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ABSTRACT

Aim We quantify the degree to which co-distributed snakes across the Cochise

Filter Barrier (CFB) have a shared history of population divergence and esti-

mate the timing of divergence for each taxon pair.

Location North America.

Methods A single locus dataset was collected (n = 747 individuals) for 12

snake taxon pairs. Phylogeographical structure was estimated for each taxon.

Redundancy analyses were used to assess the importance of geographical dis-

tance, climate and putative barriers to gene flow in structuring genetic diver-

sity. Hierarchical approximate Bayesian computation was used to estimate the

magnitude of synchronicity in divergence times across a well-documented phy-

logeographical barrier. Lastly, gene divergence and population divergence times

were estimated using multiple methods.

Results There is substantial phylogeographical structure in many of the snake

taxa, particularly at the CFB. A model containing distance, climate and barriers

explained the greatest amount of genetic variation in nearly all taxa. When

each variable was examined separately, climate explained the most variation.

The hABC model testing indicates that there is overwhelming support for asyn-

chronous phylogeographical histories within these co-distributed taxa. Esti-

mated divergence times range throughout the Quaternary and Neogene.

Main Conclusions We demonstrate that the 12 snake taxon pairs studied

here have diversified within the desert Southwest forming distinct Sonoran and

Chihuahuan populations, illustrating the importance of this region in driving

diversification in North American taxa. Although these groups exhibit the same

pattern of lineage formation, there is strong support for asynchronous diversifi-

cation and little concordance in divergence time estimates.
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INTRODUCTION

Climate and associated habitat change have acted as drivers

of species diversification and altered community composi-

tion, particularly during the glacial cycles of the Pleistocene

(Rand, 1948; Arbogast & Slowinski, 1998). The Pleistocene

species pump hypothesis (PSP) suggests that glacial advances

restricted sister populations in allopatric refugia resulting in

species divergence (Knowles, 2000; Weir & Schluter, 2004).

However, some studies suggest that species diversification

preceded the Pleistocene (Klicka & Zink, 1997; Zink et al.,

2004). Despite the timing of species diversification, many

taxa were displaced from much of their current distributions

while tracking suitable habitat as glaciers repeatedly advanced

and retreated during the Pleistocene (Hewitt, 2000). There-

fore, it might be expected that there are concerted phylogeo-

graphical patterns within co-distributed species (Arbogast &

Kenagy, 2001). These concordant patterns might also extend

to a single pulse of diversification across multiple population

pairs spanning the same barrier to gene flow. Evidence
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against this has been reported, where divergence times are

not shared but rather the observed phylogeographical pat-

terns are the result of various processes occurring at different

times (Soltis et al., 2006).

The Cochise filter barrier (CFB, a region that coincides

with the Western Continental Divide; Fig. 1), which is an

ecotonal area between the Sonoran and Chihuahuan Deserts,

has been recognized as a region promoting lineage diver-

gence, a suture zone between recently diverged taxa, and a

filter barrier between the two deserts (Remington, 1968;

Morafka, 1977; Zink et al., 2001). Palaeo-niche models and

fossil pollen data suggest this region would have been inhos-

pitable to desert-adapted taxa during the Last Glacial Maxi-

mum (Thompson & Anderson, 2000; Rebernig et al., 2010;

Zink, 2014). The PSP hypothesis would be supported if gla-

cial-pluvial cycles were driving ecologically-mediated diver-

gence (Riddle & Hafner, 2006; Pyron & Burbrink, 2010).

However, it is possible that divergence at the CFB is older

than the Pleistocene, particularly given the initial desertifica-

tion in the Pliocene and the uplift of the Sierra Madre Occi-

dental during the Miocene (Riddle & Hafner, 2006; Wilson

& Pitts, 2010a).

Despite numerous phylogeographical studies at the CFB

(Zink et al., 2001; Pyron & Burbrink, 2010), it remains

unclear how the spatial genetic structure of organisms across

the community was formed by the combined effects of isola-

tion by distance, environmental heterogeneity, or other barri-

ers to gene flow. Geographic features might explain spatial

genetic structure (Sexton 2014); across the southwestern

deserts we might expect divergence to be correlated with

sampling locality east or west of the CFB or for genetic

diversity to be negatively correlated with longitude. Alterna-

tively, genetic similarity might be a function of geographical

distance between populations, resulting in a pattern of isola-

tion by distance (Wright, 1943). Population differentiation

could also be due to local adaptation to abiotic factors such

as climate (Sexton et al., 2014). Therefore, it is important to

understand how each of these variables influence patterns of

gene flow and maintain divergent lineages across communi-

ties. A comparative phylogeographical approach provides the

necessary data to address both the PSP hypothesis while also

addressing what variables correlate with genetic diversity.

Herein, we investigate the phylogeographical history of 12

species of snakes co-distributed across arid western North

Sonoran Desert

Chihuahuan Desert

Sierra M
adre O

ccidental

Figure 1 Map of focal region illustrating the Sonoran and Chihuahuan Deserts in tan and the Sierra Madre Occidental. The Western
Continental Divide is highlighted in black.
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America. The focal taxa occupy similar environments, how-

ever, they differ in important ecological characteristics such

as body size, dispersal capabilities and microhabitat prefer-

ences (Ernst & Ernst, 2003). Five of these species groups

have structured populations at the CFB, and many of these

lineages have been elevated to species-level status (Devitt,

2006; Castoe et al., 2007; Mulcahy, 2008; Pyron & Burbrink,

2009; Bryson et al., 2011; Anderson & Greenbaum, 2012;

Schield et al., 2015). We ask if all 12 species groups have the

same determinants of spatial genetic diversity and if genetic

diversity is correlated with particular environmental vari-

ables, given this scenario we might also expect that sister

populations within these species have clustered divergence

times. Alternatively, if genetic diversity among taxa is corre-

lated with different variables, then we would expect that they

have heterogeneous divergence times and pseudo-congruent

phylogeographical histories. We use hierarchical approximate

Bayesian computation (hABC) to explicitly model the

stochasticity associated with mutation and gene-tree coales-

cence while allowing species-specific parameters to vary to

assess support for a clustering of divergence times. Diver-

gence times based on gene-tree divergence and population

divergence are then estimated using a number of methods.

MATERIALS AND METHODS

Study taxa and genetic data

Our focal community consists of 12 snake species that span

the CFB (Table 1: the use of nominate species names does

not indicate that we disagree with previous species delimita-

tion analyses). Samples were taken from across the distribu-

tion of these taxa; however, collecting was focused largely in

the Sonoran and Chihuahuan Deserts within the USA. In

several instances, sequences from previous studies were

downloaded from Genbank (Devitt, 2006; Mulcahy, 2008;

Pyron & Burbrink, 2009; Anderson & Greenbaum, 2012) and

incorporated into this project. DNA was extracted from tis-

sue with Qiagen DNeasy kits, and the mitochondrial cyto-

chrome b (cytb) locus was amplified via PCR using primers

H16064 and L14910 (Burbrink et al., 2000). PCR products

were cleaned using Exo-Sap-IT (USB Corporation, Santa

Clara, CA, USA) and sequenced in the forward direction

with the L14919 primer (Burbrink et al., 2000). All sequences

were aligned in Geneious using MUSCLE with default

parameters and translated to amino acid sequences to ensure

an open-reading frame.

Gene-tree estimation

To assess phylogeographical structure and gene divergence

times within each taxon, gene trees were generated using

Bayesian inference in beast 1.8.0 (Drummond et al., 2012).

Each tree was rooted with an appropriate outgroup (see

Appendix S1 in Supporting Information). The best-fit

model of sequence evolution based on AIC was determined

using jModeltest2 (Darriba et al., 2012). Best-fit models

were implemented in gene-tree estimation, with a constant

population size prior, and a molecular clock rate of

1.34 9 10�8. This mutation rate was chosen based on fossil

calibrated divergence time estimates for both cytb and ND4

in colubroid snakes (Daza et al., 2009); importantly, the

95% CI of this estimate broadly overlaps with other esti-

mated mtDNA mutation rates in snakes and therefore is

not significantly different from other estimated rates

(Zamudio & Greene, 1997; Burbrink et al., 2011). Analyses

were run for between 106 and 25 9 107 generations, with

the first 10% of samples discarded as burn-in. Two beast

runs were conducted with random starting seeds to ensure

Markov chain Monte Carlo (MCMC) chains were converg-

ing on similar parameter estimates.

Tests of association with genetic structure

We used redundancy analyses (RDA), a method that tests

how much variation in a set of variables is predicted by the

variation in another set of variables allowing us to test for

correlation between genetic diversity and several abiotic vari-

ables. This method can be used to test for correlations while

bypassing statistical problems with distance measures using

standard Mantel tests (Kierepka & Latch, 2015). A normal-

ized genetic distance matrix was created from sequence data

for each taxon, which was then subjected to a principal coor-

dinate analysis (PCoA). Current climate variables interpo-

lated at 2.5 arc-min resolution were obtained from the

WorldClim database (Hijmans et al., 2005), and data at sam-

pling localities were extracted. Isothermality and temperature

annual range were excluded because they were derived from

combinations of existing variables in this dataset. The Wes-

tern Continental Divide (WCD) is often identified as the

barrier responsible for lineage formation in this region (Cas-

toe et al., 2007); we use this distinction here and determine

populations based on sampling localities of individuals east

or west of the WCD (USGS, 2002). PCoA matrices of genetic

distance were used as response variables, where geographical

distances between collecting localities, current climate and

location east or west of the WCD were used as explanatory

variables. Each of these variables could be confounded by the

others, thus analyses of single variables were conditioned on

the remaining variables (e.g., when a correlation between

genetic variation and distance is estimated, climate and the

effect of the barrier are controlled). We conducted seven

analyses, where predictions of genetic structure were tested

using geographical distance, current climate, a geographical

barrier, or all combinations of these and a full model with

all variables. These analyses return an r2 value where statisti-

cal significance can be assessed using an ANOVA. To con-

duct these analyses, we used the R packages ‘raster’,

‘rworldmap’, ‘rgdal’, ‘ape’ and ‘vegan’ (Paradis et al., 2004;

Keitt et al., 2011; South, 2011; Hijmans & van Etten, 2012;

Oksanen et al., 2007; R scripts and an example have been

deposited on Dryad: doi:10.5061/dryad.74mn5).
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Test of selection

Any correlation between genetic variation and the variables

tested above might suggest that the locus is under selection.

We tested for a signature of positive selection using Tajima’s

D (Tajima, 1989) in DnaSP 5.10.1 (Rozas et al., 2003), by

calculating this summary statistic for both synonymous and

non-synonymous sites separately. Purifying selection is

expected to result in significantly negative values of non-

synonymous sites only, whereas a result of negative values

for both synonymous and non-synonymous sites is sugges-

tive of recent population expansion (Hahn et al., 2002).

Test of synchronous divergence

The hABC software pipeline msBayes was used to test for

synchronous divergence among the 12 population pairs

(Huang et al., 2011). This analysis was conducted using two

different population assignments: (1) individuals were

assigned to populations based on gene-tree monophyly

regardless of sampling location and (2) population assign-

ment based on sampling locality with respect to the WCD

rather than based on the criteria of strict reciprocal mono-

phyly. For both analyses, 1000 samples from the posterior

distribution of the hyperparameter Ω, the ratio of variance

to the mean in divergence times, were obtained using rejec-

tion sampling 3 9 106 simulated draws from the prior gen-

erated by msBayes followed by a post acceptance adjustment

using local linear regression (Beaumont et al., 2002).

The power of msBayes in detecting variation in divergence

times has been called into question (Oaks et al., 2012, 2014)

even though empirical inferences of synchronous divergence

is rarely a result (Hickerson et al., 2014). These papers

demonstrate that msBayes can underestimate the number of

co-divergence events (Ψ) at shallow time-scales. First, this

bias occurs due to insufficient prior sampling arising from

the use of unnecessarily wide priors, resulting in an under-

sampling of non-simultaneous divergence histories within

the time-scale of divergence times with higher likelihood

(Hickerson et al., 2014). Second, this bias becomes negligible

if one uses estimates of the dispersion index of population

divergence times (Ω) rather than Ψ (Hickerson et al., 2014).

Although Ψ is used to structure the hABC model, unlike Ω,
it is not well correlated with the variability in divergence

times. For example, Ψ = 8 could generate less variability

than a history of Ψ = 2 if the former consists of eight tightly

clustered divergence times, while the latter consists of two

pulses of divergence separated by millions of years. Further-

more, the reported bias is towards a result of synchronous

divergence such that an inference of asynchronous divergence

across taxon pairs, especially at recent time-scales, is likely a

conservative result. Lastly, power analyses with priors on

population divergence times informed by gene divergence

times has demonstrated that msBayes correctly rejects simul-

taneous divergence with low error rates even with narrowly

spaced divergence times, thus analyses should not suffer from

model misspecification (Hickerson et al., 2014).

Demographical inference based on single locus data can

be precarious because of coalescent variance (Edwards &

Beerli, 2000). Hierarchical models can incorporate such

stochasticity across taxa by combining datasets into a single

analysis, thus gaining ‘borrowing strength’ (Xue & Hicker-

son, 2015). Therefore, power is gained by making inferences

across species by pooling the data without making the

assumption that these data come from the same population

sizes, divergence times or population size changes (Beau-

mont & Rannala, 2004). This allows for estimation across

species parameter congruence while borrowing strength from

the entire phylogeographical sample, effectively increasing

the sample size.

Divergence time estimation

In addition to the above beast divergence time estimates, a

point estimate of divergence time was calculated by dividing

pnet by a rate of 1.34 9 10�8 mutations/site/year (Daza

et al., 2009), where pnet was calculated from the msBayes

pipeline. Furthermore, estimates of divergence time between

taxon pairs were estimated using Bpp 3.1 (Yang & Rannala,

2014). Individuals were again divided in to populations

based on (1) sampling locality and (2) on gene-tree mono-

phyly. This method uses the multispecies coalescent to esti-

mate parameters in a Bayesian framework accounting for

incomplete lineage sorting (Yang & Rannala, 2014). Priors

on the population size parameters (h’s) were given a gamma

distribution with shape parameters from Watterson’s h sum-

mary statistic calculated using msBayes. Divergence time (s)
for each taxon pair was also assigned a gamma prior. Where

possible, these were based on previous estimates from phylo-

geographical studies (Table 1: Castoe et al., 2007; Mulcahy &

Macey, 2009; Pyron & Burbrink, 2009; Bryson et al., 2011;

Anderson & Greenbaum, 2012). However, if prior informa-

tion was unavailable, we selected priors by conducting pre-

liminary runs; here each population pair was run with s
priors of G(2, 500) (deeper divergence) with a mean of 0.004

and then with G(2, 2000) (shallower divergence) with a

mean of 0.001. These s estimates were checked to ensure that

the prior means were realistic for the data and a reasonable

prior was then selected for longer runs (Table 1). Analyses

were run for 1 9 106 generations following a burn in of

1 9 105 with a sampling frequency of 5. Each analysis was

run three separate times to ensure consistency among param-

eter estimation. s was converted to absolute time following

Burgess & Yang (2008) with a mutation rate of 1.34 9 10�8

mutations/site/year. Tracer 1.6 (Rambaut et al., 2014) was

used to examine the trace plots of s and Θ parameters to

ensure that stationarity had been reached. Additionally, the

sensitivity of our results to assumptions on mutation rates

was explored using a range of mutation rates from the litera-

ture (Appendix S2).
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RESULTS

Genetic data and gene-tree estimates

The mean number of samples/species was 62.25 (range: 20–
132; Table 1). The new DNA sequence data consisted of 445

cytb sequences, plus an additional 302 sequences from Gen-

bank (two of these datasets were ND4; Devitt, 2006; Mulc-

ahy, 2008) for a total of 747 sequences. All new sequences

have been accessioned to Genbank (No. KX835536 -

KX835995, see Appendix S1).

All ESS values were > 200 for all beast gene-tree esti-

mates. The multiple runs within each taxon converged on

similar topologies and divergence times; tree files have been

submitted to Dryad (accession: doi:10.5061/dryad.74mn5).

Our gene-tree estimates revealed a division in nearly all taxa

at the CFB, with lineages largely found east or west of the

WCD (Fig. 2). The only exception to this is the Trimor-

phodon biscutatus species complex, where the two deserts are

not reciprocally monophyletic (Devitt, 2006). The topologies

of these gene-tree estimates are similar to studies examining

the phylogeography of some of these taxa (Devitt, 2006; Cas-

toe et al., 2007; Mulcahy, 2008; Pyron & Burbrink, 2009;

Anderson & Greenbaum, 2012; Schield et al., 2015). Here,

we show that Arizona elegans, Crotalus scutulatus, Rhinochei-

lus lecontei, Salvadora hexalepis and Thamnophis marcianus

have also diverged across the CFB. The only species for

which there was geographical overlap in the two lineages are

Crotalus atrox and Lampropeltis getula (Fig. 2).

Several taxa with wider geographical distributions reveal

additional phylogeographical structure associated with geog-

raphy (Fig. 2). Crotalus scutulatus shows shallow population

structure east and west of the CFB with an additional lineage

in the Mexican states of Tamaulipas and Veracruz. There are

four mtDNA lineages within A. elegans corresponding to an

eastern lineage throughout Texas, Oklahoma and Kansas, a

lineage in New Mexico south to Coahuila, a lineage west of

the CFB through to California and a lineage distributed in

Baja California. Rhinocheilus lecontei shows population struc-

ture from western Texas into Kansas, a western Texas and

New Mexico clade, a lineage endemic to the CFB region, a

lineage west of the CFB into California and a lineage in the

Central Valley of California. There are also four lineages

within Pituophis catenifer, an eastern lineage occurring within

most of Texas and Oklahoma, a lineage east of the CFB in

central Mexico and New Mexico north into Colorado, a

Sonoran lineage west of the CFB and a widespread group in

peninsular Baja California, California, Utah and Oregon. We

do not always find that the lineages east and west of the CFB

are most closely related, yet lineage divergence across this

barrier indicates that this diversification event would have

occurred earlier than subsequent divergence events (e.g. in

A. elegans).

The mode divergence times from beast ranged from 1.47

to 6.99 Ma. When including the 95% highest posterior den-

sities (HPDs), these results suggest that diversification across

the CFB has occurred multiple times ranging from the late

Miocene to the late Pleistocene. Importantly, the 95% HPDs

of the most recently diverged populations do not overlap

with more ancient population divergence times (Table 1).

For example, T. marcianus (95% HPD: 0.18–0.88 Ma), C.

scutulatus (0. 752–2.39 Ma) and R. lecontei (1.15–2.28 Ma)

do not overlap with A. elegans (2.58–5.99 Ma), H. torquata

(4.04–11.6 Ma) and M. flagellum (4.26–8.86 Ma).

Explanatory variables of genetic variation

The RDA analyses show that in nearly all taxa, a full model

incorporating geographical distance, climatic conditions and

sampling locality captures the greatest amount of genetic

variance (Appendix S1). Two species deviate from this pat-

tern: R. lecontei, where genetic diversity is most highly corre-

lated with climate, and T. marcianus, which does not show

any correlation with the three variables. The amount of

genetic variance that is contributed to the full model ranges

from 3.24% to 78.7%, geographical distance explains up to

18.4%, climate contributes to 1.2–62.7% and sampling local-

ity explains up to 13.7% of the genetic variation.

Test of synchronous divergence

There is no posterior support for synchronous divergence, sug-

gesting that diversification at the CFB can be attributed to

multiple historical events. The estimated dispersion index of

divergence times, Ω, for both msBayes analyses does not sam-

ple 0, a value indicative of complete co-occurring divergence.

The mean of this estimate where populations are based on

locality is 0.41 (highest posterior density, HPD = 0.29–0.53),
whereas the mean estimate based on monophyly is 0.30

(HPD = 0.21–0.40). There is uncertainty in the estimate of Ψ,
the number of divergence events, with the highest posterior

support for two divergences times (PP = 0.34) when based on

locality, and eight divergence times (PP = 0.22) when based

on monophyly. However, the posterior never samples a Ψ = 1

in either analysis; thus, there is strong support for multiple his-

torical events driving divergence between the Sonoran and

Chihuahuan Desert population pairs.

Tests of selection

Both Crotalus atrox and C. scutulatus have significantly nega-

tive Tajima’s D values at non-synonymous sites, suggesting

Figure 2 Representative photos, rooted Bayesian inference gene-trees and geographical distributions of lineages within North America.

Species are as follows: (a) Arizona elegans, (b) Crotalus atrox, (c) Crotalus molossus, (d) Crotalus scutulatus, (e) Hypsiglena torquata, (f)
Lampropeltis getula, (g) Masticophis flagellum, (h) Pituophis catenifer, (i) Rhinocheilus lecontei, (j) Salvadora hexalepis, (k) Thamnophis

marcianus, (l) Trimorphodon biscutatus (photo credits: EAM).
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Figure 2 Continued.
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that the cytb locus has experienced purifying selection. Two

other taxa (H. torquata and L. getula) have negative Tajima’s

D values at non-synonymous sites with low but non-signifi-

cant P-values. All other estimated Tajima’s D values are non-

significant at both synonymous and non-synonymous sites

(Appendix S1).

Divergence time estimates

Parameter estimates were congruent among the replicate Bpp

runs (coefficient of variation in mode divergence time esti-

mates ranged from 0.003 to 0.10) with moderate to large

ESS values (range = 30–5552) suggesting the MCMC analyses

had converged. Furthermore, plots of s and Θ in tracer

v1.6 (Rambaut et al., 2014) indicated that stationarity had

been reached. The mode divergence times of the population

pairs based on geographical sampling ranged from 270 Ka to

4.9 Ma with considerable variance in each estimate and over-

lap in most, but not all, of the 95% HPDs (Fig. 3; Table 1).

For example, the Salvadora hexalepis and Hypsiglena torquata

species complexes do not overlap in the distributions of esti-

mated divergence times. Estimated divergence times from

Bpp runs where populations are based on monophyly range

from 490 Ka to 18.5 Ma; again there are non-overlapping

HPD distributions that do not overlap in estimated diver-

gence times (Table 1). The estimates based on monophyly

are generally older than those based on geographically

assigned populations, and in some cases substantially older

(i.e. H. torquata; Table 1). Point estimates based on the pnet
summary statistic were generally within the 95% HPDs of

the Bpp and Beast divergence time estimates and ranged

from 17 Ka to 4.22 Ma when populations are based on geog-

raphy and 475 Ka–7.22 Ma when individuals are assigned to

populations based on monophyly. The taxon pairs that have

been elevated to full species status are not older than species

pairs that are classified as the same species. The oldest

diverged populations are found within Hypsiglena and have

been elevated to species (Mulcahy, 2008), and the most

recently diverged populations found within Trimorphodon,

have also been split into distinct species (Devitt et al., 2008).

These results are consistent with msBayes suggesting that

diversification across the CFB is the result of multiple histor-

ical events.

DISCUSSION

Populations of most species of snakes are structured at the

CFB into the Chihuahuan and Sonoran Deserts; we found

reciprocally monophyletic lineages in 11 of the 12 study taxa

(not Trimorphodon, Fig. 2; Devitt, 2006). However, there is

likely not a single cause driving this diversification. After

rejecting a history of simultaneous divergence, we can discount

0

1000

2000

3000

4000

0 1 2
MYA

Taxon
Arizona elegans

Masticophis flagellum

Crotalus atrox

Crotalus molossus

Crotalus scutulatus

Hypsiglena torquata

Lampropeltis getula

Pituophis catenifer

Rhinocheilus lecontei

Salvadora hexalepis

Thamnophis marcianus

Trimorphodon biscutatus

3 4 50 2 4 6 8 10 12 14 16 18 20 22

(a) (b)

0

1000

2000

3000

MYA

P
os

te
rio

r D
en

si
ty

Figure 3 Divergence time estimates. (a) Posterior distribution of divergence times for all taxa from Bpp when populations are defined by
gene-tree monophyly (not that T. biscutatus is missing from this analysis because this taxon is not monophyletic between the two deserts);

(b) posterior distribution of divergence times from Bpp when populations are defined by sampling locality east or west of the WCD.
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that variation arose by purely stochastic means; multiple vari-

ables (e.g., distance, climate and geographical barriers) explain

genetic divergence, although these vary in magnitude across

co-distributed species. Similarly, over broad geographical

scales both climate and distance explain species turnover and

phylogenetic diversity of snake communities (Burbrink &

Myers, 2015). Locality, east or west of the WCD, and geo-

graphical distance explained approximately equal proportions

of genetic diversity, whereas current climate explains the great-

est amount of pairwise genetic divergence in 10 of the 12 study

species (excluding Thamnophis marcianus and Crotalus molos-

sus). It has been suggested that most genetic structure between

populations is due to isolation by ecology, a pattern that could

arise via natural selection leading to non-random gene flow

(Sexton et al., 2014; Zink, 2014). It is possible that divergent

natural selection is maintaining these lineages at the CFB in

their respective desert biome. However, by testing for the sig-

nature of purifying selection, we find that only two species (C.

atrox and C. scutulatus) exhibit a signature of selection within

the locus examined here; the other 10 species do not show this

pattern.

Consistent with climate and distance being the main factors

structuring genetic diversity and there being no parallel

response in being located east or west of the CFB, we found no

support for synchronous divergence among taxon pairs based

on two different population assignments. Instead, there are

heterogeneous patterns in population divergence, where multi-

ple historical events have been responsible for promoting

divergence and maintaining isolation between the Sonoran

and Chihuahuan Deserts. By using an approach that accom-

modates coalescent stochasticity and demographical variability

across taxa, we find strong support for multiple divergence

events, where Ψ = 1 is never sampled in the posterior. We

exercise caution and do not overinterpret Ψ beyond simply

inferring asynchronous divergence (Hickerson et al., 2014),

which is also reflected in the estimate of the dispersion index

of divergence times (Ω) and is more accurately estimated by

msBayes (Stone et al., 2012). The posterior sample of Ω ran-

ged from 0.29 to 0.53 when populations were partitioned by

the WCD and 0.21–0.40 when populations were defined by

gene-tree monophyly, indicating that the divergence events

have occurred across a wide range of time.

Asynchronous diversification is supported within this

assemblage at the CFB, although the timing of each event is

uncertain. The summary statistic pnet was used to derive a

point estimate of population divergence time, beast esti-

mated gene divergence times, and Bpp was used to model

the multi-species coalescent. This resulted in five estimates of

divergence time, including both population and gene diver-

gences, for the 12 taxon pairs. When considering all meth-

ods, the times of gene and population divergence both range

from the late Pleistocene to the mid-Miocene, yet each

method resulted in a different estimate for each taxon pair

(Table 1). This is unsurprising given that the underlying

assumptions of the models are very different: the pnet
method estimates population divergence time while

accounting for ancestral polymorphism from estimates of

extant polymorphism (Nei & Li, 1979), beast estimates gene

divergence times, while Bpp accounts for incomplete lineage

sorting under a likelihood-based statistical model. The confi-

dence intervals of our estimates do overlap with previous

divergence time estimates in C. atrox (Castoe et al., 2007), L.

getula (Pyron & Burbrink, 2009), Pituophis (Bryson et al.,

2011), Hypsiglena (Mulcahy & Macey, 2009) and C. molossus

(Anderson & Greenbaum, 2012). Because increasing the

number of loci reduces confidence intervals around parame-

ter estimates (Felsenstein, 2006; Robinson et al., 2014),

future studies should increase the sampling of the genome to

better determine the timing of divergence events across the

CFB.

The discrepancies observed in our estimated divergence

times could arise from the assumed mutation rate and/or

migration as well as the fact that gene and population diver-

gence times are expected to be different due to ancestral

polymorphism under an isolation model (Edwards & Beerli,

2000). Finding an applicable mutation rate across taxa is dif-

ficult because of rate heterogeneity (Gillooly et al., 2005).

The rate we implemented was derived from the same loci

used in this study and was estimated from a fossil calibrated

phylogeny that included representatives of many of the major

Colubroid families (Daza et al., 2009), and broadly overlaps

with other estimated rates within snakes (Zamudio &

Greene, 1997; Burbrink et al., 2011; see Appendix S2 for

uncertainty in mutation rates). Furthermore, gene flow

between these lineages could be high within some taxon

pairs. For example, the C. atrox lineages that overlap across a

large geographical region might show extensive gene flow,

however, none of the methods parameterize migration and

using a single locus will provide poor estimates of this

parameter (Robinson et al., 2014). If migration had occurred

and was ignored, the estimated divergence times would be

younger than the actual timing (Leach�e et al., 2013).

The CFB is a broad region associated with population

divergence across multiple taxonomic groups, and therefore,

the mesquite-grassland ecotone between the Chihuahuan and

Sonoran Deserts may not represent a single specific area

driving divergence. Using the WCD as the barrier to divide

samples into populations may be too strict, resulting in pop-

ulations of mixed ancestry. We avoided this potential pitfall

by analysing the data in a two ways, where populations were

based on sampling locality and where populations were based

on gene-tree monophyly. Irrespective of population assign-

ment strategy, our model-based inference for a single pulse

of divergence resulted in a strong signal of multiple waves of

diversification. The same is true for divergence time esti-

mates from Bpp and beast, where the confidence intervals

of the most recent and ancient divergence times do not over-

lap, strongly suggesting that there have been multiple vicari-

ance events between the Chihuahuan and Sonoran Deserts

(Fig. 3). It is also possible that the CFB is maintaining diver-

gences caused by unrelated geologic events; for example in

A. elegans, lineage divergence might have been associated
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with the development of the Baja peninsula and these non-

sister lineages are now in contact at the CFB, a similar situa-

tion could have occurred in the diversification of the R. le-

contei group.

It is likely that the cyclic nature of climatic fluctuations dur-

ing the Quaternary as well as the secondary uplift of the Sierra

Madre Occidental during the Neogene (Wilson & Pitts, 2010a)

were responsible for lineage formation within this region. Cli-

matic cycles with large-scale fluctuations in global and regional

temperatures have occurred throughout Earth’s history (Dyne-

sius & Jansson, 2000), resulting in restructuring of habitats.

Palaeontological studies indicate that composition of biologi-

cal communities during the Pleistocene has no modern ana-

logues and it is likely that individual species responded

independently to environmental changes (Whittaker, 1967),

further highlighting species-specific ecological tolerances and

historical distributions supported in comparative phylogeo-

graphical studies (e.g. Papadopoulou & Knowles, 2015).

The absence of a single time of divergence is evident from

other comparative phylogeographical studies that have tested

for shared vicariance among co-distributed taxon pairs. A

common finding is asynchronous divergence across a large

number of taxon pairs (Chan et al., 2011), but when subsets

of taxa are analysed, a result of simultaneous divergence is

sometimes recovered (Chan et al., 2011; Papadopoulou &

Knowles, 2015). However, these studies neglect to focus on

Ω, the dispersion index of divergence times, a hyperparame-

ter that has been shown to robustly characterize variability in

population divergence times (Hickerson et al., 2014). Second,

smaller taxon sampling will inherently involve sets of taxa

with less variability in divergence times because of smaller

sample sizes. However, there may be less statistical power to

reject the incorrect history given that smaller samples sizes

yield a weaker statistical borrowing strength (Xue & Hicker-

son, 2015).

Concordance inferred from smaller subsets of species

assemblages could be mediated by species-specific ecological

traits, for example, particular habitat associations may allow

for persistence of local populations across a landscape thus

influencing population connectivity (Papadopoulou &

Knowles, 2015). This has been demonstrated in Neotropical

birds where ecology may predict population history, with

understory species having older divergence times than

canopy taxa (Smith et al., 2014). Ecologically mediated

vicariance likely acts periodically through time and influences

species independently due to a combination of species-speci-

fic ecological preferences and resulting differential extents of

the habitat change occurring at the barrier (Pyron & Bur-

brink, 2010). This is likely the case at the CFB, where popu-

lations have diverged at different times; future studies

incorporating palaeo-niche modelling could address how

these co-distributed taxa have shifted their distributions over

time (e.g. Zink, 2014).

Many other taxonomic groups exhibit population genetic

structure between the Sonoran and Chihuahuan Deserts,

including vertebrates (Zink et al., 2001; Pyron & Burbrink,

2010), invertebrates (Wilson & Pitts, 2010b) and plants

(Rebernig et al., 2010). Furthermore, research on sand dune

(insects and Uma lizards) and aquatic habitat specialists

(snails and pupfish) across arid North America suggest that

no one single geological event is responsible for current dis-

tributions and biogeographical patterns (Van Dam &

Matzke, 2016). Such a diverse array of taxonomic groups

would likely show an even greater disparity in the number

and timing of diversification events across this region.

However, no current methods permit this level of commu-

nity sampling of taxa for phylogeographical investigation.

Further studies of widespread groups will likely reveal addi-

tional taxa that have diversified across the CFB. Given the

results of previous studies as well as those presented here, it

is clear that this region is responsible for repeatedly causing

divergence between populations of co-distributed species,

highlighting the importance of this region in generating the

biodiversity of North America.
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