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Abstract

The gray fox (Urocyon cinereoargenteus) lineage diverged from all other extant canids at their most basal node and is restricted to the Americas.
Previous mitochondrial analysis from coastal populations identified deeply divergent (up to 1 Mya) eastern and western lineages that predate
most intraspecific splits in carnivores. We conducted genotyping by sequencing and mitochondrial analysis on gray foxes sampled across North
America to determine geographic concordance between nuclear and mitochondrial contact zones and divergence times. We also estimated the
admixture within the contact zone between eastern and western gray foxes based on nuclear DNA. Both datasets confirmed that eastern and
western lineages met in the southern Great Plains (i.e. Texas and Oklahoma), where they maintained high differentiation. Admixture was gener-
ally low, with the majority of admixed individuals carrying <10% ancestry from the other lineage. Divergence times confirmed a mid-Pleistocene
split, similar to the mitochondrial estimates. Taken together, findings suggest gray fox lineages represent an ancient divergence event, far older
than most intraspecific divergences in North American carnivores. Low admixture may reflect a relatively recent time since secondary contact
(e.g. post-Pleistocene) or, alternatively, ecological or reproductive barriers between lineages. Though further research is needed to disentangle
these factors, our genomic investigation suggests species-level divergence exists between eastern and western gray fox lineages.

Key words: genomics, gray fox, secondary contact, speciation, Urocyon cinereoargenteus

Introduction Secondary contact between lineages of wide-ranging
mammals, such as carnivores, often entails high levels of ad-
mixture and little evidence of reproductive isolation, partic-
ularly in mid-continent North America (Cullingham et al.
2008; Aubry et al. 2009; Barton et al. 2012; Reding et al.
2012; Puckett et al. 2015). These intraspecific patterns tend
to reflect high dispersal ability during interglacial periods,
which results in shorter periods of isolation. Secondary con-
tact among carnivores also can result in narrow hybrid zones
with low levels of admixture and a high degree of reproduc-
tive isolation (i.e. interspecific), but usually reflects longer
periods of isolation. Typically, these more divergent cases re-
sult in sister species, such as kit fox (Vulpes macrotis) and
swift fox (V. velox; Mercure et al. 1993); marten species
(Martes spp.; Stone et al. 2002; Dawson and Cook 2012),

Pleistocene glaciation events caused repeated distributional
changes and isolation across numerous temperate taxa, which
largely shaped current patterns of biodiversity in North
America and Europe over the past 2 million years (Hewitt
2004; Shafer et al. 2010). Glaciers forced taxa into refugia
where populations experienced prolonged isolation and inde-
pendent evolutionary trajectories. Following glacial recession,
many once-isolated refugial lineages were able to recolonize
newly accessible habitats, often meeting in secondary contact.
Depending on the time of isolation and evolutionary forces
acting on isolated populations, the consequences of secondary
contact have ranged from high levels of interbreeding (Latch
et al. 2011; Slager et al. 2020) to reproductive isolation and
speciation (Weir and Schluter 2004; Hope et al. 2016).
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and spotted skunk species (Spilogale spp.; Ferguson et al.
2017). In this study, we sought to better characterize a sec-
ondary contact zone between eastern and western lineages of
gray fox (Urocyon cinereoargenteus) that potentially reflect
cryptic sister species (Goddard et al. 2015).

Most North American carnivore species were identified
over a century ago based on clear morphological characters,
so it is unusual to discover deep divergence in a widespread
carnivore based initially on genetic criteria. Nevertheless,
such cryptic divergence was recently hypothesized to account
for a >500 kya divergence between gray fox mitochondrial
DNA sampled on either coast of the North American conti-
nent (Goddard et al. 2015). Additional mtDNA sequencing of
samples from the 3,800 km of intervening habitat identified
the location of the contact zone at the Great Plains (Reding et
al. 2021). Because these studies were restricted to mitochon-
drial DNA, the magnitude of genome-wide divergence and
mito-nuclear concordance remain unknown.

Carnivore contact zones in North America often occur
either along geographic barriers (e.g. mountain ranges;
Mercure et al. 1993; Shafer et al. 2010) or habitat transitions
(e.g. Reding et al. 2012). Gray foxes have a large geographic
range that encompasses the United States, Mexico, and
northern South America across multiple geographic barriers
and habitat transitions. This large geographic range includes
16 recognized subspecies (Fritzell and Haroldson 1982), 7
of which occur in the United States where the eastern and
western lineages were identified by Goddard et al. (2015).
One such subspecies boundary (U. c. floridanus and U. c.
scotti) lies within the southern Great Plains where eastern
forests transition into western scrub habitats. Western gray
foxes are known to be associated with scrub habitats whereas
eastern gray foxes are typically found in forested habitats
(Fritzell and Haroldson 1982), which suggests the Great
Plains may be the location of a gray fox contact zone (Reding
et al. 2021).

If gray fox lineages meet in a contact zone within the Great
Plains as suggested by mtDNA, confirming this with nuclear
data would help clarify the biogeographic mechanisms un-
derlying their divergence and would enable exploration of the
magnitude of post-contact admixture. Therefore, our first ob-
jective was to determine the location of the contact zone as
reflected in nuclear DNA between eastern and western gray
fox lineages. Multiple forest-dwelling vertebrates in North
America meet in forested or scrub habitats encroaching into
the Great Plains (Rising 1983), where separation between
them is reinforced by habitat-based (e.g. scrub vs. forest)
differences (Swenson 2006). Following nuclear positioning of
the gray fox contact zone, we sought to estimate genomic di-
vergence between lineages and quantify admixture between
them.

Materials and methods

Sampling and DNA extraction

We obtained 376 gray fox samples during 2013 to 2019 from
3 sources across North America: 211 DNA extracts from
Texas (USDA Wildlife Services) in and around the southern
Great Plains, 26 DNA extracts from California (Goddard
et al. 2015), and 139 tissue samples from fur-trapped foxes
in several eastern, central, and western states. We extracted
the tissue samples using Qiagen DNEasy Blood and Tissue
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kits (Qiagen Inc., Valencia, CA). All extracts were normalized
to 10 ng/pL prior to mitochondrial sequencing and library
preparation or culled due to insufficient DNA concentra-
tion. After this quality control step, we narrowed our sample
set to a geographically representative subset of gray foxes
from the eastern (7 = 100) and western (nz = 181) regions
(Supplementary Table S1).

Mitochondrial DNA methods

To investigate concordance between mtDNA and nuclear
patterns, we amplified a 441 bp region of the mitochondrial
cytochrome b region (RF14724, RF15149; Perrine et al.
2007), which was sufficient to unambiguously distinguish be-
tween eastern and western gray foxes (Goddard et al. 2015).
For example, a 100-bp region in the center of the amplicon
contained 10 diagnostic sites. Polymerase chain reactions
(PCR) were conducted in 11 pL volumes that contained 2
pL of template DNA, 1.1 pL of 10x Buffer, 1.1 pL of 25 mM
MgCl,, 1.1 pL of 2 mM dNTPs, 0.11 pL of 10 pg/mL of bo-
vine serum albumin, 0.28 pL of each 20 pM forward and
reverse primer, and 0.2 pL of 5 U/pL of AmpliTaqg DNA pol-
ymerase (ThermoFisher Scientific), and conditions followed
Aubry et al. (2009). We cleaned all PCR and sequencing re-
action products with a modified low sodium precipitation
method (Latch and Rhodes 2005) and Sanger sequenced
using a BigDye terminator v3.1 cycle sequencing kit (Applied
Biosystems) on an ABI 3730 platform at the Veterinary
Genetics Laboratory at the University of California, Davis.

Library preparation and sequencing

We used a genotype by sequencing (GBS) method modified
from Elshire et al. (2011) to construct reduced representation
libraries for gray fox. To minimize introducing batch effects
to downstream analyses, we divided samples from the eastern
and western United States evenly across 3 separate libraries.
We obtained and annealed top ACACTCTTTCCCTACAC
GACGCTCTTCCGATCT{4 to 7 bp barcode]TGCA and
bottom {barcode compliment;]AGATCGGAAGAGCGTCGT
GTAGGGAAAGAGTGT sequences of the first 96 barcoded
adapters and 1 common adapter (top: AGATCGGAAGAG
CGGTTCAGCAGGAATGCCGAG, bottom: CTCGGCAT
TCCTGCTGAACCGCTCTTCCGATCTTGCA)  designed
for Pstl, Sbfl, and EcoT221 restriction enzymes (Wallace and
Mitchell 2017). We then digested 100 ng of DNA at 37 °C
for 2 h with a high-fidelity restriction enzyme to maximize
consistency of digestions. Each sample was digested in 20-pL
reactions containing 2 pL. of 10x NEB Cutsmart Buffer, 1 U
of Nsil-HF restriction enzyme (an equivalent to EcoT22I;
New England BioLabs Inc.), 0.2 pL of 100x bovine serum
albumin, 10 pL of DNA, and 7.75 pL of deionized water.
We then ligated both the common and a uniquely barcoded
adapter to each DNA sample by adding 5 pL of 10x NEB
Ligase buffer, 4.5 pL each of adapter (0.3 ng/pL), 1 pL (400
CEU) of T4 DNA Ligase (400 U/uL), and 15 pL of deionized
water to the previously digested DNA samples. We incubated
the resulting 50 pL reactions at 22 °C for 60 min and heated
to 65 °C for 30 min to deactivate the ligase. To minimize the
risk of a few high-quality samples dominating the final pooled
libraries, we PCR-amplified small pools of 12 samples each
before combining the PCR products in equal concentrations
to the final library. Each sub pool was PCR amplified in 50 pL
reaction volumes composed of 10 pL of purified library, 25
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pL Taq 2x Master Mix (New England Biolabs Inc., Ipswich,
MA), 13 pL of deionized water, and 1 pL of both forward
and reverse primer (50 pM GBSEcoT22IPrimer-F: aatgatac
ggcgaccaccgagatctacactetttcectacacgacgetettecg atct; 50 pM
GBSEcoT22IPrimer-R: caagcagaagacggcatacgagatcggtctcgge
attectgetgaaccgetcttecgatet). The thermal profile was 5 min at
72 °C, 30 s at 98 °C, followed by 18 cycles of 10 s at 98 °C,
30 s at 65 °C, and 30 s at 72 °C, with a final extension at 72
°C for 5 min. We purified the PCR products with QiaQuick
PCR purification kits, and quantified library concentrations
with a Qubit fluorometer (Qiagen Inc.). All libraries were run
on 1% agarose gels and a Bioanalyzer (Agilent Technologies,
Santa Clara, CA) trace before being sent to the University of
California, Davis Genome Center DNA Technologies core for
100-bp single-end sequencing on an Illumina HiSeq4000.

SNP calling and filtering

We demultiplexed reads and trimmed adapters using GBSX_
v1.3.jar (Herten et al. 2015). Although no reference genome
was available for the gray fox, previous studies indicated
high mapping success of Urocyon reads to the dog genome
(e.g. Robinson et al. 2016). Therefore, we aligned trimmed
reads to the dog genome (canFam3.1) using BWA-MEM (Li
et al. 2010; Li 2013) as was used previously (Robinson et
al. 2016). Although little reference bias was expected, we
nevertheless applied a relaxed mapping quality filter (-q 10)
in SAMTOOLS v1.9 (Li et al. 2009) to minimize any bias
against lower mapping quality of derived alleles in gray foxes.

We called single nucleotide polymorphisms (SNPs) using
the reference genome “ref_map.pl” pipeline in Stacks (v2.53,
Catchen et al. 2011). The “gstacks” module was run with
default SNP model parameters (--model marukilow, --var-
alpha 0.05, and -gt-alpha 0.05) for unpaired reads, which
assesses the statistical likelihood of each genotype call, re-
ducing the need for subsequent coverage filters. We used the
“populations” module in Stacks to filter out low frequency
variants (--min_maf 0.02) and SNPs with excess levels of het-
erozygosity (--max_obs_het 0.60) that could reflect paralogs.
We then used a stepwise filtering approach in PLINK version
1.9.0 (Purcell et al. 2007). We initially removed the lowest
quality individuals from the dataset that were missing >90%
of SNPs (--mind 0.9). We then filtered out SNPs that were
called in <80% of remaining individuals (--geno 0.2). Based
on this SNP set, we identified a maximum-missing rate of 32%
as one that would retain most individuals while removing
those with a significant amount of missing data (--mind 0.32).

Population structure and admixture between
lineages

We calculated nucleotide diversity () and genetic distance (F,)
for the eastern and western lineages using the “populations”
module in Stacks. We used 3 complementary methods to quan-
tify population structure and admixture. First, we examined
admixture via the Bayesian program FastStructure (Raj et al.
2014) assuming 1 to 5 genetic clusters (K = 1 to 5) over 5
independent runs. We then chose the most likely K with the
“chooseK.py” function. This program calculates g values for
each individual, which correspond to the proportions of an
individual’s genome assigning to each inferred genetic cluster.
Second, we performed a principal components analysis (PCA)
in Plink (Purcell et al. 2007). Third, we used fineRADStructure
(Malinsky et al. 2018), which utilizes local haplotypes (i.e.
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linked SNPs) and employs individual-based coancestry and a
MCMC clustering algorithm (Lawson et al. 2012) to identify
the optimal partition of individuals. This method reveals both
global (i.e. between lineage) and local population structure in
a single analysis, which typically requires multiple analyses to
infer (Malinsky et al. 2018).

Phylogenetic relationships and divergence

To assess the phylogenetic relationship of eastern and
western gray foxes and estimate nuclear divergence time, we
selected a subset of putatively unadmixed samples (based on
FastStructure assignments) from California (7 = 6), Texas (n
= 6), and the East (1 = 6), and additionally incorporated GBS
data from other members of the family, Canidae, including
members of the genera, Vulpes and Canis (Supplementary
Table S2). We aligned and called SNPs for all canid samples
together (including gray foxes) using a similar approach to
that described above with the following modifications: In
the Stacks populations module, we used a minor allele count
(--min-mac 2) to remove only singletons while avoiding sys-
tematic removal of alleles specific to a smaller subset of taxa.
Additionally, we only included sites that were called in all
15 taxa (-p 15). In Plink, we then removed individuals with
>70% missing data (--mind 0.7), and filtered out SNPs that
were called in <95% of individuals (--geno 0.05).

To construct a maximum likelihood tree, we converted
SNP files (.ped/.fam) to fasta files with heterozygotes coded
using [UPAC ambiguity codes using a perl script (source code
available at https://github.com/squisquater/Cryptic-Gray-
Fox-Lineages-Secondary-Contact). We then created a phydat
object from the fasta file using the “phangorn” package (ver-
sion 2.5.3; Schliep 2011) in R (version 4.1.1), and built the
tree by computing the pairwise distances between sequences
in the “ape” package (version 5.5, Paradis et al. 2019). To
assess the best-fitting nucleotide substitution model, we used
the function modelTest() in “phangorn.” The tree was refitted
with the best substitution model (GTR) with 100 bootstrap
replicates to assess node support.

We calibrated estimates of divergence within the Urocyon
clade to those in the Vulpes clade because the 2 fox lineages
exhibit similar life histories and generation times and because
they were similarly divergent from the dog (~9.7 and 8.7 MY,
respectively; Lindblad-Toh et al. 2005; Koepfli et al. 2015);
the 2 genera would therefore be expected to manifest similar,
if any, reference biases (Duchen and Salamin 2021). We ap-
plied a relaxed clock approach implemented in Mega (v. 11;
Tamura et al. 2021) that utilizes hierarchical differences be-
tween sister branch lengths to infer relative rates within and
among clades (RelTime, Tamura et al. 2012, 2018). Because
the split between Urocyon and other canids represents the
most basal node among the extant Canidae, there was no
true outgroup in our sample (Lindbladh-Toh et al. 2005;
Nyakatura et al. 2012). Therefore, we rooted the tree to
Canis, which resulted in a distorted tree, for which the bias
in evolutionary rates between Vulpes and Urocyon lineages
was quantifiable (see below). In both cases, we applied max-
imum likelihood estimation (RelTime-ML), along with 2 nor-
mally distributed calibrations for Vulpes nodes: V. vulpes vs.
V. macrotis/V. lagopus (2.91 MY, 95% CI: 2.09 to 3.84) and
V. macrotis vs. V. lagopus (0.97 MY, 95% CI: 0.55 to 1.45)
(Perini et al. 2010). Confidence intervals around each diver-
gence estimate were calculated according to Tao et al. (2020).
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Since improper rooting to Canis may negatively impact our
estimates of divergence, we multiplied a correction factor of
1.23 to adjust our calculated divergence time and confidence
intervals between eastern and western Urocyon clades. This
adjustment factor was calculated as the ratio of independ-
ently estimated divergence between Urocyon and the node
ancestral to Canis and Vulpes (9.7 + [9.7 - 8.7] = 10.7 MY)
divided by the divergence between Canis and Vulpes (8.7
MY; Koepfli et al. 2015). This ratio agreed (to 2 decimal
places, i.e. 1.23) with that calculated directly from the em-
pirically estimated branch lengths in our original unrooted
maximum likelihood tree (0.2521 for Urocyon; 0.2038 and
0.2066 for Vulpes and Canis, respectively, averaging 0.2052;
0.2521/0.2052 = 1.2289).

Results

After filtering, we retained 259 gray foxes for the intraspe-
cific SNP set, and used 18 of these, along with 18 Vulpes
and 41 Canis samples for the interspecific SNP set. Average
(«SE) sequencing depth was 34x (x1.3x) across individuals.
We observed no qualitative differences in sequencing depth
associated with sequencing lane or source population
(Supplementary Fig. S1). On average, 88.9% (x0.2%) of gray
fox reads aligned to the dog reference genome, compared to
92.7% (+0.5%) of Vulpes reads and 93.6% (+0.3%) of Canis
reads. Our primary (intraspecific) genomic dataset contained
30,431 variable sites (SNPs) across 30,410 GBS loci (i.e. read
stacks).

Population structure and admixture

Nucleotide diversity was nearly twice as high in the western
lineage (w = 0.0033) than the eastern lineage (7 = 0.0018),
and Fg between them was 0.12. We also obtained cyto-
chrome b haplotypes for 231 of the 259 gray foxes, resulting
in 86 eastern and 145 western haplotypes (Fig. 1A). For SNP
genotypes, FastStructure found the highest support for K =
3 genetic clusters. Specifically, K = 3 divided samples into
eastern and western clusters and further divided the western
lineage into 2 clusters (Fig. 1B and C). Based on these nu-
clear assignments, 165 gray fox genotypes were assigned
to the 2 western clusters and 94 gray fox genotypes were
assigned to the eastern cluster (Fig. 1B and C). The mito-
chondrial haplotypes and nuclear genetic cluster assignments
were geographically concordant, revealing an abrupt contact
zone between eastern and western lineages in the southern
Great Plains. We recorded only 8 cases where the mitochon-
drial type disagreed with the predominant nuclear ancestry,
including 7 individuals that assigned primarily to the western
lineage in Texas, but had eastern haplotypes and 1 individual
with a western haplotype in Oklahoma that was assigned pri-
marily to the eastern lineage. The PCA indicated substantial
divergence between the eastern and western lineages (Fig. 2).
The first PC axis split the 2 lineages and explained 20.1% of
the variance. The second PC axis explained only 2.7% of the
variance, separating individuals geographically along a cline
from California to Texas, similarly to the transition observed
in the fastStructure analysis.

FineRADstructure revealed patterns consistent with intro-
gression between the eastern and western lineages (Fig. 3). The
clustered coancestry matrix and the dendrogram mirrored
the PCA results with the strongest differentiation occurring
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between the eastern and western individuals. The dendro-
gram also captured the substructure within the western lin-
eage, with Colorado/New Mexico, Nevada, and California all
forming separate clusters with 100% bootstrap support.

Phylogenetic relationships and divergence

The family-wide (i.e. Canidae) dataset included 125,044 var-
iable sites across 77 individuals. The maximum likelihood
tree indicated 100% bootstrap support for differentiation
among eastern and western gray foxes and recovered all pre-
viously identified phylogenetic groups (e.g. genera and spe-
cies; Fig. 4A). The RelTime tree improperly rooted to Canis
and calibrated to 2 nodes within the Vulpes clade resulted in
a biased estimate of 0.71 MY (95% CI: 0.33 to 1.50) MY,
which when corrected for misrooting, resulted in the final
estimate of 0.87 (0.41 to 1.86) MY separating eastern and
western gray fox clades (Fig. 4B). Divergence between gray
fox lineages was intermediate between that of Eurasian/
North American red fox and kit/arctic foxes, which supports
a mid-Pleistocene divergence in line with the mitochondrial
estimate (Goddard et al. 2015).

Discussion

We sought to characterize the magnitude and geographic
pattern of genomic divergence between eastern and western
gray fox lineages. Consistent with mitochondrial divergence
(Goddard et al. 2015; Hofman et al. 2015; Reding et al.
2021), our findings demonstrate that these lineages diverged
prior to the penultimate (Illinoian) Pleistocene glaciation. We
also identified a well-defined contact zone and low overall
levels of admixture, consistent with long-term isolation
followed by recent contact or longstanding forms of repro-
ductive isolation. Finally, the location of the contact zone was
the same for both mitochondrial and nuclear markers, both of
which occurred in the southern Great Plains. These findings
suggest that Pleistocene habitat rather than physical barriers
such as the Mississippi River Delta (e.g. Barton et al. 2012)
separated these lineages. If so, these habitat affinities could
have allowed intermittent breeding opportunities without
high levels of intermixing.

Eastern and western gray foxes diverged in the
mid-Pleistocene

Our SNP dataset indicated that eastern and western gray
foxes were differentiated where they came into contact,
concordant with mitochondrial findings. The PCA and
fineRADStructure results, in particular, showed that eastern
and western individuals were assignable to their geographic
population 100% of the time. The first principal component
in our PCA showed strong differentiation (20.1% of variance
explained) between these lineages, whereas the second prin-
cipal component that separated individuals in the western lin-
eage explained much less variance (2.7%) within the western
lineage.

Further, in agreement with previous mitochondrial patterns
(Goddard et al. 2015; Hofman et al. 2015; Reding et al.
2021), nuclear phylogenetic analyses indicated that this dif-
ferentiation reflected deep divergence between lineages. These
divergence time estimates corresponded to the Early-Middle
Pleistocene Transition (1.4 to 0.4 Mya; Head et al. 2015) in
the Irvingtonian land mammal age, which is substantially
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Fig. 1. Population assignments of North American gray fox samples based on (A) mtDNA cytochrome b (n = 231) and (B, C) 44,931 nuclear SNPs (n =
259 foxes) from FastStructure K = 3. Both datasets suggest gray fox undergo secondary contact in the southern Great Plains, and experience low levels
of admixture as revealed by calculated ancestries in FastStructure. Samples for which we failed to recover cytochrome b haplotypes are noted in gray.
Nuclear analyses identified the primary split between the eastern (yellow) and western (all blues) lineages with additional substructure exhibited within
the western lineage from California (CA, light blue) to Texas (TX; dark blue). Samples collected from Nevada (NV), Colorado (CO), and New Mexico (NM)
showed varying levels of these 2 western ancestry types. Pie charts indicate a single individual and their inferred ancestries of the 3 genetic clusters
(yellow, dark blue, and light blue). We detected 8 instances of mito-nuclear discordance where 7 individuals with primarily western nuclear ancestry had
eastern cytochrome b haplotypes, and a single individual with primarily eastern nuclear ancestry had a western cytochrome b haplotype.
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Fig. 2. PCA of gray fox SNPs based on nuclear genotyping by sequencing. The first PC axis split the eastern (yellow) and western (all blues) lineages
and explained 20.1% of the variance. The second PC axis explained 2.7% of the variance and revealed population structure within the western cluster
(shades of blue). Each circle represents an individual fox colored by its geographic location (California = light blue, Nevada = blue-gray, Colorado/New
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earlier than those ascribed to intraspecific divisions for most
North American carnivores (e.g. Aubry et al. 2009; Reding
et al. 2012; Puckett et al. 2015). Fossils of Urocyon species
dating to the mid-Hemphillian land mammal age (~6 to 8
Mya) are known from Florida and by the Blancan age (>1.8
Mya) occurred in Florida, Texas, New Mexico, Arizona, and
California (Tedford et al. 2009). Although fragmentary, the
fossil evidence is consistent with continuous presence of some
form of Urocyon spanning the southeast to the southwest re-
gions of the continent throughout the Pleistocene (Kurtén and
Anderson 1980). Current subspecies boundaries within Texas
correspond to the eastern (U. c. floridanus) and western (U.
c. scotti) lineages, but the level of divergence recorded here is
similar to that between other fox sister species, such as swift
and kit foxes (Mercure et al. 1993).

Secondary contact in the southern Great Plains

We found that eastern and western gray foxes form an area
of secondary contact within the southern Great Plains. All
individuals with appreciable east-west admixture (e.g. >10%)
were from Oklahoma and Texas. Although our sampling gap
was wider further north, the complete absence of admixture
in samples from Colorado, Kansas, and Nebraska suggest
even less admixture to the north. The relatively narrow span
we documented between predominantly western vs. predom-
inantly eastern ancestry suggests either that secondary con-
tact was recent (e.g. mid- to late Holocene) or that partial
reproductive barriers operate to minimize the rate of gene
flow. We acknowledge it is difficult to precisely measure the
span of this contact zone due to low sampling density within
eastern Texas and Oklahoma. However, despite a larger gap
in Arizona and Utah, the zone of admixture observed be-
tween California and Texas-centered clusters spanned a much

broader geographic distance (e.g. Fig. 1B). Thus, if the area
was wider like the western lineage contact zone, we expect
to have detected it given our intense sampling in the east cen-
tral United States. Instead, the admixture within the western
lineage is consistent with much more ancient isolation-by-
distance (or ancient secondary contact) or potentially recent
secondary contact, but followed by high gene flow.

Given that interglacial periods have occurred multiple
times since the divergence of the eastern and western lineages,
it is unclear what would have changed to only recently allow
their secondary contact. One possibility is anthropogenic
changes in the landscape, such as conversion of grasslands
and woody plant invasions. Like many forest-associated spe-
cies, records indicate the gray fox were largely absent in the
plains-dominated areas of western Kansas, Oklahoma, and
Texas prior to the 1900s (Choate and Krause 1974; Fritzell
and Haroldson 1982; Fritzell 1987), but are now found
throughout the southern Great Plains (Davis and Schmidly
1994). Thus, very recent range expansions could have
initiated interbreeding between previously isolated eastern
and western forms.

An alternative scenario is that long-term isolation created
pre- or post-zygotic reproductive barriers that limit successful
hybridization. Strong habitat preferences, for example, could
prevent foxes from interbreeding as observed in multiple
North American carnivores (i.e. habitat-biased dispersal; Sacks
et al. 2004; Reding et al. 2012). When strong habitat-biased
dispersal occurs, populations are associated with separate
habitats and differentiation corresponds to breaks in habitat
(e.g. Sacks et al. 2004, 2008). Whereas western gray foxes
often occur in scrub habitats, which are common in western
and central Texas, eastern gray foxes tend to be associated
with woodlands (Fritzell and Haroldson 1982). Additionally,



116

Journal of Heredity, 2023, Vol. 114, No. 2

CcO

| cA [NV NM |

Texas

East

= T A

Estimated coancestry

105

88.

\ East \

Texas

| cA [Nv| CcO|
NM

Fig. 3. Symmetrical coancestry matrix of 259 individual gray foxes and dendrogram of inferred groups from fineRADStructure. The heat map depicts
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eastern (yellow) and western (blue) lineages. In addition to the primary split, all individuals sampled from the highlighted geographic regions clustered
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the long-term isolation and accumulation of genomic differ-
entiation via natural selection and/or drift in separate habitats
could have created genomic incompatibilities (Delph et al.
2016; Kuo et al. 2019). Thus, admixed individuals could be
less fit than parental types, which could reduce introgression
with or without habitat preferences. Further work is needed
to accurately time the age of the contact zone and determine
whether observed levels of gene flow are indicative of neutral
forces, or whether reproductive barriers may in fact be acting
to maintain boundaries between lineages.

Substructure within the western lineage

In addition to the main eastern and western split, we
documented additional substructure within the western lin-
eage in FastStructure, PCA, and fineRADStructure. Several
well-recognized glacial refugia occurred in western North
America, which could explain the divergence observed in the
western lineage. For example, California served as a glacial
refugium for multiple taxa and often contains distinct genetic
populations owing to the barrier effect of the Sierra Nevada
Mountains (e.g. Hull et al. 2010; Barrows et al. 2014; Puckett
et al. 2015). Furthermore, Northern Mexico and the desert
southwest also served as a glacial refugium for mammals
like western spotted skunks (Spilogale gracilis; Ferguson
et al. 2017), another widespread mesocarnivore in western

North America. The western lineage may also simply reflect
an isolation-by-distance relationship. Overall, substructure in
the western lineage is much less pronounced than the main
split between the eastern and western lineages, and requires
further sampling, particularly to the south in Mexico and
Central America, to examine if the western lineage underwent
further divergence during the Pleistocene or simply exhibits
isolation-by-distance.

Conclusions

Our genomic assessment of the gray fox indicates that diver-
gence between eastern and western lineages represents ancient
isolation during the mid-Pleistocene. The relatively narrow
zone of hybridization in the Great Plains suggests either that
secondary contact was very recent or that reproductive barriers
maintain distinctiveness between lineages. Gray fox join a
growing number of wide-ranging species that exhibit strong
divergence in North America (e.g. Dawson and Cook 2012;
Ferguson et al. 2017), but the Great Plains represents a rel-
atively rare area for secondary contact in carnivores. In the
future, more extensive geographic sampling, particularly in
Central and South America, and sequencing of whole genomes
can help to further clarify the evolutionary history and sys-
tematics of Urocyon. Such high-resolution genomes are par-
ticularly important for examining isolating mechanisms that
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analysis using the RelTree method (Tamura et al. 2012; Tao et al. 2020) based on 2 calibration points within the Vulpes clade (red nodes), indicating a
bias-corrected divergence estimate between eastern and western gray fox clades at 870,000 (95% Cl: 410,000 to 1,860,000) yr ago, during the mid-
Pleistocene. A bias correction factor of 1.23x was necessary to correct raw (biased) estimates within the Urocyon clade (e.g. 706,000, 95% CI: 333,000
to 1,500,000 yrs splitting eastern and gray foxes) to accommodate rooting to an ingroup, Canis, which was the sister taxon to Vulpes (see Methods).

underlie continued divergence in gray fox and potentially other
species that undergo secondary contact in the Great Plains.
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