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The widespread montane Mexican horned lizard Phrynosoma orbiculare (Squamata: Phrynosomatidae)
represents an ideal species to investigate the relative impacts of Neogene vicariance and Quaternary cli-
mate change on lineage diversification across the Mexican highlands. We used mitochondrial DNA to
examine the maternal history of P. orbiculare and estimate the timing and tempo of lineage diversifica-
tion. Based on our results, we inferred 11 geographically structured, well supported mitochondrial lin-
eages within this species, suggesting P. orbiculare represents a species complex. Six divergences
between lineages likely occurred during the Late Miocene and Pliocene, and four splits probably hap-
pened during the Pleistocene. Diversification rate appeared relatively constant through time. Spatial
and temporal divergences between lineages of P. orbiculare and co-distributed taxa suggest that a distinct
period of uplifting of the Transvolcanic Belt around 7.5–3 million years ago broadly impacted diversifica-
tion in taxa associated with this mountain range. To the north, several river drainages acting as filter bar-
riers differentially subdivided co-distributed highland taxa through time. Diversification patterns
observed in P. orbiculare provide additional insight into the mechanisms that impacted differentiation
of highland taxa across the complex Mexican highlands.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The Mexican highlands harbor a significant amount of the
world’s biodiversity (Ramamoorthy et al., 1993; Mittermeier
et al., 2005) and a high level of biotic endemicity (Peterson et al.,
1993). Despite considerable attention and decades of biogeo-
graphic study, a general model describing the historical processes
that generated this diversity continues to remain elusive. Geologi-
cal history, dynamic climate change, and complex topography have
synergistically driven what appears to be an array of either taxon-
specific or general shared responses (Sullivan et al., 2000; Bryson
et al., 2011a). Neogene vicariance in the Miocene and Pliocene
and Quaternary climate change have each shaped the geographic
distribution of genetic variation in co-distributed highland taxa,
yet the relative impacts of these historical processes on lineage
diversification appear to differ between species (Bryson et al.,
2011a,b,c).

Deciphering the events that have shaped present-day biological
diversity in the Mexican highland system requires an accounting
for considerable historical complexity. Formation over 30 million
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years ago (Ma) of three of the four major mountain ranges in Mex-
ico (Sierra Madre Occidental, Sierra Madre Oriental, and Sierra
Madre del Sur; Ferrusquía-Villafranca and González-Guzmán,
2005) probably predates diversification in extant highland-
adapted lineages. Estimated Neogene divergences in highland taxa
within these ranges (Zaldivar-Riverón et al., 2005; Weir et al.,
2008; Bryson et al., 2011b) suggest then that events other than
mountain uplifting drove pre-Quaternary diversification. A number
of studies have identified filter barriers such as river drainages
within the major sierras (reviewed in Bryson et al., 2011a). It re-
mains unclear, however, how effective these barriers were in divid-
ing lineages through history, and when these barriers were
relevant in splitting lineages. Diversification associated with the
Neogene uplift of the Transvolcanic Belt appears more tractable
(Mulcahy and Mendelson, 2000). Unfortunately, the complex his-
tory of this volcanic mountain range (Gómez-Tuena et al., 2007)
makes accurate dating of vicariant events presumably responsible
for divergences among co-distributed taxa difficult.

Quaternary climate change has been posited as a major driver of
biological diversification in North America (Hewitt, 2004). In
Mexico, montane vegetation may have expanded downward at
least 1000 m during Pleistocene glacial periods (McDonald,
1993), and linked previously isolated highland biota (McDonald,
1993; Marshall and Liebherr, 2000). Subsequently, during
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interglacial episodes, highland woodlands retracted and their asso-
ciated biota became isolated (Anducho-Reyes et al., 2008). Re-
peated throughout the Pleistocene, these habitat shifts triggered
range-wide divergences in many highland taxa across Mexico
(León-Paniagua et al., 2007; Anducho-Reyes et al., 2008; Kerhoulas
and Arbogast, 2010; Bryson et al., 2011c).

The widespread horned lizard Phrynosoma orbiculare represents
an ideal species to investigate the relative impacts of Neogene
vicariance and Quaternary climate change on lineage diversifica-
tion across the Mexican highlands. It is endemic to Mexico, and
broadly associated with mixed pine–oak woodlands in the Sierra
Madre Occidental, Sierra Madre Oriental, and Transvolcanic Belt,
and semiarid shrubland on the Central Mexican Plateau
(Sherbrooke, 2003) (Fig. 1). Further, it is thought to be one of the
oldest extant species of Phrynosoma, dating back to the Miocene
(Presch, 1969; Montanucci, 1987). Thus, P. orbiculare has had a long
history in Mexico.

Here we used mixed-model phylogenetic analyses of
mitochondrial DNA (mtDNA) to examine the maternal history of
P. orbiculare. Mitochondrial DNA, despite potential limitations
(e.g. Edwards and Bensch, 2009), appears useful for detecting
recent geographic patterns (Moore, 1995; Hudson and Coyne,
2002; Zink and Barrowclough, 2008; Barrowclough and Zink,
2009). This marker can also lead to significant biogeographic dis-
coveries (e.g. Upton and Murphy, 1997; Riddle et al., 2000a), and
is an important tool for exploring the genetic consequences of eco-
logical history (e.g. Wiens et al., 2007; Burney and Brumfield, 2009;
Pyron and Burbrink, 2009). We formulated a robust hypothesis of
matrilineal relationships based on range-wide sampling of
P. orbiculare, and estimated dates of lineage divergences from a
relaxed molecular clock to provide a probabilistic temporal calibra-
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Fig. 1. Sampling localities for genetic samples of Phrynosoma orbiculare overlaid on
distribution of P. orbiculare (Mendoza-Quijano et al., 2007). Several important mountain
northern (N) and southern (S) Sierra Madre Oriental (SMOr), and Transvolcanic Belt (TV
tion for the phylogeny. We then tested for diversification rate shifts
in response to either Neogene or Quaternary events against the
null hypothesis of no diversification rate shift. We compared phy-
logeographic signal evident in P. orbiculare to other co-distributed
highland taxa to aid in the interpretation of historical biogeo-
graphic events that may have broadly impacted taxa across the
Mexican highlands.

2. Methods and materials

2.1. Taxon sampling and DNA sequencing

We obtained tissues from 36 P. orbiculare (Appendix A) from
across its distribution (Fig. 1). The number and distribution of sub-
species of P. orbiculare has varied historically (Horowitz, 1955;
McDiarmid, 1963; Montanucci, 1979). Because of the uncertainty
regarding delimitation of subspecies (McDiarmid, 1963) and to
frame our results in terms of geography rather than taxonomy,
we simply referred to specimens as P. orbiculare, consistent with
usage in field guides (e.g., Lemos-Espinal and Smith, 2007a,
2007b; Dixon and Lemos-Espinal, 2010). We used Phrynosoma
modestum and Phrynosoma douglasii as outgroups (Leaché and
McGuire, 2006; Wiens et al., 2010).

We sequenced two mtDNA gene regions, including NADH dehy-
drogenase subunit 4 and flanking tRNAs (ND4) and ATPase sub-
units 8 and 6 (ATPase 8, ATPase 6). These gene regions have
previously been shown to be informative at different levels of
divergence within lizards (Leaché and Mulcahy, 2007; Lindell et
al., 2008). Total genomic DNA was extracted from liver or tail clips
using the QIAGEN DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA) following manufacturer’s recommendations. All gene regions
100°W 95°W
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TVB
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mixed pine–oak woodlands above 1900 m. Dashed line delineates approximate
ranges in Mexico mentioned in the text include the Sierra Madre Occidental (SMOc),
B). The Central Mexican Plateau (CMP) is also noted.
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were amplified via PCR in a mix containing 6.25 ll Takara ExTaq
Polymerase Premix (Takara Mirus Bio Inc., Madison, WI, USA),
4.25 ll double-distilled water, 0.5 ll each primer (10 lM), and
1.0 ll of template DNA. Primer sequences for ND4 are given in
Arévalo et al. (1994), and for ATPase were specifically designed
for this project (C2LF, 50-ATCTGCGGGTCAAACCACAG-30; C3LR,
50-GCGTGTGYTTGGTGGGTCAT-30). DNA was denatured initially at
95 �C for 2.5 min; 35–40 cycles of amplification were then per-
formed under the following conditions: denaturation at 95 �C for
1 min, annealing at 56 �C for 1 min, and extension at 72 �C for
1 min; this was followed by a final 10 min elongation at 72 �C.
Double-stranded PCR amplified products were checked by electro-
phoresis on a 1% agarose gel, purified using exonuclease and
shrimp phosphatase, and directly sequenced in both directions
with the amplification primers using a Big Dye Terminator v. 3.1
cycle sequencing kit (Applied Biosystems, Foster City, CA, USA).
The completed sequencing reactions were cleaned of excess dyes
using CentriSep spin columns (Princeton Separations, Inc., Adel-
phia, NJ), and sequences were visualized on an ABI Prism 3130 cap-
illary autosequencer. Forward and reverse sequences for each
individual were edited and manually aligned using Sequencher
4.2 (Gene Codes Corporation, Ann Arbor, MI). Sequences were
translated into amino acids to check for premature stop codons.

2.2. Phylogenetic inference

We analyzed our sequence data using Bayesian inference (BI)
and maximum likelihood (ML) phylogenetic methods. Bayesian
inference analyses were conducted using MrBayes 3.1 (Ronquist
and Huelsenbeck, 2003) on the combined mtDNA dataset, imple-
menting separate models for each gene region (ND4, tRNAs, ATPase
8, ATPase 6). MrModeltest 2.1 (Nylander, 2004) was used to select
a best-fit model of evolution, based on Akaike Information Criteria
(AIC), for each partition. Bayesian settings included random start-
ing trees, a variable rate prior, a mean branch length exponential
prior of 50, and heating temperature of 0.06. Analyses consisted
of four runs (nruns = 4) conducted each with three heated and
one cold Markov chain sampling every 100 generations for 4 mil-
lion generations. Output parameters were visualized using the pro-
gram TRACER v1.4 (Rambaut and Drummond, 2007) to ascertain
stationarity and whether the duplicated runs had converged on
the same mean likelihood. Convergence was further assessed using
AWTY (Nylander et al., 2008). All samples obtained during the first
one million (25%) generations were discarded as burn-in. A 50%
majority-rule consensus phylogram with nodal posterior probabil-
ity support was estimated from the combination of the four runs
post-burn-in. Maximum likelihood analyses were conducted using
RAxML 7.0.3 (Stamatakis, 2006) with the same partitioning scheme
used for the BI analyses. The GTRGAMMA model was used, and
1000 nonparametric bootstrap replicates were performed to assess
nodal support. We considered those nodes with P95% Bayesian
posterior probability and P70% bootstrap support as strongly sup-
ported (Hillis and Bull, 1993; Felsenstein, 2004).

2.3. Divergence time estimation

Divergence dates were estimated using a relaxed Bayesian
molecular clock framework implemented in BEAST v1.6.1
(Drummond and Rambaut, 2007). Molecular dating using mtDNA
gene trees is of concern since gene trees may overestimate diver-
gence times (Jennings and Edwards, 2005; Burbrink and Pyron,
2011; Kubatko et al., 2011). However, overestimation may become
less of an issue at deeper time scales (Edwards and Beerli, 2000),
and some gene splits may better reflect the history of initial diver-
gences (McCormack et al., 2008). Divergence estimates were
inferred for a reduced dataset, which included one individual from
each geographically structured lineage of P. orbiculare inferred
from BI analyses. Two different clock-calibration methods were
used to obtain estimates. The first method utilized a relaxed uncor-
related lognormal clock and node constraints obtained from the
fossil and geological record. To calibrate the tree, we included se-
quences from several outgroups (Appendix A). The second method
employed a substitution rate calibration and relaxed uncorrelated
lognormal clock. We used a rate calibration for mtDNA previously
calculated for a similar sized lizard (Macey et al., 1999). This sub-
stitution rate, here corrected to 8.05 � 10�3 substitutions/site/mil-
lion year using a more complex GTR + G model, has been used in a
number of studies to date divergences in lizards (e.g., Morando
et al., 2004; Tennessen and Zamudio, 2008; Luxbacher and Knouft,
2009). Both datasets were partitioned by gene, and best-fit models
of evolution were estimated using MrModeltest and unlinked
across partitions.

For each clock-calibration method, analyses consisted of two
independent runs each of 40 million generations, with samples re-
tained every 1000 generations, and with a Yule tree prior. Results
were displayed in TRACER to confirm acceptable mixing and likeli-
hood stationarity, appropriate burn-in, and adequate effective
sample sizes. After discarding the first 4 million generations
(10%) as burn-in, the trees and parameter estimates from the two
runs were combined using LogCombiner v1.6.1 (Drummond and
Rambaut, 2007). The parameter values of the samples from the
posterior distribution were summarized on the maximum clade
credibility tree using TreeAnnotator v1.6.1 (Drummond and
Rambaut, 2007), with the posterior probability limit set to zero
and mean node heights summarized.

For calibrated analyses, we placed two calibration points with
lognormal distributions on the tree as follows:

(a) At the stem of a short-horned lizard clade (P. douglasii,
Phrynosoma hernandesi, and Phrynosoma ditmarsi), we placed the
oldest known fossils referable to P. douglasii from the Early Mio-
cene (Hemingfordian North American Land Mammal Age; Robin-
son and Van Devender, 1973; Van Devender and Eshelman, 1979;
Estes, 1983). The stem was constrained with a zero offset (hard
upper bound) of 16 Ma, a lognormal mean of 0.7, and a lognormal
standard deviation of 0.5. This produced a median age of 18 Ma
and a 95% prior credible interval (PCI) extending to the beginning
of the Hemingfordian 20.6 Ma.

(b) At the stem of a desert horned lizard clade containing
Phrynosoma platyrhinos, Phrynosoma goodei, and a related Phryno-
soma from Yuma Proving Grounds, Arizona (P. ‘‘Yuma’’; Mulcahy
et al., 2006), we placed a calibration based on the Pliocene marine
incursion of the Sea of Cortés and development of the Bouse
Embayment. This geological event is thought to have driven diver-
gences in several co-distributed taxa (Lamb et al., 1989; Riddle
et al., 2000b; Pellmyr and Segraves, 2003; Murphy et al., 2006; Cas-
toe et al., 2007), including P. platyrhinos (Jones, 1995), and has been
used as a calibration point for divergence dating in other studies
(Castoe et al., 2009; Bryson et al., 2011a; Daza et al., 2010). The
stem was given a lognormal mean of 1.1 and a lognormal standard
deviation of 0.37, resulting in a median age centered at the climax
of the formation of the Sea of Cortés and development of the Bouse
embayment 3 Ma, and a 95% PCI extending to the beginning of the
development of the Sea of Cortés 5.5 Ma (Carreño and Helenes,
2002, and references therein). No zero offset was used.

2.4. Diversification rate

We analysed diversification rate in P. orbiculare through time
using ML-based diversification-rate analysis (Rabosky, 2006a).
We predicted that if events in the Neogene or Quaternary
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differentially impacted the tempo of diversification in P. orbiculare,
then shifts in diversification rate should be evident. If Neogene
events such as mountain building had a stronger impact on clado-
genesis, diversification rate should decrease near the onset of the
Pleistocene around 2.6 Ma. Alternatively, if shifts in highland hab-
itat associated with Pleistocene climate change had a compara-
tively stronger impact on diversification, then rates should
increase towards the beginning of the Pleistocene. Our null
hypothesis of a relatively constant rate of diversification through
time would suggest events in both time periods had similar effects
on diversification.

We ran analyses using divergence dates estimated from both
calibration methods in BEAST. The fit of two rate-constant (pure-
birth, and birth–death) and four rate-variable (exponential and lo-
gistic density-dependent, and two-rate and three-rate pure-birth)
birth–death models was computed with laser 2.3 (Rabosky,
2006b). Model fit was measured using AIC scores. We calculated
the change in AIC scores between the best rate-constant and best
rate-variable model using our real tree, and then tested this against
a null distribution of 1000 pure-birth trees with the same specia-
tion rate estimated under the pure-birth model using our real tree.
We additionally generated lineage-through-time plots to visualize
the pattern of accumulation of lineages over time.

3. Results

3.1. Phylogenetic inference

The final dataset consisted of 1675 aligned nucleotide positions.
Models of sequence evolution selected for the partitions were
GTR + I + G (ND4), GTR + I (ATPase 8), GTR + G (ATPase 6), and
HKY + I (tRNA). All sequences were deposited in GenBank
(accession numbers JN809251–JN809387).
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Fig. 2. Maternal genealogy of Phrynosoma orbiculare based on mixed-model Bayesian
sequence data. Names of two major clades and 11 inferred lineages (denoted with roma
Fig. 1. Numbers at nodes indicate support values (Bayesian posterior probability followe
probability and P70% bootstrap support are depicted with black dots.
From our phylogenetic analyses, we inferred 11 geographically
structured, well supported mitochondrial lineages within P. orbic-
ulare (Figs. 2 and 3). Samples from the Sierra Madre Occidental
formed five geographically distinct lineages (I–V) contained in a
larger ‘northern clade’. Samples from the rest of the distribution
formed our ‘southern clade’. Distributions of lineages in the south-
ern clade are as follows: southernmost extension of the Sierra
Madre Oriental that overlaps parts of the eastern Transvolcanic
Belt (VI), central Transvolcanic Belt and adjacent sections of the
Central Mexican Plateau (VII, VIII), southern Sierra Madre Oriental
in eastern Hidalgo (IX), the western and southern portions of the
Central Mexican Plateau (X), and northern Sierra Madre Oriental
and adjacent foothills on the Central Mexican Plateau (XI).

Relationships among lineages were well supported, with the
exception of one poorly supported node (73% posterior probability,
46% bootstrap) subtending the lineages from Chihuahua and the
rest of the Sierra Madre Occidental (Fig. 2). However, in BEAST
analyses on a reduced dataset (see below), this node received
100% posterior probability. Combined, we cautiously infer this to
be a supported relationship. Within the southern clade, diver-
gences followed a stepwise pattern (Fig. 3) from the southern
end of the Sierra Madre Oriental (lineage VI), across the Transvol-
canic Belt (sister lineages VII–VIII), up the Sierra Madre Oriental
(lineage IX), across the Central Mexican Plateau (lineage X), and
up to the northern Sierra Madre Oriental (lineage XI).

3.2. Divergence times and diversification rate

The selected models of sequence evolution for the fossil-cali-
brated and rate-calibrated datasets were GTR + I + G (ND4, ATPase
8, ATPase 6, fossil-calibrated), GTR + I (ATPase 8, rate-calibrated),
GTR + G (ATPase 6, rate-calibrated), HKY + I + G (tRNA, fossil-
calibrated), and HKY + I (tRNA, rate-calibrated). Posterior
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Table 1
Estimated mtDNA divergence dates within Phrynosoma orbiculare based on two
molecular clock calibration methods implemented in BEAST. Lineage designations
follow Fig. 2. Posterior mean ages followed by 95% highest posterior density intervals
in parentheses, provided in millions of years ago.

Divergence event Fossil-calibrated
clock

Rate-calibrated
clock

Northern clade/Southern clade 7.7 (5.8, 9.7) 7.2 (5.9, 8.6)

Northern clade
I + II/III + IV + V 6 (4.2, 7.8) 5.1 (3.9, 6.4)
I/II 3.5 (2, 5.1) 3 (2, 4)
III/IV + V 2.8 (1.7, 3.9) 2.5 (1.8, 3.2)
IV/V 1.8 (1, 2.6) 1.6 (1.1, 2.2)

Southern clade
VI/VII + VIII + IX + X + XI 5.4 (3.9, 6.9) 5.6 (4.5, 6.9)
VII + VIII/IX + X + XI 4.8 (3.5, 6.2) 5 (4, 6.1)
VII/VIII 2 (1.2, 2.8) 2 (1.4, 2.7)
IX/X + XI 3.9 (2.6, 5.3) 3.8 (2.8, 4.9)
X/XI 1.9 (1, 2.8) 1.8 (1.1, 2.5)
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probability support for inferred divergences within P. orbiculare
were high; 100% between the northern and southern clades,
100% within the northern clade, and 94–100% within the southern
clade. Dating estimates suggested that diversification in P. orbicu-
lare probably began in the Late Miocene (Table 1, Fig. 4) with a
basal divergence between the northern and southern clades.
Several divergences appear to have followed in the Neogene,
including three sequential splits in the southern clade and two
splits in the northern clade. Our estimates place the remaining
divergences, two in the southern clade and two in the northern
clade, within a Pliocene–Pleistocene timeframe.

Birth–death likelihood analyses did not reject the null hypothe-
sis of rate constancy and suggested a steady rate of diversification
through time (Fig. 5). The best rate-variable model (DDL) provided
a better fit and differed in AIC value from the best rate-constant
model (pureBirth) by 3.88 (fossil-calibrated) or 3.76 (rate-cali-
brated). However, changes in AIC scores were not significant in
either case (P > 0.05). The maximum likelihood estimate of the
diversification rate under the best rate-constant pureBirth model
was 0.2 diversification events per million years.
4. Discussion

4.1. Diversification patterns across the Transvolcanic Belt

Inferred spatial and temporal patterns of matrilineal diversifica-
tion in P. orbiculare provide additional insight into the mechanisms
that impacted differentiation of highland taxa across the Mexican
highlands. Neogene vicariance and Pleistocene climate change
both impacted diversification within P. orbiculare. During the
Neogene, six lineage splitting events likely occurred (Fig. 4). The
two oldest divergences within the southern clade, and perhaps ini-
tial diversification of P. orbiculare, are likely associated with major
volcanic episodes along the Transvolcanic Belt. A recent revision
summarizing the past two decades of research on the origin of
the Transvolcanic Belt (Gómez-Tuena et al., 2007) suggested that
the first major range-wide volcanic episode occurred about 10–
19 Ma. Early diversification in P. orbiculare roughly 7.5 Ma might
have followed this period of uplift. A subsequent period of marked
widespread volcanism across the Transvolcanic Belt ensued around
7.5–3 Ma (Gómez-Tuena et al., 2007), and this second episode of
volcanism likely caused the two oldest divergences within the
southern clade of P. orbiculare, estimated to have occurred about
6 Ma and 5 Ma. These estimated dates are remarkably consistent
with mean divergences around 5–7 Ma inferred for a suite of taxa
distributed across the Transvolcanic Belt (amphibians, Mulcahy
and Mendelson, 2000; fish, Hulsey et al., 2004; birds, McCormack
et al., 2008, 2011; snakes, Bryson et al., 2011a,b,c). These shared
temporal divergences suggest uplifting of the Transvolcanic Belt
around 7.5–3 Ma broadly impacted a variety of taxa.
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delineated in Fig. 3, and are placed on the approximate center of distribution of each
lineage. Comparison of estimated divergence dates in P. orbiculare with co-
distributed highland taxa across barriers within the northern sierras (barriers 1–
4) listed in Table 2.
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4.2. Diversification patterns within the northern sierras

Several mtDNA lineages of P. orbiculare are embedded within
the Sierra Madre Occidental and Sierra Madre Oriental (Fig. 3). This
finding is consistent with diversification patterns observed in sev-
eral co-distributed taxa (Bryson et al., 2011a,c; Gugger et al., 2011;
Wood et al., 2011). The fragmented topography and environmental
heterogeneity within the Sierra Madre Occidental in concert with
Quaternary climate change are likely driving diversification across
this range (Salinas-Moreno et al., 2004; Wood et al., 2011). Deep
river drainages may be acting as filter barriers to highland taxa.
Previous studies (Salinas-Moreno et al., 2004; Anducho-Reyes
et al., 2008; Bryson et al., 2011a) found the Rio Mezquital basin
across southern Durango (Fig. 6) to be an isolating barrier. Two lin-
eages of P. orbiculare also appear to be separated by this drainage.
One lineage of P. orbiculare appears isolated in northern Nayarit.
Interestingly, a geographically identical lineage was also found in
montane rattlesnakes (Bryson et al., 2011a). In this region, the
Rio Mezquital basin and headwater tributaries of the Rio Santiago
basin (Fig. 6) may have carved an island of montane habitat iso-
lated from the remainder of the southern Sierra Madre Occidental.
In the Sierra Madre Occidental to the north, the combination of the
Rio Culiacán basin across the Pacific slopes and the tributaries of
the Rio Nazas basin across the interior slopes may be forming a dis-
rupting barrier (Fig. 6) to some highland taxa. We observed a deep
basal divergence within the northern lineage of P. orbiculare across
this region in northern Durango. A spatially congruent genetic
break was also observed here in Mexican jays (Aphelocoma ultram-
arina, McCormack et al., 2011), twin-spotted rattlesnakes (Crotalus
pricei, Bryson et al., 2011c), and narrowheaded gartersnakes
(Thamnophis rufipunctatus species group, Wood et al., 2011). The
inferred times of divergences, however, appear different (Table
2), suggesting this Rio Culiacán–Rio Nazas barrier may be differen-
tially affecting lineage splitting through time. Similar incongruence
was observed between other co-distributed taxa subdivided across
breaks in the Sierra Madre Occidental (Table 2).

The Sierra Madre Oriental appears to be divisible into at least
two unique sections (Luna-Vega et al., 1999; Salinas-Moreno
et al., 2004). Several co-distributed highland taxa display distinct
genetic breaks across central San Luis Potosí (Bryson et al., 2007,
2011a; McCormack et al., 2008), including P. orbiculare (Fig. 3).
There is a distinct absence of pines in this region (Farjon and Styles,
1997; Fig. 1), and the lowlands that cut across the Sierra Madre Or-
iental form the Cerritos-Arista and Saladan filter barriers (Morafka,
1977; Fig. 6). A probable Pleistocene divergence between lineages
of P. orbiculare isolated north and south of this combined barrier is
temporally consistent with most lineage splits observed in co-dis-
tributed taxa (Table 2). An older divergence in Middle American
gophersnakes (Table 2) suggests this barrier may have been
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influential in driving divergences earlier in time as well. The Sierra
Madre Oriental may also include a distinct southern segment in
Puebla and Veracruz. This region has a complex geological history,
and contains geological and biotic elements of both the Sierra Mad-
re Oriental and Transvolcanic Belt (Marshall and Liebherr, 2000;
Salinas-Moreno et al., 2004; Corona et al., 2007; Paniagua and Mor-
rone, 2009). The Sierra Madre Oriental may have once been contin-
uous from Hidalgo south into northern Oaxaca, and later divided
by the formation of the Transvolcanic Belt (Corona et al., 2007;
Paniagua and Morrone, 2009). The inferred basal split in our south-
ern clade of P. orbiculare around 5.5 Ma (Fig. 3) is consistent with
this scenario.

4.3. Diversification patterns across the Central Mexican Plateau

Expansions of pine–oak woodlands across the Central Mexican
Plateau during Pleistocene glacial periods (Gugger et al., 2011; Bry-
son et al., 2011c) may have promoted dispersal between highlands,
resulting in contact between previously isolated taxa. Periodic
bouts of gene flow during these periods could have erased or ob-
scured previously acquired signals of historical isolation. Despite
this potential, the distribution of the maternal lineage of P. orbicu-
lare confined to the Central Mexican Plateau is remarkably congru-
ent with regional genetic groups seen in other highland taxa
(Fig. 7). These geographically overlapping lineages suggest similar
responses to barriers across this region. However, the distributions
of sister lineages to these Central Mexican Plateau lineages vary
(Fig. 7), suggesting the Central Mexican Plateau is accumulating
lineages from geographically different sources in different taxa. Po-
tential shared barriers between Central Mexican Plateau lineages
include the combined Cerritos-Arista/Saladan barriers to the north-
east, the extensive Rio Pánuco basin to the east and the Rio Lerma
basin to the south, and pine-oak habitat disjunctions to the west
(Fig. 6). Given non-identical lineage ranges, however, soft allopatry
through ecological vicariance may also explain these distributions
(Pyron and Burbrink, 2010). Under this scenario, geological barriers
limiting lineage distributions may not be evident. While an attrac-
tive alternative, a recent study on co-distributed Mexican jays
(McCormack et al., 2010) found little evidence for ecological niche
divergence between lineages of Mexican jays in the highlands of
the northern Sierra Madre Oriental, Central Mexican Plateau, and
Sierra Madre Occidental. Additional phylogeographic studies on
highland taxa with wide distributions across Mexico and subse-
quent analyses within a comparative framework are needed to bet-



Table 2
Comparison of mean estimated divergence dates in Phrynosoma orbiculare with co-
distributed highland taxa across selected shared barriers within the northern Mexican
sierras. Barriers are shown in Fig. 6. Dates were generally estimated from mitochon-
drial gene trees. Divergence times estimated from a species-tree approach are noted
with asterisks, and may not be comparable to dates estimated from gene trees.

Barrier Taxon/mean divergence date

(1) Rio Mezquital basin Twin-spotted rattlesnakesa/1.2 Ma
Mexican horned lizardsb/1.5 Ma
Rock rattlesnakesc/2.4 Ma

(2) Rio Mezquital–Rio Santiago
basins

Rock rattlesnakesc/1.4 Ma
Mexican horned lizardsb/2.5 Ma

(3) Rio Culiacán–Rio Nazas basins Narrowheaded gartersnakesd/0.8 Ma⁄

Mexican jayse/1.1 or 0.7 Ma⁄

Twin-spotted rattlesnakesa/2.6 Ma
Mexican horned lizardsb/5.5 Ma

(4) Cerritos-Arista/Saladan barrier Mexican jayse/0.4 Ma⁄

Mexican horned lizardsb/2 Ma
Rock rattlesnakesc/2.1 Ma
Mexican jayse/3.1 Ma
Middle American gophersnakesf/
4.5 Ma

a Bryson et al. (2011c).
b This study.
c Bryson et al. (2011a).
d Wood et al. (2011).
e McCormack et al. (2011).
f Bryson et al. (2011b).
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ter elucidate idiosyncratic versus general processes promoting
lineage diversification across the Central Mexican Plateau and
Mexican highlands.

4.4. Systematic and conservation implications

Although beyond the scope of this paper, our results based on
mtDNA are largely in agreement with historical studies on mor-
phology (Horowitz, 1955; Montanucci, 1979) and warrant some
discussion. Congruence suggests several distinct lineages are
embedded within P. orbiculare. Nearly precise overlapping
distributions of our inferred lineages with morphologically distinct
subspecies are as follows (see S1): (a) Lineages I–II from Chihuahua
with Phrynosoma orbiculare bradti (sensu Horowitz, 1955); (b) lin-
eages III–V from the southern half of the Sierra Madre Occidental
with Phrynosoma orbiculare durangoensis (Horowitz, 1955); (c)
lineages VII–VIII with Phrynosoma orbiculare orbiculare; and (d)
lineage XI withPhrynosoma orbiculare oriental. Our remaining three
mtDNA lineages represent Phrynosoma orbiculare cortezii (lineages
VI and IX) and Phrynosoma orbiculare cortezii and Phrynosoma orbic-
ulare dugesi (lineage X). Numerous intergrade zones between the
various subspecies appear to exist (Horowitz, 1955; Montanucci,
1979) and to such a degree that P. orbiculare was considered one
variable monotypic species (McDiarmid, 1963). Because mtDNA
alone might not adequately measure gene flow in lizards (e.g. God-
inho et al., 2008; Lindell et al., 2008), future studies should incor-
porate multilocus data to further delimit distributions of P.
orbiculare lineages. From our data it seems likely that the north/
south clade split, if not others, will be viable for species level revi-
sion given the deep reciprocal mtDNA monophyly and association
with increasingly generalized biogeographic barriers that appears
to have structured a number of co-distributed lineage divergence
events.

The International Union for Conservation of Nature (IUCN) con-
siders P. orbiculare to be a species of least concern because of its
wide distribution across Mexico and large population size (Men-
doza-Quijano et al., 2007). The Mexican government classifies this
species as threatened (SEMARNAT, 2010). Treated as a single wide-
ranging species, P. orbiculare is presumably buffered against
anthropogenic disturbances. However, our findings suggest that
P. orbiculare is in fact probably comprised of multiple distinct lin-
eages. Some of these lineages, such as the one occurring in Vera-
cruz and Puebla and the one in northern Nayarit (lineages III and
VI, Fig. 3), appear to have small distributions and long independent
evolutionary histories. Given the amount and rate of habitat
destruction across the Mexican highlands (Challenger, 1998; Brow-
er et al., 2002; Galicia and García-Romero, 2007), these range-re-
stricted lineages merit additional consideration for protection.
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