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Ephemeral Pleistocene woodlands
connect the dots for highland
rattlesnakes of the Crotalus intermedius
group

Robert W. Bryson Jr1*, Robert W. Murphy2,3, Matthew R. Graham1,

Amy Lathrop2 and David Lazcano4

INTRODUCTION

The Mexican highlands, which encompass a complex assem-

blage of montane biotas characterized by high endemism and

diversity (Ramamoorthy et al., 1993; Campbell, 1999), are one

of Earth’s biodiversity hotspots (Mittermeier et al., 2005). They

consist of four major mountain ranges predominantly covered

by mixed pine–oak (Pinus–Quercus) woodlands, namely the

north–south-trending Sierra Madre Occidental (SMOc) and

Sierra Madre Oriental (SMOr) of northern Mexico, and the

east–west-trending Transvolcanic Belt (TVB) and Sierra Madre

del Sur (SMS) in central and southern Mexico. The highland

biotas on each range are isolated by intervening dry lowlands.

Most notably, the highlands of the northern Sierra Madres are

separated by hundreds of kilometres of xeric habitat formed by

the Chihuahuan Desert and Central Mexican Plateau.

Although few data detail climatic shifts in Mexico during the

Pleistocene (see Metcalfe et al., 2000), available evidence

suggests that conditions across northern and central Mexico

were wetter and cooler during the Last Glacial Maximum

(LGM) than they are now. McDonald (1993) reports a

downward displacement of montane vegetation of at least
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ABSTRACT

Aim To test how Pleistocene climatic changes affected diversification of the

Crotalus intermedius species complex.

Location Highlands of Mexico and the south-western United States (Arizona).

Methods We synthesize the matrilineal genealogy based on 2406 base pairs of

mitochondrial DNA sequences, fossil-calibrated molecular dating, reconstruction

of ancestral geographic ranges, and climate-based modelling of species

distributions to evaluate the history of female dispersion.

Results The presently fragmented distribution of the C. intermedius group is the

result of both Neogene vicariance and Pleistocene pine–oak habitat

fragmentation. Most lineages appear to have a Quaternary origin. The Sierra

Madre del Sur and northern Sierra Madre Oriental are likely to have been

colonized during this time. Species distribution models for the Last Glacial

Maximum predict expansions of suitable habitat for taxa in the southern Sierra

Madre Occidental and northern Sierra Madre Oriental.

Main conclusions Lineage diversification in the C. intermedius group is a

consequence of Pleistocene climate cycling. Distribution models for two sister

taxa in the northern and southern Sierra Madre Occidental and northern Sierra

Madre Oriental during the Last Glacial Maximum provide evidence for the

expansion of pine–oak habitat across the Central Mexican Plateau. Downward

displacement and subsequent expansions of highland vegetation across Mexico

during cooler glacial cycles may have allowed dispersal between highlands, which

resulted in contact between previously isolated taxa and the colonization of new

habitats.
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1000 m during glacial times. This displacement may have

united highland biotas via pine–oak corridors across the

Central Mexican Plateau (Baker, 1956; Martin, 1958; Duell-

man, 1965; Morafka, 1977; Schmidly, 1977; McCranie &

Wilson, 1987; Fa & Morales, 1993; McDonald, 1993; Marshall

& Liebherr, 2000). During post-glacial episodes throughout the

Pleistocene, montane woodlands seem to have retracted to the

highlands, thus isolating the associated biota (Metcalfe et al.,

2000; Anducho-Reyes et al., 2008).

The highland biotas of the northern Sierra Madres appear to

have had a recent connection (Marshall & Liebherr, 2000).

Several dispersal corridors across central Mexico are postulated

for the Pleistocene (Duellman, 1965; McCranie & Wilson,

1987; Fa & Morales, 1993; McDonald, 1993) or Pliocene

(Morafka, 1977). The best evidence for these corridors comes

from multiple species with closely related, disjunct, highland

populations. These species are either absent or replaced by

sister taxa in the Transvolcanic Belt. Martin (1958) notes

numerous taxa that fit this pattern, including pines, snails,

non-avian reptiles and mammals. However, confirmation of

these patterns using molecular data is largely lacking (see

Appendix S1 in Supporting Information). Only two studies,

focused on alligator lizards (Zaldivar-Riverón et al., 2005) and

Mexican jays (McCormack et al., 2008, 2010), estimate dates of

divergence between isolated sister taxa in the northern Sierra

Madres, and both pre-date Pleistocene cycles. Thus, despite

being over 50 years old, the hypothesis of a Pleistocene woodland

corridor across central Mexico remains largely untested.

In this study, we examine the historical diversification of the

Crotalus intermedius species complex, a group of rattlesnakes

endemic to the Mexican highlands. This group is closely

associated with mixed pine–oak forests above 1900 m eleva-

tion, and it is distributed throughout all of the major

mountains of Mexico (Campbell & Lamar, 2004). Crotalus

intermedius contains three subspecies (Campbell & Lamar,

2004) disjunctly distributed primarily in pine–oak forest above

2000 m along the southern SMOr (C. intermedius intermedius)

and SMS (C. intermedius gloydi and C. intermedius omiltem-

anus). Similarly, Crotalus pricei pricei is isolated above 1900 m

in the SMOc, and Crotalus pricei miquihuanus occurs in the

SMOr (Campbell & Lamar, 2004). Finally, the sister species

Crotalus transversus and C. tancitarensis are distributed in

pine–oak and pine–fir (Pinus–Abies) forests at elevations above

2900 m on the TVB (Alvarado-Dı́az & Campbell, 2004;

Campbell & Lamar, 2004). These patterns offer an opportunity

to test hypotheses on the role of Pleistocene pine–oak

fragmentation in shaping patterns of genetic variation across

the highlands of Mexico.

Recent methodological advances provide useful tools in the

reconstruction of the evolutionary history of species. Mito-

chondrial DNA (mtDNA) sequences can be used for fossil-

calibrated molecular dating. These dates can be combined with

the reconstruction of ancestral geographic ranges, dispersal

routes of female rattlesnakes, and climate-based modelling of

species distributions to reveal insights into the factors that

drive the diversification of species. Certainly, the mtDNA-only

approach is controversial (e.g. Edwards & Bensch, 2009), yet

these data can detect recent geographic patterns (Moore, 1995;

Hudson & Coyne, 2002; Zink & Barrowclough, 2008; Bar-

rowclough & Zink, 2009) and lead to significant biogeographic

discoveries (e.g. Upton & Murphy, 1997; Riddle et al., 2000).

Maternal history remains an important tool for exploring the

genetic consequences of ecological history (e.g. Wiens et al.,

2007; Burney & Brumfield, 2009; Pyron & Burbrink, 2009),

partly because genetic recombination and gene sorting do not

occur.

Here, we explore the effects of Pleistocene climatic change

on the diversification of the highland rattlesnakes of the

C. intermedius group. Montane Pleistocene corridors may have

facilitated contact of these rattlesnakes through dispersal. We

model the distribution of C. pricei because this taxon currently

shows the greatest extent of geographic isolation of any species

in the C. intermedius group. If populations were connected

during the last glaciation, then distribution models projected

onto Late Pleistocene climates should demonstrate habitat

connectivity.

MATERIALS AND METHODS

Taxon sampling and laboratory methods

Between 1999 and 2009 we collected 60 samples that repre-

sented all taxa in the C. intermedius group from throughout

their distributions (Fig. 1; Appendix S2). Sampling was con-

centrated along the northern Sierra Madres to maximize

geographic coverage of C. pricei pricei and C. pricei miquihu-

anus. Based on recent phylogenetic analyses (Murphy et al.,

2002; Castoe & Parkinson, 2006; Wüster et al., 2008), we used

Sistrurus catenatus and S. miliarus as outgroup taxa. All

handling of animals followed animal use protocols approved

by the University of Nevada at Las Vegas Animal Care

Committee (R701-1105-203).

We sequenced three regions of the mitochondrial genome,

namely a portion of the 12S and 16S ribosomal RNA genes,

NADH dehydrogenase subunit 4 (ND4) and its flanking

tRNAs, and the complete ATPase subunits 8 and 6 (ATPase 8,

ATPase 6), following methods specified in Bryson et al.

(2011a). These gene regions have been shown to be informa-

tive at inter- and intraspecific levels within rattlesnakes

(Murphy et al., 2002; Wüster et al., 2005; Bryson et al.,

2011a). Forward and reverse sequences for each individual

were edited and manually aligned using BioEdit 5.0.9 (Hall,

1999). Identical sequences for samples from the same locality

were collapsed into one haplotype. Average uncorrected

pairwise divergences between these groups (p-distances) were

determined using mega 4 (Kumar et al., 2008).

Phylogenetic analyses

Bayesian inference (BI) trees were constructed with MrBayes

3.1 (Ronquist & Huelsenbeck, 2003) from the combined

mtDNA dataset while implementing separate models for each
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gene region (ATPase 8, ATPase 6, ND4, combined tRNAs, 12S

and 16S). MrModeltest 2.1 (Nylander, 2004) was used to

select a best-fit model of evolution based on Akaike informa-

tion criterion values for each partition. BI settings included

random starting trees, a variable rate prior, a mean branch

length exponential prior of 100, and a heating temperature of

0.03. Analyses consisted of four runs (nruns = 4), each con-

ducted with three heated and one cold Markov chain while

sampling every 100 generations for four million generations.

Output parameters were visualized using Tracer 1.5 (Rambaut

& Drummond, 2007) to ascertain stationarity and whether the

duplicated runs had converged on the same mean likelihood or

not. We also assessed convergence using awty (Wilgenbusch

et al., 2004). Because chain convergence occurred during the

first 500,000 generations of each run, we conservatively

discarded all samples obtained during the first one million

generations (25%) as burn-in. A 50% majority-rule consensus

phylogram was estimated from a combination of the four runs.

Those nodes with ‡ 95% Bayesian posterior probability were

considered to be strongly supported (Felsenstein, 2004).

Divergence dating

Divergence dates were estimated using a Bayesian relaxed

molecular clock implemented in beast 1.5.4 (Drummond &

Rambaut, 2007). Dates were inferred for a reduced dataset,

which included one individual from each geographic group for

each taxon. Sequences from several North American pitvipers

were used to calibrate the tree (Appendix S2). Best-fit models of

evolution were re-estimated from the new dataset using

MrModeltest. We implemented an uncorrelated lognormal

clock and node constraints obtained from the fossil and

geological record with lognormal distributions. Analyses were

run for 40 million generations, with samples retained every 1000

generations and a Yule tree prior. Tracer was used to confirm

acceptable mixing and likelihood stationarity of the MCMC

chain, burn-in, and adequate effective sample sizes (> 200 for

each estimated parameter). Two independent analyses were run

on an unpartitioned dataset because a partitioned-by-gene

dataset resulted in effective sample sizes below 50 for several

parameters. After discarding the first four million generations

(10%) as burn-in, we combined the trees and parameter

estimates from the two runs using LogCombiner 1.4.8 (Drum-

mond & Rambaut, 2007). We summarized parameter values on

the maximum clade credibility tree using TreeAnnotator 1.4.8

(Drummond & Rambaut, 2007) with the posterior probability

limit set to 0.5 and summarizing mean node heights.

Calibration was based on North American pitvipers using

the same approach as Bryson et al. (2011a), as follows.

1. The stem of Sistrurus was constrained with a zero offset

(hard upper bound) of 8 million years ago (Ma), a lognormal

mean of 0.01, and a lognormal standard deviation of 0.76. This

Figure 1 A map of North America depicting

the sample localities and distribution (adap-

ted from Campbell & Lamar, 2004) for the

Crotalus intermedius species group.

Diversification of montane rattlesnakes
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produced a median age centred at 9 Ma and a 95% prior

credible interval extending to the beginning of the Clarendo-

nian, 11.5 Ma (Holman, 2000).

2. The node representing the most recent common ancestor of

Agkistrodon contortrix was given a zero offset of 6 Ma, a

lognormal mean of 0.01, and a lognormal standard deviation

of 0.42, producing a median age of 7 Ma and a 95% prior

credible interval extending to the start of the Late Hemphillian,

8 Ma (Holman, 2000).

3. The node representing the most recent common ancestor of

Crotalus ruber plus C. atrox was given a lognormal mean of 1.1

and a lognormal standard deviation of 0.37, resulting in a

median age centred at the climax of the formation of the Sea of

Cortés and the development of the Bouse embayment 3 Ma,

and a 95% prior credible interval extending to the beginning of

the development of the Sea of Cortés, 5.5 Ma (Carreño &

Helenes, 2002, and references therein). No zero offset was

used.

Ancestral area reconstruction

Ancestral areas for C. pricei were reconstructed using a

stochastic model of geographic range evolution (dispersal–

extinction–cladogenesis, DEC) implemented in Lagrange

2.0.1 (Ree & Smith, 2008). The maximum clade-credibility

tree from beast was pruned of outgroups and used in analyses,

and each representative taxon in the genealogy was assigned to

one of six biogeographic areas based on distributions (Figs 1 &

2) as follows: northern SMOc, southern SMOc, northern

SMOr, southern SMOr, TVB and SMS. The region near the

eastern TVB in Puebla, Veracruz, and northern Oaxaca (Fig. 3)

has a complex geological history; it contains geological and

biotic elements of the SMOr, TVB and SMS (Marshall &

Liebherr, 2000; Salinas-Moreno et al., 2004; Corona et al.,

2007; Paniagua & Morrone, 2009). For our analyses, we

considered it as part of the SMOr, based on faunal rather than

geological affinities (Paniagua & Morrone, 2009). All range

sizes were constrained to be composed of at most two regions,

and the root age of the tree was that estimated in the beast

analyses. We constrained widespread ancestors to spatially

adjacent areas to exclude unrealistic ranges (e.g. northern

SMOc + SMS).

Species distribution modelling

We used Maxent 3.3.2 (Phillips et al., 2006) to reconstruct the

current and LGM climatic niches of C. pricei pricei and C. pricei

miquihuanus, because this outperformed other modelling

approaches (Elith et al., 2006). We used 59 geo-referenced

localities to construct the models (Appendix S3) based on data

from HerpNet (http://herpnet.org), published records with

GPS coordinates (Lemos-Espinal & Smith, 2007a,b), GPS

coordinates supplied by the collectors of our genetic samples,

and by plotting museum records with detailed localities on

Google Earth (http://earth.google.com). Records from Herp-

Net with geographic uncertainty greater than 5 km were

excluded. Detailed electronic state maps (http://

dgp.sct.gob.mx/index.php?id=440) were used to help locate

place names in Mexico. Occurrences were assigned to one of

three biogeographic regions (northern SMOc, southern SMOc

and northern SMOr), and distribution models were con-

structed for each region.

The initial models used 19 bioclimatic layers representing

current climatic trends, seasonality, and extremes of temper-

ature and precipitation. The data were clipped to cover most of

Mexico and part of the south-western United States (north-

western corner 38.83�, )118.04�; south-eastern corner 15.02�,

)94.25�). Initial distribution models were constructed using

values extracted from the grid cells of each bioclimatic layer

that contained at least one occurrence record. Two layers were

considered to be highly correlated when the Pearson’s

correlation coefficient was greater than 0.75 (Rissler et al.,

2006; Rissler & Apodaca, 2007). Layers highly correlated with

three or more other layers were omitted from subsequent

analysis, and only one layer between highly correlated pairs

was retained for subsequent Maxent runs. The final models

used the following nine bioclimatic layers: Bio1, annual mean

temperature; Bio2, mean diurnal range; Bio3, isothermality;

Bio6, minimum temperature of the coldest month; Bio8, mean

temperature of the wettest quarter; Bio9, mean temperature of

the driest quarter; Bio15, precipitation seasonality; Bio 16,

precipitation of the wettest quarter; and Bio17, precipitation of

the driest quarter.

We ran Maxent using logistic output, default settings and

random seeding. To test the robustness of the Maxent

models, we used cross-validation, dividing presence points into

five groups and running five iterations while using a different

group for each run. Thus, 20% of the presence points were

used as test points and 80% were used for training (Nogués-

Bravo, 2009). Model performance was evaluated using the

default method of determining the area under the receiver

operating characteristic curve.

The distribution models were projected onto simulated

climates for the LGM (c. 21 ka) derived from the Community

Climate System Model (Otto-Bliesner et al., 2006). Habitat

suitability was displayed in ArcGIS 9.2. (ESRI Inc., Redlands,

CA, USA, 2007) using two thresholds: the 10th percentile

training presence and lowest training presence thresholds. The

former used the lowest threshold value that did not predict the

most extreme 10% of the presence observations, assuming that

they may have represented recording errors or atypical climatic

conditions within a grid cell (Morueta-Holme et al., 2010).

The latter threshold only predicted grid cells at least as suitable

as those where presence had been recorded (Pearson et al.,

2007).

RESULTS

Sequence characteristics and maternal genealogy

The dataset consisted of 2406 aligned nucleotide positions.

Models of sequence evolution included HKY + G (ATPase 8,

R. W. Bryson Jr et al.
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tRNAs), GTR + I + G (ATPase 6), GTR + G (ND4), GTR + I

(12S) and HKY + I (16S). Nearly all nodes on the tree were

highly supported (Fig. 2), indicating that the suite of genes

used was adequate for resolving both interspecific and

intraspecific relationships. All sequences were deposited in

GenBank (accession numbers JN022789–JN022953).

Considerable geographic partitioning occurred within two

of the three species (Fig. 2). Crotalus pricei had two major

clades, with several geographically structured groups. The

p-distances between the two major clades averaged 2.4%. One

major clade consisted of C. pricei pricei from southern

Chihuahua northwards to Arizona. This clade was further

divided into four geographic groups. The second major clade

consisted of two geographically restricted groups of C. pricei

pricei from the SMOc south of Chihuahua, plus three groups

of C. pricei miquihuanus from the northern SMOr. Crotalus

intermedius had two geographic groups, one distributed along

the southern end of the SMOr and one within the SMS. The

p-distance between groups averaged 0.6%. The subspecies were

not composed of exclusive groups. Furthermore, one sample of

C. intermedius intermedius from the SMOr near the Puebla/

Oaxaca border (Ct170) nested within the SMS (Fig. 2),

suggesting either dispersal or incomplete lineage sorting.

Crotalus tancitarensis nested within C. transversus.

Divergence times and ancestral areas

The GTR + I + G model was selected for the beast analyses.

Dating estimates (Fig. 3, Table 1) suggested that diversification

in the C. intermedius group began in the late Neogene. Further

Sistrurus catenatus
Sistrurus miliarius

Ct243 transversus DF
Ct101 transversus MOR
Ct102 transversus MOR

Ct103 tancitarensis MICH
Ct132 tancitarensis MICH
Ct159 gloydi VER

Ct206 intermedius PUE
Ct232 intermedius PUE

R47 intermedius PUE
Ct169 gloydi OAX
Ct231 gloydi OAX
Ct170 intermedius PUE
Ct171 omiltemanus GRO
Ct166 omiltemanus GRO
Ct167 omiltemanus GRO

Ct177 pricei CHIH
Ct272 pricei CHIH
Ct175 pricei CHIH
Ct271 pricei CHIH

Ct106 pricei CHIH
Ct107 pricei CHIH
Ct180 pricei CHIH
Ct108 pricei CHIH

Ct130,131 pricei CHIH
Ct173 pricei CHIH

Ct270 pricei CHIH
Ct240 pricei AZ

Ct277 pricei AZ
Ct265 pricei AZ
Ct274 pricei AZ
Ct275 pricei AZ
Ct203 pricei AZ
Ct279 pricei AZ
Ct276 pricei AZ
Ct235 pricei DUR
Ct105 pricei DUR
Ct176 pricei DUR
Ct129 pricei DUR
Ct178 pricei DUR

Ct182 pricei DUR
Ct179 pricei DUR
Ct244 pricei DUR
Ct181 pricei DUR
Ct234 pricei DUR
Ct246 pricei DUR
Ct249 pricei DUR
Ct281 pricei JAL
Ct282 pricei JAL
Ct110 miquihuanus COAH
Ct236 miquihuanus COAH
Ct189 miquihuanus COAH
Ct186 miquihuanus COAH

Ct190 miquihuanus NL
Ct104 miquihuanus TAM
Ct214 miquihuanus TAM
Ct247 miquihuanus NL
Ct273 miquihuanus Morafka
Ct280 miquihuanus Morafka
Ct278 miquihuanus NL

0.05 sub./site

transversus
tancitarensis

intermedius

pricei

Crotalus intermedius group

TVB

southern
SMOr

SMS

southern
SMOc

northern
SMOc

northern
SMOr

I

II

III

IV

I

II

III

II

I

III

Figure 2 Maternal genealogy of the Crotalus intermedius species group based on mixed-model Bayesian inference of mitochondrial DNA

sequence data. Major geographic groups are indicated, and abbreviations refer to the biogeographic areas delineated in Fig. 3: northern

Sierra Madre Occidental (SMOc), southern SMOc, northern Sierra Madre Oriental (SMOr), southern SMOr, Transvolcanic Belt (TVB) and

Sierra Madre del Sur (SMS). Roman numerals indicate additional clades nested within geographic groups. All major nodes that received

‡ 95% Bayesian posterior probability support are depicted with black dots.
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geographic partitioning appeared to have been generated

during the Quaternary.

Optimal ancestral areas with the highest likelihood scores

and probabilities were identified at each node (Fig. 3).

Alternative ancestral areas within 2 log-likelihood units are

summarized in Table 1. Two nodes with alternative ancestral

areas (nodes 1 and 8) appeared unresolved; probabilities

between alternative reconstructions differed by less than 10%.

Initial diversification within the C. intermedius group (node 1)

occurred between the southern SMOc and either the TVB or

the southern SMOr. This was followed by a probable

northward dispersal into the northern SMOc from the

southern SMOc (node 4), and then an eastward dispersal

from the TVB to the southern SMOr (node 2). Subsequent

diversification in the SMOc may have involved either in situ

diversification in both the northern (node 5) and southern

(node 8) regions, or in situ diversification in the southern

SMOc followed by eastward dispersal into the northern SMOr

(node 8). Colonization of the SMS appeared to have occurred

through dispersal from the southern SMOr (node 3).

Figure 3 Biogeographic reconstruction based on dispersal–extinction–cladogenesis (DEC) modelling. Arrows show dispersal constraints

among geographically adjacent areas used to create the area adjacency matrix in the lower left corner. The inset shows the chronogram inferred

using Bayesian relaxed clock phylogenetic analyses for lineage divergences within the Crotalus intermedius species group. Optimal ancestral

areas with the highest likelihood scores and the highest probabilities are presented at each node. Alternative ancestral areas within 2 log-

likelihood units and estimated divergence dates for numbered nodes can be found in Table 1. Biogeographic areas are as follows: northern

Sierra Madre Occidental (SMOc), southern SMOc, northern Sierra Madre Oriental (SMOr), southern SMOr, Transvolcanic Belt (TVB) and

Sierra Madre del Sur (SMS). Localities of genetic samples used in study are overlaid on mixed pine–oak forests above 1900 m, shown in grey.

R. W. Bryson Jr et al.
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Species distribution modelling

All operating characteristic curve values were high (> 0.99)

for the three biogeographic regions, indicating that the

models performed better than random (Raes & ter Steege,

2007). The model for current climatic conditions in the

northern SMOc (Fig. 4a) obtained a core distribution

extending from the highlands of Durango to north-eastern

Sonora, with a scattering of disjunct suitable habitat in the

sky islands north of the SMOc. A few small disjunct patches

were predicted to occur along the TVB. The LGM model

(Fig. 4b) illustrated a similar core distribution, but no

suitable climate in the sky island region and an increase in

suitable climate in the TVB. Areas of highest suitability were

mostly centred within the core distribution in the northern

SMOc, which appeared to have remained geographically

stable since the LGM.

Models for the current southern SMOc (Fig. 4c) depicted a

large patch of suitable climate in the highlands of Durango that

overlapped habitat predicted as being suitable for the northern

SMOc. A few small patches of suitable area also occurred along

the TVB. The LGM model for the southern SMOc (Fig. 4d)

predicted a dramatic increase in areas with suitable climate. This

result differed from the LGM models for the northern SMOc.

The greatest increase occurred along the southern SMOc, the

Central Mexican Plateau and the TVB, effectively producing a

historical continuation of suitable climate between these

regions. Furthermore, a large disjunct area of high suitability

was predicted from the northern SMOr throughout the adjacent

high-elevation regions of central Coahuila and Nuevo León.

The model for the current distribution of C. pricei

miquihuanus (Fig. 4e) identified regions of suitable climate in

two main areas, the northern SMOr and eastern TVB. Isolated

patches of moderately suitable habitat extended westwards

from the SMOr into the northern Central Mexican Plateau.

The model for the LGM (Fig. 4f) extended the amount of

suitable habitat approximately 100 km to the west and 150 km

to the south along the northern Central Mexican Plateau.

Taken together, the species distribution models suggested

that habitat with climate suitable for C. pricei pricei and C. pricei

miquihuanus was contiguous in the Central Mexican Plateau

during the LGM and presumably during the many other glacial

periods. The models indicated that the current distributions of

the northern SMOc and southern SMOc overlap today about as

much as they did during the LGM. Current climatic conditions

favourable to C. pricei pricei (northern and southern SMOc)

and C. pricei miquihuanus did not overlap in the models.

DISCUSSION

Pleistocene pine–oak woodland connectivity

Most of the geographic partitioning of lineages within the

C. intermedius group appears to have been generated during

the Quaternary (Fig. 3; Table 1). The majority of presently

isolated populations are genetically similar (Fig. 2), and the

ancestral area reconstruction (Fig. 3) suggests several dispersal

events. Ephemeral Quaternary corridors across current montane

barriers may help to explain the lack of deep lineage structure

observed in co-distributed highland species. For example,

C. intermedius distributed along the SMS probably recently

dispersed into this region. Little discernible lineage structuring

occurs across the Rio Verde basin along the border of Oaxaca

and Guerrero. This basin is a well-characterized barrier to

dispersal for several highland taxa, including birds (Garcı́a-

Moreno et al., 2004; Navarro-Sigüenza et al., 2008; Puebla-

Olivares et al., 2008), small mammals (Edwards & Bradley,

2002) and other montane rattlesnakes (Bryson et al., 2011a).

Highland corridors across the Central Mexican Plateau

Interglacial periods, such as the current one, represent only

about 6% of the total duration of the Pleistocene (Van

Table 1 Estimated divergence dates within the Crotalus inter-

medius species group based on Bayesian relaxed phylogenetic

analyses of mitochondrial DNA sequence data. Numbers refer to

nodes identified in Fig. 2. Posterior mean ages and 95% highest

posterior density (HPD) intervals are provided in millions of years

ago (Ma). Ancestral areas reconstructed for each node are followed

by relative probability values. Area reconstruction at each node is

the split of areas inherited by the two descendant branches (upper

branch followed by lower branch). The optimal ancestral areas

with the highest probabilities were selected among the alternatives

and are presented in Fig. 3. Abbreviations are as follows: SMOc,

Sierra Madre Occidental; SMOr, Sierra Madre Oriental; TVB,

Transvolcanic Belt; SMS, Sierra Madre del Sur.

Node

Posterior

mean

age in Ma

(95% HPD) Ancestral area (relative probability)

1 5.2 (3.7–6.9) TVB/southern SMOc (0.34)

Southern SMOr/southern SMOc (0.26)

Southern SMOr/northern SMOr (0.12)

2 3.5 (2.1–5.1) TVB/southern SMOr (0.29)

Southern SMOr/southern SMOr (0.17)

TVB/SMS (0.15)

TVB/TVB (0.07)

Southern SMOr + TVB/southern SMOr (0.06)

Southern SMOc/southern SMOr (0.06)

3 0.9 (0.4–1.6) Southern SMOr/SMS (0.86)

4 2.6 (1.6–3.7) Northern SMOc/southern SMOc (0.65)

Northern SMOc/northern SMOr (0.12)

5 1.4 (0.8–2.1) Northern SMOc/northern SMOc (0.94)

6 1.1 (0.5–1.7) Northern SMOc/northern SMOc (0.99)

7 0.8 (0.3–1.3) Northern SMOc/northern SMOc (1.0)

8 1.2 (0.7–1.7) Southern SMOc/southern SMOc (0.50)

Southern SMOc/southern SMOc + northern

SMOr (0.47)

9 1.0 (0.5–1.5) Southern SMOc/southern SMOc (1.0)

10 0.7 (0.4–1.1) Southern SMOc/northern SMOr (0.93)

11 0.5 (0.2–0.8) Northern SMOr/northern SMOr (0.99)

12 0.4 (0.2–0.7) Northern SMOr/northern SMOr (1.0)
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Devender & Burgess, 1985). Many of the isolated biotas of the

Mexican highlands are ephemeral, and what we see today is

likely to be atypical of the Quaternary. The two taxa with the

greatest degree of geographic isolation, C. pricei pricei and

C. pricei miquihuanus, probably diverged in the Pleistocene

(Fig. 3; Table 1). Given that these two subspecies are isolated

by hundreds of kilometres of xeric habitat – the Chihuahuan

Desert and Central Mexican Plateau – these results are

somewhat perplexing. Recent divergence is postulated for a

variety of other disjunct highland taxa shared between the

SMOc and SMOr (Martin, 1958; Appendix S1), and we

provide the first genetic confirmation of the pattern. Previ-

ously estimated divergence dates for imbricate alligator lizards

(Zaldivar-Riverón et al., 2005) and Mexican jays (McCormack

et al., 2008, 2010) suggest splits that pre-date the Quaternary

glacial–interglacial cycles.

Several historical corridors of montane vegetation are

thought to have existed across central Mexico during the

LGM (Duellman, 1965; McCranie & Wilson, 1987; Fa &

Morales, 1993; McDonald, 1993). Because C. pricei is tightly
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(a) (b)

(c) (d)

(e) (f)

northern

SMOc

southern

SMOc

northern

SMOr

northern

SMOc

southern

SMOc

northern

SMOr Figure 4 Species distributions models for

Crotalus pricei pricei and C. pricei miquihu-

anus under current and Last Glacial Maxi-

mum (LGM, c. 21 ka) climate scenarios

based on three biogeographic regions:

northern Sierra Madre Occidental (SMOc),

southern SMOc, and northern Sierra Madre

Oriental (SMOr). (a) Northern SMOc, cur-

rent; (b) northern SMOc, LGM; (c) southern

SMOc, current; (d) southern SMOc, LGM;

(e) northern SMOr, current; (f) northern

SMOr, LGM. These taxa may have been

connected through pine–oak woodlands

across the northern Central Mexican Plateau

(circled) at the LGM.
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linked to highland pine–oak woodlands (Campbell & Lamar,

2004), its distribution serves as a proxy for that of pine–oak

forests. When projected onto LGM climates, the distribution

models for C. pricei (Fig. 4) provide evidence for the expansion

of pine–oak habitat across the Central Mexican Plateau.

Although the distribution of C. pricei pricei in the northern

SMOc appears little changed, with a predicted loss of habitat

only in the north, our models predict a dramatic expansion of

suitable habitat for C. pricei pricei in the southern SMOc. The

models for C. pricei miquihuanus in the SMOr also suggest an

expansion of suitable habitat across the Central Mexican

Plateau.

Our analyses support a Pleistocene divergence between

SMOc and SMOr for C. pricei as well as the existence of

montane vegetation corridors across central Mexico. Ancestral

area reconstruction predicts a probable dispersal of C. pricei

from the southern SMOc (Fig. 3; Table 1), although the route

into the SMOr remains uncertain. Distribution models

(Fig. 4d) predict little habitat connectivity between these

regions during the LGM. Therefore, it seems that C. pricei

dispersed into the northern SMOr prior to the LGM and then

reconnected with C. pricei in the southern SMOc through a

pine–oak corridor extending across the northern Central

Mexican Plateau. This scenario provides support for the

alternative ancestral area reconstruction at node 8 (Table 1).

The series of small isolated sierras with fragments of pine–oak

forest scattered across western San Luis Potosı́ may be

remnants of this connecting corridor.

Late Neogene diversification and the Mexican

highlands

In addition to Pleistocene fragmentation of pine–oak

habitats, it is likely that Neogene vicariance also affected the

C. intermedius group. The TVB is one of the predominant

geographic features of Mexico, and its uplift may be respon-

sible for diversification in the C. intermedius group and other

taxa (Mulcahy et al., 2006; Morrone, 2009, 2010; Bryson et al.,

2011a). Timing of the basal split in the C. intermedius group,

around 5 Ma (Fig. 3, Table 1), coincides with the primary,

Late Miocene orogenesis of the TVB (Rosas-Elguera et al.,

2003). This estimation is similar to dates for other groups,

including toads (4.2–7.6 Ma; Mulcahy & Mendelson, 2000),

heroine cichlids (4.7–8.7 Ma; Hulsey et al., 2004), Mexican

jays (4.4–9.4 Ma; McCormack et al., 2008), montane rattle-

snakes (5–8 Ma; Bryson et al., 2011a) and Middle American

gophersnakes (5.0–8.6 Ma; Bryson et al., 2011b). Furthermore,

ancestral area reconstruction suggests that diversification in

the C. intermedius group began after a TVB/southern SMOc

split.

Rattlesnakes in the TVB (C. transversus and C. tancitarensis)

appear to have diverged from C. intermedius sometime in the

Pliocene (Fig. 3; Table 1). The Balsas Basin, an arid lowland

depression between the TVB and SMS that formed in the

Pliocene and Pleistocene (Becerra & Venable, 1999; Marshall &

Liebherr, 2000), probably prevents southward dispersal from

the TVB. Ancestral area reconstruction suggests divergence

between species in the TVB and C. intermedius in the southern

SMOr. A similar history has been proposed for several other

co-distributed highland taxa (Sullivan et al., 1997; León-

Paniagua et al., 2007; Anducho-Reyes et al., 2008; Bryson

et al., 2011a).

CONCLUSIONS

Our examination of the matrilineal history of the C. interme-

dius group suggests that Pleistocene climate cycling played a

major role in driving lineage diversification. Taxa in this

species group are most often associated with montane

highlands such as pine–oak forests. Downward displacement

and subsequent expansions of highland vegetation across

Mexico during cooler glacial cycles, which occurred through-

out most of the Pleistocene, may have allowed dispersal, and

thus gene flow, between highland populations. Previously

isolated rattlesnakes and other co-distributed highland species

appear to have been reunited by the formation of new habitat

corridors. Populations of C. pricei presently isolated along the

northern Sierra Madres may have been in contact as recently as

the LGM. This finding suggests that, despite separation by

hundreds of kilometres of xeric habitat, the highland biotas of

the SMOc and SMOr were recently connected. This provides

the first genetic confirmation of previous hypotheses of

montane Pleistocene corridors across the Central Mexican

Plateau. In the age of genomics (Haussler et al., 2009),

maternal history remains an important tool for exploring the

genetic consequences of ecological history.
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Navarro-Sigüenza, A.G. (2008) Speciation in the emerald

toucanet (Aulacorhynchus prasinus) complex. The Auk, 125,

39–50.

Pyron, R.A. & Burbrink, F.T. (2009) Lineage diversification in

a widespread species: roles for niche divergence and con-

servatism in the common kingsnake, Lampropeltis getula.

Molecular Ecology, 18, 3443–3457.

Raes, N. & ter Steege, H. (2007) A null-model for significance

testing of presence only species distribution models. Eco-

graphy, 30, 727–736.

Ramamoorthy, T., Bye, R., Lot, A. & Fa, J. (1993) Biological

diversity of Mexico: origins and distribution. Oxford Univer-

sity Press, Oxford.

Rambaut, A. & Drummond, A.J. (2007) Tracer v1.4. Available

at: http://beast.bio.ed.ac.uk/Tracer.

Ree, R.H. & Smith, S.A. (2008) Maximum-likelihood inference

of geographic range evolution by dispersal, local extinction,

and cladogenesis. Systematic Biology, 57, 4–14.

Riddle, B.R., Hafner, D.J., Alexander, L.F. & Jaeger, J.R. (2000)

Cryptic vicariance in the historical assembly of a Baja

California peninsular desert biota. Proceedings of the

National Academy of Sciences USA, 97, 14438–14443.

Diversification of montane rattlesnakes

Journal of Biogeography 11
ª 2011 Blackwell Publishing Ltd



Rissler, L.J. & Apodaca, J.J. (2007) Adding more ecology into

species delimitation: ecological niche models and phylogeo-

graphy help define cryptic species in the black salamander

(Aneides flavipunctatus). Systematic Biology, 56, 924–942.

Rissler, L.J., Hijmans, R.J., Graham, C.H., Moritz, C. & Wake,

D.B. (2006) Phylogeographic lineages and species compari-

sons in conservation analysis: a case study of California

herpetofauna. The American Naturalist, 167, 655–666.

Ronquist, F. & Huelsenbeck, J.P. (2003) MrBayes 3: Bayesian

phylogenetic inference under mixed models. Bioinformatics,

19, 1572–1574.

Rosas-Elguera, J., Alva-Valdivia, L., Goguitchaichvili, A.,

Urrutia-Fucugauchi, J., Ortega-Rivera, M., Prieto, J. & Lee,

J. (2003) Counterclockwise rotation of the Michoacan

Block: implications for the tectonics of western Mexico.

International Geology Review, 45, 814–826.

Salinas-Moreno, Y., Mendoza-Correa, G., Barrios, M.A., Cisn-
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