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Interpretations of phylogeographic patterns can change when analyses shift from single gene-tree to
multilocus coalescent analyses. Using multilocus coalescent approaches, a species tree and divergence
times can be estimated from a set of gene trees while accounting for gene-tree stochasticity. We utilized
the conceptual strengths of a multilocus coalescent approach coupled with complete range-wide sam-
pling to examine the speciation history of a broadly distributed, North American warm-desert toad,
Anaxyrus punctatus. Phylogenetic analyses provided strong support for three major lineages within
A. punctatus. Each lineage broadly corresponded to one of three desert regions. Early speciation in
A. punctatus appeared linked to late Miocene–Pliocene development of the Baja California peninsula. This
event was likely followed by a Pleistocene divergence associated with the separation of the Chihuahuan
and Sonoran Deserts. Our multilocus coalescent-based reconstruction provides an informative contrast to
previous single gene-tree estimates of the evolutionary history of A. punctatus.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Phylogenetic power from the accumulated signal of many gene
trees has been long recognized (Avise and Ball, 1990; Avise, 2000),
yet only recently have robust methods for reconstructing
evolutionary history from these gene trees been developed (see
Edwards, 2009). Among these methods are approaches using mul-
tispecies coalescent theory designed to model gene-tree stochas-
ticity that can mislead single gene-tree estimates of evolutionary
history (Liu and Pearl, 2007; Liu et al., 2008; Heled and Drummond,
2010). Gene trees are ‘embedded’ inside a species tree by following
the stochastic coalescent process back in time along each branch to
a most recent common ancestor (Rannala and Yang, 2003; Heled
and Drummond, 2010). Using this approach, a species-tree
topology, divergence times, and ancestral population sizes can be
estimated from a set of gene trees while accounting for gene-tree
stochasticity caused by heterogeneous processes such as incom-
plete lineage sorting.

Multilocus species-tree reconstructions using coalescent theory
represent a powerful approach to estimating biogeographically
informative demographic parameters (Hickerson et al., 2010). In-
stead of using gene trees directly to infer demographic history,
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coalescent methods use genealogies as a transitional parameter
to obtain estimates of phylogeographic parameters (e.g., ancestral
population sizes, divergence times, and migration rates) given the
stochastic timing of coalescent events (Hey and Machado, 2003;
Wakeley, 2008; Hickerson et al., 2010). Because phylogeography
is rooted in understanding causal relationships between geogra-
phy, species distributions, and the mechanisms driving speciation
(Avise et al., 1987), robust estimates of these parameters are
important. As evidenced in recent studies, interpretations of phy-
logeographic patterns can change when analyses shift from a single
gene tree to multilocus coalescent analyses (e.g., Gifford and Lar-
son, 2008; Galbreath et al., 2010; Kubatko et al., 2011).

The red-spotted toad (Anaxyrus punctatus, also known as Bufo
punctatus) is a widespread denizen of the warm deserts of North
America (Fig. 1). Because of its broad distribution, A. punctatus
has been used as a model organism to explore hypothesized vicar-
iant events associated with the early formation of North American
deserts (Riddle et al., 2000; Jaeger et al., 2005; Pyron and Burbrink,
2010). Three mitochondrial DNA (mtDNA) haplotype clades of
A. punctatus, corresponding to the general boundaries of three
warm desert regions (Chihuahuan Desert, Sonoran Desert, and Baja
California peninsula), diverged during the late Neogene about 5
million years ago (Jaeger et al., 2005). This divergence was attrib-
uted to two vicariant events: the early development of the Baja
California peninsula, and orogeny associated with secondary
uplifting of the Sierra Madre Occidental. In the previous studies
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Fig. 1. Map of sampling localities for Anaxyrus punctatus in relationship to topography and political boundaries. Shaded dots indicate occurrence at sampling localities of the
Eastern (dark grey), Western (white), and Peninsular (light grey) lineages diagnosed using molecular markers. Numbers reference sites from which samples were selected for
multilocus analyses (see Table 1). Heavy grey line indicates approximate distribution of A. punctatus following published accounts (Korky, 1999; Stebbins, 2003) and our
sampling. The general locations of important biogeographic regions discussed in the text are noted.
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of A. punctatus, however, geographic sampling across central Mex-
ico was lacking, and phylogeographic patterns in co-distributed
taxa across this region (Neiswenter and Riddle, 2010; Bryson
et al., 2011) indicate the possibility that additional geographic
structure may be present in this toad.

Phylogeographic breaks across a variety of co-distributed taxa
have been found to be temporally and spatially concordant with
those inferred for A. punctatus (e.g., Riddle et al., 2000; Jaeger
et al., 2005; Leavitt et al., 2007; Bryson et al., 2010, 2011). These
interpretations of shared histories among the taxa were based on
inferences from gene trees. Explicitly accounting for the inherent
stochasticity associated with the gene-tree coalescence, however,
might yield different phylogeographic interpretations. For exam-
ple, coalescent tests of vicariance for 12 species distributed across
the Baja California peninsula reveal two separate divergence
events, whereas previous studies revealed only one (Leaché et al.,
2007).

In this study, we utilize the conceptual strengths of a multilocus
coalescent species tree coupled with complete range-wide sam-
pling to expand earlier phylogeographic studies of A. punctatus.
We first reconstruct a mtDNA gene tree to determine the maternal
lineages of new samples of A. punctatus from mainland Mexico. We
then estimate a species tree and divergence times from our
multilocus dataset. We compare our multilocus reconstructions
of the evolutionary history of A. punctatus with previous hypothe-
ses for this species and co-distributed North American desert
species, and propose several potential explanations for the phylog-
eographic patterns of A. punctatus.
2. Methods and materials

2.1. Taxon sampling and DNA sequencing

To complete range-wide sampling of A. punctatus, we obtained
tissues from 22 individuals from 22 localities across the Sonoran
and Chihuahuan Deserts and Central Mexican Plateau of Mexico
(Fig. 1; Appendix A). These samples were added to the dataset of
192 samples from 82 locations generated in a previous study by
Jaeger et al. (2005). We used Anaxyrus nelsoni and Incilius occiden-
talis as outgroups (Pauly et al., 2004). Total genomic DNA was
extracted from liver or toe clips using the QIAGEN DNeasy Blood
and Tissue Kit (Qiagen, Valencia, CA) following manufacturer’s
recommendations.

For phylogenetic assessment of our new Mexican samples, we
sequenced a 666-bp fragment of cytochrome b (cyt-b) used in
the previous study (Jaeger et al., 2005). For species-tree analysis,
we sequenced exemplars (n = 17; Table 1) representing mtDNA
clades for an additional four genes: a segment of the mitochondrial
ribosomal RNA 16S (16S, 852 bp), the nuclear intron beta-crystallin
(cryba, 341 bp), and the nuclear exons proopiomelanocortin
(POMC, 593 bp) and rhodopsin 1 (Rho1, 315 bp). These genes have
previously been used to reconstruct bufonid (Pramuk, 2006; Maciel
et al., 2010; Thomé et al., 2010) and other anuran (Bryson et al.,
2010) phylogenetic relationships. Primer sequences are given in
Jaeger et al. (2005; cyt-b), Pramuk (2006; 16S), Dolman and Philips
(2004; cryba), Wiens et al. (2005; POMC), and Bossuyt and Milin-
kovitch (2000; Rho1). We generated sequence data following
methods described in Bryson et al. (2010), with annealing temper-
atures for amplifications at 55 �C for cyt-b and Rho1, and 57 �C
for16S, cryba, and POMC. We edited and manually aligned the for-
ward and reverse sequences for each individual using Sequencher
4.2 (Gene Codes Corporation, Ann Arbor, MI). For cryba data, which
contained numerous indels, an additional sequence alignment was
performed with MAFFT v6 using default settings and the G-INS-i
algorithm (Katoh et al., 2002; Katoh and Toh, 2008). We identified
heterozygous sites in nuclear segments when two different nucle-
otides were present at the same position in electropherograms of
both strands, with the weakest peak reaching at least 50% of the
strongest signal. We computationally determined the gametic
phase of the variants using PHASE 2.1.1 (Stephens and Donnelly,



Table 1
Voucher data and haplotype numbers of Anaxyrus punctatus used in multilocus analyses. Site numbers are plotted in Fig. 1. LVT, Las Vegas Tissue Collection; RWB, Robert W.
Bryson, Jr., UANL, Universidad Autónoma de Nuevo León; FMQ, Fernando Mendoza-Quijano.

Site number Haplotype Voucher number Locality

1 B01 LVT 1780 Mexico: Baja California Sur: San Francisco de la Sierra
2 B03 LVT 1789 Mexico: Baja California: Catavina
3 B07 LVT 4460 Mexico: Baja California Sur: Agua Caliente
4 W01 LVT 3022 USA: La Madre Spring, Spring Mtns., Clark Co., NV
5 W05 LVT 5621 USA: 10 miles S. of Wikieup, Mohave Co., AZ
6 W07 LVT 4446 USA: Arivaca Road, 2.2 mi. NW. of Arivaca, Pima Co., AZ
7 W08 LVT 4478 USA: Dos Cabezas Spring, Anza Borrego Desert State Park, San Diego Co., CA
8 W14 LVT 5592 USA: Great Falls Basin, Argus Range, Inyo Co., CA
9 W17 LVT 6358 Mexico: Sinaloa: Hwy 32 N. of Choix

10 BP4 RWB 7336 Mexico: Sonora: Puente Los Dados, Hwy 16
11 E01 LVT 5607 USA: Hog Spring, SE. of jct. SR95 and SR276, Garfield Co., UT
12 E03 LVT 3416 USA: west of Columbus, Luna Co., NM
13 E16 LVT 5636 USA: Rim of Palo Duro Canyon, Randall Co., TX
14 BP1 RWB 6189 Mexico: Zacatecas: Concepción del Oro
15 BP3 RWB 7278 Mexico: Chihuahua: Sierra del Nido
16 BP5 UANL uncat. Mexico: Jalisco: Vaquerías
17 BP17 FMQ 4236 Mexico: San Luis Potosí: km 120 Carr. Valles - Río Verde
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2003). For each nuclear dataset, we conducted five separate runs of
400 iterations each, accepting results with a probability threshold
of 0.7 or higher. All polymorphic sites with a probability <0.7 were
coded in both alleles with the appropriate IUPAC ambiguity code.

2.2. mtDNA phylogeny

We analyzed our cyt-b dataset using Bayesian inference (BI) and
maximum likelihood (ML) phylogenetic methods. This dataset con-
sisted of our 22 new samples of A. punctatus from Mexico, the 49
unique haplotypes of A. punctatus from Jaeger et al. (2005), and
our two outgroups (Appendix A). We conducted BI using MrBayes
3.1 (Ronquist and Huelsenbeck, 2003), and selected the best-fit
model of evolution using MrModeltest 2.1 (Nylander, 2004) based
on Akaike Information Criteria (AIC). Bayesian settings included a
mean branch-length exponential prior of 125 and a heating tem-
perature of 0.04. Analyses consisted of four runs (nruns = 4) each
sampled every 100 generations for 5 million generations. We
visualized output parameters using the program TRACER v1.4
(Rambaut and Drummond, 2007) to ascertain stationarity and con-
vergence, and discarded trees obtained during the first one million
(25%) generations as burn-in. We then estimated a final 50% major-
ity-rule consensus phylogram with nodal posterior probability (PP)
support from the combination of the four runs post-burn-in. We
conducted ML analyses using RAxML 7.0.3 (Stamatakis, 2006) un-
der a GTRGAMMA model, with 1000 nonparametric bootstrap
(BS) replicates to assess nodal support.

2.3. Species tree reconstruction and divergence dating

We used �BEAST (Heled and Drummond, 2010) to estimate a
species tree and divergence times from our multilocus dataset. This
program, part of the BEAST v1.6.1 package (Drummond and
Rambaut, 2007), uses a multispecies coalescent with each individ-
ual gene tree embedded in a shared species-tree. We defined the
exemplar samples of A. punctatus representing the major mtDNA
lineages as ‘Eastern’ (n = 7), ‘Western’ (n = 7), or ‘Peninsular’
(n = 3) corresponding to their respective positions in the cyt-b
mtDNA tree (see below). Uncorrected pairwise divergences within
each of these three lineages was relatively low (less than 0.9%), and
each lineage was generally separated by well-defined biogeo-
graphic barriers (as discussed below), largely satisfying operational
requirements of ‘‘species’’ (Heled and Drummond, 2010).

We selected best-fit models of evolution using MrModeltest,
and applied a Yule speciation prior and relaxed uncorrelated log-
normal clocks for each gene tree. For the cyt-b and 16S mtDNA
data, which represent a single locus, trees were linked in analyses
but substitution and clock models were unlinked. Our clock rates
were estimated relative to the bufonid cyt-b rate of 6.9 � 10�3 sub-
stitutions/site/million years (Macey et al., 1998; Jaeger et al., 2005).
We gave the mean rate for each nuclear gene a wide uniform prior
distribution with an upper and lower bound of 1 and 0. We ran
these analyses for 100 million generations, retaining samples every
1000 generations. Using TRACER, we then visually confirmed
acceptable chain mixing, likelihood stationarity, burn-in, and effec-
tive sample sizes. After discarding the first 10 million generations
(10%) as burn-in, we summarized the parameter values of the sam-
ples from the posterior distribution on the maximum clade credi-
bility tree using TreeAnnotator v1.6.1 (Drummond and Rambaut,
2007). We repeated this burn-in and visualization procedure for
each of the four embedded gene trees generated by BEAST.
3. Results

3.1. DNA sequence data

The complete cyt-b dataset contained 115 parsimony informa-
tive sites. For the reduced species tree datasets, the two mtDNA
datasets contained 102 (cyt-b) and 90 (16S) parsimony informative
sites. Nuclear loci exhibited approximately a quarter of the varia-
tion observed in cyt-b. These genes contained 33 (cryba), 27
(POMC), and 12 (Rho1) parsimony informative sites. We were un-
able to obtain complete sequence data for three samples: 4446 and
4478 (cryba), and 3416 (POMC). Models of sequence evolution se-
lected for the partitions were GTR + I + G for the cyt-b mtDNA tree
dataset, and GTR + G (cyt-b), GTR + I (16S), GTR (POMC), F81 + I
(cryba), and HKY + I (Rho1) for the species tree datasets. All se-
quences were deposited in GenBank (accession numbers
JQ947821–JQ947916).

3.2. mtDNA phylogeny

From analyses of cyt-b mtDNA sequences, we inferred strong
support for three major lineages of A. punctatus (Fig. 2). Our 21
new samples of A. punctatus from east of the Sierra Madre Occiden-
tal nested within the well-supported (100% PP, 95% BS) Eastern
lineage, which was distributed from the Colorado Plateau south
across the Chihuahuan Desert and into the Central Mexican
Plateau. Our additional new sample from Sonora fell within the
Western lineage (98% PP, 60% BS support), which was spread across
the Mojave and Sonoran Deserts. The third Peninsular lineage
(100% PP, 95% BS support) spanned the lower two-thirds of the
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Fig. 2. Mitochondrial haplotype tree of Anaxyrus punctatus based on mixed-model Bayesian inference (tree shown) and maximum likelihood analyses of cytochrome-b
sequence data. All major nodes that received P95% Bayesian posterior probability and P70% bootstrap support are depicted with black dots. Support at this threshold
differed for a single node, which is denoted with Bayesian posterior probability followed by maximum likelihood bootstrap values. Haplotypes used in species tree
reconstruction are marked with bold font. New samples from mainland Mexico are listed with the prefix ‘‘BP’’. Localities of all haplotypes listed in Appendix A.
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Baja California peninsula. The Eastern, Western, and Peninsular lin-
eages formed a basal polytomy in the BI analysis, but in the ML
analysis the Western and Peninsular lineages showed some weak
support (>50% BS) as sister taxa. Uncorrected mean pairwise se-
quence divergences, as calculated using MEGA 5.05 (Tamura
et al., 2011), were 6.47% between the Eastern and Western lin-
eages, 6.55% between the Eastern and Peninsular lineages, and
6.92% between the Western and Peninsular lineages. Within-group
mean pairwise divergences were 0.80% (Eastern), 0.86% (Western),
and 0.40% (Peninsular).
3.3. Species tree and divergence time estimation

Gene trees for each of the four loci embedded in the species tree
revealed a high level of heterogeneity in tree topologies, and no
individual genes produced the same tree topology (Fig. 3). Our spe-
cies tree reconstruction showed an early divergence of the Penin-
sular lineage from a common ancestor of the Eastern and
Western lineages. The Eastern and Western lineages were strongly
supported (99% PP) as sister lineages (Fig. 3). We estimated the
Peninsular lineage to have diverged during the late Miocene–late
Pliocene (mean estimated date 4.5 Ma, 95% posterior credibility
interval = 2.2–6.7 Ma). The divergence between the Eastern and
Western lineages appeared to have occurred later during the
Pleistocene (1.4 Ma, 0.6–2.4 Ma). Noticeably, the 95% posterior
credibility intervals overlapped by only 0.2 Ma.
4. Discussion

4.1. Speciation and biogeography

Previous research based on mtDNA patterns suggested that two
vicariant events – the early formation of the Baja California penin-
sula and the secondary uplift of the Sierra Madre Occidental – were
primarily responsible for the simultaneous divergence between
Eastern, Western, and Peninsular lineages of A. punctatus (Riddle



Fig. 3. Multilocus species tree for Anaxyrus punctatus reconstructed using �BEAST. Bars indicate 95% highest posterior densities of divergence dates, with mean estimates in
millions of years (Ma) given at nodes. Shown below the species tree are each of the four embedded gene trees used by the ⁄BEAST program. All major nodes that received
P95% Bayesian posterior probability are depicted with black dots.
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et al., 2000; Jaeger et al., 2005). These purportedly concurrent
separations were estimated to have occurred at about 5 Ma near
the Miocene–Pliocene boundary. Our results using range-wide
sampling and multilocus coalescent analyses provide a new per-
spective on the role that these processes may have had on driving
speciation in A. punctatus.

4.1.1. Baja California peninsula
The historical development of the Baja California peninsula has

been heavily debated in the literature (Carreño and Helenes, 2002;
Lindell et al., 2006; Hurtado et al., 2010; Wilson and Pitts, 2010). In
particular, the existence and timing of a mid-peninsular seaway
has been hotly contested. Many co-distributed species exhibit
seemingly congruent genetic breaks around the mid-peninsular re-
gion (Riddle et al., 2000; Lindell et al., 2006; but see Leaché et al.,
2007), yet the causal mechanisms driving this pattern are disputed,
ranging from a proposed mid-peninsular seaway (Upton and
Murphy, 1997; Riddle et al., 2000) to a break caused by ecological
turnover (Grismer, 2002). Recent studies suggest that multiple
mid-peninsular vicariant events may better explain similar genetic
breaks observed in co-distributed taxa (e.g., Crews and Hedin,
2006; Hurtado et al., 2010). This would in part explain why
mid-peninsular genetic breaks appear spatially congruent yet
temporally discordant (Leaché et al., 2007).

Based on geological and palaeontological evidence, at least
three-quarters of Baja California was divided by a mid-peninsular
seaway during the late Miocene–Pliocene (Carreño and Helenes,
2002; Lindell et al., 2006). The proposed timing of this vicariant
event is concordant with our estimates of initial speciation of the
Peninsular lineage in A. punctatus at around 4.5 Ma. Although the
geographic distribution of the Peninsular lineage extends north
of the proposed mid-Baja California break, this pattern has been
shown in several species hypothesized to have been split by the
mid-peninsular seaway (Murphy and Aguirre-León, 2002), and
could potentially be attributed to northern dispersal. Indeed, previ-
ous research (Jaeger et al., 2005) revealed evidence of population
expansion in the Peninsular lineage of A. punctatus.

A second biogeographic scenario may also explain our inferred
divergence of the Peninsular lineage. As previously proposed
(Riddle et al., 2000; Jaeger et al., 2005), an additional marine trans-
gression near the northern end of the Baja California peninsula
(‘northern gulf vicariance’) may have been responsible for the
divergence of A. punctatus from mainland populations. As with
the mid-peninsular seaway, however, the date of this event is
debated (Leavitt et al., 2007). Estimated dates for a northern Baja
California marine seaway range from 3 Ma (Murphy, 1983; Riddle
et al., 2000) to around 7 Ma (Murphy and Aguirre-León, 2002).
Geological and fossil data tend to support the latter claim (Dorsey
et al., 2007), yet also suggest that the seaway may be several mil-
lion years older (Lucchitta, 1979; Pacheco et al., 2006). While our
mean divergence estimate (4.5 Ma) for separation of the Peninsular
lineage appears insufficient to be congruent with the geology, the
credibility interval is wide (2.2–6.7 Ma) and encompasses the
potential dates for the northern gulf vicariance. Regardless of the
exact causal mechanism – a mid-peninsular or northern peninsular
seaway – early speciation in A. punctatus appears linked to late
Miocene–Pliocene development of the Baja California peninsula.

4.1.2. Chihuahuan Desert/Sonoran Desert
Divergences in arid-adapted species associated with the separa-

tion of the Chihuahuan and Sonoran Deserts are well documented
(Riddle and Hafner, 2006; Pyron and Burbrink, 2010), with two
processes proposed to explain these ‘East–West’ splits. The oldest
process implicates late Miocene–early Pliocene orogeny associated
with secondary uplifting of the Sierra Madre Occidental and con-
current climate change as largely driving the development of
Chihuahuan and Sonoran Desert biotas (Riddle et al., 2000; Zink
et al., 2000). This Neogene vicariant event probably subdivided
many taxa spanning both deserts (Riddle and Hafner, 2006; Bryson
et al., 2011), with the more strongly desert-adapted taxa likely
isolated in separate arid regions by the Sierra Madre Occidental
(Pyron and Burbrink, 2010). Many species, however, appear to have
maintained populations and connections across the narrow inter-
face between the two deserts north of the Sierra Madre Occidental,
an area termed the Cochise Filter Barrier (see Riddle and Hafner,
2006). The second process implicates ecological changes during
the Pleistocene as producing unfavorable conditions in this north-
ern area that then promoted isolation between populations within
the two desert regions (see Pyron and Burbrink, 2010). These ‘hard’
and ‘soft’ vicariant events appear to have cumulatively promoted
and maintained divergent lineages in the Chihuahuan and Sonoran
Deserts (Riddle and Hafner, 2006; Pyron and Burbrink, 2010).

Based on our multilocus coalescent analyses, the Eastern and
Western lineages of A. punctatus diverged in the Pleistocene
(Fig. 3). This estimate is temporally concordant with phylogeo-
graphic breaks observed along the Cochise Filter Barrier in many
other co-distributed taxa (e.g., Castoe et al., 2007; Pyron and
Burbrink, 2009), but our estimate is almost several million years la-
ter than the approximate 5 Ma divergence date proposed by Jaeger
et al. (2005). Gene-tree stochasticity is one plausible explanation
for this discrepancy between divergence date estimates. Gene trees
necessarily overestimate divergence times since gene-tree esti-
mates do not correct for ancestral polymorphisms (Edwards and
Beerli, 2000). On average, gene divergences occur prior to specia-
tion by a factor of 2Ne generations (Edwards and Beerli, 2000;
Arbogast et al., 2002), and divergence times inferred from gene
trees can become increasingly unreliable as effective population
size increases and time since the species divergence decreases. If
ancestral population sizes in the Eastern and Western lineages
were large in comparison to the timing of lineage divergence, then
the discrepancy between gene-tree and species-tree estimates
could be large (Edwards and Beerli, 2000).

Conversely, violations of the assumptions of multilocus species-
tree approaches may have skewed our estimated divergence dates.
⁄BEAST interprets discordance between the species and gene trees,
as we observed in our data (Fig. 3), to be a result of incomplete
lineage sorting. Sharing of alleles between lineages, however,
might also be a result of gene flow. Incomplete lineage sorting
and gene flow may cause similar genetic patterns, yet operation-
ally these processes each make different predictions regarding
the topologies and branch lengths of gene trees that evolve in
accordance with the underlying species phylogeny (Holder et al.,
2001). We attempted to guard against the possible influence of
ongoing gene flow on our species-tree estimates by sequencing
numerous exemplar samples from throughout the core distribu-
tions (based on geography) of the lineages, and away from the po-
tential contact zones along the Cochise Filter Barrier and
Continental Divide (Jaeger et al., 2005).

Our exploration of the coalescent-based species tree provided
an informative contrast to the previous single-gene estimates for
A. punctatus (Riddle et al., 2000; Jaeger et al., 2005). The incorpora-
tion of a coalescent model to estimate divergence times likely im-
proved divergence estimates; however, our inferences of the
timing of molecular divergences in A. punctatus, like the earlier
studies, was based on a molecular clock derived from a broad
historical vicariance within bufonids (Macey et al., 1998; Jaeger
et al., 2005). While the estimated rate appears reasonable, future
assessments of molecular evolutionary rates within this group
would be useful. Furthermore, it would be interesting to use a lar-
ger multilocus dataset and incorporate coalescent models (e.g., Hey
and Neilsen, 2007) that can account for bouts of limited gene flow
during the transition between a single ancestral species and two
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descendant species. Such an approach requires large sample sizes
and many highly polymorphic loci (which we lacked in this study)
to test explicitly for post-divergence gene flow. If gene flow has oc-
curred, estimated divergence dates between Eastern and Western
lineages of A. punctatus may shift towards an even more recent
timeframe, as observed in other studies (Geraldes et al., 2011;
Wood et al., 2011).

4.2. Taxonomic implications

Consistent with previous research (Jaeger et al., 2005), our
range-wide sampling and phylogenetic estimates indicate that
the classification of A. punctatus as a single evolutionary unit
may be misleading. Rather, A. punctatus appears to comprise three
distinct geographic lineages. New geographic sampling across the
southern Chihuahuan Desert and into the Central Mexican Plateau
did not recover evidence of phylogeographic structure in this re-
gion as observed in some co-distributed species (Neiswenter and
Riddle, 2010; Bryson et al., 2011). The Eastern lineage of A. punct-
atus thus extends predominantly east of the Continental Divide,
from the Colorado Plateau south across the Chihuahuan Desert to
the Central Mexican Plateau. The Western and Peninsular lineages
are as delineated in Jaeger et al. (2005), and are confined primarily
to the Sonoran and Mojave Deserts (Western lineage) and the pen-
insular desert region of Baja California (Peninsular lineage). Indi-
viduals from Eastern and Western lineages co-occur at some sites
within contact zones (Jaeger et al., 2005).

Two names are available for the Eastern and Peninsular lineages
based on historical descriptions (Korky, 1999). Bufo (=Anaxyrus)
punctatus was described by Baird and Girard (1852) based on a ser-
ies of specimens from southwestern Texas, within the geographic
distribution of our Eastern lineage. Nearly three decades later, Bufo
(=Anaxyrus) beldingi was described by Yarrow (1882) based on
specimens from ‘‘La Paz, Lower California’’ (Baja California Sur), a
locality within the geographic range of the Peninsular lineage. By
1889, this species was considered a synonym of A. punctatus (Cope,
1889).

Although genetic data support the distinction of three lineages
of A. punctatus, future research should consider inferences from
morphology and mating calls prior to formal taxonomic changes.
Relatively little has been published on intraspecific morphological
variation (Korky, 1999). Grismer (1994) informally noted a lack of
strong morphological differences between A. punctatus from the
Baja California peninsula and the continental mainland. Call varia-
tion, however, has been noted between specimens from Texas and
Arizona (Ferguson and Lowe, 1969). As with several other bufonids,
genetic data and calls may be distinctive between taxa, yet mor-
phology relatively conserved (Gergus, 1998; Masta et al., 2002;
Santos-Barrera and Flores-Villela, 2011). This underscores the need
to incorporate data from multiple sources to properly delineate lin-
eages of A. punctatus.
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