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Abstract

Aim: Current distributions of widespread North American (NA) species have been
shaped by Pleistocene glacial cycles, latitudinal temperature gradients, sharp longitu-
dinal habitat transitions and the vicariant effects of major mountain and river systems
that subdivide the continent. Within these transcontinental species, genetic diversity
patterns might not conform to established biogeographic breaks compared to more
spatially restricted taxa due to intrinsic differences or spatiotemporal differences. In
this study, we highlight the effects of these extrinsic variables on genetic structur-
ing by investigating the phylogeographic history of a widespread generalist squamate
found throughout NA.

Location: North America.

Taxon: Common gartersnake, Thamnophis sirtalis.

Methods: We evaluate the effects of major river basins and the forest-grassland tran-
sition into the Interior Plains on genetic structure patterns using phylogenetic, spa-
tially informed population structure and demographic analyses of single nucleotide
polymorphism data and address range expansion history with ecological niche model-
ling using locality and historic climate data.

Results: We identify four phylogeographic lineages with varying degrees of connec-
tivity between them. We find discordant population structure patterns between sex-
linked and autosomal loci with respect to the relationship between the central NA
lineage relative to coastal lineages. We find support for southeast Pleistocene refugia
where recent secondary contact occurred during the Last Glacial Maximum and evi-
dence for both northern and southern refugia in western NA.

Main Conclusion: Our results provide strong evidence for a Pliocene origin for T. sir-
talis in central-southeastern NA preceding its rapid expansion across the continent
prior to middle Pleistocene climate-mediated lineage formation. We implicate major
riverine networks within the Mississippi watershed in likely repeated westward ex-
pansion events across the Interior Plains. Finally, we corroborate prior conclusions
that phenotypic differences between subspecies do not reflect shared evolutionary
history and note that the degree of separation between inferred lineages warrants

further investigation before any taxonomic revisions are proposed.
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1 | INTRODUCTION

North America (NA) comprises multiple ecoregions containing over
150 terrestrial habitat types (Bailey, 1995; Lobeck, 1948; Ricketts
et al., 1999). Numerous phylogeographic studies have characterized
the effects of major habitat boundaries and biogeographic breaks
on intraspecific variation across the tree of life (Beheregaray, 2008;
Calsbeek et al., 2003; Shafer et al., 2010; Zink, 2002). Within the
temperate mixed forested regions of eastern NA (herein, Eastern
Forest), the Atlantic Coastal Plain, Appalachian Highlands, the
Apalachicola-Chattahoochee-Flint (ACF) River Basin, and Mississippi
watersheds have served as barriers to gene flow in multiple floral
and faunal populations (Soltis et al., 2006). Throughout the temper-
ate forests of the Pacific Coast and Northwest, Miocene mountain
chain uplifts and Pleistocene glacial cycles have been implicated in
shaping contemporary genetic diversity (Shafer et al., 2010; Soltis
et al., 1997; Steele & Storfer, 2006). The Interior Plains separates
these two regions and represents a sharp shift in vegetation type
and average precipitation, and as a result, this region is among the
most well-studied biogeographic breaks for multiple wide-ranging
species and populations that span it (Reding et al., 2012, 2021;
Rising, 1983; Swenson & Howard, 2005).

In wide-ranging species, the relative contribution of ecolog-
ical adaptation to different biomes, historical isolation followed
by secondary contact, and selection acting upon intraspecific
lineages can be difficult to distinguish (Burbrink, Bernstein,
et al., 2021; Burbrink, Gehara, et al., 2021; Edwards et al., 2016;
Fujita et al., 2012; Harris et al., 2018; Leaché et al., 2009; Rid-
dle, 2016). Additionally, these species may exhibit continu-
ous variation correlated with spatial separation (IBD; Bradburd
et al., 2013; Wright, 1943) and/or be subject to asynchronously
timed geological and climatic processes in different biogeographic
regions (Chardon et al., 2020). Phylogeographic comparisons be-
tween co-distributed taxa can help clarify drivers of demographic
and evolutionary patterns, but similar diversification patterns
caused by different processes can confound identification of the
processes underlying divergence (Irwin, 2002; Soltis et al., 2006).
Therefore, for single species, understanding historical demogra-
phy, population structure, phylogeny and ecology is important for
characterizing sources of variation within.

Widespread vertebrate ectotherms are particularly valuable sys-
tems for understanding the role of continental scale habitat transi-
tions and vicariance due to their narrower environmental constraints
(Deutsch etal., 2008; Hewitt, 1996; Moritz et al., 2012; Wiens, 2004)
and lower dispersal distances compared to mammalian and avian
systems (Buckley & Jetz, 2007; Rolland et al., 2018). Recent work
has characterized the role of forest-grassland habitat transitions in
ecological diversification of amphibian and reptile species (Austin

et al., 2004; Burbrink et al., 2016; Burbrink, Bernstein, et al., 2021,
Burbrink, Gehara, et al., 2021; Finger et al., 2022; Myers et al., 2020;
Rissler & Smith, 2010). Few NA vertebrate ectotherms exhibit distri-
butions that comprise the entire longitudinal extent of the continent
(Austin et al., 2004; Burbrink et al., 2008; Fontanella et al., 2008;
Leaché & Reeder, 2002; Lee-Yaw et al., 2008), making these trans-
continental species particularly valuable for testing hypotheses
concerning the roles of ecological gradients, vicariance and glacial
cycles in intraspecific divergence.

The common gartersnake Thamnophis sirtalis is the most widely
distributed terrestrial vertebrate ectotherm in NA and one of the
most well-studied snakes in the world regarding behaviour, ecology
and adaptation (Brodie, 1968; Feldman et al., 2010; Garland, 1988;
Gregory, 1984; Mason, 1993: 199; Perry et al., 2018; Ralph Gibson
& Bruce Falls, 1979; Rossman et al., 1996; Shine et al., 2001). A con-
summate riparian generalist, the range of T. sirtalis (Figure 1) spans
multiple ecoregions and biogeographic barriers known to shape the
genetic structure within many disparately related taxa (Avise, 2000;
Brunsfeld et al., 2001; Soltis et al., 2006). Phylogenetic studies of
the genus Thamnophis (Guo et al., 2012; Hallas et al., 2022; McVay
et al., 2015; Nufez et al., 2023) have stabilized taxonomy and gen-
erally support a middle Miocene origin in southern NA followed by
divergence into a widespread northern clade containing T. sirtalis
(Northern Mexico, contiguous US, Canada) and a southern clade
occurring within the Mexican Transition Zone. Phylogeographic
studies within the northern clade have identified Pleistocene sig-
natures in contemporary population structure in central and west-
ern NA (Allen, 2005; Hallas et al., 2021). T. sirtalis is perhaps most
well-known for its extensive regional phenotypic variation—12 sub-
species defined by colour patterns associated with geography are
currently recognized (Rossman et al., 1996; Uetz et al., 2019). Half
of these occur along the Pacific Coast, a comparatively small portion
of its range that T. sirtalis is hypothesized to have recolonized at the
end of the Pleistocene, ~10kya (Janzen et al., 2002). Prior population
genetic and phylogeographic studies using mtDNA from western
(Hague et al., 2017, 2020; Janzen et al., 2002; Ridenhour et al., 2007)
and central NA populations (Placyk et al., 2007) suggest vicariant
history and recent expansion from Pleistocene refugia, rather than
shared ancestry, explain the observed diversity. Unfortunately,
there is no assessment of population structure in south-central and
southeastern NA, where studies of other terrestrial ectotherms
have revealed cryptic signatures of intraspecific divergence shaped
by the ACF and Mississippi basins and the Atlantic Coastal Plain de-
marcating peninsular Florida populations from those of the main-
land (Burbrink, 2002; Burbrink et al., 2000; Burbrink et al., 2008,
2016; Fontanella et al., 2008; McKelvy & Burbrink, 2017). Due to
their semiaquatic nature in parts of their distribution (Rossman
et al., 1996), genetic diversity within T. sirtalis might not conform
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FIGURE 1 Distribution of the common gartersnake Thamnophis sirtalis (Top) and proposed biogeographical factors (Bottom) influencing
its westward expansion. Unique subspecies ranges adapted from Rossman et al. (1996) and the IUCN database and modified with spatial
analyses of museum records downloaded from GBIF. Bottom map shows the Southeast Atlantic Coastal Plain ecoregion (light green,

ACP), the Alabama River (a) and the Apalachicola-Chattahoochee-Flint River Basin (b), which have been implicated in population genetic
substructure in multiple flora and fauna species in the southeastern United States. Major rivers of the Mississippi watershed (outlined in
black), the Saskatchewan River (c) and the Columbia River (d) likely facilitated westward expansion across the northern Great Plains (dark
yellow, GP) and Temperate Prairies (dark orange, TP) of central North America, which represent comparatively less suitable habitat for

T. sirtalis. Photo credits: (1, 4, 5) Gary Nafis (californiaherps.com), (2) Jonathan Hakim (iNaturalist), (3) J. Maughn (flickr), (6) James N. Stuart,
(7) Jake Scott, (8) timoteo_b (iNaturalist), (9) hb2000 (iNaturalist), (10) J. D. Wilson (iNaturalist), (11) John Williams (iNaturalist), (12) Robert
Simons (iNaturalist).

to patterns shaped by riverine barriers. Furthermore, given the across the genome. Recent work suggests sex-linkage may drive
prevalence of shallow introgression observed within and between lower-than-expected heterozygosity in T. sirtalis populations under
multiple Thamnophis species to date (De Queiroz & Lawson 1994; regional selection (Gendreau et al., 2020).

Fitzpatrick et al., 2008; Kapfer et al., 2013; Placyk et al., 2007), it Here we present the rangewide phylogeography of T. sirtalis.
remains unclear how uniform these phylogeographic patterns are From phylogeographic and demographic analyses of mtDNA and
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genome-wide single nucleotide polymorphism (SNP) data, we iden-
tify biogeographic lineages and genomic regions of disagreement
among the relationships of these lineages. We use species distri-
bution modelling to quantify environmental niche differentiation
between these lineages and assess which if any habitat shifts and
climactic gradients might explain lineage differentiation across the
range of T. sirtalis. From previous work, we hypothesize a southeast/
south-central origin for T. sirtalis and seek to characterize the tempo
and mode of its westward expansion out of the Eastern Forest and
across the Interior Plains. Specifically, we ask if (1) in the east, T. sir-
talis shares the same divergence patterns shaped by intermontane
systems, the ACF, and Atlantic Coastal Plain-Eastern Forest divide
as other vertebrate terrestrial ectotherms (2) if the major rivers of
the Mississippi watershed have acted as vicariant barriers between
putative lineages or facilitators of westward expansion. Finally, we
address congruence between the inferred lineages and current sub-
species taxonomy.

2 | MATERIALS AND METHODS
2.1 | Sampling and data collection

We assembled tissues from localities spanning the entire T. sirtalis
distribution (Figure 1) from field sampling and museum collections
(Table S1). In part, due to their questionable validity and range lim-
its, T. sirtalis subspecies are often not explicitly identified in museum
collections. Where possible, we designated putative subspecies
based on localities where only one taxon is known to occur. We
isolated and qualified genomic DNA using NaCl extraction and gel
electrophoresis followed by a Qubit dsDNA BR assay (Life Technolo-
gies, Inc.).

We generated ddRADseq libraries for 212 samples following Pe-
terson et al. (2012). We digested 500-1000ng DNA with restriction
enzymes Sbfl and Mspl and ligated unique barcodes to individual
samples. Barcoded samples were then pooled together in groups of
up to eight individuals, and pools were size selected for 415-515bp
fragments with a Pippin Prep system (Sage Science, Inc.). The re-
sulting products were amplified using a Phusion High Fidelity Taq
polymerase kit (New England Biolabs, Inc.) with lllumina primers
that introduce unique multiplexing indices to each pool upon ampli-
fication. Pools were amplified for 30cycles at 51°C annealing tem-
perature. Final libraries were purified using Ampure XP beads and
fragment length distribution and molarity were calculated with an
Agilent 2200 Tapestation. Libraries were sequenced across three
Illumina HiSeq 4000 lanes (50-bp single-end reads) at UC Berkeley
QB3 facility.

For 67 individuals, we sequenced a 812bp fragment of mito-
chondrial locus cytochrome B (cytB) using primers from previous
studies (L14910: 5-GAC CTG TGA TMT GAA AAA CCA YCG TTG
T-3’; H16064: 5-CTT TGG TTT ACA AGA ACA ATG CTT TA-3,
Burbrink et al., 2000; De Queiroz et al., 2002). We supplemented

these data with previously published cytB sequences for 32 conge-
ners and other natricid species (Alfaro & Arnold, 2001; De Queiroz
et al., 2002; De Queiroz & Lawson, 2008) (Table S2). We edited and
aligned the resulting dataset with Geneious 5.1.7 (Geneious 5.1.7,
http://www.geneious.com) under global alignment default parame-
ters (Cost matrix: 65% similarity; gap open penalty: 12; gap exten-
sion penalty: 3).

2.2 | ddRADseq bioinformatics

We processed raw lllumina reads using stacks 2.5 (Rochette
et al, 2019) ref align pipeline against the chromosome level as-
sembly of the T. elegans genome (Assembly: GCA_009769535). We
demultiplexed and filtered reads with the process radtags func-
tion and discarded reads with a quality score limit of <20 and/or a
single base pair difference in adapter and barcode sequences. We
retained loci present in 80% of the individuals of a putative popu-
lation with the ‘populations’ function, following the r80 method
outlined as best bioinformatic practice (Paris et al., 2017). We col-
lected one SNP per locus and used the ‘ordered-export’ flag to en-
sure the absence of duplicate SNPs resulting from overlapping loci.
After removing samples with high amounts of missing data/low read
counts, we retained genomic data for 195 individuals representing
10 subspecies (Table S1). We generated additional datasets with T.
sirtalis samples for which both mtDNA and SNP data were gener-
ated (N=59) for nuclear versus mtDNA tree topology comparison,
and a dataset for species tree estimation and demographic analysis
with no missing data and four individuals per population (N=16) to
accommodate computational constraints.

2.3 | Population identification and
migration modelling

In heterogametic species, sex chromosomes have lower effective
population sizes than autosomes due to lower copy number, and
consequently, observed variation among them is more sensitive
to the effects of sex-biased processes and historic demographic
changes (Van Belleghem et al., 2018). Like most snakes, T. sirtalis
has a ZW sex determination system (females are ZW, males are ZZ)
(Baker et al., 1972; Vicoso et al., 2013). To account for differences
in population structure across the genome, we generated separate
datasets for loci that mapped to autosomes and the Z chromosome.
We then identified the number of roughly detectable clusters from
the Z, autosomal and total datasets using principal components anal-
ysis (PCA) in adegenet 2.1.1 (g1lpca function) (Jombart, 2008). We
estimated pairwise Fs (Weir & Clark Cockerham, 1984) and inbreed-
ing coefficients (F ) for all population pairs and additional genetic
diversity measures (observed heterozygosity [H,], observed genetic
diversity [H,], overall genetic diversity [H-]) for each population and
dataset with hierfstat (Goudet, 2005).
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2.4 | Ancestry and gene flow estimation

We used TESS3r (Caye et al., 2016, 2018) to estimate ancestry in
the total dataset. This approach incorporates geographic weight-
ing of sample pairs into a least-squares optimization to determine
the number of ancestral clusters that best explains genetic varia-
tion across the sampled space. Using the total SNP dataset, we es-
timated ancestry coefficients under default parameters for K values
1:10 with 20 replicates each and determined the appropriate K value
using cross-validation.

We identified geographical regions of depressed migration rates with
EEMS (Petkova et al., 2016). We constructed a coordinate file following
the outer limits of the T. sirtalis distribution (Rossman et al., 1996). We
calculated a dissimilarity matrix using PLINK 1.9 (Purcell et al., 2007).
We analysed the SNP data with RUNEEMS SNPS under four replicate
analyses with a Markov chain Monte Carlo length of 5,000,000 and a
burn-in of 1,000,000. We assessed convergence of the runs and visual-
ized the combined results using EEMS ' reemsplots2.

2.5 | Rangewide gene tree estimation and
phylogenetic relationships

We estimated divergence times for T. sirtalis from cytB in BEAST
1.10 (Suchard et al., 2018). The high evolutionary rate, haploidy and
near-zero recombination rate of mitochondrial loci preserve their
value alongside multilocus markers generated from high throughput
sequencing methods, particularly for identifying incomplete line-
age sorting. We time-calibrated the tree using the earliest known
Thamnophis fossil from the Medial Barstovian (13-14.5Mya; Hol-
man, 2000) and constrained the clade age of Thamnophis to a nor-
mal prior distribution (mean= 14, SD=1) following previous studies
(McVay et al., 2015; Wood et al., 2011). We selected the GTR+I'+I
substitution model using Bayesian information criterion in JMod-
elTest2 (Darriba et al., 2012) and ran the analysis with a relaxed
lognormal clock for 7,000,000 iterations sampling every 1000 steps.
We ran two identical analyses with different random starting seeds
and combined with LogCombiner and discarded the first 10% as
burn-in. We checked parameter estimates for convergence with
Tracer 1.7.1 (Rambaut et al., 2018).

We analysed the autosomal and Z-linked SNP datasets with 10-
TREE2 (Minh et al., 2020). We first used ModelFinder (Kalyaana-
moorthy et al.,, 2017) to find the best fit model for the data by
Bayesian information criterion, and then estimated maximum like-
lihood trees with 1000 ultrafast nonparametric bootstrap (Hoang
et al., 2018) replicates under the GTR+F+ASC+R3 and GTR+F+AS-
C+R2 models for the autosomal and Z-linked datasets, respectively.

2.6 | Species tree estimation

We estimated species trees using SNAPP (Bryant et al., 2012) in
BEAST 2.6 (Bouckaert et al., 2014), which generates the species

EEME ey

tree directly from biallelic SNP data, and BPP 4.1 (Flouri et al., 2019),
which infers species trees from multiple-sequence alignments. While
we anticipated similar topologies from both coalescent approaches
and acknowledge that both models can be biased by gene flow, IBD
and sampling scheme (Mason et al., 2020; Stange et al., 2018), topo-
logical agreement between methods using full RAD loci (BPP) and
SNPs (snaPP) will provide evidence that the bifurcating topology is
likely robust in spite of gene flow. We ran both analyses with the
reduced dataset (bolded, Table S1) for computational efficiency.

For SNAPP, we sampled backward and forward mutation rates u
and v with initial values=1 and sampled the speciation rate 1 within
T. sirtalis under an improper prior distribution (1/x). For the popu-
lation size parameter, we applied a gamma distribution prior with a
mean a/f=0.0085, which represents the mean number of variants/
site found in the total dataset used for the population structure anal-
ysis and the reduced set used for species tree estimation. We ran two
replicate analyses with a random starting seed for 5,000,000 steps,
sampling every 100 and then removed the first 25% as burn-in. We
checked for stability in posterior estimates and log likelihood of the
results of the combined runs in Tracer 1.7 (Rambaut et al., 2018)
and visualized the results in DensiTree (Bouckaert, 2010).

For BPP, we estimated a species tree (‘A01’ analysis) from all loci
under a Jukes-Cantor substitution model and set inverse gamma pri-
ors (a, p) for the root divergence prior tau (4, 0.001) and population
size prior theta (4, 0.002). We ran two replicate analyses for 100,000
generations, sampling every two iterations. We discarded the first
30,000 iterations as burn-in and combined the results of the inde-

pendent runs to increase sampling from the posterior.

2.7 | Demographic analyses

Divergence time estimation in coalescent species tree analy-
ses can be confounded by migration, population size changes
through time and population structure (Barley et al., 2018; Stange
et al.,, 2018). We therefore estimated divergence times and ad-
ditional demographic patterns from the reduced dataset in momi?2
(Kamm et al., 2020), which fits the observed site frequency spec-
trum to that expected under a continuous-time Moran model
(Durrett, 2002). We evaluated the fit of 18 models (Table S3) rep-
resenting historic population size changes and varying degrees
of secondary contact between lineages that might reflect late
Miocene-Pleistocene range contractions and expansions. We al-
lowed population sizes and divergence times to vary with starting
values picked using a random seed, and we optimized each model
over five runs under the ‘L-BFGS-B’ algorithm, with a maximum of
100 iterations. Here, Model O is a null model simply reflecting the
consensus species tree topology inferred from SNAPP and BPP with
no demographic events (i.e. divergence with no population size
change or gene flow, similar in approach to Corbett et al., 2020).
Each subsequent model includes an additional demographic pa-
rameter (migration time, probability of migration, population size
change), with Model 17 being the most complex (a species tree
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with estimates for migration time and probability for each lineage
pair as well as lineage-specific population size change estimates).
We assumed a generation time of 3years and a mutation rate of
2.43%x107° per site per generation, as recently estimated from the
T. sirtalis genome (Perry et al., 2018). We ranked the models using
Akaike information criterion (AIC) scores (Akaike, 1973).

2.8 | Species distribution modelling

We constructed species distribution models (SDMs) for T. sirtalis using
MAXENT (Phillips et al., 2006) implemented in ENMTools (Warren
et al., 2010). We generated ‘lineage ranges’ from polygons constructed
from the outermost coordinates of the samples used in the genetic
analyses and the coordinates within for unique and spatially rarefied
georeferenced research grade T. sirtalis occurrences (n=9776) from
GBIF (GBIF.org, 2019). For environmental data, we stacked rasters for
elevation data, 19 bioclimatic variables derived from temperature, sea-
sonality and precipitation records (Fick & Hijmans, 2017), and prox-
imity to water (Lehner et al., 2008). We then deleted variables with
a Pearson's correlation coefficient >0.75 to remove multicollinearity,
which reduced the dataset to nine bioclimatic variables related to
temperature, mean diurnal range, precipitation, elevation, and proxim-
ity to water. We withheld 25% of the occurrence points to train the
model (Syfert et al., 2013) to minimize overfitting the model to the
data (Warren & Seifert, 2011). We ranked model efficacy with the
area under the curve (AUC) score, which measures model discrimina-
tion accuracy (Phillips et al., 2006). We quantified habitat similarity
between T. sirtalis lineages with asymmetric background tests. This
test calculates Schoener's D (Schoener, 1968) and Warren's | statis-
tics (Warren et al., 2008) by comparing the environmental similarity of
one SDM to that of a distribution of SDMs generated from randomly
selected pseudoabsence points from the range of the other, which in
the process accounts for environmental heterogeneity within the sam-
pled space. Deviations in habitat similarity from the null distribution of
pseudoreplicate SDMs might represent non-random niche differentia-
tion between populations. We ran this background similarity test 100
times for each SDM pair to achieve high statistical resolution (approxi-
mate p=0.01) per user manual guidelines.

To characterize habitat suitability changes that putatively led
to historic isolation or secondary contact between subpopulations
during restriction to shared refugia, we back-projected present-day
SDMs onto Pleistocene and Miocene climate data from the Paleo-
Clim database (Brown et al., 2018). We used projections for the mid-
Pliocene warm period (3.205 Ma; Hill, 2015), the Middle Pleistocene
(787 ky; Brown et al., 2018), the Last Interglacial Period (130ky;
Otto-Bliesner et al., 2006) and the Last Glacial Maximum (LGM,
21ky; Karger et al., 2021). Not all bioclimatic variables are repre-
sented in these projections, so we generated SDMs with a subset of
variables represented in palaeoclimate datasets (biol, bio4, bio12,
bio14, bio15 and bio18) using the same approach as the present-day
models and predicted habitat suitability with the predict function in
DISMO (Hijmans et al., 2017).

3 | RESULTS
3.1 | Genomic data

The thamnophiine cytB alignment consisted of 812bp from 99 in-
dividuals, with 530 identical sites. stacks processed 19,065 loci
(865,438 sites) consisting of 10,896 SNPs across 195 samples. For
all samples, an average of 65% of the total reads were retained. The
IQ-TREE2 reduced dataset contained 9741 autosomal loci with
8321 SNPs and 719 Z-linked loci with 567 SNPs. The reduced four
sample/population assembly for the species tree and demographic
analyses consisted of 9023 loci with 4288 unlinked SNPs, with no

missing data.

3.2 | Population structure

Principal components analysis and TESS3r analyses of the complete
dataset (Figure 2) identified four geographical clusters correspond-
ing to the West Coast and Pacific Northwest (the ‘west’ cluster), the
extent of the Mississippi Watershed and along the Rio Grande in
the southwestern United States (‘central’), the mid-Atlantic coast
and the northeastern extent of the Appalachian Highlands (‘east’)
and the southeast Atlantic Coastal Plain (‘southeast’). The average
majority ancestry coefficient values were similar across the inferred
populations, with the central population being the most admixed (av-
erage ‘central’ ancestry coefficient=0.74, SD=0.12, n=51), and the
southeast the least admixed (0.82, SD=0.19, n=30). In the PCAs of
all three SNP datasets, PC1 explained variance along a longitudinal
gradient, with PC2 differentiating the southeast cluster from all oth-
ers. The amount of variance captured by PC1 and PC2 was substan-
tially higher in analyses of the total and autosomal datasets than the
Z-linked dataset, in part due to the lower number of Z-linked SNPs
captured. Population differentiation from pairwise Fg; estimates
(Table 1) increased with space, with southeast and west populations
being the most differentiated (F;;=0.163) and the adjacent central
and east populations being the least (F¢;=0.049). Overall heterozy-
gosity and nucleotide diversity in all populations was lower in the Z
chromosome. Most measures of genetic diversity (Table 2) were sim-
ilar across the different rangewide datasets, with Fg; values being
higher in the reduced and Z-linked datasets due to lower sample size
and lower N, respectively. Among populations, the west population
exhibited the highest inbreeding coefficient (F;=0.391) and the
west and southeast showed slightly higher total genetic diversity (H;
for the west=0.136 and for the southeast=0.131), than the central
and east (H; for the central=0.094 and for the east=0.085).
Principal components analysis analyses of the three datasets
consistently partitioned variation between the southeast and re-
maining populations (Figure 2; Figure S1). However, structure be-
tween the central, east and west populations differed between
datasets, with Z-linked loci exhibiting less differentiation between
the west and central populations, and autosomal loci clustering the
east and central populations. Our EEMS results (Figure 2) showed
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FIGURE 2 Population genetic structure results within Thamnophis sirtalis. (a) TESS3r results support a K=4 model, with populations
conforming to the limits of the Mississippi Watershed (“central” population), the southeast Atlantic Coastal Plain (the ‘southeast’ population),
the Pacific Coast and Pacific Northwest (‘west’) and the Appalachian Highlands and Atlantic Coast (‘east’). (b) EEMS results suggest
depressed gene flow flanking the regions around the Apalachicola-Chattahoochee-Flint River Basin and major mountain systems in the east
and west extents of T. sirtalis' range. (c) Principal components analysis results of chromosomal datasets exhibit congruence in population
differentiation between the southeast and all other populations, with results from Z-linked single nucleotide polymorphisms (bottom)
exhibiting a pattern of genetic similarity between the central and west populations.

low migration rates across the southeast Atlantic Coastal Plain, with
latitudinal barriers corresponding to the ACF River basin and the
Alabama River. Similarly, inferred low migration rates in the west
subtended the Columbia Basin between the Rocky and Cascade
Mountain systems in the Pacific Northwest and demarcated the un-
inhabited desert southwest along the border of western California.
In the northeast, migration barriers between the central and eastern
populations corresponded to the Appalachian Highlands.

3.3 | Phylogenetic relationships

The mtDNA tree topology showed similar relationships and divergence
time estimates for Thamnophis as prior studies (Alfaro & Arnold, 2001;
De Queiroz et al., 2002; Hallas et al., 2022; McVay et al., 2015; Nuiiez
etal., 2023). T. sirtalis clades represented geographically structured lin-
eages congruent with those inferred by SNP-based population struc-
ture analyses (Figure 3). Fossil calibrated divergence time estimates
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from cytB supported a late Miocene/early Pliocene divergence
(6.3Mya, 95% highest posterior density: 3.9-8.9) between the south-
east clade restricted to the Atlantic Coastal Plain and the rest of the
tree. The east lineage occupies the northeast extent of the Eastern
Forest and extends westward to the eastern edge of the Mississippi
Watershed. The remaining individuals formed a strongly supported
clade consisting of two weakly supported subclades: the central line-
age containing individuals dispersed throughout the Mississippi Wa-
tershed west of the Ohio River and those restricted to the Rio Grande,
and the west lineage of individuals found east of the Interior Plains.

Both the autosomal and Z-linked SNP trees (Figure 3) supported
the monophyly of the southeast lineage to the exclusion of one
southeast individual from southern Alabama (located west of the
ACF River Basin) nested within the central clade. The western lin-
eage was similarly monophyletic for both autosomal and Z-linked
trees with the exception of an inland California individual from east
of the Sierra Nevada Mountains.

The sNAPP and BPP topologies (Figure S2) mostly agreed with
mtDNA clade relationships. Both analyses supported the initial di-
vergence event separating the southeast lineage from the rest, but
moderately supported the east/central+west divergence (posterior
probability (PP)=0.88 for SNAPP, PP=0.92 for BPP). While the tree

TABLE 1 Mean pairwise F¢; values for population pairs of
Thamnophis sirtalis across datasets calculated in hierfstat.

Population pair Total Reduced Z Autosomes
East-Central 0.049 0.151 0.162 0.045
East-Southeast 0.117 0.253 0.152 0.110
East-West 0.121 0.341 0.241 0.123
Central-Southeast ~ 0.107 0.279 0.165 0.106
Central-West 0.072 0.216 0.104 0.077
Southeast-West 0.163 0.443 0.240 0.169

topologies with the highest posterior probabilities inferred by BpP all
exhibited strong support for the placement of the southeast group,
visualization of the SNAPP analyses by DensiTree showed some

ambiguity in the relationship between the southeast and east groups.

3.4 | Divergence times and demographic analysis

Thirteen of 18 tested models reached convergence during optimiza-
tion (Table S3). The AIC results for converged analyses support the
highest ranked model with a wAIC score of 1.0 (Figure 4, Model 16 in
Table S3). This model supported a middle Pleistocene (~1 Mya) diver-
gence between the southeast and all other populations with similarly
timed Late Pleistocene population changes in the remaining lineages
(additional model tests and parameter estimates in Table S3). The
divergence between the east and central/west lineages occurred
at ~750kya, followed by the central/west 500kya, substantially
younger splits than those inferred from the fossil-calibrated mtDNA
tree. The east and central contemporary population sizes were simi-
=233,893, Ncentra|:204,990) and larger than the
=124,843) and west (N, = 56,163) estimates.
was nearly 3x greater than N, despite the

larly sized (N
southeast (Ng_ heast
We note that N
difference in overall range size. Only the east lineage exhibited a

East

Southeast

population size increase, with a recovery from a historic bottleneck
timed at 167 kya. The central and west lineages exhibited bottle-
necks timed at ~121 and ~262kya respectively. However, the popu-
lation size change was markedly more extreme in the central lineage,
with a higher than 10-fold decrease from a high ancestral population
size of over 2,154,522 individuals compared to the 1.5x decrease
observed in the west. Population size change in the southeast pop-
ulation was not estimated in the top ranked model. Inferred pulse
probabilities (PP*, migration events) were relatively low between
lineages with the highest representing central migration into the
southeast (PP*=0.27) and east (PP*=0.21) in the Late Pleistocene.

TABLE 2 Data characteristics and population summary statistics calculated in hierfstat: observed per-locus heterozygosity (H,),
within population genetic diversity (H;), total genetic diversity (H;) and coefficient of inbreeding (F ).

Dataset

Total

Autosomes

Z chromosome
IQ-TREE2 (Z)
IQ-TREE2 (autosomes)
Reduced

West

Central

Southeast

East

# Individuals

195
195
195
59
59
16
29
51
30
85

# Loci

19,065
9743
719
719
9741
9023
13,330
16,530
15,509
17,028

# Variants Hg Hg H; lfig
10,896 0.045 0.065 0.071 0.301
9042 0.046 0.065 0.071 0.283
651 0.038 0.060 0.071 0.361
567 0.079 0.116 0.141 0.316
8321 0.086 0.113 0.113 0.240
4288 0.087 0.120 0.156 0.274
6173 0.083 0.136 0.136 0.391
8699 0.073 0.094 0.094 0.225
8238 0.103 0.131 0.131 0.212
9512 0.063 0.085 0.085 0.262

Note: Additional raw and corrected summary statistics are available in Table S4.
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FIGURE 3 Phylogenetic relationships within Thamnophis sirtalis. (a) cytB maximum clade credibility tree estimated in BEAST 1.10. (b)
Autosomal-derived and (c) Z-linked SNP trees estimated in TQ-TREE2. Nodes with black dots have posterior probabilities >0.90. Asterisked
samples in the cytB tree are not represented in the SNP-based analyses. The thamnophiine and 1Q0-TREE?2 treefiles are available in the

Supporting Information. SNP, single nucleotide polymorphism.
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3.5 | Ecological niche modelling/overlap the widest suitable habitat breadth at all time periods and shows a

All present-day SDMs for the T. sirtalis populations (Figure 5) ex-
hibited high AUC values (>0.9). The west population SDM was the
most restricted and the only model that represents the modern
boundaries, while the remaining models all predicted some degree
of habitat suitability in the western extent of T. sirtalis, particularly in
the coastal Pacific Northwest. The inferred suitable habitat for the
present-day central SDM extended into peninsular Florida, while the
southeast SDM was mostly restricted to the Gulf Coast. The east
population SDM was the least restricted to its realized extent, with
suitable habitat inferred in large but fragmented expanses of east-
ern and western NA as well as the forested regions of the base of
the Rocky Mountain system. For the asymmetric background tests
(Table 3), niche overlap as a measure of D and | statistics was higher
in comparisons between the adjacent populations occupying east-
ern NA, with the highest overlap observed in the east-central and
southeast-central comparisons. The lowest observed overlap was in
the geographically disparate southeast-west comparison.
Back-projection of the present-day SDMs to different historical
timepoints back to the Middle Pliocene yielded noticeably different
results between populations (Figure S5). The central SDM exhibited

general restriction to below the glacial line and north of peninsu-
lar southeast during the LGM (~21kya). This LGM southward con-
traction was also reflected in the east SDM, while the geographical
extents of west and southeast SDMs were consistently restricted

throughout the Pleistocene.

4 | DISCUSSION

Within T. sirtalis we identify four distinct geographical lineages with
distributions in the west, east, southeast and central NA. We show
that established vicariant barriers, habitat shifts and Pleistocene gla-
cial history drives lineage formation throughout this distribution. We
find support for the broad and fine-scale structuring effects of north-
ern mountain systems as well as the role of multiple basins in both
restricting and facilitating expansion. Sex-linked markers show a pat-
tern of genetic similarity between west and central clusters consistent
with westward expansion across/over the Interior Plains. Simulations
under demographic and historical ecological niche models support a
scenario where global climate fluctuations and sea level changes led
to geographical restriction to southern refugia and ensuing secondary
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contact between established eastern lineages, followed by northward
expansion following glacial retreat. We find that no lineages explicitly
correspond to subspecies boundaries, corroborating prior genetic in-
vestigations' conclusions concerning their lack of validity.

11
El v
FIGURE 5 Species distribution models (SDMs) for Thamnophis
sirtalis generated by MAXENT in ENMTools. Models were
developed using spatially rarified research-grade georeferenced
GBIF occurrences (n=9776) within the outer spatial bounds of the
southeast (a), east (b), central (c) and west (d) populations inferred
from TESS3r. Present-day SDMs shown were generated from the
complete WorldClim bioclimatic dataset as well as elevation and
proximity to water, while back projections represent those of SDMs
for the subset of variables represented in all PaleoClim models.
Warmer colours indicate probability of habitat suitability.

4.1 | Phylogeography

The phylogeographic structure of T. sirtalis identifies the Atlantic
Coastal Plain as the extent of a highly diverged southeast subpop-
ulation and the ACF River Basin and Alabama River as local barriers
to gene flow. Similar to patterns found in numerous taxa (Conant
& Collins, 1998; Peterson, 1999; Soltis et al., 2006) and snakes in
particular (Burbrink et al., 2008; Burbrink, Bernstein, et al., 2021;
Burbrink, Gehara, et al., 2021; Burbrink & Guiher, 2015; Fonta-
nella et al., 2008; Myers et al., 2020), the deepest phylogenetic
split within T. sirtalis is between a clade largely restricted to this
region and all other clades, reflecting the shared effects of po-
tential fidelity to the low elevation subtropical climate and the
historic glacial cycles that repeatedly isolated the region from
the mainland (Webb, 1990). Highly admixed individuals sampled
between the ACF River Basin and the Alabama River provide evi-
dence of historic or ongoing gene flow between the southeastern
and central populations, but this riverine barrier pattern is absent
along the Lower Mississippi River.

The southern boundary of the east population corresponds to
where the basins of the Tennessee and Ohio Rivers join the lower
boundary of the Appalachian Highlands. Admixture patterns in this
region suggest secondary contact between the east, southeast and
central populations. We cannot confirm continuous gene flow along
the mid-Atlantic Coast here due to sampling gaps. However, taken
with slightly lower migration rate estimates in this area compared
to those inferred along the ACF and Alabama River systems, it is
likely that rivers comprising the eastern portion of the Mississippi
Watershed facilitated northeastward expansion following southern
isolation during the LGM. Further corroborating this scenario is the
extent of overlapping suitable habitat observed in back projection
of the present-day SDMs of the east, central and southeast popula-
tions (Figure 5; Figure S5). The northernmost sampled individuals of
the east population exhibit substantially less admixture as expected
from recent founder populations.

The range of the central population extends from the river net-
works of the Mississippi Watershed into the northern and western
extents of the Interior Plains and encompasses a large east-west
shift in habitat type from eastern temperate mixed forest to arid
prairie grassland. The inferred assignment of the disjunct Rio Grande
subpopulation of the southwestern United States to the central pop-
ulation can be explained by previously hypothesized Pleistocene
connectivity between the Upper Arkansas River and the head of the
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TABLE 3 Empirical asymmetric background test summary statistics (Schoener's D, Warren's I, Spearman correlation coefficients) for

geographical space and environment.

Population comparison D 1 Cor

Central-West 0.083 0.260 -0.481
East-Central 0.332 0.625 0.465
East-Southeast 0.076 0.251 0.283
East-West 0.052 0.156 0.171
Southeast-Central 0.276 0.588 0.534
Southeast-West 0.010 0.066 -0.380

D, [ Cor,,, p-Value
0.080 0.219 -0.391 0.010
0.077 0.226 0.087 0.010
0.130 0.270 0.400 0.010
0.040 0.109 -0.023 0.010
0.125 0.310 0.103 0.010
0.037 0.101 -0.016 0.010

Note: For each population comparison, higher D and | values indicate greater niche overlap and equivalency, respectively, between populations.
Histograms comparing the empirical values to the distribution of 100 psuedoreplicates can be found in Figure S2.

Rio Grande at the San Luis Drainage Basin (Repasch et al., 2017; Rog-
ers et al., 1992; Ruleman et al., 2019).

Historic riverine networks in the Upper Missouri sub-basin of the
Mississippi Watershed likely facilitated rapid expansion of T. sirtalis
into the Pacific Northwest via the low elevation passes of the North-
ern Rocky Mountains in present-day Montana, followed by south-
ward dispersal down the Pacific Coast and east of the Sierra Nevada
Mountains. Inferred admixture patterns show differentiation be-
tween coastal and inland (east of the Sierra Nevada) T. sirtalis pop-
ulations, but these clusters within California do not exhibit strong
phylogeographical structure, likely due in part to both the recency
of the founder event and historic and/or ongoing gene flow. Future
sampling and sequencing efforts should emphasize the isolated pop-
ulations of the Northern Rockies and the Interior Plains, which are
rare in modern collections and will be crucial in better characterizing
westward post-Pleistocene expansion.

4.2 | Population differentiation across
space and the genome

We interpret the lower F¢ in the west population as a sign of
postglacial expansion following significant Pleistocene isolation
in western refugia, whereas higher levels of diversity in eastern
populations might have been maintained by secondary contact
with other populations in shared refugia. The greater differentia-
tion between the northward expanding west and east populations
in the Z chromosome warrants further study. In addition to being
linked to historic demographic shifts in populations, the Z chromo-
some has been associated with maintaining diversity in hybridizing
species pairs (Battey, 2020), maintaining deviations low heterozy-
gosity in populations under selection (Gendreau et al., 2020), phe-
notypic differentiation (Saether et al., 2007; Toews et al., 2016),
sex-biased dispersal (Li & Meril4d, 2010) and speciation (Qvarn-
strom & Bailey, 2009). Future work with more robust interroga-
tion of the genome can provide greater understanding of genomic
and spatial patterns of intraspecific diversification with ongoing

gene flow.

4.3 | Divergence timing and demography

Our mtDNA divergence time estimates for a mid-Miocene origin
of the clade containing T. sirtalis, T. sauritus and T. proximus are
expectedly older than those from recent multilocus studies of the
Northern/widespread Thamnophis subclade to which it belongs
(12.21 Mya, Hallas et al., 2022; 11.97 Mya, Nufez et al., 2023).
These differences reflect known patterns of discordance be-
tween single and multilocus approaches (Edwards & Beerli, 2000),
which might also be biased by older fossil calibration points in the
mtDNA analysis (Arbogast et al., 2002; Zheng et al., 2011). Taken
together, we conclude a early Pliocene origin in the central or
southeastern NA for Thamnophis. This period was characterized
by the expansion of North American grasslands and is associated
with an increase in snake diversification as evidenced in the fossil
record and broader thamnophiine and natricid phylogenetic stud-
ies (Guo et al., 2012; Holman, 2000; McVay et al., 2015; Nufez
et al., 2023).

The timing of divergence of the southeast lineage from the
other lineages inferred from SNP data and minimal inferred ad-
mixture further support a history of periodic isolation due to rising
sea levels associated with Pleistocene glacial cycles (Webb, 1990).
These processes have been found to affect contemporary popula-
tion structure in many distantly related species distributed across
the east and southeastern United States (Kozak et al., 2005; Soltis
et al., 2006). Divergence time estimates for the remaining lineages
conclusively point to expansions into western and northeastern NA
prior to refugial isolation during the LGM. Supporting conclusions
from prior investigations of T. sirtalis in western NA and the Great
Lakes (Janzen et al., 2002; Placyk et al., 2007), our demographic
analyses support recent gene flow (post-LGM) from the central lin-
eage to the west. It also shows historic (pre-LGM) symmetric gene
flow between the central and east lineages, supporting a scenario
of post-glacial expansion from both southern and northern refugia.
The secondary contact between southeast, east and central lineages
might explain their high levels of genetic diversity compared to the
west where LGM refugia along the Pacific Coast were isolated from

other lineages.
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4.4 | Ecological diversification

Our ecological niche modelling analyses give context to the demo-
graphic history of T. sirtalis and provide a clearer picture of spatial
changes in habitat suitability through time. The wide fundamental
niche of the central population inferred from its present-day SDM
extends into the ranges of both east and southeast populations, sup-
porting a scenario of gene flow facilitated by shared habitat between
them. Different populations of T. sirtalis populations can vary widely
in ecology (Rossman et al., 1996), and the predicted niche space
of the central population compared to that of the others could be
explained by variation in dispersal ability due to unique life-history
traits (e.g. fidelity to overwintering den sites, differential responses
to aridity). With additional evidence from genetic data and ecologi-
cal modelling, we find support for Pleistocene genetic structuring
due to isolation in refugia distributed throughout intermontane
forest and coastal habitat in the west, subtropical marshland in the
extreme southeast and the Appalachian foothills and inland coastal

plains of the east and southeast.

4.5 | Taxonomy

Analyses of mtDNA and morphological data have already high-
lighted the invalidity of T. sirtalis subspecies as evolutionary units
(Boundy, 1999; Janzen et al., 2002; Rossman et al., 1996). The
discrete genetic populations identified here do not correspond
to morphological subspecies described in prior studies (Figures 1
and 2). Additionally, we provide evidence of recent gene flow
where contact zones exist and signatures of historic gene flow
between lineages that are currently disconnected. We refrain
from proposing any taxonomic revisions until the extent of popu-
lation boundaries can be clarified with more samples and whole-

genome data.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.
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