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ABSTRACT

North American Thamnophiini (gartersnakes, watersnakes, brownsnakes, and swampsnakes) are an ecologically
and phenotypically diverse temperate clade of snakes representing 61 species across 10 genera. In this study, we
estimate phylogenetic trees using ~3,700 ultraconserved elements (UCEs) for 76 specimens representing 75% of
all Thamnophiini species. We infer phylogenies using multispecies coalescent methods and time calibrate them
using the fossil record. We also conducted ancestral area estimation to identify how major biogeographic
boundaries in North America affect broadscale diversification in the group. While most nodes exhibited strong
statistical support, analysis of concordant data across gene trees reveals substantial heterogeneity. Ancestral area
estimation demonstrated that the genus Thamnophis was the only taxon in this subfamily to cross the Western
Continental Divide, even as other taxa dispersed southward toward the tropics. Additionally, levels of gene tree
discordance are overall higher in transition zones between bioregions, including the Rocky Mountains. There-
fore, the Western Continental Divide may be a significant transition zone structuring the diversification of
Thamnophiini during the Neogene and Pleistocene. Here we show that despite high levels of discordance across
gene trees, we were able to infer a highly resolved and well-supported phylogeny for Thamnophiini, which al-

lows us to understand broadscale patterns of diversity and biogeography.

1. Introduction

The complex geological history of North and Central America during
the Cenozoic has been a major driver of broadscale floral and faunal
diversification and biogeographic patterns (Brown, 1904; Soltis et al.,
2006; Flores-Villela and Martinez-Salazar, 2009; Rissler and Smith,
2010). This diversity is likely influenced by biogeographic boundaries
that limit dispersal and gene flow (Mayr, 1963; Wang and Bradburd,
2014). Many phylogeographic studies have demonstrated the influence
of major biogeographic boundaries on North and Central American
biodiversity, including the Apalachee Formation (Walker and Avise,
1998; Lemmon et al., 2007; Krysko et al., 2017), the Florida Peninsular
Border (McKelvy and Burbrink, 2017), the Mississippi River (Near et al.,
2001; Cullingham et al., 2008; Brandley et al., 2010; Burbrink et al.,
2021), the Rocky Mountains (Lamb et al., 1989; Leaché and Reeder,
2002; O’Connell et al., 2017), the Cochise Filter Barrier (Zink et al.,
2001; Riddle and Hafner, 2006; Myers et al., 2019; Provost et al., 2021),

the Trans-Mexican Volcanic Belt (TMVB; McCormack et al., 2008;
Morrone, 2010; Bryson et al., 2011; Mastretta-Yanes et al., 2015; Half-
fter and Morrone, 2017), and the Isthmus of Tehuantepec (Ranamoorthy
et al., 1993; Morrone, 2014; Gray et al., 2019).

While these biogeographic boundaries are well documented across
disparate taxa, their effect on diversity can be clade specific (Simpson,
1940; Fenker et al., 2021; Araya-Donoso et al., 2022). For instance,
depending on timing of dispersal into North America, a lineage may be
better adapted to cross river barriers than mountain barriers (Makowsky
et al., 2010). Therefore, in North America, the Rocky Mountains would
prove to be more impassable than the Mississippi River for some taxa.
Additionally, dispersal/vicariance events can occur within a relatively
short timeframe along these biogeographical boundaries. These
dispersal/vicariance events may enhance speciation given ecological
opportunity presented by dispersal to new areas or changes in habitat
(Simpson, 1953; Yoder et al., 2010) as well as limiting secondary contact
and gene flow. These rapid radiations should also increase the
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probability of incomplete lineage sorting (ILS; Maddison, 1997) result-
ing in greater phylogenetic uncertainty at those nodes transition be-
tween biogeographic barriers (Burbrink and Gehara, 2018; Thom et al.,
2018; Singhal et al., 2021). It is therefore important to examine clades
whose distributions cross these biogeographic boundaries to gain a
greater understanding of how these features influence broadscale
diversity.

Thamnophiini are an ecologically diverse tribe of North American
snakes in the family Natricidae. They include some of the most abundant
and well-studied snakes in North America, including gartersnakes,
watersnakes, brownsnakes, and swampsnakes. The tribe comprises 61
currently recognized species within 10 genera and is distributed
throughout North America from Alaska to Costa Rica and contains the
only extant members of Natricidae in the New World (Uetz, 2021).
Thamnophiini diverged from the rest of Natricidae upon dispersal to
North America through Beringia in the mid-Oligocene approximately 27
Mya (Guo et al., 2012). As expected, given their wide distribution,
Thamnophiini are ecologically diverse, inhabiting temperate deciduous
forests, swamps, prairies, highlands, deserts, tropical forests, and now
urban environments (Rossman, 1996; Gibbons and Dorcas, 2004).
Furthermore, members of the clade display a wide variety of diet pref-
erences from a generalist diet of small vertebrates to more specialized
diets targeting worm-like invertebrates and crayfish (Savitzky, 1983;
Grundler and Rabosky, 2021).

Thamnophiini represent an asymmetric radiation with 57% of the
species diversity represented by the garter snakes (genus Thamnophis, 35
sp.), whereas the other major clades are much less diverse (genus Ner-
odia, 10 sp.; genus Storeria, 5 sp.; genus Regina, 2 sp.). This asymmetry is
also represented in a geographic context; Thamnophis is generally the
only genus that natively occurs west of the North American Western
Continental Divide, where it spread throughout the region (Rossman,
1996; Gibbons and Dorcas, 2004; Heimes, 2016). In addition, Tham-
nophiini has greater phylogenetic species variability [a metric summa-
rizing how closely related species in a community are in a phylogeny
(Helmus et al., 2007)] in the Eastern Nearctic North America than in the
Western Nearctic (Burbrink and Myers, 2015), with communities in the
east having greater phylogenetic distance among them, relative to
communities in the rest of North America. This contrasts with other
squamate groups that diversified in North America during the Pleisto-
cene, where phylogenetic species variability is greatest in Western
Nearctic or in tropical Central America. This would imply that biogeo-
graphic boundaries that delineate eastern and western North America,
such as the Rocky Mountains or the southwestern deserts, may be
driving broadscale diversity of Thamnophiini by acting as a barrier to
dispersal for most Thamnophiini lineages.

Members of Thamnophiini have been used as model systems in
behavior (Arnold and Wassersug, 1978; Herzog and Burghardt, 1987;
Arnold and Bennett, 1988), ecology (Carpenter, 1952; Jayne and and
Bennett, 1989; Bronikowski and and Arnold, 1999), physiology (Men-
donca and Crews, 1996; Robert and Bronikowski, 2010), sexual
dimorphism evolution (Burbrink and Futterman, 2019), evolutionary
adaptation (Arnold, 1992; Feldman et al., 2010), and arms-race coevo-
lution (Brodie, 1989; Brodie and Brodie, 1999; Hanifin et al., 2008;
Reimche et al., 2020) in squamates. However, despite the wealth of
studies in this group, their evolutionary and biogeographic history re-
mains unresolved. Previous molecular systematic studies of the group
have incorporated allozyme sequences (de Queiroz and and Lawson,
1994), mitochondrial DNA (mtDNA), and under ten nuclear genes to
infer phylogenetic history that have led to recent taxonomic changes
(McVay and Carstens, 2013; McVay et al., 2015). However, due to the
limited amount of genetic data available for these studies, several major
lineages of the group remain phylogenetically unresolved with low
statistical support. Hallas et al. (2022) used genome-wide SNPs in their
systematics study on the genus Thamnophis but did not include other
genera in the clade. Additionally, previous systematics studies hypoth-
esized a western Mexican origin for Thamnophis (Ruthven, 1908; Alfaro
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and and Arnold, 2001; de Queiroz et al., 2002, Hallas et al., 2022).
Nevertheless, the dispersal history of the group within North America
has not been analyzed using recently developed dispersal and vicariance
models in a phylogenetic context or have only focused on subclades
within Thamnophiini (Hallas et al., 2022).

We sequenced ultraconserved elements (UCEs) for 76 specimens
representing 75% of all Thamnophiini species to investigate the evolu-
tionary history of the tribe. We hypothesize that a phylogeny inferred
from genomic data will resolve previously recalcitrant nodes in the
phylogeny. Using a robust phylogeny, we conduct ancestral area esti-
mation based on bioregions estimated from species occurrence data, to
infer the biogeographic history of the tribe. Our biogeographic analyses
allow us to determine if major geographic barriers, such as the Rocky
Mountains, are drivers of broadscale thamnophiine diversity. Finally,
we analyze levels of discordance across gene trees and compare this with
biogeographic analyses to determine if levels of discordance are corre-
lated with cladogenetic events that represent dispersal events across
major geographic barriers in North America.

2. Methods
2.1. DNA extraction, target capture, and sequencing

We extracted DNA using a Qiagen DNeasy Blood and Tissue Kit, from
tissues of 76 individuals representing all 10 genera and 75% of species of
Thamnophiini species taken from wild caught individuals from the
following collections: the American Museum of Natural History, Cali-
fornia Academy of Sciences, Florida Museum of Natural History, and
Louisiana Museum of Natural History. We targeted 5,060 UCEs with the
Tetrapods-UCE-5Kv1 probe set (Faircloth et al., 2012), which has been
used successfully in large-scale phylogenomic studies of vertebrate
groups to resolve difficult nodes (McCormack et al., 2013; Crawford
et al., 2015). Quality control, library prep, and Illumina HiSeq
sequencing were completed through RapidGenomics (https://rapid-gen
omics.com) and the authors received raw FASTQ files for subsequent
analyses.

2.2. Data processing

We conducted assembly, target matching, phasing, and alignment of
demultiplexed Illumina reads using the PHYLUCE package (Faircloth,
2016). Filtering of low-quality reads and removal of Illumina adapters
were done using Illumiprocessor (Faircloth, 2013), and trimmomatic
(Bolger et al., 2014), respectively. Assembly of the trimmed reads was
done using the SPAdes assembler in PHYLUCE (Bankevich et al., 2012).
To confirm species ID for each sequence, we extracted mtDNA from the
assembled reads using MitoFinder (Allio et al., 2019) and ran the mtDNA
through BLAST (Ye et al., 2006). To account for heterozygous loci using
multispecies coalescent methods (Huang et al., 2021), we conducted
allele phasing using the phyluce_workflow program, which follows the
protocol outlined by Andermann et al. (2018). The phased alleles were
then aligned using mafft (Katoh and Standley, 2013).

2.3. Phylogenomic analyses

We generated phylogenies based on all phased UCEs. We estimated
models of substitution for each locus using ModelFinder implemented in
IQ-TREE 2 (Minh et al., 2020b), which uses maximum likelihood to
determine best fit models out of 22 substitution models (Kalyaana-
moorthy et al., 2017). We inferred a phylogeny in IQ-TREE 2 using a
partitioned concatenated dataset of all phased UCE loci across 76 in-
dividuals (152 tips). We estimated branch and tree support using the
ultrafast bootstrap approximation (UFboot > 95%, n = 1000; Hoang
etal., 2018) and the Shimodaira-Hasegawa-like approximate likelihood-
ratio test (SH-alrt > 80%, n = 1000; Anisimova and Gascuel, 2006;
Guindon et al., 2010).
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In addition to the concatenated dataset, gene trees were estimated
for each locus in the 54 dataset using the best fit substitution model and
SH-aLRT support (n = 1000). As the dataset used in this study consists of
thousands of loci, it is reasonable to assume that there would be high
levels of gene tree discordance and ILS (Edwards, 2009). To infer species
trees while accounting for ILS, we used ASTRAL-III, which reconstructs
species trees from gene tree inputs while accounting for gene tree
discordance (Zhang et al., 2018). ASTRAL uses dynamic programming to
search for trees with the greatest number of quartet topologies with
input gene trees. ASTRAL-III also computes a local posterior probability
(PP), which is a Bayesian tree branch support value based on gene tree
quartet frequencies (PP > 95%, Sayyari and Mirarab, 2016). As IQ-TREE
2 forces bifurcation in its output, nodes with SH-aLRT support = 0 were
collapsed to reflect gene tree topology more accurately for ASTRAL
(Simmons and Gatesy, 2021).

2.4. Divergence dating

We performed divergence dating of the ASTRAL-constrained phy-
logeny using the penalized likelihood approach in TreePL (Smith and
O’Meara, 2012) and fossil constraints (Heath et al., 2014). The ASTRAL
tree topology was used to constrain the concatenated dataset in IQ-TREE
2 to produce a species tree topology with branch lengths in substitution
rates (Rabiee and Mirarab, 2020). Eight calibration points were used and
placed on nodes given taxonomic and age information based on the
fossil record obtained through the literature (Holman, 2000) and
Paleobiology Database (Alroy et al., 2008; Supplementary Table 1).
Calibrations were defined as the maximum and minimum based on the
lower and upper boundaries of the geologic time age of the fossils. We
parameterized the penalized likelihood analysis using a cross-validation
approach to choose an appropriate smoothing parameter to quantify
changes in rates across the phylogeny (Sanderson, 2002). We performed
cross-validation across 15 iterations of the smoothing parameter from 1
%10 to 1 * 107 using the thorough option to ensure that runs iterate to
convergence.

2.5. Gene tree discordance

As bootstraps or posterior probabilities can overestimate support,
they may not provide comprehensive measures of underlying concor-
dance across genes and gene trees in a large dataset (Taylor and Piel,
2004; Edwards et al., 2016; Thomson and Brown, 2022; Mount and
Brown, 2022). We therefore examined gene and site concordance factors
(gCF and sCF, respectively). We estimated gCF and sCF values across all
nodes of the concatenated and ASTRAL-constrained trees in IQ-TREE 2
(Minh et al., 2020a). We used an R script to calculate whether the
concordance factors support that discordance is derived from ILS with a
chi-square test. If discordance across gene trees is caused by ILS, then the
number of gene trees or sites that support alternative topologies should
be essentially equal (Huson et al., 2005; Green et al., 2010; Martin et al.,
2015).

To compare gene trees to the species tree we implemented phyparts
(Smith et al., 2015), which measures the number of gene trees that are
either concordant or discordant at each node across the species tree.
From these results we determined the level of discordance across nodes
if conflict is due to one frequent alternative topology or several low-
frequency topologies. Additionally, to determine spatial patterns of
gene tree discordance, measured as the ratio of discordant gene trees to
the total number of resolved gene trees at each node, we mapped the
time-integrated estimate of gene tree discordance in each lineage lead-
ing to each extant tip in the phylogeny (Title and Rabosky, 2019; Singhal
etal., 2021). We estimated range data for each species based on cleaned
occurrence points obtained from digital depositories (Supplementary
Table S2).

We tested whether diversity across western lineages and along
discordant nodes is associated with accelerated speciation rates. We
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estimated branch-specific rates in ClaDS (Maliet et al., 2019), a Bayesian
approach that relies on a model where shifts in diversification rates
occur at each speciation event. We fitted the ClaDS2 model, which as-
sumes varying extinction rates and constant turnover. To detect clade-
specific shifts in speciation rates a priori, we used the “search.shift”
function in RRphylo (Castiglione et al., 2019). This function takes
branch-specific rates of speciation estimated by the previous ClaDS
analysis and computes the difference between the mean rates of all
clades of a given size and the rest of the tree. Clade-specific differences
are then compared to a null distribution of rate differences obtained
through the randomization of branch rates.

2.6. Ancestral area estimation

To determine the appropriate biogeographic areas for use in ances-
tral area estimation, we ran Infomap Bioregions (mapequation.org/bi
oregions/) to identify potential bioregions in a clade based on geore-
ferenced occurrence data using a bipartite network approach (Edler
et al., 2017). This network approach has been shown to identify tran-
sition zones, here defined as areas where two bioregions connect
(Ruggiero and Ezcurra, 2003; Morrone 2004; Morrone 2006), while also
considering sampling biases (Vilhena and Antonelli, 2015). This
approach allows us to determine valid bioregions specific to the clade of
study rather than relying on ecoregions identified from other studies of
unrelated communities (Omernik and Griffith, 2014). Therefore, we can
more easily identify which biogeographic boundaries more heavily in-
fluence species distributions within Thamnophiini, providing a more
appropriate set of bioregions to test. Georeferenced occurrence data
were collected for each species through the R package spocc (Cham-
berlain et al., 2021) and retrieved from digital depositories Global
Biodiversity Information Facility (GBIF), Integrated Digitized Bio-
collections (iDigBio), Berkeley Ecoinformatics Engine, Biodiversity In-
formation Serving Our Nation (BISON), and Vertnet. Data were cleaned
using the R package scrubr (Chamberlain, 2021) to remove data with
incomplete/unlikely coordinates and duplicate dates/localities. Occur-
rence points were further confirmed with published range maps (Ross-
man, 1996; Gibbons and Dorcas, 2004; Heimes, 2016). Species
occurrence data are susceptible to spatial sampling bias, with sampling
inclined towards easily accessible areas near urban centers, human
settlements, roads, paths, and rivers (Kadmon et al., 2004; Engemann
et al., 2015; Meyer et al., 2016; Zizka et al., 2021). To reduce the effect
of sampling bias we thinned occurrence points spatially using the R
package spThin (Aiello-Lammens et al., 2015) with a buffer of 5 km. The
cleaned occurrence data were input into Infomap Bioregions where
clustering was performed across 10 trials with a standard cluster cost of
2.5 at a 16” maximum cell size resolution to avoid overfitting of biore-
gion inference due to outliers in occurrence point data.

Ancestral area estimation was conducted through BioGeoBEARS
(Matzke, 2013), which implements both maximum likelihood and
Bayesian inference to test different models of historical biogeography
along a phylogeny. Using the corrected Akaike information criterion
(AICc), we compared three different range evolution models: 1) the
Dispersal-Extinction-Cladogenesis (DEC; Ree and Smith, 2008) model,
which allows either vicariance or partial sympatric speciation if one of
the descendant lineages occurs only in a single region, 2) the Dispersal-
Vicariance model (DIVA-like; Ronquist, 1997), which allows vicariant
speciation even if both descendant lineages have widespread ranges, and
3) the BayArea-like model (Landis et al., 2013), which does not allow
range evolution to occur during cladogenesis. We also ran each of these
models with a J parameter, which accounts for founder-effect speciation
of a descendant lineage where the region is not occupied by the ancestor
(Matzke, 2014; 2022).
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3. Results
3.1. UCE evaluation

Based on a 95% completeness matrix, we recovered 3785 loci
totaling 3,372,860 base pairs and 590,629 parsimony informative sites.
Our results from MitoFinder and BLAST indicated that all specimens
were correctly identified. One specimen included in our dataset was
identified as a hybrid between Thamnophis sirtalis parietalis and T. radix
(CAS Herp-172016, RL-B14P284c). Blasting the mitochondrial locus
identified this specimen as T. sirtalis, whereas it was grouped with the
T. radix specimen in both the concatenated and MSC datasets.

ASTRAL-IlI-Constrained

Natrix natrix Natrix natrix
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3.2. Phylogenomic analyses

The maximum-likelihood analysis of the concatenated dataset yiel-
ded strong bootstrap support (UFboot > 95%) across all nodes (Fig. 1).
The ASTRAL species tree showed strong local posterior probability
support (PP > 95%) for all but two deep nodes in the phylogeny. Several
nodes were discordant between the concatenated tree and the ASTRAL
species tree. Thamnophis comprised two clades, the “Mexican” clade
consisting mainly of species found within the Mexican Transition Zone
(MTZ) and the “Widespread” clade mainly consisting of species found
within the United States and Canada, with the ranges of three species
extending into Mesoamerica (T. eques, T. marcianus, and T. Proximus)
showing strong statistical support (PP = 0.99, UFboot = 100, SH-aLRT
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Fig. 1. Penalized likelihood fossil calibrated species tree of Thamnophiini with geological scale from constrained trees based on ASTRAL-III and concatenated
analyses (left) and maximum likelihood concatenated dataset (right). Major clades are highlighted and color-coded on each phylogeny. Unhighlighted tips in both
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dekayi, and Thamnophis sirtalis. Photographs for N. fasciata, L. rigida, and T. sirtalis were kindly provided by Court Harding. Photograph of S. dekayi is by Frank
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= 100). Both specimens of Adelophis foxi were placed within the
“Mexican” clade, as the sister-taxon to T. melanogaster, with strong sta-
tistical support (PP = 1, UFboot = 100, SH-aLRT = 99.8). One major
difference between the concatenated and ASTRAL-constrained topol-
ogies was within the “Widespread” Thamnophis clade. In the concate-
nated topology, the clade containing Thamnophis species from the
western United States formed the sister taxon to all other Thamnophis
lineages, whereas in the ASTRAL-constrained topology the clade
comprising T. proximus, T. sirtalis, and T. sauritus was the sister taxon to a
clade comprising the other lineages of Thamnophis. Regina was mono-
phyletic in both the concatenated and ASTRAL topologies with strong
statistical support in both trees. However, the node identifying the
sister-taxon relationship between Regina and Nerodia showed low sup-
port values across all metrics (PP = 0.75, BS = 75, SH-aLRT = 60.2) and
had low concordance (gCF = 1.5 %, sCF = 34.1 %). Haldea and Virginia
were strongly supported as sister taxa (UFboot = 100, SH-aLRT = 100),
though concordance factors and posterior probabilities were relatively
low (gCF = 7.96 %, sCF = 38.1 %, PP = 0.79). Liodytes pygaea was the
sister-taxon to other species of Liodytes in both the concatenated and
ASTRAL topologies with high statistical support (PP = 1, UFboot = 100,
SH-aLRT = 100) and concordance factors (§CF = 9.911 %, sCF = 44.2
%). In both phylogenies, Storeria was the sister-taxon to Thamnophis, but
overall node support was relatively low (PP = 0.87, UFboot = 77, SH-
aLRT = 75.9).

A major conflict between the concatenated and ASTRAL-constrained
topologies occurred in the “Widespread” Thamnophis clade. In the
ASTRAL-constrained phylogeny, T. eques was the sister taxon to the
clade containing both the western (T. atratus, T. couchii, T. elegans, T.
gigas, T. hammondii) and midwestern Thamnophis (T. brachystoma, T.
butleri, T. marcianus, T. radix) clades combined with high levels of sup-
port (PP = 1, UFboot = 100, SH-aLRT = 100); however, the western
Thamnophis clade was weakly supported as the sister taxon to the mid-
western Thamnophis clade (PP = 0.54). Conversely, the concatenated
phylogeny placed T. eques as sister to T. marcianus (UFboot = 100, SH-
aLRT = 92), and the western Thamnophis clade was the sister taxon to
the other of the “Widespread” Thamnophis lineages (UFboot = 100, SH-
aLRT = 100).

3.3. Divergence dating

Our penalized likelihood analysis estimated a divergence date for
crown Thamnophiini lineages at ~ 21.57 Mya (95% range: 21.55-21.66
Mya), which aligns with fossil data, where natricid fossils (Neonatrix,
Holman, 1973) first appeared in North America during the Early
Miocene. However, this date conflicts with the findings of McVay et al.
(2015), which showed a date for the crown Thamnophiini at ~15 Mya.
All divergence dates were largely consistent with the fossil record, with
most lineages first appearing in the late Miocene to the late Pliocene. For
each major clade: crown Nerodia was estimated to have originated at
~15.2 Mya (95% CI: 15 - 16.61 Mya), crown Thamnophis appeared at
~15.56 Mya (95 % CI: 15.21 — 16.51 Mya), the Mexican Thamnophis
clade was estimated to be ~12.22 Mya (95% CI: 10.38 — 14.07 Mya), the
“ Widespread” Thamnophis clade ~11.97 Mya (95% CIL: 9.34 — 14.99
Mya), and the “semi-fossorial” clade ~5.4 Mya (Fig. 1). These results are
slightly different from previous studies, where results from McVay et al.
(2015) estimated the divergence of crown Nerodia at ~13 Mya. Addi-
tionally, Hallas et al. (2022) estimated crown Thamnophis at ~12.21
Mya. Our estimates of divergence times for both the Mexican and
“Widespread” clades in our study fall within the 95% highest posterior
density interval of divergence date estimates in Hallas et al. (2022).

3.4. Phylogenetic discordance
Approximately 50% of gene-to-species tree discordance can be

explained through ILS, including gene-to-species tree discordance at the
node subtending Regina and Nerodia and the base of the western
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Thamnophis clade. However, using Chi-square tests, 45.9% of gene-to-
species tree discordance show statistical significance for rejecting ILS.
Additionally, 39.87% of site discordance showed significance in reject-
ing ILS.

Across all nodes in the Thamnophiini tree, 56.35%-99.81% (mean =
91.00%) of resolved gene trees were discordant with the species tree.
Additionally, the most common conflicting topology at each node only
accounts for 0.13%-0.62% (mean = 0.36%) of resolved tree nodes,
which indicates that discordance is primarily due to multiple low-
frequency conflicting topologies (Fig. 2A).

At nodes with low branch support, discordance levels were relatively
high, with the highest occurring at the node separating the western
Thamnophis clade from the midwestern Thamnophis clade (99.81%). The
average gene tree discordance over geographic space spanning across
each species distribution ranged between 77.77% and 99.37% (mean =
91.85%; Fig. 2B). Furthermore, higher levels of discordance occur in
transition zones where two bioregions connect.

Based on our ClaDS analysis we found two significant shifts in
speciation rates across the ASTRAL-constrained phylogeny: one at the
root of Storeria showing a significant increase in speciation rates (p = 1)
and one at the root of the “widespread” Thamnophis clade showing a
significant decrease in speciation rates (p = 0.015). The concatenated
phylogeny had the same two shifts and a third one at the root of the
(Tropidoclonion,(Nerodia,Regina)) clade showing a significant decrease
in speciation rates (p = 0.007).

3.5. Ancestral area estimation

Infomap Bioregions produced four distinct bioregions based on our
occurrence data (Fig. 3B). Bioregion 1 (the largest), encompassed both
the Nearctic and Neotropical realms. The region consisted of the Eastern
and Central Nearctic east of the Western Continental Divide including
the Nearctic Northern Forests ecoregion of Canada, the Eastern
Temperate Forests, the Great Plains, the Chihuahuan Desert province,
and the Tamaulipas province. Additionally, it extended southward along
the coast of the Gulf of Mexico into the Northern section of the Sierra
Madre Oriental Province, the Veracruz, and Yucatan Peninsula prov-
inces, and includes sections of Central America south of the Chiapas
Highlands (Morrone, 2014; Omernik and Griffith, 2014). Bioregion 2 is
west of Bioregion 1 and entirely within the Nearctic. This bioregion
consisted of the Western United States and Canada west of the Rocky
Mountains. It also extended southward to Northern Baja California and
the Sonoran Province. Bioregion 3 is south of the first two bioregions
and includes both Nearctic and Neotropical areas. This bioregion largely
aligns with the MTZ (Morrone, 2006) and includes the southwestern
United States, south of the Great Basin, and the Sonoran Desert. The
bioregion also extends southward along the Pacific versant to include
the Sierra Madre Occidental, TMVB, Sierra Madre del Sur, Pacific
Lowlands, and Balsas Basin provinces. This bioregion also includes
southern sections of the Baja California province, likely due to the
presence in the occurrence dataset of Thamnophis validus, which de
Queiroz and Lawson (2008) hypothesize dispersed to peninsular Baja
California from mainland Mexico. Finally, Bioregion 4 was found solely
within the Neotropics. The bioregion consisted of the Central American
Nucleus south and east of the Isthmus of Tehuantepec and the Sierra
Madre de Chiapas province.

The BioGeoBEARS analysis identified the DEC model as the best
supported model for both the concatenated and MSC phylogenies based
on the corrected Akaike information criterion (Supplementary Tables S3
and S4, Fig. 3C). Under this biogeographic model, the crown lineage of
Thamnophiini originated within Bioregion 1 ~ 21.5 Mya. This area was
consistent with fossil occurrence data showing the earliest Thamno-
phiini fossils in Nebraska (Holman, 1987; Voorhies et al., 1987), South
Dakota (Holman, 1979), and Texas (Rage, 1984) from the Early and
Middle Miocene and was consistent with previous ancestral area esti-
mates (Guo et al.,, 2012, McVay et al., 2015). Most major lineages
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remained in Bioregion 1 during the Miocene until Thamnophis diverged
from the rest of Thamnophiini approximately 15.5 Mya during the
Langhian. Thamnophis then split into the Mexican and “Widespread”
clades, and the Mexican clade dispersed into Bioregion 3 at ~11.4 Mya
during the Tortonian. The “Widespread” clade remained within Biore-
gion 1 until the western and midwestern Thamnophis clades diverged
~8.86 Mya, where the western Thamnophis clade dispersed from
Bioregion 1 to Bioregion 2. Other subsequent dispersal events occurred
within individual species during the Pleistocene, including from Biore-
gion 1 to Bioregion 4 along the Atlantic (Nerodia rhombifer, Storeria
dekayi, T. proximus).

4. Discussion
4.1. Historical biogeography and gene discordance

We produced a robustly estimated phylogeny of Thamnophiini using
genome-scale data. These results support monophyly of most genera, an
origin for the group, and subsequent diversification in the Early and
Middle Miocene. Furthermore, our main biogeographic conclusions
show multiple instances of dispersal from the bioregion that includes the
United States and Canada east of the Rocky Mountains and the Atlantic
Versant to Mexico (Bioregion 1), to the western and tropical bioregions.
While only three nodes had traditionally low support, we did detect key
areas showing major gene discordance that occurs at biogeographically
important transition zones in the Nearctic, such as the Rocky Mountains,
the Altiplancie Mexicana, and the Great Basin. Gene tree discordance is
common throughout the evolutionary history of Thamnophiini but was
especially high in these transition zones (up to 99.37%, greater than

99% of other nodes in the phylogeny). This level of discordance could
indicate short intervals of time between successive branching events
occurring as lineages disperse westward, which would provide greater
opportunities for incomplete lineage sorting to occur (Degnan and
Rosenberg, 2006; Pease et al., 2016; Cloutier et al., 2019; Roycroft et al.,
2020; Singhal et al., 2021).

However, our ClaDS analyses did not show any significant shifts in
speciation rates across discordant nodes where these transitions occur.
Instead, we found shifts in speciation rates across the root of the (Tro-
pidoclonion,(Nerodi,Regina)) clade and the root of the “widespread”
Thamnophis clade, both showing a significant decrease in rates. This
suggests that the biogeographic transitional areas also showing gene
discordance are not associated with rapid rates of speciation on each of
those areas.

Our ancestral area estimation analyses supported a dispersal-
extinction cladogenesis (DEC) biogeographic model and an origin of
the crown lineage within Bioregion 1~21.56 Mya. Natricidae dispersed
to North America through Beringia ~27 Mya (Guo et al., 2012), which
suggests a northwest to south dispersal direction for the group. The
unidirectional dispersal from the Old World to the New World across
Beringia is a commonly observed pattern of dispersal across taxa (San-
martin, 2001) and has been shown in various squamate groups such as
ratsnakes (Burbrink and Lawson, 2007; Chen et al. 2017), pit vipers
(Wiister et al., 2008; Alencar et al., 2016), sibynophiines (Chen et al.,
2013), eublepharid geckos (Gamble et al., 2011), and Plestiodon skinks
(Brandley et al., 2011). Additionally, fossil evidence shows Thamno-
phiini occurring within the central Nearctic as early as the Early
Miocene (Holman, 2000). Therefore, both ancestral area estimation
analyses and the fossil record support an origin for extant Thamnophiini
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in the Central Nearctic in the Early Miocene, and individuals dispersed
through the continent to the west and south.

While previous systematic studies hypothesized a western Mexico
origin for Thamnophis (Ruthven, 1908; Alfaro and Arnold, 2001; Hallas
et al., 2022), our ancestral area estimation analyses, which includes all
other genera of Thamnophiini, support an origin for Thamnophis within
Bioregion 1~15.49 Mya. Because Bioregion 1 also includes eastern
Mexico and portions of the Sierra Madre Oriental, a Mexican origin
could potentially still be correct, although such a hypothesis is not yet
supported in the fossil record. The oldest fossils of Thamnophis have been
dated to the Medial Barstovian (16.3-13.6 Mya) and were found in
Nebraska (Holman, 1987; Voorhies et al., 1987). Additionally, there is
fossil evidence of other natricid genera (Nerodia, Neonatrix) during this
period, supporting an origin for Thamnophiini within this area. This
would make the origin of Thamnophiini coincident with the origin and
dominance of grasslands throughout the central Nearctic (Rage, 1984;
Holman, 2000; Sanmartin, 2001; Guo et al., 2012). We note that the
fossil record and the effort applied to finding fossils may not be com-
parable with those in the US. We found that Thamnophis comprises two
geographically distinct groups, the Mexican clade, and the “Wide-
spread” clade. These two clades were consistently recovered in previous
systematic studies of Thamnophiini (de Queiroz and Lawson, 1994; de
Queiroz et al., 2002; McVay et al., 2015; Hallas et al., 2022). The
Mexican clade is composed of species distributed throughout the MTZ
and into nuclear Central America. The ancestral area for this clade is
estimated to be a transition zone between Bioregion 1 and Bioregion
3~11.43 Mya. This transitional zone would encompass several of the
major features that define the MTZ, including the Altiplancie Mexicana,
the Sierra Madre Occidental, and the TMVB. The MTZ is bio-
geographically complex, especially along the TMVB, which has a sky-
island dynamic between the pine-oak forested highlands and the low-
lands (Mastretta-Yanes et al., 2015). During the mid-to late Miocene, the
uplift of the Altiplancie Mexicana and the TMVB, produced numerous
vicariant and isolating events that could have influenced diversification
across a wide range of taxa (Edwards and Bradley, 2002; McCormack
et al., 2008; Bryson et al., 2011; Rocha-Méndez et al., 2019, Everson
et al., 2021). Based on our analyses, the separation of the Mexican clade
from the “Widespread” clade would have occurred during this geologi-
cally and environmentally unstable time-period, and as a result these
fluctuations in climate and topography may have influenced diversifi-
cation within the clade. Phylogeographic-scale studies of species within
this clade might help to clarify the role that these vicariant events had in
shaping diversity of the clade.

The “Widespread” Thamnophis clade primarily consists of species
found in temperate North America, but also contain species whose
ranges extend into the Neotropics (Thamnophis eques, T. marcianus, T.
proximus; de Queiroz et al., 2002; McVay et al., 2015; Hallas et al.,
2022). The main geographic break in the phylogeny isolates the western
Thamnophis species from the midwestern Thamnophis species ~8.86
Mya. The ancestral area for the western Thamnophis clade is estimated to
be a transition zone between Bioregion 1 and Bioregion 2~7.66 Mya,
which is located along the Rocky Mountains. This is concordant with
results presented in Hallas et al. (2022), which estimated the ancestral
area for western Thamnophis in the same region within the same time-
frame. Our results also support the assertion presented in Hallas et al.
(2022) that the separation of the western and midwestern Thamnophis
clades is due to a vicariant event. The area includes the transition to the
more mesic environments of the eastern temperate forests and Great
Plains to the more xeric environments immediately east of the Rocky
Mountains (Axelrod, 1985). While the Rocky Mountains had already
formed by the time Thamnophiini first appeared in North America, the
separation of the western and midwestern clades occurred during this
period of aridification and expansion of grasslands (Keeley and Keeley,
1989; Zamudio et al., 1997; Pook et al., 2000). This indicates that the
initial divergence was associated with a change from a mesic to xeric
environment.
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Interestingly, our biogeographic analyses demonstrated that for taxa
not within Thamnophis, the Western Continental Divide as represented
by the Rocky Mountains and the MTZ presents a formidable barrier to
dispersal or permanent colonization. Out of all the non-Thamnophis
species, only one taxon, Storeria storerioides, occurs west of the Western
Continental Divide. There are two species that occur in the Neotropics
Bioregion 4 (Storeria dekayi, Thamnophis proximus) that most likely
dispersed from Bioregion 1 along the versant to the Atlantic. The tran-
sition from mesic to xeric environments presented by the Western
Continental Divide may be impassable to non-Thamnophis lineages that
are adapted to mesic environments. Alternatively, it is possible that
members of these typically eastern genera have since gone extinct. We
note that some eastern taxa such as Nerodia have been introduced in the
west and persevere (Rose and and Todd, 2014). Therefore, it does not
appear that niches for eastern taxa do not exist in the west. However,
there is evidence that some of these introduced populations are nega-
tively impacted by prolonged droughts (Rose and Todd, 2017). As such,
it is likely that non-Thamnophis taxa were not able to disperse through
these dry areas to occupy equivalent niches in the west. The transition to
higher elevations along the Western Continental Divide may also prove
to be impassible for non-Thamnophis lineages. For instance, the Mexican
clade occurs primarily in highland habitats at elevations up to 4,200 m
(Rossman, 1996; de Queiroz et al., 2002; Heimes, 2016), whereas non-
Thamnophis lineages are primarily in low-elevation environments.
Therefore, it is likely that Thamnophis contains adaptations to xeric and
high-elevation environments that are not present in non-Thamnophis
lineages.

4.2. Taxonomy

Contrary to previous phylogenetic studies of the group, our results
show a markedly different topology with respect to the placement of the
“semi-fossorial” clade. The following genera are shown to be mono-
phyletic with high levels of support from both the ASTRAL-constrained
and concatenated trees: Nerodia, Storeria, Regina, and Liodytes. Both to-
pologies showed Haldea striatula and Virginia valeriae as sister taxa,
which contrasts with the topology presented in McVay et al. (2015),
where H. striatula was the sister taxon to Storeria. Traditionally, and
prior to McVay et al. (2015), both H. striatula and V. valeriae were
grouped in the genus Virginia. The only major diagnostic characters
between the two species are the presence of keeled scales in H. striatula
versus smooth scales in V. valeriae, and minor differences in labial scale
counts (Rossman and Wallach, 1991). Additionally, the two species do
not exhibit markedly different ecologies; both species exhibit a semi-
fossorial lifestyle, burrow in loose soil and leaf litter, and have a
largely vermivorous diet. Given the ecological and phenotypic similarity
and phylogenetic relationship of the two sister species, returning Haldea
striatula to Virginia is preferred because it stabilizes the group consistent
with the generic taxonomy first used for both species in Garman, 1884.

Furthermore, Liodytes pygaea is strongly supported as the sister-taxon
to L. alleni and L. rigida, also in contrast with McVay et al. (2015), which
grouped L. pygaea and L. rigida as sister species. Additionally, L. pygaea
also exhibits greater phenotypic and ecological differences with the
other Liodytes, including paired internasals and a diet consisting mainly
of small fish, amphibians, and earthworms (Gibbons and Dorcas, 2004)
and was placed in the monotypic genus Seminatrix by Cope (1895) up
until 2013. Given our phylogenetic results and the notable phenotypic
and ecological differences between the species, we recommend that
L. pygaea be restored as Seminatrix pygaea.

Our phylogenomic analyses show strong statistical support for the
placement of Adelophis foxi within Thamnophis, which supports the
findings of previous systematics studies of Thamnophiini (de Queiroz
et al., 2002; McVay and and Carstens, 2013; McVay et al., 2015, Hallas
et al., 2022). Additionally, Adelophis has an undivided anal plate, which
is an important synapomorphic character for Thamnophis (Rossman and
Blaney, 1968). We hesitate to synonymize Adelophis in full as
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Thamnophis, given that the rare and type-bearing taxon for this genus,
A. copei, was not included in this study or in any previous phylogenetic
studies. However, based on the evidence presented here and in previous
studies, we recommend that A. foxi itself should be placed within
Thamnophis and synonymized as Thamnophis foxi.

5. Conclusion

We produced the largest genome-scale dataset yet for Thamnophiini,
which consisted of 3,735 UCE loci, and used these data to infer a revised
and mostly resolved phylogeny for Thamnophiini. While high levels of
gene tree discordance were apparent across loci, the resulting species
tree still yielded high branch support for most nodes. Ancestral area
estimation identified the Western Continental Divide as a major driver of
broadscale diversification, indicating that it may be an impassable
barrier for almost all non-Thamnophis lineages. As a result, Thamnophis
lineages that disperse across the Western Continental Divide fill
ecological niche space that are occupied by non-Thamnophis lineages in
the Eastern Nearctic (Rossman, 1996; Hallas et al., 2022). Several nodes
in our species tree contrasted with previously published topologies of
Thamnophiini. Based on our results, we recommend that Haldea be
synonymized with Virginia, Adelophis foxi be placed in the genus
Thamnophis, and Liodytes pygaea be restored to Seminatrix pygaea.
Finally, while we were able to infer important patterns in the evolu-
tionary and biogeographic history of the group, a more robust genomic
dataset would be needed to test emerging hypotheses of introgression
and adaptation presented by this study.

Funding:

This work was supported by funding through the Richard Gilder
Graduate Student Fellowship.

Data availability:

All molecular data used in this study have been deposited on relevant
genetic databases and on figshare at https://figshare.com/s/eafcc501a
54eaad0c96d. Occurrence data collected for this study are available
on GBIF at https://doi.org/10.15468/dd.n38jbr.

CRediT authorship contribution statement

Leroy P. Nunez: Conceptualization, Resources, Data curation,
Formal analysis, Investigation, Methodology, Writing — original draft,
Writing — review & editing, Visualization. Levi N. Gray: Resources,
Supervision, Writing — review & editing. David W. Weisrock: Concep-
tualization, Resources, Supervision, Writing — review & editing. Frank
T. Burbrink: Conceptualization, Resources, Supervision, Writing — re-
view & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We acknowledge the following individuals and associated in-
stitutions for providing tissues to be used for DNA sequencing in this
study: David Kizirian, Lauren Vonnahme, Svetlana Katanova, and
Christina Perella (American Museum of Natural History), Lauren
Scheinberg and FErica Ely (California Academy of Sciences); David
Blackburn, Coleman Sheehy, Pam Soltis, and Terry Lott (Florida
Museum of Natural History); and Chris Austin and Donna Dittman
(Louisiana State University Museum of Natural Science). We also thank
Sean Harrington, Dylan DeBaun, Marcelo Gehara, and Marina Mon-
jardim for assistance with code and analyses. We also thank Brant
Faircloth for assistance with troubleshooting PHYLUCE. We would also
like to thank Brian T. Smith, Jessica Ware, Chris Raxworthy, Kevin

Molecular Phylogenetics and Evolution 186 (2023) 107844

Dietz, Apurva Narechania for valuable comments that improved the
analyses presented in this study. We also thank Sajesh Singh for help
with the high-performance computing cluster at the American Museum
of Natural History. We also thank Jeffrey Weinell for valuable comments
that helped improve the manuscript. We also thank Leonard Jones for
generously providing insight into Thamnophis sirtalis. We also thank Alec
Turner, Crystal Meeks, and Addison Eggert at RAPiD Genomics for
helping to facilitate [llumina sequencing of UCEs. Finally, we would like
to thank Court Harding for generously providing the photographs pre-
sented in Fig. 1.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ympev.2023.107844.

References

Aiello-Lammens, M.E., Boria, R.A., Radosavljevic, A., Vilela, B., Anderson, R.P.,
Bjornson, R., Weston, S., 2015. spThin: an R package for spatial thinning of species
occurrence records for use in ecological models. Ecography 38 (5), 541-545.

Alencar, L.R.V., Quental, T.B., Grazziotin, F.G., Alfaro, M.L., Martins, M., Venzon, M.,
Zaher, H., 2016. Diversification in vipers: phylogenetic relationships, time of
divergence and shifts in speciation rates. Mol. Phylogenet. Evol. 105, 50-62. https://
doi.org/10.1016/j.ympev.2016.07.029.

Alfaro, M.E., Arnold, S.J., 2001. Molecular systematics and evolution of Regina and the
thamnophiine snakes. Mol. Phylogenet. Evol. 21, 408-423. https://doi.org/
10.1006/mpev.2001.1024.

Allio, R., Schomaker-Bastos, A., Romiguier, J., Prosdocimi, F., Nabholz, B., Delsuc, F.,
2019. MitoFinder: efficient automated large-scale extraction of mitogenomic data in
target enrichment phylogenomics. Evol. Biol. https://doi.org/10.1101/685412.

Alroy, J., Aberhan, M., Bottjer, D.J., Foote, M., Fursich, F.T., Harries, P.J., Hendy, A.J.W.,
Holland, S.M., Ivany, L.C., Kiessling, W., Kosnik, M.A., Marshall, C.R., McGowan, A.
J., Miller, A.L, Olszewski, T.D., Patzkowsky, M.E., Peters, S.E., Villier, L., Wagner, P.
J., Bonuso, N., Borkow, P.S., Brenneis, B., Clapham, M.E., Fall, L.M., Ferguson, C.A.,
Hanson, V.L., Krug, A.Z., Layou, K.M., Leckey, E.H., Nurnberg, S., Powers, C.M.,
Sessa, J.A., Simpson, C., Tomasovych, A., Visaggi, C.C., 2008. Phanerozoic trends in
the global diversity of marine invertebrates. Science 321, 97-100. https://doi.org/
10.1126/science.1156963.

Andermann, T., Fernandes, A.M., Olsson, U., Topel, M., Pfeil, B., Oxelman, B., Aleixo, A.,
Faircloth, B.C., Antonelli, A., 2018. Allele phasing greatly improves the phylogenetic
utility of ultraconserved elements. Syst. Biol. https://doi.org/10.1093/sysbio/
syy039.

Anisimova, M., Gascuel, O., 2006. Approximate likelihood-ratio test for branches: a fast,
accurate, and powerful alternative. Syst. Biol. 55, 539-552. https://doi.org/
10.1080/10635150600755453.

Araya-Donoso, R., Baty, S.M., Alonso-Alonso, P., Sanin, M.J., Wilder, B.T., Munguia-
Vega, A., Dolby, G.A., 2022. Implications of barrier ephemerality in geogenomic
research. J. Biogeogr. 2022 (00), 1-14. https://doi.org/10.1111/jbi.14487.

Arnold, S.J., 1992. Constraints on phenotypic evolution. Am. Nat. 140, S85-S107.

Arnold, S.J., Bennett, A.F., 1988. Behavioural variation in natural populations. V.
Morphological correlates of locomotion in the garter snake (Thamnophis radix). Biol.
J. Linn. Soc. 34, 175-190. https://doi.org/10.1111/j.1095-8312.1988.tb01955.x.

Arnold, S.J., Wassersug, R.J., 1978. Differential predation on metamorphic anurans by
garter snakes (thamnophis): social behavior as a possible defense. Ecology 59,
1014-1022. https://doi.org/10.2307/1938553.

Axelrod, D.I., 1985. Rise of the Grassland Biome, Central North America. Bot. Rev. 51,
163-201.

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., Kulikov, A.S., Lesin, V.
M., Nikolenko, S.I., Pham, S., Prjibelski, A.D., Pyshkin, A.V., Sirotkin, A.V.,
Vyahhi, N., Tesler, G., Alekseyev, M.A., Pevzner, P.A., 2012. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol.
19, 455-477. https://doi.org/10.1089/cmb.2012.0021.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114-2120. https://doi.org/10.1093/
bioinformatics/btul70.

Brandley, M.C., Guiher, T.J., Pyron, R.A., Winne, C.T., Burbrink, F.T., 2010. Does
dispersal across an aquatic geographic barrier obscure phylogeographic structure in
the diamond-backed watersnake (Nerodia rhombifer)? Mol. Phylogenet. Evol. 57,
552-560. https://doi.org/10.1016/j.ympev.2010.07.015.

Brandley, M.C., Wang, Y., Guo, X., de Oca, A.N.M., Feria-Ortiz, M., Hikida, T., Ota, H.,
2011. Accommodating heterogenous rates of evolution in molecular divergence
dating methods: an example using intercontinental dispersal of Plestiodon (Eumeces)
lizards. Syst. Biol. 60, 3-15.

Brodie, E.D., 1989. Genetic correlations between morphology and antipredator
behaviour in natural populations of the garter snake Thamnophis ordinoides. Nature
342, 542-543. https://doi.org/10.1038/342542a0.

Brodie III, E.D., Brodie Jr., E.D., 1999. Costs of exploiting poisonous prey: evolutionary
trade-offs in a predator-prey arms race. Evolution 53, 626-631. https://doi.org/
10.2307/2640799.


https://figshare.com/s/eafcc501a54eaad0c96d
https://figshare.com/s/eafcc501a54eaad0c96d
https://doi.org/10.15468/dd.n38jbr
https://doi.org/10.1016/j.ympev.2023.107844
https://doi.org/10.1016/j.ympev.2023.107844
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0005
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0005
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0005
https://doi.org/10.1016/j.ympev.2016.07.029
https://doi.org/10.1016/j.ympev.2016.07.029
https://doi.org/10.1006/mpev.2001.1024
https://doi.org/10.1006/mpev.2001.1024
https://doi.org/10.1101/685412
https://doi.org/10.1126/science.1156963
https://doi.org/10.1126/science.1156963
https://doi.org/10.1093/sysbio/syy039
https://doi.org/10.1093/sysbio/syy039
https://doi.org/10.1080/10635150600755453
https://doi.org/10.1080/10635150600755453
https://doi.org/10.1111/jbi.14487
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0045
https://doi.org/10.1111/j.1095-8312.1988.tb01955.x
https://doi.org/10.2307/1938553
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0060
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0060
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.ympev.2010.07.015
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0080
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0080
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0080
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0080
https://doi.org/10.1038/342542a0
https://doi.org/10.2307/2640799
https://doi.org/10.2307/2640799

L.P. Nunez et al.

Bronikowski, A.M., Arnold, S.J., 1999. The evolutionary ecology of life history variation
in the garter snake Thamnophis elegans. Ecology 80, 2314-2325. https://doi.org/
10.1890/0012-9658(1999)080[2314:TEEOLH]2.0.CO;2.

Brown, A.E., 1904. Post-glacial Nearctic centres of dispersal for reptiles. Proc. Acad. Nat.
Sci. Philadelphia 56, 464-474.

Bryson Jr, R., Garcia, U., Riddle, B., 2011. Phylogeography of Middle American
gophersnakes: mixed responses to biogeographical barriers across the Mexican
Transition Zone. J. Biogeogr. 38, 1570-1584. https://doi.org/10.1111/j.1365-
2699.2011.02508.x.

Burbrink, F.T., Futterman, I., 2019. Female-biased gape and body-size dimorphism in the
New World watersnakes (tribe: Thamnophiini) oppose predictions from Rensch’s
rule. Ecology and Evolution 9, 9624-9633. https://doi.org/10.1002/ece3.5492.

Burbrink, F.T., Gehara, M., 2018. The biogeography of deep time phylogenetic
reticulation. Syst. Biol. 67, 743-755. https://doi.org/10.1093/sysbio/syy019.

Burbrink, F.T., Gehara, M., McKelvy, A.D., Myers, E.A., 2021. Resolving spatial
complexities of hybridization in the context of the gray zone of speciation in North
American ratsnakes (Pantherophis obsoletus complex). Evolution 75, 260-277.
https://doi.org/10.1111/evo.14141.

Burbrink, F.T., Lawson, R., 2007. How and when did Old World ratsnakes disperse into
the New World? Mol. Phylogenet. Evol. 43, 173-189. https://doi.org/10.1016/j.
ympev.2006.09.009.

Burbrink, F.T., Myers, E.A., 2015. Both traits and phylogenetic history influence
community structure in snakes over steep environmental gradients. Ecography 38,
1036-1048. htips://doi.org/10.1111/ecog.01148.

Carpenter, C.C., 1952. Comparative ecology of the Common Garter Snake (Thamnophis s.
sirtalis), the Ribbon Snake (Thamnophis s. sauritus), and Butler’s Garter Snake
(Thamnophis butleri) in mixed populations. Ecol. Monogr. 22, 236-258. https://doi.
org/10.2307/1948469.

Chamberlain, S., Ram, K., Hart, T., 2021. spocc: Interface to Species Occurrence Data
Sources.

Chamberlain, S., 2021. scrubr: Clean Biological Occurrence Records.

Chen, X., Huang, S., Guo, P., Colli, G.R., Montes, N., de Oca, A, Vitt, L.J., Pyron, R.A.,
Burbrink, F.T., 2013. Understanding the formation of ancient intertropical disjunct
distributions using Asian and Neotropical hinged-teeth snakes (Sibynophis and
Scaphiodontophis: Serpentes: Colubridae). Mol. Phylogenet. Evol. 66, 254-261.
https://doi.org/10.1016/j.ympev.2012.09.032.

Chen, X., Lemmon, A.R., Lemmon, E.M., Pyron, R.A., Burbrink, F.T., 2017. Using
phylogenomics to understand the link between biogeographic origins and regional
diversification in ratsnakes. Mol. Phylogenet. Evol. 111, 206-218. https://doi.org/
10.1016/j.ympev.2017.03.017.

Cloutier, A., Sackton, T.B., Grayson, P., Clamp, M., Baker, A.J., Edwards, S.V., 2019.
Whole-genome analyses resolve the phylogeny of flightless birds (Palaeognathae) in
the presence of an empirical anomaly zone. Syst. Biol. 68, 937-955. https://doi.org/
10.1093/sysbio/syz019.

Cope, E.D., 1895. On some new North American snakes. Am. Nat. 29, 676-680.

Crawford, N.G., Parham, J.F., Sellas, A.B., Faircloth, B.C., Glenn, T.C., Papenfuss, T.J.,
Henderson, J.B., Hansen, M.H., Simison, W.B., 2015. A phylogenomic analysis of
turtles. Mol. Phylogenet. Evol. 83, 250-257. https://doi.org/10.1016/j.
ympev.2014.10.021.

Cullingham, C.I.C.I, Kyle, C.J.K.J., Pond, B.A.P.A., White, B.N.W.N., 2008. Genetic
structure of raccoons in eastern North America based on mtDNA: implications for
subspecies designation and rabies disease dynamics. Can. J. Zool. https://doi.org/
10.1139/Z08-072.

de Queiroz, A., Lawson, R., 1994. Phylogenetic relationships of the garter snakes based
on DNA sequence and allozyme variation. Biol. J. Linn. Soc. 53, 209-229. https://
doi.org/10.1006/bijl.1994.1069.

de Queiroz, A., Lawson, R., 2008. A peninsula as an island: multiple forms of evidence for
overwater colonization of Baja California by the gartersnake Thamnophis validus:
gartersnake colonization of Baja California. Biol. J. Linn. Soc. 95, 409-424. https://
doi.org/10.1111/j.1095-8312.2008.01049.x.

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? Mol. Phylogenet. Evol. 22, 315-329. https://doi.org/
10.1006/mpev.2001.1074.

Degnan, J.H., Rosenberg, N.A., 2006. Discordance of species trees with their most likely
gene trees. PLoS Genet. 2, e68.

Edler, D., Guedes, T., Zizka, A., Rosvall, M., Antonelli, A., 2017. Infomap Bioregions:
interactive mapping of biogeographical regions from species distributions. Syst. Biol.
66, 197-204.

Edwards, S.V., 2009. Is a new and general theory of molecular systematics emerging?
Evolution 63, 1-19.

Edwards, C., Bradley, R., 2002. Molecular systematics and historical phylobiogeography
of the Neotoma mexicana species group. J. Mammal. 83, 20-30. https://doi.org/
10.1644/1545-1542(2002)083<0020:MSAHPO>2.0.CO;2.

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 phylogenomics. Mol. Phylogenet. Evol. 94, 447-462. https://doi.org/10.1016/j.
ympev.2015.10.027.

Engemann, K., Enquist, B.J., Sandel, B., Boyle, B., Jgrgensen, P.M., Morueta-Holme, N.,
Peet, R.K., Violle, C., Svenning, J.-C., 2015. Limited sampling hampers “big data”
estimation of species richness in a tropical biodiversity hotspot. Ecol. Evol. 5,
807-820. https://doi.org/10.1002/ece3.1405.

Everson, K.M., Gray, L.N., Jones, A.G., Lawrence, N.M., Foley, M.E., Sovacool, K.L.,
Kratovil, J.D., Hotaling, S., Hime, P.M., Storfer, A., Parra-Olea, G., Percino-Daniel,
R., Aguilar-Miguel, X., O’Neill, E.M., Zambrano, L., Shaffer, H.B., Weisrock, D.W.,

10

Molecular Phylogenetics and Evolution 186 (2023) 107844

2021. Geography is more important than life history in the recent diversification of
the tiger salamander complex. Proc. Natl. Acad. Sci. USA 118(17), e2014719118.
10.1073/pnas.2014719118.

Faircloth, BC.. illumiprocessor: a trimmomatic wrapper for parallel adapter and quality
trimming. https://doi.org/10.6079/J9ILL.

Faircloth, B.C., 2016. PHYLUCE is a software package for the analysis of conserved
genomic loci. Bioinformatics 32, 786-788. https://doi.org/10.1093/bioinformatics/
btv646.

Faircloth, B.C., McCormack, J.E., Crawford, N.G., Harvey, M.G., Brumfield, R.T.,
Glenn, T.C., 2012. Ultraconserved elements anchor thousands of genetic markers
spanning multiple evolutionary timescales. Syst. Biol. 61, 717-726. https://doi.org/
10.1093/sysbio/sys004.

Feldman, C.R., Brodie, E.D., Brodie, E.D., Pfrender, M.E., 2010. Genetic architecture of a
feeding adaptation: garter snake (Thamnophis) resistance to tetrodotoxin bearing
prey. Proc. Roy. Soc. B: Biol. Sci. 277, 3317-3325. 10.1098/rspb.2010.0748.

Fenker, J., Tedeschi, L.G., Melville, J., Moritz, C., 2021. Predictors of phylogeographic
structure among codistributed taxa across the complex Australian monsoonal
tropics. Mol. Ecol. 30, 4276-4291. https://doi.org/10.1111/mec.16057.

Flores-Villela, O., Martinez-Salazar, E.A., 2009. Explicacion histdorica del origen de la
herpetofauna de México. Rev. Mex. Biodiversidad 80. 10.22201/
ib.20078706€.2009.003.177.

Gamble, T., Bauer, A.M., Colli, G.R., Greenbaum, E., Jackman, T.R., Vitt, L.J., Simons, A.
M., 2011. Coming to America: multiple origins of New World geckos. J. Evol. Biol.
24, 231-244. https://doi.org/10.1111/j.1420-9101.2010.02184.x.

Garman, S., 1884. The Reptiles and Batrachians of North American, vol. 8, no. 3. Yeoman
Press, Cambridge Massachusetts.

GBIF.org. 2021. GBIF Occurrence Download. 10.15468/dd.n38jbr.

Gibbons, J.W., Dorcas, M.E., 2004. North American Watersnakes: A Natural History.
University of Oklahoma Press, Norman, OK.

Gray, L.N., Barley, A.J., Poe, S., Thomson, R.C., de Oca, A.-N.-M., Wang, 1.J., 2019.
Phylogeography of a widespread lizard complex reflects patterns of both geographic
and ecological isolation. Mol. Ecol. 28, 644-657. https://doi.org/10.1111/
mec.14970.

Green, R.E., Krause, J., Briggs, A.W., Marcic, T., Stenzel, U., Kircher, M., Patterson, N.,
Li, H., Zhai, W., Fritz, M.-H.-Y., Hansen, N.F., Durand, E.Y., Malaspinas, A.-S.,
Jensen, J.D., Marques-Bonet, T., Alkan, C., Priifer, kay, Meyer, M., Burbano, H.A.,
Good, J.M., Schultz, R., Aximu-Petri, A., Butthof, A., Hober, B., Hoffner, B.,
Siegemund, M., Weihmann, A., Nusbaum, C., Lander, E.S., Russ, C., Novod, N.,
Affourtit, J., Egholm, M., Verna, C., Rudan, P., Brajkovic, D., Kucan, Z., Gusic, L,
Doronichev, V.B., Golovanova, L.V., Lalueza-Fox, C., de la Rasilla, M., Fortea, J.,
Rosas, A., Schmitz, R.W., Johnson, P.L.F., Eichler, E.E., Falush, D., Birney, E.,
Mullikin, J., Slatkin, M., Nielsen, R., Kelso, J., Lachmann, M., Reich, D., Paabo, S.,
2010. A draft sequence of the Neandertal genome. Science 328, 710-722.

Grundler, M.C., Rabosky, D.L., 2021. Rapid increase in snake dietary diversity and
complexity following the end-Cretaceous mass extinction. PLoS Biol. 19, e3001414.

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010.
New algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321.

Guo, P, Liu, Q., Xu, Y., Jiang, K., Hou, M., Ding, L., Alexander Pyron, R., Burbrink, F.T.,
2012. Out of Asia: natricine snakes support the Cenozoic Beringia dispersal
hypothesis. Mol. Phylogenet. Evol. 63, 825-833. https://doi.org/10.1016/j.
ympev.2012.02.021.

Halffter, G., Morrone, J.J., 2017. An analytical review of Halffter’s Mexican transition
zone, and its relevance for evolutionary biogeography, ecology and biogeographical
regionalization. Zootaxa 4226, 1-46-1-46. 10.11646/zootaxa.4226.1.1.

Hallas, J.M., Parchman, T.L., Feldman, C.R., 2022. Phylogenomic analyses resolve
relationships among garter snakes (Thamnophis: Natricinae: Colubridae) and
elucidate biogeographic history and morphological evolution. Mol. Phylogenet.
Evol. 167, 107374 https://doi.org/10.1016/j.ympev.2021.107374.

Hanifin, C.T., Brodie, E.D., Brodie III, E.D., 2008. Phenotypic mismatches reveal escape
from arms-race coevolution. PLoS Biol. 6, e60.

Heath, T.A., Huelsenbeck, J.P., Stadler, T., 2014. The fossilized birth-death process for
coherent calibration of divergence-time estimates. Proceedings of the National
Academy of Sciences 111, E2957-E2966. 10.1073/pnas.1319091111.

Heimes, P., 2016. Herpetofauna Mexicana Vol. I: Snakes of Mexico, Frankfurter Beitrdge
zur Naturkunde. Edition Chimaira, Frankfurt am Main, Germany.

Helmus, M.R., Bland, T.J., Williams, C.K., Ives, A.R., 2007. Phylogenetic measures of
biodiversity. Am. Nat. 169, E68-E83. https://doi.org/10.1086/511334.

Herzog, H.A., Burghardt, G.M., 19870401. Development of antipredator responses in
snakes: I. Defensive and open-field behaviors in newborns and adults of three species
of garter snakes (Thamnophis melanogaster, T. sirtalis, T. butleri). Journal of
Comparative Psychology 100, 372. 10.1037/0735-7036.100.4.372.

Hoang, D.T., Chernomor, O., von Haeseler, A., Minh, B.Q., Vinh, L.S., 2018. UFBoot2:
improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518-522.
https://doi.org/10.1093/molbev/msx281.

Holman, J.A., 1973. Reptiles of the Egelhof local fauna (upper Miocene) of Nebraska.
Contributions From The. In: Museum of Paleontology, 24. The University of
Michigan, pp. 125-134.

Holman, J.A., 1979. A review of North American Tertiary snakes. Publications of the
Museum-Michigan State University, Paleontological Series 1, 200-260.

Holman, J.A., 1987. Herpetofauna of the Egelhoff Site (Miocene: Barstovian) of North-
Central Nebraska. J. Vertebr. Paleontol. 7, 109-120.

Holman, J.A., 2000. Fossil Snakes of North America: Origin, Evolution, Distribution.
Indiana University Press, Bloomington, IN, USA, Paleoecology.


https://doi.org/10.1890/0012-9658(1999)080[2314:TEEOLH]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[2314:TEEOLH]2.0.CO;2
https://doi.org/10.1111/j.1365-2699.2011.02508.x
https://doi.org/10.1111/j.1365-2699.2011.02508.x
https://doi.org/10.1002/ece3.5492
https://doi.org/10.1093/sysbio/syy019
https://doi.org/10.1111/evo.14141
https://doi.org/10.1016/j.ympev.2006.09.009
https://doi.org/10.1016/j.ympev.2006.09.009
https://doi.org/10.1111/ecog.01148
https://doi.org/10.2307/1948469
https://doi.org/10.2307/1948469
https://doi.org/10.1016/j.ympev.2012.09.032
https://doi.org/10.1016/j.ympev.2017.03.017
https://doi.org/10.1016/j.ympev.2017.03.017
https://doi.org/10.1093/sysbio/syz019
https://doi.org/10.1093/sysbio/syz019
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0160
https://doi.org/10.1016/j.ympev.2014.10.021
https://doi.org/10.1016/j.ympev.2014.10.021
https://doi.org/10.1139/Z08-072
https://doi.org/10.1139/Z08-072
https://doi.org/10.1006/bijl.1994.1069
https://doi.org/10.1006/bijl.1994.1069
https://doi.org/10.1111/j.1095-8312.2008.01049.x
https://doi.org/10.1111/j.1095-8312.2008.01049.x
https://doi.org/10.1006/mpev.2001.1074
https://doi.org/10.1006/mpev.2001.1074
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0190
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0190
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0195
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0195
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0195
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0200
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0200
https://doi.org/10.1644/1545-1542(2002)083<0020:MSAHPO>2.0.CO;2
https://doi.org/10.1644/1545-1542(2002)083<0020:MSAHPO>2.0.CO;2
https://doi.org/10.1016/j.ympev.2015.10.027
https://doi.org/10.1016/j.ympev.2015.10.027
https://doi.org/10.1002/ece3.1405
https://doi.org/10.6079/J9ILL
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1093/bioinformatics/btv646
https://doi.org/10.1093/sysbio/sys004
https://doi.org/10.1093/sysbio/sys004
https://doi.org/10.1111/mec.16057
https://doi.org/10.1111/j.1420-9101.2010.02184.x
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0260
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0260
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0275
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0275
https://doi.org/10.1111/mec.14970
https://doi.org/10.1111/mec.14970
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0285
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0290
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0290
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0295
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0295
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0295
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.ympev.2021.107374
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0315
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0315
https://doi.org/10.1086/511334
https://doi.org/10.1093/molbev/msx281
http://refhub.elsevier.com/S1055-7903(23)00144-6/optIsxrAAP46n
http://refhub.elsevier.com/S1055-7903(23)00144-6/optIsxrAAP46n
http://refhub.elsevier.com/S1055-7903(23)00144-6/optIsxrAAP46n
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0345
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0345
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0350
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0350
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0355
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0355

L.P. Nunez et al.

Huang, J., Bennett, J., Flouri, T.S., Leache, A.D., Yang, Z., 2021. Phase resolution of
heterozygous sites in diploid genomes is important to phylogenomic analysis under
the multispecies coalescent model. Syst. Biol. 27.

Huson, D.H., Klépper, T., Lockhart, P.J., Steel, M.A., 2005. Reconstruction of reticulate
networks from gene trees. In: Miyano, S., Mesirov, J., Kasif, S., Istrail, S., Pevzner, P.
A., Waterman, M. (Eds.), Research in Computational Molecular Biology, Lecture
Notes in Computer Science. Springer, Berlin, Heidelberg, pp. 233-249. 10.1007/
11415770_18.

iDigBio.org. 2021. iDigBio Occurrence Download. 10.15468/dd.n38jbr.

Jayne, B.C., Bennett, A.F., 1989. The effect of tail morphology on locomotor performance
of snakes: a comparison of experimental and correlative methods. J. Exp. Zool. 252,
126-133. https://doi.org/10.1002/jez.1402520204.

Kadmon, R., Farber, O., Danin, A., 2004. Effect of roadside bias on the accuracy of
predictive maps produced by bioclimatic models. Ecol. Appl. 14, 401-413. https://
doi.org/10.1890/02-5364.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., Jermiin, L.S., 2017.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587-589. https://doi.org/10.1038/nmeth.4285.

Katoh, K., Standley, D.M., 2013. MAFFT Multiple Sequence Alignment Software Version
7: improvements in performance and usability. Mol. Biol. Evol. 30, 772-780.
https://doi.org/10.1093/molbev/mst010.

Keeley, J.E., Keeley, S.C., 1989. Chaparral. In: Barbour, M.G., Billings, W.D. (Eds.), North
American Terrestrial Vegetation. Cambridge University Press, NY, pp. 165-207.

Krysko, K.L., Nunez, L.P., Newman, C.E., Bowen, B.W., 2017. Phylogenetics of
kingsnakes, Lampropeltis getula Complex (Serpentes: Colubridae), in Eastern North
America. J. Hered. 108, 13.

Lamb, T., Avise, J.C., Gibbons, J.W., 1989. Phylogeographic patterns in mitochondrial
DNA of the desert tortoise (Xerobates agassizi), and evolutionary relationships among
the North American gopher tortoises. Evolution 43, 76-87. https://doi.org/10.1111/
j-1558-5646.1989.tb04208.x.

Landis, M.J., Matzke, N.J., Moore, B.R., Huelsenbeck, J.P., 2013. Bayesian analysis of
biogeography when the number of areas is large. Syst. Biol. 62, 789-804.

Leaché, A.D., Reeder, T.W., 2002. Molecular Systematics of the Eastern Fence Lizard
(Sceloporus undulatus): a comparison of parsimony, likelihood, and Bayesian
approaches. Syst. Biol. 51, 44-68.

Lemmon, E.M., Lemmon, A.R., Collins, J.T., Lee-Yaw, J.A., Cannatella, D.C., 2007.
Phylogeny-based delimitation of species boundaries and contact zones in the trilling
chorus frogs (Pseudacris). Mol. Phylogenet. Evol. 44, 1068-1082. https://doi.org/
10.1016/j.ympev.2007.04.010.

Maddison, W.P., 1997. Gene trees in species trees. Syst. Biol. 46, 523-536.

Makowsky, R., Marshall, J.C., McVay, J., Chippindale, P.T., Rissler, L.J., 2010.
Phylogeographic analysis and environmental niche modeling of the plain-bellied
watersnake (Nerodia erythrogaster) reveals low levels of genetic and ecological
differentiation. Mol. Phylogenet. Evol. 55, 985-995. https://doi.org/10.1016/j.
ympev.2010.03.012.

Maliet, O., Hartig, F., Morlon, H., 2019. A model with many small shifts for estimating
species-specific diversification rates. Nat. Ecol. Evol. 3, 1086-1092. https://doi.org/
10.1038/541559-019-0908-0.

Martin, S.H., Davey, J.W., Jiggins, C.D., 2015. Evaluating the use of ABBA-BABA
statistics to locate introgressed loci. Mol. Biol. Evol. 32, 244-257. https://doi.org/
10.1093/molbev/msu269.

Mastretta-Yanes, A., Moreno-Letelier, A., Pinero, D., Jorgensen, T.H., Emerson, B.C.,
2015. Biodiversity in the Mexican highlands and the interaction of geology,
geography and climate within the Trans-Mexican Volcanic Belt. J. Biogeogr. 42,
1586-1600.

Matzke, N.J., 2014. Model selection in historical biogeography reveals that founder-
event speciation is a crucial process in island clades. Syst. Biol. 63, 951-970.

Matzke, N.J., 2022. Statistical comparison of DEC and DEC+J is identical to comparison
of two ClaSSE submodels, and is therefore valid. J. Biogeogr. 49, 1805-1824.
https://doi.org/10.1111/jbi.14346.

Matzke, N.J., 2013. BioGeoBEARS: BioGeography with Bayesian (and Likelihood)
Evolutionary Analysis in R Scripts version 0.2.1 from CRAN. https://rdrr.io
/cran/BioGeoBEARS/.

McCormack, J.E., Peterson, A.T., Bonaccorso, E., Smith, T.B., 2008. Speciation in the
highlands of Mexico: genetic and phenotypic divergence in the Mexican jay
(Aphelocoma ultramarina). Mol. Ecol. 17, 2505-2521.

McCormack, J.E., Harvey, M.G., Faircloth, B.C., Crawford, N.G., Glenn, T.C.,
Brumfield, R.T., 2013. A phylogeny of birds based on over 1,500 loci collected by
target enrichment and high-throughput sequencing. PLoS One 8, e54848.

McKelvy, A.D., Burbrink, F.T., 2017. Ecological divergence in the yellow-bellied
kingsnake (Lampropeltis calligaster) at two North American biodiversity hotspots.
Mol. Phylogenet. Evol. 106, 61-72. https://doi.org/10.1016/j.ympev.2016.09.006.

McVay, J.D., Carstens, B., 2013. Testing monophyly without well-supported gene trees:
evidence from multi-locus nuclear data conflicts with existing taxonomy in the snake
tribe Thamnophiini. Mol. Phylogenet. Evol. 68, 425-431. https://doi.org/10.1016/j.
ympev.2013.04.028.

McVay, J.D., Flores-Villela, O., Carstens, B., 2015. Diversification of North American
natricine snakes. Syst. Biol. 116, 1-12. https://doi.org/10.1111/bij.12558.

Mendonga, M.T., Crews, D., 1996. Effects of ovariectomy and estrogen replacement on
attractivity and receptivity in the red-sided garter snake (Thamnophis sirtalis
parietalis). J. Comp. Physiol. A 178. https://doi.org/10.1007/BF00193975.

Meyer, C., Weigelt, P., Kreft, H., 2016. Multidimensional biases, gaps and uncertainties
in global plant occurrence information. Ecol. Lett. 19, 992-1006. https://doi.org/
10.1111/ele.12624.

11

Molecular Phylogenetics and Evolution 186 (2023) 107844

Minh, B.Q., Hahn, M.W., Lanfear, R., 2020a. New methods to calculate concordance
factors for phylogenomic datasets. Mol. Biol. Evol. 37, 2727-2733. https://doi.org/
10.1093/molbev/msaal06.

Minh, B.Q., Schmidt, H.A., Chernomor, O., Schrempf, D., Woodhams, M.D., von
Haeseler, A., Lanfear, R., 2020b. IQ-TREE 2: New models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534. https://
doi.org/10.1093/molbev/msaa015.

Morrone, J.J., 2004. Panbiogeografia, componentes bidticos y zonas de transicién. Rev.
Brasil. Entomol. 48, 149-162.

Morrone, J.J., 2006. Biogeographic areas and transition zones of Latin America and the
Caribbean Islands based on panbiogeographic and cladistic analyses of the
entomofauna. Annu. Rev. Entomol. 51, 467-494. https://doi.org/10.1146/annurev.
ento.50.071803.130447.

Morrone, J.J., 2010. Fundamental biogeographic patterns across the Mexican Transition
Zone: an evolutionary approach. Ecography 33, 355-361.

Morrone, J.J., 2014. Biogeographical regionalisation of the Neotropical region. Zootaxa
3782, 1-110-1-110. 10.11646/zootaxa.3782.1.1.

Mount, G.G., Brown, J.M., 2022. Comparing likelihood ratios to understand genome-
wide variation in phylogenetic support. Syst. Biol. syac014 https://doi.org/10.1093/
sysbio/syac014.

Myers, E.A., Xue, A.T., Gehara, M., Cox, C.L., Rabosky, A.R.D., Lemos-Espinal, J.,
Martinez-Gémez, J.E., Burbrink, F.T., 2019. Environmental heterogeneity and not
vicariant biogeographic barriers generate community-wide population structure in
desert-adapted snakes. Mol. Ecol. 28, 4535-4548. https://doi.org/10.1111/
mec.15182.

Near, T.J., Page, L.M., Mayden, R.L., 2001. Intraspecific phylogeography of Percina evides
(Percidae: Etheostomatinae): an additional test of the Central Highlands pre-
Pleistocene vicariance hypothesis. Mol. Ecol. 10, 2235-2240. https://doi.org/
10.1046/j.1365-294x.2001.01362.x.

O’Connell, K.A., Streicher, J.W., Smith, E.N., Fujita, M.K., 2017. Geographical features
are the predominant driver of molecular diversification in widely distributed North
American whipsnakes. Mol. Ecol. 26, 5729-5751. https://doi.org/10.1111/
mec.14295.

Omernik, J.M., Griffith, G.E., 2014. Ecoregions of the conterminous United States:
evolution of a hierarchical spatial framework. Environ. Manag. 54, 1249-1266.
https://doi.org/10.1007/500267-014-0364-1.

Pease, J.B., Haak, D.C., Hahn, M.W., Moyle, L.C., 2016. Phylogenomics reveals three
sources of adaptive variation during a rapid radiation: e1002379. PLoS Biol. 14
https://doi.org/10.1371/journal.pbio.1002379.

Pook, C.E., Wiister, W., Thorpe, R.S., 2000. Historical biogeography of the Western
Rattlesnake (Serpentes: Viperidae: Crotalus viridis), inferred from mitochondrial DNA
sequence information. Mol. Phylogenet. Evol. 15, 269-282. https://doi.org/
10.1006/mpev.1999.0756.

Provost, K.L., Myers, E.A., Smith, B.T., 2021. Community phylogeographic patterns
reveal how a barrier filters and structures taxa in North American warm deserts.

J. Biogeogr. 48, 1267-1283. https://doi.org/10.1111/jbi.14115.

Rabiee, M., Mirarab, S., 2020. Forcing external constraints on tree inference using
ASTRAL. BMC Genom. 21, 218. https://doi.org/10.1186/512864-020-6607-z.

Rage, J.-C., 1984. Serpentes. In: P. Wellnhofer),, . (Ed.), Handbuch der Palaontologie,
Part 11. Gustav Fischer Verlag, Stuttgart, p. 80 pp..

Ranamoorthy, T.P., Bye, R., Lot, A., Fa, J., 1993. Biological Diversity of Mexico: Origins
and Distribution. Oxford University Press, Oxford, UK.

Ree, R.H., Smith, S.A., 2008. Maximum likelihood inference of geographic range
evolution by dispersal, local extinction, and cladogenesis. Syst. Biol. 57, 4-14.
Reimche, J.S., Brodie Jr., E.D., Stokes, A.N., Ely, E.J., Moniz, H.A., Thill, V.L., Hallas, J.

M., Pfrender, M.E., Brodie III, E.D., Feldman, C.R., 2020. The geographic mosaic in
parallel: matching patterns of newt tetrodotoxin levels and snake resistance in
multiple predator-prey pairs. J. Anim. Ecol. 89, 1645-1657. https://doi.org/
10.1111/1365-2656.13212.

Riddle, B.R., Hafner, D.J., 2006. A step-wise approach to integrating phylogeographic
and phylogenetic biogeographic perspectives on the history of a core North
American warm deserts biota. J. Arid Environ. 66, 435-461. https://doi.org/
10.1016/j.jaridenv.2006.01.014.

Rissler, L.J., Smith, W.H., 2010. Mapping amphibian contact zones and
phylogeographical break hotspots across the United States. Mol. Ecol. 19,
5404-5416. https://doi.org/10.1111/j.1365-294X.2010.04879.x.

Robert, K., Bronikowski, A., 2010. Evolution of senescence in nature: physiological
evolution in populations of garter snake with divergent life histories. Am. Nat. 175,
147-159. https://doi.org/10.1086/649595.

Rocha-Méndez, A., Sanchez-Gonzalez, L.A., Gonzalez, C., Navarro-Sigiienza, A.G., 2019.
The geography of evolutionary divergence in the highly endemic avifauna from the
Sierra Madre del Sur. Mexico. BMC Evolutionary Biology 19, 237. https://doi.org/
10.1186/512862-019-1564-3.

Ronquist, F., 1997. Dispersal-vicariance analysis: a new approach to the quantification of
historical biogeography. Syst. Biol. 46, 9.

Rose, J.P., Todd, B.D., 2014. Projecting invasion risk of non-native watersnakes (Nerodia
fasciata and Nerodia sipedon) in the western United States. PLoS One 9, e100277.

Rose, J.P., Todd, B.D., 2017. Demographic effects of prolonged drought on a nascent
introduction of a semi-aquatic snake. Biol. Invasions 19, 2885-2898. https://doi.
org/10.1007/5s10530-017-1491-4.

Rossman, D.A., 1996. The Garter Snakes: Evolution and Ecology. University of Oklahoma
Press, Norman, OK, USA.

Rossman, D.A., Blaney, R.M., 1968. A new Natricine snake of the genus Adelophis from
western Mexico. Occasional Papers of the Museum of Zoology, Louisiana State
University 35, 1-12.


http://refhub.elsevier.com/S1055-7903(23)00144-6/h0360
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0360
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0360
https://doi.org/10.1002/jez.1402520204
https://doi.org/10.1890/02-5364
https://doi.org/10.1890/02-5364
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0395
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0395
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0400
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0400
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0400
https://doi.org/10.1111/j.1558-5646.1989.tb04208.x
https://doi.org/10.1111/j.1558-5646.1989.tb04208.x
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0410
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0410
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0415
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0415
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0415
https://doi.org/10.1016/j.ympev.2007.04.010
https://doi.org/10.1016/j.ympev.2007.04.010
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0425
https://doi.org/10.1016/j.ympev.2010.03.012
https://doi.org/10.1016/j.ympev.2010.03.012
https://doi.org/10.1038/s41559-019-0908-0
https://doi.org/10.1038/s41559-019-0908-0
https://doi.org/10.1093/molbev/msu269
https://doi.org/10.1093/molbev/msu269
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0445
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0445
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0445
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0445
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0450
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0450
https://doi.org/10.1111/jbi.14346
https://rdrr.io/cran/BioGeoBEARS/
https://rdrr.io/cran/BioGeoBEARS/
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0465
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0465
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0465
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0470
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0470
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0470
https://doi.org/10.1016/j.ympev.2016.09.006
https://doi.org/10.1016/j.ympev.2013.04.028
https://doi.org/10.1016/j.ympev.2013.04.028
https://doi.org/10.1111/bij.12558
https://doi.org/10.1007/BF00193975
https://doi.org/10.1111/ele.12624
https://doi.org/10.1111/ele.12624
https://doi.org/10.1093/molbev/msaa106
https://doi.org/10.1093/molbev/msaa106
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0510
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0510
https://doi.org/10.1146/annurev.ento.50.071803.130447
https://doi.org/10.1146/annurev.ento.50.071803.130447
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0520
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0520
https://doi.org/10.1093/sysbio/syac014
https://doi.org/10.1093/sysbio/syac014
https://doi.org/10.1111/mec.15182
https://doi.org/10.1111/mec.15182
https://doi.org/10.1046/j.1365-294x.2001.01362.x
https://doi.org/10.1046/j.1365-294x.2001.01362.x
https://doi.org/10.1111/mec.14295
https://doi.org/10.1111/mec.14295
https://doi.org/10.1007/s00267-014-0364-1
https://doi.org/10.1371/journal.pbio.1002379
https://doi.org/10.1006/mpev.1999.0756
https://doi.org/10.1006/mpev.1999.0756
https://doi.org/10.1111/jbi.14115
https://doi.org/10.1186/s12864-020-6607-z
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0580
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0580
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0585
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0585
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0590
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0590
https://doi.org/10.1111/1365-2656.13212
https://doi.org/10.1111/1365-2656.13212
https://doi.org/10.1016/j.jaridenv.2006.01.014
https://doi.org/10.1016/j.jaridenv.2006.01.014
https://doi.org/10.1111/j.1365-294X.2010.04879.x
https://doi.org/10.1086/649595
https://doi.org/10.1186/s12862-019-1564-3
https://doi.org/10.1186/s12862-019-1564-3
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0625
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0625
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0630
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0630
https://doi.org/10.1007/s10530-017-1491-4
https://doi.org/10.1007/s10530-017-1491-4
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0640
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0640
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0645
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0645
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0645

L.P. Nunez et al.

Rossman, D.A., Wallach, V., 1991. Virginia Baird and Girard. Earth snakes. Catalogue Am.
Amphibians Reptiles 529, 1-4.

Roycroft, E.J., Moussalli, A., Rowe, K.C., 2020. Phylogenomics uncovers confidence and
conflict in the rapid radiation of Australo-Papuan rodents. Syst. Biol. 69, 431-444.
https://doi.org/10.1093/sysbio/syz044.

Ruggiero, A., Ezcurra, C., 2003. Regiones y transiciones biogeograficas:
complementariedad de los analisis en biogeografia historica y ecolégica. Una
perspectiva latinoamericana de la biogeografia 141-152.

Ruthven, A., 1908. Variations and genetic relationships of the garter-snakes. Bull. United
States Natl. Museum 61, 1-201.

Sanderson, M.J., 2002. Estimating absolute rates of molecular evolution and divergence
times: a penalized likelihood approach. Mol. Biol. Evol. 19, 101-109. https://doi.
org/10.1093/oxfordjournals.molbev.a003974.

Sanmartin, 1., 2001. Patterns of animal dispersal, vicariance and diversification in the
Holarctic. Biol. J. Linn. Soc. 73, 345-390. https://doi.org/10.1006/bijl.2001.0542.

Savitzky, A.H., 1983. Coadapted character complexes among snakes: fossoriality,
piscivory, and durophagy. Am. Zool. 23, 397-409.

Sayyari, E., Mirarab, S., 2016. Fast coalescent-based computation of local branch support
from quartet frequencies. Mol. Biol. Evol. 33, 1654-1668. https://doi.org/10.1093/
molbev/msw079.

Simmons, M.P., Gatesy, J., 2021. Collapsing dubiously resolved gene-tree branches in
phylogenomic coalescent analyses. Mol. Phylogenet. Evol. 158, 107092 https://doi.
org/10.1016/j.ympev.2021.107092.

Simpson, G.G., 1940. Mammals and land bridges. J. Wash. Acad. Sci. 30, 137-163.

Simpson, G.G., 1953. The Major Features of Evolution. Columbia University Press.

Singhal, S., Derryberry, G.E., Bravo, G.A., Derryberry, E.P., Brumfield, R.T., Harvey, M.
G., 2021. The dynamics of introgression across an avian radiation. Evol. Lett.
https://doi.org/10.1002/ev13.256.

Smith, S.A., Moore, M.J., Brown, J.W., Yang, Y., 2015. Analysis of phylogenomic datasets
reveals conflict, concordance, and gene duplications with examples from animals
and plants. BMC Evol. Biol. 15.

Smith, S.A., O’Meara, B.C., 2012. treePL: divergence time estimation using penalized
likelihood for large phylogenies. Bioinformatics 28, 2689-2690. https://doi.org/
10.1093/bioinformatics/bts492.

Soltis, D.E., Morris, A.B., McLachlan, J.S., Manos, P.S., Soltis, P.S., 2006. Comparative
phylogeography of unglaciated eastern North America. Mol. Ecol. 15, 4261-4293.
https://doi.org/10.1111/j.1365-294X.2006.03061.x.

Taylor, D.J., Piel, W.H., 2004. An assessment of accuracy, error, and conflict with
support values from genome-scale phylogenetic data. Mol. Biol. Evol. 21,
1534-1537. https://doi.org/10.1093/molbev/msh156.

Thom, G., Amaral, F.R.D., Hickerson, M.J., Aleixo, A., Araujo-Silva, L.E., Ribas, C.C.,
Choueri, E., Miyaki, C.Y., 2018. Phenotypic and genetic structure support gene flow
generating gene tree discordances in an Amazonian floodplain endemic species. Syst.
Biol. 67, 700-718. https://doi.org/10.1093/sysbio/syy004.

12

Molecular Phylogenetics and Evolution 186 (2023) 107844

Thomson, R.C., Brown, J.M., 2022. On the need for new measures of phylogenomic
support. Syst. Biol. syac002 https://doi.org/10.1093/sysbio/syac002.

Title, P.O., Rabosky, D.L., 2019. Tip rates, phylogenies and diversification: what are we
estimating, and how good are the estimates? Methods Ecol. Evol. 10, 821-834.
https://doi.org/10.1111/2041-210X.13153.

Uetz, P., 2021. The Reptile Database. http://www.reptile-database.org/.

Vilhena, D.A., Antonelli, A., 2015. A network approach for identifying and delimiting
biogeographical regions. Nat. Commun. 6, 6848. https://doi.org.ezproxy.cul.
columbia.edu/10.1038/ncomms7848.

Voorhies, M.R., Holman, J.A., Xiang-Xu, X., 1987. The Hottell Ranch rhino quarries
(basal Ogallala; medial Barstovian), Banner County, Nebraska; Part I; Geologic
setting, faunal lists, lower vertebrates. Rocky Mt Geol. 25, 55-69.

Walker, D., Avise, J.C., 1998. Principles of phylogeography as illustrated by freshwater
and terrestrial turtles in the southeastern United States. Annu. Rev. Ecol. Syst. 29,
23-58.

Wang, L.J., Bradburd, G.S., 2014. Isolation by environment. Mol. Ecol. 23, 5649-5662.
https://doi.org/10.1111/mec.12938.

Wiister, W., Peppin, L., Pook, C.E., Walker, D.E., 2008. A nesting of vipers: phylogeny
and historical biogeography of the Viperidae (Squamata: Serpentes). Mol.
Phylogenet. Evol. 49, 445-459. https://doi.org/10.1016/j.ympev.2008.08.019.

Ye, J., McGinnis, S., Madden, T.L., 2006. BLAST: improvements for better sequence
analysis. Nucleic Acids Res. 34, W6-W9. https://doi.org/10.1093/nar/gkl164.
Yoder, J.B., Clancey, E., Des Roches, S., Eastman, J.M., Gentry, L., Godsoe, W., Hagey, T.
J., Jochimsen, D., Oswald, B.P., Robertson, J., Sarver, B.A.J., Schenk, J.J., Spear, S.
F., Harmon, L.J., 2010. Ecological opportunity and the origin of adaptive radiations.
J. Evol. Biol. 23, 1581-1596. https://doi.org/10.1111/7.1420-9101.2010.02029.x.

Zamudio, K.R., Jones, K.B., Ward, R.H., 1997. Molecular systematics of short-horned
lizards: biogeography and taxonomy of a widespread species complex. Syst. Biol. 46,
284-305. https://doi.org/10.1093/sysbio/46.2.284.

Zhang, C., Rabiee, M., Sayyari, E., Mirarab, S., 2018. ASTRAL-III: polynomial time
species tree reconstruction from partially resolved gene trees. BMC Bioinf. 19, 153.
https://doi.org/10.1186/5s12859-018-2129-y.

Zink, R.M., Kessen, A.E., Line, T.V., Blackwell-Rago, R.C., 2001. Comparative
phylogeography of some aridland bird species. Condor 103 (1), 1-10.

Zizka, A., Antonelli, A., Silvestro, D., 2021. sampbias, a method for quantifying
geographic sampling biases in species distribution data. Ecography 44, 25-32.
https://doi.org/10.1111/ecog.05102.

Further reading

Science Analytics and Synthesis Program of the U.S. Geological Survey (USGS),
Biodiversity Information Serving Our Nation (BISON): U.S. Geological Survey.


http://refhub.elsevier.com/S1055-7903(23)00144-6/h0650
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0650
https://doi.org/10.1093/sysbio/syz044
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0660
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0660
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0660
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0665
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0665
https://doi.org/10.1093/oxfordjournals.molbev.a003974
https://doi.org/10.1093/oxfordjournals.molbev.a003974
https://doi.org/10.1006/bijl.2001.0542
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0680
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0680
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1093/molbev/msw079
https://doi.org/10.1016/j.ympev.2021.107092
https://doi.org/10.1016/j.ympev.2021.107092
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0700
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0705
https://doi.org/10.1002/evl3.256
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0715
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0715
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0715
https://doi.org/10.1093/bioinformatics/bts492
https://doi.org/10.1093/bioinformatics/bts492
https://doi.org/10.1111/j.1365-294X.2006.03061.x
https://doi.org/10.1093/molbev/msh156
https://doi.org/10.1093/sysbio/syy004
https://doi.org/10.1093/sysbio/syac002
https://doi.org/10.1111/2041-210X.13153
http://www.reptile-database.org/
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0760
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0760
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0760
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0765
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0765
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0765
https://doi.org/10.1111/mec.12938
https://doi.org/10.1016/j.ympev.2008.08.019
https://doi.org/10.1093/nar/gkl164
https://doi.org/10.1111/j.1420-9101.2010.02029.x
https://doi.org/10.1093/sysbio/46.2.284
https://doi.org/10.1186/s12859-018-2129-y
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0805
http://refhub.elsevier.com/S1055-7903(23)00144-6/h0805
https://doi.org/10.1111/ecog.05102

	The phylogenomic and biogeographic history of the gartersnakes, watersnakes, and allies (Natricidae: Thamnophiini)
	1 Introduction
	2 Methods
	2.1 DNA extraction, target capture, and sequencing
	2.2 Data processing
	2.3 Phylogenomic analyses
	2.4 Divergence dating
	2.5 Gene tree discordance
	2.6 Ancestral area estimation

	3 Results
	3.1 UCE evaluation
	3.2 Phylogenomic analyses
	3.3 Divergence dating
	3.4 Phylogenetic discordance
	3.5 Ancestral area estimation

	4 Discussion
	4.1 Historical biogeography and gene discordance
	4.2 Taxonomy

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References
	Further reading


