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Abstract.—The transition from aquatic to terrestrial eggs is a key evolutionary change that has allowed vertebrates to
successfully colonize and exploit the land. Although most amphibians retain the primitive biphasic life cycle (eggs
deposited in water that hatch into free-living aquatic larvae), direct development of terrestrial eggs has evolved
repeatedly and may have been critical to the evolutionary success of several amphibian groups. We provide the first
conclusive evidence for evolutionary reversal of direct development in vertebrates. The family Plethodontidae (lungless
salamanders) contains the majority of salamander species, including major radiations of direct developers. We re-
construct the higher level phylogenetic relationships of plethodontid salamanders using molecular and morphological
data and use this phylogeny to examine the evolution of direct development. We show that the predominantly biphasic
desmognathines, previously considered the sister group of other plethodontids, are nested inside a group of direct-
developing species (Plethodontini) and have re-evolved the aquatic larval stage. Rather than being an evolutionary
dead end, the reversal from direct developing to biphasic life history may have helped communities in eastern North

America to achieve the highest local diversity of salamander species in the world.
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Direct development is a reproductive mode in which em-
bryos develop without a free-living aquatic stage, allowing
eggs to be deposited on land without the need for free-stand-
ing water (Duellman and Trueb 1986; Pough et al. 2001).
The evolution of direct development was a key transition in
vertebrate history because it allowed colonization of the land
and diversification in terrestrial habitats without dependence
on aquatic habitats for reproduction (Pough et a. 2001). The
evolution of direct development in vertebrates obviously has
had major consequences for their evolution and ecology and
has been important in shaping terrestrial environments
throughout the world (e.g., Huntly 1991; Begon et al. 1996).

Studies of life-history evolution in living amphibians can
offer many unique insights into this critical transition, for at
least two reasons. First, amphibians are unusual among ver-
tebrates in that many retain a biphasic life cycle (aquatic
larvae, terrestrial adults) that is intermediate between the ful-
ly aguatic life cycle of fishes and basal chordates and the
terrestrial life cycle of amniotes (Duellman and Trueb 1986;
Pough et al. 2001). Second, there appear to have been many
evolutionary transitions from this biphasic life cycle to direct
development in amphibians (Wake 1989; Hanken 1999).
Thus, amphibians retain a key intermediate step in the evo-
lution of direct development, and the critical transition has
been replicated many times, facilitating studies of thisancient
shift among closely related living taxa.

Direct development appears to have independently and re-
peatedly evolved in all three of the mgjor groups of living
amphibians (Duellman and Trueb 1986; Wake 1989; Hanken
1999), the anurans (frogs and toads), gymnophionans (cae-
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cilians), and caudates (salamanders). In an intriguing parallel
to the broader pattern in vertebrates, many groups of direct-
developing amphibians have been extremely successful, at
least in terms of species richness. For example, the most
speciose genus of vertebrates (Eleutherodactylus) consists of
more than 500 species of exclusively direct-developing frogs
(Hanken 1999; Frost 2002; Amphibiaweb 2003), and as many
as 19 species of Eleutherodactylus may be found sympatri-
cally at a given site (e.g., Lynch and Burrowes 1990). Sim-
ilarly, the mgjority of salamander species belong to a single
clade (Bolitoglossini) that consists entirely of direct-devel-
oping species (Wake 1966; Wake and Hanken 1996; Frost
2002; Amphibiaweb 2003); this clade is nested within the
Plethodontidae, one of the most recently derived salamander
families (Larson and Dimmick 1993; Wiens et al. 2004).
Direct-devel oping plethodontids have been highly successful
by almost any definition, can occur at extremely high den-
sities (e.g., Ovaskaand Gregory 1989; Welsh and Lind 1992),
and may comprise the bulk of vertebrate biomass in some
North American ecosystems (Burton and Likens 1975; Ducey
et al. 2001).

We examine the evolution of direct development among
the major groups of plethodontid salamanders using a phy-
logenetic approach. Based on the traditional hypothesis of
plethodontid relationships, direct development is thought to
have evolved multiple times within Plethodontidae (Wake
and Hanken 1996). Plethodontid salamanders have been the
focus of many studies in ecology and evolution (see Bruce
et al. 2000 and references therein), but few studies have ad-
dressed the higher level relationships of the group. Lombard
and Wake (1986) provided a hypothesis for higher level re-
lationships based on 30 morphological characters. Although
their hypothesis has been widely used in comparative evo-
lutionary studies of plethodontids (e.g., Wake and Hanken
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1996; Jockusch 1997), it was not the most parsimonious hy-
pothesis for the data then available and is not strongly sup-
ported.

Traditionally, Plethodontidae has been divided into the
subfamilies Plethodontinae (containing tribes Bolitoglossini,
Hemidactyliini, and Plethodontini) and Desmognathinae
(Wake 1966; Lombard and Wake 1986). The generally ac-
cepted phylogenetic hypothesis for the group (Lombard and
Wake 1986) posits abasal split between Desmognathinae and
Plethodontinae; within Plethodontinae, Hemidactyliini is
thought to be sister to (Bolitoglossini + Plethodontini). Al-
though a biphasic life cycle is thought to be ancestral for
Plethodontidae (Wake 1966; Collazo and Marks 1994; Wake
and Hanken 1996), direct development occursin the majority
of plethodontids, including all Plethodontini and Bolitoglos-
sini and three of the 21 species of desmognathines (Wake
1966; Titus and Larson 1996; Wake and Hanken 1996; Marks
and Collazo 1998; Amphibiaweb 2003). The remaining des-
mognathines and all members of Hemidactyliini have free-
living aquatic larvae.

In this study, we analyze the higher level phylogenetic
relationships of plethodontids using character datafrom mor-
phology and other nonmolecular characters, two mitochon-
drial genes, and one nuclear gene. We then use this phylogeny
to reconstruct evolutionary changes in direct development.
We find that the desmognathines, previously considered the
sister group of other plethodontids, are nested inside a group
of direct-developing species (Plethodontini). This result
strongly suggests that direct development was lost and the
aguatic larval stage re-evolved within desmognathines. The
possibility of such a reversal has been suggested but only
weakly supported in previous studies of hemiphractine hylid
frogs and desmognathine plethodontid salamanders (Duell-
man and Hillis 1987; Duellman et al. 1988; Titus and Larson
1996), and reversal of direct development in plethodontids
was deemed unlikely (from a developmental standpoint) by
Wake and Hanken (1996). We provide the first rigorous ev-
idence that direct development has been lost in a group of
vertebrates. Rather than limiting evolutionary potential, we
suggest that the loss of direct development may have im-
portant consequences for ecology and evolution. Our study
adds direct development to the growing list of seemingly
important and adaptive features that have been lost or re-
versed over evolutionary time scales (e.g., Wiens 2001a; Por-
ter and Crandall 2003).

MATERIALS AND METHODS

Taxon Selection and Sampling

DNA sequence and nonmolecular (primarily morphologi-
cal) data were obtained for 31 species of Plethodontidae,
including multiple divergent lineages within Bolitoglossini,
Hemidactyliini, Plethodontini (Plethodontinae), and Des-
mognathinae. Taxa were chosen based on previous studies
of relationships (Wake 1966; Wake and Elias 1983; Lombard
and Wake 1986; Titus and Larson 1996) and within-group
analyses currently in progress (P. T. Chippindale, R. M. Bo-
nett, and J. J. Wiens, unpubl. data). Thirteen representatives
of eight of the nine remaining families of salamanders (all
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but Hynobiidae) were included as outgroups to ensure correct
placement of the root of the plethodontid tree.

Our sampling of plethodontids clearly was not exhaustive
relative to the number of species and genera within the fam-
ily. Most of the diversity of species and genera of pletho-
dontids is within the neotropical Bolitoglossini, but these
species form amonophyletic group (supergenus Bolitoglossa;
Wake 1966), according to previous authors and our own data.
We sampled the presumed basal lineages of neotropical bol-
itoglossines (Wake and Elias 1983) plus Batrachoseps (su-
pergenus Batrachoseps) from western North America. We
included almost all genera of nonbolitoglossine plethodontid
salamanders (with the exception of two monotypic genera,
Typhlotriton and Haideotriton, which are deeply nested with-
in Hemidactyliini; Bonett and Chippindale 2004; P. T. Chip-
pindale, R. M. Bonett, A. S. Baldwin, and J. J. Wiens, unpubl.
data). Furthermore, we sampled multiple representatives of
all speciose genera (i.e., Aneides, Desmognathus, Eurycea,
Plethodon).

Morphological Data and Analysis

Morphological data were obtained from cleared-and-
stained skeletal preparations and from the literature. Many
osteological characters originally were described by Wake
(1966) and were confirmed and coded based on our own
observations. Additional morphological data were obtained
from the literature, including data from histological studies
of vertebral (Edwards 1976), auditory (Lombard 1977), clo-
acal (Sever 1991, 1994), and tongue morphology (Lombard
1977, Lombard and Wake 1986). Specimens examined are
listed in online Appendix 1, characters are listed and de-
scribed in online Appendix 2, and the matrix of characters
used for phylogenetic analysis is given in online Appendix
3 (appendices are available online only at http://dx.doi.org/
10.1554/04-185.1.s1). For many of these characters from the
literature, data were not available for every species included
in our analyses. In some of these cases, character states that
were known for some species of a genus were generalized
to congeners, as long as no intrageneric variation had been
reported. If intrageneric variation was reported, species for
which data were unavailable were coded as unknown. In one
case, morphological datafor one species were combined with
molecular data for a closely related congener (morphology:
Taricha torosa; DNA: T. rivularis). Anatomical terminology
generally follows Duellman and Trueb (1986).

Most characters involved qualitative differences that were
easily described using binary coding (e.g., presence vs. ab-
sence of a structure). Therefore, qualitative coding of mor-
phological variation generally was used. Polymorphisms in
binary characters were analyzed using the frequency step-
matrix approach (Wiens 1995, 1999). In the few cases where
an individual exhibited different states on different sides
(asymmetry), each side was counted separately (as one-half
of an individual) in calculations of the frequency for that
species. This convention makes sense biologically in that
individuals that exhibit bilateral variation presumably have
intermediate conditions for whatever genetic and/or onto-
genetic mechanisms control the expression of the trait. Many
characters in which polymorphism was not actually observed
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were also coded using the frequency approach; this has no
impact on the results but should facilitate future analyses if
polymorphisms are discovered subsequently. Multistate char-
acters involving variation along a single axis (e.g., length of
a structure or number of structures) were ordered. Other mul-
tistate characters generally were unordered. One quantitative
meristic character (vertebral number) was analyzed using
step-matrix gap weighting, with between-character scaling
(Wiens 2001b). The maximum number of steps for all step-
matrix characters was 100. Thus, step-matrix characters were
weighted by 0.01 relative to other characters in phylogenetic
analyses to maintain equivalent weights (i.e., the cost of a
transition between fixed character states is the same for all
morphological and molecular characters).

All parsimony analyses were conducted using heuristic
searches with 100 random-taxon-addition replicates in
PAUP* version 4.0b10 (Swofford 2001). Nonparametric
bootstrap values were cal culated using 1000 pseudoreplicates
with 10 random-taxon-addition replicates per pseudorepli-
cated data matrix. Bootstrap values greater than 70% were
considered strongly supported, following Hillis and Bull
(1993; but see their caveats).

Our sample of ingroup and outgroup taxa included several
paedomorphic species (or more specifically, neotenic, those
reproducing in agilled, aquatic larval stage; Gould 1977; but
for discussion of terminology see McKinney and McNamara
1991; Hanken 1999). The morphology of sexually mature
individuals of paedomorphic species may not be comparable
to the adult morphology of transforming species, and inclu-
sion of these taxa as adults may have a misleading impact
on phylogenetic analyses (e.g., Wiens et al. 2004). Therefore,
paedomorphic taxa were coded as unknown for characters
involving adult morphology (following Wiens et al. 2004)
and were excluded from analyses of morphological data
alone. The paedomorphic taxa were Cryptobranchus allegan-
iensis, Pseudobranchus axanthus, Sren intermedia, Dicamp-
todon copei, Necturus maculosus, Amphiuma means, Amphiu-
ma pholeter, Eurycea neotenes, and Eurycea tonkawae.

The nonmolecular dataset includes two nonmorphological
(chromosomal and developmental) characters. Because the
overwhelming majority of nonmolecular characters are mor-
phological, we will refer to this dataset as ‘*morphology’’
for the remainder of this paper.

Molecular Data

Sequences were obtained for portions of the mitochondrial
cytochrome b (cyt b) and NADH dehydrogenase subunit 4
(ND4) genes and the nuclear recombination-activating gene
1 (RAG-1). Specimens examined for molecular dataarelisted
in Appendix 4 (see appendices available online only), to-
gether with GenBank accession numbers for the correspond-
ing sequences. Genomic DNA was extracted from frozen or
ethanol-preserved specimens using standard protocols. Se-
guences were amplified by polymerase chain reaction (PCR)
in MJ Research (Waltham, MA) thermocyclers using high-
fidelity polymerases and primers from the literature (cyt b,
Moritz et al. 1992; ND4, Arevalo et al. 1994; RAG-1, Green-
halgh et al. 1993; Ventakesh et al. 2001), or numerous taxon-
specific primers designed for this study by P. T. Chippindale,
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primarily for RAG-1. Sequences of these primers may be
obtained from P. T. Chippindale.

PCR products were purified by agarose gel extraction and
cycle-sequenced using either ABI BigDye 3.0/3.1 chemistry
on an ABI 377 automated sequencer (Applied Biosystems,
Foster City, CA), or bidirectionally with a minimum of two
cloned PCR products per amplification using Thermose-
guenase chemistry (United States Biochemical Corp., Lin-
coln, NE) on a LiCor 4200L automated sequencer (LiCor,
Lincoln, NE). Sequences were aligned and edited using Se-
quencher 3.1.1 (Gene Codes Corp., Ann Arbor, MI). Align-
ments were unambiguous, with only rare, single-codon indels
in ND4 for a few taxa.

Molecular and Combined-Data Phylogenetic Analyses

Trees were reconstructed using maximum parsimony and
Bayesian methods. Parsimony analyses were conducted using
heuristic searches with 100 random-taxon-addition replicates
in PAUP* version 4.0b10 (Swofford 2001). Morphological,
mitochondrial (cyt b and ND4), and nuclear (RAG-1) data
were analyzed both separately and combined.

Bayesian analyses were performed using MrBayes version
3.0 (Huelsenbeck and Ronquist 2001), with 4,050,000 gen-
erations per analysis, discarding the first 50,000 generations
as burn-in (stationarity of likelihoods was reached beforethis
point in all analyses). Models of sequence evolution (HKY
+ | + I' for cyt b and ND4; GTR + | + T" for RAG-1) were
determined by likelihood-ratio tests using Model Test version
3.06 (Posada and Crandall 1998) and applied to separate,
unlinked partitions (individual genes) in the combined Bayes-
ian analyses. Analyses used four chains and uniform priors
(i.e., specific values of model parameters were not defined a
priori).

We do not favor Bayesian methods over maximum like-
lihood on statistical or philosophical grounds. We used
Bayesian analysis because it is the only method for which
currently available software packages allow effective tree
searching with application of separate models and model pa-
rameters to different data partitions (i.e., use of maximum
likelihood would have required us to apply identical model
parameters to all genes, nuclear and mitochondrial, even
though they clearly are evolving under very different rates
and substitution patterns).

All trees based on analyses that included molecular data
were rooted with representatives of the putative basal-most
salamander lineages Cryptobranchoidea (Cryptobranchidae
and Hynobiidae) and Sirenidae (Larson and Dimmick 1993;
Wiens et al. 2004). Likelihoods of parsimony and Bayesian
trees based on mitochondrial DNA alone, RAG-1 alone, and
combined mitochondrial DNA and RAG-1 data were tested
against likelihoods of topologies constrained for: (1) basal
split between Desmognathinae and Plethodontinae; (2) mono-
phyly of Plethodontini; and (3) the traditional tree: (Des-
mognathinae (Hemidactyliini (Plethodontini, Bolitoglossi-
ni))), using the method of Shimodaira and Hasegawa (1999;
see also Goldman et al. 2000) implemented in PAUP* (Swof-
ford 2001).

Progress in phylogenetics requires a methodology for rec-
onciling conflicts between datasets. We favor the following
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approach, described and justified by Wiens (1998). First, we
perform separate analyses of different datasets to identify
areas of phylogenetic congruence and conflict. Next, we com-
bine the relevant datato generate a preferred hypothesis, but
consider areas of conflict between trees that are strongly sup-
ported by each dataset to be ambiguously resolved in the
combined-data tree, until the misleading signal is identified
or amajority of unlinked datasets favors one hypothesis over
another. We found almost no areas of strongly supported
conflict in the separate analyses of the mitochondrial DNA,
nuclear DNA, and morphological datasets (and none relevant
to our key arguments). We performed combined analyses of
the mitochondrial DNA data and the RAG-1 plus mitochon-
drial DNA data using parsimony and Bayesian methods, and
combined analysis of the molecular and morphological data
using parsimony analysis only. Although it is possible to
combine morphological and molecular data for Bayesian
analysis (e.g., Nylander et al. 2004), a combined Bayesian
analysis would have required us to ignore frequency infor-
mation from the many polymorphic characters (current meth-
ods for Bayesian analysis of morphology do not incorporate
frequency information). Trees based on the combined mo-
lecular and morphological data using parsimony were very
similar to trees based on the combined molecular data using
Bayesian analysis.

Ancestral State Reconstruction

The evolution of direct development was mapped onto the
reconstructed phylogenies using parsimony and likelihood
methods. Topologies of both the tree based on combined
molecular and morphological data (parsimony) and that based
on combined nuclear and mitochondrial DNA data(Bayesian)
were employed (i.e., the trees that maximized use of the
available data). Both trees gave similar results.

Parsimony mapping was performed using the equivocal
cycling option in MacClade version 4.02 (Maddison and
Maddison 2001) to find all equally parsimonious reconstruc-
tions. Given recent evidence that the putative sister group to
Plethodontidae (Amphiumidae) may exhibit direct develop-
ment (Gunzburger 2003), separate ancestral state reconstruc-
tions were conducted with amphiumids coded either aslarval
or direct-developing.

Discrete version 4.01 (Pagel 1999a) was used to recon-
struct the likelihood that ancestors at sel ected nodes exhibited
direct development versus free-living aguatic larvae, using
the local option (Pagel 1999b). Uncertainty in the topologies
was limited, especially based on the Bayesian analysis of the
molecular data, and the two trees were congruent in most
major respects. Furthermore, areas of weak support were al-
most exclusively confined to regions of the tree that had little
relevance to our estimation of ancestral states for desmog-
nathines. However, the placement of Hemidactylium differed
and was weakly supported in analyses of both the combined
molecular and combined molecular and morphological data.
Thus, we also reconstructed ancestral states for a tree (oc-
curring at low frequency in the Bayesian analyses of the
combined molecular data) in which this biphasic taxon is
sister to all other plethodontids to examine the effects of this
unusual arrangement on ancestral state estimates.
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Branch length information is critical for likelihood recon-
structions of ancestral states. Branch lengths were estimated
for these topologies via maximum likelihood analysis of the
RAG-1 sequences using PAUP*, with the best-fitting model
for RAG-1 determined by Modeltest. Branch lengths were
derived only from RAG-1 data due to apparent saturation at
all three codon positions for the mitochondrial genes. Sat-
uration was assessed by examination of transition:transver-
sion plots using DAMBE (Xiaand Xie 2001). Branch lengths
of zero (when rounded off by PAUP* to six decimal places)
were input as 1010 for analysis by Discrete. Sirenids were
removed from the tree to provide a root along the branch
connecting cryptobranchids to other salamander families, be-
cause Discrete requires lengths of branches bifurcating from
abasal node. Alternate rooting strategiesyielded nearly iden-
tical likelihood values. Rates of transition between the two
life-history states («, aquatic larvae to direct development;
B, direct development to aquatic larvae) were estimated using
the “‘run independent test’” command. These values were
used to determine ancestral state probabilitiesfor the ancestor
of Desmognathinae, ancestor of Desmognathinae + Pletho-
dontini, and ancestor of Plethodontidae. Other values for «
and B also were tested: « = B (rate determined by Discrete);
and ratios of «:B ranging from 1:1 to 1:0.00001. Alternate
codings for amphiumids were employed as in the parsimony
reconstructions. Likelihood-ratio tests (Mooers and Schluter
1999) showed no significant differences between the one-rate
and more parameter-rich two-rate models in any of these
analyses; thus, we favor ancestral state reconstructions based
on the one-rate models as our best estimates of ancestral state
probabilities.

Timing of Plethodontid Divergences

To estimate ages of several key clades in Plethodontidae,
we used penalized likelihood (PL; Sanderson 2002) imple-
mented in the Unix version of r8s version 1.6 (Sanderson
2003). This semiparametric approach allows differential rates
of evolution across the tree, whileincluding arate-smoothing
parameter that limits rapid rate shifts among nearby branches.
We used the parsimony topology derived from combined
analysis of all data, with likelihood-based branch lengths
estimated for RAG-1 (see Ancestral State Reconstruction,
above). Sirenids were removed to provide a basal node with
associated branch lengths separating Cryptobranchoideafrom
the remaining salamander families (Salamandroidea). The TN
(truncated Newton) algorithm was implemented, and smooth-
ing parameters were chosen by cross-validated assessment
(Sanderson 2002) spanning values from 10° to 10% in ex-
ponential increments of 0.5. In each case, the optimal smooth-
ing value was 316.23. To test for multiple optima, five ran-
dom sets of starting conditions (divergence times) were em-
ployed. Equality of optimization values occurred acrossthese
starting points. This indicates that optima of the penalized
likelihood functions, and resulting age estimates, likely were
reached (see Sanderson 2002, 2003). Confidence limits were
estimated (where possible) using the method of Cutler (2000).

Fossil-based calibration points were used to constrain min-
imum ages of several nodes. ancestral salamandroid (114
million years; Evans and Milner 1996); ancestor of Am-
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Morphology
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Hemidactylium scutatum

Batrachoseps major
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79 Nyctanolis pernix

: Pseudoeurycea rex

Fic. 1. Strict consensus of two shortest trees of plethodontid relationships based on parsimony analysis of nonmolecular (primarily

morphological) data, with nonparametric bootstrap values from separate analyses shown at nodes (values <50% not shown). D, Des-

mognathinae; P, Plethodontini; H, Hemidactyliini; and B, Bolitoglossini. Tree length = 417.5500; consistency index (all characters
informative) = 0.3137; retention index = 0.6503.

98

phiumidae + Plethodontidae (66 million years; Estes 1981); RESULTS
ancestor of Dicamptodontidae + Ambystomatidae (58 mil-
lion years; Naylor and Fox 1993); split between Taricha and
Notophthalmus (30 million years; Milner 2000); split between
Aneides and Ensatina (7 million years;, Tihen and Wake
1981); ancestor of plethodontine/desmognathine clade (7 mil-
lion years; Tihen and Wake 1981); and ancestral bolitoglos-
sine (5 million years; Clark 1985). Absolute dates are not

available for divergence times of magjor salamander taxa, but

We sampled 31 species of plethodontids (including all sub-
families and tribes) plus numerous outgroups, and recon-
structed their phylogenetic relationships using 123 morpho-
logical characters (all 123 characters parsimony informative,
pi), 1525 bp of the nuclear recombination-activating gene 1
(RAG-1; 551 pi), and 1473 bp of mitochondrial sequences
from two genes, cyt b (783 bp, 409 pi) and ND4 (690 bp,
410 pi). Of the combined 3121 characters, 1493 were par-

PL requires fixation of the age of the root node. Thus, we
employed two extremes for basal divergence between Cryp-
tobranchoidea and Salamandroidea: (1) 160 million years
ago, proposed by Milner (2000); note that a fossil crypto-
branchid of this age recently was discovered (Gao and Shubin
2003); and (2) 250 million years ago, a reasonable maximum
age for extant salamander lineages (e.g., Evans and Milner
1996).

simony informative.

Parsimony analysis of the morphological data alone with
paedomorphic taxa excluded (Fig. 1) is consistent with many
aspects of the traditional taxonomy (e.g., monophyly of Des-
mognathinae, Bolitoglossini, and of most members of the
tribes Hemidactyliini and Plethodontini). However, thisanal-
ysis does not place desmognathines as sister to other pleth-
odontids nor does it recover a monophyletic Plethodontinae,
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A. lugubris
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E. multiplicata
Gyrinophilus porphyriticus
Stereochilus marginatus
Pseudotriton ruber
Batrachoseps major
Bolitoglossa helmrichi
Pseudoeurycea rex
Nyctanolis pernix
Hemidactylium scutatum
Rhyacotriton variegatus

Taricha rivularis
Ambystoma gracile
A. opacum
Dicamptodon tenebrosus
D. copei

Necturus maculosus

Cryptobranchus alleganiensis

B

IH

= Notophthalmus viridescens

| Sirenidae

| Amphiumidae

Plethodontidae

Rhyacotritonidae
I Salamandridae
I Ambystomatidae

I Dicamptodontidae
Proteidae

— Cryptobranchidae

Fic. 2. Single shortest tree of plethodontid and other salamander family relationships based on parsimony analysis of combined
nonmolecular, nuclear, and mitochondrial sequence data, with nonparametric bootstrap values from separate analyses shown at nodes
(values <50% not shown). D, Desmognathinae; P, Plethodontini; H, Hemidactyliini; and B, Bolitoglossini. Tree length = 10,490.4000;
consistency index (excluding uninformative characters) = 0.2643; retention index = 0.4758.

and support for the placement of Desmognathinae is weak
based on the morphological data.

In contrast, the molecular and combined molecular and
morphological datastrongly support aradically different phy-
logeny, in which the desmognathines are nested inside the
direct-developing plethodontines (Figs. 2, 3). Placement of
desmognathines within the Plethodontini is corroborated by
parsimony and Bayesian analyses of the separate nuclear and
mitochondrial genes (results not shown; the only exception
is Bayesian analysis of mitochondrial genes alone, in which
Desmognathinae is sister to Plethodontini). Monophyly of
Desmognathinae + Plethodontini is very strongly supported
in analyses of the combined molecular data (parsimony boot-
strap = 99%; Bayesian posterior probability = 100%) and
parsimony analysis of the combined molecular and morpho-
logical data (bootstrap = 98%), with Desmognathinae nested
inside Plethodontini in each case. The exact position of des-

mognathines within the Desmognathinae + Plethodontini
clade is relatively weakly supported in the combined-data
parsimony analysis (58% bootstrap for desmognathines sister
to the plethodontine genera Aneides + Ensatina vs. 100%
posterior probability for a sister relationship with Aneidesin
the Bayesian analysis). However, additional analyses (not
shown) indicate that this is due to the unique combination
of morphological character states exhibited by Ensatina. For
example, removal of Ensatina from the combined morpho-
logical and molecular datasets results in 89% bootstrap sup-
port for a sister-group relationship between Aneides and des-
mognathines and 100% support for monophyly of Desmo-
gnathinae + Plethodontini.

Alternative topologies (e.g., basal placement of desmo-
gnathines within Plethodontidae or monophyly of Pletho-
dontini excluding desmognathines) are highly significantly
rejected by the combined and separately analyzed molecular
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Cryptobranchus alleganiensis === Gryptobranchidae
I Sirenidae

| Amphiumidae
Desmognathus aeneus
D. quadramaculatus
D. brimleyorum

D. monticola D
D. wrighti
Phaeognathus hubrichti
Aneides aeneus

A. lugubris

Ensatina eschscholtzii
Plethodon cinereus

P. serratus

P. ouachitae

P. yonahlossee

P. welleri P
P. elongatus

P. vehiculum

P. vandykei
Hemidactylium scutatum
Eurycea bislineata

E. longicauda

E. quadridigitata

E. neotenes H
E. tonkawae

Plethodontidae

Gyrinophilus porphyriticus
Stereochilus marginatus
Pseudotriton ruber

Bolitoglossa helmrichi B
Pseudoeurycea rex
Nyctanolis pernix
Rhyacotriton variegatus
Ambystoma gracile

A. opacum

Dicamptodon tenebrosus
D. copei

Notophthalmus viridescens
Taricha rivularis
Necturus maculosus

Rhyacotritonidae
| Ambystomatidae

| Dicamptodontidae

| Salamandridae
Proteidae

Fic. 3. Bayesian tree (4 X 10° generations) of plethodontid and other salamander family relationships based on combined molecular
data, with posterior probabilities shown at nodes (values <50% not shown). D, Desmognathinae; P, Plethodontini; H, Hemidactyliini;

and B, Bolitoglossini.

data (P < 0.001 for Shimodaira-Hasegawa tests of all subsets
and combinations of the sequence data). Given that the mor-
phological support for the traditional placement of desmo-
gnathines is weak and the new placement is strongly sup-
ported by the molecular and combined data, the available
evidence favors the placement of desmognathines shown in
Figures 2 and 3. The results of the parsimony and Bayesian
analyses are not identical, but they agree in nearly all major
respects and indicate that desmognathines are deeply nested
within Plethodontini.

Although our molecular results may seem surprising to
some, we reiterate that the traditional placement of desmog-
nathines and the monophyly of Plethodontini are not sup-
ported by analysis of the morphological data. In fact, basal
placement of desmognathines within Plethodontidae was
based on only a single morphological character (presence of
three larval epibranchials), and monophyly of Plethodontini
was supported by only two (Lombard and Wake 1986). The
conflicts between our molecular results, the morphological
results, and traditional taxonomy may simply be an artifact

of the limited morphological character support for relation-
ships among these clades.

Mapping life-history mode onto this new phylogenetic hy-
pothesis strongly suggests that direct development was lost
in desmognathines and that the aquatic larval stage re-
evolved. Parsimony-based ancestral state reconstructions on
the combined-data (molecular plus morphology; parsimony)
tree (Fig. 4) indicate that the primitive condition for des-
mognathines is direct development; the same result was ob-
tained via parsimony mapping on the combined-molecular-
data Bayesian tree (results not shown). Likelihood-based es-
timates of ancestral states on the combined-data tree show
greater than 99% probability that the ancestral desmognathine
was a direct-developer (Table 1, Fig. 4), using estimated one-
rate likelihood values for character-state changes («, larval
to direct-developing; B direct-developing to larval). Similar
values were obtained using two-rate transition ratios and 1:
1 likelihood estimates of transition probabilities. Results of
all reconstructions provide strong support for a direct-de-
veloping ancestor of desmognathines under any but the high-
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Desmognathus monticola
D. brimleyorum
D. quadramaculatus D

D. aeneus
D. wrighti

Phaeognathus hubrichti

Aneides aeneus
A. lugubris
Ensatina eschscholtzii

Plethodon cinereus
P, serratus

P. ouachitae P
P, yonahlossee

P. welleri

P, elongatus

P, vehiculum

P. vandykei
Eurycea bislineata
E. longicauda

E. tonkawae

E. neotenes

E. quadridigitata H

1E. multiplicata

Gyrinophilus porphyriticus
Stereochilus marginatus

other
outgroups

;

Pseudotriton ruber
Bolitoglossa helmrichi
Pseudoeurycea rex B
Nyctanolis pernix
Batrachoseps major

1Hemidactylium scutatum

'H

Amphiuma means

{
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Fic. 4. Phylogeny of plethodontid salamanders, showing parsimony and maximum likelihood-based reconstructions of ancestral de-
velopmental modes. Topology is that of the single most parsimonious tree based on 123 nonmolecular and 2998 mitochondrial and
nuclear sequence characters. D, Desmognathinae; P, Plethodontini; H, Hemidactyliini; and B, Bolitoglossini. Branch shading reflects the
single most parsimonious reconstruction for ancestral developmental mode with amphiumids coded as biphasic; light branches represent
free-living aquatic larvae and dark branches represent direct development. Pie charts at nodes indicate likelihood-based probability of
biphasic life cycle (white) versus direct development (black), using likelihood estimates of transition rates (fixed as equal) between

biphasic and direct-developing life histories.

est a:p ratios (Tables 1-3) and varying levels of support for
the condition of other selected nodes (Tables 1, 2). The prob-
ability that desmognathines were primitively direct devel-
opers (and thus lost this trait secondarily) falls below 95%
only when the transition from direct development to aquatic
larvae is assumed to be about 4000 times less likely than the
opposite change (combined-data parsimony topology), or
about 5000 times less likely (combined-molecular-data
Bayesian topology). The probability falls below 75% when
this ratio is about 26,000 or 32,000, and below 50% only
when the ratio is about 77,000 or 91,000 (combined-data
parsimony and combined-molecular-data Bayesian topolo-
gies, respectively; Table 3). Even under the different (and
implausible) topology seen in a small subset of the Bayesian
analyses (Hemidactyliumsister to all other plethodontids; oth-
er relationships very similar), the probability that the ances-
tral desmognathine was direct-developing falls below 95%
only when the ratio is about 100 and below 50% when it is

about 2000. Although it is possible that direct development
was not the ancestral state in desmognathines, this hypothesis
seems extremely unlikely given the new phylogenetic results.

Analyses of clade ages using PL (Table 4) strongly suggest
that the reversal to aquatic larvae and subsequent radiation
of biphasic species occurred relatively late in the history of
desmognathines. The PL analyses also suggest that diversi-
fication of biphasic Desmognathus and eastern Plethodon (the
two most speciose groups in the Appalachian Mountains of
eastern North America) may have occurred over a similar
time frame.

Discussion

Evolution of Life Histories in Plethodontidae

Direct development has been a highly successful life-his-
tory strategy for plethodontids and other vertebrates, allowing
adaptive radiation on land and freedom from the need for
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TaBLe 1. Likelihood-based probabilities that ancestors of selected plethodontid subgroups were direct-devel oping (based on parsimony
analysis of the combined molecular and morphological data), using varying transition rates between developmental modes and alternate
developmental states for amphiumids. Des, ancestor of Desmognathinae; D + B, ancestor of Desmognathinae + Plethodontini (Aneides,
Ensatina, Plethodon); PL, ancestor of Plethodontidae; «, rate of transition from free-living aquatic larvae to direct development; B, rate
of transition from direct development to free-living aquatic larvae.

Probability (%) ancestral state is direct development, assuming
Amphiuma has free-living larvae

Probability (%) ancestral state is direct development, assuming
Amphiuma has direct development

Transition rates Des D+ P PL Des D+ P PL
a=p 99.818 97.962 51.855 99.703 98.666 78.306
Two-rate model® 100.000 99.702 88.756 99.983 99.843 95.451
a=1 100.000 99.101 25.823 99.998 99.686 74.074
B=1
a=1 99.986 98.804 0.004 99.986 98.837 3.099
B =01
a=1 99.872 98.689 0.000 99.872 98.690 0.045
B = 0.01
a=1 98.749 97.579 0.000 98.749 97.579 0.000
B = 0.001
a=1 88.764 87.713 0.000 88.765 87.713 0.000
g = 0.0001
a=1 44,138 43.615 0.000 44.138 43.615 0.000
B = 0.00001

1 Two-rate model for Amphiuma larval or direct-developing, respectively: a = 1.91934, 8 = 7.59463; « = 2.41116, 8 = 7.38332.

aguatic habitats for reproduction (Wake 1966; Duellman and
Trueb 1986; Pough et al. 2001). Our results show that direct
development has been lost in desmognathines and free-living
larvae have re-evolved. To our knowledge, this is the first
study to strongly support this hypothesis in vertebrates. A
previous study, focusing on relationships within desmogna-
thines (Titus and Larson 1996), also suggested the possibility
that the biphasic life cycle may have re-evolved within des-
mognathines. However, that analysis was inconclusive, at
least partly because desmognathines were not suspected to
be nested within a group of direct-developing species. Our
resolution of the phylogenetic placement of desmognathines
now strongly supports the hypothesis of loss of direct de-
velopment. Some studies of marsupial treefrogs (Hylidae,
Hemiphractinae) also have suggested the possibility that di-

TABLE 2.

rect development was lost and the tadpole stage re-evolved
(Duellman and Hillis 1987; Elinson 1987; Duellman et al.
1988), but this hypothesis remainsto be verified with rigorous
phylogenetic analysis and ancestral state reconstructions.
The loss of direct development appears to have had im-
portant and surprising consequences for salamander ecology,
evolution, and diversity. Despite the loss of a trait that was
critical for diversification of terrestrial vertebrates, desmo-
gnathines nevertheless appear to be highly successful. Al-
though we show that they originated relatively recently (Ta-
ble 4), they include at least 20 species (Amphibiaweb 2003),
with up to seven species existing in sympatry in some areas
(Bruce 1991). Some species are extremely abundant, reaching
densities of up to 6.9 individualsfm2 in some populations
(Tilley 1980). They also occur in a wide variety of habitats,

Likelihood-based probabilities that ancestors of selected plethodontid subgroups were direct-developing (based on Bayesian

analysis of the combined molecular data), using varying transition rates between developmental modes and alternate developmental states
for amphiumids. Des, ancestor of Desmognathinae; D + B, ancestor of Desmognathinae + Plethodontini (Aneides, Ensatina, Plethodon);
PL, ancestor of Plethodontidae; «, rate of transition from free-living aquatic larvae to direct development; B, rate of transition from
direct development to free-living aquatic larvae.

Probability (%) ancestral state is direct development, assuming
Amphiuma has free-living larvae

Probability (%) ancestral state is direct development, assuming that
Amphiuma has direct development

Transition rates Des D+P PL Des D+P PL
a=f 99.682 98.330 54.334 99.515 98.712 77.471
Two-rate model® 99.953 99.644 86.576 99.925 99.740 92.341
a=1 99.994 99.419 24.189 99.994 99.788 72.418
=1
a=1 99.984 99.239 0.331 99.985 99.258 2.742
B =01
a=1 99.892 99.146 0.000 99.891 99.150 0.028
B = 0.01
a=1 98.976 98.237 0.000 98.976 98.237 0.000
B = 0.001
a=1 90.663 89.986 0.000 90.663 89.986 0.000
B = 0.0001
a=1 49.276 48.908 0.000 49.275 48.908 0.000
B = 0.00001

1 Two-rate model for Amphiuma larval or direct-developing, respectively: a = 2.87813, B = 8.95165; « = 3.57695, 3 = 8.35414.
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TaBLE 3. Likelihood-based probabilities that the ancestral desmognathine was direct-devel oping, under varying transition rates between
developmental modes. In each case, « was fixed at 1.0 and B was varied to find the minimum transition ratio for a given probability
level of reversal from direct development to biphasic life cycle. Values for parsimony (pars; all data) and Bayesian (Bayes; combined

molecular data) topologies are shown.

Probability ancestral state is direct development, assuming
Amphiuma has free-living larvae

Probability ancestral state is direct development, assuming
Amphiuma has direct development

95% 75% 50%

95% 75% 50%

0.000250
0.000200

0.000038
0.000031

B, pars
B, Bayes

0.000013
0.000011

0.00022
0.00018

0.000038
0.000031

0.000013
0.000011

both aquatic and terrestrial (Titus and Larson 1996; Petranka
1998). As additional evidence of their success, some des-
mognathines (e.g., Desmognathus quadramaculatus, D. fus-
cus) prey on other salamander species (Hairston 1986; Jaeger
et al. 1998; Petranka 1998), and aquatic-breeding Desmo-
gnathus have been shown to exclude terrestrial plethodontids
from Appalachian streamside habitats (Fauth 1998; Jaeger et
al. 1998; Grover 2000; Grover and Wilbur 2002). Thus, re-
invasion of aquatic habitats seems to have enabled desmo-
gnathinesto exploit akey niche (or adaptive zone) in aregion
densely packed with plethodontid species.

Direct-devel oping plethodontines exhibit very high species
richness in some areas and are geographically widespread.
For example, up to 11 species of direct-developing pletho-
dontids may occur in sympatry in some localities in Central
America (Garcia-Paris et al. 2000), and up to five species of
the direct-developing genus Plethodon may be syntopic in
the southern Appalachians (Highton 1995). Furthermore, di-
rect-devel oping plethodontids exist in eastern North America,
western North America, Europe, Middle America (Central
America plus Mexico), and South America, whereas biphasic
plethodontids are found only in eastern North America(Wake
1966; Duellman and Trueb 1986). Y et, despite their success,
almost none of these direct-developing species have invaded
mountain stream habitats, where desmognathines predomi-
nate (the sole exception is one Mexican bolitogl ossine species
[likely now extinct] with a very limited geographic distri-

bution; Wake and Campbell 2001). Even in the areas where
desmognathines are absent but direct-developing plethodon-
tids are diverse (montane regions in western North America
and the neotropics), ailmost no plethodontids have exploited
stream habitats (Wake 1966; Petranka 1998; Garcia-Paris et
al. 2000).

Why have other direct-developing plethodontids not un-
dergone the same transition as desmognathines and exploited
agquatic habitats? Embryological evidence suggests that di-
rect-developing desmognathines and their plethodontine an-
cestors retain the larval hyobranchial apparatus in the egg
(Dent 1942; Alberch 1987; Wake and Hanken 1996; Marks
and Collazo 1998), a key feature for aquatic respiration and
feeding. The retention of the larval hyobranchial apparatus
may have greatly facilitated the re-invasion of aquatic hab-
itats by larval desmognathines. Conversely, the extreme re-
duction of these structures in larval bolitoglossines (Wake
1966; Alberch 1987; Wake and Hanken 1996) may explain
their failure to exploit this habitat, despite their impressive
evolutionary radiation. Thus, re-invasion of aquatic habitats
by larval desmognathines may only have required a change
in hatching times, whereas re-evolution of the biphasic life
cycle in bolitoglossines would have required de novo re-
evolution of major larval structures. In a potentially similar
example, some direct-developing marsupial frogs (Hylidae,
Hemiphractinae) also may have lost direct development and
regained aquatic larvae, particularly in lineages that retain

TaBLE 4. Estimated ages of key nodes in the phylogeny of Plethodontidae, based on penalized likelihood (PL) applied to the combined-
data parsimony tree, using branch lengths derived from RAG-1. Values associated with basal calibration correspond to estimates derived
from calibration of the basal split between Cryptobranchoidea and Salamandroidea at 160 million years ago vs. 250 million years ago

(minimum ages for internal nodes were identical for both analyses).

““Larson timing’”’ refers to clade ages estimated by Larson et al.

(2003) for the specified nodes, based on molecular clocks. PLETH, ancestral node for family Plethodontidae; D + B, ancestral node for

Plethodontini inclusive of Desmognathinae; DESMOG, ancestral nod

e for Desmognathinae; DBMQA, ancestral node for Desmognathus

brimleyorum, D. monticola, D. quadramaculatus, and D. aeneus, DBMQ, ancestral node for Desmognathus brimleyorum, D. monticola,
and D. quadramaculatus (i.e., biphasic radiation); and EASTPL, ancestral node for radiation of eastern Plethodon. Confidence intervals
are given parenthetically where their calculation was possible. Estimates for ages of Desmognathinae and contained clades are congruent
for the PL and clock-based methods, but PL suggests that radiation of eastern Plethodon was more recent and may have overlapped with

that of biphasic desmognathines.

Basal calibration/ Taxon
Larson timing PLETH D+P DESMOG DBMQA DBMQ! EASTPL
Clade age (million years)
160 million years 49.7 39.3 28.1 10.4 9.9 9.1
(42.5-57.9) (32.3-47.7) (21.8-35.8)
250 million years 84.8 56.1 46.7 14.7 13.8 16.6
(44.1-137.3) (45.2-69.7)
Larson et. al. (2003) — — ~40 ~15 ~10 ~27

1Larson et al. (2003) placed the biphasic species D. quadramaculatus outside the clade containing D. brimleyorum and D. montanus, but included most

other biphasic Desmognathus in the latter group.
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the typical larval morphology inside the egg (Wassersug and
Duellman 1984; Duellman and Hillis 1987; Duellman et al.
1988). In contrast, aclosely related (J. J. Wiens, unpubl . data)
group of direct-developing frogs (Leptodactylidae, Eleuth-
erodactylus) occurs sympatrically with al hemiphractines
and is far more geographically widespread and species rich
(>500 species vs. ~70 hemiphractines; Frost 2002), yet has
never re-evolved the aquatic tadpol e stage. Eleutherodactylus
species studied thus far do not appear to develop the typical
anuran larval morphology while in the egg (Hanken 1999).
These comparisons suggest that the loss of larval structures
in the egg in Eleutherodactylus and bolitoglossine pletho-
dontids prevents reacquisition of free-living larvae in these
clades.

Our analyses suggest that additional reversals from direct-
developing to biphasic life history may have occurred in other
plethodontid lineages (Tables 1, 2; Fig. 4). Thus, this phe-
nomenon may be even more widespread. However, evidence
for a direct-developing ancestor of hemidactyliines plus bol-
itoglossines, or even a direct-developing ancestral pletho-
dontid (see also Gunzburger 2003), remains equivocal and
requires further analysis.

The two global hotspots of salamander biodiversity arethe
Appalachian Mountains of eastern North America and the
highlands of Middle America (Duellman and Trueb 1986;
Amphibiaweb 2003). Although Middle America has higher
regional plethodontid diversity than the Appalachians (~168
speciesvs. ~57; Campbell 1999; Duellman and Sweet 1999),
the local diversity of Appalachian salamanders appears to be
greater, with a maximum of 19 species in the southern Ap-
palachians versus 11 in lower Central America (Petranka
1998; Garcia-Paris et al. 2000). The larger number of species
in Appalachian communities may be explained (at least in
part) by their use of both aquatic and terrestrial habitats,
whereas neotropical salamanders are almost entirely terres-
trial or arboreal (Wake 1966, 1987; Petranka 1998; Garcia-
Paris et al. 2000). The reacquisition of the biphasic life cycle
in desmognathines may have contributed to the ecological
diversity and local species richness of Appalachian com-
munities. We specul ate that competition with terrestrial pleth-
odontids in diverse Appaachian salamander communities
could have exerted selective pressure on desmognathines to
re-evolve the aguatic phase of their life cycle, and their re-
tention of larval features in the egg facilitated this change
developmentally. In support of this latter hypothesis, studies
of Appalachian salamander communities indicate that com-
petition may be intense in terrestrial habitats (reviewed by
Jaeger and Forester 1993; Maerz and Madison 2000), favor-
ing exploitation of aquatic resources. Our estimates of clade
ages (and those of Larson et al. 2003) are consistent with the
hypothesis that competition with terrestrial, direct-develop-
ing plethodontines may have promoted a major reversal to
aguatic larvae in desmognathines.

Evolution in Reverse

Recent phylogenetic studies have shown that many ap-
parently important and adaptive phenotypes may belost (e.g.,
sexually selected male traits; Wiens 2001a; behavioral and
morphological adaptations for arboreality; Ober 2003) and
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that complex features may be regained (e.g., well-developed
hindlimbs in snakes, Tchernov et al. 2000; wings in stick
insects, Whiting et al. 2003). Numerous other cases of re-
versal and reacquisition of major traits are reviewed by Porter
and Crandall (2003). Our study provides three interesting
insights on this topic. First, we show that an important life-
history trait that was critical for the success of terrestrial
vertebrates has reversed. Such a reversal was considered un-
likely by previous workers (e.g., Wake and Hanken 1996)
and a similarly critical life-history transition (oviparity to
viviparity) also has been considered irreversible by some
authors (e.g., Lee and Shine 1998). Second, our results in-
dicate that such reversals might actually promote diversifi-
cation and that they may have important implications for
patterns of species richness and community structure. Finally,
our results suggest that the ability to undergo such reversals
and reacquisitions may be tied to differences in underlying
developmental patterns among clades (i.e., the ability to re-
evolve the aquatic larval stage appears to have been lost in
some lineages of amphibians in which key embryonic larval
structures do not develop, including some salamanders and
possibly frogs).

Taxonomic Implications

Our new phylogenetic hypothesis also has obvious impli-
cations for the higher-level classification of plethodontids.
Although we do not wish to engage in a detailed discussion
of taxonomy, it is clear that consideration of desmognathines
as a subfamily is inappropriate if they are nested inside of
plethodontines. Given our phylogeny, the simplest solution
to this problem is to: (1) elevate the tribes Hemidactyliini
and Bolitoglossini to the rank of subfamilies (Hemidactylinae
and Bolitoglossinae), and (2) make the subfamily Pletho-
dontinae equivalent to the former tribe Plethodontini, while
recognizing Desmognathus and Phaeognathus as the super-
genus Desmognathus within Plethodontinae (use of the rank
supergenus follows standard usage in other plethodontid
clades; e.g., Wake 1966, 1993). The placement of Hemidac-
tylium currently is uncertain, but based on the available data
it seems unlikely to be allied with other members of the tribe
Hemidactyliini (Eurycea [including Typhlomolge and Ty-
phlotriton; Chippindale et al. 2000; Bonett and Chippindale
2004], Gyrinophilus, Haideotriton, Pseudotriton, Stereochi-
lus) or nested within any of the subfamilial cladesrecognized
here. Therefore, we favor recognition of the subfamily Spe-
lerpinae (Cope 1859) for these remaining members of the
Hemidactyliini (for discussion and taxonomic history see
Frost 2002) and apply the name Hemidactylinae only to Hem-
idactylium. This classification is consistent with our phylog-
eny, yet involves minimal changes to the traditional taxon-
omy.

Conclusions

Plethodontid salamanders have been the focus of numerous
studies in ecology and evolutionary biology (Bruce et al.
2000 and references therein). Much of this research has cen-
tered on understanding life-history evolution and the origin
of direct development (e.g., Tilley 1977; Tilley and Bernardo
1993; Wake and Hanken 1996; Hanken 1999; Ryan and Bruce
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2000). By showing that amajor group is secondarily biphasic,
our results suggest a new paradigm for researchin life-history
evolution. We also provide a new phylogenetic framework
for studies of plethodontid biology. More generally, we pro-
vide strong evidence that life history can reverse one of its
most important evolutionary transitions. Rather than being
an evolutionary dead end, we suggest that such reversals may
have major consequences for ecology, evolution, and bio-
diversity.

ACKNOWLEDGMENTS

For loan of specimens for morphological analysiswe thank
the Carnegie Museum of Natural History (CM; S. Rogers);
Museum of Vertebrate Zoology at the University of Cali-
fornia at Berkeley (MVZ; D. Wake); Texas Natural History
Collection, University of Texas at Austin (TNHC; D. Can-
natella); and University of Texas at Arlington Collection of
Vertebrates (UTA; J. Campbell). Samples for molecular anal -
ysis were provided by J. Bernardo, M. Harvey, R. Highton,
K. Kozak, T. LaDuke, A. Larson, W. Leonard, P. Moler, T.
Reeder, E. Smith, S. Trauth, W. Van Devender, D. Weisrock,
the Louisiana State University Museum of Natural Science
Collection of Genetic Resources (LSU; J. McGuire), and the
Museum of Vertebrate Zoology at the University of Cali-
fornia, Berkeley (MVZ; D. Wake). D. Wake provided expert
advice on our revised taxonomy of plethodontids. We thank
the National Science Foundation for financial support (DEB-
0129242 to PTC, DEB-0331747 to JJW, and doctoral dis-
sertation improvement grants DEB-0105115 and DEB-
0206730 to ASB and RMB, respectively).

LiTERATURE CITED

Alberch, P. 1987. Evolution of a developmental process: irrevers-
ibility and redundancy in amphibian metamorphosis. Pp. 23-46
inR. A. Raff and E. C. Raff, eds. Development as an evolutionary
process. Alan R. Liss, New York.

AmphibiawWeb. 2003. Information on amphibian biology and con-
servation. AmphibiawWeb, Berkeley, CA. Available via http://
amphibiaweb.org/. Accessed: August 2003.

Arevalo, E., S. K. Davis, and J. W. Sites. 1994. Mitochondrial DNA
sequence divergence and phylogenetic rel ationships among eight
chromosome races of the Sceloporus grammicus complex (Phry-
nosomatidae) in central Mexico. Syst. Biol. 43:387—418.

Begon, M., J. L. Harper, and C. R. Townsend. 1996. Ecology. 3rd
ed. Blackwell Sciences Ltd., Cambridge, MA.

Bonett, R. M., and P. T. Chippindale. 2004. Speciation, phylo-
geography and evolution of morphology and life history in pleth-
odontid salamanders of the Eurycea multiplicata complex. Mol.
Ecol. 13:1189-1203.

Bruce, R. C. 1991. Evolution of ecological diversification in des-
mognathine salamanders. Herp. Rev. 22:44-46.

Bruce, R. C., R. G. Jaeger, and L. D. Houck, eds. 2000. The biology
of plethodontid salamanders. Kluwer Academic/Plenum Pub-
lishers, New Y ork.

Burton, T. M., and G. E. Likens. 1975. Salamander populations and
biomass in the Hubbard Brook Experimental Forest, New Hamp-
shire. Copeia 1975:541-546.

Campbell, J. A. 1999. Distribution patterns of amphibiansin Middle
America. Pp. 111-210 in W. E. Duellman, ed. Patterns of dis-
tribution of amphibians. Johns Hopkins Univ. Press, Baltimore,
MD.

Chippindale, P. T., A. H. Price, J. J. Wiens, and D. M. Hillis. 2000.
Phylogenetic relationships and systematic revision of central
Texas hemidactyliine plethodontid salamanders. Herpetol. Mon-
ogr. 14:1-80.

PAUL T. CHIPPINDALE ET AL.

Clark, J. M. 1985. Fossil plethodontid salamanders from the latest
Miocene of California. J. Herpetol. 19:41-47.

Collazo, A., and S. B. Marks. 1994. The development of Gyrino-
philus porphyriticus: identification of the plesiomorphic devel-
opmental pattern in the salamander family Plethodontidae. J.
Exp. Zool. 268:239-258.

Cope, E. D. 1859. On the primary divisions of the Salamandridae,
with descriptions of two new species. Proc. Acad. Nat. Sci. Phila.
11:122-128.

Cutler, D. J. 2000. Estimating divergence times in the presence of
an overdispersed molecular clock. Mol. Biol. Evol. 17:
1647-1660.

Dent, J. N. 1942. The embryonic development of Plethodon cinereus
as correlated with the differentiation and functioning of the thy-
roid gland. J. Morphol. 71:577-601.

Ducey, P. K., A. R. Breisch, J. W. Ozard, and G. Johnson. 2001. The
most abundant salamanders in New York State. New York State
Amphibian and Reptile Atlas Project. Available via http://www.
dec.state.ny.us/website/dfwmr/wildlife/herp/publications/. Accessed:
February 2004.

Duellman, W. E., and D. M. Hillis. 1987. Marsupial frogs (Anura:
Hylidae: Gastrotheca) of the Ecuadorian Andes: resolution of
taxonomic problems and phylogenetic relationships. Herpeto-
logica 43:141-173.

Duellman, W. E., and S. S. Sweet. 1999. Distribution patterns of
amphibians in the Nearctic region of North America. Pp. 31—
110 in W. E. Duellman, ed. Patterns of distribution of amphib-
ians. Johns Hopkins Univ. Press, Baltimore, MD.

Duellman, W. E., and L. Trueb. 1986. Biology of amphibians. Mc-
Graw-Hill, New York.

Duellman, W. E., L. R. Maxson, and C. A. Jesilowski. 1988. Evo-
lution of marsupial frogs (Hylidae: Hemiphractinae): immuno-
logical evidence. Copeia 1988:527-543.

Edwards, J. 1976. Spinal nerves and their bearing on salamander
phylogeny. J. Morphol. 148:305-327.

Elinson, R. P. 1987. Change in developmental patterns. embryos
of amphibians with large eggs. Pp. 1-21 in R. A. Raff and E.
C. Raff, eds. Development as an evolutionary process. Alan R.
Liss, New Y ork.

Estes, R. C. 1981. Gymnophiona, Caudata. Pp. 1-115 in P. Well-
nhofer, ed. Handbuch der pal&oherpetologie. Vol. 2. Gustav Fi-
scher Verlag, Stuttgart.

Evans, S. E., and A. R. Milner. 1996. A metamorphosed salamander
from the Lower Cretaceous of Spain. Philos. Trans. R. Soc.
Lond. B. 351:627—646.

Fauth, J. E. 1998. Investigating geographical variation in interspe-
cific interactions using common garden experiments. Pp. 394—
415in W. J. Resetarits and J. Bernardo, eds. Experimental ecol-
ogy. Oxford Univ. Press, New Y ork.

Frost, D. R. 2002. Amphibian species of the world: an online
reference. V2.21. Available via http://research.amnh.org/
herpetol ogy/amphibia/index.html. Accessed: March 2004.

Gao, K.-Q., and N. H. Shubin. 2003. Earliest known crown-group
salamanders. Nature 422:424-428.

Garcia-Paris, M., D. A. Good, G. Parra-Olea, and D. B. Wake. 2000.
Biodiversity of Costa Rican salamanders: implications of high
levels of genetic differentiation and phylogeographic structure
for speciesformation. Proc. Natl. Acad. Sci. USA 97:1640-1647.

Goldman, N., J. P. Anderson, and A. G. Rodrigo. 2000. Likelihood-
based tests of topologies in phylogenetics. Syst. Biol. 49:
652—-670.

Gould, S. J. 1977. Ontogeny and phylogeny. Belknap Press, Cam-
bridge, MA.

Greenhalgh, P., C. E. Olesen, and L. A. Steiner. 1993. Character-
ization and expression of recombination activating genes (RAG-
1 and RAG-2) in Xenopus laevis. J. Immunol. 151:3100-3110.

Grover, M. C. 2000. Determinants of salamander distributionsalong
moisture gradients. Copeia 2000:156—168.

Grover, M. C., and H. M. Wilbur. 2002. Ecology of ecotones: in-
teractions between salamanders on a complex environmental
gradient. Ecology 83:2112-2123.

Gunzburger, M. S. 2003. Evaluation of the hatching trigger and



SALAMANDER PHYLOGENY AND LIFE-HISTORY EVOLUTION

larval ecology of the salamander Amphiuma means. Herpetolo-
gica 59:459-468.

Hairston, N. G. 1986. Species packing in Desmognathus salaman-
ders: experimental demonstration of competition and predation.
Am. Nat. 127:266-291.

Hanken, J. 1999. Larvae in amphibian development and evolution.
Pp. 62-108 in B. K. Hall and M. H. Wake, eds. The origin and
evolution of larval forms. Academic Press, San Diego, CA.

Highton, R. 1995. Speciation in eastern North American salaman-
ders of the genus Plethodon. Annu. Rev. Ecol. Syst. 26:579-600.

Hillis, D. M., and J. J. Bull. 1993. An empirical test of bootstrapping
as a method for assessing confidence in phylogenetic analysis.
Syst. Biol. 42:182-192.

Huelsenbeck, J. P., and F. Ronquist. 2001. MrBayes: Bayesian in-
ference of phylogeny. Bioinformatics 17:754—755.

Huntly, N. 1991. Herbivores and the dynamics of communities and
ecosystems. Annu. Rev. Ecol. Syst. 22:477-503.

Jaeger, R. G., and D. C. Forester. 1993. Socia behavior of pleth-
odontid salamanders. Herpetologica 49:163-175.

Jaeger, R. G., C. R. Gabor, and H. M. Wilbur. 1998. An assemblage
of salamanders in the southern Appalachian Mountains: com-
petition and predatory behavior. Behaviour 135:795-821.

Jockusch, E. L. 1997. An evolutionary correlate of genome size
change in plethodontid salamanders. Proc. R. Soc. Lond. B 264:
597-604.

Larson, A., and W. W. Dimmick. 1993. Phylogenetic relationships
of the salamander families: an analysis of congruence among
morphological and molecular characters. Herpetol. Monogr. 7:
77-93.

Larson, A., D. W. Weisrock, and K. H. Kozak. 2003. Phylogenetic
systematics of salamanders (Urodela), a review. Pp. 31-108 in
D. M. Sever, ed. Reproductive biology and phylogeny of Uro-
dela. Science Publishers, Enfield, NH.

Lee, M. S. Y., and R. Shine. 1998. Reptilian viviparity and Dollo’s
law. Evolution 52:1441-1450.

Leviton, A. E., R. H. Gibbs Jr., E. Heal, and C. E. Dawson. 1985.
Standards in ichthyology and herpetology. |. Standard symbolic
codes for institutional resource collections in herpetology and
ichthyology. Copeia 1985:802—832.

Lombard, R. E. 1977. Comparative morphology of the inner ear in
salamanders. Contrib. Vertebr. Morphol. 2:1-140.

Lombard, R. E., and D. B. Wake. 1986. Tongue evolution in the
lungless salamanders, family Plethodontidae. 1V. Phylogeny of
plethodontid salamanders and the evol ution of feeding dynamics.
Syst. Zool. 35:532-551.

Lynch, J. D., and P. A. Burrowes. 1990. The frogs of the genus
Eleutherodactylus (family Leptodactylidae) at the La Planada
reserve in southwestern Colombiawith descriptions of eight new
species. Univ. Kans. Occ. Pap. Mus. Nat. Hist. 136:1-31.

Maddison, D. R., and W. P. Maddison. 2001. MacClade 4.02. Sin-
auer Associates, Sunderland, MA.

Maerz, J. C., and D. M. Madison. 2000. Environmental variation
and territorial behavior in aterrestrial salamander. Pp. 395-406
inR. C. Bruce, R. G. Jaeger, and L. D. Houck, eds. The biology
of plethodontid salamanders. Kluwer Academic/Plenum Pub-
lishers, New York.

Marks, S. B., and A. Collazo. 1998. Direct development in Des-
mognathus aeneus (Caudata: Plethodontidae): a staging table.
Copeia 1998:637—648.

McKinney, M. L., and K. J. McNamara. 1991. Heterochrony: the
evolution of ontogeny. Plenum Press, New Y ork.

Milner, A. R. 2000. Mesozoic and Tertiary Caudata and Albaner-
petontidae. Pp. 31-108 in H. Heatwole and R. L. Carroll, eds.
Amphibian biology. Vol. 4. Surrey Beatty, Chipping Norton,
Australia

Mooers, A. @., and D. Schluter. 1999. Reconstructing ancestor
states with likelihood: support for one- and two-rate models.
Syst. Biol. 48:623-633.

Moritz, C., C. J. Schneider, and D. B. Wake. 1992. Evolutionary
relationships within the Ensatina eschscholtzii complex confirm
the ring species interpretation. Syst. Biol. 41:273-291.

Naylor, B. G., and R. C. Fox. 1993. A new ambystomatid sala-

2821

mander, Dicamptodon antiquus n. sp. from the Paleocene of Al-
berta. Can. J. Earth Sci. 30:814-818.

Nylander, J. A. A., F. Ronquist, J. P. Huelsenbeck, and J. L. Nieves-
Aldrey. 2004. Bayesian phylogenetic analysis of combined data.
Syst. Biol. 53:47-67.

Ober, K. A. 2003. Arboreality and morphological evolution in
ground beetles (Carabidae: Harpalinae): testing the taxon pulse
model. Evolution 57:1343-1358.

Ovaska, K., and P. T. Gregory. 1989. Population structure, growth,
and reproduction in a Vancouver Island population of the sal-
amander Plethodon vehiculum. Herpetologica 45:133-143.

Pagel, M. 1999a. Discrete. Ver. 4.01. University of Reading, Read-
ing, U.K.

———. 1999b. The maximum likelihood approach to reconstruct-
ing ancestral character states of discrete characters on phylog-
enies. Syst. Biol. 48:612-622.

Petranka, J. W. 1998. Salamanders of the United States and Canada.
Smithsonian Institute Press, Washington, D.C.

Porter, M. L., and K. A. Crandall. 2003. Lost along the way: the
significance of evolution in reverse. Trends Ecol. Evol. 18:
541-547.

Posada, D., and K. A. Crandall. 1998. M odel Test: testing the model
of DNA substitution. Bioinformatics 14:817-818.

Pough, F. H., C. M. Janis, and J. B. Heiser. 2001. Vertebrate life.
Prentice Hall, Upper Saddle River, NJ.

Ryan, T. J., and R. C. Bruce. 2000. Life history evolution and
adaptive radiation of hemidactyliine salamanders. Pp. 303-326
inR. C. Bruce, R. G. Jaeger, and L. D. Houck, eds. The biology
of plethodontid salamanders. Kluwer Academic/Plenum Pub-
lishers, New Y ork.

Sanderson, M. J. 2002. Estimating absolute rates of molecular evo-
lution and divergence times. a penalized likelihood approach.
Mol. Biol. Evol. 19:101-109.

———. 2003. r8s: inferring absolute rates of molecular evolution,
divergence times in the absence of a molecular clock. Bioin-
formatics 19:301-302.

Sever, D. M. 1991. Comparative anatomy and phylogeny of the
cloacae of salamanders (Amphibia: Caudata). |. Evolution at the
family level. Herpetologica 47:165-193.

———.1994. Comparative anatomy and phylogeny of the cloacae
of salamanders (Amphibia: Caudata). V1I. Plethodontidae. Her-
petol. Monogr. 8:276-337.

Shimodaira, H., and M. Hasegawa. 1999. Multiple comparisons of
log-likelihoods with applicationsto phylogenetic inference. Mol.
Biol. Evol. 16:1114-1116.

Swofford, D. L. 2001. PAUP*: phylogenetic analysis using parsi-
mony. Ver. 4.0. Sinauer Associates, Sunderland, MA.

Tchernov, E., O. Rieppel, H. Zaher, M. Polcyn, and L. L. Jacobs.
2000. A fossil snake with limbs. Science 287:2010-2012.

Tihen, J. A., and D. B. Wake. 1981. Vertebrae of plethodontid
salamanders from the Lower Miocene of Montana. J. Herpetol.
15:35-40.

Tilley, S. G. 1977. Studies of life histories and reproduction in
North American plethodontid salamanders. Pp. 1-41 in D. H.
Taylor and S. I. Guttman, eds. The reproductive biology of am-
phibians. Plenum, New Y ork.

———. 1980. Life histories and comparative demography of two
salamander populations. Copeia 1980:806—821.

Tilley, S. G., and J. Bernardo. 1993. Life history evolution in pleth-
odontid salamanders. Herpetologica 49:154-163.

Titus, T. A., and A. Larson. 1996. Molecular phylogenetics of des-
mognathine salamanders (Caudata: Plethodontidae): a reevalu-
ation of evolution in ecology, life history, and morphology. Syst.
Biol. 45:451-472.

Ventakesh, B., M. V. Erdmann, and S. Brenner. 2001. Molecular
synapomorphies resolve evolutionary relationships of extant
jawed vertebrates. Proc. Natl. Acad. Sci. USA 98:11382-11387.

Wake, D. B. 1966. Comparative osteology and evolution of the
lungless salamanders, family Plethodontidae. Mem. South. Calif.
Acad. Sci. 4:1-111.

———. 1987. Adaptive radiation of salamandersin Middle Amer-
ican cloud forests. Ann. Missouri Bot. Gard. 74:242-264.

———.1993. Phylogenetic and taxonomic issues relating to sal-



2822

amanders of the family Plethodontidae. Herpetologica 49:
229-237.

Wake, D. B., and J. A. Campbell. 2001. An aquatic plethodontid
salamander from Oaxaca, Mexico. Herpetologica 57:509-514.

Wake, D. B., and P. Elias. 1983. New genera and a new species of
Central American salamanders, with a review of the tropical
genera (Amphibia, Caudata, Plethodontidae). Contrib. Nat. Hist.
Mus. Los. Angel. Co. 345:1-19.

Wake, D. B., and J. Hanken. 1996. Direct development in the lung-
less salamanders. What are the consequences for devel opmental
biology, evolution and phylogenesis? Int. J. Dev. Biol. 40:
859-869.

Wake, M. H. 1989. Phylogenesis of direct development and vivi-
parity in vertebrates. Pp. 235-250 in D. B. Wake and G. Roth,
eds. Complex organismal functions: integration and evolution
in vertebrates. Wiley, Chichester, U.K.

Wassersug, R. J., and W. E. Duellman. 1984. Oral structures and
their development in egg brooding hylid frog embryos and lar-
vae: evolutionary and ecological implications. J. Morphol. 182:
1-37.

Welsh, H. H., Jr.,and A. J. Lind. 1992. Population ecology of two
relictual salamanders from the Klamath Mountains of north-

PAUL T. CHIPPINDALE ET AL.

western California. Pp. 419437 in D. R. MacCulloch and R. H.
Barrett, eds. Wildlife 2001: populations. Elsevier Science, Lon-
don.

Whiting, M. F., S. Bradler, and T. Maxwell. 2003. L oss and recovery
of wings in stick insects. Nature 421:264-267.

Wiens, J. J. 1995. Polymorphic characters in phylogenetic system-
atics. Syst. Biol. 44:482-500.

———.1998. Combining data sets with different phylogenetic his-
tories. Syst. Biol. 7:568-581.

———. 1999. Polymorphism in systematics and comparative bi-
ology. Annu. Rev. Ecol. Syst. 30:327-362.

———. 2001a. Widespread loss of sexually selected traits: how the
peacock lost its spots. Trends Ecol. Evol. 16:517-523.

———. 2001b. Character analysisin morphological phylogenetics:
problems and solutions. Syst. Biol. 50:688—699.

Wiens, J. J.,, R. M. Bonett, and P. T. Chippindale. 2004. Ontogeny
discombobulates phylogeny: paedomorphosis and higher-level
salamander phylogeny. Syst. Biol. in press.

Xia, X., and Z. Xie. 2001. DAMBE: data analysis in molecular
biology and evolution. J. Hered. 92:371-373.

Corresponding Editor: A. Yoder



