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Abstract
Aim: A central aim of biogeography is to understand how biodiversity is generated 
and maintained across landscapes. Here, we establish phylogenetic and population 
genetic patterns in a widespread reptile to quantify the influence of historical bioge-
ography and current environmental variation on patterns of genetic diversity.
Location: Western North America.
Taxon: Western terrestrial garter snake, Thamnophis elegans.
Methods: We used double- digest RADseq to estimate phylogenetic relationships and 
characterize population genetic structure across the three widespread subspecies of 
T. elegans: T. e. vagrans (wandering garter snake), T. e. elegans (mountain garter snake) 
and T. e. terrestris (coast garter snake). We assessed patterns of dispersal and vicari-
ance across biogeographic regions using ancestral area reconstruction (AAR) and 
deviations from isolation- by- distance across the landscape using estimated effective 
migration surfaces (EEMS). We identified environmental variables potentially shap-
ing local adaptation in regional lineages using genetic- environment association (GEA) 
analyses.
Results: We recovered three well- differentiated genetic groups that correspond to 
the three subspecies. AAR analyses inferred the eastern Cascade Range as the an-
cestral area, with dispersal to both the east and west across western North America. 
Populations of T. e. elegans displayed a latitudinal gradient in genetic variation across 
the Sierra Nevada and northern California, while populations of T. e. terrestris show 
discrete genetic breaks consistent with well- known biogeographic barriers. Lastly, 
GEA analyses identified allele frequency shifts at loci associated with a common set 
of environmental variables in both T. e. elegans and T. e. terrestris.
Main Conclusion: T. elegans is composed of distinct evolutionary lineages, each with 
its own geographic range and history of diversification. T. e. elegans and T. e. terrestris 
show unique patterns of diversification as populations dispersed from east to west 
and while adapting to the new environments they colonized. Historical events, land-
scape features and environmental variation have all contributed to patterns of dif-
ferentiation in T. elegans.
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1  |  INTRODUC TION

Western North America, and the California Floristic Province (CFP) 
in particular, has been a region of considerable interest for under-
standing the forces that influence patterns of diversity (Brunsfeld 
et al., 2001; Gottscho et al., 2014; Myers et al., 2000; Schierenbeck, 
2014; Stebbins, 1949). This region is home to complex topography 
and climates, which have given rise to diverse environmental gra-
dients and ecological communities. In addition, the region has a dy-
namic geological history that includes marine embayments, orogeny, 
volcanic activity and repeated glacial cycles (Dupré et al., 1991; Hall, 
2002). Indeed, phylogeographic work in this region reveals striking 
patterns of congruence in a variety of terrestrial species, including 
invertebrates (Bryson et al., 2013; Chatzimanolis & Caterino, 2007; 
Emata & Hedin, 2016; Peterson et al., 2017; Schoville & Roderick, 

2010; Starrett et al., 2018), amphibians (Jockusch et al., 2020; 
Kuchta et al., 2009; Lind et al., 2011; Moritz et al., 1992; Reilly et al., 
2015; Reilly & Wake, 2015), mammals (Conroy & Neuwald, 2008; 
Matocq, 2002; Rubidge et al., 2014) and reptiles (Bouzid et al., 2021; 
Feldman & Spicer, 2006; Lavin et al., 2018; Leaché et al., 2009; 
Myers et al., 2013; Spinks et al., 2010). Common features proposed 
to have shaped concordant biogeographic patterns include the 
Monterey embayment and historic Pajaro River (i.e., Monterey Bay), 
Sacramento– San Joaquin River Delta (i.e., San Francisco Bay), up-
lift of the Transverse Ranges, and deep river canyons of the Sierra 
Nevada which were subjected to glaciation (especially the Kern and 
American Rivers; Figure 1). In addition, steep environmental and 
ecological gradients separate the biota of the Central Valley and 
Mojave and Great Basin Deserts from that of the rest of the CFP 
(Schoenherr, 2017).
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F I G U R E  1  Map of the geographic 
distribution of the western terrestrial 
garter snake, Thamnophis elegans (after 
Rossman et al., 1996; Stebbins, 2003), 
and sample localities used in population 
genetic analyses. The ranges and samples 
of the three subspecies colour coded: 
mountain garter snake T. e. elegans— blue 
square; coast garter snake T. e. terrestris— 
red, circle; wandering garter snake 
T. e. vagrans— tan, triangle. Samples are 
labelled based on genetic clusters from 
principal component analysis (PCA). 
Common biogeographic barriers are 
labelled (CaR, Cascade Range; CR, 
Coast Range; CV, Central Valley; MB, 
Monterey Bay; SN, Sierra Nevada; SSJRD, 
Sacramento– San Joaquin River Delta; TR, 
Transverse Range; SRP, Snake River Plain; 
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Species with broad ranges are particularly well- suited for de-
tecting biogeographic patterns because their distributions often 
span multiple geographic barriers, ecological communities and en-
vironments. The western terrestrial garter snake (Thamnophis ele-
gans: Natricinae: Colubridae) encompasses much of western North 
America, extending from western British Columbia eastward to 
Manitoba and south through California on the west and to central 
New Mexico on the east (Rossman et al., 1996; Stebbins, 2003; 
Figure 1). T. elegans also occupies a broad array of ecoregions, from 
coastal rainforest in the Pacific Northwest, to alpine communities 
in the high Sierra Nevada, to shrublands of the Columbia Plateau 
and high deserts of the Great Basin (Rossman et al., 1996; Stebbins, 
2003). Not surprisingly, T. elegans displays substantial variation 
across its range, including differences in behaviour, morphology, 
physiology and life history across populations (Arnold, 1977; Britt 
et al., 2006; Bronikowski & Arnold, 1999; Drummond & Burghardt, 
1983; Fitch, 1983; Fox, 1951; Rossman et al., 1996; Stebbins, 2003). 
Some of this geographic variation is encompassed by three currently 
recognized subspecies: T. e. elegans (mountain garter snake), T. e. ter-
restris (coast garter snake) and T. e. vagrans (wandering garter snake; 
Figure 1). Several other subspecies have been erected to describe 
local or isolated variants, such as T. e. arizonae (Arizona garter snake), 
T. e. hueyi (San Pedro Mártir garter snake) and T. e. vascotanneri 
(Upper Basin garter snake); however, morphological and genetic evi-
dence cast doubt on the validity of these subspecies (Bronikowski & 
Arnold, 2001; Fitch, 1983; Hammerson, 1999; Johnson, 1947).

T. elegans is also one of the most well- studied snakes in North 
America, both in the field and lab, in part because of its extensive phe-
notypic variation, broad range, often local abundance, and ease of care 
and captive breeding (e.g. Bronikowski & Arnold, 1999; Kelley et al., 
1997; Kephart & Arnold, 1982). For example, T. elegans has been a use-
ful model for addressing questions of feeding ecology (Arnold, 1977; 
Britt & Bennett, 2008; Britt et al., 2006; Drummond & Burghardt, 
1983; Gregory et al., 1980; Kephart & Arnold, 1982) and for analysing 
the genetic basis and lability of traits associated with feeding (Arnold, 
1981a, 1981b, 1988; Arnold & Phillips, 1999; Manier et al., 2007). Some 
populations are even known to crudely constrict prey (de Queiroz & 
Groen, 2001; Gregory et al., 1980) or contain simple venom (Kardong 
& Luchtel, 1986), providing a model of the early stages of the evolution 
of these more complex forms of prey acquisition (Chiszar et al., 2013; 
Hill & Mackessy, 2000). The species has also been used to understand 
how aspects of ecophysiology influence behaviour and performance 
(Garland & Arnold, 1983; Huey et al., 1989; Stevenson et al., 1985), 
and the role the endocrine system plays in mediating physiology and 
life history (Bronikowski, 2000; Bronikowski & Arnold, 1999; Gangloff 
et al., 2015; Robert & Bronikowski, 2010; Robert et al., 2009). Despite 
the remarkable biology and decades long interest in T. elegans, we still 
lack a clear understanding of the regional lineages and their relation-
ships, as well as how genetic variation underlies the phenotypic varia-
tion seen across populations.

Previous work on the phylogenetic relationships among T. ele-
gans lineages suggested broad geographic regionality among clades 
of T. e. elegans, T. e. terrestris and T. e. vagrans (Bronikowski & Arnold, 

2001; de Queiroz & Lawson, 1994). However, all three subspecies 
were paraphyletic with respect to each other, and the regional clus-
ters lacked obvious geographic or ecological concordance, as well as 
any fine- scale spatial structure. These studies were based on modest 
numbers of traditional molecular markers (mtDNA and allozymes) and 
may have simply lacked sufficient variation to characterize differentia-
tion across the geographical and environmental gradients inhabited by 
T. elegans. More recently, genome- wide high- throughput sequencing 
data have been leveraged to resolve phylogenetic relationships across 
recently diverged lineages as well as to uncover fine- scale structure 
of populations across spatial and environmental gradients (e.g. Dupuis 
et al., 2020; McCartney- Melstad et al., 2018; Nunziata et al., 2017; 
Parham et al., 2020). Here, we use a reduced representation double- 
digest RADseq (ddRADseq) approach to improve our understanding of 
the biogeographic factors associated with subspecific differentiation, 
as well as the geographic and environmental factors shaping spatial 
genetic structure across T. elegans.

We first sought to clarify range- wide patterns of differentiation 
by using phylogenetic and population genetic approaches. We de-
termine whether the three T. elegans subspecies form monophyletic 
clades and/or cohesive genetic clusters. In addition, we sampled near 
two contact zones, one between T. e. elegans and T. e. vagrans along 
a well- known suture zone in northeastern California and the second 
near the southern end of the contact zone between T. e. elegans and 
T. e. terrestris in the Coast Ranges. These samples allow us to exam-
ine the integrity of subspecies in proximity (at least in two locations). 
Next, we identify the mechanisms associated with diversification in 
T. elegans by reconstructing the history of vicariance and colonization 
events across ecoregions. Third, we investigated the pattern and ex-
tent of spatial genetic structure across populations of T. e. elegans and 
T. e. terrestris occupying the CFP. Because all members of Thamnophis 
are tightly associated with mesic habitats, we expect movement within 
and dispersal between major watersheds through riparian corridors. 
However, long- term disruption to riparian conduits of dispersal should 
result in vicariant evolution, leading to patterns of genetic subdivision 
within T. elegans. We therefore consider how previously proposed bar-
riers to migration may explain contemporary patterns of spatial genetic 
structure, particularly the Monterey embayment, the vast estuarine 
Sacramento– San Joaquin River Delta and the Central Valley. Lastly, we 
explored whether local adaptation to environmental variation might 
also contribute to patterns of differentiation. Our results indicate a 
hierarchical pattern of divergence among and within subspecies that 
has been jointly influenced by history, biogeographic barriers and en-
vironmental variation.

2  |  MATERIAL S AND METHODS

2.1  |  Specimen collection

We obtained tissues from 237 T. elegans, collected throughout 
western North America from our own field efforts (n = 111) and 
from the tissue collections (n = 126) of the California Academy 
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of Sciences (CAS), Museum of Vertebrate Zoology (MVZ), and 
University of Nevada, Reno, Museum of Natural History (UNR). 
We sampled snakes from across the ranges of the three wide-
spread subspecies (T. e. elegans, n = 104; T. e. terrestris, n = 112; 
and T. e. vagrans, n = 21), focusing on acquiring samples that 
spanned ecoregions and well- known biogeographic barriers (e.g., 
Sacramento– San Joaquin River Delta and Central Valley). We 
preserved our field- collected specimens and deposited them as 
vouchers in the CAS and UNR herpetology collections. We also 
included representatives of other closely related Thamnophis spe-
cies (T. atratus, T. brachystoma, T. butleri and T. radix) for phylo-
genetic analyses (de Queiroz & Lawson, 1994; de Queiroz et al., 
2002; Guo et al., 2012; McVay et al., 2015).

2.2  |  ddRADseq, quality cleaning and 
demultiplexing

We extracted DNA from liver, muscle or tail tips using Qiagen 
Dneasy Blood & Tissue kits (Qiagen, Inc.) and employed a reduced 
representation double- digest RADseq approach (ddRADseq; 
Parchman et al., 2012; Peterson et al., 2012) to characterize genomic 
variation. We digested genomic DNA with EcoRI and MseI restriction 
enzymes and then ligated modified Illumina adaptors containing bar-
codes that were 8, 9 or 10 bp in length to the EcoRI restriction sites 
using T4 ligase. Standard Illumina adaptors were ligated to the MseI 
sites. Adaptor ligated fragments were PCR- amplified using Illumina 
primers and a high- fidelity proofreading polymerase (iProof poly-
merase, BioRAD), then pooled into a single library for sequencing. 
We size- selected fragments ranging from 350 to 450 bases using a 
PippinPrep device (Sage Science, Inc.), performed quality screening 
on a BioAnalyzer (Agilent, Inc.) and sequenced the library on three 
Illumina HiSeq 2500 lanes at the University of Wisconsin Madison 
Biotechnology Center. We first used bowtie2 v2.2.5 (Langmead & 
Salzberg, 2012) and a series of scripts designed for filtering Illumina 
data (https://github.com/ncgr/tapioca) to discard sequences repre-
senting common contaminants (i.e., PhiX, Escherichia coli or Illumina 
oligos). We demultiplexed reads by individual using a Perl script 
that additionally corrected barcodes with one or two base errors. 
Fastq files containing data for each individual are publicly available 
(DRYAD: https://doi.org/10.5061/dryad.wh70r xwks).

2.3  |  Phylogenetic analyses and ancestral area 
reconstruction

To examine geographic regionality among T. elegans lineages, we 
estimated phylogenetic relationships among a subset of individuals 
(n = 92) with relatively high sequencing depth and representing the 
geographic range of each subspecies. We conducted independent 
assembly and variant calling for phylogenetic analyses using ipy-
rad v0.9.54 (Eaton & Overcast, 2020). Based on levels of genetic 
divergence among subspecies, we were moderately conservative 

with our parametrization of ipyrad, with most parameters set to 
default. First, we employed a de novo clustering step using VSEARCH 
(Rognes et al., 2016) with a clustering similarity threshold of 0.85. 
To account for uneven sequence depth across loci, statistical base 
calling was set to five, and majority- rule base calling was set to four. 
We set the maximum shared heterozygous sites per locus to 0.08. 
We tested the effect of missing data on our phylogenetic estimate 
by excluding loci if they had more than 20% and 30% missing data. 
Because this parameter didn't affect downstream phylogenetic anal-
yses, we excluded the former dataset from further analyses.

We estimated phylogenetic relationships among T. elegans sub-
species, including other Thamnophis species as outgroups, using a 
maximum likelihood (ML) approach with RAxML v8.2.12 (Stamatakis, 
2006) and a quartet sampling algorithm under a multispecies coales-
cent (MSC) model (reviewed in Edwards et al., 2016; Liu et al., 2019) 
using tetrad v0.9.13. Both of these methods are well suited for 
large single nucleotide polymorphism (SNP) datasets and allowed us 
to compare topologies under different phylogenetic searches. For 
the ML analysis, we simultaneously conducted a rapid bootstrap-
ping analysis and best- scoring ML tree search utilizing the GTRCAT 
model of sequence evolution and the multiple alignments of concat-
enated loci from ipyrad. We determined the number of sufficient 
bootstrap replicates by implementing a posteriori bootstopping 
analysis that uses the majority- rule consensus tree criterion to 
determine convergence of bootstrap analyses with the autoMRE 
option. Bootstopping analysis determined 400 replicates to be suf-
ficient for the inferred RAxML phylogeny. For tetrad analysis, we 
evaluated all possible quartets under a MSC model using unlinked 
SNPs from ipyrad. These quartets were then joined using the wQMC 
algorithm, and nodal support was assessed with 400 non- parametric 
bootstrap replicates.

We estimated ancestral area ranges (AARs) in RASP v4.0 
(Reconstruct Ancestral State in Phylogenies; Yu et al., 2015) using 
the Bayesian binary Markov chain Monte Carlo (BBM) approach to 
examine the dispersal scenario of T. elegans across western North 
America. We conduced AAR using both phylogenetic estimates (ML 
and MSC) because their topologies differed slightly (see Section 3). 
We pruned outgroup taxa from each phylogeny using the R package 
APE v5.2 (Paradis & Schliep, 2019). We then assigned terminal taxa to 
areas they occupy, using predefined biogeographic regions defined 
at two broad scales: Level I ecoregions (biomes); Level III ecoregions 
(Olson et al., 2001; Omernik & Griffith, 2014) with California ecolog-
ical subsections (Goudey & Smith, 1994). We then conducted two 
separate AAR analyses using these distinct biogeographic scales to 
define our areas. We based analyses on these regions because they 
describe broad abiotic (e.g., climate, physiography and soils, hydrol-
ogy) and biotic (e.g., vegetation) variation and have been useful for 
ecological, conservation, and management research (Di Marco et al., 
2018; Dinerstein et al., 2017; Olson & Dinerstein, 2002; Olson et al., 
2001).

We ran all AAR analyses with 10 MCMC chains for 1 × 107 steps 
sampling every 1000 steps with parameters set to default (tem-
perature = 0.1; model = JC; and among- site rate variation = equal), 

https://github.com/ncgr/tapioca
https://doi.org/10.5061/dryad.wh70rxwks
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allowed for three ancestral areas to incorporate uncertainty into our 
analysis, and discarded the first 2500 steps as burn- in.

2.4  |  Population genetic analyses

2.4.1  |  Assembly and variant calling

We aligned reads, identified, called and filtered variants using an 
alternative workflow for population genetic analyses. Due to pro-
nounced genetic divergence among T. e. vagrans and the other 
subspecies (see Section 3), we conducted analyses separately for 
two datasets: one including the three subspecies, and a second 
that included only T. e. elegans and T. e. terrestris. Reads were first 
aligned to the T. sirtalis reference genome (NCBI assembly accession: 
GCF_001077635.1; Castoe et al., 2011) using the aln and samse 
algorithms in bwa v0.7.17 (Li & Durbin, 2009) with maximum edit 
distance set to 4. We then identified SNPs and generated genotype 
likelihoods using samtools v1.9 and bcftools v1.9 (Li et al., 2009). 
We used mpileup in samtools to identify SNPs by setting maxi-
mum depth to 100, adjusted mapping quality to 50, minimum base 
quality to 20, and minimum mapping quality to 20. Using vcftools 
v0.1.16 (Danecek et al., 2011), we retained only bi- allelic SNPs with 
a minor allele frequency >0.05 and variants where 60% of individu-
als had at least one read at the locus. We excluded individuals with 
>50% missing data and loci with mean coverage depth >10× to guard 
against calling genotypes in misassembled paralogous regions. Full 
details on variant calling and bioinformatic processing are available 
at DRYAD (https://doi.org/10.5061/dryad.wh70r xwks).

2.4.2  |  Spatial genetic structure

We characterized genetic differentiation among subspecies and also 
investigated the influence of geographic and environmental variation 
on spatial genetic structure within T. e. elegans and T. e. terrestris. To 
make full use of the inherently variable coverage data, we simultane-
ously calculated genotype probabilities and ancestry coefficients (q) 
using a hierarchical Bayesian model (entropy; Gompert et al., 2014) 
that incorporates genotype uncertainty from sequencing error, map-
ping error and stochastic variability in coverage across loci and individ-
uals. entropy estimates ancestry proportions using a model similar to 
that implemented in structure (Falush et al., 2003; Pritchard et al., 
2000), and similarly estimates parameters without a priori information 
regarding sample origin for models representing each of k ancestral 
populations. To speed the mixing and convergence of MCMC chains, 
we seeded entropy with estimated starting values of cluster assign-
ment for all individuals for models representing each value of k. To 
do this, we first ran a linear discriminant analysis (lda package in R; 
Jombart et al., 2010) on the principal components generated from a 
genotype likelihood covariance matrix. We then used k- means clus-
tering to generate cluster assignment probabilities for all individuals. 
We ran five independent chains for each value of k = 2– 8 for 100,000 

iterations following a 40,000 iteration burn- in. We saved every 10th 
iteration and used deviance information criterion (DIC) for model com-
parison. We summarized posterior distributions to obtain ancestry pro-
portion estimates as well as individual genotype probabilities used in 
additional downstream analyses.

We summarized genetic structure across the entire dataset as 
well as the subset of T. e. elegans and T. e. terrestris using both an-
cestry coefficients estimated in entropy and principal component 
analyses (PCAs) based on genotype probabilities, using the prcomp 
function in R. As metrics of genetic differentiation among subspe-
cies, we used custom R scripts to calculate pairwise estimates of 
Hudson's FST (Hudson et al., 1992) and Nei's genetic distance (Nei's 
D; Nei, 1972). These metrics were also calculated among counties 
where at least three T. e. elegans were sampled and among the geo-
graphic clusters of T. e. terrestris identified by PCA (see Section 3).

As metrics of genetic diversity for each T. elegans subspecies, we 
calculated nucleotide diversity (θπ) and the Watterson estimator (θw) 
using methods in the program ANGSD v0.923 that incorporate geno-
type uncertainty (Korneliussen et al., 2013, 2014). Folded site allele 
frequency likelihoods were first estimated with realsfs (Fumagalli 
et al., 2013). Then, we calculated genotype likelihoods using the set-
ting GL 1, which generated the folded site frequency spectrum (SFS) 
likelihood. We used the function doThetas 1 to estimate θπ and θw 
parameters separately at each locus across the reference genome 
and then averaged each value per population.

2.4.3  |  Spatial connectivity

In order to consider geography- associated genetic differentiation and 
potential variation in gene flow across the landscape, we used esti-
mated effective migration surfaces (EEMS; Petkova et al., 2016) for 
T. e. elegans and T. e. terrestris separately as well as together in a com-
bined analysis. EEMS identifies regions of genetic differentiation that 
deviate from the expectation of isolation by distance and infers them 
as potential corridors or barriers to gene flow. It does this by imple-
menting the stepping- stone model across a predefined landscape that 
is divided into demes, with variable gene flow possible between demes 
(reviewed in House & Hahn, 2018; Petkova et al., 2016). We first gen-
erated an individual level matrix of pairwise Euclidean distances based 
on genotype probabilities. For our individual analyses of T. e. elegans 
and T. e. terrestris, we set the number of demes to 600 in order to cap-
ture finer scale patterns of gene flow suggested by the tight clustering 
in PCAs (see Section 3). To increase proper mixing and convergence 
among chains for our combined T. e. elegans and T. e. terrestris analysis, 
we set the number of demes to 400 and expanded the area of analy-
sis across the CFP. For both analyses, we conducted preliminary runs 
to optimize model parameters to ensure the acceptance of proposal 
rates roughly ranged from 20% to 30%. Once suitable model param-
eters were selected, we ran and combined three independent chains 
for 3 × 107 iterations with a burn- in of 3 × 106 and sampling every 5000 
iterations. We then checked for convergence among chains and visual-
ized results using the R package reemsplotsZ.

https://doi.org/10.5061/dryad.wh70rxwks
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2.4.4  |  Genetic- environment association

We conducted genetic- environment association (GEA) analyses 
using partial redundancy analysis (pRDA) to identify environmental 
variables that covary with genetic differentiation among populations 
as well as candidate loci exhibiting allele frequency shifts consist-
ent with local adaptation to the environmental variables (Forester 
et al., 2018). Unlike traditional genome scans that do not interro-
gate environmental variation (e.g., FST outlier scans), GEA analyses 
incorporate spatial variation in allele frequencies and environmen-
tal variables. As a result, GEA analyses have reduced incidence of 
false positives arising from neutral processes and are relatively ef-
fective at detecting more dispersed multilocus selection (Lotterhos 
& Whitlock, 2015; Rellstab et al., 2015). While diverse GEA meth-
ods exist, multiple recent studies have illustrated that pRDA per-
forms favourably as it is less prone to false negatives and positives 
and is reasonably robust to demographic and historical variation 
(Capblancq et al., 2018; Forester et al., 2018). We used pRDA to 
assess the contribution of specific environmental variables to vari-
ation in local adaptation across space and to identify outlier loci 
potentially linked to genomic regions responding to selection. We 
downloaded all 19 of the bioclimatic variables at a of resolution 
of 2.5 (minutes of a degree) for each individual specimen available 
from WorldClim (Hijmans et al., 2005) using dismo v1.1- 4 (Hijmans, 
Philips, et al., 2019) and raster v3.1- 5 (Hijmans, van Etten, et al., 
2019) packages in R. Elevation data was acquired from elevatr 
v0.2.0 package (Hijmans & Shah, 2017). To reduce multicollinearity, 
we removed environmental variables from each analysis that had a 
Pearson's correlation of >0.60 (Dormann et al., 2013) and variance 
inflation factor (VIF) values exceeding 10.

We performed pRDA using the rda function in the vegan 
v2.4- 5 R package (Oksanen et al., 2015). To account for spatial 
genetic structure in this analysis, both T. e. elegans and T. e. terres-
tris models were conditioned on PC1. The r2 value of each model 
was used to evaluate proportion of variation explained by the con-
strained ordinations, and the significance of models and RDA axes 
were tested with an analysis of variance (ANOVA) and permutation 
(n = 999). We used loadings of SNPs from the first two constrained 
ordination axes to identify outlier loci that were 3 standard devia-
tions (two- tailed p = 0.0027) from the mean loading value. We then 
checked for duplicate candidate loci that were associated with more 
than one RDA axis and calculated correlations of candidate SNPs to 
predictor variables.

3  |  RESULTS

3.1  |  Phylogenetic estimate and ancestral area 
reconstruction

After assembly and filtering in ipyrad, we retained 16,382 loci 
spanning 1,427,787 characters, 26.03% missing sites, and 37,321 
parsimony informative sites across the subset of 92 individuals. 

ML and MSC phylogenetic estimates recovered mostly congruent 
topologies with the same overall relationships among subspecies, 
with only a few discordances of certain tips (Figure 2a and b). T. el-
egans was a monophyletic clade in both analyses with strong boot-
strap support (ML = 100; MSC = 95). This clade bifurcates into a 
well- supported T. e. vagrans clade (ML = 100; MSC = 100) sister to 
a clade containing both T. e. elegans and T. e. terrestris (ML = 100; 
MSC = 100). Within T. e. vagrans, two strongly supported sub-
clades corresponded to individuals from the Pacific Northwest 
(ML = 100; MSC = 100) and Southwest (ML = 100; MSC = 86). We 
also note that a single specimen (CAS 206466) identified as a pu-
tative intergrade based on location and morphology (dorsal pat-
tern and colouration) between T. e. vagrans and T. e. elegans (often 
referred to as T. e. biscutatus) was nested within T. e. vagrans. The 
second major T. elegans clade depicts a monophyletic T. e. terrestris 
(ML = 100; MSC = 76) nested within a clinal grouping of T. e. el-
egans. The deepest split in the T. e. elegans lineage occurs within 
northern California, and the group is characterized by a stepwise 
pattern of diversification with a large Sierra Nevada clade. Thus, 
the more derived T. e. terrestris clade was recovered as sister to 
T. e. elegans from western California, rendering T. e. elegans para-
phyletic. See Appendix S1 in supporting Information for all boot-
strap support values from our ML (Figure S1.1) and MSC (Figure 
S1.2) estimates.

AAR analyses based on both ML and MSC topologies recov-
ered strong geographic concordance among the three subspecies 
and subclades of T. elegans associated with geographic regions 
(Figure 3 and Figure S1.3). The analysis based on ecoregion III 
recovered movement across the CFP, and inferred the Eastern 
Cascades to be the ancestral area for T. elegans (all three subspe-
cies) with multiple dispersal events from this ecoregion (Figure 3). 
This analysis also suggests a dispersal scenario within T. e. va-
grans out of the Eastern Cascades and into the northwest and 
southwest. Within T. e. elegans, there were some regional group-
ings among the Cascades, northern and southern Sierra Nevada, 
and Northern California Coast Mountain Range, though group-
ings are non- monophyletic or were characterized by low boot-
strap support. Derived populations of T. e. elegans along the Inner 
Coast Range (e.g., sites in Colusa, Lake, Mendocino Counties) are 
sister to populations of T. e. terrestris in Outer Coast Range (e.g., 
sites in Sonoma, Napa, Marin Counties), suggesting that T. e. ter-
restris descended from snakes that were isolated from those of 
the Inner Coast Range. In addition, AAR suggests both vicariance 
and dispersal in the coastal populations of T. e. terrestris, with 
those from the Northern California Coast ecoregion founding 
populations further south in the Central California Coast ecore-
gion. Even though there were similar patterns recovered between 
both our ML and MSC topologies, dispersal scenarios differed. 
The AAR analysis of our ML estimate recovered dispersal from 
the Cascades to Northern California Coast Mountain Range, 
while our MSC estimate suggested dispersal to the Northern 
California Coast Mountain Range from Northern Sierra Nevada 
region (Figure 3).
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F I G U R E  2  Phylogenetic and principal component analyses (PCAs) of T. elegans. (a) RAxML maximum likelihood (ML) approach and 
(b) multispecies coalescent (MSC) model employed using tetrad recovered largely congruent topologies from a subset of T. elegans 
(n = 92). Black circles represent bootstrap support (bs) values ≥85 and grey labels represent values between 85 and 70. (c) PCA of 8460 
single nucleotide polymorphisms (SNPs) of all three subspecies (n = 204) and (d) PCA representing 10,121 SNPs from only T. e. elegans 
and T. e. terrestris (n = 187) recovered distinct genetic clustering among subspecies. (c) PCA plot of T. elegans subspecies, represented by 
symbols for the mean PCA score (square: T. e. elegans; circle: T. e. terrestris; triangle: T. e. vagrans) that are linked to individual samples by line 
segments. Proportion of variation labelled on each axis. Asterisks represent western samples of T. e. elegans. Colored shading reflects groups 
of samples for each subspecies (blue: T. e. elegans; red: T. e. terrestris; tan: T. e. vagrans)
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3.2  |  Spatial genetic structure

For the full set of individuals used in population genetic analyses, 
we retained 354,540,830 reads after initial quality screening and 
demultiplexing with an average of 1,508,684 reads per individual 
(SD = 638,633). After variant calling and filtering, we retained 
a dataset of 8460 SNPs across 208 individuals (see Appendix S2; 
Table S2.1) with a mean coverage depth of 4.89× per individual per 
locus (SD = 1.81; Table S2.2). For the subset of samples represent-
ing T. e. elegans and T. e. terrestris, we retained a set of 10,121 SNPs 
across 187 individuals with 4.43× mean coverage depth (SD = 1.57; 
Table S2.3).

Population genetic analyses recovered distinct genetic clusters 
of T. elegans subspecies in PC space (Figure 2c), revealing differen-
tiation at a finer scale than phylogenetic analyses. PC1 explained a 
high fraction of variation (27.7%) and clearly differentiated T. e. va-
grans from the other subspecies, while PC2 explained less variation 
(4.97%), yet clearly distinguished T. e. elegans and T. e. terrestris. 
Differentiation between T. e. elegans and T. e. terrestris was clearer 
when analysed independent of T. e. vagrans (Figure 2d).

PC analyses also illustrated spatial genetic differentiation across 
the CFP (Figure 4a) within both T. e. elegans (Figure 4b) and T. e. ter-
restris (Figure 4c). T. e. elegans exhibited clinal structuring of popula-
tions latitudinally, across the Sierra Nevada and northern California 

F I G U R E  3  Ancestral area reconstruction (AAR) using (a) Level III ecoregions and California ecological subsections on (b) ML and (c) MSC 
estimates using Bayesian binary Markov chain Monte Carlo (BBM) in RASP (Reconstruct Ancestral State in Phylogenies). AAR recovered 
strong regionality based on ecoregions among subclades of T. elegans subspecies. For simplicity, only probabilities of individual ranges are 
represented. Circles depict dispersal, extinction or vicariant events recovered from our AAR analyses. Letters depict different dispersal 
scenarios across northern California recovered from the independent AAR analyses: A and B under ML; C and D under MSC
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along PC1 (8.29%). In addition, T. e. elegans individuals sampled at 
the southern extent of the Sierra Nevada represented a distinct clus-
ter distinguished along PC2. In contrast, three distinct clusters of 
T. e. terrestris were recovered in PCA (PC1 = 7.79%; PC2 = 3.45%), 
defined by the Sacramento– San Joaquin River Delta, San Francisco 
Peninsula and Monterey Bay region. There was a strong relation-
ship between PC score and latitude in both T. e. elegans (r2 = 0.824, 
p < 0.001) and T. e. terrestris (r2 = 0.792, p < 0.001).

The k = 2 entropy model had the lowest DIC value; however, 
the k = 5 model also produced biologically meaningful patterns of 
clustering for both subspecies (Figure 4d). Ancestry coefficient 
plots depicted patterns of spatial genetic clustering similar to those 

illustrated with PCA. In addition, evidence of mixed ancestry was re-
covered between T. e. elegans and T. e. terrestris in northern California 
where their ranges intersect (Figure 4d). Ancestry coefficients are 
reported for k = 2 (Table S2.4) and k = 5 (Table S2.5).

Genetic differentiation was strong between T. e. vagrans and 
the other subspecies (T. e. elegans: FST = 0.2031, Nei's D = 0.0909; 
T. e. terrestris: FST = 0.2277, D = 0.1139; Table 1), while relatively low 
between T. e. elegans and T. e. terrestris (FST = 0.0377, D = 0.0114). 
There were moderate levels of genetic differentiation within sub-
species T. e. elegans (Table S2.6) and T. e. terrestris (Table S2.7). In 
addition, measures of nucleotide diversity were fairly similar across 
the three subspecies, with T. e. terrestris showing slightly higher 

F I G U R E  4  Principal component analyses (PCAs) of 10,121 SNPs from our two well- sampled lineages reveals fine- scale genetic structure 
across the (a) California Floristic Province for both (b) T. e. elegans (n = 97) and (c) T. e. terrestris (n = 90). Genetic variation in T. e. elegans 
appears more clinal than that of T. e. terrestris, which displays discrete breaks across the Sacramento– San Joaquin River Delta and Monterey 
Bay regions. These patterns are also represented by inset plots of latitude versus PC1 for both subspecies. Plots for T. e. elegans are colour 
coded by latitude, while T. e. terrestris represents clusters recovered from PCA. (d) Plots of ancestry coefficients also recovered the clinal 
variation in T. e. elegans and discrete breaks of T. e. terrestris. Asterisks represent western samples of T. e. elegans with potentially admixed 
genomes (n = 9). Note: we excluded two individuals from these analyses because they represented single samples from very distant sites 
(T. e. elegans, MVZ 230035, Douglas County, OR; T. e. terrestris CAS 237205, Humboldt County, CA)
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levels (θπ = 0.0032) than T. e. elegans (θπ = 0.0029) and T. e. vagrans 
(θπ = 0.0028; Table 2).

3.3  |  Spatial connectivity

EEMS analyses of T. e. elegans and T. e. terrestris highlighted sev-
eral regions in California that may serve as barriers to gene flow 
(Figure 5a and b). The Central Valley region may represent a major 
barrier to movement for T. e. elegans. A barrier was also inferred in 
the southern Sierra Nevada, as well as a potential area of limited 
gene flow in the central Sierra Nevada. Interestingly, potential cor-
ridors were detected along the coastal and northern extents of 
T. e. elegans. EEMS analysis of T. e. terrestris recovered two regions 
that appear to be strong barriers to movement: the Sacramento– 
San Joaquin River Delta and a region south of Monterey Bay. EEMS 
analysis including both subspecies showed similar patterns as the 
independent analyses. However, the contact region of northern 
California between T. e. elegans and T. e. terrestris appeared as a bar-
rier to gene flow (Figure S1.4).

3.4  |  Genetic- environment association

pRDA models provide d evidence that specific environmental vari-
ables influence spatial patterns of genetic variation via local adapta-
tion in both T. e. elegans (Figure 6a and b) and T. e. terrestris (Figure 6c 
and d). Our models were significant for both T. e. elegans (ANOVA 
F5 = 1.9347, p = 0.001) and T. e. terrestris (ANOVA F6 = 1.4493, 
p = 0.001). The first two constrained RDA axes for both subspe-
cies were significant (p < 0.001) explaining 33.06% and 24.66% of 
the total variation for T. e. elegans (adjusted r2 = 0.045), 25.33% and 
19.80% of the total variation for T. e. terrestris (adjusted r2 = 0.029). 
After excluding environmental variables that were highly correlated, 
pRDA for both T. e. elegans and T. e. terrestris included identical pre-
dictor variables (Table 3), with the exception that the T. e. terrestris 
model also included elevation. Genetic variation in populations of 
T. e. elegans from western California was strongly associated with 
mean annual temperature and isothermality. Variation in northern 
and southern populations of T. e. elegans was positively associated 
with annual temperature range and negatively associated with total 
annual precipitation (Figure 6a and b). Genetic variation in the San 
Francisco Peninsula population of T. e. terrestris was negatively as-
sociated with precipitation seasonality. Mean annual temperature 

was both positively and negatively associated with genetic vari-
ance in populations of T. e. terrestris north of the Sacramento– San 
Joaquin Delta (Figure 6c and d). We identified 49 and 58 outlier loci 
(Table S2.8) across the environmental variables associated with the 
first two RDA axes for T. e. elegans and T. e. terrestris, respectively 
(Table 4). However, no outlier loci were shared between the two 
subspecies.

4  |  DISCUSSION

We examined biogeographic patterns in the widely distributed and 
ecologically variable snake, T. elegans. Our analyses of ddRADseq 
data characterizing populations of T. elegans revealed strong genetic 
differentiation among regional lineages. In addition, each of these 
groups possesses unique patterns of dispersal, vicariance and re-
gional diversification. History, geological features and adaptation to 
local environmental variation appear to jointly influence the genetic 
structure of T. elegans lineages.

4.1  |  Distinctiveness among T. elegans lineages

We recovered three distinct genetic groups of T. elegans that 
correspond to the three described subspecies: T. e. elegans, 
T. e. terrestris and T. e. vagrans (Figure 2). Both phylogenetic and 
population genetic analyses suggest T. e. vagrans is quite distinct 
from T. e. elegans and T. e. terrestris. Phylogenetic analysis revealed 
T. e. vagrans is a monophyletic clade sister to a clade comprised of 
a monophyletic T. e. terrestris nested within a paraphyletic T. e. el-
egans. Previous phylogeographic work on T. elegans also recovered 
regional clades, but these did not represent monophyletic group-
ings consistent with taxonomic classifications (Bronikowski & 
Arnold, 2001). For example, Bronikowski and Arnold (2001) found 
that populations of T. e. elegans from the northern Sierra Nevada 
grouped with populations of T. e. terrestris from the Monterey Bay 
region and recovered a large clade that encompassed most of the 
range of T. e. vagrans. However, the lack of robust topological pat-
terns made further biogeographic analyses or hypotheses about 
diversification and taxonomy within T. elegans difficult. Our in-
creased genomic and geographic sampling helped clarify the evo-
lutionary relationships of these regional groups and allowed us to 
test more complex biogeographic hypotheses.

TA B L E  1  Measures of genetic differentiation among the three 
major genetic clusters (subspecies) of T. elegans we recovered

T. e. elegans T. e. terrestris T. e. vagrans

T. e. elegans – 0.0377 0.2031

T. e. terrestris 0.0114 – 0.2277

T. e. vagrans 0.0909 0.1139 – 

Note: FST values are in upper triangle, Nei's D in lower triangle.

TA B L E  2  Measures of nucleotide diversity in the three major 
lineages (subspecies) of T. elegans we recovered

Subspecies n θπ θω

T. e. elegans 99 0.002902 0.00322

T. e. terrestris 90 0.003186 0.003877

T. e. vagrans 19 0.00276 0.002841

Note: Nucleotide diversity is reported as both θπ and θω (Watterson 
estimator).
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F I G U R E  5  Estimated effective migration surface (EEMS) plots of (a) T. e. elegans and (b) T. e. terrestris displaying estimated rates of 
migration that deviate from isolation- by- distance expectations. Warmer colours represent barriers to gene flow while cooler colours 
represent genetic corridors. A number of regions that appear to limit migration were recovered in both species, and are associated with well- 
known biogeographic barriers such as those in central and southern Sierra Nevada, the Central Valley, Sacramento– San Joaquin River Delta 
and Monterey Bay. Circles represent the demes (n = 600) that sample localities were assigned (scaled to sample size). Migration estimates 
given in log10 scale relative to the overall migration rate across the region, which has been scaled to 0 (see Petkova et al., 2016). Common 
biogeographic barriers are labelled (CaR, Cascade Range; CR, Coast Range; CV, Central Valley; MB, Monterey Bay; SN, Sierra Nevada; 
SSJRD, Sacramento– San Joaquin River Delta; TR, Transverse Range)
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The subspecies rank is useful for describing morphologically 
distinct ‘historical sublineages’ that occupy a part of a species 
range, and that intergrade at zones of contact (Hillis, 2020; Mayr, 
1969). Important elements of this concept are that the subspecies 

are morphologically diagnosable, but still reproductively compat-
ible with other subspecies, such that admixture occurs where lin-
eages meet (Hillis, 2020). Morphological traits such as dorsal and 
ventral colouration and patterns of blotching and striping, as well 

F I G U R E  6  Partial redundancy analyses (pRDA) of 10,121 SNPs depict the environmental variables (isothermality, mean annual 
temperature, precipitation seasonality, temperature annual range, total annual precipitation) which were significantly associated with genetic 
variation in (a) T. e. elegans and (c) T. e. terrestris for the first two constrained ordination axes, after correcting for spatial autocorrelation 
(PC1). Colours represent populations recovered from PC analyses for each subspecies (see Figure 4). Loadings from candidate loci under 
selection that are either positively or negatively associated with environmental variables for (b) T. e. elegans (n = 49) and (d) T. e. terrestris 
(n = 58). Outliers were detected based on locus scores ±3 SD from the mean loading on each same RDA axes. Loci are labelled based on the 
environmental variable and the number of loci associated with each variable. Significant environmental variables and elevation used in our 
pRDA models are depicted across the CFP
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TA B L E  3  Set of climatic variables 
used in both partial redundancy analyses 
(pRDAs) of spatial genetic variation in 
T. e. elegans and T. e. terrestris
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as certain meristic characters (scale counts), have been used to 
distinguish the geographic races of T. elegans (Fitch, 1980, 1983; 
Fox, 1951; Johnson, 1947; Lawson & Dessauer, 1979; Rossman, 
1979; Stebbins, 2003). Unfortunately, these traits can be highly 
variable, even across small spatial scales or within populations (re-
viewed in Rossman et al., 1996). In addition, many of these mor-
phological treatments precede more rigorous statistical analyses. 
Efforts are needed to help clarify the morphological variation 
within and among groups, as well as the traits that faithfully dis-
tinguish the subspecies.

Determining how exclusive these geographic lineages (sub-
species) are will also require further effort. Here, we sampled two 
regions of possible secondary contact. In the first contact zone, 
the ranges of T. e. elegans and T. e. vagrans intersect along a por-
tion of northeastern California and southcentral Oregon (an area 
long considered an important suture zone for multiple hybridizing 
taxa; Forister et al., 2006; Remington, 1968; Swenson & Howard, 
2005). The T. elegans of this region (e.g., Modoc County) have been 
the focus of debate because many appear morphologically unique. 
They have been proposed to represent their own subspecies, 
T. e. biscutatus (Fitch, 1980, 1983), or instead possible intergra-
dation between T. e. vagrans and T. e. elegans (Rossman, 1979). 
Surprisingly, our results do not support either of these hypotheses. 
The T. elegans of this area do not form a unique cluster or lineage, as 
expected if T. e. biscutatus were a distinct regional group (Figure 2). 
Likewise, we found no evidence of intergradation between T. e. va-
grans and T. e. elegans in any region. The second contact zone is 
where the narrow coastal range of T. e. terrestris meets the western 
extent of T. e. elegans from northwestern California to southwest-
ern Oregon. As with the contact zone between T. e. elegans and 
T. e. vagrans, our results suggest that T. e. elegans and T. e. terrestris 
form distinct genomic clusters (Figure 2c), with only minimal ad-
mixture between groups (Figure 4d). However, the ranges of these 
two subspecies abut for hundreds of kilometres (Rossman et al., 
1996; Stebbins, 2003), where intergradation is thought to be ex-
tensive (Fitch, 1983). Greater sampling of proximate populations is 
needed along both contact zones to establish the extent of poten-
tial admixture between the subspecies.

Further work is needed to reappraise the subspecies arrange-
ment in T. elegans. The three subspecies may represent distinct 
species: independent lineages (de Queiroz, 1998, 2007; Wiley, 
1978) that are discrete along multiple axes (morphological, mo-
lecular, ecological, behavioural, etc.) and display group cohesion 
(Templeton, 1989) suggesting limited interbreeding between lin-
eages (Hey, 2006; Templeton, 1989). For example, differences in 
feeding strategies between T. e. elegans and T. e. terrestris appear 
linked to morphological and physiological variation (Arnold, 1977, 
1981a, 1981b; Britt & Bennet, 2008; Britt et al., 2006; Drummond 
& Burghardt, 1983) that could function as potential isolating 
mechanisms between these taxa. Regardless, we hope our results 
provide a framework for future morphological, genetic and eco-
logical work that might further clarify the taxonomic status of the 
T. elegans complex.

4.2  |  Biogeographic patterns of genetic variation 
within lineages

We recovered strong patterns of genetic differentiation across the 
three subspecies that can be explained by dispersal and vicariance 
scenarios and which are largely consistent with patterns in other 
groups that share similar distributions across the CFP (e.g. Feldman 
& Spicer, 2006; Kuchta et al., 2009; Lavin et al., 2018; Rissler et al., 
2006). Geographic features underlying the biogeographic structure 
of these groups include the Central Valley, Sacramento– San Joaquin 
River Delta, glacial cycles across the Sierra Nevada, and ancient 
marine embayments (e.g. Feldman & Spicer, 2006; Martínez- Solano 
et al., 2007; Reilly et al., 2015; Spinks et al., 2010). AAR analysis 
recovered the most likely ancestral area as the Eastern Cascades 
ecoregion, followed by a general westward dispersal scenario asso-
ciated with T. e. elegans and T. e. terrestris (Figure 3).

Despite relatively sparse sampling of T. e. vagrans across its large 
distribution, we still recovered noteworthy phylogeographic pat-
terns. Two clades of T. e. vagrans were associated with well- known 
ecoregions spanning the Pacific Northwest and the Southwest 
(Figure 3). In general, a similar phylogeographic break between 
northern and southern regions has been recovered in both Rana lu-
teiventris (Funk et al., 2008) and Sorex monticolus (Demboski & Cook, 
2001). These patterns have been attributed to long- standing barri-
ers, such as the Snake River Plain, which bifurcates the distribution 
of many taxa across southern Idaho (Demboski & Cook, 2001), or 
the Wyoming Basin which divides the northern and southern Rocky 
Mountains (Albach et al., 2006; DeChaine & Martin, 2005).

T. e. elegans and T. e. terrestris also exhibit clear spatial genetic 
structure across eastern and western California. As a clade, the 
grouping of T. e. elegans and T. e. terrestris appears to have originated 
in the Eastern Cascades and shows a dispersal pattern south into 
the Sierra Nevada and into the Coast Ranges. The Central Valley di-
vides the distribution into western and eastern ranges, as in other 
terrestrial animals of the CFP (Matocq et al., 2012). Historically, the 
Central Valley was environmentally and ecologically distinct from 
the elevated woodland and forest communities that ring the val-
ley, including vast grasslands and also seasonally flooded wetlands 
(Garone, 2020; Schoenherr, 2017) that are still occupied by the 
highly aquatic T. gigas and generalist T. sirtalis (Rossman et al., 1996; 
Stebbins, 2003). The Central Valley is now largely inhospitable, hav-
ing been heavily altered for agricultural use and degraded by urban 
sprawl (Garone, 2020). Despite this potential barrier to gene flow, 
phylogeographic estimates in other herpetofauna have recovered 
lineages on either side of the northern Central Valley to be closely 
related (Feldman & Hoyer, 2010; Kuchta et al., 2009; Lapointe & 
Rissler, 2005; Martínez- Solano et al., 2007; Myers et al., 2013; Olson 
et al., 2021; Reilly et al., 2015; Wake et al., 1986). These observa-
tions support the hypothesis that corridors still link, or once linked, 
western and eastern regions of northern California through the 
Central Valley, referred to as the ‘trans- valley leak’ (Stebbins, 1949).

Interestingly, our AAR analyses recover differing scenarios re-
garding the likelihood of a trans- valley leak (Figure 3). The dispersal 
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pattern from the ML AAR analysis did not suggest a trans- valley leak 
in T. elegans. Instead coastal populations of T. e. elegans and the in-
dividual from the Sacramento– San Joaquin River Delta are closely 
related to individuals from western California. This suggests a differ-
ent dispersal scenario for T. e. elegans where the group split around 
the northern end of the Central Valley into coastal California and 
Sierra Nevada. In contrast, the AAR analysis using our MSC phylog-
eny does suggest a trans- valley leak. Here, the tree suggests a con-
nection between the northern Sierra Nevada and the northern Coast 
Ranges. However, we note that this relationship was not supported 
by our population genetic analyses, which placed the individual from 
the Sacramento– San Joaquin River Delta with coastal populations 
of T. e. elegans. In addition, EEMS results suggest the Central Valley 
represents a strong barrier to gene flow between the Sierra Nevada 
and the California coast (Figure 5a).

Population differentiation within T. e. elegans appears largely 
clinal, with a latitudinal gradient in genetic variation across the 
Sierra Nevada and northwestern California (Figure 4b and d). As 
mentioned above, these data, and the stepwise tree topology 
(Figure 3b and c), suggest a southern progression of T. e. elegans into 
the Sierra Nevada and northern California, as seen in other herpe-
tofauna (Kuchta et al., 2009; Moritz et al., 1992; Rodríguez- Robles 
et al., 2001). Nevertheless, EEMS analysis also suggested barriers to 
gene flow in the central and southern Sierra Nevada. Multiple gla-
ciation events (Gillespie & Clark, 2004; Moore & Moring, 2013) are 
thought to have driven genetic differentiation in taxa that span the 
Sierra Nevada (Feldman & Spicer, 2006; Kuchta et al., 2009; Kuchta 
& Tan, 2006; Lavin et al., 2018; Lind et al., 2011; Maier et al., 2019; 
Maldonado et al., 2001; Matocq, 2002; Rubidge et al., 2014).

In T. e. terrestris, population differentiation appears more struc-
tured than that of T. e. elegans. Both PCA and clustering approaches 
recovered distinct spatial groups (Figure 4c and d), whose bound-
aries are associated with the Sacramento– San Joaquin River Delta 
(Martínez- Solano et al., 2007; McCartney- Melstad et al., 2018; 
Richmond et al., 2014; Rodríguez- Robles et al., 1999; Spinks et al., 
2014) and the Monterey Bay (e.g., Reilly et al., 2015; Spinks et al., 
2010; reviewed in Rissler et al., 2006). Interestingly, the genetic 
breaks near Monterey Bay appear to be the result of a series of 
marine embayments from the Miocene through Pleistocene which 

isolated most of the central California coast from the northern coast 
(Dupré et al., 1991; Hall, 2002).

4.3  |  Local adaptation

Spatial genetic structure within T. e. elegans and T. e. terrestris has 
clearly been shaped by geographic features and historical processes, 
but also appears to have been influenced by local adaptation to envi-
ronmental variation. Local adaptation to environmental variation can 
influence spatial genetic structure if migrants are maladapted to local 
conditions, thereby reducing gene flow (Isolation by Environment or 
IBE; Nosil et al., 2009; Wang & Bradburd, 2014). Adaptation to local 
environments will also directly influence variation in the genomic re-
gions responding to selection. Despite the potential pitfalls of using 
reduced representation data for naïve genome scans to detect selec-
tion (Hoban et al., 2016; Lowry et al., 2017, but see Catchen et al., 
2017; McKinney et al., 2017), GEA analyses have been robust under 
a wide range of spatial and demographic conditions (Capblancq et al., 
2018; Forester et al., 2018; Lotterhos & Whitlock, 2015). Moreover, 
they allow analyses to evaluate the contribution of specific environ-
mental variables to local adaptation (Forester et al., 2018; Rellstab 
et al., 2015).

We found that genetic differentiation within T. e. elegans and 
T. e. terrestris is influenced by a consistent set of environmental 
variables (isothermality, mean annual temperature, precipitation 
seasonality, temperature annual range, total annual precipitation; 
Table 3). Interestingly, mean annual temperature was associated 
with genetic variation in populations from both subspecies from 
northwest California. Given the pivotal role that temperature plays 
in ectotherms, these results are perhaps unsurprising. Variation 
in thermal regimes can have a variety of effects on the behaviour 
and physiology of reptiles and might drive local adaption among 
populations by affecting the ability to thermoregulate (Angilletta 
et al., 2003; Kingsolver & Huey, 1998; Taylor et al., 2020), remain 
active (Adolph & Porter, 1993; Taylor et al., 2020) and allocate en-
ergy (Angilletta, 2001; Bronikowski, 2000; Gangloff et al., 2015). 
Beyond the direct influence of these environmental variables, we 
expect that factors such as temperature and precipitation impose 

TA B L E  4  Bioclimatic variables from WorldClim database with their associated variance inflation factor (VIF) and RDA loadings for axes 
one and two

Bioclimatic variable

T. e. elegans T. e. terrestris

VIF RDA1 RDA2 # Loci (%) VIF RDA1 RDA2 # Loci (%)

PC1 (condition) 4.1175 – – – 4.8539 – – – 

Elevation – – – – 4.1663 −0.1969 0.1500 – 

Isothermality 2.1017 0.7280 0.0337 14 (28.6%) 6.6978 0.7545 −0.4805 18 (31.0%)

Mean annual temperature 3.2615 0.6156 0.0787 6 (12.2%) 9.6744 −0.1435 0.7259 5 (8.6%)

Precipitation seasonality 5.7940 0.6433 −0.6159 11 (22.4%) 2.0764 0.5738 −0.0033 8 (13.8%)

Temperature annual range 4.9463 0.1065 0.5985 11 (22.4%) 4.9260 0.3574 0.3666 16 (27.6%)

Total annual precipitation 2.9846 0.0369 −0.8383 7 (14.3%) 5.8846 −0.1740 −0.4959 11 (19.0%)
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selection indirectly by determining key aspects of the ecological 
communities or resources these snakes require. For example, total 
annual precipitation and precipitation seasonality should impact not 
just the dominant plant communities these snakes occupy but also 
water availability required by their prey. Precipitation is known to 
influence prey availability and abundance in T. sirtalis, which then 
impacts reproductive success (Seigel & Fitch, 1985). Because T. ele-
gans also exploit prey that are sensitive to available moisture, such as 
amphibians, earthworms and slugs (Arnold, 1977, 1981a; Drummond 
& Burghardt, 1983), we expect similar ecological dynamics and se-
lective regimes.

Despite the fact that the same set of environmental variables 
was associated with genetic variance in T. e. elegans and T. e. ter-
restris, completely independent sets of outlier loci exhibited allele 
frequency shifts consistent with local adaptation in the two spe-
cies. Such a result is likely influenced by marker density limits of our 
data, variation in linkage disequilibrium (LD) among populations and 
species, and a polygenic basis of local adaptation to environmental 
variation. Our marker density (roughly 1 SNP per 150 KB) is under-
powered for detecting genomic regions influenced by selection, and 
RDA outlier loci presumably reflect some level of LD with causal 
variants. Given that LD often varies among lineages and popula-
tions, the detection of independent sets of loci is perhaps unsur-
prising. In addition, adaptation to environmental variation is likely to 
be polygenic, in which case common selective pressures may rarely 
lead to parallel genetic responses (Csilléry et al., 2018; Losos, 2011; 
Pritchard et al., 2010).

5  |  CONCLUSION

By coupling genome- scale data with population genetic and phylo-
genetic approaches, we revealed previously undocumented differ-
entiation within T. elegans at multiple spatial scales. This diversity 
appears to be the result of spatial, historical, and adaptive processes 
operating across regional clusters of T. elegans. First, we recovered 
three well-  differentiated groups consistent with the three currently 
recognized subspecies, with T. e. vagrans distinct from a T. e. elegans 
and T. e. terrestris group. The centre of origin of these lineages ap-
pears to be the eastern Cascades, with subsequent dispersal into 
the Columbia and Great Basins by T. e. vagrans, and south into the 
Sierra Nevada by T. e. elegans as well as west into the Coast Ranges, 
eventually giving rise to T. e. terrestris. Genetic differentiation within 
T. e. elegans and T. e. terrestris can be explained by both isolation- 
by- distance and by population fragmentation caused by well- 
established biogeographic barriers (i.e., Sacramento– San Joaquin 
River Delta and marine embayments). These biogeographic patterns 
are congruent with other many other fauna (e.g. Feldman & Spicer, 
2006; Rissler et al., 2006; Schierenbeck, 2014), suggesting paral-
lel genetic responses to shared landscape features and historical 
events. Lastly, we also detected non- neutral patterns of genetic vari-
ation associated with environmental variation (especially mean an-
nual temperature, isothermality, total annual precipitation). Overall, 

our analyses illustrate that genetic structure within T. elegans has 
been shaped across multiple spatial scales and may involve a diverse 
array of ecological and evolutionary influences.

ACKNOWLEDG EMENTS
We thank California Department of Fish &Wildlife (CAF&W) and 
Nevada Division of Wildlife (NDOW) for permits to CRF, and UNR 
IACUC for approval of live animal protocols to CRF. We are grateful 
for generous tissue loans and curatorial aid from Erica Ely, Lauren 
Scheinberg, and Jens Vindum of the Department of Herpetology, 
California Academy of Sciences (CAS), as well as tissues loans from 
Jimmy McGuire and Carol Spencer of the Museum of Vertebrate 
Zoology, UC Berkeley (MVZ). In addition, we appreciate field aid 
and collection efforts by Butch Brodie III, Mike Edgehouse, Ed and 
Erica Ely, Michelle Koo, Haley Moniz, Dan Mulcahy, Vicki Thill, Jens 
Vindum, Jeff Wilcox, Jeff Wilkinson and Kevin Wiseman, which 
were pivotal to this research. We thank Lana Sheta for assisting 
with lab work, and Trevor Faske and Joshua Jahner for help with 
bioinformatics and molecular analyses. We thank Gary Nafis for con-
tributing photographs. Lastly, we thank three anonymous review-
ers, Rayna Bell, and members of the Parchman Lab and UNR Evol 
Doers for helpful feedback on this manuscript, especially, Davide 
Baldan, Nathan Byer, Avery Grant, Joshua Jahner, Michael Logan, 
Marjorie Matocq, Haley Moniz, Jenny Ouyang, Renata Pirani, Jessica 
Reimche and Kelly Robinson. This work was supported by NSF grant 
IOS- 1355221 to CRF.

DATA AVAIL ABILIT Y S TATEMENT
Demultiplexed ddRADseq data of individual specimen fastq 
files used in analyses are deposited at the DRYAD (https://doi.
org/10.5061/dryad.wh70r xwks).

R E FE R E N C E S
Adolph, S. C., & Porter, W. P. (1993). Temperature, activity, and lizard 

life histories. The American Naturalist, 142(2), 273– 295. https://doi.
org/10.1086/285538

Albach, D. C., Schönswetter, P., & Tribsch, A. (2006). Comparative 
phylogeography of the Veronica alpina complex in Europe and 
North America. Molecular Ecology, 15(11), 3269– 3286. https://doi.
org/10.1111/j.1365- 294X.2006.02980.x

Angilletta, M. J., Jr. (2001). Variation in metabolic rate be-
tween populations of a geographically widespread lizard. 
Physiological and Biochemical Zoology, 74(1), 11– 21. https://doi.
org/10.1086/319312

Angilletta, M. J., Jr., Wilson, R. S., Navas, C. A., & James, R. S. (2003). 
Tradeoffs and the evolution of thermal reaction norms. Trends in 
Ecology and Evolution, 18(5), 234– 240. https://doi.org/10.1016/
S0169 - 5347(03)00087 - 9

Arnold, S. J. (1977). Polymorphism and geographic variation in the 
feeding behavior of the garter snake Thamnophis elegans. Science, 
197(4304), 676– 678. https://doi.org/10.1097/EDE.0b013 e3181

Arnold, S. J. (1981a). Behavioral variations in natural populations. I. 
Phenotypic, genetic, and environmental correlations between che-
moreceptive responses to prey in the garter snake, Thamnophis ele-
gans. Evolution, 35(3), 489– 509.

Arnold, S. J. (1981b). Behavioral variations in natural populations. II. The 
inheritance of a feeding response in crosses between geographic 

https://doi.org/10.5061/dryad.wh70rxwks
https://doi.org/10.5061/dryad.wh70rxwks
https://doi.org/10.1086/285538
https://doi.org/10.1086/285538
https://doi.org/10.1111/j.1365-294X.2006.02980.x
https://doi.org/10.1111/j.1365-294X.2006.02980.x
https://doi.org/10.1086/319312
https://doi.org/10.1086/319312
https://doi.org/10.1016/S0169-5347(03)00087-9
https://doi.org/10.1016/S0169-5347(03)00087-9
https://doi.org/10.1097/EDE.0b013e3181


    |  2241HALLAS et AL.

races of the garter snake, Thamnophis elegans. Evolution, 35(3), 
510– 515.

Arnold, S. J. (1988). Quantitative genetics and selection in natural 
populations: Microevolution of vertebral numbers in the garter 
snake Thamnophis elegans. Proceedings of the Second International 
Conference on Quantitative Genetics, 55, 619– 638.

Arnold, S. J., & Phillips, P. C. (1999). Hierarchical comparison of genetic 
variance- covariance matrices. II. Coastal- Inland divergence in the 
garter snake, Thamnophis elegans. Evolution, 53(5), 1516– 1527. 
https://doi.org/10.2307/2640897

Bouzid, N. M., Archie, J. W., Anderson, R. A., Grummer, J. A., & Leaché, 
A. D. (2021). Evidence for ephemeral ring species formation during 
the diversification history of Western Fence Lizards (Sceloporus oc-
cidentalis). Molecular Ecology. https://doi.org/10.1111/mec.15836

Britt, E. J., & Bennett, A. F. (2008). The energetic advantages 
of slug specialization in garter snakes (genus Thamnophis). 
Physiological and Biochemical Zoology, 81(3), 247– 254. https://doi.
org/10.1086/528778

Britt, E. J., Hicks, J. W., & Bennett, A. F. (2006). The energetic conse-
quences of dietary specialization in populations of the garter snake, 
Thamnophis elegans. Journal of Experimental Biology, 209(16), 3164– 
3169. https://doi.org/10.1242/jeb.02366

Bronikowski, A. M. (2000). Experimental evidence for the adap-
tive evolution of growth rate in the garter snake Thamnophis 
elegans. Evolution, 54(5), 1760– 1767. https://doi.org/10.1111/
j.0014- 3820.2000.tb007 19.x

Bronikowski, A. M., & Arnold, S. J. (1999). The evolutionary ecology 
of life history variation in the garter snake Thamnophis elegans. 
Ecology, 80(7), 2314– 2325. https://doi.org/10.2307/176912

Bronikowski, A. M., & Arnold, S. J. (2001). Cytochrome b phylogeny does 
not match subspecific classification in the western terrestrial garter 
snake, Thamnophis Elegans. Copeia, 2, 508– 513.

Brunsfeld, S. J., Sullivan, J., Soltis, D. E., & Soltis, P. S. (2001). Comparative 
phylogeography of northwestern North America: A synthesis. 
Special Publication- British Ecological Society, 14, 319– 339.

Bryson, R. W., Jr., Savary, W. E., & Prendini, L. (2013). Biogeography of 
scorpions in the Pseudouroctonus minimus complex (Vaejovidae) 
from south- western North America: Implications of ecologi-
cal specialization for pre- Quaternary diversification. Journal 
of Biogeography, 40(10), 1850– 1860. https://doi.org/10.1111/
jbi.12134

Capblancq, T., Luu, K., Blum, M. G. B., & Bazin, E. (2018). Evaluation 
of redundancy analysis to identify signatures of local adapta-
tion. Molecular Ecology Resources, 18(6), 1223– 1233. https://doi.
org/10.1111/1755- 0998.12906

Castoe, T. A., Bronikowski, A. M., Brodie, E. D., Edwards, S. V., Pfrender, 
M. E., Shapiro, M. D., Pollock, D. D., & Warren, W. C. (2011). A 
proposal to sequence the genome of a garter snake (Thamnophis 
sirtalis). Standards in Genomic Sciences, 4(2), 257– 270. https://doi.
org/10.4056/sigs.1664145

Catchen, J. M., Hohenlohe, P. A., Bernatchez, L., Funk, W. C., Andrews, 
K. R., & Allendorf, F. W. (2017). Unbroken: RADseq remains a pow-
erful tool for understanding the genetics of adaptation in natural 
populations. Molecular Ecology Resources, 17(3), 362– 365. https://
doi.org/10.1111/1755- 0998.12669

Chatzimanolis, S., & Caterino, M. S. (2007). Toward a better under-
standing of the “Transverse Range break”: Lineage diversification 
in southern California. Evolution, 61(9), 2127– 2141. https://doi.
org/10.1111/j.1558- 5646.2007.00186.x

Chiszar, D. A., De Queiroz, A., Miller, J. L., & Bealor, M. T. (2013). The evo-
lution of the stimulus control of constricting behaviour: Inferences 
from North American gartersnakes (Thamnophis). Behaviour, 150(3– 
4), 225– 253. https://doi.org/10.1163/15685 39X- 00003047

Conroy, C. J., & Neuwald, J. L. (2008). Phylogeographic study of the 
California vole, Microtus californicus. Journal of Mammalogy, 89(3), 
755– 767. https://doi.org/10.1644/07- mamm- a- 189r1.1

Csilléry, K., Rodríguez- Verdugo, A., Rellstab, C., & Guillaume, F. (2018). 
Detecting the genomic signal of polygenic adaptation and the role 
of epistasis in evolution. Molecular Ecology, 27(3), 606– 612. https://
doi.org/10.1111/mec.14499

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. 
A., Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean, 
G., & Durbin, R. (2011). The variant call format and VCFtools. 
Bioinformatics, 27(15), 2156– 2158. https://doi.org/10.1093/bioin 
forma tics/btr330

de Queiroz, A., & Groen, R. R. (2001). The inconsistent and inefficient 
constricting behavior of Colorado Western Terrestrial garter 
snakes, Thamnophis elegans. Journal of Herpetology, 35(3), 450– 460. 
https://doi.org/10.2307/1565963

de Queiroz, A., & Lawson, R. (1994). Phylogenetic relationships of the 
garter snakes based on DNA sequence and allozyme variation. 
Biological Journal of the Linnean Society, 53(3), 209– 229. https://doi.
org/10.1006/bijl.1994.1069

de Queiroz, A., Lawson, R., & Lemos Espinal, J. A. (2002). Phylogenetic 
relationships of North American garter snakes (Thamnophis) based 
on four mitochondrial genes: How much DNA sequence is enough? 
Molecular Phylogenetics and Evolution, 22(2), 315– 329. https://doi.
org/10.1006/mpev.2001.1074

de Queiroz, K. (1998). The general lineage concept of species, species crite-
ria, and the process of speciation. In D. Howard, & S. Berlocher (Eds.), 
Endless forms: Species and speciation (pp. 57– 75). New York Oxford 
University Press. https://doi.org/10.1080/10635 15070 1701083

de Queiroz, K. (2007). Species concepts and species delimitation. 
Systematic Biology, 56(6), 879– 886. https://doi.org/10.1080/10635 
15070 1701083

DeChaine, E. G., & Martin, A. P. (2005). Historical biogeography of two 
alpine butterflies in the Rocky Mountains: Broad- scale concor-
dance and local- scale discordance. Journal of Biogeography, 32(11), 
1943– 1956. https://doi.org/10.1111/j.1365- 2699.2005.01356.x

Demboski, J. R., & Cook, J. A. (2001). Phylogeography of the dusky shrew, 
Sorex monticolus (Insectivora, Soricidae): Insight into deep and shal-
low history in northwestern North America. Molecular Ecology, 10(5), 
1227– 1240. https://doi.org/10.1046/j.1365- 294X.2001.01260.x

Di Marco, M., Watson, J. E. M., Currie, D. J., Possingham, H. P., & Venter, 
O. (2018). The extent and predictability of the biodiversity– 
carbon correlation. Ecology Letters, 21(3), 365– 375. https://doi.
org/10.1111/ele.12903

Dinerstein, E., Olson, D., Joshi, A., Vynne, C., Burgess, N. D., 
Wikramanayake, E., Hahn, N., Palminteri, S., Hedao, P., Noss, R., 
Hansen, M., Locke, H., Ellis, E. C., Jones, B., Barber, C. V., Hayes, R., 
Kormos, C., Martin, V., Crist, E., … Saleem, M. (2017). An ecoregion- 
based approach to protecting half the terrestrial realm. BioScience, 
67(6), 534– 545. https://doi.org/10.1093/biosc i/bix014

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, 
G., Marquéz, J. R. G., Gruber, B., Lafourcade, B., Leitão, P. J., 
Münkemüller, T., McClean, C., Osborne, P. E., Reineking, B., 
Schröder, B., Skidmore, A. K., Zurell, D., & Lautenbach, S. (2013). 
Collinearity: A review of methods to deal with it and a simula-
tion study evaluating their performance. Ecography, 36(1), 27– 46. 
https://doi.org/10.1111/j.1600- 0587.2012.07348.x

Drummond, H., & Burghardt, G. M. (1983). Geographic variation 
in the foraging behavior of the garter snake, Thamnophis ele-
gans. Behavioral Ecology and Sociobiology, 12, 43– 48. https://doi.
org/10.1007/BF002 96931

Dupré, W. R., Morrison, R. B., Clifton, H. E., Lajoie, K. R., Ponti, D. J., 
Powell, C. L., Mathieson, S. A., Sarna- Wojcicki, A. M., Leithold, 
E. L., Lettis, W. R., & McDowell, P. F. (1991). Quaternary geol-
ogy of the Pacific margin. In R. B. Morrison (Ed.), The geology of 
North America (pp. 141– 214). Boulder, CO: Geological Society of 
America.

Dupuis, J. R., Geib, S. M., Osborne, K. H., & Rubinoff, D. (2020). Genomics 
confirms surprising ecological divergence and isolation in an 

https://doi.org/10.2307/2640897
https://doi.org/10.1111/mec.15836
https://doi.org/10.1086/528778
https://doi.org/10.1086/528778
https://doi.org/10.1242/jeb.02366
https://doi.org/10.1111/j.0014-3820.2000.tb00719.x
https://doi.org/10.1111/j.0014-3820.2000.tb00719.x
https://doi.org/10.2307/176912
https://doi.org/10.1111/jbi.12134
https://doi.org/10.1111/jbi.12134
https://doi.org/10.1111/1755-0998.12906
https://doi.org/10.1111/1755-0998.12906
https://doi.org/10.4056/sigs.1664145
https://doi.org/10.4056/sigs.1664145
https://doi.org/10.1111/1755-0998.12669
https://doi.org/10.1111/1755-0998.12669
https://doi.org/10.1111/j.1558-5646.2007.00186.x
https://doi.org/10.1111/j.1558-5646.2007.00186.x
https://doi.org/10.1163/1568539X-00003047
https://doi.org/10.1644/07-mamm-a-189r1.1
https://doi.org/10.1111/mec.14499
https://doi.org/10.1111/mec.14499
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.2307/1565963
https://doi.org/10.1006/bijl.1994.1069
https://doi.org/10.1006/bijl.1994.1069
https://doi.org/10.1006/mpev.2001.1074
https://doi.org/10.1006/mpev.2001.1074
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1111/j.1365-2699.2005.01356.x
https://doi.org/10.1046/j.1365-294X.2001.01260.x
https://doi.org/10.1111/ele.12903
https://doi.org/10.1111/ele.12903
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1007/BF00296931
https://doi.org/10.1007/BF00296931


2242  |    HALLAS et AL.

endangered butterfly. Biodiversity and Conservation, 29(6), 1897– 
1921. https://doi.org/10.1007/s1053 1- 020- 01950 - 6

Eaton, D. A. R., & Overcast, I. (2020). ipyrad: Interactive assembly and 
analysis of RADseq datasets. Bioinformatics, 36(8), 2592– 2594. 
https://doi.org/10.1093/bioin forma tics/btz966

Edwards, S. V., Xi, Z., Janke, A., Faircloth, B. C., McCormack, J. E., Glenn, 
T. C., Zhong, B., Wu, S., Lemmon, E. M., Lemmon, A. R., Leaché, 
A. D., Liu, L., & Davis, C. C. (2016). Implementing and testing the 
multispecies coalescent model: A valuable paradigm for phyloge-
nomics. Molecular Phylogenetics and Evolution, 94, 447– 462. https://
doi.org/10.1016/j.ympev.2015.10.027

Emata, K. N., & Hedin, M. (2016). From the mountains to the coast and back 
again: Ancient biogeography in a radiation of short- range endemic 
harvestmen from California. Molecular Phylogenetics and Evolution, 
98, 233– 243. https://doi.org/10.1016/j.ympev.2016.02.002

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of popula-
tion structure using multilocus genotype data: Linked loci and cor-
related allele frequencies. Genetics, 164(4), 1567– 1587. https://doi.
org/10.1001/jama.1987.03400 04006 9013

Feldman, C. R., & Hoyer, R. F. (2010). A new species of snake in the genus 
Contia (Squamata: Colubridae) from California and Oregon. Copeia, 
2010(2), 254– 267. https://doi.org/10.1643/ch- 09- 129

Feldman, C. R., & Spicer, G. S. (2006). Comparative phylogeography of 
woodland reptiles in California: Repeated patterns of cladogene-
sis and population expansion. Molecular Ecology, 15(8), 2201– 2222. 
https://doi.org/10.1111/j.1365- 294X.2006.02930.x

Fitch, H. S. (1980). Remarks concerning Certain Western Garter Snakes of 
the Thamnophis elegans Complex. Transactions of the Kansas Academy 
of Science, 83(3), 106– 113. https://doi.org/10.2307/3627803

Fitch, H. S. (1983). Thamnophis elegans (Baird and Girard) Western terrestrial 
garter snake. Catalogue of American Amphibians and Reptiles, 320, 1– 4.

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018). 
Comparing methods for detecting multilocus adaptation with mul-
tivariate genotype– environment associations. Molecular Ecology, 
27(9), 2215– 2233. https://doi.org/10.1111/mec.14584

Forister, M. L., Fordyce, J. A., Nice, C. C., Gompert, Z., & Shapiro, A. M. 
(2006). Egg morphology varies among populations and habitats 
along a suture zone in the Lycaeides idas- melissa species complex 
(Lepidoptera: Lycaenidae). Annals of the Entomological Society of 
America, 99(5), 933– 937.

Fox, R. W. (1951). Relationships among the garter snakes of the 
Thamnophis elegans rassenkreis. University Fo California Publications 
in Zoology, 50(5), 485– 530.

Fumagalli, M., Vieira, F. G., Korneliussen, T. S., Linderoth, T., Huerta- 
Sánchez, E., Albrechtsen, A., & Nielsen, R. (2013). Quantifying 
population genetic differentiation from next- generation sequenc-
ing data. Genetics, 195(3), 979– 992. https://doi.org/10.1534/genet 
ics.113.154740

Funk, W. C., Pearl, C. A., Draheim, H. M., Adams, M. J., Mullins, T. D., 
& Haig, S. M. (2008). Range- wide phylogeographic analysis of the 
spotted frog complex (Rana luteiventris and Rana pretiosa) in north-
western North America. Molecular Phylogenetics and Evolution, 
49(1), 198– 210. https://doi.org/10.1016/j.ympev.2008.05.037

Gangloff, E. J., Vleck, D., & Bronikowski, A. M. (2015). Developmental and 
immediate thermal environments shape energetic trade- offs, growth 
efficiency, and metabolic rate in divergent life- history ecotypes of 
the garter snake Thamnophis elegans. Physiological and Biochemical 
Zoology, 88(5), 550– 563. https://doi.org/10.1086/682239

Garland, T., Jr., & Arnold, S. J. (1983). Effects of a full stomach on locomo-
tory performance of Juvenile garter snakes (Thamnophis elegans). 
Copeia, 1983(4), 1092– 1096. https://doi.org/10.2307/1445117

Garone, P. (2020). The fall and rise of the wetlands of California’s Great 
Central Valley. University of California Press.

Gillespie, A. R., & Clark, D. H. (2004). Glaciations of the Sierra Nevada, 
California, USA. In J. Ehlers & P. L. Gibbard (Eds.), Developments in 
quaternary science (Vol. 2, pp. 51– 62). Elsevier.

Gompert, Z., Comeault, A. A., Farkas, T. E., Feder, J. L., Parchman, T. L., 
Buerkle, C. A., & Nosil, P. (2014). Experimental evidence for ecolog-
ical selection on genome variation in the wild. Ecology Letters, 17(3), 
369– 379. https://doi.org/10.1111/ele.12238

Gottscho, A. D., Marks, S. B., & Jennings, W. B. (2014). Speciation, popu-
lation structure, and demographic history of the Mojave Fringe- toed 
Lizard (Uma scoparia), a species of conservation concern. Ecology and 
Evolution, 4(12), 2546– 2562. https://doi.org/10.1002/ece3.1111

Goudey, C. B., & Smith, D. W. (1994). Ecological units of California: subsec-
tions [1:1,000,000]. U.S. Department of Agriculture, Forest Service, 
Pacific Southwest Region.

Gregory, P. T., Macartney, J. M., & Rivard, D. H. (1980). Small mammal pre-
dation and prey handling behavior by the garter snake Thamnophis 
elegans. Herpetologica, 36(1), 87– 93.

Guo, P., Liu, Q., Xu, Y., Jiang, K. E., Hou, M., Ding, L. I., Alexander Pyron, R., 
& Burbrink, F. T. (2012). Out of Asia: Natricine snakes support the 
cenozoic beringian dispersal hypothesis. Molecular Phylogenetics 
and Evolution, 63(3), 825– 833. https://doi.org/10.1016/j.
ympev.2012.02.021

Hall, C. A., Jr. (2002). Nearshore marine paleoclimate regions, increas-
ing zoogeographic provinciality, molluscan extinctions, and paleo-  
shorelines, California: Late Oligocene (27 Ma) to late Pliocene (2.5 
Ma). Geological Society of America Special Papers, 357, 1– 489.

Hammerson, G. A. (1999). Amphibians and Reptiles in Colorado (Second). 
University Press of Colorado.

Hey, J. (2006). On the failure of modern species concepts. Trends in 
Ecology and Evolution, 21(8), 447– 450. https://doi.org/10.1016/j.
tree.2006.05.011

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). 
Very high resolution interpolated climate surfaces for global land 
areas. International Journal of Climatology, 25(15), 1965– 1978. 
https://doi.org/10.1002/joc.1276

Hijmans, R. J., Philips, S., Leathwick, J., & Elith, J. (2019). dismo: Species 
distribution modeling. R Package. https://doi.org/10.1016/S0550 
- 3213(02)00216 - X.

Hijmans, R. J., & Shah, T. (2017). elevatr: Access elevation data from various 
APIs. R Package.

Hijmans, R. J., van Etten, J., Sumner, M., Cheng, J., Baston, D., Bevan, A., 
& Wueest, R. (2019). raster: Geographic data analysis and modeling. 
R Package.

Hill, R. E., & Mackessy, S. P. (2000). Characterization of venom 
(Duvernoy’s secretion) from twelve species of colubrid snakes and 
partial sequence of four venom proteins. Toxicon, 38(12), 1663– 
1687. https://doi.org/10.1016/S0041 - 0101(00)00091 - X

Hillis, D. M. (2020). The detection and naming of geographic variation 
within species. Herpetological Review, 51(1), 52– 56.

Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., 
Lowry, D. B., Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M. C. 
(2016). Finding the genomic basis of local adaptation: Pitfalls, prac-
tical solutions, and future directions. American Naturalist, 188(4), 
379– 397. https://doi.org/10.1086/688018

House, G. L., & Hahn, M. W. (2018). Evaluating methods to visualize patterns 
of genetic differentiation on a landscape. Molecular Ecology Resources, 
18(3), 448– 460. https://doi.org/10.1111/1755- 0998.12747

Hudson, R. R., Slatkin, M., & Maddison, W. P. (1992). Estimation of levels 
of gene flow from DNA sequence data. Genetics, 132(2), 583– 589. 
https://doi.org/10.1093/genet ics/132.2.583

Huey, R. B., Peterson, C. R., Arnold, S. J., & Warren, P. (1989). Hot rocks 
and not- so- hot rocks: Retreat- site selection by garter snakes and 
its thermal consequences. Ecology, 70(4), 931– 944. https://doi.
org/10.2307/1941360

Jockusch, E. L., Hansen, R. W., Fisher, R. N., & Wake, D. B. (2020). Slender 
salamanders (genus Batrachoseps) reveal Southern California to be 
a center for the diversification, persistence, and introduction of sal-
amander lineages. PeerJ, 8, e9599, 1– 37. https://doi.org/10.7717/
peerj.9599

https://doi.org/10.1007/s10531-020-01950-6
https://doi.org/10.1093/bioinformatics/btz966
https://doi.org/10.1016/j.ympev.2015.10.027
https://doi.org/10.1016/j.ympev.2015.10.027
https://doi.org/10.1016/j.ympev.2016.02.002
https://doi.org/10.1001/jama.1987.03400040069013
https://doi.org/10.1001/jama.1987.03400040069013
https://doi.org/10.1643/ch-09-129
https://doi.org/10.1111/j.1365-294X.2006.02930.x
https://doi.org/10.2307/3627803
https://doi.org/10.1111/mec.14584
https://doi.org/10.1534/genetics.113.154740
https://doi.org/10.1534/genetics.113.154740
https://doi.org/10.1016/j.ympev.2008.05.037
https://doi.org/10.1086/682239
https://doi.org/10.2307/1445117
https://doi.org/10.1111/ele.12238
https://doi.org/10.1002/ece3.1111
https://doi.org/10.1016/j.ympev.2012.02.021
https://doi.org/10.1016/j.ympev.2012.02.021
https://doi.org/10.1016/j.tree.2006.05.011
https://doi.org/10.1016/j.tree.2006.05.011
https://doi.org/10.1002/joc.1276
https://doi.org/10.1016/S0550-3213(02)00216-X
https://doi.org/10.1016/S0550-3213(02)00216-X
https://doi.org/10.1016/S0041-0101(00)00091-X
https://doi.org/10.1086/688018
https://doi.org/10.1111/1755-0998.12747
https://doi.org/10.1093/genetics/132.2.583
https://doi.org/10.2307/1941360
https://doi.org/10.2307/1941360
https://doi.org/10.7717/peerj.9599
https://doi.org/10.7717/peerj.9599


    |  2243HALLAS et AL.

Johnson, M. L. (1947). The status of the elegans subspecies of Thamnophis, 
with description of a new subspecies from Washington State. 
Herpetologica, 3(5), 159– 165.

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of 
principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11(1), 94. https://doi.
org/10.1186/1471- 2156- 11- 94

Kardong, K. V., & Luchtel, D. L. (1986). Ultrastructure of duvernoy’s 
gland from the wandering garter snake, Thamnophis elegans va-
grans (Serpentes, Colubridae). Journal of Morphology, 188(1), 1– 13. 
https://doi.org/10.1002/jmor.10518 80102

Kelley, K. C., Arnold, S. J., & Gladstone, J. (1997). The effects of sub-
strate and vertebral number on locomotion in the garter snake 
Thamnophis elegans. Functional Ecology, 11(2), 189– 198. https://doi.
org/10.1046/j.1365- 2435.1997.00077.x

Kephart, D. G., & Arnold, S. J. (1982). Garter snake diets in a fluctuat-
ing environment: A seven- year study. Ecology, 63(5), 1232– 1236. 
https://doi.org/10.2307/1938848

Kingsolver, J. G., & Huey, R. B. (1998). Evolutionary analyses of mor-
phological and physiological plasticity in thermally variable en-
vironments. American Zoologist, 38(3), 545– 560. https://doi.
org/10.1093/icb/38.3.545

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD: 
Analysis of next generation sequencing data. BMC Bioinformatics, 
15(1), 1– 13. https://doi.org/10.1186/s1285 9- 014- 0356- 4

Korneliussen, T. S., Moltke, I., Albrechtsen, A., & Nielsen, R. (2013). 
Calculation of Tajima’s D and other neutrality test statistics from 
low depth next- generation sequencing data. BMC Bioinformatics, 
14(1), https://doi.org/10.1186/1471- 2105- 14- 289

Kuchta, S. R., Parks, D. S., Mueller, R. L., & Wake, D. B. (2009). Closing 
the ring: Historical biogeography of the salamander ring species 
Ensatina eschscholtzii. Journal of Biogeography, 36(5), 982– 995. 
https://doi.org/10.1111/j.1365- 2699.2008.02052.x

Kuchta, S. R., & Tan, A.- M. (2006). Lineage diversification on an evolving 
landscape: Phylogeography of the California newt, Taricha torosa 
(Caudata: Salamandridae). Biological Journal of the Linnean Society, 
89(2), 213– 239. https://doi.org/10.1111/j.1095- 8312.2006.00665.x

Langmead, B., & Salzberg, S. L. (2012). Fast gapped- read alignment with 
Bowtie 2. Nature Methods, 9(4), 357– 359. https://doi.org/10.1038/
nmeth.1923

Lapointe, F. J., & Rissler, L. J. (2005). Congruence, consensus, and 
the comparative phylogeography of codistributed species in 
California. American Naturalist, 166(2), 290– 299. https://doi.
org/10.1086/431283

Lavin, B. R., Wogan, G. O. U., McGuire, J. A., & Feldman, C. R. (2018). 
Phylogeography of the Northern Alligator Lizard (Squamata, 
Anguidae): Hidden diversity in a western endemic. Zoologica Scripta, 
47(4), 462– 476. https://doi.org/10.1111/zsc.12294

Lawson, R., & Dessauer, H. C. (1979). Biochecmical genetics and sys-
tematics of garter snakes of the Thamnophis elegans- couchii- 
ordinoides complex. Occasional Papers of the Museum of Natural 
Science Louisiana State University, 56, 1– 24.

Leaché, A. D., Koo, M. S., Spencer, C. L., Papenfuss, T. J., Fisher, R. N., & 
McGuire, J. A. (2009). Quantifying ecological, morphological, and 
genetic variation to delimit species in the coast horned lizard spe-
cies complex (Phrynosoma). Proceedings of the National Academy 
of Sciences, 106(30), 12418– 12423. https://doi.org/10.1073/
pnas.09063 80106

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with 
Burrows- Wheeler transform. Bioinformatics, 25(14), 1754– 1760. 
https://doi.org/10.1093/bioin forma tics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, 
G., Abecasis, G., Durbin, R., & Subgroup, 1000 Genome Project 
Data Processing. (2009). The sequence alignment/map format 
and SAMtools. Bioinformatics, 25(16), 2078– 2079. https://doi.
org/10.1093/bioin forma tics/btp352

Lind, A. J., Spinks, P. Q., Fellers, G. M., & Shaffer, H. B. (2011). Rangewide 
phylogeography and landscape genetics of the Western U.S. en-
demic frog Rana boylii (Ranidae): Implications for the conservation 
of frogs and rivers. Conservation Genetics, 12(1), 269– 284. https://
doi.org/10.1007/s1059 2- 010- 0138- 0

Liu, L., Anderson, C., Pearl, D., & Edwards, S. V. (2019). Modern phyloge-
nomics: Building phylogenetic trees using the multispecies coales-
cent model. In M. Anisimova (Ed.), Evolutionary genomics statistical 
and computational methods (2nd ed.). Humana Press.

Losos, J. B. (2011). Convergence, adaptation, and constraint. Evolution, 65(7), 
1827– 1840. https://doi.org/10.1111/j.1558- 5646.2011.01289.x

Lotterhos, K. E., & Whitlock, M. C. (2015). The relative power of genome 
scans to detect local adaptation depends on sampling design and 
statistical method. Molecular Ecology, 24(5), 1031– 1046. https://doi.
org/10.1111/mec.13100

Lowry, D. B., Hoban, S., Kelley, J. L., Lotterhos, K. E., Reed, L. K., Antolin, 
M. F., & Storfer, A. (2017). Breaking RAD: An evaluation of the util-
ity of restriction site- associated DNA sequencing for genome scans 
of adaptation. Molecular Ecology Resources, 17(2), 142– 152. https://
doi.org/10.1111/1755- 0998.12635

Maier, P. A., Vandergast, A. G., Ostoja, S. M., Aguilar, A., & Bohonak, A. J. 
(2019). Pleistocene glacial cycles drove lineage diversification and 
fusion in the Yosemite toad (Anaxyrus canorus). Evolution, 73(12), 
2476– 2496. https://doi.org/10.1111/evo.13868

Maldonado, J. E., Vilà, C., & Wayne, R. K. (2001). Tripartite genetic subdi-
visions in the ornate shrew (Sorex ornatus). Molecular Ecology, 10(1), 
127– 147. https://doi.org/10.1046/j.1365- 294X.2001.01178.x

Manier, M. K., Seyler, C. M., & Arnold, S. J. (2007). Adaptive diver-
gence within and between ecotypes of the terrestrial garter 
snake, Thamnophis elegans, assessed with FST- QST compari-
sons. Journal of Evolutionary Biology, 20(5), 1705– 1719. https://doi.
org/10.1111/j.1420- 9101.2007.01401.x

Martínez- Solano, I., Jockusch, E. L., & Wake, D. B. (2007). Extreme popu-
lation subdivision throughout a continuous range: Phylogeography 
of Batrachoseps attenuatus (Caudata: Plethodontidae) in western 
North America. Molecular Ecology, 16(20), 4335– 4355. https://doi.
org/10.1111/j.1365- 294X.2007.03527.x

Matocq, M. D. (2002). Phylogeographical structure and re-
gional history of the dusky- footed woodrat, Neotoma 
fuscipes. Molecular Ecology, 11(2), 229– 242. https://doi.
org/10.1046/j.0962- 1083.2001.01430.x

Matocq, M. D., Kelly, P. A., Phillips, S. E., & Maldonado, J. E. (2012). 
Reconstructing the evolutionary history of an endangered sub-
species across the changing landscape of the Great Central Valley 
of California. Molecular Ecology, 21(24), 5918– 5933. https://doi.
org/10.1111/mec.12079

Mayr, E. (1969). Principles of systematic zoology. McGraw- Hill.
McCartney- Melstad, E., Gidiş, M., & Shaffer, H. B. (2018). Population ge-

nomic data reveal extreme geographic subdivision and novel conser-
vation actions for the declining foothill yellow- legged frog. Heredity, 
121(2), 112– 125. https://doi.org/10.1038/s4143 7- 018- 0097- 7

McKinney, G. J., Larson, W. A., Seeb, L. W., & Seeb, J. E. (2017). RADseq 
provides unprecedented insights into molecular ecology and evo-
lutionary genetics: Comment on Breaking RAD by Lowry et al. 
(2016). Molecular Ecology Resources, 17(3), 356– 361. https://doi.
org/10.1111/1755- 0998.12649

McVay, J. D., Flores- Villela, O., & Carstens, B. C. (2015). Diversification 
of North American natricine snakes. Biological Journal of the Linnean 
Society, 116(1), 1– 12. https://doi.org/10.1111/bij.12558

Moore, J. G., & Moring, B. C. (2013). Rangewide glaciation in the Sierra 
Nevada, California. Geosphere, 9(6), 1804– 1818. https://doi.
org/10.1130/GES00 891.1

Moritz, C., Schneider, C. J., & Wake, D. B. (1992). Evolutionary relation-
ships within the Ensatina eschscholtzii complex confirm the ring spe-
cies interpretation. Systematic Biology, 41(3), 273– 291. https://doi.
org/10.1093/sysbi o/41.3.273

https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1002/jmor.1051880102
https://doi.org/10.1046/j.1365-2435.1997.00077.x
https://doi.org/10.1046/j.1365-2435.1997.00077.x
https://doi.org/10.2307/1938848
https://doi.org/10.1093/icb/38.3.545
https://doi.org/10.1093/icb/38.3.545
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1186/1471-2105-14-289
https://doi.org/10.1111/j.1365-2699.2008.02052.x
https://doi.org/10.1111/j.1095-8312.2006.00665.x
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1086/431283
https://doi.org/10.1086/431283
https://doi.org/10.1111/zsc.12294
https://doi.org/10.1073/pnas.0906380106
https://doi.org/10.1073/pnas.0906380106
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1007/s10592-010-0138-0
https://doi.org/10.1007/s10592-010-0138-0
https://doi.org/10.1111/j.1558-5646.2011.01289.x
https://doi.org/10.1111/mec.13100
https://doi.org/10.1111/mec.13100
https://doi.org/10.1111/1755-0998.12635
https://doi.org/10.1111/1755-0998.12635
https://doi.org/10.1111/evo.13868
https://doi.org/10.1046/j.1365-294X.2001.01178.x
https://doi.org/10.1111/j.1420-9101.2007.01401.x
https://doi.org/10.1111/j.1420-9101.2007.01401.x
https://doi.org/10.1111/j.1365-294X.2007.03527.x
https://doi.org/10.1111/j.1365-294X.2007.03527.x
https://doi.org/10.1046/j.0962-1083.2001.01430.x
https://doi.org/10.1046/j.0962-1083.2001.01430.x
https://doi.org/10.1111/mec.12079
https://doi.org/10.1111/mec.12079
https://doi.org/10.1038/s41437-018-0097-7
https://doi.org/10.1111/1755-0998.12649
https://doi.org/10.1111/1755-0998.12649
https://doi.org/10.1111/bij.12558
https://doi.org/10.1130/GES00891.1
https://doi.org/10.1130/GES00891.1
https://doi.org/10.1093/sysbio/41.3.273
https://doi.org/10.1093/sysbio/41.3.273


2244  |    HALLAS et AL.

Myers, E. A., Rodríguez- Robles, J. A., Denardo, D. F., Staub, R. E., Stropoli, 
A., Ruane, S., & Burbrink, F. T. (2013). Multilocus phylogeographic 
assessment of the California Mountain Kingsnake (Lampropeltis 
zonata) suggests alternative patterns of diversification for the 
California Floristic Province. Molecular Ecology, 22(21), 5418– 5429. 
https://doi.org/10.1111/mec.12478

Myers, N., Mittermeier, R. A., Mittermeier, C. G., de Fonseca, G. A. 
B., & Kent, J. (2000). Biodiversity hotspots for conservation pri-
orities. Nature, 6772, 853– 858. https://doi.org/10.1080/21564 
574.1998.9650003

Nei, M. (1972). Genetic distance between populations. American Society 
of Naturalists, 106(949), 283– 292. https://doi.org/10.1086/282771

Nosil, P., Funk, D. J., & Ortiz- Barrientos, D. (2009). Divergent selection 
and heterogeneous genomic divergence. Molecular Ecology, 18(3), 
375– 402. https://doi.org/10.1111/j.1365- 294X.2008.03946.x

Nunziata, S. O., Lance, S. L., Scott, D. E., Lemmon, E. M., & Weisrock, 
D. W. (2017). Genomic data detect corresponding signatures of 
population size change on an ecological time scale in two sala-
mander species. Molecular Ecology, 26(4), 1060– 1074. https://doi.
org/10.1111/mec.13988

Oksanen, A. J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., 
Hara, R. B. O., Wagner, H. (2015). Community Ecology Package 
‘vegan.’ https://cran.r- proje ct.org/web/packa ges/vegan/

Olson, D. M., & Dinerstein, E. (2002). The global 200: Priority ecoregions 
for global conservation. Annals of the Missouri Botanical Garden, 
89(2), 199– 224.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, 
G. V. N., Underwood, E. C., & Kassem, K. R. (2001). Terrestrial 
ecoregions of the World: A new map of life on earth. BioScience, 
51(11), 933– 938.

Olson, E. O., Scott, P. A., & Shaffer, H. B. (2021). Phylogeographic ori-
gin of California slender salamanders (Batrachoseps attenuatus) in 
the Sutter Buttes. Journal of Herpetology, 55(1), 38– 45. https://doi.
org/10.1670/20- 004

Omernik, J. M., & Griffith, G. E. (2014). Ecoregions of the contermi-
nous United States: Evolution of a hierarchical spatial frame-
work. Environmental Management, 54(6), 1249– 1266. https://doi.
org/10.1007/s0026 7- 014- 0364- 1

Paradis, E., & Schliep, K. (2019). Ape 5.0: An environment for modern 
phylogenetics and evolutionary analyses in R. Bioinformatics, 35(3), 
526– 528. https://doi.org/10.1093/bioin forma tics/bty633

Parchman, T. L., Gompert, Z., Mudge, J., Schilkey, F. D., Benkman, C. W., 
& Buerkle, C. A. (2012). Genome- wide association genetics of an 
adaptive trait in lodgepole pine. Molecular Ecology, 21(12), 2991– 
3005. https://doi.org/10.1111/j.1365- 294X.2012.05513.x

Parham, J. F., Papenfuss, T. J., Sellas, A. B., Stuart, B. L., & Simison, W. 
B. (2020). Genetic variation and admixture of red- eared sliders 
(Trachemys scripta elegans) in the USA. Molecular Phylogenetics 
and Evolution, 145, 106722. https://doi.org/10.1016/j.
ympev.2019.106722

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. 
E. (2012). Double digest RADseq: An inexpensive method for de 
novo SNP discovery and genotyping in model and non- model 
species. PLoS One, 7(5), e37135. https://doi.org/10.1371/journ 
al.pone.0037135

Peterson, M. G., O’Grady, P. M., & Resh, V. H. (2017). Phylogeographic 
comparison of five large- bodied aquatic insect species across 
the western USA. Freshwater Science, 36(4), 823– 837. https://doi.
org/10.1086/694466

Petkova, D., Novembre, J., & Stephens, M. (2016). Visualizing spatial 
population structure with estimated effective migration surfaces. 
Nature Genetics, 48(1), 94– 100. https://doi.org/10.1038/ng.3464

Pritchard, J. K., Pickrell, J. K., & Coop, G. (2010). The genetics of human 
adaptation: Hard sweeps, soft sweeps, and polygenic adaptation. 
Current Biology, 20(4), R208– R215. https://doi.org/10.1016/j.
cub.2009.11.055

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference 
of population structure using multilocus genotype data. 
Genetics Society of America, 155(2), 945– 959. https://doi.
org/10.1111/j.1471- 8286.2007.01758.x

Reilly, S. B., Corl, A., & Wake, D. B. (2015). An integrative approach to phy-
logeography: Investigating the effects of ancient seaways, climate, 
and historical geology on multi- locus phylogeographic boundaries 
of the Arboreal Salamander (Aneides lugubris). BMC Evolutionary 
Biology, 15(1), 1– 17. https://doi.org/10.1186/s1286 2- 015- 0524- 9

Reilly, S. B., & Wake, D. B. (2015). Cryptic diversity and biogeograph-
ical patterns within the black salamander (Aneides flavipunctatus) 
complex. Journal of Biogeography, 42(2), 280– 291. https://doi.
org/10.1111/jbi.12413

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, 
R. (2015). A practical guide to environmental association analy-
sis in landscape genomics. Molecular Ecology, 24(17), 4348– 4370. 
https://doi.org/10.1111/mec.13322

Remington, C. L. (1968). Suture- zones of hybrid interaction between 
recently joined biotas. In T. Dobzhansky, M. Hecht, & W. Steere 
(Eds.), Evolutionary biology (pp. 321– 428). Plenum Press. https://doi.
org/10.1007/978- 1- 4684- 8094- 8_8

Richmond, J. Q., Backlin, A. R., Tatarian, P. J., Solvesky, B. G., & Fisher, R. 
N. (2014). Population declines lead to replicate patterns of internal 
range structure at the tips of the distribution of the California red- 
legged frog (Rana draytonii). Biological Conservation, 172, 128– 137. 
https://doi.org/10.1016/j.biocon.2014.02.026

Rissler, L. J., Hijmans, R. J., Graham, C. H., Moritz, C., & Wake, D. B. (2006). 
Phylogeographic lineages and species comparisons in conservation 
analyses: A case study of california herpetofauna. The American 
Naturalist, 167(5), 655– 666. https://doi.org/10.1086/503332

Robert, K. A., & Bronikowski, A. M. (2010). Evolution of senescence 
in nature: Physiological evolution in populations of garter snake 
with divergent life histories. American Naturalist, 175(2), 147– 159. 
https://doi.org/10.1086/649595

Robert, K. A., Vleck, C., & Bronikowski, A. M. (2009). The effects of ma-
ternal corticosterone levels on offspring behavior in fast-  and slow- 
growth garter snakes (Thamnophis elegans). Hormones and Behavior, 
55(1), 24– 32. https://doi.org/10.1016/j.yhbeh.2008.07.008

Rodríguez- Robles, J. A., Denardo, D. F., & Staub, R. E. (1999). 
Phylogeography of the California mountain kingsnake, Lampropeltis 
zonata (Colubridae). Molecular Ecology, 8(11), 1923– 1934. https://
doi.org/10.1046/j.1365- 294X.1999.00793.x

Rodríguez- Robles, J. A., Stewart, G. R., & Papenfuss, T. J. (2001). 
Mitochondrial DNA- based phylogeography of North American 
rubber boas, Charina bottae (serpentes: Boidae). Molecular 
Phylogenetics and Evolution, 18(2), 227– 237. https://doi.
org/10.1006/mpev.2000.0886

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: 
A versatile open source tool for metagenomics. PeerJ Preprints, 4, 
e2409v1. https://doi.org/10.7287/peerj.prepr ints.2409v1

Rossman, D. A. (1979). Morphological evidence for taxonomic partition-
ing of the Thamnophis elegans complex (Serpentes, Colubridae). 
Occasional Papers of the Museum of Natural Science Louisiana State 
University, 55, 1– 12.

Rossman, D. A., Ford, N. B., & Siegel, R. A. (1996). The garter snakes: 
Evolution and ecology. Univeristy of Oklahoma Press.

Rubidge, E. M., Patton, J. L., & Moritz, C. (2014). Diversification of the 
Alpine Chipmunk, Tamias alpinus, an alpine endemic of the Sierra 
Nevada, California. BMC Evolutionary Biology, 14(1), 34. https://doi.
org/10.1186/1471- 2148- 14- 34

Schierenbeck, K. A. (2014). Phylogeography of California: An introduction. 
Univ of California Press.

Schoenherr, A. A. (2017). A natural history of California. Univ of California 
Press.

Schoville, S. D., & Roderick, G. K. (2010). Evolutionary diversification of 
cryophilic Grylloblatta species (Grylloblattodea: Grylloblattidae) 

https://doi.org/10.1111/mec.12478
https://doi.org/10.1080/21564574.1998.9650003
https://doi.org/10.1080/21564574.1998.9650003
https://doi.org/10.1086/282771
https://doi.org/10.1111/j.1365-294X.2008.03946.x
https://doi.org/10.1111/mec.13988
https://doi.org/10.1111/mec.13988
https://cran.r-project.org/web/packages/vegan/
https://doi.org/10.1670/20-004
https://doi.org/10.1670/20-004
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/j.1365-294X.2012.05513.x
https://doi.org/10.1016/j.ympev.2019.106722
https://doi.org/10.1016/j.ympev.2019.106722
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1086/694466
https://doi.org/10.1086/694466
https://doi.org/10.1038/ng.3464
https://doi.org/10.1016/j.cub.2009.11.055
https://doi.org/10.1016/j.cub.2009.11.055
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1111/j.1471-8286.2007.01758.x
https://doi.org/10.1186/s12862-015-0524-9
https://doi.org/10.1111/jbi.12413
https://doi.org/10.1111/jbi.12413
https://doi.org/10.1111/mec.13322
https://doi.org/10.1007/978-1-4684-8094-8_8
https://doi.org/10.1007/978-1-4684-8094-8_8
https://doi.org/10.1016/j.biocon.2014.02.026
https://doi.org/10.1086/503332
https://doi.org/10.1086/649595
https://doi.org/10.1016/j.yhbeh.2008.07.008
https://doi.org/10.1046/j.1365-294X.1999.00793.x
https://doi.org/10.1046/j.1365-294X.1999.00793.x
https://doi.org/10.1006/mpev.2000.0886
https://doi.org/10.1006/mpev.2000.0886
https://doi.org/10.7287/peerj.preprints.2409v1
https://doi.org/10.1186/1471-2148-14-34
https://doi.org/10.1186/1471-2148-14-34


    |  2245HALLAS et AL.

in alpine habitats of California. BMC Evolutionary Biology, 10(1), 
https://doi.org/10.1186/1471- 2148- 10- 163

Seigel, R. A., & Fitch, H. S. (1985). Annual variation in reproduction in 
snakes in a fluctuating environment. Journal of Animal Ecology, 
54(2), 497– 505. https://doi.org/10.2307/4494

Spinks, P. Q., Thomson, R. C., & Shaffer, B. H. (2010). Nuclear gene 
phylogeography reveals the historical legacy of an ancient in-
land sea on lineages of the western pond turtle, Emys Marmorata 
in California. Molecular Ecology, 19(3), 542– 556. https://doi.
org/10.1111/j.1365- 294X.2009.04451.x

Spinks, P. Q., Thomson, R. C., & Shaffer, H. B. (2014). The advantages 
of going large: Genome- wide SNPs clarify the complex popula-
tion history and systematics of the threatened western pond tur-
tle. Molecular Ecology, 23(9), 2228– 2241. https://doi.org/10.1111/
mec.12736

Stamatakis, A. (2006). RAxML- VI- HPC: Maximum likelihood- based 
phylogenetic analyses with thousands of taxa and mixed models. 
Bioinformatics, 22(21), 2688– 2690. https://doi.org/10.1093/bioin 
forma tics/btl446

Starrett, J., Hayashi, C. Y., Derkarabetian, S., & Hedin, M. (2018). Cryptic 
elevational zonation in trapdoor spiders (Araneae, Antrodiaetidae, 
Aliatypus janus complex) from the California southern Sierra 
Nevada. Molecular Phylogenetics and Evolution, 118, 403– 413. 
https://doi.org/10.1016/j.ympev.2017.09.003

Stebbins, R. C. (1949). Speciation in salamanders of the plethodontid 
genus Ensatina. University of California Publications in Zoology, 48, 
377– 526.

Stebbins, R. C. (2003). A field guide to western reptiles and amphibians (3rd 
ed). Houghton Mifflin Company.

Stevenson, R. D., Peterson, C. R., & Tsuji, J. S. (1985). The thermal de-
pendence of locomotion, tongue flicking, digestion, and oxygen 
consumption in the wandering garter snake. Physiological Zoology, 
58(1), 46– 57. https://doi.org/10.1086/physz ool.58.1.30161219

Swenson, N. G., & Howard, D. J. (2005). Clustering of contact zones, hy-
brid zones, and phylogeographic breaks in North America. American 
Naturalist, 166(5), 581– 591. https://doi.org/10.1086/491688

Taylor, E. N., Diele- Viegas, L. M., Gangloff, E. J., Hall, J. M., Halpern, B., 
Massey, M. D., Rödder, D., Rollinson, N., Spears, S., Sun, B.- J., & 
Telemeco, R. S.. (2020). The thermal ecology and physiology of rep-
tiles and amphibians: A user's guide. Journal of Experimental Zoology 
Part A: Ecological and Integrative Physiology, 335(1), 13– 44. https://
doi.org/10.1002/jez.2396

Templeton, A. R. (1989). The meaning of species and speciation: A ge-
netic perspective. In D. Otte & J. A. Endler (Eds.), Speciation and its 
consequences (pp. 159– 183). Sunderland, MA: Sinauer Associates.

Wake, D. B., Yanev, K. P., & Brown, C. W. (1986). Intraspecific sympatry 
in a “ring species”, the plethodontid salamander Ensatina eschscholt-
zii, in Southern California. Evolution, 40(4), 866– 868. https://doi.
org/10.2307/2408473.

Wang, I. J., & Bradburd, G. S. (2014). Isolation by environment. Molecular 
Ecology, 23(23), 5649– 5662. https://doi.org/10.1111/mec.12938

Wiley, E. O. (1978). The evolutionary species concept reconsidered. 
Systematic Entomology, 27(1), 17– 26.

Yu, Y., Harris, A. J., Blair, C., & He, X. (2015). RASP (Reconstruct Ancestral 
State in Phylogenies): A tool for historical biogeography. Molecular 
Phylogenetics and Evolution, 87, 46– 49. https://doi.org/10.1016/j.
ympev.2015.03.008

BIOSKE TCH
Joshua M. Hallas is PhD candidate in the EECB program at UNR, 
whose research is focused on the understanding how environ-
mental variation and natural histories mediate population struc-
ture, local adaptation, and genetic differentiation. This work 
represents a portion of his PhD work on the coevolutionary in-
teractions between Thamnophis and Taricha.

Author contributions: C.R.F., J.M.H. and T.L.P. conceived of 
the study; C.R.F. conducted fieldwork and specimen collection; 
J.M.H. conducted molecular lab work; J.M.H. and T.L.P. analysed 
genomic data; all authors contributed to drafting the manuscript 
and approve the final version.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Hallas JM, Parchman TL, Feldman CR. 
The influence of history, geography and environment on 
patterns of diversification in the western terrestrial garter 
snake. J Biogeogr. 2021;48:2226–2245. https://doi.
org/10.1111/jbi.14146

https://doi.org/10.1186/1471-2148-10-163
https://doi.org/10.2307/4494
https://doi.org/10.1111/j.1365-294X.2009.04451.x
https://doi.org/10.1111/j.1365-294X.2009.04451.x
https://doi.org/10.1111/mec.12736
https://doi.org/10.1111/mec.12736
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1016/j.ympev.2017.09.003
https://doi.org/10.1086/physzool.58.1.30161219
https://doi.org/10.1086/491688
https://doi.org/10.1002/jez.2396
https://doi.org/10.1002/jez.2396
https://doi.org/10.2307/2408473
https://doi.org/10.2307/2408473
https://doi.org/10.1111/mec.12938
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1111/jbi.14146
https://doi.org/10.1111/jbi.14146

