivore, the Indian gharial
(Gavialis gangeticus) has an extremely narrow snout and uses

a rapid sideward swipe of the head to capture fish, on which it
feeds almost exclusively. (After Wermuth and Fuchs 1978.)
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(A)

Figure 1.7 Henry, a tuatara (Sphenodon punctatus).
Henry has lived at the Southland Museum in Invercargill,
New Zealand, since 1970 and was the model for the tuatara
on the New Zealand 5-cent coin. Sadly, these coins have been

RHYNCHOCEPHALIA Commonly known by the Maori
name “tuatara,” the Rhynchocephalia contains only one
species, Sphenodon punctatus, although there is substan-
tial genetic variation among populations (Hay et al. 2010).
Tuatara (the Maori language does not add an s to form the
plural) are lizardlike in appearance (Figure 1.7) but are
distinguished from lizards by several primitive features
of their skeletal anatomy (see Chapter 4). As recently as
800 to 1,000 years ago, tuatara occurred on the North and
South Islands of New Zealand, but predation by introduced
mammals and habitat destruction wiped out those popula-
tions, and the species is now restricted to 30 offshore is-
lands (Cree 2014).

Tuatara are colonial nesters (Thompson et al. 1996; Ref-
snider et al. 2010, 2013). Females breed every 2 to 4 years,
migrating more than 300 m from their residential burrows
to rookeries in open areas, and usually returning to the same
rookery time after time. Clutches average 9 eggs, which take
11 to 16 months to hatch. The hatchlings become reproduc-
tively mature in 11 to 13 years but require 25 years or more
to grow to the adult size of 50 cm, and they live for at least 60
years (Castanet et al. 1988; Alison Cree and Nicola Nelson,
pers. com.). Sex is determined by the temperature in the nest
during incubation—low nest temperatures produce females,
and high temperatures produce males (Cree et al. 1995).
(This phenomenon is known as temperature-dependent sex
determination, or TSD, and also occurs in turtles, lizards,
and crocodylians; see Chapter 9.) The combination of small
clutch sizes, slow growth to maturity, and long intervals be-
tween successive clutches makes populations of tuatara vul-
nerable to extinction on islands with rats, and global climate
change might interact with TSD to produce an excess of male
hatchlings (Cree et al. 1995; Nelson et al. 2004).

SQUAMATA Squamates, the largest group of reptiles,
are an enormously diverse group. Squamate species live

(B)

removed from circulation, but in 2009 Henry became a father
at an estimated age of more than a century. (Photographs by
Harvey Pough.)

in habitats extending from below ground to the treetops,
from deserts to the ocean, and from the Equator to the
Arctic Circle. Two body forms are included in the Squa-
mata, lizards (about 6,000 species) and snakes (about
3,500 species). Snakes and lizards are part of the same
evolutionary lineage (Hedges and Vidal 2009). That is, in
an evolutionary sense the animals known as snakes are
specialized lizards (see Chapter 4), and there is no correct
name for a group that includes only the animals popu-
larly called lizards. The term “squamates” can be used
in many cases when the phenomenon being discussed is
common to both lineages. In other cases, however, we will
use “lizards” or “snakes” to make distinctions between
the groups.

Many lizards are diurnal, brightly colored, and use con-
spicuous visual displays in their social behavior. These
characters have made lizards familiar elements of the fauna
and important subjects for behavioral and ecological studies
(Pianka and Vitt 2003). Snakes are often secretive and rely
on scent rather than vision in their predatory and social
behavior. As a result, snakes are usually a less conspicuous
part of the fauna than are lizards. Nonetheless, snakes are
important components of ecosystems in many parts of the
world and display a broad range of specializations (Greene
1997; Lillywhite 2014).

A generalized lizard has a more or less cylindrical body,
a long tail, and moderately long legs (Figure 1.8). Most liz-
ards can climb, and the most arboreal species, the African
chameleons (Chamaeleo and other genera), have digits that
are organized into two sets that oppose each other to grasp
a branch. Herbivorous species, such as ground iguanas (Cy-
clura) and mastigures (Uromastyx), have bulky bodies that
accommodate the digestive apparatus needed to cope with
a plant diet.

Many lizards enter water to escape from predators, but
only a few species actually forage underwater. The best-



1.2 W The Diversity of Amphibians and Reptiles "

(A)

known aquatic species is the Galdpagos marine iguana
(Amblyrhynchus cristatus), which feeds on marine algae
that it scrapes from rocks, diving as deep as 10 m in the
process.

Leglessness has evolved repeatedly among squamates
(Wiens and Slingluff 2001). All snakes are legless (Figure
1.9), and several families of lizards include species that are
functionally or actually legless. Legless squamates must be
elongate because they form curves along the length of the
body to push against the substrate during locomotion (see
Chapter 10). Snakes have elongated trunks with very high
numbers of presacral vertebrae (i.e., anterior to where the
hip would be if snakes had hips) and relatively few post-
sacral (i.e, tail) vertebrae. Legless lizards, in contrast, have
relatively short trunks and very long tails.

Many legless squamates are surface dwellers. Their slim
bodies allow them to move easily through dense vegeta-
tion or leaf litter. Other legless species are fossorial (bur-
rowing). Some of these animals construct open tunnels in
compact soils, whereas others move through loose soil by a
process known as sand swimming. Amphisbaenians are an
evolutionary lineage of specialized burrowing squamates
that occur in tropical habitats around the world (Gans 1992;
Navas et al. 2004). Only 3 of the approximately 150 species
of amphisbaenians retain limbs.

Specialized arboreal snakes, such as the South Ameri-
can vine snake Philodryas argentea, hunt lizards and frogs
that perch at the tips of branches. Their extremely elongate

Figure 1.8 Body forms of lizards. (A) Lizards that live pri-
marily on the ground, such as the North American desert iguana
(Dipsosaurus dorsalis), often have cylindrical bodies and tails and
stout limbs. (B) Specialized arboreal lizards, especially chame-
leons (a veiled chameleon, Chamaeleo calyptratus, is shown here),
have laterally flattened bodies and their heads are often adorned
with crests. Chameleons have prehensile tails and zygodactylus
feet—that is, the toes are arranged in opposing groups that close
to grip a twig. (C) Lizards that have reduced limbs, or no limbs
at all, such as the European slow worm (Anguis fragilis), are typi-
cally elongate. (Photographs: A, Harvey Pough; B, © Matthijs
Kuijpers/Alamy; C, © David Boag/Alamy:.)

bodies and tails spread their weight over a large area and
allow them to crawl across leaves and twigs (see Figure
1.9B). Vine snakes represent an extreme development of
elongation among snakes, but other arboreal snakes—in-
cluding boas, pythons, and vipers—are slimmer than their
terrestrial relatives.

Not all snakes are long and thin. In fact, being short
and fat has some definite advantages. Snakes swallow
their prey whole, and the cartoon image of a snake with
a lump representing a large meal in its stomach is based
on fact. A stout body allows snakes to swallow large prey,
and stout bodies are one of several specializations of non-
arboreal vipers. The stoutest vipers are members of the
African genus Bitis, such as the puff adder (B. arietans; see
Figure 1.9C) and Gaboon viper (B. gabonica). The Gaboon
viper grows to a mere 1.2 m in length, but there is a record
of one eating an antelope.

The distinction between aquatic and terrestrial species
is blurred among snakes. Many genera, including water
snakes of the genera Nerodia and Natrix and some gar-
ter snakes (Thamnophis), forage both in and out of water.
More specialized aquatic snakes, such as the homalop-
sines (swamp and water snakes of Asia and Australia),
have nostrils with valves that exclude water. The most spe-
cialized aquatic snakes, the acrochordids (Indo-Australian
wart snakes) and hydrophiines (sea snakes), lack enlarged
ventral scales and never emerge from the water (Figure
1.9D).
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Figure 1.9 Body forms of snakes.
trial snake, the San Francisco garter snake (Thamnophis sirtalis
tetrataenia) is a colorful subspecies that occurs in San Mateo
County, California. (B) The striped long-nosed snake (Philo-
dryas argentea) from northern South America shows the long,

(A) A generalized terres-

1.3 ® Shared Characteristics of
Amphibians and Reptiles

By now you should be convinced that the more than 17,000
species of amphibians and reptiles display an enormous

diversity of behavioral and morphological features. But if

that’s so, why is there an area of biological specialization
called herpetology that includes both amphibians and rep-
tiles? After all, reptiles are more closely related to mammals
than they are to amphibians, so why should one taxonomic
discipline study two such distantly related groups as am
phibians and reptiles?

Historical accident is partly the reason that herpetol-
ogy includes both amphibians and reptiles. Remember
that in the 18th century, Linnaeus lumped amphibians and
reptiles together with other vertebrates that were neither
bony fishes, birds, nor mammals. But historical inertia is
not the only reason herpetologists have continued to study
both amphibians and reptiles; there is a biological reason
as well. These two groups share a key ancestral charac-
ter that makes them different from birds or mammals in
many aspects of their ecology, physiology, and behavior.

thin body typical of specialized arboreal snakes. (C) The Afri-
can puff adder (Bitis arietans) is a heavy-bodied terrestrial viper
(D) The spiny-headed sea snake (Hydrophis peronii) shows the
valvular nostrils and flattened tail characteristic of sea snakes.
(Photographs: A and B, R. D. Bartlett; C and D, Harvey Pough.)

Amphibians and reptiles are ectotherms (from the Greek
ecto, “outside,” and thermos, “heat”). That is, ectotherms
obtain the energy needed to raise their body tempera-
ture to levels that permit normal activity from an outside
source: the sun, either directly (by basking in the sunlight)
or indirectly (by resting on a warm surface such as a rock
heated by the sun). In contrast, endotherms (birds and
mammals) produce heat internally, by biochemically me-
tabolizing carbohydrates, lipids, and proteins from the food
they eat. Because ectothermy has consequences for nearly
all aspects of an animal’s life, amphibians and reptiles are
more similar to each other in many aspects of their biology
than either group is to birds or mammals. Understanding
the significance of ectothermy is key to understanding how
and why the ecology, behavior, morphology, and physiology
of amphibians and reptiles are so different from those of
birds and mammals, and why ectotherms and endotherms
play different roles in ecosystems (Pough 1980, 1983). The
mechanics of ectothermal temperature regulation are com-
plex, as we will discuss in Chapter 6, but a brief explanation
of some features of ectothermy shows why ectotherms are
so different from endotherms.
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Figure 1.10 Thermoregulation by a Cen-
tral American whiptail lizard. (A) Holco-
sus festivus is a terrestrial species that lives in
habitats that provide sun and shade. (B) The
body temperature of a male H. festivus was
recorded as it shuttled between sun at the
edge of a forest and the shaded interior of
the forest. The lizard basked in the sun until
its body temperature reached an average of
39.4°C, then foraged for prey in the shade,
cooling to an average of 34.5°C, at which
point it moved back to the forest edge to
bask. (After van Berkum et al. 1986;
photograph by Martin Feldner.)

i mal relies on metabolic heat production.
As a result of the difference in the meta-
bolic requirements of ectotherms and
endotherms, the rates of energy use by
ectotherms are one-seventh to one-tenth
those of an endotherm of the same body

size (Figure 1.11).
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Ectothermal thermoregulation

Many ectotherms control their body temperature at high
levels and within narrow limits during their periods of ac-
tivity. Lizards, especially species that live in open, sunny
habitats, provide the best examples of how effective ecto-
thermal thermoregulation can be. Many species of lizards
maintain body temperatures between 35°C and 40°C while
they are thermoregulating. That is as warm as the body
temperatures of most birds and mammals.

Figure 1.10 shows thermoregulation by a male Cen-
tral American whiptail lizard (Holcosus festivus, formerly
Ameiva festiva). The lizard moved back and forth between
the edge and interior of a forest, basking in the sun at the
forest edge to raise its body temperature and then mov-
ing under the tree canopy and cooling as it foraged in the
shade before returning to the sun to bask again. During
the 35-minute period charted in Figure 1.10, the lizard
maintained its body temperature between an average up-
per limit of 39.4°C and an average lower limit of 34.5°C
(van Berkum et al. 1986).

Costs and benefits of ectothermy and endothermy

A lizard has two important energy-saving features com-
pared with a mammal that lives in the same habitat as the
lizard. The first advantage is that the lizard uses sunlight
to maintain a high body temperature, whereas the mam-

10:30

10:40 requirement for a lizard and a mammal of
the same size is more than the seven- to
tenfold difference in their metabolic rates,

however, because of the daily cycle of body temperature
the lizard experiences. At night, when its body temperature
is low, a lizard’s energy use falls to about one-third of its
daytime rate. A mammal also shows a change in energy
expenditure at night, but in the opposite direction from the
lizard because the mammal is producing heat by metabo-
lism to replace the heat it loses to the environment. When
the environment cools at night, a mammal loses heat faster
and must increase its metabolic rate to produce the addi-
tional heat it needs. Thus, the difference between energy
use by a lizard and by a mammal is greater at night than it
is during the day.

A third factor enters the equation: activity. Mammals
are usually more active than lizards, and activity requires
energy. The combined effects of the three factors—the use
of solar energy rather than metabolic energy by a lizard to
keep itself warm, the reduction in a lizard’s body tempera-
ture at night, and the sedentary behavior of a lizard com-
pared with a mammal—are dramatic. A lizard uses only
about 3% as much energy in a day as a mammal of the same
body size (Bennett and Nagy 1977). That lower metabolic
requirement of the lizard translates into lower daily food
requirements.

Body size and shape

A striking feature of amphibians and reptiles is how small
most of them are compared with birds and mammals. More
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than half of the extant species of salamanders, caecilians,
anurans, lizards, and amphisbaenians weigh less than 10
g as adults. (Figure 1.12). Only among snakes, turtles, and
crocodylians are larger species the norm. Thus, the smallest
species of amphibians and reptiles are ten times smaller than
the smallest birds and mammals. Mice, bats, chickadees, and
sparrows weigh 10 to 20 g. Very few birds and mammals
weigh less than 5 g, but that is a common body size for am-
phibians and reptiles. In fact, adults of many small species of
amphibians and reptiles weigh less than 0.5 g.

In a pattern that is characteristic of both endotherms and
ectotherms, energy use increases at small body sizes. To
put that relationship into words, the energy requirement
of a gram of tissue (called the mass-specific energy re-
quirement) is greater for a small animal than for a larger
animal of the same kind. For example, at a body tempera-
ture of 30°C, a reptile weighing 100 g has a mass-specific
energy requirement of 1.98 J/h per gram of body weight,
whereas for a 10-g reptile the value is 3.14 J/h per gram of
body weight. (The symbol ] indicates joule, a unit of energy
equal to 0.24 international calories.) That is, the mass-spe-
cific energy requirement becomes progressively greater as
body size gets smaller.

The increase in the mass-specific energy requirement
at small body sizes applies to both endotherms and ecto-
therms, but endotherm metabolic rates are 7 to 10 times
greater than those of ectotherms. Thus, a 5-g ectotherm
uses about 600 J/day, a 5-g placental mammal about 6,000
J/day, and a 5-g passerine bird about 15,000 J/day. The
amount of food an animal must eat is proportional to its
energy use, so a small mammal or bird must find and eat
much more food each day than an amphibian or reptile of
the same size would require.

therms (birds and mammals) are 7 to 10 times
higher than those of ectotherms (salamanders,
all reptiles, lizards) of the same body size. The
mass-specific metabolic rates of both ecto-
therms and endotherms increase at small body
sizes, and the rates for small ectotherms are
substantially lower than those for small endo-
therms. Very few species of birds and mam-
mals are smaller than 10 g. (After Pough 1980.)

10 kg

The increase in mass-specific metabolic rates at small
body sizes, combined with the already higher energy re-
quirements of endotherms, means that being a very small
endotherm is both energetically expensive and ecologically
difficult. In fact, it is so difficult to be a very small endotherm
that there are very few such species (e.g., some of the smallest
shrews and hummingbirds), and these species save energy
by lowering their body temperature at night and also during
the day when food is scarce.

In contrast, it is relatively easy to be a small ectotherm,
and many species of amphibians and reptiles live in a body-
size range well below that of any bird or mammal species.
The competitive and predatory interactions of these very
small amphibians and reptiles are primarily with each oth-
er and with invertebrates such as spiders, scorpions, and
centipedes.

Ectothermy and efficiency

One more consequence of ectothermy leads to a major dif-
ference in the way amphibians and reptiles function in eco-
systems compared with birds and mammals: ectothermy is
an efficient way of life in terms of how an organism uses
the energy in the food it eats.

Ecologists and organismal biologists are concerned with
the way an organism partitions the energy it obtains in its
food—that is, how much of the energy goes to maintenance
(processes that keep an organism alive, such as respiration,
circulation, and transporting molecules in and out of cells)
and how much goes to secondary production (growth of
an individual or development of eggs and embryos). It is
in the balance between the two major categories of energy
use—maintenance and production—that ectotherms differ
from endotherms.
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Because endotherms rely on heat generated by metabolic
processes, they devote a large proportion of the food they
consume to keeping themselves warm. In fact, nearly 99%
of the energy that most birds and mammals obtain from
their food is used to generate heat. Less than 2% is avail-
able for production of new tissue. In contrast, ectotherms
get heat from the sun without having to use energy from
their food. As a result of ectothermy, the proportion of the
energy amphibians and reptiles consume that is converted
to new animal tissue (their production efficiency) is about
25 times higher than the production efficiency of birds and
mammals.

1.4 m Amphibians and Reptiles in
Terrestrial Ecosystems

The difference in production efficiency between amphib-
ians and reptiles on the one hand, and birds and mammals
on the other, has important implications for the pathways
that energy and nutrients follow through ecosystems. An
example that illustrates this principle is the Hubbard Brook
Experimental Forest in New Hampshire, the site of eco-
system studies since the 1960s. The numbers of different
kinds of animals have been counted, the amount of food
each species consumes has been measured, the amount of
energy each species uses for maintenance has been calcu-
lated, and the annual production of young and the growth

or mammals are that small. (Data from Pough 1980;
Eisenberg 1981; Dunning 2008.)

of adults have been recorded. The values of all these vari-
ables can be compared by converting them to megajoules
per hectare (M]/ha) of forest.

Thomas Burton studied the role of salamanders in en-
ergy flow through the Hubbard Brook ecosystem (Burton
and Likens 1975). One species, the eastern red-backed sal-
amander (Plethodon cinereus), makes up about 90% of the
total salamander community in the Hubbard Brook forest.
Burton concentrated on P. cinereus, for comparison using
information about birds and mammals gathered by other
ecologists working at Hubbard Brook.

In the Hubbard Brook ecosystem, salamanders consume
only about 20% as much energy as birds, and from that per-
spective, the salamanders don’t seem very important. The
picture changes, however, when the annual production of
new tissue by salamanders and birds is compared (Figure
1.13). The efficiency of salamanders is so high (about 60%)
that they produce more than five times as much new ani-
mal biomass every year as the birds. This new biomass is a
source of protein and energy for predators. Farther south,
the biomass of salamanders is as much as ten times greater
than at Hubbard Brook, making them an even more im-
portant component of the forest food web (Semlitsch et al.
2014). The question that interests a predator is, “What is
there to eat?” and the answer is, “Salamanders!”
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Figure 1.13 Energy flow through the bird and salamander
communities at Hubbard Brook. Birds consume nearly five
times as much energy as salamanders, but birds devote almost
99% of that energy to maintenance. In contrast, salamanders
use only 40% of the energy in their food for maintenance. As a
result, the annual production of new biomass by salamanders
is five times greater than that of birds. (Data from Burton and
Likens 1975.)

In addition to their importance in biomass conversion,
the salamanders occupy a critical niche in the forest ecosys-
tem. Eastern red-backed salamanders, like so many species
of amphibians and reptiles, are very small. Adults weigh
about 1 g—much smaller than the smallest birds and mam-
mals at Hubbard Brook. The salamanders feed on inverte-
brates that are too small for a bird or mammal to eat, effi-

ciently converting tiny prey into salamander biomass. Thus,
in the context of the Hubbard Brook ecosystem, salaman-
ders harvest the energy in prey that is not directly available
to birds and mammals because it comes in small packages,
and convert that energy into salamander-size packages that
birds and mammals can consume. Both the small body size
of the salamanders and their high production efficiencies
are direct results of ectothermy (Pough 1980, 1983).

1.5 ® The Future of Amphibians
and Reptiles

Just as we are coming to appreciate the unique character-
istics of amphibians and reptiles, many species are facing
unprecedented threats to their survival, and some are al-
ready extinct. (For reviews see Gibbons et al. 2000; Lannoo
2005; Wake and Vredenburg 2008; Collins and Crump 2009;
Allentoft and O’Brien 2010; Reading et al. 2010; Bohm et
al. 2013.)

The current extinction rate of amphibians is more than
200 times the background extinction rate (McCallum 2007).
Incilius periglenes, the golden toad of Costa Rica (Figure
1.14), has the sad distinction of being one of the first well-
documented cases of extinction of an amphibian species.
This brightly colored montane toad was first described in
1967 (Savage 1967). At that time golden toads were abun-
dant, and they remained so for two decades. In 1987 more
than 1,500 toads gathered at the main breeding site, but in
1988 and 1989 only a single toad appeared at those pools.
Intensive surveys from 1990 to 1992 did not locate any
golden toads, and the species has not been seen since then
(Pounds and Crump 1994).

Figure 1.14 A recently extinct
amphibian species. This breed
ing assemblage of male golden
toads (Incilius periglenes) was pho-
tographed in the 1980s at Monte
Verde Cloud Forest Preserve, Costa
Rica. No individual of this species
has been sighted since the early
1990s, and it represents one of the
first fully documented cases of
modern-day extinction. (Photo-
graph © Michael & Patricia
Fogden/Corbis.)



Most of the anthropogenic (human-caused) pressures
faced by amphibians and reptiles confront other animals
as well, but aspects of the life history and ecology of am-
phibians and reptiles makes them particularly susceptible
to certain threats.

Habitat destruction and alteration caused by the in-
exorable increase in human population threatens many
populations and species of amphibians and reptiles (Hof
et al. 2011). Amphibians with complex life histories are
especially vulnerable. Not only do they have two critical
habitats—the aquatic breeding and larval habitat and the
terrestrial adult habitat—but they must also be able to
move between those two habitats.

* Many human activities release chemical pollutants into
the environment. Some of these pollutants are immedi-
ately toxic to amphibians and reptiles, whereas others
interfere with physiological processes or with embryonic
development and sex determination (e.g., Denoél et al.
2010; Hayes et al. 2010; James and Semlitsch 2011; Kar-
raker and Gibbs 2011; Moore et al. 2012; Wijesinge 2012).
Again, amphibians are especially vulnerable because of
their aquatic larvae and permeable skins.

Epidemic diseases are spreading more rapidly as the speed
and volume of global transportation increase. In the past
two decades fungal diseases have emerged as a threat to
the species diversity of animals and plants and to food
production for humans (Fisher et al. 2012). Global com-
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merce in African pipid frogs (Xenopus) for medical research
and American bullfrogs (Rana catesbeiana) to be farmed as
food may have contributed to the spread of a fungus, Ba-
trachochytrium dendrobatidis (Bd), that has infected anurans
around the world (Schloegel et al. 2012). Worse still, an-
thropogenic mixing of different strains of Bd has generated
a hypervirulent strain of the fungus (Farrer et al. 2011).

As ectotherms, amphibians and reptiles depend on the
environment to maintain body temperatures (Paaijmans
et al. 2013). For this reason, changes in temperature
could be detrimental to some species. Range distribu-
tions may change. Temperature-dependent sex determi-
nation could also be affected: an increase or decrease in
the temperature of nests could result in skewing the sex
ratio in populations of species with temperature-depen-
dent sex determination (Mitchell and Janzen 2010).

Habitat loss, pollution, and disease are not separate prob-
lems, and disentangling their interactions is challenging
(Blaustein et al. 2010; Buckley 2013). The responses that am-
phibians and reptiles can deploy in the face of these chal-
lenges include behavior, physiology, and even morphology
(Williams et al. 2008; Clusella-Trullas et al. 2011; Huey
et al. 2012). Multifactorial studies are required to identify
the mechanisms underlying the responses of populations
to these stresses (Blaustein et al. 2009; Buckley 2013), and
these studies must be based on an understanding of the bi-
ology of amphibians and reptiles—that is, on herpetology.

SUMMARY

M Our understanding of the biology of amphibians
and reptiles has increased greatly in the last three
centuries.

In the 18th century, Linnaeus lumped amphibians
and reptiles together, calling them “foul and loath-
some” and saying there are very few of them. Today
we know that amphibians and reptiles are as diverse
as birds or mammals, and that the unique character-
istics of some species make them model organisms
for modern biology.

M Extant amphibians include about 7,300 species in
three lineages.

Caudata (salamanders; 655 species) have elongated
trunks and tails and, in most species, four limbs.

Anurans (frogs and toads; 6,438 species) have short
bodies, no tails, and four well-developed limbs used
for walking, running, hopping, jumping, climbing,
burrowing, and swimming.

Gymnophiona (caecilians; 200 species) are elongated,
legless, burrowing, and aquatic animals.

M Because they share a unique common ancestor,
extant reptiles technically include the birds, but her-
petology focuses on four lineages of non-avian rep-
tiles, with a total of more than 10,000 species.

Testudines (turtles; 341 species) are distinguished by
the shell that encloses the trunk.

Rhynchocephalia is represented by a single species
(Sphenodon punctatus, the tuatara of New Zealand).
Squamates include the lizards (6,175 species) and
snakes (3,496 species).

Crocodylians (alligators and crocodiles; 25 species) are
mostly large, semiaquatic predators.

B Although historical accident is part of the reason
two lineages as phylogenetically distant as amphib-
ians and reptiles are combined in the specialty of
herpetology, the consequences of ectothermy, an
ancestral character retained in both groups, is criti-
cally important.

As ectotherms, amphibians and reptiles rely primarily
on environmental sources of heat for thermoregulation,
rather than on heat produced inside their bodies by
metabolism.
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As a result of ectothermy, the daily energy requirement
of an amphibian or reptile is only one-tenth to one-
seventh that of a bird or mammal of the same body
size, and because of this low energy requirement am-
phibians and reptiles differ from birds and mammals in
important ways:

* Most species of amphibians and reptiles are much
smaller than birds or mammals, with 10 gas a
convenient dividing line—that is, most species
of amphibians and reptiles are smaller than 10 g,
whereas most species of birds and mammals are
larger.

¢ Amphibians and reptiles are more efficient at
converting energy in their food into new tissue (i.e.,
secondary production) than are birds and mammals.
In general, amphibians and reptiles convert more
than 50% of the energy they ingest into new tissue
(growth and reproduction), whereas birds and
mammals convert less than 2% of that energy.

Small body size and efficient secondary production
allow amphibians and reptiles to occupy a distinct eco-
logical niche, consuming prey items that are too small
for birds and mammals and efficiently repackaging

the energy in their prey into organisms that are large
enough for birds and mammals to consume.

B Human activities are responsible for most of the
risks facing all forms of life, and features of their
ecology make amphibians and reptiles especially
vulnerable to certain threats.

Amphibians have the unfortunate distinction of be-
ing the tetrapod group with the highest proportion of
species (nearly one-third) in the categories at risk of
extinction in the 2014.2 IUCN Red List. More than 20%
of reptiles are at risk.

Habitat destruction and degradation resulting from

the pressures of human population increase threatens
many species of amphibians and reptiles. Amphibians
with complex life histories are especially vulnerable be-
cause they rely on both aquatic (larvae) and terrestrial
(adult) habitats, and must travel between the two.

The reliance of amphibians and reptiles on environ-
mental sources of heat and shelter from extreme tem-
peratures renders them vulnerable to the changes in
climate that are occurring on a global scale.

Interactions among risk factors can magnify their ef-
fects and increase the impact of climate change.

Q Go to the Herpetology Companion Website at sites.sinauer.com/herpetology4e
for links to videos and other material related to this chapter.


sites.sinauer.com/herpetology4e

Phylogenetic Systematics and the
Origins of Amphibians and Reptiles

lection of animals with evolutionary histories dating

back to the Early Carboniferous period. A phylo-
genetic perspective helps us visualize the relationships
among these organisms and interpret the evolution of
their physiological, morphological, and behavioral char-
acteristics. To gain this perspective, it is important to un-
derstand how phylogenies are created and used. Thus,
we begin with a brief review of phylogenetic systematics
and taxonomy and then use this framework to examine
the transition from fishlike aquatic vertebrates to the ear-
liest terrestrial tetrapods (from the Greek tetra, "four,” +
podos, "foot") and the origins of modern amphibian and
reptile groups.

Taxonomy is the science of categorizing, or classify-
ing, Earth's living organisms. A phylogeny is a hypothesis
of the evolutionary relationships of these categories of
organisms, usually presented in the form of a branching
diagram. Phylogenies, sometimes called cladograms or
phyiogenetic trees, are similar to human family trees in
that they show the splitting of an ancestor and its de-
scendants through time, but instead of several familial
generations, these splitting events cover millions to hun-
dreds of millions of years.

The appearance in 1966 of an English translation of
the work of the German biologist Willi Hennig was the
start of a revolution in the way evolutionary relationships
are analyzed. Hennig's method, known as phylogenetic
systematics or cladistics, emphasizes the importance of
monophyletic groups and shared derived characters. The
many terms used in phylogenetic systematics can be con-
fusing, but the concept of monophyly (from the Greek
mono, “one” or “single,” + phylon, "tribe”) is critical to
understanding any discussion of modern phylogeny and
taxonomy.

The extant amphibians and reptiles are a diverse col-

2.1 W Principles of Phylogenetics
and Taxonomy

Phylogenies are the basis of the taxonomic structure of rep-
tiles and amphibians. A taxon (plural taxa; from the Greek
tax, “to put in order”) is any unit of organisms given a for-
mal name. For example, the common five-lined skink (Ples-
tiodon fasciatus) from eastern North America is a taxon, as is
its entire genus (Plestiodon), the group containing all skinks
(Scincidae), and several more inclusive, larger taxonomic
groups (Squamata, Reptilia, Tetrapoda, Vertebrata, etc.) to
which it belongs. A monophyletic taxon, or clade, is made
up of a common ancestor and all of its descendant taxa.

Phylogenies can be depicted in a variety of styles (Fig-
ure 2.1). A node is the point at which a common ancestor
gives rise to two sister lineages, or branches. The region
of a phylogeny between two nodes is called a stem. The
stem is an important concept because the term is often
used when discussing extinct lineages. Depending on the
type of analysis used to infer the phylogeny, the length of
branches may represent the amount of genetic change or
be scaled with time and accompanied by a timescale. Such
a timescale is usually depicted in terms of the geological
eras and periods of Earth’s evolutionary history (Table 2.1;
Figure 2.2).

A phylogeny is one of the most powerful tools in biology.
With knowledge of a group’s phylogeny, we can track the
evolution of morphology, behavior, and ecology among the
organisms in that group. For example, both the mantellid
frogs of Madagascar and the dendrobatid frogs of Central
and South America are small, leaf-litter dwelling anurans
that are brightly colored and have evolved the ability to
secrete powerful defensive alkaloid toxins in their skin
(see Chapter 15). Both groups sequester many of the same
types of alkaloids (Clark et al. 2005), and both groups de-
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Figure 2.1 Common formats and termi- (A)
nology for presenting a phylogeny (clado-
gram). This simple phylogeny of four hypo-

Node

2

thetical taxa is shown in three different styles.
Taxa 1 and 2 form a clade, as do Taxa 3 and

4 and all four taxa together. Not shown are
numerous stem lineages between nodes A and
B (and others between A and C). These lin-

eages may be extinct or simply were not sam-
pled in the phylogenetic analysis. (A) Squared
horizontal presentation, read from left to right
with terminal taxa on the right. This is the

style used most frequently in this book. (B)

Squared vertical presentation, with terminal (B)
taxa at the top. (C) Diagonal presentation.

Stem branch

Taxon 1

rive these alkaloids from their prey, usually B
ants. With no phylogenetic information,
we would assume that these two groups

Clade
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> Sister taxa

Taxon 2

Taxon 3

Clade Sister branches

(lineages)

Taxon 2

Taxon 4
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N \/

4

Taxon3 Taxon 4

are more closely related to each other than
to other frog groups, and that the ability
to sequester defensive alkaloids from ar-
thropod prey evolved once in their com-
mon ancestor. However, phylogenetic analysis shows that
mantellids and dendrobatids are only distantly related, and
that both groups have close relatives that do not secrete de-
fensive alkaloids (Figure 2.3). Thus, sequestration of toxins
evolved independently in mantellids and dendrobatids, a
phenomenon known as convergent evolution.

In phylogenetic systematics, only clades—monophyletic
taxa—are formally recognized and given names. Follow-
ing this convention produces taxonomic groups that also
represent evolutionary history. For example, precladistic
taxonomy recognized birds and reptiles as separate taxa.
However, modern phylogenetic analysis has shown that
birds share a common ancestor with all the other reptile
taxa (crocodiles, lizards, snakes, tuatara, and turtles). In
other words, if we exclude birds from Reptilia, then Reptilia
is not monophyletic; in the context of phylogenetic system-

atics, Reptilia without birds is paraphyletic (from the Greek
para, “beside” or “except”) because it contains only some,
not all, of the descendants of the common ancestor of the
traditional reptiles (Figure 2.4).

A similar concept is polyphyly (from the Greek poly,
“many”), the situation in which a taxonomic group does not
contain the most recent common ancestor of all the mem-
bers of that group. For example, a hypothetical taxonomic
group comprising the endothermal (“warm-blooded”) ver-
tebrates—mammals and birds—would be polyphyletic be-
cause it would not include the most recent common ances-
tor of each group, birds and mammals having arisen from
different common ancestors (diapsids and synapsids; see
Section 2.5). Paraphyletic and polyphyletic groups are not
given formal taxonomic names but are sometimes named
informally, in which case the taxonomic name is put in quo-
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Ranoidea Mantellidae
(taxon origin ~65 mya)
Rhacophoridae
Microhylidae
Common Other ranoid frogs
ancestor ‘ 6
et Other hyloid frogs
L‘:?sigfb Dendrobatidae
<170 taya Hyloidea (taxon origin ~65 mya)
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Figure 2.3 Phylogeny reveals convergent evolution.

Both the Neotropical Dendrobatidae and the Madagascan
Mantellidae comprise small, brightly colored frogs that live

in leaf litter on the tropical forest floor, as seen in these photos
of typical species. Both dendrobatids and mantellids obtain
alkaloid toxins from the insects they eat and sequester these
toxins in their skin as a defense against predators. These
similarities could logically lead to the hypothesis that dendro-
batids and mantellids are sister taxa, and that sequestration

TABLE 2.1 ® The geological time scale®

‘ Other ranoid frogs

Era Period Epoch

Holocene ~11 kya

Quaternary 2.6 mya )
Pleistocene 2.6 mya

Pliocene 5.3 mya
Cenozoic

Miocene 23.0 mya
66.0 mya y
Tertiary 66.0 mya Oligocene 33.9 mya
Eocene 56.0 mya
Paleocene 66.0 mya
~ Cretaceous 145 mya
g/lf)ezsrzzyc:c Jurassic 201 mya
Triassic 252 mya
Permian 299 mya
Carboniferous 359 mya
Paleozoic Devonian 419 mya
541 mya  Silurian 444 mya

Ordovician 485 mya
Cambrian 541 mya

2 Dates are from Geological Society of America (2012) and represent the *

starting times of the intervals shown.

Dendrobates tinctorius

ability evolved a single time in their common ancestor. How-
ever, phylogeny reveals that these frogs belong to two distinct
evolutionary lineages—Hyloidea and Ranoidea—that sepa-
rated some 170 mya, and the defensive use of toxins evolved
independently in the two taxa. Solid triangles are shorthand
for multiple taxa; the complete anuran phylogeny is shown

in Figure 3.22. (Photographs: Mantella © All Canada Photos/
Alamy; Dendrobates © Dirk Ercken/Alamy.)

tation marks (as “Reptilia” in Figure 2.4B). Many research-
ers do not make a distinction between para- and polyphy-
letic and simply use the term non-monophyletic.

Because only monophyletic groups are given formal tax-
onomic names, many changes in the names of taxonomic
groups such as genera and species are the results of phy-
logenetic analysis showing that an existing named taxon
is not monophyletic. As with all scientific hypotheses, the
relationships depicted by a phylogenetic tree are subject to
falsification by new evidence or a better analysis of existing
evidence. Alternative hypotheses about evolutionary rela-
tionships are common, as we will see in this and the next
two chapters.

In some cases, groups that are clearly monophyletic
can be defined by shared derived characters (see below),
but it has not yet been possible to determine the sequence
in which the descendant lineages separated (e.g., neoba-
trachian frogs or pleurodont lizards; see Figures 3.22 and
4.12, respectively). When the branching sequence of three
or more lineages cannot be determined, that situation is un-
resolved and is called a polytomy (from the Greek tom, a
“cut” or “slice”). For example, iguanian lizards, anguimorph
lizards, and snakes form a polytomy because the phyloge-
netic interrelationships of these major clades remain unclear
(see Figure 4.12).

Before we discuss how phylogenies are constructed,
we wish to emphasize that the branching pattern of life is
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(A) Reptilia
Crocodylia

Aves

Testudines

Rhynchocephalia

Squamata

Mammalia

(B) “Reptilia”

Crocodylia

Aves

Testudines

Rhynchocephalia

Squamata

Mammalia

Figure 2.4 Definitions of Reptilia. (A) Modern phylogenetic
systematics includes Aves in a monophyletic Reptilia. (B) The
antiquated paraphyletic definition of Reptilia excludes Aves.

continuous whether a phylogeny includes extinct or extant
taxa, and there are numerous lineages that are not shown in
a phylogeny simply because we do not have any fossil evi-
dence of those lineages. Thus, for every branch of a phylog-
eny, there are countless other branches for which we have
no information, so no phylogeny can completely capture the
true diversity of life over Earth’s enire history.

Building phylogenies

Deciphering the phylogenetic histories of taxa is a surpris-
ingly complex task. Profound advances in how we construct
phvlogenies have been made since Hennig’s development
of cladistics. The use of DNA data and increasingly sophis-
ticated statistical methods of phylogenetic analysis (e.g.,
maximum likelihood and related Bayesian methods) have
been especially influential. In general, however, phyloge-
netic systematics uses characters to identify clades and to
discover the order in which they branched over evolution-
ary time. A character is simply any heritable trait and can
include morphology, behavior, physiology, DNA sequences,
and virtually anything else observable about organisms. A
derived character is a character that differs in form from its
ancestral character. For example, all amniotes (mammals
and reptiles) possess a specialized amniotic egg, which is
characterized by a tough shell and four structures called
extraembryonic membranes (see Chapter 9). This type of
egg is unique to amniotes, and because it evolved from an
egg that lacks a shell and extraembryonic membranes (the
ancestral state seen in fish and amphibians), the amniotic
egg is a derived character.

An ancestral character is also called a plesiomorphy
(from the Greek ples, “close to” + morph, “form”). A de-
rived character is an apomorphy (from the Greek ap, “away
from”). In other words, an apomorphy is a structure that
has moved away from the ancestral form. A derived char-
acter shared by two or more taxa is called a synapomorphy
(from the Greek syn, “together”), or shared derived char-
acter. Synapomorphies are evidence that taxa share a com-
mon ancestor—that is, they form a clade. The amniotic egg
is a synapomorphy supporting the monophyly of Amniota.
Additional examples of synapomorphies defining a clade
include the presence of a shell in turtles and the absence
of lungs that is characteristic of plethodontid salamanders.

Sometimes, as we saw in Figure 2.3, the same derived
character evolves independently in different groups; that
is, the character appears in two groups that do not share a
recent common ancestor. Derived characters arising from
such convergent evolution are called homoplasies (from the
Greek homo, “alike,” + plastos, “moulding”). For example, ec-
tothermy—relying on the environment rather than internal
mechanisms to regulate body temperature—is the ancestral
condition for all tetrapods. Both mammals and birds are en-
dotherms, which is a derived state. However, endothermy
is a homoplastic trait in the context of tetrapod phylogeny
because it evolved convergently (i.e., separately and inde-
pendently) in birds and mammals—it is a derived character
in both groups, but it is not a shared derived character.

Although plesiomorphies do not provide any informa-
tion about evolutionary relationships, this does not mean
they are unimportant. On the contrary, ancestral characters
can be profoundly important in how an animal lives. Ec-
tothermy is plesiomorphic for amphibians and reptiles and
has ramifications in many aspects of their ecology and be-
havior. Thus, it is essential to understand the mechanisms
and implications of ectothermy to understand the biology
and ecology of salamanders and lizards, even though the
fact that both salamanders and lizards are ectotherms does
not provide any information about the evolutionary rela-
tionship of these two groups.

To further confuse matters, a given character may be
seen as either a plesiomorphy or a synapomorphy, depend-
ing on the taxonomic scale. For example, the shell is a sy-
napomorphy of turtles, evidence that turtles form a clade
relative to all other reptiles. However, if one is interested
in the interrelationships of the different turtle lineages, the
presence of a shell is not informative because all turtles
have the ancestral condition of a shell; in this case, the shell
is a plesiomorphy.

The examples of characters given above are all aspects of
an organism’s physical phenotype and are called morpho-
logical or phenotypic characters. Before scientists had the
ability to collect biochemical data such as DNA, morpho-
logical characters were the only data used for phylogenetic
construction. Morphological data—typically features of the
skeleton—are usually the only data available from fossils
of extinct taxa. The collection of morphological data has



2.1 ® Principles of Phylogenetics and Taxonomy 23

been greatly aided by X-ray microtomography that allows
the scanning of three-dimensional images of skeletons and
even of fossils embedded in rock.

Just as the morphology of organisms changes over time
and leaves signatures of evolutionary history, so too does
DNA. The vast majority of phylogenetic analyses of extant
taxa today rely on differences in DNA characters among
taxa. Mutations in DNA that substitute one nucleotide for
another (e.g., adenine for guanine) occur in all lineages of
life. Modern phylogenetic analysis tries to determine the
sequence in which these substitutions occurred over evolu-
tionary time, and therefore the sequence in which lineages
split from other lineages.*

The most obvious advantage to using DNA data for phy-
logenetic reconstruction is the number of characters one
can analyze. With the vast numbers of genes for which
DNA sequences are available, and the ever increasing num-
ber of organisms for which complete genomes have been
sequenced, it is now easy to obtain thousands or hundreds
of thousands of characters rather than the tens to hundreds
of characters used in phylogenetic analyses based on mor-
phological data. The use of DNA also allows a researcher
to study evolutionary questions that would be difficult to
answer with only morphological data. For example, DNA
sequence analysis allows one to study the phylogenetic his-
tory of species that have few visible phenotypic differences
(known as cryptic species). Analysis of DNA can also de-
termine whether two populations of a species have recently
or are currently exchanging genes, or if both populations
are reproductively isolated from each other, and thus may
be on the road to becoming distinct species. DNA data can
rarely be collected from fossils, however, so studies incor-
porating extinct taxa must rely on morphological data col-
lected from fossil specimens.

Rank-free taxonomy and phylogenetic
nomenclature

Many students may recall having memorized the hierarchi-
cal Linnean ranks (kingdom, phylum, class, order, family,
genus, and species), but there is an increasing trend in mod-

*The details of how phylogenies based on DNA data are constructed are
fascinating but beyond the scope of this brief overview. Specialized cover-
age can be found in a number of sources, including Felsenstein 2003, Hall
2011, and Baum and Smith 2013.

Figure 2.5 Node-based versus stem-based
taxonomic names. The node-based name
Tetrapoda (red) is a crown group defined by the
node that represents the common ancestor of
Acanthostega and all extinct and extant tetrapods
(the amphibians, mammals, and reptiles). The
stem-based name Tetrapodomorpha (blue) includes
the crown group (i.e., Tetrapoda) and all taxa—
including extinct lineages—that are more closely
related to Tetrapoda than to lungfish.

Stem, including
all extinct lineages;
stem age ~420 mya \

ern taxonomy to use rank-free taxonomic names above the
genus level. Thus, instead of referring to the Class Reptilia,
we simply say Reptilia.

There are multiple reasons for adopting rank-free tax-
onomy. The first is that Linnean ranks are not comparable
with respect to either diversity or time. For example, the
amphibian lineage Cryptobranchidae (giant salamanders)
is approximately 175 million years old and contains 3 extant
species, but the lineage Bufonidae (true toads) is less than
50 million years old and contains almost 600 species. In this
case, to rank both these lineages as families has no mean-
ing in terms of biological diversity. Second, because we now
have substantial amounts of phylogenetic information (in-
cluding DNA sequences) for many organisms, especially
vertebrates, taxonomists can make highly detailed taxono-
mies, to the point of naming every node on a phylogeny.
Using the more inclusive Linnean ranks in this situation
quickly becomes cumbersome because of the proliferation
of rank prefixes such as magnaorder, infraclass, superfam-
ily, and so on. In other words, the meaningful part of a taxo-
nomic name is the name itself, not the Linnean rank.

This book uses a mostly rank-free taxonomy, although
we do refer to families and subfamilies, primarily because
these terms have long been used for higher-level taxonomy
and continue to be used extensively in scientific literature.
As in all taxonomic literature, whether Linnean or rank-
free, we specify genus and species.

The proliferation of phylogenetic information has also
changed how we define taxonomic groups, specifically the
use of node-based and stem-based definitions of taxonomic
names. A node-based definition names a group that in-
cludes the most recent common ancestor of at least two taxa
(called specifiers) and all of its descendants. This type of
group is also sometimes called a crown group. For example,
the name Tetrapoda defines a taxonomic group that con-
tains the common ancestor of mammals, reptiles, lissam-
phibians, and the extinct Acanthostega, and all of its descen-
dants (Figure 2.5). This group contains all extant taxa, plus

E Reptlle:-

Mammals

Amphibians

Node age ~400 mya
\ Ichthyostega

n Tetrapoda
Acanthostega

Tetrapodomorpha

Eusthenopteron

Lungfish
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any extinct relatives of extant lineages (e.g., fossil reptiles
and mammals). It does not include any stem lineages (see
below) that diverged before the split between Acanthostega
and other tetrapods.

The alternative to a node-based definition is a stem-
based definition. In phylogenetic terms, stem lineages
are those that diverge before the crown group. Stem-based
definitions also use specifier taxa, but instead of identi-
fying a specific node in the tree, a stem-based definition
defines a group more closely related to at least one taxon
than another. For example, Tetrapodomorpha is a stem-
based name defining all organisms more closely related to
extant tetrapods (Tetrapoda) than to lungfish (see Figure
2.4). It includes Tetrapoda and all lineages that arose on
this branch of the phylogeny after it split with the ancestor
of extant lungfish. In other words, a stem-based definition
includes the crown group and lineages that diverged before
the crown group.

There is a third type of taxonomic definition, called an
apomorphy-based definition, that includes members of a
group that all share a specific apomorphy. However, this
definition is rarely used.

Discovering and describing new species

A fundamental goal of taxonomy is discovering and de-
scribing new species, and this continues to be an active
field of herpetology. For example, approximately 1,800
species of amphibians were described between 2004 and
2013 (see amphibiaweb.org), representing about 25% of all
named, extant species. Much of this biodiversity has been
discovered in tropical forests, especially in South America,
equatorial Africa, Southeast Asia, and Madagascar (see
Chapter 5).

Both historically and today, the species discovery process
often begins when a researcher finds a group of organisms
in the wild that differs in some way from existing species.
Most often these are morphological differences; in reptiles
they can be such characters as color or scale patterns. For
frogs, advertisement calls are important because they are
strong predictors of reproductive isolation (see Chapter 13).
The researcher then compares the potential new species to
other presumably closely related species to assess whether
there are enough consistent, distinctive differences to war-
rant recognizing a new species. If so, the species is officially
described using a strict set of rules governed by the Interna-
tional Code of Zoological Nomenclature (ICZN). A single
specimen is designated as the holotype, and it serves as
the individual that possesses all the characters of that spe-
cies. The holotype, and any other individuals collected with
it, must be deposited in a museum that other researchers
can access in the future. The species must be described in
a scientific journal in an article that defines the holotype
and that provides a unique binomial species name (typically
Greek or Latin), the meaning of the name, a morphological
description of the new species, and an explanation of how
this new species differs from other species.

- A large measure of subjectivity remains in the species
description process, and can be summed up by the ques-
tion “How much difference is enough to call the organism
a new species?” The answer is left up to the researchers
and can depend on which of several definitions of species,
or species concepts, they use (see Coyne and Orr 2004).
It is useful to think of a species as a testable hypothesis
subject to falsification by further data rather than as an
immutable form. Species are sometimes no longer recog-
nized when additional data, especially DNA data, reveal
that a recognized species is not consistently different from
other species.

Some lineages do not fit comfortably into binomial tax-
onomy. For example, some Ambystoma salamanders, as
well as several species of lizards, are composed entirely of
females that reproduce clonally (i.e., as matrilineages). In
practice, they are named as species (e.g., Aspidoscelis neo-
mexicana, a tetraploid hybrid between two species of whip-
tail lizard; see Figure 9.5), but they do not fit the biological
species definition of a group of actually or potentially in-
terbreeding organisms. Each individual reproduces parthe-
nogenetically, and there is no exchange of genetic material
among the members of this unisexual species.

Molecular data and species identification

Since the advent of DNA sequencing in the late 20th cen-
tury, DNA data have profoundly changed how we identify
new species. Researchers can compare DNA sequences to
determine whether an organism is similar to an existing
named species. This can be a complex process, and a thor-
ough discussion is beyond the scope of this chapter (see
Fujita et al. 2012; Leaché et al. 2014), but researchers typi-
cally use a phylogenetic analysis of the DNA to determine
if individuals from a putative new species are part of clades
formed by other known species.

For example, a researcher may discover one or more
populations of lizards with a unique brown body coloration
that differs from the green body coloration seen in another,
physically similar and presumably closely related, species.
If a phylogenetic analysis of DNA shows that the brown
lizards are a lineage derived within the clade of already
described green species, the researcher may conclude that
the brown animals are not a new species but represent a
color polymorphism of the existing green species (Figure
2.6A). However, if the phylogenetic analysis of DNA shows
that the brown and green populations are genetically dis-
tinct and form reciprocal monophyletic groups, then the re-
searcher may describe the brown morphs as a new species
(Figure 2.6B).

DNA data may also show large genetic differences be-
tween populations of an already described species, but
there may be no diagnosable morphological characters that
distinguish them. Are these morphologically indistinguish-
able animals multiple cryptic species rather than a single
species? A growing consensus holds that DNA data alone
can be used to delimit species because genetic divergence
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Figure 2.6 Discovering (A)
new species using phy-
logenetic data. (A) The
newly discovered popula-
tions of brown lizards are
derived from within the
green species phylogeny 3
and could be interpreted as
simply color variants of the
green species. (B) The brown
and green lizards form recip-
rocal monophyletic groups
and are good candidates to
be described as two species.

is evidence of the reproductive isolation of populations. In
other words, although we humans may not be able to tell
two species apart, each species recognizes individuals of its
own species as distinct from those of other species.

2.2 W Evolutionary Origins and
Processes of Amphibian and
Reptile Diversity

In this section we discuss the origins of terrestriality from
aquatic ancestors and the subsequent diversification of
amphibian and reptile groups, many of which are extinct
and have left no descendants living today. Throughout this
discussion, you may find it useful to refer to Figure 2.2 and
Table 2.1, which describe the geological time periods we
frequently refer to. It is also important to understand that,
for every group of animals that we discuss here and in
Chapters 3 and 4, there are countless extinct stem lineages
that we do not discuss.

As we noted in Chapter 1, inclusion of organisms as dif-
ferent as frogs and crocodiles in the discipline of herpetol-
ogy is partly historical accident and partly recognition that
the shared ancestral character of ectothermy creates impor-
tant functional similarities among the groups. Although we
discuss taxonomic groups separately, remember that many
of these extinct groups, or ancestors of extant groups, were
contemporaneous and formed ecological communities that
were functionally equivalent to those we see now. If you
wade through a swamp today, you will see a variety of am-
phibians and reptiles, including some that are fully aquatic
or terrestrial; small, gracile insectivores; and large, plodding
herbivores. You might hear amphibians calling and watch
lizards aggressively defending their territory. If you could
have made the same walk in a Late Carboniferous forest,
vou would have experienced the same phenomena, but you
would have been watching the earliest relatives of modern
amphibians and reptiles, along with organisms from lin-
eages that subsequently became extinct and have no direct
descendants today.
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The numerous taxonomic names are the most frustrating
aspect of discussing both extinct and extant diversity. We
have limited our discussion to those groups that are criti-
cal to understanding amphibian and reptile diversity (Table
2.2). It is useful to visualize these groups on the phyloge-
netic tree to understand how they are related (Figure 2.7).

The ecological transition from water to land

Before discussing the origins of terrestrial tetrapods, it is
necessary to understand the many challenges of transi-
tioning from an aquatic to terrestrial mode of life and how
morphological and physiological adaptations to land were
shaped by natural selection. A major difference between
living in water and on land is the effect of gravity on the
skeletal system. Changes in the body forms and propor-
tions of early tetrapods are coincident with changes in the
skeleton and reflect increasing support for life on land.

Fish have a comparatively weaker skeleton than tetra-
pods because a fish’s buoyancy counteracts the down-
ward force of gravity and there is little selective pressure
to evolve robust skeletons, even in large fish. In contrast,
terrestrial animals must support their entire mass against
the force of gravity, and thus the most obvious adaptations
to living on land are seen in the skeleton and associated
musculature, especially in the vertebrae, limbs, and pec-
toral and pelvic girdles—the bony structures that support
the forelimbs and hindlimbs (see Figure 2.8). Terrestrial
animals have robust, interlocking vertebrae that can bear
the weight of the entire axial skeleton, organs, and muscles
of the trunk. These limb girdles must be large enough to
support the body mass and configured to allow the limbs
to move. Finally, one or both sets of limbs must have the
strength to move the animal.

The evolution of terrestrial feeding modes need not
have involved radical reorganization of the ancestral feed-
ing apparatus, but only the addition of components associ-
ated with terrestriality. Some modern tetrapods (e.g., some
salamanders) migrate annually between a terrestrial and an
aquatic medium, using the tongue to acquire food on land
and suction feeding in water. Experiments show that the
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TABLE 2.2 ® Major extant taxonomic groups in the evolution of amphibians and reptiles

Sarcopterygii: Bony fish with fins or limbs supported internally by bones and intrinsic musculature.
Sarcopyterygii arose in the Late Silurian and includes Actinistia, Dipnoi, and Tetrapoda.

Actinistia: A diverse group of fish extending back to the Paleozoic, now represented by only two species of

coelacanths (genus Latimeria).

Dipnoi: Three genera of extant lungfish in Africa, South America, and Australia, as well as diverse fossil

species extending well back to the Paleozoic.

Tetrapoda: Vertebrates with four limbs. Includes Lissamphibia, Amniota, and the extinct Acanthostega and

all of its descendants.

Lissamphibia: Anura (frogs), Caudata (salamanders), and Gymnophiona (caecilians). We use Lissamphibia
for the clade name and informally refer to them by the more common term amphibians.

Amniota: Vertebrates with (ancestrally) a shelled egg and four extraembryonic membranes.

Synapsida: Mammalia (mammals) and extinct non-mammalian fossil species

Diapsida: Includes all extant Reptilia as well as several extinct lineages.

Archosauria: Testudines? (turtles), Crocodylia (alligators, crocodiles, and gharials), and Aves® (birds).

Lepidosauria: Squamata (lizards and snakes) and Rhynchocephalia (tuatara).

*The inclusion of Testudines in Archosauria is debated (see Section 2.7).

° Aves is included because this clade is nested deep within the archosaur branch of Reptilia. Among extant amniotes, birds are the
closest relatives of crocodylians. Neither birds nor mammals are subjects of this textbook.

mechanics of this transition in feeding mode are quite sim-
ple. Terrestrial adult salamanders retain the basic structural
and functional components of their larval feeding system
and simply add components (such as a tongue) for feed-
ing on land (Lauder and Reilly 1994). Both feeding modes
are possible for adult salamanders that passed through an
aquatic larval stage.

Preventing desiccation is critically important in the dry-
ness of the terrestrial environment. While this challenge
can be met by staying close to water (as many modern am-
phibians do), other adaptations are necessary for an animal
to remain terrestrial for extended periods of time. This has
been achieved by the evolution of wax-producing glands in
the skin of amphibians and increased keratinization and
lipids in the skin of amniotes.

Gills are not suitable for terrestrial life because the gill
filaments collapse onto each other when they are not sup-
ported by water, drastically reducing the surface area avail-
able for gas exchange. Terrestrial gas exchange occurs via
the skin, buccopharynx, and lungs. We know from examin-
ing modern lungfish that it is possible to possess both func-
tional gills and lungs, and lungs are an ancestral character
of tetrapods.

Many other functional and anatomical changes re-
quired for the evolution of terrestriality have left no evi-
dence in the fossil record. Sensory systems, in particular
the eves and ears, would have changed to accommodate
differences in the transmission of sensory signals through
air and water (e.g., Fritzsch et al. 2013). The evolution of

terrestrial hearing, including a stapes associated with a
tympanum, seems to have occurred later in land vertebrate
evolution than in Acanthostega and Ichthyostega, two early
aquatic tetrapods. By the time temnospondyls appeared
some 30 million years later (see Figure 2.7), the structure
of the hearing apparatus approached that of extant sala-
manders (Christensen et al. 2015).

It is important to note that these suites of morphological
and physiological adaptations did not have to evolve at the
same time. The earliest tetrapods would have made very
brief forays out of water, and thus any of the above adapta-
tions would have conferred a small selective advantage. Ac-
cumulation of small changes over millions of years would
have ultimately allowed tetrapods to occupy terrestrial
environments.

The transition from fish to tetrapods

Morphological, paleontological, and molecular phylogenetic
studies show that tetrapods arose from sarcopterygian fish
ancestors. Sarcopterygian (from the Greek sarc, “fleshy,” +
pterys, “fin” or “wing”) fish, including modern lungfish and

Figure 2.7 Phylogeny of Tetrapodomorpha. This phylo- p
geny includes the lineages discussed in the chapter text; count-
less extinct stem lineages are not depicted. Node ages are esti-
mates derived from Ruta and Coates 2007, Anderson et al. 2008,
Shedlock and Edwards 2009, Sigurdsen and Bolt 2009, Jones et
al. 2013, and Benton 2014.
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coelacanths, have fins that articulate with the limb girdles
via a single bone. In tetrapods this same bone develops into
the humerus of the arm and the femur of the leg. In evolu-
tionary terms, we call these structures homologous because
they are both derived from the same fundamental struc-
ture. Although tetrapods, lungfish, and coelacanths share
a common ancestor, neither of the latter two fish groups
resembles the earliest ancestors of tetrapods because both
have undergone more than 400 million years of independent
evolution and developed their own unique traits. Thus, fossil
data provide the strongest clues to the origin of tetrapods
and the ecological context in which they evolved.

Before continuing, recall the distinction between stem-
and node-based taxonomic names (see Section 2.1). The
stem-based clade Tetrapodomorpha includes all taxa that
are more closely related to modern amphibians, reptiles,
and mammals than to lungfish (see Figure 2.5). This clade
includes modern tetrapods and their more fishlike fossil
ancestors. The definition of Tetrapoda has changed over
the years (see Laurin 2002; Laurin and Anderson 2004)
but is now most commonly used as a node-based name
for the clade containing the ancestor of Acanthostega and
all descendants of this common ancestor: modern-day am-
phibians, reptiles, and mammals, including extinct lineages
such as Ichthyostega.

Interest in tetrapod origins has generated a rich litera-
ture with the identification of numerous extinct lineages
and hypotheses of their phylogenetic relationships. Below
we discuss only a selection of fossil taxa most relevant to
the origin and evolution of tetrapods (see Schoch 2014 for
a comprehensive review).

Early tetrapodomorphs

Tristopterid and elpistostegalid fish are the most important
extinct lineages for understanding the evolution of early
tetrapodomorphs. Eusthenopteron, a tristopterid, was a large
(up to 1.8 m) predatory fish that inhabited shallow marine
or estuarine waters in the Late Devonian (385-380 million
years ago). Eusthenopteron is notable because its teeth have
extensive folding of enamel (labyrinthodont dentition) like
those of other early tetrapods. More important, its pectoral
and pelvic fins contain bones homologous to the radius,
ulna, tibia, and fibula of modern tetrapods (Figure 2.8A).
Eusthenopteron was probably fully aquatic (Clack 2002; Lau-
rin et al. 2007).

The Late Devonian (~385 mya) elpistostegalid fish
Panderichthys (Figure 2.8B) was contemporaneous with
Eusthenopteron and displayed more tetrapod-like features
(Boisvert 2005; Boisvert et al. 2008). Its body was dorso-
laterally flattened and lacked dorsal and anal fins, and the
tail fin was greatly reduced. Its pectoral girdle was more
robust than that of Eusthenopteron, and Panderichthys may
have walked on the bottom of shallow water bodies. Its eyes
were located dorsally on a rather crocodile-like skull, and
Panderichthys may have foraged at the water surface. More-

over, the middle-ear architecture of Panderichthys shows
modifications that may represent the early transition to a
tetrapod-like middle ear (Brazeau and Ahlberg 2006).

The elpistostegalid Tiktaalik (Figure 2.8C) has been pro-
foundly important to interpreting the transition from water
to land in early tetrapodomorphs (Daeschler et al. 2006). Al-
though distinctly a fish that inhabited shallow water bodies,
Tiktaalik possessed a suite of morphological characters that
represents a transitional stage between aquatic and terres-
trial modes of living. Tiktaalik lacks the bony sheath (opercu-
lum) that covers the gills in other fish. This change is func-
tionally important because loss of the operculum eliminates
the rigid connection between the body and head, creating
a flexible neck. Thus, Tiktaalik could probably raise its head
out of the water and turn it from side to side. Perhaps more
important, the pectoral and pelvic girdles were stronger than
those of other tetrapodomorph fish, thus allowing Tiktaalik to
prop itself up on its fins, use them for aquatic propulsion, and
maybe even make brief terrestrial forays along the water’s
edge (Shubin et al. 2006, 2014).

Early tetrapods

Even casual observation reveals that the skeletons of Acan-
thostega (Figure 2.8D) and Ichthyostega (Figure 2.8E), ani-
mals that lived during the Late Devonian (~365 mya), were
far more like our own terrestrially adapted skeletons than
the skeletons of fish. They had well-developed pectoral and
pelvic girdles and distinct neck regions that allowed move-
ment of the head independent of the trunk. They also pos-
sessed limbs with bony digits—seven on the hindlimb of
Ichthyostega (the forelimb of Ichthyostega is unknown) and
eight on both the forelimb and hindlimb of Acanthostega
(Coates and Clack 1990). Ichthyostega had additional skeletal
modifications that suggest partially terrestrial habits (Pierce
et al. 2013). For example, the pectoral and pelvic girdles of
Ichthyostega were far more robust than those of Acanthostega
(Coates 1996), the elbow was bendable (Pierce et al. 2012),
the vertebral column was reinforced by strong connections
between vertebrae (zygopophyses), and the ribs were ex-
panded and overlapping, thereby forming a distinct rib cage.

All of these features suggest that Ichthyostega could drag
itself out of the water with its forelimbs (the hindlimbs were
smaller and more paddlelike) and support its weight in ter-
restrial environments, although it not possible to know how
long it could remain out of the water. Like lungfish today,
these genera probably had lungs, but they also retained
fishlike internal gills and were primarily aquatic (Coates
and Clack 1991; Clack et al. 2003).

In summary, a 20-million-year time span in the Late
Devonian saw a dramatic transition from fully aquatic fish
to animals with structures found in all tetrapods today. Al-
though these features initially evolved in response to selec-
tive pressures specific to inhabiting shallow water bodies,
they provided the basic building blocks that eventually al-
lowed tetrapods to invade and diversify on land.
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(A) Eusthenopteron

(B) Panderichthyes

(C) Tiktaalik

(D) Acanthostega
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Figure 2.8 Reconstructed skeletons and limbs of extinct
tetrapodomorphs and tetrapods. The reconstructed dorsal
view of the forelimb of each species is shown, except for Ichthyo-
stega (E), whose hindlimb is shown (the forelimb is unknown

for this genus). Homologous bones are color-coded. (A,D after
Coates et al. 2008; B after Boisvert 2005; C after Coates et al.
2008, Shubin et al. 2014; E after Coates and Clack 1990.)

2.3 W Three Hypotheses for the
Origin of Extant Amphibians

Extant amphibians (caecilians, frogs, and salamanders)
form a clade named Lissamphibia (see the diphyly hy-
pothesis below for a different interpretation). The origin of
Lissamphibia has been debated for decades and continues
to produce copious literature. The debate centers around
whether caecilians, frogs, and salamanders are derived
from one or both of two early tetrapod lineages, temno-
spondyls and lepospondyls (Figure 2.9). As with tetrapod
origins, we do not discuss the many other stem amphibian
lineages (see Schoch 2014 for an extensive review).

The temnospondyl hypothesis

The most widely accepted hypothesis for the origin of ex-
tant amphibians is that they form a clade (Lissamphibia;
see Section 2.4) and are derived from temnospondyl an-
cestors (Milner 1988, 1993), specifically the Dissorophoidea
(see Figure 2.9A) (e.g., Ruta and Coates 2007; Sigurdsen and
Bolt 2009, 2010; Sigurdsen and Green 2011).

Temnospondyls (from the Greek temn, “cut,” + spondyl,
“vertebra”) are so named because the centrum (body) of
their vertebrae consists of two distinct regions that sur-
round the notochord (Figure 2.10A). The intercentrum is a
wedge-shaped ventral structure, and the pleurocentra are
two wedge-shaped dorsal structures.

Temnospondyls are represented by almost 200 genera
from the Early Carboniferous to the Middle Cretaceous
(~330-130 mya). They ranged in length from a few centi-
meters to a few meters. Many species were crocodile-like,
with large, flat skulls and dorsally positioned eyes. Mast-
odonsaurus, which grew to 6 m and had two massive fangs
on the mandible, is an extreme example of this phenotype
(Figure 2.11A). The teeth of temnospondyls are labyrin-
thodont, a condition seen in other tetrapodomorphs (e.g.,
Eusthenopteron). Temnospondyls inhabited both freshwater
and marine habitats. (See Ruta et al. 2007 and Schoch 2013
for information about the phylogenetics of Temnospondyli.)

Numerous characters support a temnospondyl origin of
Lissamphibia. Both groups have, among other characters,
pedicellate teeth (see Section 2.4), wide openings in the
palate that permit retraction of the eye into the skull, two
occipital condyles on the skull that articulate with the first
cervical vertebra (the atlas), and short ribs.

The lepospondyl hypothesis

Some phylogenetic studies support the origin of a mono-
phyletic Lissamphibia within lepospondyls, usually within
a paraphyletic assemblage of small, lizardlike animals called
“microsaurs” (see Marjanovi¢ and Laurin 2009, 2014). Unlike
the divided three-part vertebrae of temnospondyls, the verte-
brae of lepospondyls consist only of a centrum (derived from
the pleurocentrum) fused with the neural arch into a single
unit (Figure 2.10B). Lepospondyls comprise about 60 genera
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Figure 2.9 Three hypotheses for the origins of modern
amphibians. (A) The temnospondyl hypothesis followed in
this book postulates that modern amphibians—salamanders,
frogs, and caecilians—form the clade Lissamphibia and are
derived from temnospondyl amphibian ancestors, most likely
the Dissorophoidea. (B) The lepospondyl hypothesis states that
Lissamphibia is derived from lepospondyl amphibian ancestors,
most likely “microsaurs.” (C) The diphyly hypothesis states that
Lissamphibia is not monophyletic and that frogs and salaman-
ders are derived from temnospondyls whereas caecilians are
derived from lepospondyls.
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Figure 2.10 Vertebrae distinguish temnospondyls and
lepospondyls. (A) The vertebrae of temnospondyls consist
of a wedge-shaped ventral structure, the intercentrum, and two
dorsal pleurocentra (the second pleurocentrum is behind the
notochord in this view). (B) In lepospondyls, the intercentrum,
pleurocentra, and neural arch are fused into a single structure.

from the Early Carboniferous to the Early Permian (~340-275
mya). Aistopods and lysorophids were nearly or entirely
limbless, nectrideans were aquatic with strongly compressed
tails, and “microsaurs” had a variety of body forms. In con-
trast to many temnospondyls, lepospondyls were small ani-
mals with skulls typically no longer than 5 cm (Figure 2.11B).
However, one of them—Diplocaulus—is famous for its large
(~35 cm) boomerang-shaped head and large body (up to
1.5 m). Probably a flap of skin extended from the head to the
sides of the body. This unusual structure may have been a
hydrofoil to aid swimming, or a way to increase the surface
area for cutaneous gas exchange (Cruickshank and Skews
1980), although these and other hypotheses, such as sexual
selection, are not mutually exclusive. (See Anderson 2001 for
information on the phylogenetics of Lepospondyli.)

Both lissamphibians and lepospondyls lack numerous
bones of the skull, including the ectopterygoid and post-
orbital bones, as well as the cleithrum from the pectoral
girdle. These losses may be interpreted as synapomorphies
that support inclusion of both groups in a clade. A study
that included morphological data for both extinct and ex-
tant taxa and molecular data for extant taxa also supports
the lepospondyl hypothesis (Vallin and Laurin 2004; Pyron
2011). However, it is worth noting that only Vallin and Lau-
rin’s (2004) data support the lepospondyl hypothesis, and it
is unclear whether Pyron’s (2011) results would differ if al-
ternate data sets that support the temnospondy! hypothesis
were used. Moreover, loss of skull bones is often correlated
with the evolution of miniaturization, a common phenom-
enon in numerous groups of amphibians (see Section 2.4).

The diphyly hypothesis

The diphyly (from the Greek di, “two”) hypothesis of lis-
samphibian origin is a hybrid between the temnospondyl
and lepospondyl hypotheses and proposes that Lissam-
phibia is not monophyletic (Carroll 2007, 2009; Anderson
2008). It proposes that frogs and salamanders are derived
from dissorophoid temnospondyls and that caecilians are
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(B) Lepospondyls
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Figure 2.11 Temnospondyls and lepospondyls of the Late
Paleozoic. (A) Two representative temnospondyls. Mastodon-
saurus was huge and superficially resembled a crocodylian. The
much smaller Cacops was a more typical size temnospondyl. (B)
Two lepospondyls. The unique head shape of Diplocaulus may

derived from lepospondyl “microsaurs” (see Figure 2.9C).
An important fossil supporting the diphyly hypothesis is
that of the caecilian Eocaecilia. Some studies have sug-
gested that Eocaecilia, and therefore modern caecilians, are
derived from lepospondyl ancestors (e.g., Carroll 2007; An-
derson et al. 2008). However, a recent X-ray microtomogra-
phy analysis of the skull of Eocaecilia (see Figure 3.65) has
revealed additional characters that reject the diphyly hy-
pothesis and instead support a monophyletic Lissamphibia
derived from temnospondyls, a hypothesis also supported
by inner ear structure and other phylogenetic analyses
(e.g., Sigurdsen and Green 2011; Maddin and Anderson
2012; Maddin et al. 2012). Thus, the diphyly hypothesis is
not widely accepted.

These alternative hypotheses do not affect our concept
of relationships among extant tetrapods; they apply only
to interrelationships among extant and fossil taxa. None-
theless, these alternative phylogenetic hypotheses bear
critically on the interpretation of evolutionary processes
involved in the evolution of lissamphibians (Bolt 1977,
1979; Laurin 1998).

Why do different analyses support different
hypotheses of lissamphibian origins?

Perhaps the most important cause of the lissamphibian
origins debate is also a frustrating aspect of almost all
phylogenetic analyses of paleontological data—the in-
complete fossil record. The fossil record of early caecilians,

Microbrachis, 14 cm

have helped the animal glide through the water. The tiny Micro-
brachis may have appeared similar to some modern salaman-
ders. The graph, keyed to the colored bars beneath the skel-
etons, shows the relative sizes of the animals compared with a
very tall adult human. (After Bolt 1977; Schloch 1999.)

Carboniferous stem tetrapods, and early lissamphibians
from the Permian-Jurassic boundary is extremely poor.
As aresult, relationships at these regions of the phylogeny
may be ambiguous or highly variable across studies simply
due to lack of data.

There is discrepancy between molecular and paleonto-
logical age estimates of Lissamphibia. Molecular divergence
age estimates generally support a Late Carboniferous age
of Lissamphibia (~315-300 mya) (San Mauro 2010; Pyron
2011). However, divergence ages based on fossil data sug-
gest a much younger age, in the Late Permian (~260-255
mya) (Marjanovi¢ and Laurin 2014). However, there is a
frustrating 30-million-year gap (called Romer’s Gap) be-
tween the appearance of Acanthostega, Ichthyostega, and Tik-
taalik in the Late Devonian and the explosion of tetrapod
diversity in the Early Carboniferous. This period is critical
for understanding early amphibian and amniote evolution,
for it is when several tetrapod groups—including temno-
spondyls, lepospondyls, and the earliest amniotes—appear
in the fossil record.

The wildly varying quality of fossil preservation is an-
other factor that accounts for different results from phyloge-
netic studies of fossil taxa. While there are some exception-
ally well preserved fossils with fully articulated skeletons,
fossil specimens are usually incomplete, or the skeleton is
crushed and in multiple pieces. Therefore, not all relevant
morphological characters may be identified in every speci-
men, and researchers may disagree in their identification
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of certain characters that affect phylogenetic reconstruc-
tion (e.g., McGowan 2002; Marjanovi¢ and Laurin 2008). In
addition, researchers must determine whether a fossil has
enough identifiable characters to be included in an analysis,
and the choice of specimens, taxa, and characters strongly
influences phylogenetic results. As with the origins of tet-
rapods, a better resolution of the origin of Lissamphibia
awaits more fossil discoveries.

2.4 W Relationships among Extant
Lissamphibian Lineages

Given the controversy concerning the relationships be-
tween lissamphibians and Paleozoic amphibians, it should
not be surprising that relationships among frogs, salaman-
ders, and caecilians have also been debated extensively.
Although most morphological studies support the sister
relationships between frogs and salamanders (Batrachia),
researchers have also found putative derived morphological
characters that support salamander + caecilian or frog +
caecilian clades (Trueb and Cloutier 1991; Jenkins and
Walsh 1993; McGowan and Evans 1995; Laurin 1998a).
Because of the highly derived morphology of the three liss-
amphibian groups, it is often difficult to apply morphologi-
cal characters across all three groups.

However, three or more decades of molecular phylo-
genetic analyses have converged on a phylogeny of Liss-
amphibia that supports the sister relationship between
frogs and salamanders (Batrachia) that together are sister
to caecilians. The presence of an opercular apparatus is a
synapomorphy for Batrachia (see Figure 2.12B). True der-
mal scales are absent in frogs and salamanders (whereas
they are present in caecilians and in Paleozoic tetrapods),
and ectopterygoid and postfrontal bones are absent from
their skulls (see Figure 2.13). Finally, two developmental
characters—absence of segmentation of the sclerotome and
reduction or loss of male Miillerian ducts—are shared by
frogs and salamanders but not caecilians.

For the purposes of further discussion, we follow most
phylogenetic studies and assume that Lissamphibia (caeci-
lians, frogs, and salamanders) is monophyletic and derived
from temnospondyl ancestors (see Figure 2.9A). The earliest
fossil that can clearly be assigned to an extant lissamphibian
clade is Triadobatrachus from the Early Triassic (~245 mya;
see Figure 3.21). Triadobatrachus was thus an early ancestor
of frogs (although it is unclear whether Triadobatrachus had
the ability to jump; Sigurdsen et al. 2012), and therefore the
earliest ancestors of Lissamphibia must be older than 245
million years.

Monophyly of Lissamphibia

Numerous morphological synapomorphies support lissam-
phibian monophyly (Schoch 2014). The following characters
are some of the derived features that are shared by, and in
many cases are unique to, extant amphibians:

. 1. The teeth are pedicellate and bicuspid (Figure 2.12A).
Each tooth crown sits on a base (pedicel), from
which the crown is separated by a fibrous connec-
tion. Moreover, the teeth have two cusps, one on the
lingual (inner) side of the jaw and one on the labial
(outer) side. Such a tooth structure is unique to Lis-
samphibia and some temnospondyls.

)

The sound-conducting apparatus of the middle ear
consists of two elements: the stapes (columella),
which is the usual element in tetrapods, and the
operculum. The operculum (not homologous to the
operculum in fish) consists of a bony or cartilaginous
structure that attaches to the ear capsule and is con-
nected to the suprascapula via the opercular muscle
(Figure 2.12B). Functionally, this allows ground
vibrations to be transmitted from the forelimb to
the inner ear. Inside the inner ear are two sensory
epithelial patches (not shown), the papilla basilaris,
found in other tetrapods, and the papilla amphibio-
rum, unique to lissamphibians. The papilla basilaris
receives relatively high-frequency sound input via
the stapes. The papilla amphibiorum receives rela-
tively low-frequency input via the opercular appa-
ratus. The opercular apparatus is lost in caecilians,
perhaps as a result of limb loss, and is reduced in
salamanders by the loss of one or more components
in various groups.

3. The stapes is directed dorsolaterally from the fenestra
ovalis, a character shared by some of the lissamphib-
ians’ presumed Paleozoic relatives.

4. The fat bodies develop from the germinal ridge
(which also gives rise to the gonads), a developmen-
tal origin unique among tetrapods.

5. The skin contains both mucus and poison (granular)
glands that are broadly similar in structure.

6. Specialized receptor cells in the retina of the eye,
called green rods, are present in frogs and salaman-
ders. Caecilians apparently lack green rods, perhaps
because of their highly reduced eyes.

7. A sheet of muscle, the levator bulbi muscle, lies
under the eye and permits lissamphibians to elevate
the eye.

8. All extant amphibians employ cutaneous and buc-
copharyngeal respiration.

9. The ribs are short, straight, and do not encircle the
body. The ribs of Paleozoic stem tetrapods (other
than some temnospondyls) are long, robust, and
encircle the viscera.

10. Two occipital condyles at the base of the skull articu-
late with two cotyles on the first cervical vertebra
(the atlas). Most other extant tetrapods have a single
occipital condyle, but two condyles are found in
some temnospondyls.
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Figure 2.12 Two shared derived characters of Lissam-
phibia. (A) Pedicellate teeth. Each tooth crown sits on a base
(pedicel); the two elements are separated by a fibrous connec-
tion. The teeth are bicuspid, with one cusp (point) on the lingual
(inner) side of the jaw and a second on the labial (outer) side.

(B) The opercular apparatus is part of the lissamphibian sound-
conducting system, allowing ground vibrations to be transmit-
ted from the forelimb to the inner ear. This apparatus is a syn-
apomorphy of frogs and salamanders (Batrachia), although it is
reduced in salamanders; it has been secondarily lost in caecilians.
(A after Parsons and Williams 1963.)

11. The radius and ulna articulate with a single structure
on the humerus called a radial condyle. This char-
acter has been lost in caecilians, which are limbless
(Sigurdsen and Bolt 2009).

12. Lissamphibians share similar reductions in skull
bones and fenestration patterns compared with
Paleozoic tetrapods (Figure 2.13). These shared
derived characters include loss of the supratempo-
rals, intertemporals, tabular, postparietals, jugals,
and postorbitals. Other elements, such as the
pterygoid and parasphenoid bones in the palate,
are reduced, producing a similar configuration of
bones among the three modern amphibian groups.
Nonetheless, the skull morphology of caecilians
is highly unusual compared with that of frogs and
salamanders, reflecting the caecilians’ very different
life history.

Some of these characters (e.g., characters 4-8) are dif-
ficult or impossible to evaluate in extinct taxa because soft
anatomy is rarely preserved in fossils. Moreover, not all of
these characters are unique to Lissamphibia. Nonetheless,
the preponderance of morphological evidence supports lis-
samphibian monophyly. Although molecular studies can-
not sample extinct taxa, no recent molecular phylogenetic
analyses reject lissamphibian monophyly. In summary, the
most comprehensive molecular and morphological analy-
ses support the hypothesis that salamanders and frogs are
more closely related to one another than to caecilians.

Paedomorphosis in lissamphibian evolution

Although the contrasting hypotheses of lissamphibian ori-
gins (see Section 2.3) affect our interpretation of lissam-
phibian evolution, miniaturization and heterochrony have
probably been a pervasive influence on the evolution of
the highly derived skeletal morphology of lissamphibians
regardless of their origins (Bolt 1977, 1979; Laurin 1998b).
Heterochrony (from the Greek hetero, “different,” + chro-
nos, “time”) is a change in the timing of embryonic and
juvenile development that affects the sexually mature adult
phenotype.

Paedomorphosis (from the Greek paed, “child,” + morph,
“form”) is a type of heterochrony and refers to the reten-
tion of juvenile characters in adult stages of an organism
(see Chapter 8). For example, some salamanders retain the
juvenile conditions of having gills and being fully aquatic
in adulthood despite being sexually mature, and we infer
that these salamanders are derived from ancestors with
the ability to transform to the adult form. In essence, these
salamanders have arrested metamorphosis and retain
some juvenile features, despite the sexual maturation of
their gonads.

If lissamphibians are derived from temnospondyls, then
paedomorphosis can explain many of their unusual shared
morphological characters. One common result of paedo-
morphosis is size reduction (juveniles are smaller than
adults), and extant amphibians are very small (~5-15 cm)
compared with many Paleozoic tetrapods. Temnospondyls
show an astounding diversity of body sizes (see Figure 2.11),
but there is a striking evolutionary trend toward size reduc-
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Figure 2.13 Skulls of lissamphibians and a temnospondyl.
Dorsal views are shown above and ventral views below. (A)
Dendrerpeton, an edopoid temnospondyl from the Paleozoic.
(B) The salamander Phaeognathus hubrichti (Caudata: Plethod-
ontidae) (C) The frog Gastrotheca walkeri (Anura: Hylidae).

tion, of which dissorophoids and lissamphibians are simply
the end point. In other words, lissamphibians may be min-
iaturized temnospondyls.

The heterochronic process left many other imprints on
the morphology of lissamphibians. In fact, some of the
most characteristic features of lissamphibians can be in-
terpreted as paedomorphic features (Schoch 2009, 2010).
We give just three examples here, made possible by the
remarkable preservation of developmental sequences, in-
cluding larvae, juveniles, and adults, of some dissorophoid
temnospondyls known as branchiosaurs from the Early
Permian of Germany. Ontogenetic series of branchiosaurs
are so well preserved that it is possible to examine the
sequence in which the bones of the skull ossified during
development.

(C) Frog
Sphenethmoid

Premaxilla
Maxilla

Premaxilla

Prootic-
exoccipital
(fused)

Prootic Squamosal
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Compared with Dendrerpeton, the two lissamphibians have lost
many skull elements and evolved larger orbits, both manifes-
tations of paedomorphosis. (After Duellman and Trueb 1986;
Carroll 1998.)

1. Skull bones such as the supratemporals, postfrontals,
prefrontals, jugals, postorbitals, and ectopterygoids
were the last to appear during the development of
branchiosaur temnospondyls. It is precisely these
bones that are absent from lissamphibian skulls,
suggesting that frogs, caecilians, and salamanders
have arrested their development at a stage before
these bones form. All of the skull bones appearing
early in the development of branchiosaurs (nasals,
frontals, parietals, lacrimals, etc.) are present in
lissamphibians.

2. The eye orbits of lissamphibians and dissorophoids
are large relative to those of other Paleozoic forms.
Sensory organs, such as the eyes, form relatively
early in development and are relatively large in early
developmental stages. As a result of paedomorpho-
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sis, lissamphibians and derived dissorophoid tem-
nospondyls have large eyes compared with those of
many other Paleozoic temnospondyls.

3. The bicuspid, pedicellate teeth of lissamphibians may
be a retained juvenile condition observed in dissoro-
phoid temnospondyls. Tooth development in disso-
rophoids and lissamphibians undergoes a sequence
in which larvae have nonpedicellate, monocuspid
teeth. At metamorphosis these teeth are replaced by
bicuspid, pedicellate teeth. In dissorophoids, but not
lissamphibians, these bicuspid, pedicellate teeth are
gradually replaced by adult teeth that are monocus-
pid and have the characteristic labyrinthodont struc-
ture. Thus, the adult lissamphibian tooth condition
(pedicellate, bicuspid, and lacking labyrinthodont
structure) is that shown by juvenile dissorophoids. In
other words, adult lissamphibians retain the juvenile
condition shown by ancestral temnospondyls.

Many peculiar aspects of morphology are comprehensible
when lissamphibians are viewed as paedomorphic relative
to Paleozoic stem tetrapods. Understanding paedomorpho-
sis sheds light on a fundamental evolutionary process gov-
erning morphological evolution in many tetrapods.

2.5 M Characteristics and Origin
of the Amniotes

We have traced the phylogeny of tetrapods from their ori-
gins to the basic split among the extant groups Lissamphibia
and Amniota and considered the evolutionary relationships
of taxa associated with the amphibian clade. Now we turn
to Amniota, the reptiles (including birds) and mammals.

The origins of Amniota

Amniotes are named for their highly specialized amniotic
egg (see Chapter 9). The evolution of the amniote egg al-
lowed vertebrates to move into new ecological niches, most
notably land, as it freed reproduction from dependence on
external water. The amniote egg consists of an outer flexible
or hard shell and contains the embryo and four extraem-
bryonic membranes: the yolk sac, which stores energy; the
fluid-filled amnion, which surrounds and cushions the em-
bryo; and the chorion and allantois, which perform multiple
functions, including gas exchange and, in the case of the
allantois, storage of nitrogenous waste. In viviparous am-
niotes (many squamates and most mammals), the chorion
and sometimes the allantois are modified into the embry-
onic portion of the placenta.

In addition to the shell and extraembryonic membranes,
characters supporting the monophyly of Amniota include
derived characters of the skull, pectoral girdle, and appen-
dicular skeleton (Laurin and Reisz 1995), as well as molecular
data. Some aspects of soft anatomy that may be derived char-
acters have probably been secondarily lost over evolutionary

time in certain groups (Gauthier et al. 1988). For example, a
penis with erectile tissue is found among male crocodylians,
mammals, turtles, and some birds. However, the single penis
was secondarily lost in the ancestor of Lepidosauria (tuatara,
lizards, and snakes) as well as most birds. Tuatara reproduce
by cloacal apposition without the assistance of an intromit-
tent organ. Squamates (lizards and snakes) evolved paired
hemipenes, but it remains unclear whether the hemipenes
are completely or partially homologous to the ancestral am-
niote penis (Gredler et al. 2014; Leal and Cohn 2015). Despite
its secondary loss in lepidosaurs and birds, the male penis is
considered a shared derived character of Amniota. Within
the amniotes, reptilian monophyly is supported by characters
of the skull and limbs (deBraga and Rieppel 1997) and by
countless phylogenetic analyses of DNA data.

The earliest extinct relatives of Amniota are the Late
Carboniferous reptilomorphs (e.g., Diadectes; Figure 2.14A).
All of the extant amniote groups can be traced to the Perm-
ian or Early Triassic. Thus, amniotes appear in the fossil
record at approximately the same time as early stem-group
lissamphibians. The earliest identified fossil amniote is
Casineria, a small (~85 mm) lizardlike animal from the
Late Carboniferous (~340 mya), and numerous taxa (e.g.,
Paleothyris; Figure 2.14B) have been discovered in slightly
younger fossil deposits (~310-300 mya). Paton et al. (1999)
speculated that the amniote lineage is even older, possibly
dating back to approximately 360-350 mya, dates also sup-
ported by molecular clock studies (Hedges 2009). There-
fore, Lissamphibia and Amniota probably diverged within
30 million years after the origin of the earliest tetrapods.
Early Carboniferous limestone deposits in Scotland contain
fossil amniotes, temnospondyls, lepospondyls, and several
specimens that have a mixture of amniote and temnospon-
dyl characters, and constitute one of the oldest terrestrial
vertebrate assemblages known (Milner and Sequeira 1994;
Clack 1998; Paton et al. 1999).

The major amniote lineages: Synapsida
and Diapsida

The phylogeny of the amniotes has been extensively studied
using morphological and molecular data sets and, with the
exception of the turtles, there is broad agreement on the re-
lationships among the major groups (see Figure 2.7). During
the Early Carboniferous, amniotes split into two lineages,
Synapsida and Reptilia. Synapsida gave rise to the mam-
mals and the extinct therapsids that were the dominant ter-
restrial megafauna of the Permian. The Reptilia diversified
into numerous Carboniferous and Permian lineages, all of
which became extinct except the Diapsida—the group that
includes extant reptiles (including birds) as well as the ex-
tinct pterosaurs and dinosaurs.

Synapsida and Diapsida are named for the number of
holes, called fenestrae (Latin fenestra “window”), in the
temporal region of the skull. Turtles and some extinct am-
niotes lack these openings, a condition called anapsid, from
the Greek an, “without” + apsid, “arch” (Figure 2.15A).
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Figure 2.14 Diversity of
Late Paleozoic amniotes.
(A) Diadectes is an early
extinct relative of Amniota.
(B) Paleothyris, one of the
oldest known amniotes.

(C) Scutosaurus, a “pararep-
tile” with an anapsid skull
condition lacking temporal
fenestrae. (D) Petrolacosau-
rus, an early diapsid. (E)
The synapsid Dimetrodon.
(A after Romer 1944, Carroll
1969; B after Carroll 1969,
Carroll and Baird 1972; C
after Kuhn 1969; D after
Reisz 1981; E after Romer
and Price 1940.)

(E) Dimetrodon (~3 m)

s

Synapsids (from the Greek syn, “together”) have a single
temporal fenestra (Figure 2.15B). In humans, this fenestra
can be seen as the opening between the cheekbone (the zy-
gomatic arch) and the temporal and sphenoid bones of the
cranium. The evolution of synapsids is beyond the scope of
this book, other than to briefly mention the stem synapsids
that dominated the Permian prior to the rise of dinosaurs.
These early synapsids, sometimes called “mammal-like
reptiles” because of their superficial resemblance to ex-
tant and extinct mammals, include iconic animals such as
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the sail-finned Dimetrodon (see Figure 2.14E) and multiple
lineages of large, predatory therapsids. However, these ex-
tinct lineages are more closely related to mammals than
to reptiles, and are thus more properly referred to as non-
mammalian syapsids.

Diapsids have two temporal fenestrae (Figure 2.15C), but
the lower temporal fenestra has been secondarily lost in
lizards (Figure 2.15D) and in the extinct rhynchocephalian
lineages, and both fenestrae have been lost in the highly
modified snake skull. In both diapsids and synapsids, the
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(A) Anapsid (B) Synapsid

Figure 2.15 Three general patterns of temporal
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fenestration in amniote skulls. (A) Among extant
amniotes, only the turtles have the anapsid skull condition.
(B) Modern mammals and several extinct non-mammalian
lineages have the synapsid condition. (C) Extant reptiles
have the diapsid condition. However, the pattern of fenes-
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tration in the squamate skull (D) is secondarily modified
from the diapsid condition by loss of the lower temporal
bar, resulting in a single fenestra.

temporal fenestrae permit space for bulging jaw muscles
and are important adaptations that allow a strong bite force.
Indeed, you can locate your own fenestra by clenching your
teeth and feeling the bulge of the temporalis muscle that
passes through the fenestra behind the cheekbone.

Thus, extant reptiles have either an anapsid skull condi-
tion (turtles only) or a diapsid skull (lizards, snakes, tua-
tara, crocodylians, and birds). It is generally agreed that the
anapsid skull is the ancestral condition for amniotes, and
therein lies one of the most disputed aspects of amniote
phylogeny: Where do turtles fit into the reptile phylogeny?
Because the anapsid condition is ancestral for amniotes, the
fact that turtles have an anapsid skull gives no clue to their
relationships. We will return to this question after first out-
lining the radiation of diapsids.

2.6 W Diapsida: Lepidosauria
and Archosauria

The clade Diapsida includes most, and perhaps all, extant
reptiles (depending on whether turtles are diapsids; see
Section 2.7). Diapsids are an extraordinary radiation that
produced major components of terrestrial and marine eco-
systems from the Late Carboniferous (e.g., Petrolacosaurus;
see Figure 2.14D) to the present. Of the extraordinary radia-
tion of diapsids in the Mesozoic, only a few major groups
of Lepidosauria and Archosauria are still extant, although
birds and squamates account for more species than all other
extant amniotes combined. The number of extant diapsid
species—more than 19,000—far surpasses that of their
sister group Mammalia (Synapsida), which numbers about
5,400 species.

The taxonomic nomenclature of diapsids can be confus-
ing not only because of the many clade names, but also
because the name Sauria (rather than Diapsida) is often
used to refer to extant reptiles. Both names are correct in
that they refer to clades that contain extant reptiles. The

distinction between the two is that Sauria contains only
extant diapsids, whereas Diapsida includes Sauria and ex-
tinct stem lineages. We will use the name Diapsida for the
remainder of this chapter.

Diapsida includes many familiar fossil groups, includ-
ing those highly modified for a marine existence such as
ichthyosaurs and plesiosaurs, but two other lineages, Lepi-
dosauria and Archosauria, are most relevant to this discus-
sion. Lepidosauria includes Squamata (lizards and snakes),
Rhynchocephalia (tuatara), and several fossil groups. Ar-
chosauria includes Crurotarsi (crocodiles and extinct rela-
tives) and Avemetatarsalia, which contains Pterosauria (ex-
tinct flying reptiles), Dinosauria (dinosaurs and birds), and
the highly aquatic Ichthyosauria and Plesiosauria. To make
matters more confusing, Crurotarsi is sometimes called
Pseudosuchia and Avemetatarsalia is called Ornithodira
in the literature (see Nesbitt 2011). Molecular dating indi-
cates that Lepidosauria and Archosauria split in the Early to
Middle Permian (~285-260 mya) (Jones et al. 2013).

Lepidosauria

Lepidosauria includes Squamata (lizards and snakes) and
Rhynchocephalia (tuatara). Characters of both the skull and
appendages support the monophyly of Lepidosauria (e.g.,
Gauthier et al. 1988; Evans 2003; Hill 2005), as do all recent
phylogenetic analyses of molecular data (e.g., Crawford et
al. 2012; Mulcahy et al. 2012). The soft anatomical char-
acters of Lepidosauria are the major characters by which
we recognize squamates and tuatara. Lepidosaurs have a
transverse cloacal slit (versus an anteroposterior orientation
in other tetrapods), loss of a single penis and subsequent
evolution of paired penes (hemipenes) or their homologs
residing in the tail base, and regular cycles of shedding (ec-
dysis) of the outer layer of the epidermis (see Chapter 4).
Most early ancestors of Lepidosauria (the Lepidosauro-
morpha) were small and did not fossilize well. The oldest
lepidosaur fossils are a jaw fragment, skull, and anterior
skeleton of Megachirella wachtleri (Renesto and Bernardi
2013), both from the Middle Triassic (~240 mya) (Jones et
al. 2013). Although both rhynchocephalians and squamates
were both present through the rest of the Mesozoic, the
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Late Triassic and Early Jurassic rhynchocephalian fauna is
far better represented in the fossil record (Evans and Jones
2010; see Chapter 4). Although some Jurassic squamate fos-
sils exist, modern, morphologically diverse families are not
widely represented until the Middle Cretaceous. Thus, the
fossil record suggests that the early history of Lepidosauria
was dominated by rhynchocephalians that were later re-
placed by squamates. However, given the poor fossil record
of early squamates, this generalization should be viewed
with skepticism until more data are collected.

Archosauria

Archosauria include Crurotarsi (crocodylians) and Avemeta-
tarsalia (pterosaurs, dinosaurs, and birds). Characters of
both the skull and appendages support the monophyly of
Archosauria (e.g., Benton 1985; Brusatte et al. 2010; Nesbitt
2011), as do all recent phylogenetic analyses of molecular
data (e.g., Chiari et al. 2012; Crawford et al. 2012; Fong et
al. 2012; Field et al. 2014).

Early archosaurs were typically large and robust and left
a more complete fossil record than did the contempora-
neous lepidosaurs (Nesbitt 2011). The earliest member of
Archosauria is the Early Triassic (~249 mya) Xilousuchus, a
pseudosuchian with a sail-like dorsal structure similar to
that of the synapsid Dimetrodon (see Figure 2.14E) (Nestbitt
et al. 2010). Both major lineages of archosaurs, Crurotarsi
and Avemetatarsalia, experienced their greatest diversity
in the Late Triassic (~228-209 mya) and then suffered a
marked loss of diversity during the Triassic-Jurassic ex-
tinction, although avemetatarsalians, represented mostly
by pterosaurs and dinosaurs, remained diverse throughout
the Jurassic and Cretaceous, the last two-thirds of the age
of dinosaurs (Brusatte et al. 2011).

The radiation of Archosauria was marked by two no-
table morphological trends. First, early members of the
clade show derived cranial modifications associated with
increased predatory efficiency, including elaborated cranial
musculature and sharp, thecodont dentition (i.e., teeth set
in sockets in the jaw bones). These and other modifica-
tions reached their culmination in some dinosaurs, which
added features such as raptorial forelimbs suitable for grab-
bing prey. Many features of birds that are associated with
flight—long forelimbs and birdlike wrists, fused clavicles
(furcula), a fused bony sternum, hollow bones, and long
forelimbs—evolved earlier in the archosaur radiation in
association with predatory habits (Gauthier and Padian
1985). Even feathers evolved in pre-avian dinosaurs (e.g.,
Padian and Chiappe 1998; Xu et al. 2003; Godefroit et al.
2014). Second, modifications in the postcranial skeleton of
archosaurs permitted an erect stance, a narrow-track gait,
and the ability to breathe while running (Parrish 1986). The
evolution of locomotor specializations, a hallmark of the
archosaur radiation, indicates evolutionary trends toward
more active lifestyles than observed in the lepidosaur ra-
diation. Dinosaurs were an extraordinarily diverse group
comprising major components of terrestrial vertebrate life

in the Mesozoic. More than 1,400 species of extinct dino-
saurs have been discovered, and extant dinosaurs are rep-
resented today by the more than 10,000 species of birds.

2.7 M The Debated Origins of Turtles

Notably absent from our discussion of reptile phylogeny is
the origin of turtles, a long-debated topic that has produced
numerous papers supporting different phylogenetic resolu-
tions (see Carroll 2013 and Scheyer et al. 2013 for reviews).
The highly modified body plan of turtles makes assessing
homology of morphological characters difficult.

All studies agree that turtles, archosaurs, and lepidosaurs
form a clade (Reptilia), but they disagree on the sister lin-
eage to turtles. Turtles lack temporal fenestrae (the anapsid
condition; Figure 2.16A) and therefore may be related to a
group of reptiles that share this anapsid condition and that
diverged before the origin of diapsids—the “parareptilia”
(see Scutosaurus, Figure 2.14C). Indeed, numerous recent
studies based on extensive morphological data sets that in-
clude both extinct and extant taxa support this relationship
(e.g., Gauthier 1988; Werneburg and Sanchez-Villagra 2009;
Lyson et al. 2010, 2013). However, no modern phylogeny
based on molecular data supports this relationship. Rather,
essentially all molecular studies support a sister relation-
ship between archosaurs and turtles (Figure 2.16B). Finally,
some morphological studies (e.g., deBraga and Rieppel 1997;
Rieppel 2000; Hill 2005) support a third possible position
of turtles as sister to lepidosaurs (Figure 2.16C). If either of
the latter two hypotheses is correct, the anapsid condition
of the turtle skull must be secondarily derived from an an-
cestral diapsid condition and therefore convergent with the
anapsid skull condition seen in “parareptiles.”

There are many possible explanations for the differing
results among the phylogenetic studies based on morpho-
logical data, but which taxa are included in the analysis is
probably the most important. Given their aquatic nature
and heavily ossified body plan, turtles have an extensive
fossil record, thereby allowing morphological analysis of
both extinct and extant species. However, the homologies of
some morphological characters are debated, and phyloge-
netic analysis of these data is sensitive to which taxa are in-
cluded. It is more difficult to explain the differing results of
the molecular and morphological analyses. The molecular
analyses may be the best representation of turtle phyloge-
netic relationships because they include far more characters
(thousands) than those based on morphological data (hun-
dreds), and are arguably less biased to the interpretation of
homology by the investigator. However, because molecular
data cannot be collected from fossil taxa, studies based on
morphological data can better capture stem lineages that
are phylogenetically informative. Although it is highly un-
likely that phylogenies estimated from turtle morphology
and DNA will reach a consensus, the archosaur origin of
turtles is increasingly accepted.
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hypothesis proposes that turtles are most closely related to early-diverging
“parareptile” lineages that had no temporal fenestration. Although morpho-
logical data support this hypothesis, no analysis of molecular data upholds

it. (B) The hypothesis supported by almost all phylogenetic analyses of DNA
data is that turtles are diapsids and the sister lineage to extant archosaurs
{crocodiles and birds). (C) The hypothesis that turtles are diapsids and the sis-
ter lineage to lepidosaurs (lizards, snakes, and tuatara) is supported by some
morphological data but is not widely accepted.
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SUMMARY

B Phylogenies are a critical tool in understanding
the evolutionary history of life.
Phylogenetic systematics, also known as cladistics,

emphasizes the importance of derived characters (char-
acters that have changed from the ancestral condition)

A stem-based taxonomic name (e.g,, Tetrapodomorpha)
includes a group more closely related to one taxon than
to another.

B Discovering and describing new species is a
fundamental goal of phylogenetic systematics.

shared among taxa in recognizing monophyletic groups
(clades).

Phylogenies can be reconstructed using many different
kinds of data. Skeletal features and DNA data are most
commonly used.

DNA has become the predominant type of data to infer
phylogenies of extant organisms because of the larger
data sets that can be constructed compared with mor-
phological data. However, only morphological (mostly
skeletal) data can be collected for fossil taxa.

The use of DNA data allows researchers to study the
evolutionary history of organisms that may not display
substantial morphological differences and allows esti-
mation of when lineages diverged.

The morphology, and often DNA, of a putative new
species is compared to that of existing described species
to identify potential differences.

Multiple criteria are used to decide whether or not an
organism is a new species. These usually consist of
morphological features such as coloration or scale pat-
terns (in reptiles), or of advertisement calls (in frogs),
but new species can also be identified by phylogenetic
analysis of DNA.

New species are described in a scientific paper that
defines a holotype (the individual specimen that pos-
sesses all the characters of that species) and that pro-
vides a unique binomial species name, a morphological
description of the new species, and an explanation of

M Rank-free taxonomy dispenses with the use of
Linnean ranks above the genus level.

Equal Linnean ranks do not necessarily represent

how this new species differs from other species.

B Tetrapods are evolutionarily derived from Late
Devonian sarcopterygian fish.

groups that are equal in diversity or age.

A node-based taxonomic name (e.g., Tetrapoda) in-
cludes the most recent common ancestor of at least two
taxa and all of its descendants.

The transition from water to land was a gradual pro-
cess over the span of approximately 20 million years.
Increasing adaptations to terrestriality are preserved
in the fossil record in multiple aquatic taxa, including
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Eusthenopteron, Pandericthys, Tiktaalik, Acanthostega, and

Ichthyostega.

The greater effect of gravity on land compared with
water required the evolution of skeletal adaptations to
bear the mass of the animal. These adaptations includ-
ed extensively interlocking vertebrae and robust limbs
and pelvic and pectoral girdles.

The loss of gills and the evolution of oil- and wax-
producing glands are adaptations to living in a dry ter-
restrial environment.

Terrestrial living also required changes to sensory sys-
tems, especially hearing.

Many of the morphological features of Lissamphibia
can be explained by paedomorphosis.

B Reptiles and mammals form the clade Amniota.

Amniotes are defined primarily by their possession of
the amniotic egg—a specialized structure composed
of a protective eggshell and four extraembryonic
membranes.

The earliest fossil amniote is from the Late Carbonifer-
ous and was contemporaneous with lissamphibians.

With the possible exception of turtles, all extant amni-
otes are classified in two clades, Synapsida and Diap-
sida.

B Extant amphibians, which include salamanders,
frogs, and caecilians, form a clade called
Lissamphibia.

e Synapsida includes mammals and extinct non-
mammalian species identifiable by the possession of
a single temporal fenestra in the skull.

Numerous characters, including features of the teeth,
sensory systems, musculature, and skeleton, support
the monophyly of Lissamphibia.

The evolutionary origins of Lissamphibia are debated.
The temnospondyl hypothesis is the most widely ac-
cepted and states that lissamphibians are derived from
the temnospondyls—amphibians with vertebrae com-
posed of two distinct centra.

The lepospondyl hypothesis states that lissamphibians
are derived from the lepospondyls—amphibians with a
single circular centrum.

The diphyly hypothesis states that Lissamphibia is

not monophyletic and that caecilians are derived from
lepospondyls, and frogs and salamanders from temno-
spondyls. This hypothesis is not widely accepted.

Most phylogenetic studies support a clade composed
of frogs and salamanders (Batrachia) that is the sister
lineage to caecilians.

¢ Diapsida includes two major clades:
Archosauria (crocodylians, dinosaurs, and
birds) and Lepidosauria (lizards, snakes, and
rhynchocephalians). Diapsids are identifiable by the
possession of two temporal fenestrae in the skull,
although this condition has been secondarily lost in
all squamates and some extinct rhyncocephalians.

W There are three major hypotheses of turtle origins.

Most phylogenetic analyses of morphological data sup-
port the sister relationship of turtles and Diapsida.

Essentially all phylogenetic analyses of molecular data
support the sister relationship between turtles and
Archosauria.

Some morphological studies support the sister relation-
ship of turtles and Lepidosauria, although this hypoth-
esis is not widely accepted.

@‘\‘ Go to the Herpetology Companion Website at sites.sinauer.com/herpetology4e
for links to videos and other material related to this chapter.
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Systematics and Diversity of
Extant Amphibians

referred to by the more common term amphibians)

are descendants of a common ancestor that lived
during (or soon after) the Early Carboniferous. Since the
three lineages diverged, each has evolved unique fea-
tures that define the group; however, salamanders, frogs,
and caecelians also share many traits that are evidence
of their common ancestry. Two of the most definitive of
these traits are:

The three extant lissamphibian lineages (hereafter

1. Nearly all amphibians have complex life histories.
Most species undergo metamorphosis from an
aquatic larva to a terrestrial adult, and even spe-
cies that lay terrestrial eggs require moist nest
sites to prevent desiccation. Thus, regardless of
the habitat of the adult, all species of amphibians
are fundamentally tied to water.

2. The permeable skin of amphibians acts as a re-
spiratory organ that, in addition to the lungs,
exchanges oxygen and carbon dioxide with the
environment. This exchange can occur only when
the skin is moist, and the thin, moist skins of
nearly all amphibians render them susceptible to
evaporative water loss.

Because of their reliance on water for respiration and
reproduction, amphibians are particularly sensitive both
to water pollution and to increasing aridity caused by cli-
mate change.

In this chapter, we first discuss several important mor-
phological and physiological traits that characterize
amphibians. We then explore amphibian diversity on a
finer scale by discussing general biological features of
each family, as well as its geographic distribution and
conservation status. We provide detailed discussions of
taxonomy when appropriate, and provide references for
the most recent systematics studies and sometimes ex-

amples of classic systematics papers. We present widely
used common names of groups in addition to scientific
names, noting also that herpetologists colloquially refer
to most clades by their scientific name (e.g., ranids, am-
bystomatids, typhlonectids).

A total of 7,303 species of amphibians are recognized
and new species—primarily tropical frogs and salaman-
ders—continue to be described. Frogs are far more di-
verse than salamanders and caecelians combined; more
than 6,400 (~88%) of extant amphibian species are frogs,
almost 25% of which have been described in the past
15 years. Salamanders comprise more than 660 species,
and there are 200 species of caecilians. Amphibian diver-
sity is not evenly distributed within families. For example,
more than 65% of extant salamanders are in the family
Plethodontidae, and more than 50% of all frogs are in just
six families (Hylidae, Craugastoridae, Bufonidae, Micro-
hylidae, Ranidae, and Rhacophoridae). Amphibian popu-
lations worldwide have been devastated by the introduc-
tion of the chytrid fungus, as well as by habitat loss, pol-
lution, and poaching or harvesting for folk remedies (see
Chapter 17).

3.1 m What Is an Amphibian?

Herpetologists use two different measurements of am-
phibian body length (Figure 3.1), and most amphibians
are small in terms of both length and weight. Amphibians
share numerous other traits, including ectothermy (see
Chapter 1), but their life histories and skin structure are
central in defining the ways these animals interact with
their environments.

Amphibian life histories

The ancestral reproductive mode of amphibians is aquatic,
a trait inherited from their tetrapod forebears. Eggs are laid
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(A) Total length

Snout-vent length (SVL)

(B) SVL and total length are the same

4 A\

Figure 3.1 Herpetologists measure length in two ways.
(A) The total length reptiles and amphibians is measured from
the tip of the snout to the tip of the tail. However, loss of a por-
tion of the tail (caudal autotomy) is common in some groups
(notably salamanders and lizards), so snout-vent length, or
SVL—the distance from the tip of the snout to the poste-

rior margin of the cloaca—is often used in preference to total
length. (B) Almost all adult anurans lack tails, so total length
and SVL are generally the same, measured from the tip of the
snout to the end of the urostyle (the fused caudal vertebrae;
see Figure 3.18). (Photographs: A, © Francesco de Marco/
Shutterstock; B, © Eric Isselee/Shutterstock.)

in water and hatch into aquatic larvae that grow for some
period and ultimately metamorphose into terrestrial adults.
This complex life history allows an individual to harvest
energy and nutrients from two different habitats, and am-
phibians therefore play an important ecological role in
transporting nutrients from aquatic to terrestrial habitats.
Because the larva and adult have different lifestyles, selec-
tion acts independently on these two life stages. The coun-
teracting forces of selection are evident in tadpoles, which
are very different from adult frogs. During metamorpho-
sis, practically every body structure of a tadpole is broken
down and reconstituted into the adult form. The body forms
of salamander and caecilian larvae are similar to those of
adults, and the changes that occur during metamorphosis
are correspondingly less dramatic.

Variations on the ancestral life-history pattern are wide-
spread. For example, among direct-developing species, the
embryo passes through an abbreviated larval period before

hatching and emerges from the egg as a miniature of the
adult. Some direct-developing species are viviparous, re-
taining the embryos within the oviducts and giving birth
to fully formed young. Paedomorphic species retain larval
characters (such as external gills) throughout life and repro-
duce without metamorphosing to a fully adult form.

Amphibian skin

The basic structure of the skin is similar among the three
major clades of amphibians. The permeable, glandular na-
ture of amphibian skin plays crucial roles in respiration,
defense, courtship, locomotion, and reproduction. These
characteristics of the skin also render amphibians suscep-
tible to pollution in aquatic habitats and to dehydration in
terrestrial habitats.

As in other vertebrates, amphibian skin is composed of
an outer epidermis and an underlying dermis. The glands,
nerves, muscles, scales (in caecilians), and pigment cells as-
sociated with the skin are located in the dermis, although
their processes and ducts may extend to the skin surface.
Functionally, developmentally, and anatomically, the epi-
dermis and dermis are highly integrated. The thin, moist
skin of amphibians allows exchange of carbon dioxide and
oxygen with the atmosphere. Indeed, cutaneous gas ex-
change is the only mode of respiration for plethodontid sal-
amanders and a few other species that lack lungs entirely.

Cutaneous mucus and granular glands are synapomor-
phies of Lissamphibia. Amphibian skin contains two types
of mucus glands that secrete mucoproteins (see Figure 6.4).
Ordinary mucus glands provide a moist coating over the
body surface that is critical for cutaneous gas exchange and
for limiting water loss. Some frog species use this mucus
and shed epidermis to form a cocoon that allows the frog
to estivate, a prolonged state of of dormancy, during dry
periods. The skin overlying the skull of some frogs becomes
inseparably fused with the underlying bone. This condition,
called co-ossification, also inhibits evaporative water loss
(Seibert et al. 1974), and is often associated with the pres-
ence of bony crests in the skull.

Sexually dimorphic mucus glands, or breeding glands,
differ structurally and chemically from ordinary mucus
glands (Thomas et al. 1993; de Perez and Ruiz 1996). In
response to increased levels of androgen hormones dur-
ing the breeding season, males of many frog species de-
velop clusters of mucus glands (Emerson et al. 1999). When
present on the hands and/or forearms, breeding glands are
called nuptial pads, and they often develop a dark, highly
keratinized (even spiny) overlying epidermis (Figure 3.2).
Nuptial pads help males grasp females securely during am-
plexus. In some frogs, they are used in male-male combat
and may bear enlarged bony spines projecting from the
base of the thumb (prepollical spines). These spines can
inflict lethal wounds during encounters between males
(Kluge 1981).

Granular glands produce defensive secretions in the
form of toxic amines, peptides, proteins, steroids, or alka-



Figure 3.2 Nuptial pad of a male frog. During the breed-
ing season, males of some frog species develop thick, rough, or
even spiny areas of skin on the prepollex and forearm. These
nuptial pads assist them in grasping a female during amplexus
(mating). Shown is a nuptial pad of Perez’s frog (Pelophylax per-
ezi, Ranidae). (Photograph © Wildlife GmbH/Alamy.)

loids (Daly 1995; Conlon 2011a). Like mucus glands, the
granular rﬂandg of amphibian skin are often concentrated
into macroscopic clusters. The most obvious examples are
the parotoid glands (and dorsal warts) of many frogs, es-
pecially bufonid toads and some salamanders (e.g., Sala-
mandra), that may secrete copious quantities of toxin when
disturbed. In addition, the sticky granular gland secretions
of most amphibians play a role in defense (e.g., Evans and
Brodie 1994).

Colors and color changes of amphibians are produced by
specialized cells called chromatophores in the skin. Three
types of chromatophores are usually present and are or-
ganized into discrete structures called dermal chromato-
phore units (Figure 3.3). Xanthophores are located just
below the basement membrane separating the epidermis
and dermis. These cells contain pteridine or carotenoid pig-
ments and impart red, vellow, or orange colors. Iridophores
reflect white, silver, or blue cn]oratmn depending on the
size of purine granules in the cell, and may emphasize or
change the colors of overlying tissue. The cell bodies of me-

(A) Chromatophore unit:
Xanthophore

Figure 3.3 Chromatophore

Yellow-orange

units are the color-producing pigment
components of an amphibian’s granules
skin. (A) The chromatophore

e ) 4 Iridiphore ———g—
u1.11t> of the dermis are made up (reflects
of a regular arrangement of blue haht)

xanthophores, iridophores, and

melanophores. (B) The typical Melanin =%

: igment
green color of the red-eyed tree- gﬁmﬁ:
frog (Agalychnis callidryas) is .
produced by interaction between Melanophore

blue light reflected from the irido-
phores and from yellow xantho- (B)
phore pigments. Myriad other
interactions among chromato-
phore units produce the diverse
colors of amphibians. (C) This A.
callidryas individual is missing
xanthophores from its dorsal sur-
face, and the regions without xan-
thophores appear blue. (A after
Bagnara et al. 1969. Photographs:
B, © bluedogroom/Shutterstock;
C, Harvey Pough.)
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lanophores have dendritic processes extending toward the
skin surface that cover the upper s kuxtagcs of the iridophores.
Melanophores contain the pigment melanin, which gives
rise to dark brown or black coloration.

Interactions among the different chromatophore types
account for both color and color change of amphibians. For
example, the blue color of some frogs results from reflective
properties of iridophores in the absence of overlying xantho-

Epidermis

Basal lamina
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phores. However, if overlying xanthophores contain yellow
pigments, the interaction between the reflected blue light
from the iridophores and the yellow xanthophore pigments
produces the green of many frogs. Indeed, many museum
specimens that initially are green turn blue over time because
the ethanol preservative washes away the yellow pigments.

Physiological color changes (i.e., those that occur on the
order of seconds to minutes) are the result of changes in the
distribution of pigments within cells by intracellular trans-
port (Schliwa and Euteneuer 1983). Pale colors result from
concentration of melanin in the central part of the mela-
nophores, exposing the overlying iridophores. Conversely,
when melanin is dispersed throughout the dendritic pro-
cesses of the melanophores, the iridophores are obscured
and the animal appears dark. These changes are mediated
hormonally, primarily by circulating levels of melanocyte-
stimulating hormone (MSH).

3.2 ®m Caudata: Salamanders

Caudata (from the Latin cauda, “tail”) is the node-based
name for the ancestor of extant salamander lineages, and
Urodela (from the Greek ur, “tail,” + delos, “conspicuous”)
is the stem-based name for all lineages more closely re-
lated to Caudata than to other amphibians, and includes
extinct lineages that diverged before modern salaman-
ders. Salamanders are found on every continent except
Australia, but are most phylogenetically diverse in North
America, which hosts representatives of all but one family
of salamanders (Hynobiidae).

Morphology

Typical salamanders have four limbs and a long tail (see
Figure 3.1A). The SVLs of adult salamanders vary from 15
mm (Thorius; Plethodontidae) to >1 m (Andrias davidianus;
Cryptobranchidae). Many species are terrestrial as adults
but return to water to breed. Other species are entirely ter-
restrial or entirely aquatic, while many plethodontids are
arboreal or fossorial. Cave- or crevice-dwelling species oc-
cur in the Plethodontidae and Proteidae.

The trunk of salamanders is superficially segmented by
costal grooves (Figure 3.4) that facilitate water movement
over the body surface (Lopez and Brodie 1977). The limbs
of some elongate species, including Amphiuma (Amphiumi-
dae) and Siren (Sirenidae), are reduced, and the pelvic girdle
and hindlimbs are lost entirely in sirenids. Salamanders
have lost many of the ancestral lissamphibian skull roofing
bones (compare Figure 2.13A and B).

Salamanders lack middle ear cavities and tympana (ear-
drums). Instead, the ancestral salamander hearing appara-
tus is the opercular apparatus, which has two components:
the columella (stapes), which is found in other tetrapods;
and the operculum and associated opercular muscle, which
are unique to salamanders and frogs. The columella and
the operculum are bony or cartilaginous elements associ-

Costal grooves

Figure 3.4 Costal grooves facilitate water movement.
These external grooves lie above the rib cage and enhance the
amphibian’s ability to maintain vital moisture in the skin.
(Photograph © blickwinkel/Alamy.)

ated with the fenestra ovalis of the inner ear. The columel-
la receives relatively high-frequency airborne sound. The
operculum, which is connected via the opercular muscle
to the suprascapula of the pectoral girdle (see Figure 2.12),
receives low-frequency sound from the air or substrate. One
or more components of the opercular apparatus are absent
in some salamander families.

Reproduction and life history

Fertilization is external in cryptobranchids, hynobiids,
and sirenids and internal via spermatophores in all other
salamanders. The spermatophore is a mushroom-shaped
packet of sperm that the male places on the substrate (see
Figure 8.4). The ancestral reproductive mode, retained in
most salamander families, is to deposit aquatic eggs that
proceed to an aquatic larval stage. However, direct develop-
ment is the most common reproductive mode at the species
level, occurring in more than 300 species of plethodontids.
Viviparity occurs in some species of Salamandra, which
give birth to advanced larvae in water or to fully metamor-
phosed young, depending on the species and population.
Salamander larvae have a body form almost identical to
that of adults, with the exception of larval features associ-
ated with an aquatic existence, such as external gills, gill
slits, and tail fins (see Figure 8.22). In contrast to frog larvae,
in which the skeleton is entirely cartilaginous and no true
teeth are present, salamander larvae have both bony skel-
etons and teeth. Pond-dwelling larvae in the families Am-
bystomatidae, Hynobiidae, and Salamandridae develop rod-
like balancers in the region of the jaw joint anterior to the
developing limbs. Composed of collagen and other tissues,
balancers provide physical support for the limbless larva
and secrete adhesive mucus (Crawford and Wake 1998). In
contrast to adults, salamander larvae lack eyelids and have
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histologically different skin. These features change into the
adult conditions at metamorphosis. The palate of salaman-
ders is also completely remodeled during metamorphosis, a
synapomorphy of the group.

Some salamanders, including all cryptobranchids, pro-
teids, sirenids, and some dicamptodontids, plethodontids,
and ambystomid species (notably the Mexican axolotl,
Ambystoma mexicanum; see Figure 8.30A) never completely
metamorphose, but become reproductively mature while
retaining a larval body form. This evolutionarily important
phenomenon is known as paedomorphosis. Other sala-
manders exhibit facultative metamorphosis—that is, the oc-
currence of metamorphosis depends on environmental cues.
Individual salamanders in a population, or entire popula-
tions, may show facultative metamorphosis (see Section 8.9).

Fossil record

Salamanders from the Middle Jurassic (~170-159 mya) are
known from England and Kyrgyzstan (Evans et al. 1988;
Nessov 1988). Most salamander fossils are from the Hol-
arctic, but a few Cretaceous fossils are known from Gond-
wanan localities in Bolivia, Sudan, and Niger (Evans et al.
1996; Skutschas and Martin 2011). For many years, the only
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Figure 3.5 A fossil cryptobranchid salamander (Chunerpeton
tianyiensis). Discovery of these Middle Jurassic fossil salamanders in
China extended the fossil record of Caudata back more than 100 million
vears. (From Gao and Shubin 2003).

articulated (jointed) salamander fossil was Karaurus sha-
rovi from Late Jurassic (~150 mya) deposits of Kazakhstan
(Ivachnenko 1978). However, hundreds of articulated fossils
have been discovered in a pond deposit of Late Jurassic age
in China (Gao et al. 1998; Gao and Shubin 2001). These fos-
sils are so well preserved that some of the soft anatomy and
larval traits such as gill filaments are visible. The deposit,
the result of mass mortality caused by a volcanic eruption,
includes two species, one (Sinerpeton fengshanenesis) with
aquatic larvae and metamorphosed terrestrial adults, the
other (Laccotriton subsolanus) apparently a paedomorphic
species that reproduced in a larval state. The earliest ex-
amples of modern salamander groups are also from China,
and include complete skeletons of cryptobranchids (Chuner-
peton; Figure 3.5) (Gao and Shubin 2003). The discovery
of these specimens extended the fossil record of crypto-
branchids by more than 100 million years, to the Middle
Jurassic (~161 mya), and showed that cryptobranchids and
hynobiids had diverged by that time.

Systemafics and Phyloge;nyr
of Salamanders

Evidence for the monophyly of Urodela includes derived
characters of the jaw adductor musculature, the ossification
sequence of the skull bones, the late appearance of the max-
illae, and a unique fusion of distal mesopodial (ankle and
wrist) elements supporting the first two digits (Milner 1988;
Shubin et al. 1995; Gao and Shubin 2001). Paedomorpho-
sis produces convergent evolution of many morphological
characters (D. Wake 1991b), and its pervasiveness in sala-
manders has made it difficult to achieve robust phylogenies
for the major groups using only morphological characters
(Wiens et al. 2005), although individual families and some
larger clades are supported by both morphological and mo-
lecular data.

Numerous phylogenetic analyses of molecular data have
consistently supported the relationship shown in Figure
3.6. One notable exception is the relationship of Sirenidae
to other salamanders. Molecular data support the hypoth-
esis that sirens are either the sister group to all other sala-
manders (Zhang and Wake 2009) or to Salamandroidea
(Wiens et al. 2005; Roelants et al. 2007; Pyron and Wiens
2011). We favor the latter phylogenetic resolution because
it is corroborated by multiple nuclear loci, but the question
requires further study.

Classification, distribution, and conservation 10 familics,
66 genera, 665 extant species. Salamanders occur principal-
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Figure 3.6 Phylogeny of
salamander families. These
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ly in North America and temperate Eurasia, but one clade
of plethodontids, the Bolitoglossini has radiated extensively
in tropical Central and South America, and its 270 species
comprise more than 40% of all known salamander species
(Wake 2012). No salamanders occur in sub-Saharan Af-
rica, Australasia, much of tropical Asia, or most islands (e.g.,
West Indies, Oceania, Madagascar).

Cryptobranchidae
Hellbenders and Giant Salamanders

Cryptobranchids are the largest extant salamanders, with
adult total lengths reaching 1.5-1.8 m for Andrias (Figure
3.7A) and 75 cm for Cryptobranchus. All species inhabit cold
streams. They undergo incomplete
metamorphosis and adults retain
larval features, including lidless
eyes and the absence of a tongue
pad (tongues are used for terres-
trial feeding in salamanders and
are small to absent in salamander
larvae or in fully aquatic adults).
Cryptobranchus retains one pair of
gill slits, but no external gills. The
gill slits are completely closed in

(A)

Figure 3.7 Cryptobranchidae.

(A) Japanese giant salamander,
Andrias japonicus. (B) The family has
a disjunct distribution in Asia and
North America. (Photograph by Kelly
Sweet, courtesy of Brady Barr.)

Andrias. Respiration occurs primarily through the skin,
and is aided by the loose cutaneous folds along the body
that increase the skin’s surface area. The bodies of crypto-
branchids are dorsoventrally flattened. Extensive intrapop-
ulation variation in lengths of adult males is an unusual
character of cryptobranchids; in one population of Andrias

japonicus, the SVL of males extends from 30 cm to nearly

1 m because adults continue to grow slowly after reaching
sexual maturity (Kawamichi and Ueda 1998).

(B)

Andrias

Cryptobranchus
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Fertilization is external. Males of Cryptobranchus con-
struct nests under rocks in streams into which several
females may deposit eggs, whereas males of A. japonicus
construct nests at the end of long tunnels in riverbanks
(Kawamichi and Ueda 1998).

Classification, distribution, and conservation 2 genera, 3
species. Species include Andrias davidianus (central China),
A. japonicus (Japan), and Cryptobranchus alleganiensis (east-
ern North America) (Figure 3.7B). Andrias davidianus is
listed as Critically Endangered by the IUCN and A. japoni-
cus is Near Threatened, primarily because of human con-
sumption and habitat destruction. Cryptobranchus allegani-
ensis, which requires clear, unpolluted streams to survive,
is also Near Threatened. Silting of streams due to runoff
and destruction of habitat that would otherwise prevent the
release of soil into streams are major contributors to the
population decline.

Systematics references Matsui et al. (2008), Sabatino and
Routman (2009), Crowhurst et al. (2011).

Hynobiidae * Asian Salamanders

Hynobiids are relatively small salamanders (10-25 cm
total length; Figure 3.8A). They undergo complete meta-
morphosis and therefore have eyelids and lack gill slits as
adults. Lungs are reduced in several genera and absent in
Onychodactylus, which is a streamside salamander. Adults

(B)

; M Japan
30°N

Hynobiidae
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of Batrachuperus permanently inhabit mountain streams.
In most other species, adults are terrestrial and migrate to
breeding sites.

Fertilization in hynobiids is external. Males of most
species release sperm into the water as the female releases
eggs, but females of Ranodon sibericus deposit eggs on top of
a spermatophore previously deposited by a male. Eggs are
laid in gelatinous egg sacs attached to rocks or vegetation
in ponds, streams, or marshes. Some species breed while
wetlands are still covered with snow and ice (e.g., Sala-
mandrella keyserlingii in Japan; Hasumi and Kanda 1998).
Mating systems vary in Hynobius. In some species, males
maintain territories and females lay egg sacs within this ter-
ritory; whereas in other species several males court a female
simultaneously, sometimes forming a mating ball. A strik-
ing increase in male head width occurs during the aquatic
breeding phase of these species, apparently due to swelling
of subcutaneous connective tissue (Hasumi and Iwasawa
1990; Hasumi 1994). The function of this swelling is un-
clear. The larvae of Hynobius retardatus exist in two morphs.
The normal morph feeds on detritus and plant matter, and
a much larger, broad-headed carnivorous morph eats tough
prey and cannibalizes other larvae. This phenomenon is
very similar to cannibalism in some populations of Ambys-
toma tigrinum and scaphiopodid frogs.

Classification, distribution, and conservation 9 genera,
59 species. Representative genera include Batrachuperus,
Hynobius, Onychodactylus, Paradactylodon, Pseudohynobius,
and Salamandrella. Hynobiids have a disjunct distribution in
Asia from west of the Ural Mountains to the Pacific Ocean,
and south to China (including Taiwan), Japan, Afghanistan,
and Iran (Figure 3.8B). The IUCN lists 14 species as Criti-
cally Endangered or Endangered and 15 species as Near
Threatened or Vulnerable.

Systematics references Dunn (1923), Zeng et al. (2006),
Zhang et al. (2006), Fu and Zeng (2008), Poyarkov et al.
(2012), Weisrock et al. (2013), Xiong et al. (2013).

Sirenidae * Sirens

Sirenids are long, slender, eel-like sala-
manders that have reduced forelimbs and
lack pelvic girdles and hindlimbs entirely.
Siren lacertina (Figure 3.9A) reaches nearly
1 m in total length, but other species are
much smaller. Adult Pseudobranchus are
15-20 ¢m long. Other unusual sirenid
features include a keratinized beak, non-
pedicellate teeth (see Section 2.4), external
gills, and adult skin that is histologically

Figure 3.8 Hynobiidae. Gensan salaman-
der, Hynobius leechi. (B) Distribution. (Photo-
graph courtesy of Todd W. Pierson.)



48 Chapter 3 M Systematics and Diversity of Extant Amphibians

(A)

(B) A z[)\/\}f

United States

30°N

Sirenidae

m”\>

Figure 3.9 Sirenidae. (A) Greater siren, Siren lacertina,
which can reach 1 m in total length. (B) Distribution.
(Photograph by Wayne Van Devender.)

similar to larval skin. Sirenids lack marginal teeth and eye-
lids, and the maxillae are absent (Pseudobranchus) or dra-
matically reduced (Siren).

Sirenids are obligately aquatic and inhabit swamps,
lakes, and marshes with slow-moving water. They prey on
invertebrates such as crayfish and other crustaceans, in-
sects, and worms. During droughts, sirenids burrow into
mud in drying ponds, secrete a mucus cocoon, and estivate.
Siren intermedia estivates for up to 1 year, and the larger
S. lacertina can probably estivate longer (Gehlbach et al.
1973; Etheridge 1990; Aresco 2001). Sirenids fertilize their
eggs externally (thereby making internal fertilization a sy-

napomorphy for Salamandroidea; see Figure 3.6), but this
reproductive mode and the courtship behavior of sirenids
have only recently been documented (Reinhard et al 2013).

Classification, distribution, and conservation 2 gen-
era (Siren, Pseudobranchus), 4 species. They inhabit the
coastal plain and Mississippi Valley of the southeastern
United States and extreme northeastern Mexico (Figure
3.9B). No sirenid species are listed by the IUCN as an
extinction risk.

Systematics references Moler and Kezer (1993), Gardner
(2003), Liu et al. (2006).

Salamandroidea

Ninety percent of described salamander species are Sala-
mandroidea, all of which share the synapomorphy of in-
ternal fertilization via spermatophores. The monophyly of
Salamandroidea is also strongly supported by recent phy-
logenetic analyses of DNA, as are the phylogenetic inter-
relationships of the salamandroid families.

Salamandridae * Newts

Salamandrids are usually up to 20 cm in total length (al-
though some species exceed 30 cm) and have smooth to
extremely rugose skin (Figure 3.10A,B). Salamandra, Chio-
glossa, and Salamandrina are terrestrial as adults, whereas
adults of Pachytriton are totally aquatic. The remaining
genera of newts move between terrestrial and aquatic en-
vironments annually or are aquatic for an extended por-
tion of their life history. Corresponding to these different
modes of life history, the morphology of the feeding appa-
ratus is particularly variable among salamandrids (Deban
and Wake 2000; Wake and Deban 2000). Salamandrids use
both suction feeding in aquatic situations and tongue pro-
trusion feeding mechanisms in terrestrial environments.
Feeding mechanisms (and even some aspects of the mor-
phology) change depending on the life-history stage and
vary seasonally in newts that migrate to breeding ponds.
Some salamandrids, especially Ommatotriton and Triturus,
are notable for dorsal crests that play a role in courtship
(see Figure 13.11).

Life histories of salamandrids are highly varied. Court-
ship behaviors are often elaborate, usually involving pro-
longed interaction between partners, as described in Sec-
tion 13.4. Fertilization is internal via spermatophores, and
eggs of most oviparous species are deposited in ponds or
streams. Females of the European genus Salamandra retain
developing eggs within the body, either depositing ad-
vanced larvae into water (some populations of Salamandra
salamandra) or giving birth to fully metamorphosed young
(S. atra, S. luschani, and some populations of S. salamandra).
In the northern Iberian Peninsula of Europe, the reproduc-
tive mode of S. salamandra varies among populations. In
some populations, females give birth to a small number
(1-15) of fully metamorphosed offspring, whereas in other
populations females deposit 20-60 eggs that hatch either as
they are being laid or just prior to parturition. In these latter
populatlons, the larvae spend from several weeks to 2 years
in the water prior to metamorphosis (Dopazo et al. 1998).

Adults of many North American and Eurasian sala-
mandrids are terrestrial and migrate to ponds for breeding
(e.g., Taricha and Triturus). Notophthalmus (eastern North
America) and several Eurasian newts have a more complex
life cycle. Adults are permanently aquatic, and ontogeny
may involve larval and adult stages only, or the larvae may
metamorphose into an immature eft stage, which is ter-
restrial. The eft stage of N. viridescens lasts from 1 to 14
years, varying among populations (Healy 1974; Gill 1978).
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The efts eventually return to ponds and transform into the
adult stage. Some populations of both N. viridescens and N.
perstriatus, and populations of several species of Triturus,
are paedomorphic and reproduce in a larval state.

Many salamandrids have conspicuous skin glands that
produce highly neurotoxic secretions (e.g., tetrodotoxin,
TTX, in Taricha and Notophthalmus, salamandarine in Sala-
mandra), often accompanied by aposematic coloration and
elaborate defensive displays (Brodie 1977; Daly et al. 1987).
Some predators, especially some species of garter snakes
(Thamnophis) have evolved the ability to eat these poison-
ous salamanders with little or no ill effect (see Chapter 15).

Classification, distribution, and conservation 21 genera,
107 species. Newts inhabit eastern (Notophthalmus) and
western (Taricha) North America; Europe, northwest Af-
rica, western Asia (representative genera include Lyciasala-
mandra, Mertensiella, Neurergus, Ommatotriton, Pleurodeles,
Salamandra, Salamandrina, Triturus); and eastern India to
Japan (Cynops, Echinotriton, Pachytriton, Paramesotriton, Ty-
lototriton) (Figure 3.10C). The IUCN lists 17 species as Criti-
cally Endangered or Endangered and 26 species as Near
Threatened or Vulnerable.

Systematics references Carranza and Amat (2005), Weis-
rock et al. (2006), Steinfartz et al. (2007), Zhang et al. (2008),
Themudo et al. (2009), Wiens et al. (2011), Gu et al. (2012),
Wu et al. (2013), Vences et al. (2014).
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Figure 3.10 Salamandridae.

(A) California coast range newt, Tari-
cha torosa. The skin of this species pro-
duces the neurotoxin TTX. (B) Emperor
spotted newt, Neurergus kaiseri, native
to western Asia. (C) Distribution.
(Photographs: A, courtesy of Harvey
Pough; B, © Paul Starosta/Corbis.)
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Ambystomatidae ® Mole Salamanders

Ambystomatids are robust salamanders, with adults mea-
suring up to 30 cm in total length. Metamorphosis is either
facultative or obligate in different species. For example, the
Mexican axolotl (Ambystoma mexicanum) never completes
metamorphosis and is a permanently aquatic, paedomor-
phic species that has been used in a wide variety of studies
in developmental and experimental biology (Shaffer 1993;
Kauer 2002). Adults of species that complete metamorpho-
sis are terrestrial (Figure 3.11A). Most ambystomatids breed
in early spring, and eggs are usually deposited in ponds
or slow-moving streams. However, several species (e.g.,
Ambystoma opacum) breed during the fall and deposit eggs
on land near water. The nest sites are flooded, and larvae
develop in water. Hybridization among several species of
Ambystoma has produced unisexual forms in parts of the
midwestern and northeastern United States and southeast-
ern Canada (see Chapter 8).

Classification, distribution, and conservation 1 genus
(Ambystoma), 32 species. Ambystoma inhabit North America
from southern Canada to the southern edge of the Mexi-
can Plateau (Figure 3.11B). The IUCN lists 11 species as
Critically Endangered or Endangered and 4 species are
Near Threatened or Vulnerable. Although A. mexicanum
is a common research animal and pet in captivity, as of
2014 it numbered fewer than 1,000 individuals in the wild
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(B)

Figure 3.11 Ambystomatidae. (A) Barred
tiger salamander, Ambystoma mavortiunt.

(B) Distribution. (Photograph © Matt Jeppson/
Shutterstock.)

and will probably become extinct in the near
future because of destruction of its restricted
habitat around Mexico City.

Systematics references Shaffer (1993), Robertson et al.
(2006), Weisrock et al. (2006), Bi et al. (2008), Bi and Bogart
(2010), O’Neill et al. (2013), Williams et al. (2013).

Dicamptodontidae * Pacific Giant Salamanders

Dicamptodontids are moderate to large salamanders (up to
17 cm SVL or 34 cm total length in Dicamptodon tenebrosus)
that superficially resemble their sister lineage, Ambystoma-
tidae (Figure 3.12A). Dicamptodon inhabit damp coniferous
forests with cold streams or cold mountain lakes. Except for
rare individuals, Dicamptodon copei is permanently aquatic
and paedomorphic and retains external gills. Metamorpho-
sis is facultative in individuals or populations of the other
species. Metamorphosed adults are terrestrial. Eggs are de-
posited in clusters under rocks or debris in cold streams and
are guarded by the female. At hatching, all four limbs are
well developed, an unusual character among salamander

(A)

Figure 3.12 Dicamptodontidae. California giant sala-
mander, Dicamptodon ensatus. All four species in this family
are morphologically similar. (B) Distribution. (Photograph ©
Design Pics Inc./Alamy.)
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larvae (usually only the forelimbs are developed); this may
be related to the fast-flowing streams in which the larvae
hatch (Wake and Shubin 1998).

Dicamptodon tenebrosus breeds mainly during May,
whereas D. copei may breed anytime except the winter
months; the breeding season for other species is poorly
documented. The larval period is 2-5 years. Both larvae and
adults of Dicamptodon are opportunistic predators, and large
individuals of D. tenebrosus consume small mammals such
as shrews and voles, lizards, snakes and other salaman-
ders (including other Dicamptodon). The four species of Di-
camptodon are virtually indistinguishable morphologically
but are differentiated genetically and in some life-history
characters.

Classification, distribution, and conservation 1 genus
(Dicamptodon), 4 species. Dicamptodon inhabit the Pacific

Canada

United States
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Northwest of North America from northern California to
southern Canada and the Rocky Mountains of central Idaho
and adjacent Montana (Figure 3.12B). The IUCN lists 1 spe-
cies (D. ensatus) as Near Threatened.

Systematics references Good (1989), Carstens et al.
(2005), Steele et al. (2005), Steele and Storfer (2006a,b).

Proteidae * Mudpuppies and Olms

Proteids are aquatic and paedomorphic, with large external
gills and caudal fins. They are unusual among salamanders
in that they lack maxillary bones (which are also absent in
the sirenid Pseudobranchus), have two pairs of larval gill slits
(other salamanders have three), and have a diploid chromo-
some count of 38 (compared with fewer than 30 in other
Salamandroidea).

Necturus species inhabit lakes, streams, canals, and oth-
er permanent bodies of water in the eastern half of North
America. The largest species, N. maculosus, grows to about
45 cm in total length (Figure 3.13A), but adults of other spe-
cies are generally 20-30 cm in total length. Courtship and
mating in Necturus occur from fall through winter or early
spring, depending on the species and population. Ovipo-
sition occurs during spring or early summer. Females at-
tach their eggs to the undersides of logs, rocks, or debris,
and females of several species attend the clutches through
hatching (Parzefall 2000). Necturus are generalized preda-
tors on aquatic invertebrates and vertebrates, including in-
sect larvae, crayfish, molluscs, annelids, fish, tadpoles, and
salamanders and their eggs. They construct burrows or
use retreat sites under sub-
merged logs or rocks dur-
ing the day and are noctur- ~ (A)
nally active. N. maculosus
has been trapped as deep
as 27 min lakes.

The olm (Proteus an-
guinus) inhabits primar-
ily the western Balkans
in Europe and grows to a
total length of about 25
cm, with females growing
slightly larger than males.
[t lives in cold subterranean

Figure 3.13 Proteidae.
(A) North American mud-
puppy, Necturus maculosus. 5
(B) The olm, Proteus angui-

nus, a cave-dwelling species

from northern Italy. (C) Dis-
tribution. (Photographs: A,
courtesy of Todd W. Pierson; 30°N
B, © Hodalic/Nature Picture
Library/Corbis.)

North America

Necturus
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waters (8-14°C) of limestone caves and crevices but may
emerge into surface springs on dark nights or after heavy
rains (Sket 1997). Proteus is similar to other cave-dwelling
salamanders, such as Eurycea (Plethodontidae), in having a
slender body and limbs and reduced eyes. Two forms of Pro-
teus are known, a more common white form having whitish
skin and extremely reduced eyes (Figure 3.13B) and a black
form with blackish skin and less reduced eyes.

Fighting between reproductively active male Proteus has
been observed in the laboratory. Chemical cues are appar-
ently used to locate prey and by males to mark territories.
Proteus reaches sexual maturity at about 7 years, and captive
individuals 30-40 years old are still capable of reproduction.

Classification, distribution, and conservation 2 genera,
6 species. The distribution of Proteidae is disjunct (Figure
3.13C). Necturus (5 species) inhabits eastern North America;
Proteus anguinus inhabits karst regions in northeastern Italy,
Slovenia, Croatia, and parts of Bosnia and Hercegovina. Al-
though more than 250 historical populations of Proteus are
known, conservation concerns have emerged as habitats
and hydrologic regimes are altered; water pollution has
caused the disappearance of formerly dense populations.
The IUCN lists 1 species as Endangered (Necturus alabain-
ensis), 1 species as Near Threatened (N. lewisi), and 1 species
as Vulnerable (Proteus anguinus).

Systematics references Tihen (1958), Hecht and Edwards
(1976), Goricki and Trontelj (2006), Liu et al. (2006), Bonett
et al. (2013).
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Figure 3.14 Rhyacotritonidae. (A)
(A) California mountain sala-
mander, Rhyacotriton variegatus.
(B) Distribution. (Photograph
courtesy of Todd W. Pierson.)

Rhyacotritonidae * Torrent Salamanders

Rhyacotritonids comprise a single genus (Rhyacotriton) and
are characterized by unique, squared-off glands posterior
to the vent in adult males (Sever 1988). They are further
distinguished from other salamanders by loss of the oper-
culum and opercular muscle (otherwise lost in only a few
hynobiids), and in having greatly reduced lungs and as-
sociated structures (also seen in plethodontids and some
hynobiids). Larvae and adults of Rhyacotriton inhabit cold,
well-shaded seepages and streams in humid old-growth
conifer forests, although individuals are occasionally found
away from water. Maximum adult sizes are up to about 60
mm SVL, but body size varies among populations.

Where known, breeding seasons in Rhyacotriton are
lengthy, some as long as 10 months. Eggs are deposited sin-
gly and are hidden in crevices or among debris on stream
bottoms. Larval periods are 3-5 years (Nussbaum and Tait
1977). Species of Rhyacotriton are morphologically similar
but well differentiated genetically, suggesting a very old ra-
diation. None of the species is sympatric with the others,
although R. variegatus (Figure 3.14A) and R. kezeri are nar-
rowly parapatric in northwestern Oregon, where competi-
tion may preclude their sympatry (Good and Wake 1992).

Classification, distribution, and conservation 1 genus
(Rhyacotriton), 4 species. Rhyacotriton inhabit the coastal
Pacific Northwest of the United States, from northern Cal-
ifornia to Washington and the Cascade Range of Oregon
and Washington (Figure 3.14B). The IUCN lists all 4 species
as Near Threatened or Vulnerable.

Systematics references Good and Wake (1992), Miller et
al. (2006), Wagner et al. (2006).

Amphiumidae * Amphiumas
Like sirenids, amphiumids are elongate, paedomorphic,
aquatic salamanders that lack eyelids. However, unlike
sirenids, amphiumids retain both pairs of limbs and limb
girdles, but they are severely reduced. Amphiumids also
lack external gills (but retain one pair of gill slits) and have
large pedicellate teeth on the upper and lower jaws. Amphi-
uma means (Figure 3.15A) and A. tridactylum are very large

Canada
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Rhyacotritonidae
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salamanders and attain total lengths of approximately 1.1
m, but the maximum size of A. pholeter is only 35 cm. Am-
phiumids inhabit sluggish streams and rivers or swamps,
occasionally moving overland during wet periods. Fertil-
ization is internal, with males depositing spermatophores
directly into the cloaca of females during courtship. Large,
yolky eggs are laid in long strands on land, underneath or
within logs, or in the nest mounds of alligators; they are
attended by the female and may take 5 months to hatch
(Fontenot 1999). Amphiuma prey actively on a wide variety
of vertebrates and invertebrates, including insects, crayfish,
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Figure 3.15 Amphiumidae. (A) Two-toed amphiuma,
Amphiuma means. (B) Distribution. (Photograph © Suzanne L.
and Joseph T. Collins/Science Source.)



snails, amphibians, reptiles, and fish. Like the sympatric
sirenid salamanders, Amphiuma survive drought periods
by burrowing into mud and aestivating for up to 2 years or
more (Knepton 1954).

Classification, distribution, and conservation 1 genus
(Amphiuma), 3 species. The three species differ in the num-
ber of toes on both the fore- and hindlimbs—A. tridactylum
has three toes, A. means, two, and A. pholeter, one. Amphiu-
ma inhabit the coastal plain and lower Mississippi Valley of
the southeastern United States (Figure 3.15B). The [UCN
lists A. pholeter as Near Threatened.

Systematics references Rieppel and Grande (1998),
Bonett et al. (2009, 2013).

Plethodontidae * Lungless Salamanders

The Plethodontidae are the most species-rich group of
salamanders, accounting for two-thirds of all salamander
species. They are also the only salamanders that have ex-
tensively radiated in the Neotropics. Plethodontids have of-
fered a paradigm for studies of speciation (e.g., Jockusch et
al. 2002; Kozak and Wiens 2010; Devitt et al. 2011) and of
patterns and mechanisms of evolution in amphibians, espe-
cially those focusing on the role of heterochrony in generat-
ing morphological novelties (Hanken 1986; D. Wake 1991b,
1992; Parra-Olea and Wake 2001; Bonett et al. 2013). Much
of the spectacular radiation of plethodontids is marked by
adaptive transitions in locomotor and feeding structures (D.
Wake and Larson 1987).

Given the potentially confusing taxonomy of plethod-
ontids, we provide a more complete taxonomy of Plethod-
ontidae in Figure 3.16. Because of quirks in the history of
plethodontid taxonomy, many researchers use a tribe-level
classification when discussing this group. Tribes are a Lin-
nean rank below family, indicated in animals by names
end in “—ini” (e.g., Bolitoglossini). As with all Linnean
ranks, the name of the rank (tribe, subfamily, etc.) is rela-
tively unimportant if the group is monophyletic and well
defined.

All plethodontids lack lungs and rely solely on cuta-
neous respiration. Fully metamorphosed individuals are
characterized by a nasolabial groove that aids in chemo-
reception. The origin of lunglessness among plethodontids
is most often attributed to adaptation to moving water, a
presumed ancestral environment (see contrasting views
of Ruben and Boucot 1989; Ruben et al. 1993; Beachy and
Bruce 1992). Lunglessness has also evolved in Hynobiidae
(e.g., Onychodactylus, Ranodon) and Rhyacotritonidae (Rhya-
cotriton), and the salamandrids Chioglossa, Pachytriton, and
Salmandrina have reduced lungs. All of these species live in
or along fast-flowing streams. Major centers of diversity of
plethodontids are the southern Appalachian mountains of
eastern North America, the highlands of southern Mexico
and Guatemala, and the highlands of eastern Costa Rica
and western Panama.
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Plethodontid body forms vary greatly, from relatively
robust to elongate and slender. Plethodontids include the
smallest (Thorius; 30 mm total length) and some of the
largest (Pseudoeurycea belli; 32 cm total length) terrestrial
salamanders. Many arboreal species, which are primarily
tropical bolitoglossines, have webbed feet and prehensile
tails. Some populations of Ensatina have bright aposematic
coloration (see Figure 3.16F), and several species of plethod-
ontids are involved in mimicry complexes (see Chapter 15).

The Desmognathini (Desmognathus and Phaeognathus)
are characterized by a unique ligament extending from the
atlas vertebrae over the skull to the lower jaw (the atlanto-
mandibular ligament), and a suite of derived features as-
sociated with peculiar burrowing and feeding modes (D.
Wake 1966; Schwenk and Wake 1993). Desmognathines
are aquatic to terrestrial. Haideotriton, and some species of
Eurycea and Gyrinophilus are permanently aquatic as adults,
and most other Hemidactyliinae species are are semiaquat-
ic. Species of Plethodontini are terrestrial to scansorial. Bo-
litoglossines are the most diversified clade of plethodontids
in terms of species diversity and morphology, but only one
is aquatic (D. Wake and Campbell 2001). Lowland species
of bolitoglossines are fossorial or arboreal, whereas upland
species are terrestrial to arboreal and many occupy special-
ized habitats such as moss mats.

Of all salamander families, Plethodontidae shows the
greatest diversity of morphological specializations to par-
ticular habitats. Examples of plethodontid lifestyles include
fossorial (Batrachoseps, Oedipina, Phaeognathus), aquatic
or riparian (Eurycea, Gyrinophilus, Stereochilus), terrestrial
(Ensatina, Plethodon, Pseudoeurycea), arboreal (Bolitoglossa,
Chiropterotriton), cave-dwelling (Eurycea, Haideotriton),
moss-mat specialists (Nototriton), and crevice-dwelling
(Hydromantes). Batrachoseps and Oedipina have conver-
gently evolved fossorial specializations, including body
elongation, diminutive size, reduced hands and feet, and
long tails; these specializations have permitted multiple
independent invasions of lowland tropical environments
(Parra-Olea and Wake 2001).

Plethodontids are ancestrally oviparous; females usually
lay eggs in concealed sites and brood them until hatching,
which may take 1 to several months, depending on spe-
cies and location. However, direct development has evolved
independently two times in Plethodontinae—once in the
common ancestor of Plethodontinae and a second time in
the ancestor to Batrachosepini and Bolitoglossini (Chippen-
dale et al. 2004). Egg attendance behavior has been lost in
some taxa (Jockusch and Mahoney 1997). Oviposition sites
are usually not shared among individuals. However, com-
munal nesting is known in Desmognathus wrighti, Eurycea,
Hemidactylium, Nototriton, and some species of Batrachoseps.

Plethodontids are notable for the enormous size of their
genomes. The human genome contains some 6 billion
nucleotides, whereas the size of the plethodontid genome
ranges from 14 to 120 billion nucleotides (Mueller et al.
2008; Sun et al. 2011). Consequently, plethodontids have
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lugubris (Aneidini). (D) Red-legged salamander, Plethodon sher-
mani (Plethodontini). (E) Shasta salamander, Hydromantes shas-
tae (Hydromantini). (F) Common ensatina, Ensatina eschscholtzii

pernix (Bolitoglossini). (H) California slender salamander,
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der, Hemidactylium scutatum (Hemidactyliini). (Photographs:
B-D, G-J, courtesy of Todd W. Pierson; E, courtesy of Daniel M.
Portik; F, courtesy of L. Lee Grismer.)



Figure 3.17 Distribution of Plethodontidae. The range of
this large family includes disjunct locations in Europe and the
Americas, including the Neotropical range of Bolitoglossini.

larger nuclei and larger cells than other vertebrates simply
because the genome takes up so much volume. These sala-
manders are also unique in that a large percentage of their
red blood cells (RBCs) lack nuclei (Villolobos et al. 1988)—a
very rare trait in non-mammalian vertebrates. One hypoth-
esis for the evolution of enucleated RBCs is that nucleated
RBCs would be very large cells because of the large genome,
and would therefore inhibit blood flow in narrow capillaries
(Mueller et al. 2008).

Classification, distribution, and conservation 27 genera,
443 species. Plethodontids were once thought to be exclu-
sively European and American, but a plethodontid species
(Karsenia koreana) was discovered in South Korea in 2005
(Min et al. 2005). Thus, the family has a disjunct distribution
that includes North America, the Neotropics, South Korea,
and southern Europe (Figure 3.17). Plethodontids are cur-
rently undergoing a conservation crisis. The tropical bolito-
glossines have been devastated by chytrid fungus (Rovito et
al. 2009; Cheng et al. 2011). The IUCN lists 132 species (30%
of all plethodontids) as Critically Endangered or Endangered
and 100 species (23%) as Near Threatened or Vulnerable.

Systematics references Dunn (1926), D. B. Wake (1966,
2012, 2013), Mueller et al. (2004), Min et al. (2005), Vietes et

Equator
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Karsenia koreana (Hydromantini) was described in South Korea
in 2005.

al. (2007, 2011), Kozak et al. (2009), Fisher-Reid and Wiens
(2011), Rovito et al. (2012, 2013), Elmer et al. (2013), Bonnet
et al. (2014).
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Anurans comprise the vast majority of amphibian diversity
(~88% of species). Adult anurans are instantly recognizable
by their lack of a tail, and most species possess muscular
hindlimbs and mouths that are large relative to their bodies.
Anura (from the Greek an, “without,” + ura, “tail”) is the
node-based name for the ancestor of extant frog lineages,
and Salientia (from the Latin saliet, “to leap”) is the stem-
based name for all lineages more closely related to Anura
than to other lissamphibians, including extinct lineages
that diverged before modern frogs.

Skeletal morphology

Anurans share multiple morphological skeletal synapomor-
phies. Their skulls are extremely reduced, lacking many ele-
ments present in ancestral lissamphibians (compare Figures
2.13A and C). The frontals and parietal bone are fused to
form a frontoparietal. The elements of the hyoid apparatus
are fused into a hyoid plate, and several elements are absent
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Figure 3.18 Skeletal morphology of frogs. Generalized
skeleton of a modern frog with some major synapomorphies of
Anura indicated.

from the skull. The tongue is attached in the front of the
mouth in most frogs and has a free posterior edge. Most
frogs protrude the tongue by flipping it out of the mouth
using the attached anterior end as a pivot point (see Chapter
11), but Nasikabatrachidae and Rhinophrynidae have dif-
ferent tongue protrusion mechanisms, as described in the
Rhinophrynidae family account on page 63.

Anurans have no more than 9 presacral vertebrae, and
their caudal vertebrae are fused into a rod called the uro-
style (Figure 3.18). Anatomical tails are absent; the tail of
the tailed frogs (Ascaphidae) is actually an extension of the
cloaca. Anurans have elongated hindlimbs and feet, and
the astragalus and calcaneum of the ankle are elongate
and at least partially fused. In the forelimb, the radius and
ulna are fused, and the tibia and fibula of the hindlimb are
fused. All of these features may be associated with salta-
tion (jumping; see Section 10.3), the major mode of loco-
motion for most frogs.

SKULL Frog skulls have the appearance of being rather
open and lightly built compared with the skulls of many
other amphibians. This is due partially to the many skull
bones that have been lost over evolutionary time, including
the palatines, vomers, quadratojugals, and columellae. Most
anurans have teeth, albeit often reduced in size. A notable
exception is the Bufonidae, which lack teeth entirely. Only
one species of frog, Gastrotheca guentheri, possesses teeth on

the mandible (see Trueb 1973, Duellman and Trueb 1994).
Phylogenetic evidence shows that mandibular teeth were
lost in the common ancestor of frogs about 230 mya, but
re-evolved in G. guentheri from a toothless-mandible ances-
tor between 17 and 5 mya (Wiens 2011). The dermal bones
of the skull roof in frogs are fused with the overlying skin.
In some frogs the dermal bones of the skull are elaborated
into casques—heavily-ossified, helmet-like structures that
project from the skull, most notably seen in Hemiphractus
(Hemiphractidae; see Figure 3.43A) and the hylids Triprion
and Anotheca.

VERTEBRAE Vertebral characters provide important clues
to frog phylogenetic relationships. The number of presacral
vertebrae in frogs varies from five to nine, with higher num-
bers present in the anuran lineages that diverged earliest.
The shape of the vertebral centrum, the structure that en-
closes the notochord, varies among frogs and is often a syn-
apomorphy at the family level. Although the specific devel-
opmental patterns are different, mature vertebrae fall into
one of several patterns, of which three are common. Am-
phicoelous vertebrae are characterized by the convex shape
of the anterior and posterior ends of the centrum (body).
The centrum of amphicoelus vertebrae incompletely ossifies
around the notochord and no movable joint exists between
vertebrae (Figure 3.19A). This morphology is characteristic
of Ascaphidae, Leiopelmatidae, Megophryidae, Myobatra-
chidae, Pelobatidae, and Scaphiopodidae. In opisthocoe-
lous vertebrae, characteristic of Alytidae, Bombinatoridae,
Discoglossidae, Pipidae, and Rhinophrynidae, the anterior
end of the centrum is rounded and the posterior end is con-
cave. In procoelous vertebrae, observed in all other frogs,
the centrum is anteriorly concave and posteriorly rounded.
The centrum in opisthocoelous and procoelous vertebrae
completely obliterates the notochord, forming a movable
joint between adjacent vertebrae (Figure 3.19B).

PECTORAL GIRDLE Pectoral girdles anchor the forelimbs
to the body and exhibit a wide range of variation (e.g., de-
gree of fusion and ossification of the various elements),
most likely in relation to locomotor mode, burrowing,
swimming, and feeding adaptations. The proximal limb
element (humerus) articulates with the pectoral girdle at
the glenoid fossa. Frog pectoral girdles consist of three ele-
ments above the glenoid fossa: the scapula, suprascapula,
and cleithrum. Ventromedially below the glenoid fossa, the
girdle elements include the omosternum and sternum along
the midline, and the clavicles and coracoids extending from
the midline to articulate with the scapula and forelimb at
the glenoid fossa. A series of cartilaginous elements—the
epicoracoid and procoracoid cartilages—Tlies between the
clavicles and coracoids on either side.

Reproduction and life history

Anuran life history and reproductive modes are diverse
and will be described in detail in Chapters 8 and 14. Most
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anurans have external fertilization aided by close contact
between the sexes in a distinctive grasp called amplexus.

AMPLEXUS Amplexus is a mating behavior in which a
male frog grasps the female from behind to bring their clo-
acae into close proximity and thus aid fertilization. Three
classes of amplectic behavior are recognized (Lynch 1973;
Nussbaum 1980). In inguinal amplexus the male grasps the
female around the inguinal (waist) region, whereas in axil-
lary amplexus the female is grasped immediately behind
her forelimbs (see Figure 8.6A,B). In cephalic amplexus the
male is positioned far forward on the dorsum of the female
and clasps her head (see Figure 8.6C). Inguinal amplexus
is characteristic of most early diverging frog lineages (e.g.,
non-neobatrachians) but also of some Neobatrachia (Hele-
ophrynidae, Myobatrachidae, Sooglossidae, Brachycephal-
idae, and some bufonids and Leptodactylidae sensu lato).
Axillary amplexus is characteristic of most Neobatrachia.
Thus, the direction of evolutionary change in this charac-
ter within Neobatrachia is difficult to ascertain, and these
amplexus behaviors may have evolved independently mul-
tiple times. Cephalic amplexus is known in Dendrobatidae,
and an unusual variant is observed in mantellid frogs from
Madagascar (see the family account for Mantellidae).

LARVAE Many frogs have a larval stage (tadpole) that is
radically different from juvenile and adult frogs in morphol-
ogy and ecology. Tadpoles lack true teeth, but most have ke-
ratinous jaw sheaths and toothlike denticles that they use to
scrape plant matter or detritus, and most of them have a large
branchial basket and internal gills. Water is taken in through
the mouth, passes across the gills, and—except in Pipidae
and Rhynophrynidae—exits through a single spiracle. Some
free-living tadpoles do not feed and depend on yolk supplied
in the eggs; these tadpoles usually metamorphose quickly.
Metamorphosis of a tadpole into a juvenile frog results in
profound changes in body organization internally and ex-
ternally, and this process is a major difference between the
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Figure 3.19 Vertebral morphology. (A) No movable joint
exists between amphicoelus vertebrae, and ossification is
incomplete around the notochord. (B) In opisthocoelous and
procoelous vertebrae, the centrum completely obliterates the
notochord and there are movable joints between adjacent ver-
tebrae. Procoelous vertebrae are rounded toward the animal’s
posterior, while opisthocoelous vertebra are rounded toward
the anterior.

metamorphosis of frogs and that of salamanders and
caecilians. The adult body form of salamanders and
caecilians is similar to that of larvae and is acquired
gradually during metamorphosis.

Tadpole body plans differ both within and among
families, especially in relation to the structure of the mouth-
parts (presence and arrangement of papillae, jaw sheaths,
and denticles), the branchial chambers, and the position of
the spiracle, through which water leaves the chambers. The
study of tadpole morphology has been greatly influenced
by Orton’s classification scheme (1953 and subsequent re-
finements), which classifies the morphological diversity of
tadpoles into four general types (Figure 3.20). Although
Orton’s categories are useful shorthand for characterizing
mouthparts and spiracle positions, they mask considerable
functional and evolutionary diversity within each type, and
additional types have been documented.

Fossil record

Two fossil salientians are known from the Early Triassic.
Triadobatrachus massinoti (Figure 3.21) is known from a
single nearly complete skeleton from Madagascar (~230
mya) (Rage and Rocek 1989). It is about 5 million years
older than Czatkobatrachus polonicus from Poland (Evans
and Borsuk-Bialynicka 1998), which is known from a few
isolated skeletal elements. These two fossils show that stem
frogs are known from southern and northern parts of Pan-
gaea at the very beginning of the Mesozoic. Molecular di-
vergence analyses show that the split between frogs and
salamanders occurred in the Early Carboniferous, and thus
salientian history extends over 350 million years (Roelants
et al. 2007). The structure of their limbs shows that these
stem frogs were not jumpers, nor had they acquired the
forelimb morphology required for shock absorption upon
landing, as seen in crown group frogs (Anura) (Borsuk-
Bialynicka and Evans 2002; Sigurdsen et al. 2012). About
40 million years lapsed between Triadobatrachus and the
earliest anuran fossils in the Jurassic, and thus there re-
mains an important gap in knowledge in the evolutionary
history of frogs.

Several Jurassic fossils are either anurans or pre-anuran
salientians. The earliest of these, Prosalirus bitis (Early Ju-
rassic, ~190 mya; Shubin and Jenkins 1995), occurs in the
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Figure 3.20 Orton’s tadpole types.
For each larval type, ventral views of

the oral disc and of the head-body are
shown. Blue lines show the path of water
flow, and arrowheads show where water
exits through the spiracle. (A) Orton’s
Type 1 larvae are characteristic of Pipi-
dae and Rhynophrynidae. They have
wide, slitlike mouths without keratinized
mouthparts and paired spiracles. (B) Type
2 larvae (Microhylidae) have a single
midventral spiracle and more complex
mouthparts than Type 1 but also lack
keratinized mouthparts. (C) Type 3 lar-
vae (Ascaphidae, Leiopelmatidae, Bombi-
natoridae, and Alytidae) have keratinized
mouthparts and midventral spiracles.

(D) Type 4 larvae, characteristic of all
other frogs, differ from Type 3 in having
sinistral spiracles (i.e., spiracles on the
left side of the body). (After Orton 1953.)

(A) Type 1

same North American deposits as the earliest known cae-
cilian (Eocaecilia). Two others occur later in the Jurassic (No-
tobatrachus and Vieraella from Argentina) (Béez and Basso
1996), but fossils assigned to the extant family Alytidae also
appear in the Middle to Late Jurassic (Evans et al. 1990;
Evans and Milner 1993; Rocek 2000). Furthermore, stem
pipids and perhaps rhinophrynids were probably already
present by the Late Jurassic as well (Béez et al. 2000). This
evidence suggests that several extant families of primitive
frogs have an extremely ancient evolutionary history. The
earliest fossil tadpoles are known from the Late Jurassic or
Early Cretaceous in China (Yuan et al. 2003). Fossil pipid
tadpoles are known from the Early Cretaceous (Estes et al.
1978), and well-preserved pelobatid tadpoles are known

Figure 3.21 A fossil salientian
from the Early Triassic. Skeletal
reconstruction of Triadobatrachus massi-
noti. The fossil record of the stem lin-
eage of frogs goes back over 350 million
years. (After Rage and Rocek 1989.)

Denticles
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Marginal
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Jaw sheaths
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from the Miocene (Wassersug and Wake 1995). For gen-
eral reviews of frog fossil history, see Baez (1996), Sanchiz
and Rocek (1996), Rocek (2000, 2013), and Rocek and Rage
(2000).

~ Anatomical and functional studies of Prosalirus provide
insight into the origin of saltation and the peculiar mor-
phology of frogs, much of which was already established
by the Jurassic. The carpal (wrist) torsion character of frogs
is due to modifications in the joint structure of the wrists,
and the urostyle, in conjunction with stabilizing muscles of
the pelvis, assists in transmitting force from the ilia to the
vertebral column during jumping. These characters were
well developed in Prosalirus and already presaged in Tri-
adobatrachus (Rocek and Rage 2000).




Systematics and Phylogeny of Frog:

Frog systematics is by far the most active field in herpetolog-
ical systematics in terms of discovering new species. There
has been considerable progress uncovering the phylogenetic
history of anurans, especially in the relationships of Lepto-
dactylidae sensu lato and Ranidae sensu lato (Table 3.1). It
is an exciting time to be a frog biodiversity researcher, and
because amphibian populations are declining worldwide, it
is increasingly important to describe this diversity

It is precisely this vast amount of new information about
frog diversity that makes frog taxonomy the area of greatest
debate among amphibian systematists. The discovery of an
enormous number of new species and clarification of previ-
ously ambiguous relationships with molecular phylogenetic
data have led to a proliferation of frog family names. For
example, the previous edition of this textbook (2004) recog-
nized 30 frog families, while the current edition recognizes
52. This increase certainly reflects dedicated work, attention,
and interest in phylogeny of frogs by modern amphibian
evolutionary biologists. However, the difficulty in main-
taining a cohesive concept of frog diversity increases as the
number of families increases. The phylogeny in Figure 3.22
largely follows AmphibiaWeb and Amphibian Species of the
World, but we deviate from those authorities in some cases:

1. Craugastoridae and Strabomantidae were proposed
as two new families of New World direct-developing
frogs (clade Terrana) by Hedges et al. (2008), even
though there was only weak clade support for the
monophyly of Strabomantidae. Indeed, no publica-
tion has since supported Strabomantidae with a
level of strong clade support (e.g., Heinicke et al.
2009; Pyron and Wiens 2011). We instead recognize
a larger Craugastoridae that includes taxa formerly
assigned to Strabomantidae (Pyron and Wiens 2011).

2. We do not recognize Odontobatrachidae for similar
reasons in that its clade support is low in the study
that proposes its name (contra Barej et al. 2014).

3. We do not recognize Aromobatidae as a separate
family from Dendrobatidae (contra Grant et al. 2006).
Although both names are valid in that they define
monophyletic groups, we question the utility of this
change.

4. We recognize the sister taxa Ascaphidae and Leio-
pelmatidae as separate families given their long
usage in herpetology (contra Frost et al. 2006).

The relationships among some families remain unclear,
especially those currently part of Hyloidea, Ranoidea, and
those formerly placed in Leptodactylidae sensu lato. The
taxonomy of these groups will almost certainly change as
more species of these clades are discovered and their phylo-
gen becomes better supported with additional data.
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TABLE 3.1 ® Comparison of anuran families

recognized in the previous and current editions
of this book

3rd Edition (2004) 4th Edition (2015)

Hylidae sensu lato Hylidae sensu stricto
Hemiphractidae

Leptodactylidae
sensu lato

Leptodactylidae sensu stricto
Alsodidae
Batrachylidae
Ceratobatrachidae
Ceuthomantidae
Craugastoridae
Cycloramphidae
Eleutherodactylidae
Hylodidae
Odontophrynidae
Telmatobiidae

Microhylidae
sensu lato

Microhylidae sensu stricto
Brevicepitidae

Pelobatidae Pelobatidae sensu stricto

sensll (ate Scaphiopodidae

Petropedetidae
sensu lato

Petropedetidae sensu stricto

Phrynobatrachidae

Ranidae Ranidae sensu stricto

S lato Calyptocephalellidae

Ceratophryidae
Conrauidae
Dicroglossidae
Micrixalidae
Nyctibatrachidae
Ptychadenidae
Pyxicephalidae
Ranixalidae

Pseudidae Placed in Hylidae sensu stricto

Discoglossidae Placed in Alytidae

(none) Nasikabatrachidae (new family)




Neobatrachia

Ranoidea

Ceratophryidae
Conrauidae

Dicroglossidae
Micrixalidae

Nyectibatrachidae

Petropedetidae

Ptychadenidae

Pyxicephalidae

Phrynobatrachidae

Pelobatoidea

Ranixalidae
Ranidae

Mantellidae

Rhacophoridae

Microhylidae

Brevicipitidae

Hemisotidae

Arthroleptidae

Hyloidea

Hyperoliidae

Alsodidae
Batrachylidae
Bufonidae

Ceratobatrachidae

Cycloramphidae
Dendrobatidae

Hemiphractidae
Hylidae

Hylodidae
Leptodactylidae
Odontophrynidae
Rhinodermatidae
Telmatobiidae
Allophrynidae
Centrolenidae
Craugastoridae
Brachycephalidae

Ceuthomantidae
Eleutherodactylidae

(AR

Calyptocephalellidae

Myobatrachidae

Nasikabatrachidae

Sooglossidae

Heleophrynidae

Megophryidae

Pelobatidae

Pelodytidae

Scaphiopodidae

Pipidae

Rhinophrynidae

Alytidae

Bombinatoridae

Leiopelmatidae
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Figure 3.22 Phylogeny of
anuran families. These relation-
ships are based on phylogenetic
analysis of DNA data. (Data from
Roelants and Bossuyt 2005, Roel-
ants et al. 2007; Pyron and Wiens
2011; Kurabayashi and Sumida
2013; and Zhang et al. 2013.)

Classification, distribution, and
conservation Approximate-
ly 539 genera and more than
6,400 extant species of frogs are
known, and many new species
are described each year. Frogs
have a cosmopolitan distribution
except where limited by extreme
cold or dry climates. They are ab-
sent from many oceanic islands
and are most diverse in tropical
Central and South America, Afri-
ca, and Southeast Asia. Some no-
table comprehensive phylogenies
of frog relationships and sum-
maries of classification include
Ford and Cannatella (1993), Haas
(2003), Frost et al. (2006), Roel-
ants et al. (2007), Blackburn and
Wake (2011), Pyron and Wiens
(2011), Wiens (2011), and Zhang
et al. (2013).

Ascaphidae * Tailed Frogs

Ascaphidae is represented by the
single extant genus Ascaphus (Fig-
ure 3.23A) These small frogs (25—
50 mm SVL) are unique among
frogs in having an intromittent
organ that resembles a tail, giving
rise to the common name. The
tail is actually a highly vascular-
ized extension of the cloaca that
is supported by cartilaginous rods
(the postpubis, or Nobelian rods)
and attached to the ventral part of
the pelvic girdle. During inguinal
amplexus, the tail is bent forward
by contraction of the rectus ab-
dominis muscles and is inserted
into the cloaca of the female.
Ascaphus have nine presacral
vertebrae, an ancestral character
shared with Leiopelma that differs
from the eight (or fewer) presa-
cral vertebrae in other extant
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Figure 3.23 Ascaphidae. (A) Tailed frog, Ascaphus
montanus. (B) Distribution. (Photograph courtesy of Wayne
Van Devender.)

frogs. Ascaphus, Leiopelma (Leiopelmatidae), and Xenopus
and Pseudhymenochirus (Pipidae) also have a prepubic ele-
ment, the epipubis, found in no other frogs.

Ascaphus inhabit cold torrential streams and are highly
aquatic, even as adults. Tympana (eardrums) are absent;
these frogs apparently do not call. Inguinal amplexus oc-
curs underwater. Ascaphus lay a few large eggs under rocks
in water, and the embryos develop very slowly (Brown
1989; Adams 1993). After hatching, the length of the larval
period varies from 1 to 5 years, depending on altitude and
geographic location (Wallace and Diller 1998). The tad-
poles live in fast-flowing water and have reduced tail fins,
but have well-developed suctorial oral discs that firmly at-
tach the tadpole to the substrate (see Figure 11.4). They
have been observed using these oral discs to climb out of
streams in spray zones. Internal fertilization, absence of
calls, and tadpole morphology are probably all specializa-
tions for the highly turbulent aquatic environments where
Ascaphus live.

Classification, distribution, and conservation 1 genus,
2 species (Ascaphus truei, A. montanus). Ascaphids have
a disjunct distribution in the northwestern United States
and Canada (A. truei) and Rocky Mountains (A. monta-
nus) (Figure 3.23B). Neither Ascaphus species is listed by
the IUCN as an extinction risk. Frost et al. (2006) merged
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Ascaphus into Leiopelmatidae, but we do not follow this
taxonomic change.

Systematics references Nielsen et al. (2001, 2006), Con-
lon et al. (2007).

Leiopelmatidae * New Zealand Primitive Frogs

Leiopelmatid frogs are the only amphibians native to New
Zealand. The four extant species of Leiopelma (Figure 3.24A)
are nocturnal frogs with an SVL of up to 50 mm. Three spe-
cies are terrestrial, and the other inhabits streamside habi-
tats. They are unique among frogs in having inscriptional
ribs embedded in the ventral body musculature (Green and
Cannatella 1993). Leiopelma lack tympana, certain middle
ear structures, and vocal sacs. Leiopelmatids are also long-
lived frogs; mark-recapture studies have found males and
females at least 34 years old (Bell and Pledger 2010).
Females lay small clutches (20-70 eggs) in moist terres-
trial habitats (Stephenson and Stephenson 1957). Devel-
opment is rapid, with the tadpoles developing neither jaw
sheaths nor denticles (Bell 1978). Adult males of three of the
four Leiopelma species attend the clutches, and after hatch-
ing, carry the tadpoles on their backs until development
is complete. Male attendance does not occur in the more

(B)
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Leiopelmatidae ~ North
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South
Island
o

Figure 3.24 Leiopelmatidae. (A) Archey’s frog, Leiopelma
archeyi. (B) Distribution. (Photograph courtesy of David M.
Green.)
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aquatic species, L. hochstetteri, in which free-living tadpoles
move into water soon after hatching.

Classification, distribution, and conservation 1 genus
(Leiopelma), 4 species. Leiopelma inhabit New Zealand (Fig-
ure 3.24B), where all four species are threatened by habi-
tat degradation and introduced exotic species (Bell 2010).
Chytrid fungus (see Chapter 17) was discovered in New
Zealand in 1999 and is linked to the decline of L. archeyi
(Bell et al. 2004), but L. hochstetteri seems to be resistant to
infection (Moreno et al. 2011). L. hamiltoni is known only
from a single population of fewer than 300 individuals. The
IUCN lists 2 species as Critically Endangered or Endan-
gered and the other 2 species as Vulnerable.

Systematics references Worthy (1987), Holyoake et al.
(2001), Fouquet et al. (2010).

Bombinatoridae * Fire-Bellied Toads

Bombina and Barbourula form a clade characterized by de-
rived features of the skull and hyoid (Ford and Cannatella
1993). Species of Bombina are small to medium size (40—
80 mm SVL) and toadlike, whereas Barbourula are larger
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(60-100 mm SVL) and fully aquatic. Bombina have bright
orange or yellow aposematic coloration on the belly (Fig-
ure 3.25A) and emit toxic skin secretions (Bachmeyer et al.
1967). They adopt a defensive posture, the unken reflex, to
display these colors when threatened (see Figure 15.25E).
Very little is known about the natural history of Barbourula,
although B. kalimantanensis is the only frog species known
to lack lungs (Bickford et al. 2008). Bombina lay single eggs
in ponds; the reproductive biology and tadpoles of Bar-
bourula are unknown. Two species of Bombina, B. bombina
and B. variegata, have been the subject of extensive stud-
ies of hybrid zone dynamics (Szymura 1993; Nurnberger
et al. 1995; Hofman and Szymura 2007). The divergence
between Bombina and Barbourula is very old (=50 mya;
Blackburn et al. 2010).

Classification, distribution, and conservation 2 genera
(Bombina, Barbourula), 10 species. Bombina have a disjunct
distribution in Europe and Asia to China, Korea, and Viet-
nam; Barbourula inhabit Borneo and the Philippines (Figure
3.25B). The IUCN lists 2 species as Endangered and 2 as
Vulnerable.

Systematics references Clarke (1987), Hofman et al.
(2007), Yu et al. (2007), Pabjian et al. (2008), Zheng et al.
(2009), Pabjian et al. (2013).

Alytidae ¢ Disc-Tongued Frogs and Midwife Toads

Alytids are small to moderate-size frogs (30-70 mm SVL)
with aquatic eggs and tadpoles. Alytes are fossorial, con-
structing tunnels in which they live, whereas Discoglossus
and Latonia inhabit rivers and marshes as well as terres-
trial habitats. Inguinal amplexus in Alytes takes place on
land, and the male maneuvers the fertilized eggs onto his
back and hindlimbs. Here they are carried and moistened

Figure 3.25 Bombinatoridae.

(A) Oriental fire-bellied toad, Bombina
orientalis. (B) Distribution. (Photograph
© marima/Shutterstock.)



Figure 3.26 Alytidae. (A)
(A) Common midwife toad,
Alytes obstetricans. This male

is carrying a string of eggs
wrapped around his hind legs.
(B) Distribution. (Photograph ©
Paul Starosta/Corbis.)

when necessary until near hatching, at which time they are
deposited in water. Because of this behavior, the common
name for Alytes is midwife toads (Figure 3.26A). Discoglos-
sus lay their eggs directly in water.

Latonia nigriventer was declared extinct by the [IUCN in
1996 after no documentation of its existence since the 1950s,
when its only known habitat, the marshes of Hula Valley,
Israel, were drained. However, this species was rediscov-
ered in 2011 at a wetland nature preserve in the Hula Valley
(see Figure 17.30C) (Biton et al. 2013).

Classification, distribution, and conservation 3 genera
(Alytes, Discoglossus, Latonia), 11 species. This family inhab-
its western Europe and the Middle East to northwestern
Africa (Figure 3.26B). It has a confusing taxonomic history
as some or all alytid species have been placed in the for-
merly recognized family Discoglossidae (not to be confused
with Dicroglossidae). The IUCN lists 1 species (Latonia ni-
griventer) as Critically Endangered and 5 species as Near
Threatened or Vulnerable.

Systematics references Martinez-Solano (2004), Mar-
tinez-Solano et al. (2004a), San Mauro et al. (2005), Zan-
gari et al. (2006), Gongalves et al. (2007), Velo-Anton et al.
(2008), Pabjian et al. (2012), Biton et al. (2013).

Rhinophrynidae * Mexican Burrowing Toad

The single species in this family, Rhinophrynus dorsalis (Fig-
ure 3.27A), is highly modified for burrowing (Trueb and
Gans 1983). Adult Rhinophrynus are 75-85 mm SVL with a
somewhat bulbous body and short, powerful limbs with a
well-developed spade on the inner metatarsal tubercle and
first toe. The head is pointed and has thickened, cornified
skin at its tip. The eyes are very small, and the tympanum
is absent. The skull is reinforced and the pectoral girdle
overlaps it. Rhinophrynus lacks teeth, and the entire feed-
ing apparatus, including buccal, pharyngeal, esophageal,
and hyoid structures, is highly modified to feed on ants
and termites underground. Rather than being flipped out
of the mouth as in other frogs, the tongue is protruded from
a groove in the front of the mouth, similar to the action in
ant-eating mammals.
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Rhinophrynus inhabits subhumid areas and is active
aboveground only after heavy rains. It is an explosive
breeder, laying eggs in temporary pools. The tadpoles ex-
hibit schooling behavior. Several unusual features of the
chondrocranium of Rhinophrynus are shared with Pipidae
(Swart and De Séa 1999). For example, the lower jaw de-
velops earlier in these two clades than in other frogs, and
permits switching from a filter feeding to a macrophagous
feeding tadpole. Swart and De Sa (1999) reported conspe-
cific larvae in guts of some tadpoles. Many characters of
Rhinophrynus convergently evolved in a distantly related
frog family, Nasikabatrachidae.

Classification, distribution, and conservation 1 species,
Rhinophrynus dorsalis. It inhabits extreme southern Texas to
Costa Rica (Figure 3.27C). It is not listed as an extinction
risk by the [IUCN.

Systematics references Fouquette (1969).

Pipidae * African Clawed Frogs and Suriname Toads

Pipids are unique among frogs in lacking tongues. Xenopus
and some species of Pipa are also unusual in having non-
pedicellate teeth on the maxillae and premaxillae. The size
range of pipids is 40-170 mm SVL. Xenopus (Figure 3.27B)
is one of the most widely used animals in experimental and
developmental biology (Tinsley and Kobel 1996). Most spe-
cies of Xenopus are polyploids, with some species having 4
sets of chromosomes (tetraploids) and others up to 12 sets
(dodecaploids) (Evans 2003). Pipids also have an extensive
fossil record (e.g., Baez 1996; Trueb and Baez 2006).

Xenopus deposit eggs in water and the tadpoles are filter
feeders, whereas tadpoles of Hymenochirus (and possibly
Pseudhymenochirus) are carnivorous. Hymenochirus tadpoles
actively pursue prey using visual orientation and suction
feeding and are therefore convergent functionally and be-
haviorally with teleost fishes (Deban and Olson 2002). Spe-
cies of Pipa, Hymenochirus, and Pseudhymenochirus undergo
an elaborate and lengthy courtship ritual in which amplec-
tic pairs swim in vertical loops.
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The subsequent reproductive behavior of Pipa is truly
bizarre. At the top of a loop, when the frogs’ ventral sides
are up and the female is above the male, the female re-
leases eggs that fall onto the male’s ventral surface. The
male releases sperm that fertilize the eggs, and at the
bottom of the loop, when the frogs’ dorsal sides are up
and the male is above the female, he presses the fertilized
eggs onto her back. The sticky fertilized eggs adhere to
the female’s back, and each egg becomes enveloped by
swelling of the skin (see Figure 8.18C) (Rabb and Rabb
1963a,b). Further development in P. pipa and P. arrabali
is direct and takes place within these depressions. After
the embryos in these two species fully develop, they burst
out of the mother’s skin, but in several other species of
Pipa, free-swimming tadpoles emerge and complete their
development in water.

Some unusual features of pipids are associated with their
aquatic existence (Trueb 1996). The bodies are dorsoven-
trally compressed, and the limbs are splayed laterally. Lat-
eral line systems are present, and the feet are large and fully
webbed. Hands bear long fingers and are not webbed ex-
cept in Hymenochirus and Pseudhymenochirus. The toes have
distinct keratinous, clawlike tips (hence the name clawed
frogs). All pipids call underwater and have highly modi-
fied ears and laryngeal apparatuses to accommodate the
properties of sound production and transduction through
water (Yager 1992a,b; Elepfandt 1996). These sounds are not
produced by moving air between the lungs and throat as
in other frogs. Rather, pipids make a clicking sound using
their highly modified hyoid bones. One exception is Pseud-
hymenochirus which have re-evolved the ability to call using

Figure 3.27 Rhinophrynidae and Pipidae. (A) Mexican
burrowing toad, Rhinophrynus dorsalis (Rhinophrynidae).
(B) Ugandan clawed frog, Xenopus ruwenzoriensis (Pipidae).
(C) Distribution. (Photographs: A by John Cadle; B © Ryan
M. Bolton/Shutterstock.)
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air movement, yet they retain the ancestral hyoid morphol-
ogy shared with other pipids (Irisarri et al. 2011).

Classification, distribution, and conservation 4 genera
(Hymenochirus, Pipa, Pseudhymenochirus, Xenopus), 33 spe-
cies. Pipa inhabit Panama and tropical South America; all
other genera inhabit sub-Saharan Africa (Figure 3.27C).
Xenopus is sometimes split into two genera, Xenopus and
Silurana, a taxonomy we do not use. The IUCN lists 3 spe-
cies as Critically Endangered or Endangered and 1 species
as Near Threatened.

Systematics references Trueb and Cannatella (1986),
Cannatella and Trueb (1988a,b), Evans et al. (2004), Irisarri
et al. (2011), Bewick et al. (2012).

Scaphiopodidae * North American Spadefoot Toads

Scaphiopodids are medium-size frogs, between 50 and 80
mm SVL. They are burrowers and have hindfeet with a
well-developed keratinous, spadelike metatarsal tubercle,
internally supported by a well-ossified prehallux that is
used for digging. Scaphiopodids typically remain buried in
sand or soil and emerge infrequently except during heavy
rains. They dig their own burrows or use burrows of other
animals. Species of Scaphiopus (Figure 3.28A) and Spea are
explosive breeders that breed in ephemeral ponds. Some
species in desert regions have exceedingly rapid develop-
ment times, with as little as 8 days from egg laying to meta-
morphosis in Scaphiopus couchii (Newman 1992). A cannibal
morph of Spea tadpoles develops in response to environ-
mental conditions (see Section 8.9).
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Figure 3.28 Scaphiopodidae. (A) Couch’s spadefoot toad,
Scaphiopus couchii. (B) Distribution. (Photograph courtesy of
Todd W. Pierson.)

Classification, distribution, and conservation 2 genera
(Scaphiopus, Spea), 7 species. They inhabit North America
(Figure 3.28B). The IUCN lists Spea hammondii as Near
Threatened.

Systematics references Sage et al. (1983), Wiens and Ti-
tus (1991), Henrici (1994), Maglia (1998, 1999), Garcia-Paris
et al. (2003).

Pelodytidae * Parsley Frogs

Pelodytes are small (~50 mm SVL) terrestrial frogs. They are
nocturnal except during the breeding season when they be-
come conspicuously diurnal. Eggs are laid in ponds, usu-
ally attached to vegetation. Pelodytidae was traditionally
included as a subfamily within Pelobatidae. However, the
astragalus and calcaneum are entirely fused in Pelodytes,
unlike any pelobatid species (Ford and Cannatella 1993),
and molecular data show that pelodytids and pelobatids
do not form an exclusive clade. The frogs’ common name
derives from their body coloration, which resembles sprigs
of parsley (Figure 3.29A).

Classification, distribution, and conservation 1 ge-

nus, 3 species (Pelodytes ibericus, P. punctatus, P. cau-
casicus). Pelodytids have a disjunct distribution in
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Figure 3.29 Pelodytidae. (A) Parsley frog, Pelodytes puncia-
tus. (B) Distribution. (Photograph © AGE Fotostock/Alamy.)

western Europe and the Caucasus Mountains of western
Asia (Figure 3.29B). The IUCN lists P. caucasicus as Near
Threatened.

Systematics references Henrici (1994), Garcia-Paris et al.
(2003), Veith et al. (2006).

Pelobatidae * Old World Spadefoot Toads

Pelobatids (Figure 3.30A) are medium-size frogs with a
maximum length of 100 mm. Their biology is striking-
ly similar to that of Scaphiopodidae that inhabit North
America; indeed, both families were previously consid-
ered part of Pelobatidae, but phylogenetic analysis shows
that pelobatids are more closely related to Mygophry-
idae than to Scaphiopodidae (see Figure 3.22). Pelobatids
have a well-developed keratinous, spadelike metatarsal
tubercle on the hind feet, internally supported by a well-
ossified prehallux. This structure is used in burrowing.
Many pelobatids have glandular, tuberculate skin, includ-
ing enlarged parotoid glands on the dorsum. Pelobatids
are fossorial and emerge infrequently except during heavy
rains. They dig their own burrows or use burrows of other
animals. Because eggs are laid in temporary water sources,
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Figure 3.30 Pelobatidae.

(A) The common European
spadefoot toad, Pelobates fuscus. (B) Distribution. (Photograph
© iliuta goean/Shutterstock.)

there has been strong natural selection for rapid develop-
ment times (approximately 2 weeks) and even cannibalism
(see Section 8.9). When disturbed, Pelobates fuscus emits
a foul odor.

Classification, distribution, and conservation 1 genus
(Pelobates), 4 species. Pelobates inhabit western Eurasia and
northwestern Africa (Figure 3.30B). Pelobatidae former-
ly contained genera now placed in Scaphiopodidae. The
IUCN lists P. varaldii as Endangered and P. cultripes as Near
Threatened.

Systematics references Henrici (1994), Garcia-Paris et al.
(2003), Veith et al. (2006).

Megophryidae * Asian Toads

Most megophryids inhabit the rainforest floor or stream
edges. Like pelobatids, megophryids have very glandular
skin, and unusual clusters of granular glands are found in
the axillary, pectoral, and femoral regions in both sexes of
various species (Inger 1966; Jacobs et al. 1985). The func-
tion of these glands is unknown. Megophryids also vary
considerably in body size, ranging from 15 to 120 mm SVL.

Megophryids deposit eggs in streams. Larvae vary
greatly in morphology and natural history. Many have
reduced mouthparts. Tadpoles of Megophrys live in quiet
waters of streams, whereas other megophryid larvae live
in swifter currents or in the substrate. The entire body of
the tadpole is translucent. Leptobrachium boringii is notable
for the series of sharp keratinous nuptial spines that line
the upper lip of males during the breeding season. Males
both construct nests and make advertisement calls under-
water to attract females. They violently defend nesting ter-
ritory from other males using the nuptial spines in combat
(Zheng et al. 2011; Hudson and Fu 2013). The spines fall off
at the end of the breeding season. Tadpoles of Leptobrach-
ella mjobergi are wormlike with an elongate body and little
distinction between the size of the head and body (Haas
et al. 2006). This body form is probably a specialization for
burrowing in sand or gravel, which is an unusual mode of
life for tadpoles.

Classification, distribution, and conservation 11 genera,
187 species. Representative genera include Leptobrachella,
Leptobrachium (Figure 3.31A), Leptolalax, Megophrys, Oreola-
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Figure 3.31 Megophryidae. (A) Thai spadefoot toad, Lepto-
brachium hendricksoni of the Malay Peninsula. (B) Distribution.
(Photograph courtesy of L. Lee Grismer.)



lax, Scutiger, and Xenophrys. Asian toads inhabit Bangladesh
and northern India to China, Southeast Asia, Philippines,
and numerous Indonesian islands (Figure 3.31B). The
IUCN lists 17 species as Critically Endangered or Endan-
gered and 40 species as Near Threatened or Vulnerable.

Systematics references Lathrop (1997), Zheng et al.
(2004, 2008), Fu et al. (2007), Rao and Wilkinson (2008),
Brown et al. (2009), Matsui et al. (2010).

NEOBATRACHIA

Neobatrachia comprises about 96% of all identified frog
species, with representatives inhabiting every temperate
and tropical continent. Neobatrachians share multiple skel-
etal synapomorphies (loss of parahyoid bones, fusion of
the third distal carpals to other carpals) and limb muscles
(separation of the sartorius and semitendinosus muscles of
the hindlimbs) (Duellman and Trueb 1986). Most neoba-
trachians also have axillary amplexus, although numerous
counterexamples exist. Molecular phylogenetic analyses
support a monophyletic Neobatrachia as well as the mono-
phyly of two subclades—Ranoidea and Hyloidea—that ac-
count for a vast majority of neobatrachian diversity. The
non-ranoid neobatrachians primarily inhabit sub-Saharan
Africa, although the Hyperoliidae have dispersed to Mada-
gascar and surrounding islands.

(B)
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Heleophrynidae

Figure 3.32 Heleophrynidae. (A) Royal ghost frog,
Heleophryne regis. (B) Distribution. (Photograph courtesy of
Miguel Vences and Frank Glaw.)
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Heleophrynidae ¢ Ghost Frogs

Heleophrynids live along torrential mountain streams.
They have fully webbed feet and expanded toe discs (Fig-
ure 3.32A) and range in size from 35 to 65 mm SVL. Some
100-200 eggs are laid under rocks in shallow pools (Branch
1991). Orton’s Type 4 tadpoles are unique in having a large
suctorial oral disc with many rows of denticles but lacking
jaw sheaths (see Figure 3.20). The tadpoles use the sucto-
rial oral disc to cling to rocks in swift currents, and even to
climb up wet rock faces; they graze on algae (Wager 1965).
Metamorphosis occurs after 1-2 years.

Classification, distribution, and conservation 1 genus
(Heleophryne), 6 species. Heleophryne inhabit high moun-
tains of southern South Africa (Figure 3.32B). The IUCN
lists H. rosei as Critically Endangered and H. hewitti as En-
dangered, both due to habitat loss and urban development.

Systematics references Poynton (1964), Boycott (1988).

Sooglossidae ¢ Seychelles Frogs

Sooglossids are an ancient, species-poor lineage that be-
came isolated on the Seychelles during the breakup of
Gondwana in the Cretaceous (see Chapter 5). These small
terrestrial frogs (~40 mm SVL) inhabit moss forests. Sooglos-
sus gardineri (Figure 3.33A) is one of the smallest frogs,
10-12 mm SVL. Amplexus is inguinal and the eggs are laid
terrestrially (Nussbaum 1980). Direct development occurs
in S. gardineri, but in other species the eggs hatch into non-
feeding tadpoles that are carried on the back of the female.

Classification, distribution, and conservation 2 genera
(Sooglossus, Sechellophryne), 4 species. They inhabit the Sey-
chelles Islands (Figure 3.33C). The IUCN lists all 4 species
as Endangered or Critically Endangered.

Systematics references Nussbaum and Wu (2007), Van
der Meijden et al. (2007), Taylor et al. (2012).

Nasikabatrachidae ¢ Purple Pig-nosed Frogs

This family of frogs contains only one species (Nasikaba-
trachus sahyadrensis; Figure 3.33B) and was not formally
described until 2003 (Biju and Bossyut 2003). It is not only
significant to find a new vertebrate lineage that split with its
closest living ancestor (Sooglossidae) over 100 mya (Roel-
ants et al. 2007), but Nasikabatrachus is also an interesting
biogeographical history story. Sooglossids and nasikabatra-
chids are the living ancestors of a lineage that arose in east-
ern Gondwana in the Jurassic about 170 mya. As Madagas-
car, the Seychelles, and India each became isolated during
the breakup of Gondwana (see Chapter 5), the ancestor of
Sooglossidae was isolated in the Seychelles, while the ances-
tor of Nasikabatrachus remained in India as it collided with
Asia. The species inhabits forests in the Western Ghats of
India (a biodiversity hotspot for amphibians; see Chapter 5).
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Figure 3.33 Sooglossidae and Nasikabatrachidae.

(A) Gardiner’s frog, Sooglossus gardineri (Sooglossidae).

(B) Purple pig-nosed frog, Nasikabatrachus sahyadrensis (Nasik-
abatrachidae). (C) Distribution. (Photographs: A © PhotoAlto/
Alamy; B courtesy of S. D. Biju.)

Nasikabatrachus and Rhinophrynus (Rhinophrynidae)
have convergently evolved a remarkably similar morphol-
ogy and ecology. The body is bloated with a small head
with a prominent tip. Like Rhinophrynus, Nasikabatrachus
spends a vast majority of its life underground foraging for
termites, and is an explosive breeder that emerges only after
heavy rains to lay eggs in water (Radhakrishnan et al. 2007;
Zachariah et al. 2012). Adults reach about 90 mm SVL.

Classification, distribution, and conservation 1 species,
Nasikabatrachus sahyadrensis. It inhabits the Western Ghats
of India (Figure 3.33C). The IUCN lists it as Endangered,
due primarily to habitat loss when land is cleared for coffee
and spice plantations.

Systematics references Biju and Bossuyt (2003), Rad-
hakrishnan et al. (2007), Roelants et al. (2007), and Zacha-
riah et al. (2012).

Hyloidea

Hyloidea is one of two extremely diverse neobatrachian
clades (Ranoidea is the other) and contains about 57% of
all named frog species. Many hyloid families are probably
well known to readers, including true toads (Bufonidae),
dart poison frogs (Dendrobatidae), and Amero-Australian
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treefrogs (Hylidae). No morphological synapomorphies de-
fine Hyloidea; indeed, an outdated informal definition of
Hyloidea is “neobatrachians that are not Ranoidea.” How-
ever, numerous phylogenetic studies of DNA data support
Hyloidea monophyly. As with Ranoidea, determining the
phylogenetic interrelationships of hyloid families has prov-
en difficult (note the hyloid polytomy in Figure 3.22).

Seychellesn"
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Myobatrachids vary in size from about 20 mm to more than
110 mm SVL. Digital discs are usually small or absent. Life
histories of myobatrachids are varied. Most species are ter-
restrial, but some are fossorial, and species of Taudactylus
and Rheobatrachus live along or in torrential mountain
streams. Males of Adelotus brevis are larger than females
with more robust heads (nearly half the total body length)
with tusklike teeth projecting from their lower jaw. Males
use these tusks in combat for access to females. Arenophryne
(two species) and Myobatrachus gouldii (Figure 3.34A) are
burrowing species that inhabit arid and semiarid regions
of western Australia. M. gouldii bears a remarkable resem-
blance to other termite-eating burrowing ecomorphs (e.g.,
Rhinophrynidae, Nakisabatrachidae) with a large body,
robust limbs, and a small, pointed mouth.

Many myobatrachids deposit eggs in water and have
typical aquatic tadpoles. However, eggs may be laid on land
and undergo either direct development or have aquatic tad-
poles, which may be feeding or nonfeeding. Foam nests are
constructed by some limnodynastines. Eggs of Arenophryne
and Myobatrachus gouldii directly develop into froglets in
nests dug by the mother (Anstis et al. 2007).

Two unusual forms of egg brooding occur in myobatra-
chids. Eggs and tadpoles are brooded in a pair of inguinal
pouches in males of Assa darlingtoni (Ingram et al. 1975).
The eggs are laid on the ground and attended by the male.
At hatching, the tadpoles wriggle up into the pouches,
where development through metamorphosis takes place.
Two remarkable frogs in the genus Rheobatrachus have
unique specializations for brooding their eggs (Tyler 1983).
After egg laying and external fertilization, the female par-
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ent swallows the eggs, and development and metamorpho-
sis occur in the stomach. Rheobatrachus silus and R. vitellinus
have not been seen in the field since 1981 and 1985, respec-
tively, and both species have been declared extinct by the

IUCN. Rheobatrachus and Taudactylus diurnus are some of

the first known victims of the chytrid fungus epidemic that
spread among Australian anurans during the early 1980s
(Laurance et al. 1996). Populations of many other myoba-
trachid frogs have also declined drastically, primarily due
to chytrid infection.

Classification, distribution, and conservation 21 extant
genera, 133 species. 2 subfamilies: Myobatrachinae (rep-

(A)

Figure 3.35
Calyptocephalellidae.

(A) Bullock’s false toad, Telma-
tobufo bullock. (B) Distribution.
(Photograph © Dant ©Fenolio/
Science Source.)

(B) Limnodynastinae
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Figure 3.34
Myobatrachidae.

(A) Turtle frog, Myobatrachus
gouldii (Myobatrachinae)
(B) Striped marsh frog, Lim-
nodynastes peronii (Limnody-
nastinae). (C) Distribution.
(Photographs: A, courtesy
of Harvey Pough; B, © Doug
Steley/Alamy.)

resentative genera include Crinia, Geocrinia, Myobatrachus,
Rheobatrachus, Taudactylus, Uperoleia); and Limnodynasti-
nae (representative genera include Heleioporus, Limnody-
nastes (Figure 3.34B), Mixophyes, Neobatrachus, Notaden,
Philoria, Pseudophryne). They inhabit Australia and New
Guinea (Figure 3.34C). Limnodynastinae is sometimes
considered a separate family, Limnodynastidae. The TUCN
lists 16 species as Critically Endangered or Endangered and
10 species as Near Threatened or Vulnerable.

Systematics references Schiuble et al. (2000), Read et al.
(2001), Morgan et al. (2007), Catullo et al. (2011, 2014).

Calyptocephalellidae * Chilean Toads

Calyptocephalellids have a restricted distribution in the
mountains of central Chile. Fossil remains attributed to
Calyptocephalella exist from Eocene deposits in the same
region, suggesting the clade has inhabited the area for at
least 45 mya (Gomez et al. 2011). Calyptocephalella are very
large with significant sexual size dimorphism. Females
may grow up to 320 mm and males up to 120 mm SVL.
Telmatobufo (Figure 3.35A) are smaller frogs that inhabit
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fast-moving streams. Their tadpoles have large oral suckers
that allow them to attach firmly to rocks. They are power-
ful swimmers and can swim upstream if disturbed (For-
mas 1972).

Classification, distribution, and conservation 2 genera
(Calyptocephalella, Telmatobufo), 4 species. They inhabit the
mountains of central Chile (Figure 3.35B). Calyptocephal-
lelids were previously placed in Leptodactylidae sensu lato.
The IUCN lists 2 species as Critically Endangered or En-
dangered, and the other 2 species as Vulnerable.

Systematics references Formas et al. (2001), Aguilar and
Pacheco (2005), Correa et al. (2006), Aguilar and Valencia
(2009).

Eleutherodactylidae * New World Rainfrogs
Eleutherodactylidae is a species-rich family of primarily for-
est-dwelling frogs with diverse body sizes ranging from 10

(A) Eleutherodactylidae

Figure 3.36 Eleutherodactylidae, Ceuthomantidae,
Brachycephalidae. (A) Greenhouse frog, Eleutherodactylus
planirostris (Eleutherodactylinae). (B) Ceuthomantis smaragdi-
nus. Described in 2009, this species has no English common
name. (C) The pumpkin toadlet, Brachycephalus nodoterga, a
recently described species once considered synonymous with
B. epihippium. (D) Distribution. (Photographs: A, courtesy of
Todd W. Pierson; B, courtesy of Bruce Means; C, © Pedro Ber-
nardo/Shutterstock.)

to 90 mm SVL (Figure 3.36A). Eggs are direct developing.
Eleutherodactylus coqui, E. jasperi, and possibly many more
species have internal fertilization. Eleutherodactylus jasperi
is viviparous, with three to five young per brood that are
maintained in the fused posterior portions of the oviducts
(M. H. Wake 1993); this species has not been seen since
1981 and is probably now extinct. Eleutherodactylus coqui
is native to Puerto Rico but is a notorious invasive species
on many islands, most famously those of Hawaii. Almost
nothing is known about the natural history for Adelophryne
and Phyzelaphryne, as most species have a restricted distri-
bution and have rarely been collected.

Classification, distribution, and conservation 4 genera,
207 species. 2 subfamilies: Eleutherodactylinae (Diaspo-
rus, Eleutherodactylus) and Phyzelaphryninae (Adelophryne,
Phyzelaphryne). They inhabit central Texas through northern
South America and the Caribbean (Figure 3.36D). Eleu-
therodactylids were previously placed in Leptodactylidae
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sensu lato. The IUCN lists 118 species (57%) as Critically
Endangered or Endangered and 28 species as Near Threat-
ened or Vulnerable.

Systematics references Lynch (1986), Lynch and Du-
ellman (1997), Crawford and Smith (2005), Lehr et al. (2005),
Heinicke et al. (2007), Padial et al. (2007, 2008), Hedges et al.
(2008), Canedo and Haddad (2012), Fouquet et al. (2012b).

Ceuthomantidae

Ceuthomantids are small (18-=32 mm SVL) and are re-
stricted to montane forests and tepuis from elevations of
approximately 500 to 1,500 m in and around the Guiana
Highlands in South America. Ceuthomantidae was de-
scribed in 2009 (Heinicke et al. 2009) to accommodate a
new species, Ceuthomantis smaragdinus (Figure 3.36B). The
family includes two other species previously placed in the
genus Pristimantis (Craugastoridae). A fourth species was
described in 2010 (Barrio-Amorés 2010). Almost nothing
is known of their life history. Although embryonic devel-
opment has never been documented, ceuthomantids are
probably direct developers like their phylogenetic relatives.

Classification, distribution, and conservation 1 genus
(Ceuthomantis), 4 species. They inhabit southern and eastern
parts of the Guiana Highlands in South America (Figure
3.36D). Ceuthomantids were previously placed in Lepto-
dactylidae sensu lato. The IUCN lists C. aracamuni as Near
Threatened.

Systematics references Heinicke et al. (2009).

Brachycephalidae

Brachycephalids range in size from 10 mm SVL (Brachy-
cephalus didactylus, one of the smallest tetrapods known) to
54 mm SVL (Ischnocnema guentheri). Species have reduced
digits (2 digits on the hands, 3 or 4 on the feet) and lack a
sternum. Osteoderms are present middorsally in Brachy-
cephalus. Amplexus is initially inguinal during courtship,
later shifting to a more axillary position as eggs are laid
(Pombal et al. 1994). Eggs are laid terrestrially, and direct
development occurs in Brachycephalus ephippium and prob-
ably in the other species. After eggs are deposited, females
coat them with soil particles, which may serve both as cam-
ouflage and to prevent desiccation. At least two species of
Ischnocnema (1. guentheri and I. parva) are direct developers.

Brachycephalids are diurnal inhabitants of leaf litter of
humid forests. Brachycephalus ephippium, B. nodoterga, and B.
pitanga are bright orange (Figure 3.36C). B. ephippium and
B. pernix secrete tetrodotoxin, a potent neurotoxin (Pires et
al. 2005). Other species are cryptically colored.

Classification, distribution, and conservation 2 genera
(Brachycephalus, Ischnocnema), 54 species. They inhabit
southeastern Brazil (Figure 3.36D). The IUCN lists 3 spe-
cies as Near Threatened.
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Systematics references McDiarmid (1971), Cannatella
and Trueb (1988), Clemente-Carvalho et al. (2011), Canedo
and Haddad (2012).

Craugastoridae

Craugastorids are extremely diverse in terms of body size
(13-105 mm SVL), coloration, and number of species (more
than 700). Species may be brightly colored or cryptic (Figure
3.37A) and primarily inhabit lowland and montane forest
leaf litter, but some are stream dwelling. All species have
direct-developing offspring. Most craugastorid diversity is in
the genus Pristimantis, which has almost 450 species. Three
Pristimantis species emit a foul-smelling fluid when handled
(Means and Savage 2007). Most Craugastor are found in leaf
litter, but C. augustus, which occurs from the southwestern
United States to central Mexico, inhabits rocky outcrops and
crevices where it is camouflaged by its gray coloration.
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Figure 3.37 Craugastoridae. (A) Broadhead rainfrog,
Craugastor laticeps. (B) Distribution. (Photograph courtesy of
Todd W. Pierson.)
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Classification, distribution, and conservation 21 genera,
717 species. Representative genera include Craugastor, Hyp-
odactylus, Oreobates, Phrynopus, Pristimantis, Psychrophrynel-
la, and Strabomantis. Craugastorids inhabit southern Arizo-
na and central Texas south through central South America
(Figure 3.37B). Our definition of Craugastoridae includes
Strabomantidae. Craugastorids were previously placed in
Leptodacylidae sensu lato. The IUCN lists 175 species as
Critically Endangered or Endangered and 134 species as
Near Threatened or Vulnerable.

Systematics references Crawford and Smith (2005), He-
inicke et al. (2007), Hedges et al. (2008), Canedo and Had-
dad (2012), Padial et al. (2012), Pinto-Sanchez et al. (2012).

Centrolenidae ¢ Glass Frogs

Most species of centrolenids are recognizable by their
transparent ventral skin (Figure 3.38A). They also possess
a unique medial process on the third metacarpal. The as-
tragalus and calcaneum are completely fused, the terminal
phalanges are T-shaped, and expanded toe discs are pres-
ent. Most centrolenids are small (<30 mm), but some Cen-
trolene reach nearly 80 mm.

(A) Centrolenidae

(©)
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Centrolenids lay small clutches of eggs attached to veg-
etation or rocks above flowing water. Clutches are attended
by the males in many species (e.g., Lynch et al. 1983; Villa
1984). At hatching, the tadpoles drop into the water below
and burrow into mud, gravel, or detritus on the bottom of
streams. Centrolenid tadpoles living in oxygen-poor sub-
strates have a respiratory specialization for these environ-
ments, in that blood circulates close to the surface of the
skin. This phenomenon also causes their otherwise unpig-
mented skin to be bright red (Villa and Valerio 1982). Males
of Centrolene have a prominent bony process on the hu-
merus that is used in intraspecific aggressive interactions.
Centrolenids are most diverse in wet montane forests.

Classification, distribution, and conservation 12 genera,
151 species. 2 subfamilies: Centroleninae (representative
genera include Centrolene, Cochranella, Nymphargus) and
Hyalinobatrachinae (Celsiella, Hyalinobatrachium). They in-
habit southern Mexico to Bolivia and Argentina, southeast-
ern Brazil, and Paraguay (Figure 3.38C). The IUCN lists
21 species as Critically Endangered or Endangered and 38
species as Near Threatened or Vulnerable.

Systematics references Cisneros-Heredia and McDiar-
mid (2007), Guayasamin et al. (2008, 2009), Castroviejo-
Fisher et al. (2014).

Figure 3.38 Centrolenidae and Allophrynidae. (A) Yuru-
ani glass frog, Hyalinobatrachium iaspidense. The transparent
ventral skin of Centrolenidae leads to their common name of
glass frogs. (B) Tukeit Hill frog, Allophryne ruthveni. (C) Distri-
bution; orange indicates regions of overlap. (Photographs: A,
© Morley Read/Shutterstock; B, © Piotr Naskrecki/Minden
Pictures/Corbis.)
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Allophrynidae

Allophrynids are small frogs (20-30 mm SVL). The skull
is unusual in having a strongly ossified cranial roof but re-
duced maxillae, pterygoids, squamosals, and palatines, and
teeth are absent entirely. Species of Allophyrne are arboreal
and inhabit open forests, where they are are found in bro-
meliads. Allophryne ruthveni (Figure 3.38B) forms breeding
aggregations in trees, after which females deposit fertilized
eggs in water.

Classification, distribution, and conservation 1 genus
(Allophryne), 3 species. Allophryne inhabit the Guayanan
region of South America as well as northeastern and west-
ern Brazil (Figure 3.38C). No allophrynid species are listed
by the IUCN as an extinction risk.

(A) Telmatobiidae
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Systematics references Austin et al. (2002), Guayasamin
et al. (2009), Castroviejo-Fisher et al. (2012).

Telmatobiidae

Telmatobiids are large (up to 14 c¢m for Telmatobius coleus),
highly aquatic frogs that inhabit high elevations in the An-
des Mountains (Figure 3.39A). These frogs live in deep, cold
lake waters and eat primarily aquatic arthropods. They have
many morphological and physiological specializations for
an aquatic existence. Foot webbing is extensive, as it is in
most fully aquatic frogs, and baggy dermal flaps similar to
those seen in Cryptobranchus salamanders (Cryptobranchi-
dae) increase the surface area for integumentary respiration
(see Figure 7.1). As in Cryptobranchus, capillaries penetrate
to the epidermis of T. culeus, and the lungs are reduced, and
both species use a swaying motion to disrupt the water—
skin boundary layer (Hutchison et al. 1976). Reproductive
information about telmatobiids is scarce. Telmatobius culeus
breeds at the shoreline of shallow water bodies and lays a
clutch of about 500 eggs (Pérez 1996).

Classification, distribution, and conservation 2 genera
(Batrachophrynus, Telmatobius), 62 species. They inhabit the
Andes Mountains of South America (Figure 3.39D). Tel-

Figure 3.39 Telmatobiidae, Rhinodermatidae, Odonto-
phrynidae. (A) Telmatobius dankoi. Telmatobidae are highly
aquatic, inhabiting deep lakes high in the Andes Mountains (B)
Darwin’s frog, Rhinoderma darwini (Rhinodermatidae). (C) Bra-
zilian cerrado toad, Proceratophrys moratoi (Odontophyrnidae).
(D) Distribution. (Photographs: A, courtesy of Marco Méndez; B,
© Danita Delimont/Alamy; C, © Fabio Maffei/Shutterstock.)
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matobiids were previously placed in Leptodactylidae sensu
lato. The IUCN lists 22 species as Critically Endangered or
Endangered (35% of telmatobiids) and 15 species as Near
Threatened or Vulnerable.

Systematics references Lynch (1978), Aguilar and Pache-
co (2005), Cordova et al. (2005), Sinsch et al. (2005), Correa
et al. (2006), de la Riva et al. (2010), Saez et al. (2014).

Rhinodermatidae ¢ Darwin’s Frogs

Rhinoderma (mouth-brooding frogs) are small frogs (<33
mm SVL) with a fleshy proboscis at the tip of the rostrum
(snout) (Figure 3.39B). These frogs inhabit riparian habitats
along cold streams and temperate rainforests. Females lay
eggs on the land and the male attends to them. After some
embryonic development, the male picks up the tadpoles and
broods them in his vocal sac (see Figure 8.18D). Rhinoderma
rufum males brood the tadpoles in the vocal sac for about 14
days and then release them into pools of water, whereas R.
darwinii broods the tadpoles for their entire development.
Insuetophrynus acarpicus is larger (~45-55 mm SVL) than
Rhinoderma and both breeds and lays eggs in water.

Classification, distribution, and conservation 2 genera
(Insuetophrynus, Rhinoderma), 3 species. They inhabit wet
temperate southern beech (Nothofagus) forests of southern
Argentina and Chile (Figure 3.39D). Rhinodermatids were
previously placed in Leptodactylidae sensu lato. The TUCN
lists Insuetophrynus acarpicus and Rhinoderma rufum as Crit-
ically Endangered, although the latter species has not been
seen in the wild for more than 30 years. Rhinoderma dar-
winii is listed as Vulnerable. Rhinoderma populations have
declined largely due to chytrid infection (Soto-Azat et al.
2013) and habitat destruction (Bourke et al. 2012).

Systematics references Cei (1962, 1980), Méndez et al.
(2006), Rabanal and Formas (2009), Formas (2013).

Odontophrynidae

Odontophrynids are small to medium size (28-85 mm
SVL) and inhabit ponds and streams in the South Ameri-
can Atlantic rainforest, as well as drier cerrado and caatinga
habitats of Brazil. Odontophrynus resemble Bufo (Bufonidae)
in having rotund bodies and numerous body tubercles.
Some Praceratophrys species have hornlike structures that
originate from the tissue covering the dorsal side of the
eye socket (palpebral region) and the tip of the rostrum.
Other species lack these horns or have palpebral tubercles
or swellings (Figure 3.39C). If disturbed, some species of
Proceratophrys stretch their legs posteriorly and keep the
body extremely rigid. How this behavior functions as an
antipredator defense has not been recorded (de Amorim
Peixoto et al. 2013).

Life-history data are lacking for most species of odon-
tophryids except Odontophrynus cordobae (Grenat et al.

2012). Odontophrynus males call from rocks and vegetation
surrounding streams or ponds, and unlike most frogs, the
female chooses the partner with which to mate. Amplexus
occurs in the water, and females deposit eggs at the bottom
of the stream or pond (Grenat et al. 2012). Odontophrynus
americanus is tetraploid with both male and female sexes
(Begak et al. 1966). Macrogenioglottus is rarely observed, and
little is known about its natural history.

Classification, distribution, and conservation 3 genera
(Macrogenioglottus, Odontophrynus, Proceratophrys), 48 spe-
cies. They inhabit southern and eastern South America
(Figure 3.39D). Odontophrynids were previously placed in
Leptodactylidae sensu lato. The IUCN lists 1 species (Proc-
eratophrys moratoi) as Critically Endangered and 2 species
as Near Threatened or Vulnerable.

Systematics references Rosset et al. (2007), Amaro et al.
(2009), Caramaschi and Napoli (2012), Dias et al. (2013).

Leptodactylidae

Leptodactylidae sensu stricto (Figure 3.40A) includes insec-
tivorous frogs that are mostly semiterrestrial/aquatic except
for Hydrolaetare, which is highly aquatic. Leptodactylids
vary considerably in body size, ranging from approximately
20 to 185 mm SVL. This group contains the Tingara frog
(Engystomops [formerly Physalaemus] pustulosus), a model
organism in studying evolutionary trade-offs between
mating success and threat from predation. Leptodactylid
reproductive behavior and physiology are diverse (Prado
et al. 2012). Adults of most Engystomops, Leptodactylus, and
Pleurodema species construct aquatic or terrestrial foam
nests (see Figure 8.16).

Leptodactylus fallax reproduction is notable (Gibson and
Buley 2004). Males call females to their burrows. After
constructing a foam nest of fertilized eggs, the female re-
mains in the burrow and aggressively defends the clutch
until the end of larval development, while the male defends
the entrance to the burrow. Moreover, the female deposits
as many as 25,000 unfertilized eggs to feed the tadpoles
during the larval period. Adenomera construct terrestrial
foam nests, and the tadpoles may develop in the nest or go
through an aquatic stage (Angulo et al. 2003).

Leptodactylidae sensu lato was once a very large family
with more than 50 genera and 1,100 species. However, it
was long known that this group of primarily Central and
South American stream- and litter-dwelling frogs was not
monophyletic, but there was insufficient evidence to clar-
ify these phylogenetic relationships. Recent phylogenetic
analyses have improved this situation by identifying some
major “leptodactylid” clades. Leptodactylidae sensu lato has
been split into 11 families: Alsodidae, Batrachylidae, Cera-
tophryidae, Ceuthomantidae, Craugastoridae, Cycloram-
phidae, Eleutherodactylidae, Hylodidae, Odontophrynidae,
Telmatobiidae and Leptodactylidae sensu stricto, the latter



Figure 3.40 Leptodactylidae. (A) Bolivian white-lipped
frog, Leptodactylus bolivianus. (B) Distribution. (Photograph
courtesy of Todd W. Pierson.)

restricted to only 14 genera. The phylogenetic relationships
among these former “leptodactylid” clades remain largely
unknown, and further taxonomic changes are expected.

Classification, distribution, and conservation 14 gen-
era, 200 species. Representative genera include Adenomera,
Engystomops, Leptodactylus, Paratelmatobius, Physalaemus,
Pleurodema, and Pseudopaludicola. Leptodactylids are found
from extreme southern Texas through southern South
America (Figure 3.40B). The IUCN lists 5 species as Criti-
cally Endangered or Endangered and 8 species as Near
Threatened or Vulnerable.

Systematics references Heyer (1974, 1978), Angulo et al.
12003), Correa et al. (2006), Hedges and Heinicke (2007),
Lourenco et al. (2008), Ponssa et al. (2010), Faivovich et al.
12012), Fouquet et al. (2013).

Hylodidae

Hylodids are typically small (<35 mm SVL) diurnal frogs
that are sometimes called torrent frogs for their preferred
stream and streamside habitat (Figure 3.41A). During
courtship season, Hylodes dactylocinus males battle over ter-
ritory, beginning with a series of visual displays including a
foot-flagging behavior in which the males laterally extend
their legs and toes away from their body (Narvaes and Ro-
drigues 2005) (a similar behavior to that seen in the distant-
ly related Micrixalidae; see Figure 13.21). Females deposit
eggs in water, where tadpoles remain until metamorphosis.

Classification, distribution, and conservation 3 genera
(Crossodactylus, Hylodes, Megalosia), 42 species. They in-
habit southwestern Brazil to northern Argentina (Figure
3.41B). Hylodids were previously placed in Leptodactylidae
sensu lato. The TUCN lists 1 species (Crossodactylus schmidti)
as Near Threatened; however, the conservation status of
Hylodidae is no doubt similar to that of Cycloramphidae,
another inhabitant of South American Atlantic rainforest.
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Systematics references Pavan et al. (2001), Nuin and do
Val (2005), Grant et al. (2006).

Hylidae * American and Australian Treefrogs

Hylids are diverse in terms of both species and morphology.
They range from <30 to 150 mm SVL. Most are arboreal
with well-developed toe discs and claw-shaped terminal
phalanges. However, some are fossorial (Cyclorana and
some Smilisca), and others live in tree holes (Triprion). Like
some other fossorial frogs, fossorial hylids often live in rath-
er arid areas and form cocoons to protect themselves from
desiccation during unfavorable periods. Hylids in dry en-
vironments often have unusual modifications of skull mor-
phology, including extensive co-ossification and casques.
Most hylids are strong jumpers, but members of the Phyl-
lomedusinae are primarily arboreal walkers and make slow,
deliberate movements. Adult Pseudis are aquatic frogs that
inhabit ponds, lakes, ditches, and other still or slow-moving
water. Their feet have elongate ossified intercalary elements
that enhance the expansive webbing. Lysapsus often live
in floating vegetation in a manner similar to hylids of the
genus Acris in North America.

Although most hylids do not have extensive macro-
scopic glands, many phyllomedusines have conspicuous
glands on the dorsum. These produce peptides that, in one
instance, are used in hunting magic rituals by indigenous
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Figure 3.41 Hylodidae. (A) Equator
(A) Brazilian torrent frog,
Hylodes asper. (B) Distribu-
tion. (Photograph courtesy
of Mauro Teixeira Junior.)
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Figure 3.42 Hylidae. (A) North American barking treefrog, Hyla gratiosa (Hylinae).
(B) Waxy monkey treefrog of Central America, Phyllomedusa sauvagii (Phyllomedus-
inae). (C) Australian orange-thighed treefrog, Litoria xanthomera (Pelodryadinae).
(Photographs: A, courtesy of Todd W. Pierson; B, courtesy of David McIntyre; C,
courtesy of Stephen Zozaya.)
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populations in South America (Daly et al. 1992). Hunt-
ers introduce secretions of Phyllomedusa bicolor into burns
in their skin, thereby inducing violent physiological reac-
tions, including vomiting, incontinence, and rapid heart
rate, followed by euphoria, which is thought to improve
the hunters’ skills.

Hylid reproductive modes are diverse. Amplexus is ax-
illary. Most hylines lay eggs in water and have aquatic-
feeding tadpoles. Phyllomedusines are arboreal except for
one species (Phyllomedusa atelopoides) and lay their eggs
on vegetation over pools or streams. The tadpoles com-
plete their development in water after hatching. Pseudus
lay their eggs among aquatic vegetation in shallow water
or floating vegetation. The tadpoles of Pseudis paradoxa are
the largest of any frog, reaching almost 22 cm SVL, yet
they metamorphose into relatively small juvenile froglets
(5 cm) (Emerson 1988).

Classification, distribution, and conservation 50 gen-
era, 947 species. 3 subfamilies: Hylinae (Figure 3.42A; rep-
resentative genera include Acris, Duellmanohyla, Hyla, Hy-
loscirtus, Hypsiboas, Plectrohyla, Pseudacris, Pseudis, Scinax,
Smilisca) inhabit North and South America, West Indies,
extreme northern Africa, and temperate Eurasia to Japan;
Phyllomedusinae (Figure 3.42B; genera are Agalychnis,
Cruziohyla, Pachymedusa, Phasmahyla, Phrynomedusa, Phyl-
lomedusa) inhabit tropical Mexico to Argentina; Pelodry-
adinae (Figure 3.42C; genera are Cyclorana, Litoria, Nyci-
mystes) inhabit the Australo-Papuan region. The IUCN lists
128 species as Critically Endangered or Endangered and
54 species as Near Threatened or Vulnerable. Pseudis was
previously recognized as its own family, Pseudidae.

Systematics references Gallardo (1961), Duellman
12001), Faivovich et al. (2005, 2010), Salducci et al. (2005),

Figure 3.43 Hemiphractidae.

(A) Horned frog, Hemiphrac-
f1s sp., in Amazonian rain forest, Peru. (B) Distribution. (Pho-
tograph © Michael and Patricia Fogden/Corbis.)
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Wiens et al. (2005, 2010a), Garda and Cannatella (2007), Hua
et al. (2009).

Hemiphractidae * Horned and Marsupial Frogs

Hemiphractids range in body size from less than 20 mm
to 80 mm SVL. Hemiphractus species are terrestrial and
have robust bodies and heads with prominent, sharp pro-
jections on the rostrum, above the eyes, at the corners
of the mouth, and on the back and sides (Figure 3.43A).
Other hemiphractids have a more typical frog appearance.
Hemiphractids are notable for reproductive specializa-
tions associated with transporting tadpoles (Del Pino 1989;
Weygoldt et al. 1991). Depending on the species, the eggs,
tadpoles, or young frogs are carried on the backs of the
females, either exposed on the dorsum (Cryptobatrachus,
Hemiphractus, Stefania) or in a special dorsal pouch (Flec-
tonotus, Fritziana, Gastrotheca) that may be relatively open
or completely closed except for a small aperture (hence the
name marsupial frogs).

Classification, distribution, and conservation 6 gen-
era (Cryptobatrachus, Flectonotus, Fritziana, Gastrotheca,
Hemiphractus, Stefania), 102 species. They inhabit Central
America to the Andes region of South America, as well as
the islands of Trinidad and Tobago (Figure 3.43B). Hemi-
phractids were previously placed in Hylidae. The IUCN lists
20 species as Critically Endangered or Endangered and 16
species as Near Threatened or Vulnerable.

Systematics references Duellman and Fritts (1972),
Mendelson et al. (2000), Sheil et al. (2001), Faivovich et al.
(2005), Wiens et al. (2007), Schmid et al. (2013), Blackburn
and Duellman (2013).
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Dendrobatidae * Dart Poison Frogs

Dendrobatids are generally small frogs (<50 mm SVL) and
are recognizable by a pair of dermal scutes on the dorsal
surfaces of the fingers—a character otherwise observed
only in a few leptodactylids and myobatrachids. Dendroba-
tids are famous in the popular literature as dart poison frogs
(or simply poison frogs) because several South American
indigenous cultures use the toxic skin secretions of three
species of Phyllobates to poison blowgun darts. Indeed, Phyl-
lobates skin contains some of the most potent naturally oc-
curring alkaloids known, which act irreversibly on synapses
and neuromuscular junctions.

The alkaloids of dendrobatids are lipophilic batrachotox-
ins, as contrasted with water-soluble alkaloids such as te-
trodotoxin found in the skin of some other amphibians (e.g.,
some salamandrids). Dendrobatids that harbor these com-
pounds have bright aposematic (warning) colors (Figure
3.44A,B), and mimicry systems involving several species
of toxic dendrobatids have evolved in Amazonia (Symula
et al. 2001; dendrobatid skin toxins are reviewed by Daly et
al. 1987, Daly 1995, and Saporito et al. 2012).

Skin alkaloids and aposematic coloration are derived
characters in dendrobatids, and some species of Aromobates

(B) Dendrobatinae

Figure 3.44 Dendrobatidae.
(A) Ruby poison frog, Ameerega
parvula (Colostethinae). (B)
Mimic poison frog, Ranitomeya
imitator (Dendrobatinae). (C)
Distribution. (Photographs: A,
© Morley Read/Shutterstock; B,
© Dirk Ercken/Shutterstock.)

and Colostethus are nontoxic and cryptically colored. Toxin
and aposomatic colors are present in Epipedobates, Minyo-
bates, Phyllobates, and Dendrobates. Experimental and cir-
cumstantial evidence indicates that the sources of dendro-
batid alkaloids are from a diet of beetles, ants, and perhaps
millipedes (see Saporito et al. 2012 for a review).

Amplexus is cephalic where known, but many species do
not amplex. All dendrobatids except Aromobates are diurnal
and terrestrial, and small clutches of eggs are deposited in
terrestrial or arboreal locations and attended by a parent.
The tadpoles adhere to the backs of the parent and are car-
ried for a variable period of time before being deposited
in water. Females of some species of Dendrobates deposit
their tadpoles individually in arboreal sites, returning oc-
casionally to deposit unfertilized eggs, which serve as a
food source for the tadpoles. Complex parental care occurs
in dendrobatids, and it may involve either parent or both,
depending on the species.

One remarkable species, Aromobates nocturnus, differs
from other frogs in this family. It is 25-40% larger than
any other dendrobatid (about 60 mm SVL), nocturnal, fully
aquatic, and probably lays eggs in streams. Aromobates is
not highly toxic but emits a foul odor that gives this genus
its name.

Classification, distribution, and conservation 18 gen-
era, 299 species. 4 subfamilies: Aromobatinae (Allobates,
Anomaloglossus, Aromobates, Mannophryne, Rheobates), Colo-
stethinae (Ameerega, Colostethus, Epipedobates, Silverstoneia),
Dendrobatinae (Adelphobates, Andinobates, Dendrobates, Ex-
cidobates, Minyobates, Oophaga, Phyllobates, Ranitomeya), and
Hyloxalinae (Hyloxalus). They inhabit an area from coastal
Nicaragua to the Amazon basin of northwest South Amer-
ica in the Amazon basin (Figure 3.44C).

Systematics references Santos et al. (2003), Vences et al.
(2003), Grant et al. (2006), Verdade and Rodrigues (2007),
Manzanilla et al. (2009), Santos et al. (2009), Santos and
Cannatella (2011), Barrio-Amoros and Santos (2012).



Cycloramphidae

Cycloramphids are relatively large frogs that inhabit the
Atlantic rainforest in Brazil and have semiterrestrial or ter-
restrial tadpoles. Cycloramphus achieve an adult body size
of approximately 55 mm SVL, and species have a distinct
aquatic or terrestrial ecomorph (Brasiliero et al. 2007).
Aquatic species inhabit stream splash zones and have dor-
sally compressed bodies and webbed feet. These species lay
eggs under rocks, and after hatching, the tadpoles forage
on the banks of the stream. Species that inhabit the forest
litter have relatively shorter legs and no webbing on their
teet (Figure 3.45A). They lay eggs in moist terrestrial ar-
eas, and tadpoles feed only on yolk. Males of cycloramphid
species have glands in their inguinal region that secrete a
mucuslike fluid with no known function (Gongalves and de
Brito-Gitirana 2008).
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Figure 3.45 Cycloramphidae. (A) Large-eared rock frog,
Thoropa megatympanum. (B) Distribution. (Photograph courtesy
of Mauro Teixeira Junior.)
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Classification, distribution, and conservation 2 genera
(Cycloramphus, Thoropa), 34 species. They inhabit southeast-
ern Brazil (Figure 3.45B). Cycloramphids were previously
placed in Leptodactylidae sensu lato. The ITUCN lists 2 spe-
cies as Critically Endangered or Endangered and 5 species
as Near Threatened or Vulnerable. This is almost certainly
an underestimate as data are not available for most species.
Cycloramphid populations are expected to decline further
due to logging of the Brazilian Atlantic rainforest (Myers
et al. 2000).

Systematics references Maxon et al. (1981), Heyer (1983),
Heyer and Maxon (1983), Noleto et al. (2011).

Ceratobatrachidae

Ceratobatrachids are generally small to medium-size frogs
(25-60 mm SVL), although Discodeles guppyi may grow to
about 165 mm SVL. All species are direct developing. The
genus Platymantis forms the bulk of the ceratobatrachid
species diversity (72 of 87 described species; Figure 3.46A),
and new species are continually being described. Although
a majority of Platymantis diversity is in the Philippines and
the Solomon-Bismarck-Admiralty archipelago off the coast
of New Guinea, two species also inhabit the remote oce-
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Figure 3.46 Ceratobatrachidae. (A) Schmidt's wrinkled
ground frog, Platymantis schmidti. (B) Distribution. (Photograph
© Daniel L. Geiger/SNAP/Alamy.)
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anic islands of Fiji—a remarkable distribution given that
amphibians are generally poor overwater dispersers (see
Chapter 5). Platymantis contains both terrestrial and arbo-
real species, and this is reflected in their overall morphol-
ogy (e.g., arboreal species have expanded toe pads). Cera-
tobatrachus guentheri is a camouflaged, terrestrial ambush
predator with fanglike bony projections on its mandible. It
eats other frogs and small reptiles, in addition to insects
and arachnids.

Classification, distribution, and conservation 6 genera,
87 species. Genera are Batrachylodes, Ceratobatrachus, Dis-
codeles, Palmatorappia, Platymantis, and Southeast Asian
species formerly of the genus Ingerana. They inhabit the
Philippines, Malaysian and Indonesian portions of the is-
land of Borneo, New Guinea (and nearby islands), eastern
Indonesia, the Solomon Islands, and Fiji (Figure 3.46B). A
new phylogeny-based classification for the family proposes
the recognition of only 3 genera (Brown et al. 2015). Cera-
tobatrachids were previously placed in Ranidae sensu lato.
The IUCN lists 7 species of Platymantis as Critically Endan-
gered or Endangered and 12 species as Near Threatened or
Vulnerable.

Systematics references Kohler et al. (2008), Wiens et al.
(2009), Brown et al. (2015).

Bufonidae * True Toads and Harlequin Frogs

Bufonids represent the extremes of anuran body size, rang-
ing from 20 mm to 23 cm SVL. Most species are terrestrial,
but some (e.g., Ansonia from Southeast Asia) are semi-
aquatic stream frogs, and a few (Pedostibes from Southeast
Asia) are arboreal. Bufonids are unique among anurans in
having a Bidder’s organ, a rudimentary ovary that develops
on the anterior end of the larval testes of males (Roessler et
al. 1990). Experimental evidence in Rhinella arenarum indi-
cates that the Bidder’s organ produces estrogen, and it may
have additional functions (Scaia et al. 2011, 2013). The per-
sistence of Bidder’s organs in many adult bufonids is con-
sidered a paedomorphic trait. Bufonid skulls are instantly
recognizable because teeth are entirely absent, a rare condi-
tion among frogs. The skulls are also heavily ossified and
usually co-ossified with the overlying skin. Da Silva and
Mendelson (1999) reported the presence of unusual ingui-
nal fat bodies in Bufonidae, which have been independently
lost several times; their function is unknown.

Prominent cutaneous glands, such as the conspicuous
parotoid glands located on the posterodorsal portion of the
head, are characteristic of many species of bufonids (Figure
3.47A). Species of the diverse Neotropical genus Atelopus
have bright aposematic colors (Figure 3.47B) and potent
skin toxins. The skin toxins of most bufonids are primar-
ily peptides, but tetrodotoxin, a water-soluble alkaloid, is
found in some species of Atelopus. Lipid-soluble alkaloids
similar to those of dendrobatids have been found in the
bufonid Melanophryniscus.

Reproductive modes in bufonids span the range ob-
served within frogs as a whole. Among three African bu-
fonid genera (Altiphrynoides, Nectophrynoides, and Nim-
baphrynoides), reproductive modes vary from oviparity with
free-swimming larvae to direct terrestrial development
and viviparity (M. H. Wake 1993; Graybeal and Canna-
tella 1995). Most bufonids deposit strings of eggs in ponds
or streams that hatch into Type 4 larvae. However, some
bufonids, such as the Philippine Pelophryne, deposit eggs
in leaf axils several meters aboveground. The tadpoles of
Mertensophryne have an unusual fleshy crown completely
encircling the eyes and nostrils (Channing 1978; Grandi-
son 1980). The crown probably facilitates respiration at the
surface film in their arboreal sites. The tadpoles of Ansonia,
Atelopus, and Rhinella veraguensis occur in torrential streams
and have well-developed suckers on the belly, which they
use to attach themselves to the substrate. This modification
has evolved convergently in other tadpoles occurring in tor-
rents, for example, in the ranid Staurois.

Taxonomy of the genus Bufo is contentious. In their
large-scale phylogenetic analysis of amphibians, Frost et
al. (2006) partitioned the large paraphyletic genus Bufo into
14 new or resurrected genera. For example, the name Bufo
was restricted to only three species (including Bufo bufo),
the North American Bufo were renamed Anaxyrus, and the
clade containing the cane toad was named Chaunus, later
synonymized with Rhinella (Chaparro et al. 2007). Debates
on these taxonomic changes continue to this day. Pauly et
al. (2009) argued that these changes were not warranted
because of methodological flaws in Frost et al. (2006), and
cautioned against the needlessly disruptive consequences of

TABLE 3.2 ® Currently recognized genera
formerly placed in the genus Bufo

Genus Geographic Distribution

Amietophrynus ~ Sub-Saharan Africa

Anaxyrus North America, from Alaska and
southern Canada to the highlands
of Mexico

Bufo Eurasia and Japan, south to the
Middle East and North Africa

Capensibufo Southern and western South Africa

Mertensophryne  Central and East Africa

Incilius Gulf Coast of North America to
western Ecuador

Rhinella Lower Rio Grande Valley of North
America to southern South America®

Vandijkophrynus ~ Southern Africa

After Frost et al. 2006 and Frost 2014.

®The cane toad (Rhinella marina) has been introduced to the Antilles,
Hawaii, Fiji, Philippines, Taiwan, Ryukyu Islands (Japan), New Guinea,
Australia, and many Pacific islands.



(A) Figure 3.47 Bufonidae.
americanus. (B) Panamanian golden frog, Atelopus zeteki. (Photographs: A, courtesy
of Todd W. Pierson; B, © Darren Green/Shutterstock.)
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taxonomic changes to this iconic genus of toads (see Frost
et al. 2009 for a response).

This debate highlights the different philosophies re-
garding higher-level classification in practice. On the one
hand, expanding the number of families, genera, and so
on results in a taxonomy that reflects the evolutionary his-
tory of the group with more detail. For example, recog-
nizing a larger Bufo genus masks the fact that Anaxyrus
form a clade separate from Rhinella. On the other hand,
other researchers emphasize that classification should be
conservative and should involve the fewest genus—species
couplet changes possible (see also the discussion of Anolis
in Chapter 4). In this textbook, we adopt a modified tax-
onomy of Frost et al. (2006) because it is becoming increas-
ingly used in the literature regardless of this debate. Table
3.2 compares the old and new taxonomies. We emphasize
that a resolution of this taxonomic debate awaits additional
phylogenetic data and that Bufo taxonomy will likely re-
main in flux for some years.
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(A) The North American toad, Anaxyrus (formerly Bufo)

Bufonidae

Classification, distribution, and conservation 47 gen-
era, 590 species. Representative genera include Anaxyrus,
Ansonia, Atelopus, Bufo, Dendrophryniscus, Melanophrynis-
cus, Nectophrynoides, Oreophrynella, Peltophryne, Rham-
phophryne, and Rhinella. The distribution of bufonids is
cosmopolitan in temperate and tropical regions except the
Australo-Papuan region, Madagascar, and oceanic islands
(see Figure 3.47). The IUCN lists 162 species as Critically
Endangered or Endangered, 80 species as Near Threatened
or Vulnerable, and 8 species as recently extinct.

Systematics references Blair (1972), Pauly et al. (2004,
2009), Pramuk (2006), Pramuk et al. (2008), Van Bocxlaer
et al. (2009, 2010), Dubois and Bour (2010), Lotters et al.
(2010), Fontenot et al. (2011).

Alsodidae

Alsodids range in size from about 25 to 70 mm SVL and are
restricted to forests and some arid regions of Patagonia and
the Andes of South America (Figure 3.48A). The larvae of
Alsodes gargola inhabit slow-moving streams and consume
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primarily algae and plant material (Baffico and Ubeda
2006). They have a prolonged larval period that may exceed
2 years and can overwinter in ice-covered water (Logares
and Ubeda 2004).

Classification, distribution, and conservation 2 genera
(Alsodes, Eupsophus), 29 species. They inhabit eastern and
central South America (Figure 3.48C). Alsodids were previ-
ously placed in Leptodactylidae sensu lato. The ITUCN lists 7
species as Critically Endangered or Endangered and 4 spe-
cies as Near Threatened or Vulnerable. Some of the reduc-
tion in alsodid populations is due to the introduction of
non-native salmonid fish that consume the tadpoles (Pas-
cual et al. 2002).

Systematics references Lynch (1978), Blotto et al. (2013).

Batrachylidae

Batrachylids are medium-size frogs (~50-60 mm SVL) that
inhabit Patagonia and the Andes slopes of South America
(Figure 3.48B). Batrachylids have axillary amplexus. Af-
ter fertilization, Chaltenobatrachus grandisonae females lay
eggs in ponds, attaching egg clusters to rocks or branches
underwater (Cisternas et al. 2013). Atelognathus patagonicus
has two types of tadpoles: The aquatic type lives in shallow
water at the edges of ponds, typically beneath rocks, and
has skin folds that presumably increase cutaneous respira-
tion. The littoral type inhabits deeper portions of ponds and
lacks cutaneous folds (Cuello et al. 2006).

Figure 3.48 Alsodidae and
Batrachylidae. (A) Alsodes
igneus (Alsodidae), endemic
to the southern beech (Noth-
ofagus) forests of southern
Chile. (B) Emerald forest frog,
Hylorina sylvatica (Batrachy-
lidae), a treefrog of southern
Chile. (C) Distribution. (Pho-
tographs: A, © Danté Fenolio/
Science Source; B, © Danita
Delimont/Alamy.

South
America

Classification, distribution, and conservation 4 genera
(Atelognathus, Batrachyla, Chaltenobatrachus, Hylorina), 15
species. They inhabit southern Chile and southwestern
Argentina (Figure 3.48C). Batrachylids were previously
placed in Leptodactylidae sensu lato. The IUCN lists 3 spe-
cies as Endangered and 5 species as Near Threatened or
Vulnerable.

Systematics references Cuevas and Formas (2008), Basso
et al. (2011).

Ranoidea

Ranoidea is one of two extremely diverse neobatrachian
clades (Hyloidea is the other), containing about 37% of all
named frog species. Among other families, Ranoidea in-
cludes popularly known frogs such as “true frogs” (Ranidae),
colorful Madagascan mantellids (Mantellidae), and Asian
and African treefrogs, including the “flying frogs” of the
genus Rhacophorus (Rhacophoridae). At least one morpho-
logical synapomorphy—complete fusion of the epicoracoid
cartilages in the pectoral girdle—supports the monophyly
of Ranoidea. This morphological character is sometimes de-
scribed as a firmisternal pectoral girdle, although that cate-
gory masks the morphological variation seen in some ranoid
species. The monophyly of Ranoidea is also supported by
molecular phylogenetic data, but determining the phyloge-
netic interrelationships of ranoid families has proven diffi-
cult; note the polytomies in Figure 3.22. Few morphological
characters unite ranoid families into larger clades and, as in
Hyloidea, even state-of-the-art modern molecular phyloge-
netics analyses have yet to converge on a strongly supported,
fully resolved ranoid phylogeny.



Hyperoliidae * Reed Frogs

Hyperoliids are small to medium-size frogs (15-80 mm
SVL), many of which are arboreal, have toe discs, and are
brightly colored (Figure 3.49A). However, Kassina and a few
other species are terrestrial. Amplexus is axillary in most
species. Many hyperoliids deposit eggs in ponds, but some
attach clutches to vegetation above water. Afrixalus lay their
eggs on a leaf and then fold the edges of the leaf together,
gluing them with oviductal secretions. A few species use
tree holes for egg deposition. Tachycnemis lay large eggs in
soil or depressions near water. After hatching, the fusiform
tadpoles wriggle along the surface of the ground into water
to complete development (Kaminsky et al. 1999).

Afrixalus fomasini is the only terrestrial frog definitely
known to prey on the egg clutches of other anuran species,
although this behavior has also been reported for aquatic
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Figure 3.49 Hyperoliidae. (A) Golden-eved reed frog,
Hyperolius ocellatus. (B) Distribution. (Photograph courtesy of
Daniel M. Portik.)

3.3 ® Anura: Frogs and Toads 83

pipids (Drewes and Altig 1996). Phlyctimantis boulengeri has
an interesting defensive behavior in which it hides its head
between its forelimbs, raises its rump to expose bright red
on its hindlimbs, and exudes a viscous secretion onto its
dorsum (Rodel and Ernst 2001).

Classification, distribution, and conservation 18 genera,
223 species. Representative genera include Afrixalus, Het-
erixalus, Hyperolius, Kassina, Phlyctimantis, and Tachycnemis.
They inhabit sub-Saharan Africa, Madagascar, and the Sey-
chelles (Figure 3.49B). The [UCN lists 21 species as Criti-
cally Endangered or Endangered and 34 species as Near
Threatened or Vulnerable.

Systematics references Drewes (1984), Wieczorek et al.
(2000), Vences et al. (2003), Rodel et al. (2009), Veith et al.
(2009), Conradie et al. (2012).

Arthroleptidae * Squeaker Frogs

Arthroleptids are leaf-litter frogs of African rainforests (Fig-
ure 3.50A). They are typically small (<50 mm SVL) with
the exception of Leptopelis palmatus (>80 mm SVL). Males
of most Arthroleptis and Cardioglossa species are notable for
their elongate third fingers, sometimes approaching 40% of
SVL, although this trait has been secondarily lost in some
species (Blackburn 2009). The function of the long fingers
is unknown, but they are almost certainly involved with
some aspect of reproduction. Although most arthroleptids
are insectivores, Leptopelis brevirostris eats mainly snails.

During the breeding season, small clutches of large eggs
are laid in leaf litter or in burrows in the ground (Branch
1991; Kaminsky et al. 1999). Eggs of Arthroleptis develop
directly into froglets whereas all other arthroleptid spe-
cies have free-swimming tadpoles. Trichobatrachus robus-
tus, commonly called the hairy frog, lays eggs in streams.
During the breeding season, males develop long, hairlike,
highly vascularized projections on the posterior flanks
and thighs, giving them a shaggy appearance (see Figure
7.2A). Males sit on their clutches of eggs, and the hairs are
thought to aid in cutaneous respiration or in aeration of the
eggs. Leptopelis brevirostris may undergo direct development
(Schietz 1999). :

Astylosternus, Scotobleps, and Trichobatrachus possess a
sharp keratinous claw embedded in the skin of two or more
toes on the hindlimb. These claws are used for defense—if
the frog is picked up, the claws break through the skin and
the frog rakes the claws against the predator, sometimes
causing bleeding gashes (Blackburn et al. 2008).

Classification, distribution, and conservation 8 genera,
148 species. Genera are Arthroleptis, Astylosternus, Cardio-
glossa, Leptodactylodon, Leptopelis, Nyctibates, Scotobleps, and
Trichobatrachus. They inhabit sub-Saharan Africa (Figure
3.50B). The IUCN lists 29 species as Critically Endan-
gered or Endangered and 26 species as Near Threatened
or Vulnerable.
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Figure 3.50 Arthroleptidae. (A) Victoria forest treefrog,
Leptopelis boulengeri. (B) Distribution. (Photograph courtesy of
Daniel M. Portik.)

Systematics references Poynton and Broadley (1985),
Blackburn (2008), Zimkus and Blackburn (2008, 2009).

Hemisotidae ¢ Shovel-Nosed Frogs

Hemisus species are burrowers ranging in size from approx-
imately 20 to 75 mm SVL that inhabit savanna regions of
sub-Saharan Africa. They resemble other burrowing frogs
such as Nasikabatrachidae and Rhinophrynidae, having
small, pointed heads posteriorly delimited by a transverse
skin fold (Figure 3.51A). Hemisotids use their snout to dig
headfirst into soil rather than digging hindfirst with the
hindlimbs as seen in all other burrowing frogs (Emerson
1976). Shared derived characters of Hemisotidae include
the absence of a sternum (also observed in Rhinophryni-
dae and Brachycephalidae) and a skull highly modified for
headfirst burrowing. Hemisus marmoratus females lay eggs
in terrestrial breeding chambers. The female attends the
eggs until hatching, after which she assists the tadpoles to
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Figure 3.51 Hemisotidae. (A) Pig-nosed frog, Hemisus
marnioratus. The snout is used for burrowing. (B) Distribution.
(Photograph courtesy of Daniel M. Portik.)

exit the chamber, sometimes carrying tadpoles on her back
(Kaminsky et al. 1999).

Classification, distribution, and conservation 1 genus
(Hemisus), 9 species. They inhabit savanna regions of sub-
Saharan Africa (Figure 3.51B). The IUCN lists 1 species (H.
guttatus) as Vulnerable.

Systematics references Laurent (1972).

Brevicipitidae * Rainfrogs
Brevicipitids resemble inflated bags, with short limbs and
no distinction between head and body (Figure 3.52A). Spe-
cies range in size from about 30 to 50 mm SVL. All species
are endemic to Africa and are restricted to high-elevation
montane forests. All genera are fossorial, with the excep-
tion of Callulina, which are partially arboreal. When dis-
turbed, brevicipitids inflate their bodies and release copi-



(A)

Figure 3.52 Brevicipitidae. (A) Krefft's secret frog, Callu-
lina kreffti, (B) Distribution. (Photograph courtesy of Stephen
Zozaya.)

ous amounts of defensive chemicals that coat their dorsum.
Some Callulina also have massively expanded defensive
glands on the limbs and feet.

Brevicipitids are similar to other rotund burrowing frogs
such as pelobatids, scaphiopodids, and Notaden (Myobatra-
chidae) in that they live primarily underground and emerge
after heavy rains to breed. In the genus Breviceps, the bodies
are so rotund and the limbs so short that the male cannot
grasp the female during amplexus. Instead, he uses secre-
tions of mucus glands on his ventral surface to glue himself
to the dorsum of the female. Amplectant pairs of Breviceps
construct underground nest chambers into which eggs are
laid. In some cases, the female covers the fertile egg mass
with a layer of infertile egg capsules that help protect the
eggs from desiccation. Females of Probreviceps macrodactylus
guard their egg masses until hatching (Miiller et al. 2007).

Classification, distribution, and conservation 5 genera,
34 species. Genera are Balebreviceps, Breviceps, Callulina,
Probreviceps, and Spelaeophryne. They inhabit eastern and
southern Africa (Figure 3.52B). Brevicipitids were previ-
ously placed in Microhylidae sensu lato. The IUCN lists 5
species as Critically Endangered or Endangered and 7 spe-
cies as Near Threatened or Vulnerable.

Systematics references Loader et al. (2004, 2006, 2010,
2014), De Sé et al. (2012).

Microhylidae ® Narrow-Mouthed Frogs

Microhylidae is an extremely diverse family. Some species
are relatively small, reaching only 10-15 mm SVL (e.g.,
some species of Stumpffia from Madagascar). Others (e.g.,
males of Plethodontohyla inguinalis) may reach 100 mm SVL.
Microhylids may be fossorial, terrestrial, or arboreal, and
body forms are highly variable. For example, expanded toe
discs are present in arboreal species, and fossorial species
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often have flattened bodies and pointed snouts. Microhylids
live in habitats ranging from arid deserts to extremely wet
rainforests.

The life histories of microhylids are extremely varied.
Most microhylines and phrynomerines lay eggs in ponds
and have free-swimming, feeding tadpoles. Many scaphi-
ophrynines (e.g., Plethodontohyla) lay eggs in tree holes,
and males of some, such as species of Plethodontohyla, are
known to guard the clutches. Other scaphiophrynines (Par-
adoxophyla, Scaphiophryne) are explosive breeders that lay
eggs in ponds. Direct development occurs in asterophry-
nines and some microhylines. All New Guinea microhylids
are thought to have direct development, and males of two
species, Liophryne schlaginhaufeni and Sphenophryne cornuta,
transport the eggs and froglets on their backs—the only
known cases of male transport of froglets among anurans
(Bickford 2002). The tadpole of Otophryne (northern South
America) is highly unusual in having a sinistral spiracle at
the tip of a long siphon projecting from the body wall. These
tadpoles burrow into the substrate at the bottom of streams
(Wassersug and Pyburn 1987).

Two species of microhylids (Chiasmocleis ventrimaculatus
and Gastrophryne olivacea) form facultative commensal asso-
ciations with tarantula spiders, using the same burrows and
foraging areas as the spiders (Cocroft and Hambler 1989).
The spiders apparently recognize these frogs through che-
mosensory cues and do not attack them, even though the
spiders readily eat other frogs within the foraging territories.

Classification, distribution, and conservation 63 genera,
557 species. Given the diversity of microhylids, 11 subclades
are recognized as subfamilies: Asterophryinae (Figure
3.53A; representative genera include Albericus, Austrocha-
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perina, Callulops, Cophixalus, Oreophryne, Xenorhina) inhabit
southern peninsular Malaysia, Borneo, Indonesia, southern
Philippines, Indonesia, New Guinea, and extreme northern
Australia; Gastrophryninae (Figure 3.53B; representative
genera include Chiasmocleis, Ctenophryne, Elachistocleis, Gas-
tophryne, Hypopachis, Stereocyclops, Syncope) inhabit North
and South America; Hoplophryninae (Hoplophryne, Parho-
plophryne) inhabit Tanzania; Kalophryninae (Kalophrynus)
inhabit southern China to Java, Philippines, and India; Me-
lanobatrachinae (Melanobatrachus) inhabit southern India;
Microhylinae (Figure 3.53C; representative genera include
Calluella, Kaloula, Microhyla, Ramanella) inhabit East Asia,

(A) Asterophryinae (B) Gastrophryninae
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Figure 3.53 Microhylidae. (A) Paedophryne dekot
(Asterophryinae ) from New Guinea. At the size of a dime or
even smaller, members of this genus are among the small-
est known frogs. (B) The Eastern narrow-mouthed toad, Gas-
trophryne carolinensis (Gastrophryninae) of North America is

Microhylidae

India, Korea, and Greater Sunda Islands; Otophryninae
(Otophryne, Synapturanus) inhabit northern South America;
Phrynomerinae (Phrynomantis) inhabit sub-Saharan Af-
rica; Cophylinae (Anodonthyla, Cophyla, Madecassophryne,
Platypelis, Plethodontohyla, Rhombophryne, Stumpffia), Dys-
cophinae (Dyscophus), and Scaphiophryninae (Paradoxo-
phyla, Scaphiophryne) inhabit Madagascar. Although there
is strong phylogenetic support for the monophyly of mi-
crohylids, the interrelationships of its subfamilies remains
largely unknown. The IUCN lists 32 species as Critically
Endangered or Endangered and 48 species as Near Threat-
ened or Vulnerable.

(C) Microhylinae

fossorial. (C) Taiwan rice frog, Microhyla hemonsi (Microhylinae)
breeds in temporary ponds, slow streams, and the rice paddies
of eastern Asia. (D) Distribution. (Photographs: A, courtesy of
Fred Kraus; B, courtesy of Todd W. Pierson; C, courtesy of Kent-
wood D. Wells.)



Systematics references Parker (1934), Zweifel (1962,
1972, 1986), Grosjean et al. (2007), Lehr and Trueb (2007),
Roelants et al. (2007), Van der Meijden et al. (2007), Kohler
and Giinther (2008), Wollenberg et al. (2008), Kurabayashi
et al. (2011), Matsui et al. (2011), de Sa et al. (2012), Black-
burn et al. (2013).

Rhacophoridae * African and Asian Treefrogs

Most rhacophorids are arboreal and have enlarged toe discs,
often with extensive webbing (Figure 3.54A,B). Body sizes
vary from about 25 to 100 mm SVL. Rhacophorid and hylid
frogs are remarkably similar in morphology and ecology,
but these characters convergently evolved in both groups.
The “flying frogs” Rhacophorus helenae and R. nigropalma-
tus of Southeast Asia use webbing and a flattened body to
parachute (see Figure 10.26; Emerson et al. 1999).

The reproductive biology of rhacophorids varies greatly.
Some species lay eggs in water and have aquatic tadpoles,
whereas others (e.g., Chiromantis, Polypedates, Rhacopho-
rus) construct foam nests either in water or on vegetation
above water. Some Chiromantis species (e.g., C. petersii, C.
rufescens, C. xerampelina) build their nests on tree branches,
and a nest may be communally constructed by a female in
conjunction with several males (see Figure 14.24). The foam
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hardens, thus protecting the eggs from desiccation until
hatching, whereupon the larvae drop into the water below.
Still other species place their eggs in tree holes and have
nonfeeding or feeding tadpoles (Wassersug et al. 1981).
Some species of Philautus lay small clutches in arboreal sites
and have direct development (Alcala and Brown 1982). The
Asian rhacophorid Kurixalus eiffingeri lays small clutches of
eggs in water collected in bamboo stalks; the tadpoles are
obligately oophagous (egg-eating), and periodically the fe-
male supplies the developing tadpoles with eggs (Kam et
al. 1998). Similar behavior is known in Leptodactylus fallax
(Leptodacylidae) and some dendrobatids.

Classification, distribution, and conservation 19 genera,
374 species. 2 subfamilies: Buergeriinae (Buergeria) inhabit
Taiwan and Hainan Island (China) to the Ryukyu and main
islands of Japan; Rhacophorinae (representative genera in-
clude Chiromantis, Philautus, Polypedates, Pseudophilautus,
Raorchestes, Rhacophorus, Theloderma) inhabit Africa, Mad-
agascar, southern India, Sri Lanka, China and Japan, and
the islands of Southeast Asia and the Sunda Shelf (Figure
3.54C). The IUCN lists 69 species as Critically Endangered
or Endangered, 59 species as Near Threatened or Vulner-
able, and 20 species as recently extinct.

Figure 3.54 Rhacophoridae.

(A) Vietnamese blue flying frog,
Rhacophorus helenae. (B) Malaysian
bug-eyed frog, Theloderma leporosum.
(C) Distribution. (Photographs: A,

© davemhuntphotography/Shutter-
stock; B, courtesy of L. Lee Grismer.)
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Systematics references Liem (1970), Biju et al. (2008), Li
et al. (2008, 2009, 2011, 2012, 2013), Yu et al. (2008, 2009,
2010, 2013), Hertwig et al. (2011, 2013).

Mantellidae

Mantellids have undergone an extraordinary radiation in
lifestyles and ecomorphology on the island of Madagascar
(Bossuyt and Milinkovitch 2000). Mantidactylus (approxi-
mately 70 species) have radiated into terrestrial, arboreal,
and aquatic niches. Species of Boophis (55 species; Figure
3.55A) inhabit trees and are similar to hylines (Hylidae) of
tropical America. Laliostoma (1 species; Figure 3.55B) and
Aglyptodactylus (3 species) are semifossorial and terrestrial,
respectively. Species of Mantella have evolved bright apose-
matic colorations and lipophilic skin alkaloids like those of
some Neotropical dendrobatid frogs (Figure 3.55C; also see
Figure 2.3) (Daly et al. 1996); they are primarily terrestrial
(one species is semiarboreal). Body sizes in Mantidactylus
range from about 15 to more than 100 mm SVL; most spe-
cies in the other genera are small to medium size (30-60
mm SVL), although Boophis albilabris and B. opisthodon can
reach 85 mm or more SVL (Cadle 1995).

Mantellids are diverse in their reproductive biology.
Many Mantidactylus lay their eggs on leaves or other veg-
etation above water and the tadpoles develop in streams or
ponds, while others have terrestrial nests and the tadpoles
wash into streams to complete development. However, the
reproductive biology of many species of Mantidactylus is
unknown. Several species have direct development of ter-

(A) Boophinae

30°S

(B) Laliostominae

restrial or arboreal eggs, and at least one aquatic species
deposits eggs on rocks or in rock crevices in streams. Both
males and females have been observed guarding clutches
in several species. Aglyptodactylus and Laliostoma are explo-
sive breeders that deposit their eggs in temporary ponds.
Most species of Boophis attach eggs to vegetation or debris
in streams, although a few species breed in ponds; species
that breed in fast-moving currents attach eggs to bedrock
and the tadpoles often have suctorial oral discs. Most spe-
cies of Mantella deposit eggs in terrestrial nests and the tad-
poles are washed into adjacent ponds or streams. However,
the semiarboreal species Mantella laevigata attaches its eggs
singly above pools in tree holes and the tadpoles develop in
the collected water.

Unusual mating behavior with minimal contact be-
tween partners takes place in Mantidactylus and Mantella
(Blommers-Schlosser 1975). During mating the male places
his thighs directly over the head of the female. Sperm are
deposited onto the female’s back and trickle over the ex-
truded eggs, thus fertilizing them. Males may leave the fe-
male before the completion of egg laving. The stimulus that
induces egg laying in Mantidactylus is unknown but may be
mediated through secretions of the femoral glands present
on the ventral surface of the thighs in males. The mating
posture would bring these glands into direct contact with
the head and body of the female.

Classification, distribution, and conservation 12 genera,
206 species. 3 subfamilies: Boophinae (Boophis), Laliosto-

Figure 3.55 Mantellidae.
(A) Forest bright-eyed frog,
Boophis erythrodactylus
(Boophinae). (B) Madagascar
bullfrog, Laliostoma labrosum
(Laliostominae). (C) Mada-
gascar golden frog, Mantella
aurantiaca (Mantellinae). (D)
Distribution. (Photographs
courtesy of Miguel Vences and
Frank Glaw.)

Mayotte Island
Africa

Mantellidae

Madagascar



minae (Aglyptodactylus, Laliostoma), and Mantellinae (Blom-
mersia, Boehmantis, Gephyromantis, Guibemantis, Mantella,
Mantidactylus, Spinomantis, Tsingymantis, Wakea). They in-
habit Madagascar and Mayotte Island (Comoros) (Figure
3.55D). The TUCN lists 22 species as Critically Endan-
gered or Endangered and 35 species as Near Threatened
or Vulnerable.

Systematics references Glaw and Vences (2006), Glaw
et al. (2006), Raharivololoniaina et al. (2006), Vences et al.
(2007), Kurabayashi et al. (2008), Wollenberg et al. (2011),
Kaffenberger et al. (2012), Amat et al. (2013).

Ranidae ¢ True Frogs

Ranidae sensu stricto (see systematics discussion below) are
highly aquatic frogs with powerful hindlimbs and extensive

(A) (B)
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toe webbing (Figure 3.56A,B). They are relatively large (up
to 180 mm SVL). Ranids are some of the best known frogs
in North America, and the family includes Rana catesbeiana
(American bullfrog), R. pipiens (leopard frog), and R. syl-
vatica (wood frog).

As the generic name suggests, frogs in the Asian genus
Odorrana emit a foul-smelling, toxic secretion if disturbed.
Although most Odorrana are highly aquatic, inhabiting
streams, one unidentified species of Chinese Odorrana has
been observed perching on ledges in flooded caves (M.
C. Brandley, personal observation). Odorrana tormota and
Huia cavitympanum are unique among frogs in that their
tympanic membrane is recessed within an auditory canal
(as in mammals) instead of flush with the skin as in most
other frogs. Both species can communicate using ultrasonic
sound, and the unusual morphology of the tympanic mem-

Figure 3.56 Ranidae.

(A) Pickerel frog, Rana
palustris, of North America.
(B) Black-spotted rock frog,
Staurois guttatus, of Indone-
sia. (C) Distribution. (Photo-
graphs: A, © Matt Jeppson/
Shutterstock; B, © reptiles
4all/Shutterstock.)
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brane may improve detection of these frequencies (Arch et
al. 2008).

Ranidae sensu lato was historically a much larger family
containing more than 600 species, but it was not defined
by any morphological synapomorphies and was widely
thought to be polyphyletic. Recent molecular phyloge-
netic analyses have clarified some relationships, especially
recognizing subclades that have been promoted to family
status (see Table 3.1). However, the phylogenetic interrela-
tionships among these Ranoidea families are still largely
unknown (see Figure 3.22).

As with Bufo (Bufonidae), the taxonomy of Rana is de-
bated. Most notably for the North American ranid fauna,
Frost et al. (2006) proposed using the name Aquarana (later
synonymized with Lithobates) for the clade of Rana that
included New World species such as R. catesbeiana and R.
pipiens. However, we do not adopt this taxonomy, for the
reasons outlined in Pauly et al. (2009).

Classification, distribution, and conservation 14 genera,
365 species. Representative genera include Amolops, Babina,
Huia, Hylarana, Lithobates, Odorrana, Pelophylax, Rana, and
Staurois. Ranids have a cosmopolitan distribution except in
extreme southern South America and South Africa, Mada-
gascar, West Indies, and most of Australia (Figure 3.56C).
The TUCN lists 35 species as Critically Endangered or En-
dangered and 67 species as Near Threatened or Vulnerable.

Systematics references Chen et al. (2005), Hillis and Wil-
cox (2005), Matsui et al. (2005, 2006), Scott (2005), Van der
Meijden et al. (2005), Bossuyt et al. (2006), Cai et al. (2007),
Che et al. (2007), Wiens et al. (2009), Stuart et al. (2010),
Arifin et al. (2011), Chen et al. (2013).

Ranixalidae * Dancing Frogs

Ranixalids comprise a single genus (Indirana) of small-
bodied frogs (<40 mm SVL) that inhabit the Western Ghats
of India (Figure 3.57A). Little is known about their natural
history. The tadpoles of Indirana beddomii are semiterrestrial
and have unusually long tails. Tadpoles that have not yet
developed limbs use the tail to propel themselves on land
(Veeranagoudar et al. 2009). Neither behavior is known
in other frogs with semiterrestrial tadpoles, and it is not

(A)

Figure 3.57 Ranixalidae.
(A) Amboli leaping frog,