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1  | INTRODUC TION

Genetic structure within a species forms due to reduced connec-
tivity and limited gene flow between populations. The causes of 
reduced gene flow across the distribution of a species can be nu-
merous. For example, disruption to continuous migration can be the 
result of local adaptation to contrasting environments, where eco-
logically mediated natural selection can result in divergence despite 
gene flow (Oliveira et al., 2015; Papadopulos et al., 2011; Rundle 
& Nosil, 2005). Historical changes in climate and shifts in spe-
cies-specific suitable habitats may result in population divergence 

in historically allopatric refugia (Lumibao, Hoban, & McLachlan, 
2017; Myers, Bryson, et al., 2019; Taberlet, Fumagalli, Wust-Saucy, 
& Cosson, 1998; Ursenbacher, Carlsson, Helfer, Tegelström, & 
Fumagalli, 2006). Alternatively, biogeographic barriers that bisect 
the geographic distribution of a taxon can hinder dispersal and gene 
flow, ultimately causing divergence and speciation (Hickerson, Stahl, 
& Lessios, 2006; Pyron & Burbrink, 2010). It is possible that mul-
tiple determinates of population structure can interact producing 
genetically discrete populations (e.g., Aleixo, 2004; Bradburd, Ralph, 
& Coop, 2013; Myers, Xue, et al., 2019). For example, populations 
may diverge in allopatric refugia and expand population sizes post 
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Abstract
The southeastern Nearctic is a biodiversity hotspot that is also rich in cryptic species. 
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in glacial refugia) have been tested in an attempt to explain diversification and the 
observed pattern of extant biodiversity. However, previous phylogeographic studies 
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within this region in species-specific ways. Here, we generate a genomic data set 
for the cornsnakes (Pantherophis guttatus complex), which are widespread across this 
region, spanning both biogeographic barriers and climatic gradients. We use phylo-
geographic model selection combined with hindcast ecological niche models to de-
termine regions of habitat stability through time. This combined approach suggests 
that numerous drivers of population differentiation explain the current diversity of 
this group of snakes. The Mississippi River caused initial speciation in this species 
complex, with more recent divergence events linked to adaptations to ecological 
heterogeneity and allopatric Pleistocene refugia. Lastly, we discuss the taxonomy 
of this group and suggest there may be additional cryptic species in need of formal 
recognition.
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divergence. This population expansion may now result in their geo-
graphic distributions being determined by the borders of biogeo-
graphic barriers (e.g., major rivers) which currently limit gene flow 
between recently diverged sister taxa but that were not instrumen-
tal to their original divergence. Such scenarios are expected in re-
gions that are geologically complex with diverse habitats, especially 
if these regions presented climatically stable refugia throughout the 
Pleistocene.

These causes of population differentiation may result in distinct 
demographic histories that can be evaluated using phylogeographic 
model selection methods, where unique models differ in the tim-
ing and directionality of gene flow, population size fluctuations, 
and timing of divergence (Carstens, Morales, Jackson, & O'Meara, 
2017; Charles et al., 2018; Portik et al., 2017). If, for example, biogeo-
graphic barriers have driven diversification, the expected outcome is 
divergence with little or no gene flow across a barrier. Alternatively, 
population divergence resulting from natural selection across envi-
ronmental gradients will result in a history of population divergence 
despite continuous gene flow between sister populations; under 
such a scenario population sizes might be expected to remain stable 
through time. Lastly, refugial isolation will leave a signature of allo-
patric divergence where sister pairs diverge in the absence of gene 
flow and reduced effective population sizes, where post-divergence 

population sizes expand with the potential for secondary contact 
and gene flow. While these demographic models are simplifications 
of the true underlying evolutionary histories, they are useful in test-
ing major biogeographic patterns with population genomic data 
(Carstens et al., 2013).

These contrasting scenarios of population divergence and spe-
ciation can be better understood by incorporating both current and 
hindcast ecological niche models (ENMs) with coalescent analyses 
of genomic data (Carstens & Richards, 2007). By using climatic data 
to estimate potential geographic distributions, ecological niche 
models make it possible to explicitly test if discrete lineages have 
diverged into different climatic environments (Myers et al., 2013; 
Warren, Glor, & Turelli, 2010) or alternatively have retained a par-
ticular niche despite population divergence (Peterson, Soberón, & 
Sánchez-Cordero, 1999). For example, ecological divergence would 
show phylogeographic estimates supporting divergence with gene 
flow and ENM comparisons would suggest that sister lineages 
occur in ecologically distinct environments with no evidence of a 
biogeographic barrier. Alternatively, if biogeographic barriers are 
promoting divergence, phylogeographic models should show re-
duced gene flow while ENM demonstrate little or no ecological 
divergence. Furthermore, by hindcasting ENMs onto projected cli-
mates during the Quaternary, it is possible to identify regions that 

F I G U R E  1   (a) Distribution of the 
Pantherophis guttatus species complex 
(Pantherophis emoryi in red, Pantherophis 
slowinskii in green, and P. guttatus in 
blue). Sampling localities of specimens 
used for genomic analyses are indicated 
by black circles, and the Mississippi and 
Apalachicola Rivers are highlighted in 
blue. Geographic distributions are based 
on IUCN assessments (Echternacht 
& Hammerson, 2016); (b) P. guttatus 
photographed from the southeastern 
United States (photo credits to ADM)
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have been climatically stable through time, potentially serving as 
refugia (Carnaval, Hickerson, Haddad, Rodrigues, & Moritz, 2009). 
Phylogeographic models may suggest divergence in allopatric refu-
gia, which can be supported with hindcast ENMs that demonstrate 
isolated regions of climatically stable habitats (Ilves, Huang, Wares, 
& Hickerson, 2010; Waltari & Hickerson, 2012).

Within the southeastern Nearctic, many studies have attributed 
population divergence to a combination of local adaptation, physi-
cally isolating barriers, and historical refugia during the Pleistocene 
and Pliocene (Soltis, Morris, McLachlan, Manos, & Soltis, 2006). The 
southeastern Nearctic contains numerous diverse habitats that vary 
from temperate conifer and broad leaf forests, to grasslands that 
transition into the xeric shrubland of the Chihuahuan Desert (Bailey, 
1995). These environmental transitions result in turnover of bio-
logical assemblages of vertebrates across the Nearctic (Burbrink & 
Myers, 2015) and has been implicated in driving speciation via eco-
logical divergence (McKelvy & Burbrink, 2017; Soltis et al., 2006). 
This region is also bisected by numerous large rivers, most notably 
the Mississippi and Apalachicola Rivers (Figure 1), which are com-
monly cited as biogeographic barriers (Burbrink, Lawson, & Slowinski, 
2000; Pauly, Piskurek, & Shaffer, 2007; Satler & Carstens, 2017). 
The southeastern Nearctic is a biodiversity hotspot and is thought 
to have acted as a climate refugium throughout the Quaternary for 
many endemic taxa (Noss et al., 2015; Waltari et al., 2007). It was 
further hypothesized that there have been multiple refugia within 
this region during the glacial periods of the Pleistocene leading to 
divergence and speciation (Waltari et al., 2007). While these sharp 
environmental transitions, bisecting rivers, and potential for habi-
tat stability throughout the Quaternary have probably resulted in 
population divergence among many codistributed taxa, some au-
thors have found little correspondence between the location of 
genetic breaks within species and biogeographic barriers (Barrow, 
Lemmon, & Lemmon, 2018) and lack of influence from historical cli-
mate change on population differentiation (Barrow, Soto-Centeno, 
Warwick, Lemmon, & Moriarty Lemmon, 2017). This suggests that 
particular species-specific demographic responses drive divergence 
and population demographic change among taxa in the southeastern 
Nearctic (Burbrink et al., 2016; Lumibao et al., 2017).

The cornsnakes (Pantherophis guttatus complex, including P. gut-
tatus, Pantherophis emoryi, and Pantherophis slowinskii) are medi-
um-sized snakes that are widely distributed across the eastern to 
central United States into northern Mexico (Figure 1; Schultz, 
1996). These snakes inhabit a variety of habitats across this broad 
range, from tropical hammocks in southern peninsular Florida to dry 
Chihuahuan Desert scrub (Schultz, 1996). Previous phylogeographic 
research on this taxon has demonstrated significant lineage diver-
gence within the mtDNA genome and suggested that these diver-
gent lineages warrant species status recognition (Burbrink, 2002). 
The mtDNA phylogeographic structure within this group occurs at 
the Mississippi River and between populations within longleaf pine 
habitats of Louisiana and eastern Texas compared to those more 
widespread in the central prairies and scrub habitat (Burbrink, 2002). 
Based on these results, the mtDNA lineage east of the Mississippi 

River remained P. guttatus, the lineage west of the Mississippi River 
and restricted to longleaf pine habitat was named P. slowinskii, and 
the lineage broadly distributed in the prairies and Chihuahuan des-
ert was elevated to species status, P. emoryi (Burbrink, 2002). This 
probably indicates that divergence occurred due to both biogeo-
graphic barriers and habitat turnover. However, it is also possible 
that isolation in allopatric refugia has been an important driver of 
diversification within this species complex. Here, we generate re-
duced-representation genomic data and use coalescent-based de-
mographic models coupled with current and hindcast ecological 
niche models to assess the drivers of diversification within this taxon 
across the southeastern Nearctic. Additionally, we reassess species 
limits within this group in order to better quantify biodiversity, as 
this is essential information for conservation management (Folt et 
al., 2019; McKelvy & Burbrink, 2017).

2  | MATERIAL S AND METHODS

2.1 | Data collection

We acquired a total of 80 tissue samples via fieldwork and museum 
sample loans; these samples largely span the geographic distribu-
tion of the Pantherophis guttatus species complex and include sam-
ples from all currently recognized species, as well as Pantherophis 
bairdi for use as an outgroup (see Figure 1). We extracted DNA 
using either Qiagen DNeasy or MagAttract HMW DNA kits, follow-
ing manufacture protocols. We submitted DNA to the University of 
Wisconsin-Madison Biotechnology Center. DNA concentration was 
verified using the Quant-iT PicoGreen dsDNA kit (Life Technologies). 
Libraries were prepared as in Elshire et al. (2011) with minimal modi-
fication; in short, 150 ng of DNA was digested using PstI and MspI 
(New England Biolabs) after which barcoded adapters amenable 
to Illumina sequencing were added by ligation with T4 ligase (New 
England Biolabs). Ninety-six adapter-ligated samples were pooled 
and amplified to provide library quantities amenable for sequenc-
ing, and adapter dimers were removed by SPRI bead purification. 
Quality and quantity of the finished libraries were assessed using 
the Agilent Bioanalyzer High Sensitivity Chip (Agilent Technologies, 
Inc.) and Qubit dsDNA HS Assay Kit (Life Technologies), respec-
tively. Libraries were standardized to 2 nM. Sequencing was per-
formed using single read, 100 bp sequencing and hiseq sbs Kit version 
4 (Illumina) on a HiSeq2500 sequencer, samples were multiplexed to 
a total of 144 samples per lane.

2.2 | Bioinformatics and SNP calling

We used ipyrad (Eaton & Overcast, 2020) for de novo assembly of 
the genomic data set with many of the default settings (e.g., a clus-
tering threshold of 0.85, no barcode mismatches, and a minimum se-
quencing depth of six reads for base calling). However, we changed 
the following parameters from default setting: permitted up to four 
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low quality bases per sequence read, trimmed reads for adapters 
and primers, only kept reads with a minimum length of 75 base pairs 
after trimming, and required a minimum of 67 samples per locus for 
outputs, which is equivalent to retaining no more than 17% missing 
data per locus.

Since selection can result in similar patterns of population ge-
nomic variation as historical demographic events and if not ac-
counted for can bias demographic estimates (Hahn, 2008), we 
implemented the FST outlier method in bayescan version 2.1 (Foll & 
Gaggiotti, 2008) to identify and remove loci putatively under se-
lection for demographic analyses that assume neutrality. We used 
vcftools (Danecek et al., 2011) to thin the data set to one SNP per 
locus and remove the outgroup P. bairdi sample; and converted the 
resulting vcf file to BayeScan input format using the r package radia-
tor (Gosselin, 2017). We ran BayeScan for 50,000 iterations follow-
ing a burnin length of 80,000 iterations and 50 pilot runs. We used a 
false discovery rate of 0.05 in identifying selected loci and assessed 
convergence of BayeScan by examining trace plots of the MCMC 
chain for stationarity in R.

2.3 | Population structure

To assess the number of genetic groups within the P. guttatus com-
plex, we used both multivariate and model-based methods. For 
these analyses, we used only a single SNP per radseq locus. First, 
we implemented principle component analysis (PCA), a fast and 
effective approach for analysis of large SNP data sets (Patterson, 
Price, & Reich, 2006), in the R package adegenet (Jombart, 2008). 
Secondly, we implemented discriminant analysis of principal compo-
nents (DAPC; Jombart, Devillard, & Balloux, 2010), a K-means clus-
tering method also implemented in the R package adegenet (Jombart, 
2008). We selected the number of genetic clusters based on the 
number of PC axes that minimized the Bayesian information crite-
rion score. Third, we used sparse nonnegative matrix factorization 
(sNMF) in the r package lea (Frichot & François, 2015), which im-
plements sparse non-negative matrix factorization algorithms and 
computes least-squares estimates of ancestry coefficients (Frichot, 
Mathieu, Trouillon, Bouchard, & François, 2014) to estimate popula-
tion structure. We allowed K to vary between 1 and 6, with 100 
replicate runs for each value of K, and an alpha value set to 5,000. 
The cross-entropy calculation was used to assess support for K val-
ues; this generates masked genotypes to predict ancestry assign-
ment error where lower values indicate a better prediction of the 
true K ancestral population value (Frichot et al., 2014). We compared 
the best cross-entropy score for each replicate and the K value that 
did not decrease in cross-entropy score for the next K iteration to 
infer the best supported number of ancestral populations. Because 
missing data can influence population assignment, we removed 
seven samples missing greater than 50% data and used this data set 
for both DAPC and sNMF (removed EAM191, FTB1243, FTB3293, 
FTB3429, H15968, H7478, H8423). We assessed phylogenetic rela-
tionships among sampled individuals by using the full concatenated 

GBS data set in RAxML-8.2.11 (Stamatakis, 2006). We applied the 
rapid bootstrapping approach in RAxML, and rooted the tree with 
P. bairdi using the GTR GAMMA model of sequence substitution.

2.4 | Ecological niche modelling

We downloaded P. guttatus and P. emoryi occurrence records from 
VertNet that contained georeferenced localities and all P. slowin-
skii occurrence records. Pantherophis slowinskii occurrences lacking 
latitude and longitude records were georeferenced in Google Earth. 
We removed any localities that fell outside the known distribution 
of these taxa and divided P. guttatus samples into two populations 
based on the population structure analyses. We spatially thinned 
occurrences using the R package spThin (Aiello-Lammens, Boria, 
Radosavljevic, Vilela, & Anderson, 2015), resulting in a data set 
of occurrences where nearest neighbors were no less than 50 km 
apart. We downloaded bioclimatic variables from worldclim version 
1.4, which represent monthly averages of current climatic conditions 
(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005), at 2.5 arcmin reso-
lution to be used in constructing ENMs. We removed all but one of all 
variables that had a Pearson's correlation >0.70, resulting in four bio-
climatic variables: Annual Mean Temperature, Annual Precipitation, 
Mean Diurnal Range, Mean Temperature of the Wettest Quarter. To 
test if the lineages identified above have nonequivalent environmen-
tal niches, in which case ENMs should be conducted separately on 
each population, we used the enmtools.ecospat.id function of the 
enmtools R package (Warren et al., 2010). This test, based on the 
method developed in Broennimann et al. (2012), does not rely on 
ENMs, but instead uses kernel density smoothing to estimate the 
density of environmental niche space of a species, and corrects for 
the availability of environments when measuring overlap. We con-
ducted this test on all adjacent population pairs using the uncorre-
lated bioclimatic variables.

To identify optimal model parameters, we tested all combi-
nations of six feature classes (Linear; Linear Quadratic; Hinge; 
Linear Quadratic Hinge; Linear Quadratic Hinge Product; and 
Linear Quadratic Hinge Product Threshold) and six regularization 
multipliers (1, 2, 5, 10, 15, and 20) using the enmeval package in 
r (Muscarella et al., 2014). To construct ENMs for each popula-
tion independently we used biomod2 (Thuiller, Georges, & Engler, 
2013) and implemented the best fit model from enmeval. We sam-
pled 10,000 pseudoabsence points within the potential range of 
the P. guttatus complex (circumscribed within: −110, −74, 18, 50) 
and maxent version 3.4.1 (Phillips, Anderson, & Schapire, 2006) 
was used to construct ENMs using the four uncorrelated biocli-
matic variables. We conducted each analysis with 25 evaluation 
runs and replicated for 5,000 iterations, reserving 25% of samples 
as a training data set for model evaluation; we created response 
curves and jackknifed our data to measure variable importance. 
We projected averages of these ENMs and saved as ascii files, 
hindcasting these models to both Last Glacial Maximum (21 kya) 
and the Mid-Holocene (6 kya) conditions using the CCSM4 general 



     |  5MYERS Et al.

circulation model projections for these time periods based on the 
same four noncorrelated variables identified in the current climate 
data set. To identify regions of habitat stability through time for 
each population, we stacked and averaged the current and two 
projected-paleo climate models. Regions highlighted in these 
stacked projections demonstrate the potential geographic extent 
of refugia through time (e.g., Portik et al., 2017).

2.5 | Species delimitation

We conducted species delimitation analyses using the Bayesian 
model comparison method of BFD* (Leaché, Fujita, Minin, & 
Bouckaert, 2014). The competing delimitation models were derived 
from current taxonomy based on single-locus analyses (Burbrink, 
2002) and different combinations of the exploratory analyses of 

population structure of the genomic data collected here. Ultimately 
we tested six models: (a) four species based on sNMF and DAPC 
results, (b) three species based on current taxonomy, (c) three spe-
cies with P. guttatus east of the Mississippi River split into two taxa 
and all individuals west of the river lumped (as suggested from sNMF 
results), (d) two species, separated by the Mississippi River (K = 2 re-
sults from sNMF), (e) two species, combining P. slowinskii with P. gut-
tatus and testing that group against P. emoryi, and (f) the P. guttatus 
complex represents a single taxon.

We used snapp version 1.3.0 (Bryant, Bouckaert, Felsenstein, 
Rosenberg, & RoyChoudhury, 2012) in beast version 2.5.1 (Bouckaert 
et al., 2014) to estimate species trees and calculate the marginal like-
lihoods of each species delimitation model. We set mutation rates u 
and v to 1.0, gave the lambda prior a gamma distribution with alpha = 2 
and beta = 200, set the 'snapprior' to alpha = 1, beta = 100, and 
lambda = 20. We used a stepping-stone analysis PathSampleAnalyser 

F I G U R E  2   Competing phylogeographic 
models tested for both (a) the four 
populations models to understand 
diversification across the Mississippi River 
and (b) two population models tested for 
both sister lineage pairs (N = effective 
population sizes, TimeDIV = divergence 
times, TimeCONTACT = time of secondary 
contact, arrows represent gene flow)
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with 70 steps, a chain length of 50,000 with burnin percent set to 
50%, and a preburnin run of 12,000 iterations. We included three in-
dividuals per potential species in all models (for a total of 12 in-group 
samples; see Supporting Information for individual samples used in 
this analysis) plus the out-group taxon P. bairdi so that the single P. gut-
tatus species model could be evaluated. Convergence was assessed by 
examining log plots in tracer version 1.7.1 (Rambaut, Suchard, Xie, & 
Drummond, 2014) ensuring that all ESS values >200.

2.6 | Phylogeographic model selection and 
historical demography

We tested two four-population and six two-population demographic 
models (for both species pairs) using fastsimcoal2 (fsc2; Excoffier, 
Dupanloup, Huerta-Sánchez, Sousa, & Foll, 2013). This method 
uses coalescent simulations to approximate an expected site fre-
quency spectrum (SFS) and a composite likelihood approach for 
parameter optimizations. We constructed the two four-population 
models to test how divergence had occurred across the Mississippi 
River (Figure 2), and therefore only differed in whether gene flow 
occurred between the two ancestral lineages. In these models, we 
fixed the topology of the four populations based on the results from 
SNAPP and we fixed the initial divergence time within this group and 
the divergence between P. emoryi and P. slowinskii at 2.97 mya and 
590 kya, respectively (Chen, Lemmon, Lemmon, Pyron, & Burbrink, 
2017). These models also allowed for recent gene flow between 
adjacent populations and we used a mutation rate of 7.26 × 10–9 
(Harrington, Hollingsworth, Higham, & Reeder, 2017) assum-
ing a 3-year generation time (estimate for P. emoryi; Ernst & Ernst, 
2003). The two-population models differ only in the parameteriza-
tion of gene flow between the ancestral lineages (see Figure 2a), 
such that these models are simplifications of isolation with migra-
tion (Figure 2a—IM) or, alternatively, in strict allopatry across the 
Mississippi River (Figure 2a—ISO). We also implemented a total of 
six two population models, which differed in the parameterization 
of gene flow, the timing of gene flow, and population size changes 
in daughter lineages (Figure 2b). These models are simplifications of 
the actual evolutionary histories of these groups, but were useful for 
distinguishing between divergence across ecological gradients (diver-
gence with continual gene flow; Figure 2b—IM and IMc), divergence 
in allopatry across biogeographic barriers (Figure 2b—ISO and ISOc), 
and divergence in Pleistocene refugia (Figure 2b—SC and SCc). We 
used easySFS (https ://github.com/isaac overc ast/easySFS), a wrap-
per around dadi (Gutenkunst, Hernandez, Williamson, & Bustamante, 
2009), to generate the SFS for each analyses. We chose to project the 
full data set down to a smaller number of samples per population to 

average over missing data thereby maximizing the number of segre-
gating sites in the SFS, while randomly selecting one SNP per locus 
to reduce the possibility of linkage. In the four population models we 
used 12 P. emoryi, 17 P. guttatus west, 26 P. guttatus east, and three 
P. slowinskii diploid samples, in the P. emoryi—slowinskii demographic 
models, we used 11 and two diploid samples, respectively, and in the 
P. guttatus east—west models we used 24 and 14 diploid samples, re-
spectively. While the number of individuals per lineage included in 
some of these analysis is small, theoretical work has demonstrated 
the accuracy of reconstructing demographic size change using the SFS 
is based largely on the number of sampled segregating sites and is not 
dependent on the dimension of the SFS which is associated with the 
number of sampled individuals (Terhorst & Song, 2015). Therefore, 
sampling more individuals may increase the number of segregating 
sites in phylogeographic studies, yet at a fixed number of segregat-
ing sites increasing the number of individuals does not improve de-
mographic reconstructions. Input files for all models are available on 
Dryad (https ://doi.org/10.5061/dryad.k0p2n gf4m).

3  | RESULTS

3.1 | Sequencing and selection analyses

We sequenced 80 individuals resulting in 159 million sequence 
reads, with 1.99 million reads per sample on average (± 1.26 million 
reads). The final data set contained 4,256 loci and 4,010 unlinked 
SNPs. Our BayeScan analyses reached stationarity after 80,000 it-
erations and indicated that no SNPs had significantly elevated FST 
values, suggesting that the sequenced loci are not under strong se-
lection, we therefore retained all loci for further analyses.

3.2 | Population structure

The concatenated maximum likelihood gene tree inferred a topol-
ogy that is in agreement with the currently recognized species 
within the Pantherophis guttatus complex, showing three major 
lineages corresponding to the three species (Figure 3). Both DAPC 
and sNMF find similar support for between two and four genetic 
clusters, largely in agreement on the individual sample membership 
to these populations. In these analyses, at K = 2 the populations 
were divided by the Mississippi River, at K = 3 DAPC corresponded 
to the current taxonomy (P. guttatus, P. slowinskii, and P. emoryi) 
whereas sNMF found two populations within P. guttatus and a 
single cluster west of the Mississippi River, lastly at K = 4 these 
analyses found P. slowinskii, P. emoryi, and two populations within 

F I G U R E  3   Population structure and historical relationships within the Pantherophis guttatus complex. (a) Concatenated gene-tree 
inferred in Raxml, with bootstrap support values indicated at each node; (b) Principle components analysis of rad-seq data (note that the two 
Pantherophis emoryi samples in the middle of the plot are missing a large amount of data); (c) population assignments based on sNMF analysis 
with K values ranging from 2 to 4. These inferred clusters are plotted on the geographic distributions of the currently defined species 
(P. emoryi in red, Pantherophis slowinskii in green, and P. guttatus in blue)

https://github.com/isaacovercast/easySFS
https://doi.org/10.5061/dryad.k0p2ngf4m
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P. guttatus (Figure 3). The PCA plot shows three distinct clusters, 
where the two populations within P. guttatus are largely overlap-
ping in PC space (Figure 3).

3.3 | Ecological niche models

After thinning the locality records from VertNet, a total of 174 P. emo-
ryi, eight P. slowinskii, 81 eastern P. guttatus, and 24 western P. guttatus 
were retained for ENMs (locality data and museum specimen numbers 
can be found in Dryad: https ://doi.org/10.5061/dryad.k0p2n gf4m). 
Comparisons of niche equivalency demonstrate that sister population 
pairs are occupying distinct environments (P. emoryi—P. slowinskii com-
parison: D statistic = 0.02, I statistic = 0.07, p-values = 0; P. guttatus 
eastern–western comparison: D statistic = 0.26, I statistic = 0.39, p-val-
ues = 0). However, the nonsister comparison between P. slowinskii and 
western P. guttatus that are separated by the Mississippi River, suggest 
that the two are distributed in equivalent habitats (D statistic = 0.41, 
p-value = .30; I statistic = 0.55, p-value = .23).

Best-fit combinations of feature class and regularization multi-
pliers differed among the four lineages (see Supporting Information 
for AIC scores). In several cases AIC values could not distinguish 
between multiple combinations of feature classes, in which case 
we generated ENMs using all best fit models (e.g., for P. slowinskii 
both combinations of LQHP and LQHPT feature classes had equal 
support). Ecological niche models performed well, with AUC values 
equal to or above 0.9 (P. emoryi = 0.9, P. guttatus east = 0.96, P. gut-
tatus west = 0.97, P. slowinskii = 0.94). Current ENMs predicted the 
geographic distributions of each taxon (Supporting Information). 
These current habitat suitability maps also suggest that P. slowinskii 
had a much larger region of suitable habitat than its current real-
ized niche; the Mississippi River and/or competition from P. guttatus 
probably restrict its geographic distribution. This is not surprising 
as niche comparisons between the western population of P. gutta-
tus and P. slowinskii suggest that the two taxa are occupying similar 
ecological niches. Stacked suitability maps suggest that core regions 
of stability for P. emoryi and P. slowinskii have largely been allopatric 
(Figure 4), although with some limited regions of low suitability for 
both taxa in current day eastern Texas. Stability models for east-
ern and western populations of P. guttatus suggest that both taxa 
had large regions of suitability from the late Pleistocene to present 
day along the Gulf Coast (Figure 4), indicating that the two may 
have been in contact since the LGM. We present suitability models 
generated under all best fit combinations of feature classes in the 
Supporting Information; core regions of stability do not differ greatly 
among these models.

3.4 | Species delimitation and historical demography

Species delimitation analyses using BFD* overwhelmingly supported 
a model in which all four lineages are distinct taxa (Table 1). The sec-
ond-best model, although with considerably less support (BF = 82.6), 

was represented by the currently recognized taxonomy of three spe-
cies. SNAPP analyses demonstrate that the oldest divergence within 
this complex is across the Mississippi River, and that the populations 
on either side of this barrier are sister to each other (Figure 3).

Demographic model selection with all four populations favored 
an initial population divergence across the Mississippi River with no 
gene flow between these two ancestral lineages (Table 2), demon-
strating the importance of this river in promoting divergence. The 
best-supported model for divergence between eastern and western 
populations of P. guttatus was an isolation-with-migration model 
without population size changes through time, followed by a model 
of secondary contact. This suggested continual or repeated bouts of 
migration between these lineages post-divergence (Table 2), which 
could be attributed to divergence across environmental gradients or 
in allopatric refugia. There is considerable uncertainty in which de-
mographic model best fits the evolutionary history between P. emo-
ryi and P. slowinskii; however, all three of the best-fit models included 
gene flow (Table 2). These fsc2 analyses demonstrated divergence 
across environmental gradients or in allopatric refugia, possibly with 
population expansion. Estimated mean divergence times under the 
best-fit model between eastern and western populations of P. gutta-
tus was 448 kya (92–912 kya), and 289 kya (range 17–763 kya) be-
tween P. emoryi and P. slowinskii. Rates of migration between sister 
populations were low and rates were probably asymmetric between 
pairs (Table 3).

4  | DISCUSSION

The southeastern Nearctic is a biodiversity hotspot characterized 
by rapid diversification and high concentration of endemic lineages 
(Noss et al., 2015). This diversity could have resulted from one of 
several evolutionary or ecological drivers of diversification, includ-
ing environmental transitions, historical climate change, and the 
potential for allopatric divergence across numerous biogeographic 
barriers (Soltis et al., 2006). We explicitly tested how these hypoth-
esized factors influenced population connectivity and lineage di-
vergence among the widespread cornsnake complex (Figure 1). By 
combining phylogeographic model selection with environmental 
niche comparisons and ENMs, we demonstrate the importance of all 
of these drivers of lineage-formation in producing cryptic diversity 
within a species complex. Speciation within the Pantherophis gut-
tatus complex initially occurred via vicariance with a lack of gene 
flow across the Mississippi River (Table 2). More recent divergence 
events, between P. emoryi and P. slowinskii and between eastern and 
western populations of P. guttatus, occurred in the late Pleistocene 
probably with continuous or frequent episodes of migration after 
initial divergence (Table 2). These sister lineage pairs also diversi-
fied into significantly different environmental niches that occurred 
in mostly allopatric regions of habitat stability from the LGM to pre-
sent day (Figure 4).

https://doi.org/10.5061/dryad.k0p2ngf4m
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4.1 | Diversification in the southeastern Nearctic

Proposed biogeographic barriers in the southeastern Nearctic in-
clude major rivers, for example the Mississippi and Apalachicola 
rivers (Soltis et al., 2006). Within the North American corn-
snakes, initial divergences occurred across the Mississippi River 
(Figure 3) approximately ~2.97 mya (Chen et al., 2017), a time when 
the Mississippi River would have had a discharge 6–8 times greater 
than current rates (Cox, Lumsden, & Van Arsdale, 2014). The de-
mographic models tested here suggest that this initial speciation 
event occurred without gene flow across the Mississippi River. No 
gene flow, despite suitable habitat on either side of the barrier, 
suggests that the Mississippi River has been an important feature 
of the landscape in promoting divergence, potentially via allopa-
try. Numerous studies have identified lineage formation across 
this barrier in taxonomic groups as varied as terrestrial (Brant 
& Ortí, 2003; Burbrink, Fontanella, Pyron, Guiher, & Jimenez, 
2008; Burbrink et al., 2000; Leaché & Reeder, 2002; Myers et al., 

2017) and aquatic vertebrates (Brandley, Guiher, Pyron, Winne, & 
Burbrink, 2010; Near, Page, & Mayden, 2001), plants (Al-Rabab'ah 
& Williams, 2002; Zellmer, Hanes, Hird, & Carstens, 2012), and in-
vertebrates (Katz, Taylor, & Davis, 2018; Satler & Carstens, 2017). 
The timing of lineage divergence across this important barrier is 
unknown for many taxa, however estimates from other studies 
range from the late Miocene (e.g., Lemmon, Lemmon, Collins, Lee-
Yaw, & Cannatella, 2007) to the Pleistocene (e.g., Howes, Lindsay, 
& Lougheed, 2006). This suggests that the Mississippi River is a 
long-standing, important biogeographic barrier that has promoted 
the origins and maintenance of biodiversity for extant taxa across 
the southeastern Nearctic. To better understand community-
wide patterns of dispersal, divergence, and gene flow in relation 
to changes in the hydrology of the Mississippi River (e.g., Cox et 
al., 2014), future comparative analyses should focus on both the 
number and timing of population divergence events and shared 
historical demography across entire assemblages of taxa (Myers et 
al., 2017; Xue & Hickerson, 2015).

F I G U R E  4   Regions of habitat suitability through time. These projections are the result of stacked and averaged ENMs from the Last 
Glacial Maximum, the Mid-Holocene, and current climatic conditions. Warmer colours indicate greater suitability scores. (a) Pantherophis 
emoryi; (b) Pantherophis slowinskii; (c) western Pantherophis guttatus; (d) eastern P. guttatus. These projections used LQHPT feature classes 
(with the exception of P. emoryi where the bet fit model was LQ)
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Model Marginal likelihood Bayes factor

All four lineages ([P. emoryi, Pantherophis slowinskii], 
[Pantherophis guttatus east, P. guttatus west])

−17,450.3 0

Current taxonomy (P. emoryi, P. slowinskii, 
[P. guttatus])

−17,491.6 82.6

Three species (P. emoryi + P. slowinskii, [P. guttatus 
east, P. guttatus west])

−18,450.6 2,000.6

Two species, split across the Mississippi River 
(P. emoryi + P. slowinskii, P. guttatus)

−18,500.5 2,100.4

Two species, relationships based on mtDNA gene 
tree (P. emoryi, P. guttatus + P. slowinskii)

−20,217.2 5,533.8

Single species (P. emoryi + P. guttatus + P. slowinskii) −22,013 9,125.4

Note: Models are ranked in descending order by Bayes factor support; the model with the lowest 
Bayes factor is the best fit model suggesting that all four lineages represent distinct species.

TA B L E  1   Results from species 
delimitation models compared using BFD* 
in SNAPP (Bryant et al., 2012)

 
Number of 
parameters Log-likelihood AIC ΔAIC AIC weight

Four lineage models

ISO 14 −6,206.2 12,440.4 0 1

IM 16 −6,226.6 12,485.3 44.8 1.81457E−10

Eastern and Western Pantherophis guttatus lineages models

IM 6 −1,744.0 3,500.1 0 0.605123276

IMc 8 −1,744.0 3,504.1 4.072 0.078998763

ISO 4 −1,758.6 3,525.2 25.122 2.12164E−06

ISOc 6 −1,753.3 3,518.5 18.486 5.85679E−05

SC 7 −1,743.9 3,501.9 1.844 0.240671323

SCc 9 −1,743.1 3,504.2 4.172 0.075145948

Pantherophis emoryi and Pantherophis slowinskii models

IM 6 −1,764.094 3,540.188 0 0.461148985

IMc 8 −1,762.796 3,541.592 1.404 0.228542267

ISO 4 −1,779.46 3,566.92 26.732 7.22872E−07

ISOc 6 −1,772.356 3,556.712 16.524 0.000119042

SC 7 −1,763.749 3,541.498 1.31 0.23954018

SCc 9 −1,762.97 3,543.94 3.752 0.070648803

Note: Best-fit models were selected based on ΔAIC scores and AIC weights, models best supported 
by the data are highlighted in bold.
Model abbreviations are as follows: IM, isolation with migration; ISO, isolation without migration; 
IMc, isolation with migration and demographic size change; ISOc, isolation without migration and 
demographic size change; SC, secondary contact; SCc, secondary contact with demographic size 
change

TA B L E  2   Results from demographic 
model selection in fastsimcoal2

TA B L E  3   Bootstrapped parameter estimates for each of the two lineages modeled in fastsimcoal2

 
Divergence 
time Ancestral Ne Lineage 1 Ne Lineage 2 Ne Migration 1 → e2 Migration 2 → 1

(1) Pantherophis emoryi 
and (2) Pantherophis 
slowinskii

289 kya 
(17–763 kya)

89,000 
(7,200–
309,000)

103,000 
(7300– 279,000)

270,000 
(46,000–532,000)

2.5 x 10-4 (4.25 x 10-5 
– 2.2 x 10-3)

0

(1) Eastern and (2) 
Western P. guttatus 
lineages

448 kya 
(92–912 kya)

79,000 
(13,000–
219,000)

65,000 
(16,000–127,000)

283,000 
(77,000–507,000)

7.2 x 10-6 (3.39 x 10-6 
– 2.32 x 10-5)

1 x 10-6 (4.37 x 10-7 
– 4.12 x 10-6)

Note: Parameters are listed as mean and range of each estimate. Note that the linage number is listed in the column of taxa being compared (e.g., 
P. emoryi is Lineage 1)
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The turnover in habitats and environments across the south-
eastern Nearctic is an important determinant of population ge-
netic structure (Burbrink & Guiher, 2015; McKelvy & Burbrink, 
2017) and influences the assemblage of taxa into communities 
(Burbrink & Myers, 2015). Here we find significant ecological dif-
ferentiation between both sister lineage pairs, which likely lead 
to ecologically-mediated population differentiation and speciation 
within this complex. This is an important distinction to make; by 
simply visualizing lineage membership on a map it may appear that 
divergence between eastern and western populations of P. gutta-
tus occurred across or within the vicinity of the Apalachicola River 
(Figure 3). However, by combining niche comparisons with demo-
graphic modeling, we can reject a scenario of divergence across 
this river in favour of continual gene flow with divergence across 
climatic gradients or, albeit with lesser support, refugial isolation 
with secondary contact (Figure 4 and Table 2). Similarly, the P. em-
oryi and P. slowinskii species pair, which are distributed in differ-
ent habitats (e.g., desert scrub and prairie vs. longleaf pine), have 
probably diverged due to adaptation to local environmental con-
ditions and do not share regions of habitat stability through time 
(Figure 4). These niche comparisons and hindcast ENMs supported 
by our estimates that gene flow occurred throughout the history 
of divergence between P. emoryi and P. slowinskii, possibly with 
population size changes (Table 2). Although we find a strong signal 
of environmental niche differentiation, we find no SNPs that de-
viate from expectations of neutral population divergence. Future 
analyses could elucidate the role of selection in maintaining pop-
ulation differentiation by using targeted sequencing of functional 
loci (Christmas, Biffin, Breed, & Lowe, 2016; Namroud, Bealieu, 
Juge, Laroche, & Bousquet, 2008) or whole genome sequence data 
to explore the role of structural genomic variation in relation to 
local adaptation to different climatic regimes (Lucek, Gompert, & 
Nosil, 2019; Rinker, Specian, Zhao, & Gibbons, 2019).

4.2 | Habitat stability and Pleistocene refugia

Habitat stability models illustrate largely nonoverlapping regions 
of core suitable habitat since the LGM for P. emoryi and P. slowin-
skii. These regions have likely served as allopatric refugia during the 
late Pleistocene, further reinforcing population differentiation and 
divergence. A potential caveat here is the smaller sample size used 
for P. slowinskii, which may influence the ability to predict suitable 
habitat. However, previous studies focused on the effects of small 
sample size use in Maxent have demonstrated that such models 
can identify regions with similar environmental conditions to where 
a taxon is known to occur, but should not be interpreted as abso-
lutely predicting species ranges (Pearson, Raxworthy, Nakamura, 
& Townsend Peterson, 2007). We similarly interpret our resulting 
ENMs as regions of similar, suitable habitats (i.e., potential refugia) 
and not absolute range limits. Additionally, many of the same regions 
of stability that we have identified for the P. guttatus species com-
plex has been found in other, largely codistributed taxa across the 

eastern Nearctic (Barrow et al., 2017; Walker, Stockman, Marek, & 
Bond, 2009; Waltari et al., 2007).

The comparison of stable regions shared by the eastern and 
western populations of P. guttatus suggests potential overlap in 
suitable climate since the LGM within the panhandle region of 
Florida (Figure 4). Given the potential stablility within this region 
for the eastern and western P. guttatus lineages and an extensive 
zone of contact in population clustering analyses in present day 
Florida and Georgia (Figure 3), it is possible that these lineages 
have maintained continuous distributions through time, a scenario 
supported by the best-fit demographic model of isolation-with-mi-
gration. The future generation of whole genome sequence data 
will allow for tests of multiple bouts of isolation and migration 
throughout the Pleistocene versus parapatric divergence by tak-
ing advantage of linkage disequilibrium block structure (e.g., Sousa 
& Hey, 2013).

Because each of the sister lineages have different environmental 
niches, we chose to generate ENMs and hindcast models separately 
for each taxon. This is an important, but perhaps overlooked con-
sideration when inferring suitable refugia during the LGM. Unique 
responses to climate change have been shown to occur between 
intraspecific groups, which can result in differences in adapta-
tion or dispersal between populations within a species (Maguire, 
Shinneman, Potter, & Hipkins, 2018; Pearman, D'Amen, Graham, 
Thuiller, & Zimmermann, 2010). As expected, accounting for phy-
logeographic structure when forecasting species' distributions onto 
models of future climate change has demonstrated that predicted 
distributions are smaller than when not considering this structure 
(Valladares et al., 2014). Given that differences exist in the envi-
ronmental space across the P. guttatus species complex, lumping 
occurrences from sister pairs to make predictions about current dis-
tributions or regions of stability may return unreliable results (e.g., 
Smith, Godsoe, Rodríguez-Sánchez, Wang, & Warren, 2018). For ex-
ample, areas of stability would probably be overestimated, resulting 
in more widespread and continuous regions of stability. It is likely an 
unjustifiable assumption to group cryptic lineages into single ENMs 
without first testing for niche differentiation, an important consid-
eration for future studies.

4.3 | Taxonomic considerations

The study group has historically been treated as a single species with 
five subspecies largely differentiated by color and pattern (P. gutta-
tus guttatus, P. guttatus rosaceus, P. guttatus emoryi, P. guttatus in-
termontanus, and P. guttatus meahllmorum; Schultz, 1996). However, 
these subspecies were subjectively defined (e.g., defining subspe-
cies as having >44.5 or <44.5 body blotches; Smith, Chiszar, Staley, & 
Tepedelen, 1994) and not supported by gene tree analyses of mtDNA 
data (Burbrink, 2002), nor detectable with genomic data (this study). 
The most recent taxonomic treatments recognize three allopatrically 
distributed cryptic species that form monophyletic lineages; P. gut-
tatus, P. emoryi, and P. slowinskii (Figure 1; Burbrink, 2002); note that 
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P. slowinskii had previously been classified as being part of the wide 
ranging P. guttatus guttatus (Schultz, 1996). Our analyses, given our 
sampling of individuals and genomic data, support the recognition 
of these three species and further suggest that species diversity is 
underestimated within P. guttatus (Table 1; Figure 3). These distinc-
tions are supported by multiple lines of evidence: these lineages are 
genetically distinct (Figure 3), supported as separate species using 
BFD* (Table 1), have low rates of migration between sister taxa 
(Table 3), and each sister-pair has evolved distinct ecological niches.

Using coalescent species delimitation methods, we support the 
current taxonomy within the P. guttatus complex, and suggest that 
while there are potentially further cryptic species within this group, 
we refrain from formally recognizing additional species pending in-
tegrative taxonomic analyses. A number of recent papers have sug-
gested that multi-species coalescent (MSC) models used for species 
delimitation may instead be delimiting population substructure, (e.g., 
Jackson, Carstens, Morales, & O'Meara, 2016; Leaché, Zhu, Rannala, 
& Yang, 2018; Sukumaran & Knowles, 2017), though how popula-
tions differ from species using the MSC is often not defined a priori. 
Future species delimitation analyses could focus on the zone of con-
tact between the eastern and western P. guttatus lineages, assessing 
the frequency of F1 hybrids (Leaché et al., 2018), the width of hybrid 
clines across this contact zone, and implement additional species 
delimitation models that incorporate gene flow and spatial data. 
Previous analyses of morphological characters have shown that 
scale counts are not discreet but instead continuous between the 
currently named taxa (Burbrink, 2002), whether this is the case for 
the eastern and western populations of P. guttatus is not yet known. 
Morphological variation among these recently evolved taxa might 
be subtle (e.g., differences in head shape variation; Ruane, 2015) 
and may be detected using high-resolution morphological data from 
specimen-based studies (Chaplin, Sumner, Hipsley, & Melville, 2019).

In conclusion, here we have demonstrated that biogeographic 
barriers, Pleistocene refugia, and niche divergence have interacted 
to drive population differentiation and produce cryptic diversity 
within the P. guttatus species complex. These results support the 
importance of the Mississippi River as an essential biogeographic 
barrier in North America that has generated biodiversity via strict al-
lopatric divergence. Furthermore, our analyses suggest that more re-
cent divergence events in the southeastern Nearctic have probably 
occurred due to niche divergence and vicariance between allopatric 
refugia during the Pleistocene. This study illustrates the significance 
of environmental gradients in driving ecologically mediated diver-
gence across much of eastern North America. Lastly, our analyses 
support the recognition of three cryptic species within this complex 
and suggest there may also be additional taxa in need of description.
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