


How are genomics and its associated molecular tools
changing biology in the 21st century? Of course, this is

impossible to answer in the space of a single article, because
genomics has affected so many biological subdisciplines in so
many ways. Instead, I present here a microcosm of these
changes, focusing on a small sliver of the biological layer
cake, both conceptually and organismally. I will discuss the
impact of genomics on the systematics (phylogeny and species
limits) of two groups of organisms that are familiar to every-
one, reptiles (snakes, lizards, turtles, tuatara, crocodilians) and
amphibians (frogs, toads, salamanders, caecilians). The study
of these two groups is called herpetology. I will address how
genomics is changing the practice of herpetological system-
atics, what we have learned from these new data so far, and
what the future might hold.

Although systematics may seem like an abstruse biologi-
cal subdiscipline to some, it is important to remember that
most biological research depends on systematics at some
level. For example, it is through systematics that species are
discovered, described, and given scientific names. The study
of phylogeny tells us fundamentally what organisms are (e.g.,
a dolphin is more closely related to a human than to a tuna),
and allows us to make inferences about how their traits have
evolved over time.

A brief history of molecular data
in herpetological systematics
To understand how these new sources of molecular data are
changing herpetological systematics, we need a historical
context.Before thewidespread use of DNA (deoxyribonucleic

acid) sequencing,most molecular studies utilized data from
allozymes and albumin immunological distances. Allozyme
data typically consist of the frequencies of different alleles at
a given enzyme locus, where these alleles are detected on the
basis of their different mobilities in a starch or acetate gel. In
the 1980s, allozyme data became widely used in phyloge-
netic studies of closely related reptile and amphibian species
(e.g., Hillis et al. 1983). Allozyme studies also led to the dis-
covery of new species that were previously unrecognized
because of their morphological similarity (e.g.,Highton et al.
1989).However, these data are of limited use for higher-level
phylogeny,mostly because distantly related species tend to have
no alleles in common. Allozymes are also problematic in
that the underlying data (mobility of alleles) are entirely rel-
ative, and so raw data from different studies generally cannot
be directly compared or combined.

Albumin immunological data were also used in many her-
petological studies in the 1970s and 1980s (e.g.,Maxson and
Wilson 1974). Immunological data are based on overall sim-
ilarity between molecules rather than homology of individ-
ual characters. Perhaps because of this, immunological data
and the resulting phylogenies have not beenwidely embraced
in herpetology.These data also suffer from the same problems
of allozyme data, in terms of being entirely relative and dif-
ficult to apply over larger phylogenetic scales.
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In the 1990s, DNA sequence data became widespread in
systematic studies, thanks in large part to polymerase chain
reaction (PCR) amplification of targeted sequences and
the increasing automation and decreasing cost of DNA
sequencing. The use of “universal” primers made it possible
to amplify and sequence a targeted fragment of DNA in
almost any reptile or amphibian species (e.g., Kocher et al.
1989). DNA sequence data are potentially relevant to any
timescale (although some genes clearly are better for some
timescales than for others), and data for the same gene from
different studies are often easily combined. Combining data
from different studies has also been greatly facilitated by
GenBank, an online public database for sequence data (most
journals now require that sequences be deposited there
before publication).

Most early studies focused on mitochondrial genes (e.g.,
Hedges et al. 1991,Moritz et al. 1992,Arevalo et al. 1994) with
only a few exceptions (i.e., nuclear ribosomal sequences; Lar-
son and Dimmick 1993). Even today, it seems likely that the
majority of DNA sequence studies published for reptiles and
amphibians thus far are based on mitochondrial DNA data.

ButmitochondrialDNAdata have both advantages and dis-
advantages for systematics. On the plus side, mitochondrial
genes are relatively easy to amplify and sequence. The mito-
chondrial genome also has a relatively fast mutation rate in
vertebrates, providing an abundance of potentially informa-
tive variation, even among closely related species and
conspecific populations (Avise 2000). Furthermore, themito-
chondrial genome has a smaller effective population size
than the typical nuclear gene (Avise 2000). Thus, the mito-
chondrial genome may be less subject to the problem of
retained ancestral polymorphism (figure 1), and so, all other
things being equal, the mitochondrial phylogeny may tend to
track the phylogeny of the species better than a typical nuclear
gene (Moore 1995).

On the negative side, the fast mutation rate of the mito-
chondrial genome can become a serious disadvantage at
deeper phylogenetic levels.When rates of mutation are high,
relatively long branches in a phylogeny (those expected to have
accumulated many changes) may tend to be erroneously
placed together by many phylogenetic methods because they
will accumulate many shared traits by chance alone (Felsen-
stein 1978, 2004, Huelsenbeck 1995). This phenomenon is
known as long-branch attraction.The problem is particularly
disturbing because the incorrect results may have strong
statistical support (e.g., from bootstrapping), and adding
more fast-evolving characters may only exacerbate the
problem (Felsenstein 1978, 2004). This problem may even
extend down to the level of relatively closely related genera
within a family, at least for some fast-evolving mitochondrial
genes (e.g., cytochrome b and ND4 in iguanas; Wiens and
Hollingsworth 2000).

In addition, the mitochondrial genome is inherited as a
single unit (Avise 2000). This means that processes that may
mislead phylogenies based on a single gene may extend to
every gene in the mitochondrial genome. For example,

introgression (hybridization) can occur between species that
are not each other’s closest relatives, causing a gene from one
species to appear in the genome of another and causing a
phylogeny based on this gene to incorrectly show these dis-
tantly related species to be sister species.When mitochondria
introgress, every single gene in themitochondrial genomewill
tend to suggest this same misleading pattern. Potential cases
of this phenomenon are beginning to accumulate in the
herpetological literature (e.g., Leaché and McGuire 2006). In
summary, although mitochondrial data may work very
well in many cases, to be certain that the relationships have
been correctly inferred, it is invaluable to have other types of
data as well.

Nuclear genomic data: Opening the floodgates
In the past few years, data from nuclear loci have begun to
appear commonly in phylogenetic studies of reptiles and
amphibians. Most studies so far have focused on a limited
number of genes, including RAG-1, c-mos, and c-myc. But
now, the number of genes that can be applied to a given
study is essentially unlimited (or at least there are more genes
available than most investigators will have the time and
money to sequence).

This increase in the number of potentially usable genes has
several causes. One critical factor is the pervasiveness of ho-
mology. For example, 75%of the genes in the human genome
seemingly are homologous with those in the pufferfish (Fugu
rubripes), with a total of approximately 28,000 shared genes
(Aparicio et al. 2002). These two species represent clades that
bracket amphibians and reptiles, such that most of these
genes should also be shared by all reptiles and amphibians.
Furthermore, nuclear genes typically are relatively slow evolv-
ing, so that primers that work well in one vertebrate clade
often work well in others (e.g., primer pairs designed for
amplifying genes in lizards can also give excellent results in
frogs; Smith et al. 2007, Townsend et al. 2008). GenBank,
and the associated computational tools that facilitate search-
ing this database, is also tremendously important,making the
sequences of thousands of genes for thousands of species
freely available to anyonewith an Internet connection. Inmany
ways, the hardest part in finding new genes now is not that
there are too few genes to choose from, but rather that the
sheer number of genes available is almost overwhelming.
Fortunately, studies are beginning to mine these genomic
resources to identify a more restricted (but still very large)
number of nuclear genes that are useful for vertebrate phy-
logenetics (e.g., Li et al. 2007, Townsend et al. 2008).

The increasing number of potential genes has been paral-
leled by other important trends in systematics. First, the tax-
onomic scale of studies is also (generally) increasing, thanks
in part to the increasing ease and decreasing cost of automated
DNA sequencing.Thus, researchers are collecting data not only
from thousands of characters but also from dozens or even
hundreds of taxa (e.g., Bossuyt et al. 2006, Frost et al. 2006).
Although there has been extensive debate over the relative im-
portance of sampling taxa or characters (e.g.,Graybeal 1998,
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Rosenberg andKumar 2001), researchers are no longer forced
to choose between sampling large numbers of characters
and large numbers of taxa for a given study.They can do both.

Perhaps just as important as the advances in data acquisi-
tion have been advances in data analysis. For example,meth-
ods have been developed that allow one to estimate the
models underlying the evolution of DNA sequences, and
then apply that information to phylogeny reconstruction
(e.g., likelihood,Bayesianmethods; Felsenstein 2004).The ac-
curacy of these methods has been tested extensively with
computer simulations (e.g., Huelsenbeck 1995,Wilcox et al.
2002, Alfaro et al. 2003). New algorithms and increasing
computational power now make it possible to effectively an-
alyze enormous data sets in a relatively short amount of

time, even when using sophisticated model-based methods,
thousands of species, and tens of thousands of characters (e.g.,
Stamatakis 2006).

The availability of vast numbers of nuclear loci does not
mean that every phylogenetic problem will be solved easily,
however. For example, finding a large number of nuclear
genes that are evolving at the appropriate rate for a given
phylogenetic problem can still be challenging, especially for
studies at lower taxonomic levels that require rapidly evolv-
ing genes. Part of the problem is that rapidly evolving genes
are less likely to have conserved primer sites, and so can be dif-
ficult to amplify and sequence.

Nuclear introns offer one potential solution. Introns are
noncoding and thus free to evolve rapidly, but are flanked by
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Figure 1. The phylogeny of a gene can differ from the phylogeny of species. This is especially likely
when the time intervals between speciation events are short (and effective population sizes are
large), leading to incomplete sorting of ancestral polymorphisms among lineages. This pair of
hypothetical examples is intended to illustrate this idea, contrasting scenarios without (a–d)
and with (e–h) incomplete lineage sorting. In (a)–(d), the time interval between the splitting
events (i.e., between species A and the ancestor of species B + C and between species B and C) is
relatively long. In (e)–(h) , this time interval is short. In this latter case, when the split between A
and the B + C ancestor occurs, some of the alleles in the new species (B + C) are still more closely
related to species A than they are to other individuals in species B + C. Given enough time, these
anomalous alleles would disappear through genetic drift. However, when the B + C split occurs
very soon afterward, these alleles are retained, and become fixed in species B by chance. In this
case, the phylogeny of the gene differs from the phylogeny of the species. Note that when branches
are very short, many different alternate gene trees could be generated through this process, and
so gene trees may tend to disagree extensively. In b, c, f, and g, the terminal branches of the trees
represent individual alleles from different populations, the vertical bar represents a geographic
barrier between populations, and the horizontal line represents sets of interbreeding populations
(species).
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exons, which are more conserved (thus, primers can be de-
signed that target exons flanking a desired intron). Many
primers for nuclear introns are now available that are po-
tentially usable across vertebrates (e.g., Lyons et al. 1997,
Friesen et al. 1999, Dolman and Phillips 2004). However
some significant problems still remain. First,whether a given
locus will work in a particular clade still seems to be quite
hit-or-miss (e.g., because of variation in intron length among
clades, and other factors). Second, even fast-evolving introns
may offer limited information in very recent or slow-evolving
groups (e.g., turtles). Third, nuclear genes may often retain
ancestral polymorphisms that are shared among closely re-
lated species (figure 1), which can confuse attempts to re-
construct phylogenies and species limits (although methods
are now being developed that can potentially overcome this
problem by explicitly considering population-genetic
processes;Maddison andKnowles 2006,Knowles andCarstens
2007).The first two problemsmay also be ameliorated some-
what by using methods geared toward obtaining large num-
bers of nuclear markers that vary among closely related
species (e.g., anonymous nuclearmarkers fromwhole genomic
DNA, Carstens and Knowles 2006; SNPs [single nucleotide
polymorphisms] from whole or partial genomes, Shaffer and
Thomson 2007).

A more fundamental problem comes in the analysis of
data from multiple nuclear loci. It is now becoming rela-
tively straightforward to obtain data from, say, 10 nuclear loci
for a given set of 20 species. But how exactly does one take
these data and make a phylogeny?Whether or not data from
different genes should be combined for phylogenetic analy-
sis was a major debate in systematics in the 1990s (review in
de Queiroz et al. [1995]). Although combined analysis has
become standard, this issue has recently reemerged with a
vengeance. Some recent studies (e.g., Poe and Chubb 2004,
Rokas andCarroll 2006,Wiens et al. 2008) suggest that for very
short internodes on phylogenies, theremay be little agreement
among the underlying gene trees because of the problem of
incomplete lineage sorting mentioned above (figure 1). In
these cases, combined analyses of multilocus data may be
unsuccessful ormight even be positivelymisled (e.g.,Degnan
and Rosenberg 2006, Kubatko and Degnan 2007). Methods
are now being developed that may overcome this problem,
again by incorporating information on population-genetic
(coalescent) processes (e.g., Edwards et al. 2007). Overall,
optimal methods for analyzing multilocus nuclear data are
lagging behind the acquisition of these data, but the solution
may lie in a greater integration of the fields of systematics and
population genetics.

What have DNA data taught us about the
evolution of reptiles and amphibians?
New DNA sequence data, especially from slow-evolving
nuclear loci developed using genomic resources, are revolu-
tionizing and refining our understanding of the evolution of
many groups of reptiles and amphibians. Remarkably, most
of these discoveries have appeared only within the past four

years. I will discuss some of the major findings group by
group.

Salamanders.Data from nuclear genes have helped provide
a strongly supported hypothesis for salamander phylogeny at
the family level (figure 2;Wiens et al. 2005,Roelants et al. 2007,
Wiens 2007). This phylogeny shows some important differ-
ences from hypotheses based primarily on morphology (Gao
and Shubin 2001) and mitochondrial DNA sequences (Weis-
rock et al. 2005). Paedomorphosis, the retention of larval or
juvenile features of the ancestors in the adult stage of the de-
scendants, appears to be amajor problem for salamander phy-
logenetics based on morphology.Analyses of morphological
data alone reconstruct clades of paedomorphic species that
are seemingly both wrong and statistically well supported
(Wiens et al. 2005).Conversely, long-branch attraction appears
to be highly problematic in analyses of salamander phy-
logeny based on mitochondrial DNA (Weisrock et al. 2005).

New molecular data have also led to a major upheaval
within the family Plethodontidae,which contains themajority
of salamander species. Although traditional taxonomy rec-
ognized the subfamilies Desmognathinae and Plethodonti-
nae, newmolecular data (e.g.,Chippindale et al. 2004,Mueller
et al. 2004) suggest that Desmognathinae is actually nested
deep inside of Plethodontinae. The implications of this find-
ing go beyond merely shuffling names. The new phylogeny
(along with detailed statistical analyses) strongly suggests
that those desmognathine species with a larval stage actually
evolved from ancestors with direct development, and that
the larval stage has reevolved (Chippindale et al. 2004).
Furthermore, new phylogenies within plethodontids suggest
that the remarkable projectile tongue systemof bolitoglossine
plethodontids actually evolved twice, given the recent find-
ing that Hydromantes is only distantly related to other boli-
toglossines (Mueller et al. 2004).

Frogs.Major features of frog phylogeny (figure 2) have now
been clarified by several studies incorporating slow-evolving
nuclear genes (e.g., Hoegg et al. 2004, Roelants and Bossuyt
2005, Bossuyt et al. 2006, Roelants et al. 2007, Wiens 2007).
Many traditionally recognized families and clades are now con-
firmed as monophyletic by DNA data, including Pipoidea,
Neobatrachia, Hyloidea (Bufonoidea), and Ranoidea, but
with some surprising exceptions. The relationships of the
hyloid frogs are still in need of considerable attention, how-
ever, especially given the gross polyphyly of the most species-
rich family of frogs (Leptodactylidae; Frost et al. 2006).
Unfortunately, they may also prove to be very difficult to re-
solve, given the very short branches separating many of the
major hyloid lineages (Roelants et al. 2007,Wiens 2007).

Caecilians. Caecilians are a poorly known and species-poor
(approximately 175) group of tropical, burrowing, limbless
amphibians. Recent studies of higher-level caecilian phylo-
geny based on multiple nuclear loci have now yielded a
strongly supported hypothesis of caecilian relationships
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(figure 2) that is generally concordant with hypotheses based
on morphology (Roelants et al. 2007).

“The” amphibian Tree of Life?A recent study has claimed to
offer“the”amphibianTree of Life (Frost et al. 2006), primarily
on the basis of molecular data, along with an extensively
revised classification of amphibians to the species level.
Although many herpetologists are starting to use this classi-
fication, there is a need for some caution regarding both the
tree and the taxonomy.For example, although this analysis in-
cluded approximately 2400 characters of mitochondrial DNA
data and approximately 2300 characters of nuclear data, the
data matrix contains 15,320 characters. This unexplained
discrepancy implies that the majority of the characters were
artifacts of alignment. The tree includes several relationships
that are rejected by model-based analyses of nuclear data

(e.g., Roelants et al. 2007,Wiens 2007),
but which appear in analyses of mito-
chondrial data alone and seem to be
artifacts of long-branch attraction (e.g.,
sister relationship between proteids
and sirenids; Weisrock et al. 2005). But
perhaps the strongest evidence that this
taxonomy may have been somewhat
premature comes from the fact that of
the 42 anuran families recognized by
Frost and colleagues in 2006, Frost’sWeb
site of amphibian classification in 2007
(http://research.amnh.org/herpetology/
amphibia/index.php) no longer recog-
nizes two of these families and has sub-
divided others to create five additional
families. At this rate, much of the tax-
onomy Frost and colleagues proposed
(2006) will be overturned by these same
authors within just a few years.

Squamates. Molecular data have also
led to a remarkable and unanticipated
new hypothesis of squamate (lizard and
snake) phylogeny (figure 3). Traditional
phylogenies based on morphological
characters (e.g., Estes et al. 1988)
divided squamates into iguanians
(iguanids, agamids, chameleons) and
scleroglossans (geckoes, skinks, and all
other lizards, as well as snakes and am-
phisbaenians). A new phylogeny incor-
porating slow-evolving nuclear loci
(Townsend et al. 2004, Fry et al. 2006)
suggests that iguanians form a cladewith
snakes and anguimorphans (i.e., alliga-
tor, glass, andmonitor lizards,Gilamon-
sters, and their relatives), and that this
clade is nested deep within Scleroglossa.
This new phylogeny also resolves the

phylogenetic placement of several limb-reduced, burrowing
lineages that were uncertain on the basis of morphological ev-
idence (Estes et al. 1988), including the amphisbaenians,
dibamids, and snakes (Townsend et al. 2004).

Recent studies have also addressed higher-level snake phy-
logeny (e.g., Slowinski and Lawson 2002,Wilcox et al. 2002,
Lawson et al. 2005,Vidal et al. 2007a,Wiens et al. 2008), and
are supportingmany traditionally hypothesized aspects of the
tree (i.e., basal scolecophidians, derived colubrids, viperids,
and elapids; and the boas, pythons, and various burrowing
lineages in the middle).However,members of some families
(and other groups) have been found to be only distantly re-
lated to each other (e.g., Tropidophiidae). Another surpris-
ing result of recent studies is that Colubroidea, a relatively
recent clade that contains the majority of snake species and
seemingly represents a rapid radiation, so far appears to be
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Figure 2. Phylogeny of the major groups of amphibians, based on maximum likeli-
hood and Bayesian analysis of one mitochondrial gene and four nuclear genes (see
figure 1 in Roelants et al. [2007]). Rather than using arbitrary branch lengths, the
branch lengths depict divergence dates of clades estimated by a “relaxed” molecular
clock method that incorporates multiple fossil calibration points (Roelants et al.
2007). Asterisks indicate strong support for clades (Bayesian posterior probabilities
≥ 0.95).
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relatively easy to resolve on the basis of molecular data (e.g.,
Lawson et al. 2005,Vidal et al. 2007b,Wiens et al 2008).

Turtles. Recent analyses of turtle phylogeny based on the
nuclear RAG-1 gene and mitochondrial sequences (figure 4;
Krenz et al. 2005) support a tree that shares many clades
with those based on morphology and traditional taxonomy
(e.g., Gaffney and Meylan 1988), with some exceptions. In
many ways, turtle phylogeny now appears to be relatively
well resolved.

However, the phylogenetic position of turtles within
reptiles has been more surprising. Although traditional
hypotheses place turtles as the sister group of lepidosaurs
(tuatara, lizards, snakes) + archosaurs (crocodilians + birds),
recent analyses based on nuclear and mitochondrial loci
(e.g.,Hedges and Poling 1999, Iwabe et al. 2005,Hugall et al.

2007) suggest that turtles are instead
the sister group to extant archosaurs.

Crocodilians. The phylogeny of croco-
dilians (figure 5) offers a bizarre case of
concordance and discordance between
molecular andmorphological data (e.g.,
Poe 1996,Harshman et al. 2003,Gatesy
et al. 2003).These data give largely con-
cordant results, with the exception of
one species, the gavial (Gavialis). The
morphological data strongly place
Gavialis as the sister group to all other
extant crocodilians, despite its superfi-
cialmorphological similarity to the false
gavial (Tomistoma). Yet, the molecular
data (and combined analyses of themo-
lecular and morphological data) place
the true gavial with the false gavial
(Tomistoma) as sister group to other
Crocodylidae.

Morphology versus molecules:
No easy answers
Many molecular studies are suggesting
relationships that differ radically from
previous morphological studies. This
raises the obvious question: which hy-
pothesis is correct? This question must
be addressed on a case-by-case basis.
In many cases, the morphological hy-
potheses were only weakly supported,
and the incongruence may simply
reflect the morphological data being
inconclusive. For some groups, themost
widely used morphology-based phylo-
genies were not based on an actual
analysis (e.g., squamates, Estes et al.
1988; anurans, Ford and Cannatella

1993). In other cases, there may be a relatively clear source of
error in the molecular data (e.g., long-branch attraction, in-
trogression) or in the morphological data (e.g., paedomor-
phosis). However, in some cases of incongruence, the results
are statistically well supported by both types of data and
there is no obvious explanation. These include the conflicts
over the position of Gavialis in crocodilians and of Iguania
within squamates.

Although I have emphasized the conflicts between molec-
ular and morphological results, congruence between them
appears to be farmorewidespread. For example, even though
molecular and morphological hypotheses for squamate phy-
logeny are strikingly discordant, an analysis of squamate
phylogeny on the basis of nuclear RAG-1 data nevertheless
supports 88% of the morphology-based families that were
represented by two ormore species (see figure 1 in Townsend
et al. [2004]).
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Figure 3. Phylogeny of squamate reptiles (lizards and snakes) based on maximum
likelihood and Bayesian analysis of nuclear and mitochondrial genes (see figure 7b
in Townsend et al. [2004]). Branch lengths reflect estimated divergence times from
Wiens and colleagues (2006a), using a “relaxed” molecular clock method that
incorporates multiple fossil calibration points (see also Hugall et al. [2007]).
Asterisks indicate strong support for clades (Bayesian posterior probabilities
≥ 0.95).
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Despite the increasing prevalence of molecular data and
molecular systematists, phylogenetic analyses of morphology
remain critically important.Although molecular data offer a
much larger number of characters than morphological data
sets,molecular data (so far) cannot directly address the phy-
logenetic placement of fossil taxa, and we still have a poor
understanding of the phylogenetic relationships of many
fossil reptiles and amphibians. Correctly placing these
fossil taxa is critical for a complete understanding of the phy-
logeny, biogeography, and evolution of reptiles and amphib-
ians, and for calibrating molecular clock analyses to
estimate the divergence times of living taxa (e.g., figures 2–4).

Hidden diversity at
the species level
Molecular systematic studies have also revealed surprising
results at the species level. Again and again, studies have
found that what appeared to be a single species actually
consists of two or more lineages that are as divergent as

traditionally recognized species. Thus,
current taxonomy appears to be hiding
a great deal of species diversity,which is
now being revealed by DNA studies.

This diversity has been hidden in two
distinct ways, depending somewhat
upon the taxonomic group. In reptiles,
distinct species are sometimes hidden
more by taxonomy than bymorphology.
Many reptile species were previously
divided into subspecies, usually on the
basis of geographic variation in scalation
and coloration. Molecular studies are
revealing that many subspecies seem to
represent distinct species (e.g., Zamudio
et al. 1997,Ashton anddeQueiroz 2001).
Thus, the diversity was recognizedmor-
phologically, but was classified in-
appropriately. However, there is not
always a perfect correspondence be-
tween subspecies and species limits, and
many studies find that a single poly-
typic species contains some subspecies
that are distinct at the species level and
others that are completely meaningless.

In contrast, species diversity in am-
phibians seems to be hiddenmore often
by morphological conservatism than by
incorrect ranking of subspecies. Most
amphibian species were never divided
into subspecies,most likely because they
have fewer morphological characters
that vary geographically (e.g.,most lack
scales). Instead,many amphibian species
that lack obvious geographic variation in
morphology appear to consist of mul-
tiple species that are distinct at the

molecular level (e.g.,Kozak et al. 2005, Stuart et al. 2006).This
morphological conservatism has been commented on since
the days of allozymes (e.g., Larson 1984), and is being con-
firmed again and again by DNA-based studies.

Unfortunately,much of the cryptic diversity that has been
recently discovered through analyses of DNA data has been
based exclusively onmitochondrial genes. Perhaps because of
this, dozens of potential species have been discovered but
not officially described, and remain in a taxonomic and con-
servation limbo. Their status should be resolved using addi-
tional evidence (e.g., nuclear introns) so that they can be
formally named.Determining species limits from DNA data
is also an area where data acquisition has outstripped the
methods for data analysis, and where new methods are being
developed to meet this challenge (e.g., Pons et al. 2006,
Knowles and Carstens 2007). This is also an area that would
benefit from greater integration of systematics and popula-
tion genetics (e.g., Knowles and Carstens 2007). After all,
species delimitation hinges on inferred patterns of gene flow,

www.biosciencemag.org April 2008 / Vol. 58 No. 4 • BioScience 303

21st Century Directions in Biology

Figure 4. Phylogeny of turtles based on maximum likelihood and Bayesian analysis
of nuclear and mitochondrial genes (see figure 5b in Krenz et al. [2005]). Branch
lengths reflect estimated divergence times from Near and colleagues (2005), using
a “relaxed” molecular clock method that incorporates multiple fossil calibration
points (but note that there is a slight difference in the trees from Krenz and col-
leagues [2005] and Near and colleagues [2005] regarding placement of Chelydra).
Asterisks indicate strong support for clades (Bayesian posterior probabilities
≥ 0.95).
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is complicated by genetic drift (e.g., figure 1), and often uses
patterns of gene coalescence.

The future of herpetological systematics
The study of reptile and amphibian systematics seems to be
in the middle of a golden age. Tools such as PCR, automated
sequencing, and genomics now provide an almost limitless
source of characters that can be used to resolve phylogeny and
species limits. These tools are now becoming extensively
used, and major projects are under way on the phylogeny of
amphibians, squamates, andmany species-rich groupswithin
Squamata (e.g., geckoes). Relatively speaking, crocodilians,
turtles, and caecilians have so few species that obtaining a com-
plete phylogeny of all extant species for these groups seems
almost trivial. It should also be noted that the ambitious
scale of many of these studies is also being facilitated by
extensive collaboration among researchers (both nationally
and internationally), seemingly part of a larger trend within
the sciences.

But when I say that we are in themiddle of a golden age, I
also mean that the end may be in sight. Given the scale and
success of recent studies, it seems likely that the phylogeny of
all major groups will be resolved at the level of families and
genera within the next 10 years (if not sooner; figures 2–5).

What does this leave for the next generation of systematic
herpetologists? Although most higher level phylogeny may
soon be resolved, filling in the final twigs of the reptile and
amphibian trees will go on for much, much longer. This
must be true because new species of reptiles and amphibians
continue to be described at a rapid rate (e.g., a 25% increase
in amphibian species over the previous 11 years was recently
documented; Köhler et al. 2005). Furthermore, the propor-
tion of wide-ranging species that have been the subject of de-
tailed phylogeographic studies is still relatively small, andmost

were based on only a single
genetic locus (i.e., mito-
chondrial DNA).

In addition, even though
all families andmost genera
will be included in phylo-
genetic trees in the near
future, it seems safe to say
that not every branch will
be strongly supported (e.g.,
figures 2–4). Some clades
may prove very difficult to
resolve. For example, a
study of higher-level snake
phylogeny found that com-
bined analysis of 20 nuclear
genes (13,322 characters)
offers only weak support
for 31% of the 48 clades
(Wiens et al. 2008). Most
of these clades that remain
poorly resolved are associ-

ated with very short branches,where there are often strongly
supported conflicts among genes and similar numbers of
genes that strongly support alternate topologies. If and how
such very short branches can be resolved is still an open
question (e.g., Poe and Chubb 2004,Rokas and Carroll 2006,
Edwards et al. 2007).Nevertheless, opportunities to discover
something truly novel about the phylogeny of major groups
will most likely become increasingly rare for students of her-
petology in the future.

Does this mean that we should stop training herpetological
systematists? For several reasons I would say both “no” and
“yes.” I would argue that we should continue training
students with expertise in systematics, but not train them to
be merely systematists. Every group of organisms needs
biologists who know the diversity, distribution, and natural
history of its species. Furthermore, given the accelerating bio-
diversity crisis (which is particularly grave for amphibians;
Stuart et al. 2004), we must keep describing new species and
placing these new species into the Tree of Life. But within
reptiles and amphibians, the major phylogenetic questions
may soon either be solved or found to be insoluble (this may
make reptiles and amphibians very different from most
other groups of organisms, but perhaps not so unusual for
vertebrates).

One way that students might deal with this issue is to
focus on using phylogenies in addition to making them.Phy-
logenies are necessary to address evolutionary and ecological
questions that involve the evolution of traits among species
and populations (e.g., Felsenstein 1985, Donoghue 1989).
Using phylogenies requires knowledge and skills that presently
are associated mainly with systematists, including the diver-
sity, natural history, distribution, and identification of species
within a group, as well as methods for divergence date esti-
mation, ancestral trait reconstruction, and phylogeny-based
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Figure 5. Phylogeny of crocodilian reptiles based on parsimony analyses of morphology and
nuclear and mitochondrial genes (see figure 2 in Gatesy et al. [2003]). Branch lengths are
arbitrary. Asterisks indicate strong support for clades (parsimony bootstrap values ≥ 95%).
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analysis of correlation between traits.Analyses that use phy-
logenies to address broader questions are also being invigo-
rated by the new flood of molecular data and the associated
computational tools. For example, to address the evolution-
ary and ecological causes of the latitudinal diversity gradient,
we were able to utilize a molecular phylogeny for 325 frog
species (Wiens et al. 2006b). In summary, I think herpetolo-
gists should continue to train systematists, but we might do
well to diversify their training to go beyond systematics alone.

Conclusions
New molecular data are transforming the field of herpetol-
ogy in a number of ways, and many of these same transfor-
mations have likely occurred or may be occurring in other
groups of organisms. PCR, automated sequencing, and
genomics have created a virtually inexhaustible source of
new characters for systematics. This new wealth of data has
been paralleled by important advances in computational
phylogenetic methods. Together, these molecular and com-
putational tools are overturning or questioning many tradi-
tional ideas about reptile and amphibian phylogeny based on
morphology. In some cases, this is because these previous
hypotheses were only weakly supported by the morpholog-
ical data. But there are other cases of incongruence that have
interesting biological causes (e.g., paedomorphosis), or where
the causes of incongruence remain somewhat mysterious.
Molecular studies are also revealing hidden diversity within
many reptile and amphibian species, suggesting that the
true species richness of reptiles and amphibians will not be
understood without detailed molecular studies across the
geographic ranges of many species.

Yet, despite this new flood of data andmany computational
advances, the most appropriate analytical methods for using
multilocus data in systematics are uncertain and are still
being actively developed and tested. This is true both for de-
termining species limits and resolving the phylogeny among
species.Methods for addressing both questions will increas-
ingly utilize information from the field of population genet-
ics (e.g., coalescence theory; Maddison and Knowles 2006,
Edwards et al. 2007, Knowles and Carstens 2007).

Given current trends, it seems likely that the phylogeny of
most reptile and amphibian groupswill be resolved in the next
10 years, at least at the level of currently recognized genera.
Of course, a comprehensive tree that includes all species and
has strong support for every branch will take much, much
longer, especially given the rapid rate at which new reptile and
amphibian species continue to be discovered and the difficulty
of resolving very short branches.Nevertheless, new students
should consider broadening their research questions beyond
organismal phylogeny and species limits, but while still
maintaining the knowledge and skills of systematics and
herpetology.
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