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Abstract

Glacial-interglacial cycles of the Pleistocene are hypothesized as one of the foremost
contributors to biological diversification. This is especially true for cold-adapted
montane species, where range shifts have had a pronounced effect on population-level
divergence. Gartersnakes of the Thamnophis rufipunctatus species complex are restricted
to cold headwater streams in the highlands of the Sierra Madre Occidental and
southwestern USA. We used coalescent and multilocus phylogenetic approaches to test
whether genetic diversification of this montane-restricted species complex is consistent
with two prevailing models of range fluctuation for species affected by Pleistocene
climate changes. Our concatenated nuDNA and multilocus species analyses recovered
evidence for the persistence of multiple lineages that are restricted geographically,
despite a mtDNA signature consistent with either more recent connectivity (and
introgression) or recent expansion (and incomplete lineage sorting). Divergence times
estimated using a relaxed molecular clock and fossil calibrations fall within the Late
Pleistocene, and zero gene flow scenarios among current geographically isolated lineages
could not be rejected. These results suggest that increased climate shifts in the Late
Pleistocene have driven diversification and current range retraction patterns and that the
differences between markers reflect the stochasticity of gene lineages (i.e. ancestral
polymorphism) rather than gene flow and introgression. These results have important
implications for the conservation of T. rufipunctatus (sensu novo), which is restricted to
two drainage systems in the southwestern US and has undergone a recent and dramatic
decline.
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Introduction

The influence of Pleistocene glaciations on species dis-
tributions and patterns of divergence in North America
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has been the subject of intense interest (Hewitt 1996,
2000). Repeated glacial-interglacial cycling strongly
influenced the Pleistocene climate, and these climatic
fluctuations have drastically altered species distribu-
tions and genetic diversification (Avise 2000; Hewitt
2000). The general pattern for North American temper-
ate taxa indicates displacement and fragmentation of
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species distributions into more southern glacial refugia
because of advancing ice sheets, followed by range
expansions northward during warmer interglacial peri-
ods as ice sheets contracted. Consequently, the contem-
porary distributions of many species at northerly
latitudes in North America are a result of colonization
from southern refugia over the past 10-20 000 years.
Challenging this model, patterns from recent investiga-
tions across the intermontane west of North America
have varied considerably between species, presumably
due to the heterogeneity of landscape features (enabling
persistence of populations across multiple refugia) and
species-specific characteristics (e.g. cold-adapted vs.
warm-adapted species), indicating that glacial climatic
conditions were not inherently unfavourable or restric-
tive for all species (Knowles 2000; DeChaine & Martin
2004; Galbreath et al. 2009). This has led to two prevail-
ing models of range fluctuation that contrast specific
predictions regarding the genetic consequences of gla-
cial-interglacial cycling—the ‘latitude shift’ and ‘archi-
pelago” models.

These two models of range fluctuation are expected
to result in different genetic outcomes. Under the lati-
tude shift model, genetic diversity is expected to
decrease with increasing latitude, consistent with dis-
persal into and out of southern refugia (Hewitt 2004).
Demographic estimates and patterns of haplotype varia-
tion should also exhibit signatures of population expan-
sion and long-distance dispersal, reflecting postglacial
recolonization into northern latitudes as glaciers con-
tracted. In contrast, the archipelago model predicts that
genetic diversity should not be strongly correlated with
latitude. Rather, population divergence would be pro-
moted mainly by genetic drift because of restricted gene
flow across multiple high-elevation refugia. The demo-
graphic signatures of the archipelago model should
yield population expansion or stability as cool-adapted
habitats shifted to lower elevations during glacial max-
ima, followed by population contractions during war-
mer interglacial periods as preferred habitats shifted to
higher elevations.

Although continental ice sheets and mountain and
valley glaciers did not penetrate the lower latitudes of
southwestern North America (Porter et al. 1983), climatic
changes during Pleistocene glaciations undoubtedly
affected species in these areas, especially cool-adapted
species currently inhabiting high-elevation biomes. The
Mexican highlands and mountain isolates (sky islands)
of the southwestern USA present an excellent opportu-
nity for examining the genetic consequences of Pleisto-
cene climatic changes on species distribution and
diversification. Surprisingly, few studies have focused
attention across these southern montane regions (espe-
cially the Sierra Madre Occidental) where cold-adapted

species may have responded uniquely to past climatic
events, and little is known about the historical biogeog-
raphy of the Mexican highland species (Smith & Farrell
2005; McCormack et al. 2008a, 2010; Bryson et al. 2011;
Gugger et al. 2011). The region is topographically com-
plex, with high north-south oriented mountain com-
plexes separated by deep drainages and low-elevation
intermountain basins. This extensive latitudinal and ele-
vational range may have allowed for ephemerally con-
tiguous highland biotas to persist in multiple areas
during past climatic shifts and therefore presents an
excellent landscape for evaluating the prevailing models
of range fluctuation for cool-adapted species.

Across the Mexican highlands and mountain isolates
of the southwestern USA, several biomes were strongly
influenced by repeated glacial-interglacial cycling. Paly-
nological records and more recent data derived from
packrat middens detail a history in which elements of
ecological zones shifted dramatically both in latitude
and in elevation in response to the climatic transitions
at the end of the most recent glacial period (Van Dev-
ender 1990). This has resulted in the vividly contrasting
habitats across this region observed today at high (tem-
perate montane forests) and low (desert scrub) eleva-
tions and likely reflects how cold-adapted species
persisted in these southerly distributed mountains dur-
ing earlier interglacials throughout the Pleistocene (Pie-
lou 1991). Because populations of cold-adapted species
in this region likely experienced repeated cycles of
down-slope range expansion during cooler glacial peri-
ods and up-slope contraction during the warmer inter-
glacials, analysis of the temporal and spatial genetic
signatures of connectivity and isolation should exhibit
patterns most consistent with the archipelago model of
range fluctuation.

Little is known about the phylogeography and
genetic structure of the narrowheaded gartersnake
(Thamnophis  rufipunctatus) species complex. These
snakes occur primarily in clear, cold-water streams in
the Mexican highland of the Sierra Madre Occidental
from Durango northward into northern Chihuahua and
eastern Sonora, and in the United States, along the Mo-
gollon Rim of Arizona and New Mexico (Thompson
1957; Tanner 1990). Across this range, present-day pop-
ulations occur in three disjunct isolates (Fig. 1). While a
moderate degree of variation in cranial and external
measurements, scalation, and color pattern has been
described across the three isolates, taxonomic uncer-
tainty remains about the number of species or subspe-
cies that might be recognized in this garter snake
species complex (Thompson 1957; Tanner 1985; Ross-
man 1995). The most recent morphological study recog-
nized two species, T. rufipunctatus and Thamnophis
nigronuchalis; however, previous arrangements have

© 2011 Blackwell Publishing Ltd
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Fig. 1 Distribution of the Thamnophis rufipunctatus species complex showing sampled localities across the three geographic isolates.
Detailed information for abbreviated localities is found in Appendix I.

classified the three geographic isolates as distinct sub-
species under T. rufipunctatus  (T. r. rufipunctatus,
T. r. unilabialis and T. r. nigronuchalis, Tanner 1985;
Fig. 1). These snakes are aquatic specialists that feed
almost exclusively on fish, use specific habitats for for-
aging (clear, rock-boulder strewn streams), have
evolved several mechanisms for increased underwater
visual and foraging capabilities, and display very low
dispersal capacity (Fleharty 1967; Schaeffel & de Que-
iroz 1990; Alfaro 2002; Hibbitts & Fitzgerald 2005).
Given these specializations and life history characteris-
tics, the T. rufipunctatus complex is likely to be highly
susceptible to environmental change, especially climate
change, providing a model species group for uncover-
ing phylogeographic patterns in this region.

© 2011 Blackwell Publishing Ltd

Identifying phylogeographic breaks and the distribu-
tions of clades is not only important for understanding
the effects of climate change on diversification, but
also for conservation management. Populations of
T. rufipunctatus in the United States are separated from
populations in the highlands of Mexico by c. 350 km
and occur in two primary watersheds (Gila and Salt riv-
ers systems) along the Mogollon Rim in New Mexico
and Arizona. These northern populations have experi-
enced severe declines over the past 30 years. Historical
surveys indicate that T. rufipunctatus has been extir-
pated from more than 60% of its historic range in the
United States, with remaining populations becoming
increasingly more isolated and/or experiencing local
extirpation (Rosen & Schwalbe 1988; Holycross et al.
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2006; Hibbitts et al. 2009). Given that little is known
about the genetic structure of these populations, phy-
logeographic analysis can provide a measure of genetic
diversity and differentiation among these geographic
isolates, give a temporal measure of past interchange
between populations, and assist in revealing popula-
tions that are in need of conservation status assessment.

In this study, we examine multilocus genetic variation
and infer the historical biogeography in the T. rufipunct-
atus species complex to explore the effects of Pleistocene
climatic changes on phyletic diversification of these
montane-restricted species. First we use phylogenetic
analyses of DNA sequence data, from both mtDNA and
nuDNA loci, to assess whether the three geographic iso-
lates across the species’ range each comprise divergent
phylogenetic clades consistent with the predictions of
the archipelago model (i.e. multiple high-elevation refu-
gia). For recently diverged species, lineage sorting can
be incomplete and dispersed throughout the genome,
but recent advances in coalescent methods are now
available to help detect signals of divergence even
before lineages have become reciprocally monophyletic
(Knowles & Maddison 2002; Hey & Nielsen 2004).
Therefore, we conducted separate analyses of the
mtDNA and nuDNA loci to test for incongruence
among gene trees and then used several multilocus coa-
lescent methods to jointly estimate divergence times
and other demographic quantities to help identify pro-
cesses responsible for generating the recovered gene
tree patterns. Divergence time estimates were used to
assess whether clade diversification was consistent with
predictions of climatic/environmental change induced
by Pleistocene glacial cycles or older events. Given that
the preferred habitat of the T. rufipunctatus complex
likely expanded during glacial episodes and retracted
as climate warmed, we used historical demographic
estimates of migration among clades (along with esti-
mates of divergence time) to test whether shared haplo-
types between geographic isolates resulted from
postisolation gene flow or retention of ancestral poly-

Table 1 Mitochondrial and nuclear primers used in this study

morphism. Finally, we examined patterns of population
genetic diversity within and among watersheds to
whether diversity is correlated with latitude and to pro-
vide information for conservation assessment and man-
agement priorities.

Materials and methods

Tissue sampling, laboratory techniques and molecular
data

We obtained tissue samples from 91 Thammnophis rufi-
punctatus specimens from 25 collection sites (avg. 3.7
individuals per site, range 1-11). These sites encompass
all species and/or subspecies ascribed to the T. rufi-
punctatus complex (Fig. 1; 42 rufipunctatus; 40 unilabialis;
9 nigronuchalis). Specimen locality data and voucher
information are provided in Appendix I

We extracted genomic DNA from ethanol-preserved
tissues (liver, muscle, blood and tail tips) using stan-
dard DNA extraction techniques (Hillis et al. 1996).
Four genomic fragments (~2817 bp total) representing
one mitochondrial protein-coding gene (mtDNA) and
three nuclear gene regions were amplified using PCR
and sequenced for most individuals. The mitochondrial
DNA fragment (1098 bp) contained the entire NADH
subunit 1 protein coding gene (ND1) and a short por-
tion of the 165 rRNA coding gene. The three nuclear
loci used in the study consisted of an intron fragment
flanking the TATA Box (TATA, 753 bp), a short portion
of the Vimentin intron 5 (VIMS5, 393 bp) and R35 coding
gene (573 bp). The rational for using the three indepen-
dent nuclear loci was to provide a more rigorous
assessment of phylogenetic relationships and help
identify instances of incongruence, as single-marker
phylogenetic analyses of closely related taxa can be mis-
led by incomplete lineage sorting and/or introgression
(Ballard & Whitlock 2004). Primers used for PCR and
sequencing are provided in Table 1. Approximately
50-100 ng of total DNA was used as template for PCR

Length
Primer Sequence (5’-3") Locus (bp) Source
16DR CTACGTGATCTGAGTTCAGACCGGAG NADH1 1098 Wood et al. 2008
ILE-R TCTCRGGCACAYTTCCATTGTGGT NADH1 1098 Wood et al. 2008
VIM5F 2 CAACCAGCCAAGCCAGTC Vimenton Intron 5 393 Modified from Pyron & Burbrink 2009
VIM6R 2 GGCGAGCCATTTCTTCTT Vimenton Intron 5 393 Modified from Pyron & Burbrink 2009
TBP-5-6-F TGTGATGTMAAATTCCCTATCMGACTTGA  TATA box Intron 3 753 D. Leavitt personal communication
TBP-5-6-R ~ ACAATTCTTGGTTTGATCATTCTGTA TATA box Intron 3 753 D. Leavitt personal communication
R35F GACTGTGGAYGAYCTGATCAGTGTGG R35 573 Leaché 2009
R35R GTAGTGATCCAAGTGACAGTA R35 573 Leaché 2009

© 2011 Blackwell Publishing Ltd
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in a final volume of 12.5 uL containing 1.5 mm MgCl,,
0.2 mm dNTPs, 0.2 pm of each primer, 1x PCR buffer
(Invitrogen) and 1 unit of DNA TAQ Polymerase. Ther-
mal cycling conditions consisted of 95 °C for 5 min, 35
cycles of 94 °C for 455, 51 °C (ND1), 58 °C (R35) or
60 °C (TATA and VIMb5) for 45s, 72 °C for 75 s, fol-
lowed by a 72 °C final extension for 8 min. We purified
PCR products and directly sequenced on an ABI 3100
capillary system. Sequences were edited using Sequen-
cher™ 4.6 and aligned by eye.

To identify allelic variants within heterozygous indi-
viduals, the phase of nuclear genotypes were estimated
using a Bayesian approach implemented with the pro-
gram PHASE 2.1.1 (Stephens et al. 2001), accepting results
with a probability >90%. Individuals with a probability
<90% were cloned using TOPO TA cloning Kkits
(Invitrogen, Carlsbad, CA, USA), with up to five clones
sequenced each to assess the gametic phase of the
haplotypes. To satisfy the model assumptions across the
various methods employed, we tested for recombina-
tion in the nuclear loci using the difference of sums of
squares (DSS) test in TopaLi version 2.5 (Milne et al.
2004). Deviations from neutrality for all loci were tested
with the HKA test (Hudson et al. 1987) implemented in
the program DnaSP version 5 (Librado & Rozas 2009).

Genetic diversity analyses

We used arLEQUIN v3.1 (Excoffier et al. 2005) to assess
the genetic diversity of populations within the three
geographic isolates and major drainages where sample
sizes of five or more were obtained. Genetic diversity
was estimated for both mtDNA and nuDNA using a
variety of statistics, including number of haplotypes per
drainage, haplotype/allelic diversity (Hd), nucleotide
diversity (n) and number of polymorphic sites (s). For

both mtDNA and nuDNA data sets, linear regressions
of nucleotide diversity (n) for each major drainage vs.
latitude were performed to test whether diversity
decreased with increasing latitude as would be
expected under a model of rapid expansion from south-
ern refugia, or whether diversity has no relation with
latitude (the major drainages tested are listed in
Table 2). We also estimated pairwise ®. and per-
formed an analysis of molecular variance (amMOvA)
among geographic isolates to explore whether there
existed significant genetic variation among different
groupings. The groupings analysed were a two species
hypothesis (T. rufipunctatus vs. T. nigronuchalis) and a
three species hypothesis equivalent to each geographic
isolate.

Gene tree estimation

Bayesian phylogenetic analyses for mtDNA and nuD-
NA gene tree analyses were conducted using the pro-
gram MRBAYES version 3.1.2 (Huelsenbeck & Ronquist
2001). We chose to use MRBAYES as this program incorpo-
rates the Metropolis-coupled Markov Chain Monte Car-
lo (MCMCQC) allowing for improved exploration of
parameter space. The best-fit nucleotide substitution
model for each partition was selected using the Akaike
information criterion (AIC) implemented in JMODELTEST
0.1.1 using the three substitution scheme option (Guin-
don & Gascuel 2003; Posada 2008). For the mtDNA data
sets, preliminary analyses were run to assess whether a
codon partitioned model for the mtDNA data was a
better fit to the data than using an unpartitioned model
using the Bayes Factor test (Suchard et al. 2001) imple-
mented in Tracer 1.5 (Drummond & Rambaut 2007).
The strength of support from Bayes Factors was inter-
preted using guidelines from Jeffreys (1961) and Raftery

Table 2 MtDNA and nuDNA diversity statistics arranged by drainage from north to south

mtDNA nuDNA
No. of No. of No. of No. of

Drainage (isolate) individuals haplotypes = Hd s  Drainage (isolate) individuals alleles = Hd s
Salt River (R) 19 1 0.0000 0.00 0 Salt river (R) 17 3 0.0002 022 2
Gila River (R) 24 5 0.0042 0.72 12 Gila River (R) 11 2 0.0001 0.15 4
Rio Yaqui (U) 15 4 0.0014 054 6 Rio Yaqui (U) 13 10 0.0011 0.87 5
Rio Conchos (U) 6 3 0.0050 0.73 11 Rio Conchos (U) 5 4 0.0008 0.80 4
Rio Fuerte (U) 10 5 0.0324 0.82 71 Rio Fuerte (U) 9 3 0.0005 0.61 2
Rio San Lorenzo (U) 8 2 0.0008 0.29 3 Rio San Lorenzo (U) 7 6 0.0009 0.85 4
Rio Quebrada(N) 10 3 0.0004 038 2 Rio Quebrada(N) 8 2 0.0003 0.46 1

Each drainage is followed by an R, U or N which refer to the three geographic isolates ‘rufipunctatus’, ‘unilabialis’” and ‘nigronuchalis’,
respectively. n is nucleotide diversity; Hd is haplotypic diversity; and s is the number of polymorphic sites. Estimates do not include
the individuals sequenced for Rio Nazas and Rio Casa Grandes because of limited sample sizes, also we only used individuals for

which all three nuclear loci were sequenced for estimates of diversity.

© 2011 Blackwell Publishing Ltd
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(1996) with strong evidence in favour of one hypothesis
over the other determined by a 2In Bayes factor >10.
The nuclear loci were each modelled separately. To
assess whether the recovered clades were congruent
across loci, Bayesian analyses were performed sepa-
rately for the mtDNA and nuDNA loci and a concate-
nation of the nuclear loci. For the mtDNA, MCMC
searches of tree space included four independent runs
with four Markov chains each with default heating val-
ues and were run for 20 million generations. Trees were
sampled every 1000th generation resulting in 20 000
trees from each run. The same scheme was followed for
the nuDNA analyses except the four independent runs
were estimated for 5 million generations with every
100th sample retained which resulted in 50 000 trees
from each run. To concatenate the nuclear loci, we
chose one of the phased nuclear gene copies at random
for each individual to generate one concatenated
sequence per individual. We sought evidence for con-
vergence by visually inspecting the cumulative poster-
ior probabilities of split frequencies using the cumulative
and compare commands in the program awty (Nylander
et al. 2008). Stationarity was assumed to have occurred
when the cumulative posterior probabilities of all splits
stabilized. Posterior probabilities (Pp) with >0.95 were
considered strongly supported.

Gene trees were rooted with additional sequence data
collected from Thamnophis validus, Thamnophis melanog-
aster and Thamnophis scaliger which are representatives
of a clade that is most closely related to the T. rufipunct-
atus complex, as determined by a recent phylogeny of
North American gartersnakes (de Queiroz et al. 2002).

Molecular dating and species tree estimation

To assess whether lineage diversification was consistent
with Pleistocene glacial cycles or older events, we
employed the species tree ancestral reconstruction
option (*BEAsT) in BEAsT v1.6.1 (Heled & Drummond
2010), given that the common approach of concatenat-
ing sequences from multiple loci (mtDNA and nuDNA)
can often lead to an incorrect but well-supported topol-
ogy (Kubatko & Degnan 2007). In addition, discrepan-
cies between gene trees and species trees have been
shown to be especially problematic for closely related
species (Pamilo & Nei 1988), and divergence dating
based on gene trees can lead to overestimates of diver-
gence times (Edwards & Beerli 2000; McCormack et al.
2010; Brandley et al. 2011). The distinct advantage of
using *BEAST over other methods is that it allows joint
inference of the species tree topology, divergence times
and gene trees from the mtDNA and nuclear loci sam-
pled from across the T. rufipunctatus species complex.
The method uses a multispecies coalescent model,

where each gene tree is embedded inside the species
tree following the coalescent back in time from the pres-
ent across each branch. As such, any discrepancies
between the gene trees and the species tree are attrib-
uted to incomplete lineage sorting, assuming that signif-
icant gene flow between species does not exist (an
assumption we investigated with IMa2, see below). The
“BEAST analysis used a yule tree prior for the species
tree, employing all four loci (mtDNA and nuDNA), par-
tition-specific substitution models used in the gene tree
analyses, and every individual sequenced from the
three geographic isolates, including both allelic phases
of homozygous and heterozygous individuals.

Because the monophyly of the ‘unilabialis’ isolate was
not equally resolved between the mtDNA and the nuD-
NA gene tree analyses (see Results), we tested whether
the multilocus species tree supported a monophyletic
relationship. This was accomplished by constructing a
trait table in which ‘unilabialis’ individuals were sepa-
rately labelled according to the northern and southern
subclades that were recovered in the concatenated nuD-
NA analysis (except NAZ was included in the southern
subclade). All other individuals were labelled according
to their respective geographic isolate (i.e. ‘rufipunctatus’
and ‘nigronuchalis’) Results for the *BEAST analysis were
obtained by combining log and tree files from four sep-
arate runs of 40 million generations each with every
1000th sample retained using the program LOGCOMBINER,
distributed as part of the BEasT package. As in other
BEAST analyses, convergence statistics were monitored in
AWTY.

Estimating divergence times based on fossil calibra-
tions is more accurate if multiple calibrations spanning
different parts of the tree can be incorporated (Sanders
& Lee 2007; Ho & Phillips 2009). However, directly
using fossil calibrations is not possible within the
T. rufipunctatus complex because of the paucity of avail-
able data. Therefore, we expanded the mtDNA and
nuDNA data sets to place calibration priors on older
clades within a larger natracine phylogeny (the sub-
family that includes the T. rufipunctatus complex). This
required sequencing several additional out-groups for
each nuclear locus for two individuals (when possible)
per species: Thamnophis chrysocephalus, T. cyrtopsis,
T. eques, T. hammondii, T. melanogaster, T. pulchrilatus,
T. sauritus, T. scaliger, T. sirtalis, T. validus, Nerodia fas-
ciata, Storeria dekayi, Natrix maura, N. natrix and N. tes-
sellata (JF974262-JF974283; see Appendix I). The four
temporally spaced node constraints used were based on
a composite of natracine studies (Alfaro & Arnold 2001;
de Queiroz et al. 2002; Guicking ef al. 2006) and were
previously used to estimate divergence times in a
related Thamnophis species (in de Queiroz & Lawson
2008): (i) the division between N. maura and N. na-

© 2011 Blackwell Publishing Ltd
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trix/tesselata  at 1827 Ma (Guicking et al. 2006;
Ma = million years ago); (i) the division between
N. natrix and N. tesselata at 13-22 Ma (Guicking et al.
2006); (iii) the first fossil appearance of the tribe Tham-
nophinii (Holman 2000) at 18.8-19.5 Ma (Tedford et al.
2004); and (iv) the earliest known specimen of the
monophyletic genus Thamnophis (Holman 2000) at 13.4—
14.0 Ma (Tedford et al. 2004). For each age prior, we
employed a lognormal distribution with an offset at the
lower bound of each fossil age boundary and a stan-
dard deviation so that 95% of the distribution falls
within the given age boundary. To assess potential
error toward younger dates and for comparative pur-
poses, we also performed analyses using a normal dis-
tribution and standard deviation spanning the age
boundary. Results revealed very similar divergence esti-
mates with means for all nodes differing <8.5%
between the two analyses.

Coalescent estimates of gene flow

We used the isolation-with-migration model imple-
mented in the program IMa2 (Hey & Nielsen 2004,
2007) to test whether shared haplotypes between geo-
graphic isolates were because of postisolation gene flow
(i.e. introgression) or whether this pattern could be
explained by retention of ancestral polymorphisms. The
coalescent-based method uses MCMC simulations of
gene genealogies to co-estimate various demographic
parameters such as current effective and ancestral pop-
ulation sizes, migration rates and time of population
splitting. Because the isolation-with-migration model
does not assume that mutation, drift and migration are
in evolutionary equilibrium, the method has a distinct
advantage over others for estimating parameters for
recently separated populations that may share haplo-
types owing to a combination of past gene flow and
ancestral polymorphism.

Recently, the method has been extended in the pro-
gram IMA2 to infer demographic parameters for multi-
ple populations (i.e. three or more; Hey 2010). We used
this model to examine the population history of the
three geographic isolates. Obtaining useful parameter
estimates for three or more populations generally
requires having data sets with numerous, highly poly-
morphic loci (i.e. more than the four used in this study).
To help mitigate for this, we used the —j3 option, which
limits the number of estimated migration parameters to
the sampled populations only (i.e. ancestral populations
have zero migration). For all analyses, we used the
HKY mutation model of nucleotide substitution. To
rescale results into units of time, we used the geometric
mean of the mutation rates of the four loci used in this
study. The mutation rate estimates for each gene were

© 2011 Blackwell Publishing Ltd

obtained from our BEasT divergence dating analyses
(multiplied by the length of the gene). We assumed a
generation time of 4.5 years for T. rufipunctatus to
obtain a measure of mutation rate on a scale of genera-
tions (Rosen & Schwalbe 1988; P. C. Rosen, personal
communication). We used a series of initial runs to
determine the most appropriate search parameters that
maximized mixing, using broad maximum priors for
population parameters (i.e. m, 6, and f). Following these
initial runs, a long analysis was run with final priors
(see below) to monitor for convergence and to deter-
mine the appropriate burn-in (750 000 steps). The state
of the Markov chain was saved from this analysis and
used to seed four separate runs (30 000 genealogies
saved from each). Final priors used for each analysis
included 40 chains with a geometric heating scheme
(hy = 0.975, hy = 0.75), maximum migration prior value
(m =3), maximum population size parameter (g = 8)
and a maximum time of population splitting prior
(t = 4). These runs were combined to generate 120 000
gene trees for use with likelihood ratio tests imple-
mented in the nested models option in ‘Load Trees
Mode’. Likelihood ratio test were used to help deter-
mine whether models that allowed fluctuations in
migration rate were a better fit to the data than a sim-
pler model with zero gene flow.

Results

Demographic and genetic diversity analyses

HKA tests for each locus did not reveal any deviation
from neutral expectations (P-values were >0.2 across all
loci). According to the DSS test, only the R35 locus
showed evidence of recombination between positions
375 and 422. Therefore, this portion of sequence was
trimmed from the data before being used in subsequent
analyses. Genetic diversity estimates (n) within drain-
ages ranged from 0.0000 to 0.0324 and 0.0000 to 0.0017
for mtDNA and nuDNA, respectively (Table 2). In gen-
eral, drainages with the lowest diversity estimates were
found along the northern and southern range limits,
while drainages along the interior had higher nucleo-
tide diversity. Regressions of nucleotide diversity (m)
estimates from both mtDNA and nuDNA vs. latitude
were not significant (mtDNA: R?=10.031, slope = 0.000,
P >0.675 nucDNA: R?*=0291, slope = —0.005,
P > 0.167) suggesting that diversity does not vary with
latitude. Nonetheless, levels of nucleotide diversity are
not equal across geographic isolates. Nucleotide diver-
sity assessed across all loci is more than 10-fold higher
along the Sierra Madre (‘unilabialis’ isolate) than it is in
the smaller geographic isolates (Table 3). These results
suggest that the area of each isolate is a better determi-
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Table 3 MtDNA and nuDNA diversity statistics and average divergence for each isolate, and pairwise ®@ct values

Nucleotide diversity, © Average divergence Dcr
Length
Locus (bp) R U N Total R-U (%) U-N (%) R-N (%) R-U U-N
NADH1 1090 0.0034 0.0275 0.0004 0.0275 2.24 4.68 5.77 0.2261 0.3455
Combined 1705 0.0002 0.0021 0.0003 0.0026 0.40 0.39 0.39 0.6067 0.5216
nuDNA

Group abbreviations R, U, N correspond to the ‘rufipunctatus’, ‘unilabialis’ and ‘nigronuchalis’ identified in Fig. 4. Average length of
each locus in base pairs; within clade diversity, ©; average sequence divergence between groups; pairwise ®cr among groups.

nant of genetic diversity than latitude. Patterns of
mtDNA variability revealed higher average divergence
between comparisons with the ‘nigronuchalis’ isolate
than between the ‘rufipunctatus’ and ‘unilabialis’ com-
parison (Table 3), whereas the concatenated nuDNA
estimates revealed similar divergences across all com-
parisons, but all loci showed significant ®cr values
among isolates. Results from the amMova comparisons
revealed that most of the nuDNA genetic variation can
be explained among the geographic isolates or three
species hypothesis (65.88%) rather than the two species
hypothesis (44.94%), while mtDNA genetic variation
revealed similar proportions of variation across both
comparison (58.86% and 54.07%, respectively; Table 4).

Phylogenetic gene tree analyses

A total of 1098 bp of mtDNA (148 bp 165 rRNA and
964 bp ND1) were collected. Eight of the 165 rRNA
characters were excluded from the analyses because of
uncertain alignment. Among the remaining 1090
aligned nucleotide positions, 96 were variable among
Thamnophis rufipunctatus complex sequences and 92
were parsimony informative. Six unique haplotypes
were recovered from the 43 ‘rufipunctatus’ specimens, 14
unique haplotypes from the 40 ‘unilabialis’ specimens
and three unique haplotypes from the 10 ‘nigronuchalis’

specimens sampled. Bayes factors strongly suggest that
the partitioned model is a better fit to the mtDNA data
(2Ln Bayes Factor = 321). Three different models of
nucleotide substitution were identified using AIC: GTR
for the 16S region, HKY + I for NDI1-first and NDI1-
second codon positions, and GTR + I for the ND1-third
codon position. The mtDNA Bayesian analysis provided
strong support for three major clades (posterior proba-
bilities of 0.99-1.0) along a north-to-south axis, although
haplotypes of each clade did not always come from the
same geographic isolate (Fig. 2). In particular, the
northern clade formed a polytomy composed of both
‘rufipunctatus’ and ‘unilabialis’ specimens that are dis-
tributed along the Mogollon Rim within the Gila and
Salt drainages and within drainages along the northern
portion of the Sierra Madre Occidental down to the
headwaters of the Rio Conchos (BAL). The Central
clade is composed of the remaining ‘unilabialis’ speci-
mens that are distributed within drainages along the
Sierra Madre Occidental starting at the southern head-
waters of the Rio Fuerte (VER) southward to the Rio
San Lorenzo (VUE, NIC, QUE) and Rio Nazas (NAZ).
A Southern clade, composed entirely of ‘nigronuchalis’,
is geographically isolated from the previous two clades
and occurs within the Rio del Presidio drainage. There-
fore, according to the topology of mtDNA Bayesian
consensus tree, the ‘unilabialis’ isolate is polyphyletic,

Table 4 MtDNA and nuDNA hierarchical analysis of molecular variance (amova) results for the Thammnophis rufipunctatus complex

% of % of
No. of variation variation
Groups groups Source of variation (mtDNA) P-value (nuDNA) P-value

Geographic isolates 3 Among isolates 43.89 0.0061 65.88 <0.000

(three species hypothesis) Among populations 54.07 <0.000 21.34 <0.000
within isolates

Within populations 2.04 <0.000 12.79 <0.000

Species (two species 2 Among species 58.86 0.0431 44.94 0.024

hypothesis) Among populations 39.85 <0.000 44.69 <0.000
within species

Within populations 1.29 <0.000 10.38 <0.000

© 2011 Blackwell Publishing Ltd
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Fig. 2 Phylogenetic estimate for the Thammnophis rufipunctatus species complex based on partitioned Bayesian analysis of mitochon-
drial DNA sequence data. Site localities for the three geographic isolates ‘rufipunctatus’, ‘unilabialis’ and ‘nigronuchalis’ are coloured
blue, orange and red, respectively. Orange site localities outlined with a thick black line highlight the instances of discordance
between mitochondrial and nuclear data. The numbers on branches indicate Bayesian posterior probabilities (Pp). Outgroups have

been pruned from the phylogram to improve clarity.

with southern ‘unilabialis’ being more closely related to
the ‘nigronuchalis’ clade (Pp = 1.0), while northern “uni-
labialis" populations are interspersed within a clade con-
taining ‘rufipunctatus’ (Fig. 2). Among these mtDNA
clades, the highest level of sequence divergence is
between the northern and central clades at 5.7% and
lowest between the central and southern clades at 2.3%.

For the nuDNA gene trees, we collected a total of
1705 bp from the three nuclear loci across the T. rufi-
punctatus species complex. The total number of hetero-
zygous individuals per locus was 13 of 84 for TATA, 3
of 82 for VIM5 and 24 of 82 for R35. The best-fit substi-

© 2011 Blackwell Publishing Ltd

tution models identified by AIC were HKY for the
VIM5 locus and HKY + I for both TATA and R35 loci.
Bayesian analyses of individual nuDNA gene trees
exhibited differing degrees of congruence with each
other (Fig. S1, Supporting information). In general, the
R35 and VIM5 gene trees revealed clusters of alleles
that were geographically congruent to the three previ-
ously proposed taxonomic units, while the TATA gene
tree revealed greater admixture among the ‘unilabialis’
and ‘nigronuchalis’ isolates. Across all three loci, the
‘rufipunctatus’ isolate exhibited allelic variation primar-
ily exclusive from all other populations. Unlike the
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Fig. 3 Phylogenetic estimate of the Thamnophis rufipunctatus species complex based on Bayesian analysis of concatenated nuclear
sequences from TATA, R35 and VIMS. Site localities for the three isolates ‘rufipunctatus’, ‘unilabialis’ and ‘nigronuchalis’ are coloured
blue, orange and red, respectively. Orange site localities outlined with a thick black line highlight the instances of discordance
between mitochondrial and nuclear data. The numbers on branches indicate Bayesian posterior probabilities (Pp). Outgroups have

been pruned from the phylogram to improve clarity.

mtDNA analysis, phylogenetic relationships inferred
from the concatenated nuDNA Bayesian analysis
supported three major clades that are consistent with
present-day distributions of the geographic isolates
(rufipunctatus’, ‘unilabialis’ and ‘nigronuchalis’; Fig. 3).
However, the monophyly of the ‘unilabialis’ clade is
weakly supported (Pp = 0.54) and is composed of two
subclades (although NAZ falls outside these subclades)

that are geographically subdivided between populations
BAL and VER, the same location where northern and
central mtDNA clades are partitioned.

Divergence-times and species tree estimate

Bayes factor comparisons decisively favoured an uncor-
related lognormal relaxed clock rate over the strict clock

© 2011 Blackwell Publishing Ltd
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(2Ln Bayes Factors >100). Each of the four *BeasT analy-
ses that were run with calibration age constraints
achieved stationarity between 2 and 3 million genera-
tions. We discarded the first 4 million generations (20%)
from each analysis as a conservative burnin. Thus, all
subsequent clade posterior probabilities and diver-
gences-time estimates were pooled from the remaining
128 000 postburnin trees. The multi-locus species tree
strongly supports the placement of the southern most
isolate (‘nigronuchalis’) as the sister lineage to all other
isolates (Fig. 4). This is followed by a paraphyletic rela-
tionship between northern and southern ‘unilabialis’ lin-
eages with respect to ‘rufipunctatus’. Although the multi-
locus species tree does not resolve the ‘unilabialis’ isolate
as monophyletic, paraphyly is only weakly supported
(Pp = 0.54). In general, divergence-time estimates sup-
port an initial lower Pleistocene diversification (1.51 Ma;
Fig. 4) for the Thamnophis rufipunctatus species complex.

IMa: Gene flow and divergence estimation

Under the multi-population isolation-with-migration
model, asymmetric migration rates were recovered from

Multilocus
species tree

- Closest
——————1 outgroups
0.93 rufipunctatus
0.54 unilabialis (N)
=
0 unilabialis (S)

nigronuchalis

B e

1
9 8 7 6 5 4 3 2 1 OMa

Fig. 4 Chronogram and divergence time estimates from multi-
locus species tree analysis for the Thammnophis rufipunctatus spe-
cies complex. The chronogram was trimmed to exclude most
outgroup taxa for clarity purposes. The number at each node
represents the posterior probability support value for the node,
and grey bars indicate the 95% HPDs of the node age.
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the ‘unilabialis’ isolate into both the ‘rufipunctatus’ and
the ‘nigronuchalis’ isolates (Table 5), while all other
migration estimates were either non-significant and/or
zero. Likelihood ratio tests comparing alternative nested
coalescent migration models revealed that models
assuming equal and zero migration between geographic
isolates could not be rejected (Table 6). These results
indicate that a no migration model is a better fit to the
data than the full migration model. Divergence time
estimates among ‘nigronuchalis’ and all other isolates
converged at 530 ka (ka = thousand years ago, 95%
highest posterior density (HPD) ranging from 186 to
995 ka), while slightly younger divergence time esti-
mates were recovered among ‘unilabialis’ and ‘rufipunct-
atus’ converging at 141 ka (95% HPDs ranging from 64
to 298 ka). However, both estimates fall entirely within
the Pleistocene. Demographic estimates of effective
population sizes scaled by the generation time were
largest in the ‘unilabialis’ isolate and much smaller in
both ‘rufipunctatus’ and ‘nigronuchalis’ isolates (Table 5).

Table 5 Demographic parameter estimates from the multi-
population isolation with migration model of the Thammnophis
rufipunctatus complex

Point 95% HPD

Parameter estimate (low/high)

Population migration rate 2N,

2N, 0>1 R « U) 0.076* 0.005/0.259
2Nyl >0 U « R) 0.106 0.000/0.450
2Np1>2 (U « N) 0.001 0.004/0.252
2N,2>1(N « U) 0.048* 0.012/0.254
2N, 0>2 (R <« N) 0.000 0.000/0.095
2N,2>0(N « R) 0.001 0.000/0.107

Effective population size (N,)

N (R) 12 923 5979/33 755

N. () 91 620 51 886/150 643

N. (N) 5594 1350/20 639

Divergence estimate (t)

to R vs. U) 140 613 years 64 230/296 849
years

t; (R, U vs. N) 529 468 years 185 748,/994 705
years

Joint point demographic estimates for population pairwise
comparisons: the population migration rate (2N,X > Y) is
interpreted forward in time and equals the rate at which genes
of pop X are replaced by pop Y (X « Y), effective population
size (N,), divergence estimates (f) in years, and 95% highest
posterior density intervals. Point estimates for each parameter
are taken from the bins with highest estimates. R, U and N
refer to rufipunctatus, unilabialis and nigronuchalis isolates,
respectively. Asterisks identify statistically significant

(P < 0.01) migration using the test of Nielsen & Wakeley 2001.
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Table 6 Log-likelihood ratio tests of nested coalescent migration models from the multi-population isolation with migration analysis

Degrees
Model description Model of freedom =2A P
Full migration model Mos1M1soMygso2MysoMysoMys — — —
Equal migration rates Mos1 =My sgMgsoMysglysoMysq 5 9.49 0.09
All migration set to zero Mo =1 My >oMygsoMysgMMysohysq=0 6 8.49 0.204

Migration parameter descriptions are as follows: 11, equals the migration rate for ‘rufipunctatus’, m; equals the migration rate for
‘unilabialis’, m, equals the migration rate for ‘nigronuchalis’. The —2A value is the calculated chi-square test statistic between the full
and the nested migration models. Significance was assessed at P < 0.05.

Discussion

Phylogeography-single southern vs. multiple refugia

In this study, we first examined whether patterns of in-
terpopulation genetic divergence support one of the
two models of range fluctuation: (i) an archipelago
model of range fluctuation consistent with the present-
day geographic isolates observed across the range of
the Thamnophis rufipunctatus species complex (multiple
refugia) or (ii) the latitudinal shift model represented
by a single southern refugium that experienced north-
ward expansion. Specifically, predictions of the archi-
pelago model suggest lineage diversity is driven by
expansion and contraction of suitable habitats along ele-
vation gradients resulting in multiple centres of genetic
diversity across the species distribution. Therefore, the
distribution of divergent lineages supported by the
genetic data should reflect the distribution of montane
isolates. Also genetic diversity and coalescent times
across these isolates should not be strongly correlated
with the latitude. In contrast, the latitudinal model pre-
dicts decreasing genetic variation and coalescent times
with increasing latitude across the species distribution
consistent with dispersal out of southern refugia.

Our data provide evidence for multiple lineages that
correspond to present-day geographic isolates (and tax-
onomic units), implying that the T. rufipunctatus species
complex was sundered in multiple refugia during the
Pleistocene. Our divergence-time estimates show that
the impact of the Pleistocene climate cycles was readily
apparent in each geographic isolate (rather than older
Neogene events), although it must be noted that the
recovered coalescent times for divergence of the ‘nigro-
nuchalis’ isolate (the most southern isolate) were deeper
(>500 ka; Table 5, Fig. 4). Diversity estimates across the
major drainages did not decrease with increasing lati-
tude as expected under the latitudinal shift model.
Instead, higher diversity and largest effective popula-
tion sizes (N,) were recovered centrally along the Sierra
Madre Occidental, while substantially smaller effective
population sizes and genetic diversity estimates were

recovered in the northern and southern peripheral iso-
lates.

Taken together, our results are most consistent with
the archipelago model of range fluctuation involving
Pleistocene diversification of multiple refugia. Similar to
the mechanisms hypothesized for more northern sky
island species of North America (e.g. Hewitt 1996;
Knowles 2000; DeChaine & Martin 2006), these refugia
likely evolved within and across the separate mountain
systems through reoccurring episodes of up-slope con-
traction during interglacials and down-slope expansion
during cooler glacial periods. Even though contact
between isolates might have occurred along mountain
corridors  during cooler glacial periods, genetic
exchange must have been limited to the lower-elevation
populations that existed between major refugia given
the topographic heterogeneity of the region. As has
been suggested for other high-elevation taxa (McCor-
mack et al. 2008b; Galbreath et al. 2009), these ephem-
eral low-elevation populations were probably the first
to be extirpated as populations tracked well-watered
surface environments to higher elevations during war-
mer interglacials and evidence of genetic exchange
would have been significantly reduced and/or erased
via genetic drift and lineage sorting. In addition, histori-
cal disjunctions recovered within the Sierra Madre
Occidental (e.g. multiple ‘unlabialis’ clades) suggest geo-
graphic barriers, such as the deep canyons and exten-
sive drainage systems that empty into coastal and
interior basins of the Mexican Plateau, may have played
a role in disrupting glacial corridors as well. Based on
the multilocus divergence estimates, the most recent
divergence among geographic isolates of the T. rufi-
punctatus complex involves ‘rufipunctatus’ and ‘unilabial-
is’. This isolation event was preceded by the separation
of the ancestor of these two isolates and ‘nigronuchalis’.
We hypothesize that ancestral populations were likely
centred along the main stem of the Sierra Madre Occi-
dental as our data reveal highest diversity, as well as
largest N. and higher signals of historical gene flow
from this isolate to those in the north and south. Subse-
quent population expansions and contractions associ-

© 2011 Blackwell Publishing Ltd
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ated with episodes of glacial cooling and interglacial
warming likely provided different opportunities for
peripatric lineage diversification (episodes of budding
off) via separate southward and northward (in that
order) founder events from the main stem of the Sierra
Madre Occidental. In addition to geographic separation,
it is possible that selection may have enhanced differen-
tiation among the lineages (Endler 1986; Nielsen 2005),
as suggested by maintenance of divergent phenotypes
found across the three isolates (Thompson 1957; Ross-
man 1995).

MtDNA vs. nuDNA genealogies-incomplete lineage
sorting or introgression?

Phylogenetic analyses of gene trees identified three
divergent clades; however, the geographic boundaries
of these clades differed between mtDNA and nuDNA
analyses. Specifically, the nuDNA analyses revealed
clades (‘rufipunctatus’, ‘unilabialis’ and ‘nigronuchalis’)
that coincide with the three geographic isolates and pre-
viously named taxa, although support for a monophy-
letic ‘unilabialis’ clade was low. In contrast, mtDNA
showed northern populations of ‘unilabialis’ inter-
spersed within a clade also containing ‘rufipunctatus’.
This mtDNA pattern was recovered despite the fact that
these isolates are currently separated by c. 350 km of
unsuitable lowland habitat. Such cases of discordance
among mtDNA and nuDNA gene trees are typically
attributed to incomplete lineage sorting of ancestral
haplotypes, recent mitochondrial introgression or differ-
ences between male and female dispersal rates (Ballard
et al. 2002; Funk & Omland 2003; Ballard & Whitlock
2004).

Greater female dispersal capabilities are unlikely, as
preliminary evidence for US populations of T. rufipunct-
atus suggests a lack of differential movement and home
range size between males and females (Nowak 2006;
Jennings & Christman 2009). While it is often difficult
to differentiate between incomplete lineage sorting and
introgression (Funk & Omland 2003), several lines of
evidence suggest the observed incongruence is largely
driven by incomplete sorting of recently separated lin-
eages. First, if incomplete lineage sorting is driving the
observed mtDNA pattern, similar nonexclusive patterns
should also be expected in the nuclear genes given the
potentially larger effective population size for nuDNA
and hence a longer sorting time (Moore 1995). The
results from individual nuDNA gene tree analyses
(Fig. S1, Supporting information) are consistent with
this expectation. Each nuDNA gene tree exhibited dif-
fering degrees of congruence and resolution with
respect to each other and the three geographic isolates,
which emphasizes the stochastic variance of genetic

© 2011 Blackwell Publishing Ltd

processes. However, when these loci were combined in
the concatentated nuDNA analyses (Fig. 3) three geo-
graphically cohesive clades, consistent with the three
geographic isolates, were recovered implying that phy-
logenetic signal accumulated through the addition of
multiple loci. These results echo several recent studies
that have shown how better genealogical resolution can
be gained through the addition of multiple nuclear
markers, rather than relying solely on a single locus
(reviewed in Edwards & Bensch 2009). A second line of
evidence in support of incomplete lineage sorting comes
from our divergence time estimates and species tree his-
tory. All things being equal, the time after isolation at
which a pair of populations (or species) is observed will
be an important factor influencing their genealogical
status (i.e. polyphyletic to monophyletic lineages). Our
data provide evidence for more recent Pleistocene dif-
ferentiation of these northern isolates (<1 Ma) rather
than older Neogene events indicating that time as
divergence has not been sufficiently long for the corre-
sponding ‘rufipunctatus’ and ‘unilabialis’ lineages to fully
sort. (Fig. 4, Table 5). Finally, by analyzing the four
independent loci with an isolation-with-migration coa-
lescent model, we were able to specifically test whether
incomplete lineage sorting because of recent divergence
could explain topological discrepancies observed
between the mtDNA and the nuDNA gene lineages or
whether past non-zero levels of gene flow (i.e. intro-
gression) are necessary to explain the observed phylo-
genetic patterns. Based on the joint estimates of
demographic parameters (i.e. migration and divergence
time), a zero gene flow model and more recent diver-
gence times (with respect to ‘nigronuchalis’) were sup-
ported between the ‘rufipunctatus’ and ‘unilabialis’
isolates. Therefore, our approach provided a quantita-
tive framework to better understand causes of gene tree
discordance between this closely related species com-
plex. While the large geographical distance separating
related haplotypes of ‘rufipunctatus’ from those of ‘uni-
labialis” would seem to preclude any gene flow between
these geographic isolates, our genetic results suggest
some allele mixing among these isolates is a legacy of
historical migration that occurred prior to habitat frag-
mentation and isolation.

Taxonomy and conservation

Accurate delimitation of species diversity is increasingly
important, as species distributions are becoming pro-
gressively more reduced and threatened. Understanding
the genetic diversity and differentiation of populations
within species is at the heart of phylogeographic stud-
ies. However, unravelling and accurately describing this
diversity at the early stages of speciation is often chal-
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lenging, because a number of molecular phenomena
may obfuscate organismal lineages (e.g. ancestral poly-
morphism, introgression, selection). Ideally, evaluating
diversity across multiple operational criteria (genetic,
ecological and morphological) provides the most robust
evidence to delimit species and increases the ability to
detect recently separated lineages. For the T. rufipuncta-
tus species complex, limited data are available on spe-
cies ecology, habitat usage and morphological
differentiation among the currently defined taxonomic
classifications. As such, our genetic results help to iden-
tify lineage separation and divergence across this spe-
cies group and provide an initial framework for
taxonomic and conservation management decisions.
Taken together, our analyses identify lineages concor-
dant with previously recognized taxonomic divisions
and geographic isolates (i.e. rufipunctatus, unilabialis and
nigronuchalis) indicating that three separate species may
exist within the T. rufipunctatus complex. Rossman
(1995) supported recognition of Thamnophis nigronuchalis
as a distinct species on the basis of his morphological
studies and molecular results published elsewhere (de
Queiroz & Lawson 1994). Morphological differences
and the allopatric distribution of T. nigronuchalis sug-
gested absence of gene flow, and our data support this
conclusion. We also recovered evidence of diversifica-
tion and zero gene flow between ‘unilabialis’ and ‘rufi-
punctatus’ isolates. However, whereas both the mtDNA
and nuDNA genealogies identify a discrete ‘nigronuchal-
is’ lineage, topological patterns of divergence between
‘rufipunctatus’ and ‘unilabialis’ among gene trees were
not immediately clear (Figs 2 and 3). Reinterpreting
these relationships in the light of the multi-locus species
analyses provided evidence of a paraphyletic history
for ‘unilabialis’ with respect to ‘rufipunctatus’ (Fig. 4).
Considering the relatively small estimate of N, for ‘rufi-
punctatus’ coupled with the general geographic context
of ‘rufipunctatus’ in relation to ‘unilabialis’, a peripatric
mode of speciation for these morphologically diagnos-
able sister taxa seems consistent. Additionally, if we
treat northern ‘unilabialis’ as a monophyletic genetic
subgroup of ‘unilabialis’ and consider the inferred
absence of gene flow and phenotypically divergent
characters (muzzle length, eye diameter, postrostral and
ventral scale counts; Rossman 1995) between ‘unilabialis’
and ‘rufipunctatus’, the evidence would suggest that
these geographic isolates are on independent evolution-
ary trajectories and warrant recognition as full species:
the Mogollon Narrowheaded Gartersnake, T. rufipuncta-
tus (Cope) and the Madrean Narrowheaded Garter-
snake, T. unilabialis (Tanner). That said, further
hypothesis testing might be warranted with additional
morphological and/or ecological data sets to assess the
adaptive significance between these distinct lineages

(Crandall et al. 2000). Future morphometric analyses
that quantify differences of ecologically relevant charac-
ters (e.g. head and snout morphology) attributed to
underwater foraging adaptations may help to clarify a
greater degree of concordance between morphology
and genetic divergence identified in this study.

Our study has further conservation and management
implications for T. rufipunctatus (sensu novum) that can
help mitigate loss of genetic diversity in an already
threatened genetic landscape. Recent surveys along the
two drainage systems (Gila and Salt Rivers) occupied
by these snakes indicate remaining populations are geo-
graphically isolated, declining and/or experiencing local
extirpations (Rosen & Schwalbe 1988; Nowak & San-
tana-Bendix 2002; Holycross et al. 2006). One of the cen-
tral management concerns has been whether these
disjunct Mogollon Rim populations correspond to a dis-
tinct genetic group. First, our analyses demonstrate that
this isolate represents a distinct evolutionary lineage
and from a management perspective would merit con-
servation recognition (even if not recognized as a spe-
cies) under several definitions (Dizon et al. 1992; Moritz
1994; Crandall et al. 2000; Fraser & Bernatchez 2001).
Second, by sampling throughout the range of T. rufi-
punctatus (sensu novo), we were able to define popula-
tion genetic structure and diversity across all known
extant populations in the US and showed that phyloge-
ographic patterns are largely congruent with contempo-
rary drainage patterns. Based on our diversity analyses,
populations along the Salt (Salt, Black, Tonto and Verde
rivers) and Gila (upper Gila, San Francisco and Blue
rivers) drainages harbour similarly low levels of diver-
sity (Table 2), although the Salt River populations har-
bour almost twice the nuDNA diversity as the Gila
populations. Given the small size of populations, their
apparent isolation from each other, and the rapidity
with which populations are disappearing, T. rufipunctatus
(sensu novo) appears to be highly vulnerable to extinc-
tion. The urgency of this crisis and the vulnerability of
populations are both exemplified by the rapid
(<10 years) and mysterious disappearance of one of the
most robust U.S. populations, along the San Francisco
River, New Mexico (Hibbitts et al. 2009). Although the
primary causes of range-wide declines are attributed to
the introduction of non-native species and habitat alter-
ation, additional pressures may be due to intrinsic neg-
ative genetic effects. Small effective population sizes
and/or low gene flow among populations can act to
reduce population viability via inbreeding depression
(Saccheri et al. 1998; Frankham 2005) and/or reduced
fitness because of increased genetic load (Hedrick &
Fredrickson 2010). Empirical research and theory both
show a positive link between genetic variation and fit-
ness traits (O’Brien & Evermann 1988; Quattro & Vrijen-
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hoek 1989; Hedrick & Kalinowski 2000). In addition to
habitat restoration efforts for populations experiencing
declines and extirpations, management and regulatory
agencies should focus on maintaining maximum genetic
diversity within and between drainages and consider
the possibility of implementing genetic rescue efforts
for populations in these drainages systems (Hedrick &
Fredrickson 2010). Given the lack of diversity noted in
the nuclear genes assessed here, additional studies
using more variable nuclear markers (e.g. microsatel-
lites) may be more useful to inform genetic manage-
ment decisions within these U.S. drainages.

Summary and conclusions

Our results provide evidence that climatic changes dur-
ing the Pleistocene had profound effects on the T. rufi-
punctatus ~ complex lineage  diversification and
demography. Our nuDNA analyses recovered evidence
for three divergent lineages concordant with the pres-
ent-day geographic isolates, despite mtDNA evidence
of ephemeral connectivity during the most recent glacial
expansions. We propose that the combined effects of
glacial-interglacial climate cycles along with genetic
drift and selection in the smaller peripheral isolates
may have enhanced isolation of these lineages through-
out the warming periods of the late Pleistocene
(<0.7 Ma). Our study is one of few detailed phylogeog-
raphy studies of a terrestrial vertebrate inhabiting the
Sierra Madre Occidental and northern sky islands of
the southwestern USA (although see Bryson et al. 2010,
2011; McCormack et al. 2010). The spatial patterns of
molecular variation along the Sierra Madre Occidental
suggest a complex late Pleistocene history involving
long periods of isolation (particularly in the south) and
a demographic history of stability (particularly in the
north) with more recent diversification of the more
dynamic range limit in the USA. Given the region’s
topographically complex mountain system, climatic
shifts induced by the Pleistocene may have produced
differing genetic effects for other co-distributed Mexican
Highland species. Yet similar patterns of isolation of
southern regions (e.g. southern Durango) from more
northern populations along the Sierra Madre Occidental
have been recovered in Montane rattlesnakes (Crotalus
triseriatus group; Bryson et al. 2011), Mexican Pine Bee-
tles (Anducho-Reyes et al. 2008; Dendroctonus mexicanus)
and Mexican Douglas-fir (Pseudotsuga menziesii; Gugger
et al. 2011), suggesting that many of the deep east-west
drainages that empty into the coastal plains and interior
basins of the Mexican Plateau (i.e. Rio Fuerte-Conchos,
Rio del Presidio, Rio Culiacan, Rio Mezquital basins)
may function as effective barriers to gene flow. In addi-
tion, a recent phylogeographical study by Gugger et al.
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(2011) on Mexican Douglas-fir (P. menziesii) recovered
similar spatial patterns of molecular variation to our
study along the Sierra Madre Occidental and strong evi-
dence for late Pleistocene diversification of Mexican
populations relative to northern U.S. populations. Given
that Mexican Douglas-fir is a major component of the
Madrean pine-oak woodlands of the Sierra Madre Occi-
dental, this study provides some evidence that special-
ized community associations may have responded
equally to the same environmental changes associated
with Quaternary climate cycles. While our study and
those mentioned earlier can be used to build a historical
framework for understanding current geographic pat-
terns of diversification along the Mexican highlands
and sky islands of the southwestern USA, a more com-
plete understanding of the impact of Quaternary cli-
mate cycles on divergence and local adaptation will
probably come from comparative phylogeographical
studies focused on ecologically associated species.
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