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Abstract

Rocky Mountain red foxes Vulpes vulpes macroura potentially encounter other red fox Vulpes vulpes lineages at lower
elevations, which may include nonindigenous red foxes derived from fur farms. Introgression from nonindigenous red
foxes could have negative evolutionary consequences for the rare Rocky Mountain red fox subspecies. Red foxes at
high elevations in the Greater Yellowstone Ecosystem exhibit lighter coat colors than those at lower elevations,
potentially indicating that they represent the indigenous subspecies and that gene flow across the elevational gradient
is restricted. We collected tissue samples across a 1,750-m elevation range and examined mitochondrial DNA
sequences and nuclear DNA microsatellite genotypes to assess the ancestry and genetic population structure of red
foxes in the northern Greater Yellowstone Ecosystem. We also used reference samples from fur farm red foxes and
indigenous red foxes of the western United States to assess the extent of nonindigenous introgression across the
ecosystem. We found little overlap in the elevational distribution of maternally inherited mitochondrial DNA
haplotypes: above 1,600 m, we only found indigenous Rocky Mountain haplotypes (n¼4), whereas below 1,600 m, we
found haplotypes not indigenous to the Rocky Mountains (n¼ 5) that were associated with fur farms or indigenous to
the Great Plains. In contrast, biparentally inherited microsatellite variation showed little population structure across the
elevational gradient. Despite this evidence of nuclear gene flow across the elevational gradient, we found little fur farm
introgression in the microsatellite genotypes. It is possible that long-standing nuclear (but apparently not
mitochondrial) gene flow between Rocky Mountain red foxes and indigenous red foxes on the Great Plains explained
the low nuclear differentiation of these populations. Importantly, our results suggested that high elevations of the
northern Greater Yellowstone Ecosystem remained free of significant fur farm introgression. Mitonuclear discordance
could reflect sex-biased dispersal, which we hypothesize could be the effect of elevational differences in reproductive
phenology.
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Introduction

Major mountain ranges in the western United States
harbor endemic red fox Vulpes vulpes subspecies
collectively known as montane red foxes: Sierra Nevada
red fox Vulpes vulpes necator in the Sierra Nevada and
Oregon Cascades, Cascade red fox Vulpes vulpes casca-
densis in the Washington Cascades, and Rocky Mountain
red fox Vulpes vulpes macroura in the Rocky Mountains
(Hall and Kelson 1959; Kamler and Ballard 2002; Aubry et
al. 2009; Sacks et al. 2010). Montane red foxes share a
common ancestor that colonized North America via
Beringia before the Illinoian Glaciation (~191–130 kya)
up to 500 kya, but these red foxes became reproduc-
tively isolated in their respective subalpine habitat
islands after the end of the Pleistocene (Aubry et al.
2009; Statham et al. 2014). Red foxes at lower elevations
in the western United States, in contrast, may comprise a
mixture of expanding montane red foxes, other indige-
nous red foxes that derive from either the pre-Illinoian
Glaciation colonization or from a later colonization event
during the Wisconsin Glaciation (100–10 kya), or
nonindigenous red foxes associated with fur farms
(Kamler and Ballard 2002; Aubry et al. 2009; Sacks et al.
2010, 2016; Statham et al. 2012; Volkmann et al. 2015). In
the early 19th century, explorers Meriwether Lewis and
Prince Maximilian von Weid observed red foxes along the
Missouri River at elevations below 750 m (Moulton 2005;
Witte and Gallagher 2012); but today, most low-elevation
red foxes probably derive at least partly from fur farm red
foxes (Volkmann et al. 2015; Merson et al. 2017). Fur farm
red foxes, which were subject to captive breeding for
many generations, derive primarily from eastern North
American red foxes (which also originated before the
Illinoian Glaciation) and Alaskan red foxes (which
originated during the Wisconsin Glaciation), and they
were augmented with breeding stock from the Wash-
ington Cascades (Sacks et al. 2016; Lounsberry et al.
2016; Merson et al. 2017).

Introgression from low-elevation red foxes could
therefore have negative effects on indigenous montane
red foxes including the loss of locally adaptive traits,
outbreeding depression, and, in the case of extreme
genetic swamping, the alteration of functional ecological
roles (Allendorf et al. 2001; Carbyn and Watson 2001;
Sacks et al. 2011; Champagnon et al. 2012). The risk of

these threats may be increasing given that most of the
studied montane red foxes appear to be declining as
nonindigenous and admixed red foxes expand (Perrine
et al. 2007, 2010; Sacks et al. 2010; Statham et al. 2012;
Volkmann et al. 2015; Sacks et al. 2016). For example, the
U.S. Fish and Wildlife Service (USFWS) recently deter-
mined that a Sierra Nevada red fox population in
California was a candidate for endangered or threatened
species protection under the U.S. Endangered Species
Act (ESA 1973, as amended), citing ‘‘threats from
hybridization with nonnative red fox’’ (USFWS 2015).
Over the time that this indigenous population declined
in both range and size, nonindigenous red foxes in
California expanded to cover a nearly continuous
distribution at lower elevations (USFWS 2015; Sacks et
al. 2016). Understanding the distributions of and
interactions between indigenous and nonindigenous
red foxes is therefore important for the conservation of
North America’s indigenous montane red foxes.

Wide phenotypic variation among individual red foxes
can make it difficult to visually distinguish indigenous,
nonindigenous, and admixed individuals (Volkmann et al.
2015). In 1881, before the proliferation of fur farms in the
western United States, Yellowstone National Park super-
intendent P.W. Norris described its indigenous red foxes
as ‘‘numerous and of various colors, the red, grey, black,
and the cross varieties (most valuable of all) predomi-
nating in the order named’’ (Fuhrmann 1998). Yet above
2,300 m in the Greater Yellowstone Ecosystem (GYE), red
foxes exhibit a significant frequency of blonde and gray
pelages (Figure 1) that are lighter than the common red
pelage more frequent at lower elevations (Crabtree 1998;
Fuhrmann 1998; Swanson et al. 2005). These high-
elevation red foxes possess other traits that are beneficial
in a montane environment, such as large, fur-covered
feet that Fuhrmann (1998) calculated to have over-snow
weight loading capabilities comparable to those of
Canada lynx Lynx canadensis. Swanson et al. (2005) also
detected significant genetic differentiation between red
foxes from three elevation groups in the GYE: above
2,300 m where lighter coat colors are frequent; between
2,300 m and 1,600 m where montane habitats transition
into nonmontane habitats; and below 1,600 m where
nonmontane habitats including agricultural and urban
development dominate the landscape. These findings
suggest that high-elevation red foxes in the GYE are a
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remnant population of the Rocky Mountain subspecies
and that gene flow between these elevational groups is
restricted despite the continuous distribution of red
foxes across the ecosystem and the absence of
geographic barriers between elevation groups (Fuhr-
mann 1998; Swanson et al. 2005).

Our primary objective was to test the hypotheses of
Fuhrmann (1998) and Swanson et al. (2005) that the
GYE’s high-elevation red foxes are indigenous and
genetically isolated by assessing the ancestry and the
genetic diversity and population structure of red foxes
across a 1,750-m elevational gradient in the northern
GYE. To determine whether any elevational gene flow
was natural or anthropogenic, we also assessed the
extent of fur farm red fox introgression across the
ecosystem. For matrilineal ancestry, we compared
mitochondrial DNA (mtDNA) sequences from samples
collected across three elevation groups in the GYE to
haplotypes cataloged in a previous phylogeographic
study (Aubry et al. 2009). For genetic diversity and
population structure, we used nuclear DNA (nuDNA)
microsatellite genotypes from our GYE samples to
estimate diversity metrics and conduct assignment tests.
We also investigated sex-biased gene flow by using
population differentiation estimates (FST) from both
maternally inherited mtDNA and biparentally inherited
nuDNA, as that could help explain differences between
results based on mtDNA sequences or microsatellite
genotypes. And to assess fur farm introgression and
paternal ancestry in the GYE, we performed an additional
assignment test after adding genotypes from reference
samples of known origin from fur farm red foxes and
indigenous red foxes from other Rocky Mountain
populations (Sacks et al. 2010, 2016). These reference

samples provided a broader phylogenetic context than
was available for the previous GYE studies.

Methods

Samples
We collected tissue samples from red foxes in the

northern GYE (Figure 2) across the three elevation
groups defined by Swanson et al. (2005): high (.2,300
m; n ¼ 10), middle (1,600–2,300 m; n ¼ 11), and low
(,1,600 m; n¼ 7). Our high-elevation area was centered
on Beartooth Lake (44.9458N, 109.5898W) in the Sho-
shone National Forest, Wyoming. The middle-elevation
area was centered on the Lamar Valley (44.8988N,
110.2568W) in Yellowstone National Park, Wyoming,
approximately 55 km west of Beartooth Lake. The low-
elevation area surrounded the high- and middle-eleva-
tion areas within a 150-km radius of the high-elevation
area. Land cover ranged from alpine tundra and
subalpine forests and parklands at high elevations to
montane forests and sagebrush steppe at middle
elevations to xeric plains, riparian corridors, and devel-
oped lands at low elevations.

For the high-elevation group, we obtained tissue
samples primarily through live trapping. We used
number 1.5 soft catch, center swivel, padded steel
leghold traps (Woodstream Corp., Lititz, PA) and
plywood box traps measuring 0.46 m wide, 0.6 m high,
and 1.22 m long (Keith Van Etten, Cooke City, MT) for 1
mo in spring 2012 (308 trap nights; one capture); log
cabin traps (Figure 3; Copeland et al. 1995) built on site
measuring 1 m wide, 1 m high, and 1.75 m long for 3 mo
in winter 2013 (115 trap nights; eight captures including
four recaptures); and log cabin traps for 3 mo in winter
2014 (173 trap nights; four captures including one
recapture). By spacing traps about 2 km apart along a
12-km trapline, we expected to target up to 25 individual
red foxes, assuming a continuous distribution of 4-km2

territories each with a resident breeding pair and one
‘‘helper’’ yearling female (Hersteinsson and Macdonald
1982; Fuhrmann 1998; Crabtree and Sheldon 1999). We
restrained captured red foxes without chemical immo-
bilization by using an animal control pole (Ketch-All, San
Luis Obispo, CA); wood chomp bit; and electrical tape
securing the jaws, a blindfold, electrical tape securing the
feet, and a heavy blanket. We then collected a tissue
sample with an ear punch, applied a topical antiseptic
(Dr. Naylor, Morris, NY) to the collection site, and
preserved the sample in ethanol or silica desiccant. For
the middle-elevation group, we used samples that were
collected between 2003 and 2005 for a previous study
(Van Etten et al. 2007) by using leghold and box traps
and with the handling methods described above. These
trapping and handling methods, which avoid the
physiological side effects of chemical immobilization,
followed American Society of Mammalogists guidelines
and were previously approved by the Colorado State
University Animal Care and Use Committee (Van Etten et
al. 2007; Sikes et al. 2011). For the entire low-elevation

Figure 1. A Rocky Mountain red fox Vulpes vulpes macroura
carrying 11 northern pocket gophers Thomomys talpoides along
the Beartooth Highway near Top of the World, Wyoming, on
May 24, 2012 (photo, P.R. Cross). This Rocky Mountain red fox,
photographed at 2,912-m elevation, displays a blonde and gray
coat color that, above 2,300 m in the Greater Yellowstone
Ecosystem, occurs at a significantly greater frequency than the
red coat color common at lower elevations (Swanson et al.
2005). He was retrieving prey caught in roadside meadows and
cached in the snow bank along the recently plowed highway,
to provision a den at 2,875 m.
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group, as well as to supplement the high- and middle-
elevation groups, we collected tissue samples opportu-
nistically between 2012 and 2016 from fur trappers (n¼
2) and roadkill (n ¼ 6): snow plow drivers, local law
enforcement, and area newspaper readers assisted in this
effort.

The fur farm reference samples were collected in
California (n ¼ 24) for a previous study (Sacks et al.
2016). Even though we did not have samples from local
fur farms, these California samples nevertheless provided
a valid nonindigenous fur farm reference due to the
shared ancestry of fur farm red foxes across North America
(Sacks et al. 2016; Merson et al. 2017). The indigenous
reference samples were collected in Idaho (n ¼ 16) and
Nevada (n¼5), also for a previous study (Sacks et al. 2010).
Our GYE samples and these reference samples were all
processed under the same procedures by the Mammalian
Ecology and Conservation Unit at the University of
California–Davis Veterinary Genetics Laboratory.

Laboratory procedures
We extracted DNA using the DNeasy tissue kit (Qiagen,

Hilden, Germany) following the manufacturer’s protocol.
All but one sample from the middle-elevation group

yielded usable DNA. We sequenced a portion of the
mtDNA cytochrome b gene by using primers RF14724
(5 0-CAACTATAAGAACATTAATGACC-30) and RF15149 (50-
CTCAGAATGATATTTGTCCTC-30) to amplify via polymer-
ase chain reaction (PCR) a 441-bp fragment, producing a
354-bp product after sequencing from RF14724 and
trimming (Perrine et al. 2007). We also amplified and
sequenced a portion of the D-loop to produce an ~400-
bp product (depending on indels) by using primers
VVDL1 (5 0-TCCCCAAGACTCAAGGAAGA-30) and VVDL6
(5 0-CAGAATGGCCCTGAGGTAAG-30), producing a 342-bp
product after sequencing from the VVDL1 primer and
trimming (Aubry et al. 2009). We sequenced fragments
using BigDye Terminator v3.1 (Applied Biosystems,
Foster City, CA) reagents and cycling conditions as
described previously (Perrine et al. 2007; Aubry et al.
2009).

We genotyped samples at 28 nuDNA microsatellite
loci (Table S1, Supplemental Material) in four multiplex
reactions by using previously published primers
(Ostrander et al. 1993, 1995; Holmes et al. 1998; Moore
et al. 2010). We amplified markers via PCR of 1 lL of DNA
(extract diluted 1:100 in sterile water), fluorescently
labeled primers (6-FAM, VIC, NED, PET; Applied Biosys-
tems), and Qiagen multiplex PCR kit reagents including
‘‘Q-solution,’’ according to the manufacturer’s protocol
with annealing temperature set at 588C. We electropho-
resed PCR products along with an internal size standard,
Genescan 500 LIZ (Applied Biosystems), on an ABI 3730
capillary sequencer (Applied Biosystems) and called
alleles manually by using program Strand v.2.4.113
(Toonen and Hughes 2001). Our high-quality tissue
samples yielded clearly defined genotypes, so we
accepted initial genotype scores without double-scoring,
while we manually scanned through allele calls to ensure

Figure 3. Camera trap image of a log cabin trap on the
Beartooth Plateau in northwestern Wyoming, with a Rocky
Mountain red fox Vulpes vulpes macroura about to enter it on
March 16, 2013 (photo, P.R. Cross). We predominantly used this
type of trap in our sample collection.

Figure 2. Map of the Greater Yellowstone Ecosystem in
Montana, Wyoming, and Idaho, with the study area where we
collected red fox Vulpes vulpes tissue samples between 2003
and 2016 circled in red. Background image courtesy of the U.S.
Geological Survey–Interagency Grizzly Bear Study Team.
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consistency between our GYE dataset and the reference
dataset.

Relatedness
We first used microsatellite genotypes to identify

closely related individuals within each elevation group
by using ML-Relate (Kalinowski et al. 2006), given that
their inclusion could lead to overestimates of population
structure (Gariboldi et al. 2016; Oklander et al. 2017; but
see Waples and Anderson 2017). After estimating the
putative relationship (parent-offspring, full-sibling, half-
sibling, or unrelated) between each pair of samples
based on maximum likelihood, we conducted likelihood
ratio tests against alternative hypotheses (e.g., full-sibling
for any putative parent-offspring pair) in 200,000
simulations to assess whether the putative relationship
fit the data better than the alternative relationship,
disregarding any putative relationship with an insignif-
icant (P . 0.05) difference. We then created a data
subset that excluded one individual from each remaining
pair of first-order relatives (the offspring in any parent-
offspring pair, and a randomly selected sibling in any full-
sibling pair) and tested it against the dataset with all
samples to determine whether including first-order
relatives would cause an overestimate of population
structure. To do this, we used Genepop 4.3 (Rousset
2008) to compare pairwise FST for the three elevation
groups within each respective dataset, expecting differ-
ent FST estimates if the inclusion of first-order relatives
affected population structure estimates. We then chose
the dataset with the most conservative population
structure estimates (i.e., lowest FST estimates) for
subsequent analyses of genetic diversity and population
structure.

Matrilineal ancestry and genetic diversity
We combined sequence data from the linked mtDNA

cytochrome b gene and D-loop into a composite
haplotype for each sample and compared these to
previously published reference haplotypes using the
same nomenclature: alphabetic or alphanumeric cyto-
chrome b component, hyphen, numeric D-loop compo-
nent (e.g., A-43 and A3-59; Sacks et al. 2010). These
reference haplotypes were drawn from historical (pre-
1940) specimens collected across the red fox’s circum-
boreal range, and they phylogenetically fall into two
distinct clades: (1) the Nearctic clade that originated in
North America before the Illinoian Glaciation, further
divided into the ‘‘mountain’’ and ‘‘eastern’’ subclades,
and (2) the Holarctic clade that entered North America
during the Wisconsin Glaciation (Aubry et al. 2009).
These haplotypes have been used to identify red foxes of
indigenous and nonindigenous (i.e., fur farm) ancestry in
other studies across North America (reviewed by Merson
et al. 2017). To visualize mtDNA structure in this sample,
we constructed a median-joining network of observed
haplotypes by using Network 5.0 (Fluxus Engineering,
Clare, Suffolk, UK), weighting substitutions on the

cytochrome b component twice those on the faster
mutating D-loop component (Bandelt et al. 1999; Sacks
et al. 2010; Merson et al. 2017). We calculated haplotype
diversity for each elevation group with Arlequin 3.5.2.2
(Excoffier et al. 2005) and mtDNA FST among elevation
groups with Genepop 4.3.

Nuclear genetic diversity, population structure, and

ancestry
Using microsatellite genotypes and Genepop 4.3, we

calculated expected heterozygosity (He) and observed
heterozygosity (Ho) and tested for deviations from
Hardy–Weinberg proportion (HWP; assessed by using
FIS estimates relating the population’s average deviation
from HWP) and linkage disequilibrium (LD) among loci
within each elevation group. Because our sample size
was small, we had low power to detect deviations from
HWP or to detect LD. Therefore, to be conservative (i.e.,
more likely to detect deviations when none actually
existed), we did not correct for multiple tests. We
assessed genetic diversity by comparing overall allelic
richness and richness of private alleles for all elevation
group pairs calculated using HP-Rare, a statistical
technique that uses rarefaction to adjust for differences
in sample size (Kalinowski 2005). We used Genepop 4.3
to estimate nuDNA FST among elevation groups.
Together with mtDNA FST estimates, we used these
nuDNA FST estimates to estimate the ratio of male-to-
female migrants per generation between elevation
groups to investigate sex-biased gene flow (Hedrick et
al. 2013).

Next, we assessed genetic population structure. We
first examined the effect of isolation by distance (IBD;
Wright 1943) by using individual-based Mantel tests for
correlation between genetic distance (the proportion of
shared alleles [Bowcock et al. 1994] calculated with the
‘‘adegenet’’ R package) and both geographic and
elevational distances, performed with the ‘‘ecodist’’ R
package (Goslee and Urban 2007; Jombart 2008; R Core
Team 2013). Then, we performed assignment tests with
Structure 2.3.4 (Pritchard et al. 2000). To determine
whether more than one discrete genetic cluster was
present in our GYE dataset without imposing a priori
elevation categories, we first performed a series of
Structure runs with the number of clusters (K) ranging
from one to six. We ran 10 iterations for every K-value,
each with 100,000 repetitions following a 100,000
repetition burn-in period, by using the admixture model
and correlated allele frequencies (Falush et al. 2003). We
then used Structure Harvester to compute DK, a function
of the standard deviation between iterations for each K-
value and the rate of change in the natural log
probability of the data [LnP(K)] between successive K-
values (Evanno et al. 2005; Earl and vonHoldt 2012). After
selecting the K-value with the greatest DK and mean
LnP(K) to represent the most likely number of distinct
clusters, we selected its iteration with the greatest LnP(K)
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to estimate the proportion of ancestry (q) derived from a
given cluster.

Finally, to assess nuclear ancestry and the effect of
nonindigenous introgression, we performed an addition-
al Structure analysis with K¼ 2 and the same parameters
as mentioned above, but this time included the
reference genotypes of known ancestry along with our
GYE genotypes of unknown ancestry. We used the q-
values from this Structure analysis to determine whether
the GYE individuals were of indigenous red fox ancestry
(q . 0.85 for the cluster corresponding with the
indigenous reference samples), nonindigenous fur farm
red fox ancestry (q . 0.85 for the cluster corresponding
with the fur farm red fox reference samples), or admixed
ancestry (0.15 , q , 0.85 for either cluster). These
thresholds are based on the 90% confidence interval for
correct assignment of the reference samples of known
ancestry (Merson et al. 2017).

Results

Relatedness
We identified three parent-offspring pairs and one full-

sibling pair in the high-elevation group. All of these
putative relationships fit the microsatellite genotype
data (Table S2, Supplemental Material) significantly better
than did their alternative relationships. Therefore, we
removed the offspring (one of which was represented
twice with both its mother and its father) and one of the
full siblings from the data subset excluding first-order
relatives. We then found lower FST estimates (6SE)
between the high-elevation group and the middle- and
low-elevation groups, respectively, in the data subset
excluding first-order relatives (FST¼ 0.007 6 0.011, FST¼
0.020 6 0.014) than in the dataset including all samples
(FST ¼ 0.017 6 0.012, FST ¼ 0.036 6 0.014), indicating
greater (and possibly biased) population structure
estimates in the more inclusive dataset. We therefore
used the more conservative data subset that excluded
first-order relatives for subsequent analyses of genetic
diversity and population structure. In addition to these
first-order relatives, we also identified three putative
second-order relative pairs (e.g., half-sibling, grandpar-
ent–grandchild, uncle–nephew relationships) in the
high-elevation group and four putative second-order
relative pairs in the middle-elevation group. We did not
identify any related individuals in the low-elevation
group.

Matrilineal ancestry and genetic diversity
We observed nine haplotypes in the combined mtDNA

sequence fragments (Table S3, Supplemental Material),
defined by 1 to 18 substitutions among 26 variable
nucleotides, with a mean of 9.72 substitutions (Table 1;
Figure 4). The average haplotype diversity estimates
were 0.56 (60.07) in the high-elevation group, 0.64
(60.15) in the middle-elevation group, and 0.95 (60.10)
in the low-elevation group. The high- and middle-

elevation groups (.1,600 m) had exclusively indigenous
Rocky Mountain haplotypes: A-19, A-43, A3-59, and A3-
276, the last of which included a novel D-loop haplotype
(i.e., 276; GenBank accession MF281057) that differed
from the A3-59 haplotype by one substitution. The low-
elevation group (,1,600 m) had the greatest haplotype
diversity, including one indigenous Rocky Mountain
haplotype (A-43), one montane haplotype historically
from the Washington Cascades but associated with
modern fur farms (O-24), three eastern haplotypes (F-9,
F-12, F5-9), and one holarctic haplotype (N-277) with a
novel D-loop haplotype (i.e., 277, GenBank accession
MF281058) that differed from the fur farm haplotype N-7
by two substitutions. We did not detect any European
haplotypes, nor have previous studies in the western
United States (e.g., Statham et al. 2012; Volkmann et al.
2015; Merson et al. 2017), failing to support previous
hypotheses (i.e., Kamler and Ballard 2002) that low-
elevation red foxes in the western United States
descended from European red foxes introduced along
the U.S. East Coast in the 18th century.

Our FST estimates for mtDNA were correspondingly
lower between high and middle elevations (FST ¼ 0.030)
than between high and low elevations (FST¼ 0.170) and
middle and low elevations (FST ¼ 0.190). Given the
similarity between the high- and middle-elevation
groups, we also estimated FST between the combined
high- and middle-elevation groups and the low-elevation
group (FST¼ 0.197). The SE calculations for these mtDNA
FST estimates are not available because haplotypes
represented single markers.

Nuclear genetic diversity, population structure, and
ancestry

For microsatellite genotypes, He was similar among
elevation groups, but Ho was higher in the middle-
elevation group than in the other two groups, which had
similar Ho to each other (Table 2). None of the elevation
groups was significantly out of HWP (FIS ¼ 0.081; P ¼
0.527). Two individual loci were significantly out of HWP
in the high-elevation group, and one was significantly
out of HWP in the low-elevation group. Ten pairs of loci
(2.64%) exhibited LD in the high-elevation group, eight
pairs (2.12%) in the middle-elevation group, and two
pairs (0.53%) in the low-elevation group. No individual
loci were out of HWP in more than one group, nor did
any pairs of loci exhibit LD in more than one group,
suggesting deviations can be explained by substructure
or by false positives due to not adjusting for multiple
tests, rather than by null alleles or other locus-specific
issues. After rarefaction, allelic richness was similar
among elevation groups, although private allelic richness
was greatest in the low-elevation group and least in the
high-elevation group.

Relative to mtDNA, FST estimates for microsatellites
were generally low, but as with mtDNA, the lowest FST

estimate (which did not differ significantly from zero)
was between the high- and middle-elevation groups (FST
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¼ 0.007 6 0.011). The FST estimates were only slightly
higher between the high- and low-elevation groups (FST

¼ 0.020 6 0.014) and the middle- and low-elevation
groups (FST ¼ 0.026 6 0.011). However, because there
was minimal differentiation between the high- and
middle-elevation groups to begin with, we also estimat-
ed FST between the combined high- and middle-
elevation groups and the low-elevation group (FST ¼
0.022 6 0.009) as we did with the mtDNA FST estimates.
With these results and the methods described by Hedrick
et al. (2013), we estimated a ratio of 4.4 male migrants
per generation for every female migrant between the
combined high- and middle-elevation groups and the
low-elevation group, assuming similar effective popula-
tion sizes between sexes and other assumptions
described by Hedrick et al. (2013).

We detected significant IBD with both geographic
distance (Mantel r ¼�0.209; P ¼ 0.019) and elevational
distance (Mantel r ¼�0.166; P ¼ 0.015). However, these
explanatory variables were themselves correlated (Man-
tel r ¼ 0.605; P ¼ 0.001). So, we also performed partial
Mantel tests for each variable controlling for the
opposite variable to attempt to determine which
variable was most likely causative. But neither of these
tests yielded significant results; therefore, we could not
determine whether geographic distance alone, eleva-
tional distance alone, or both geographic and elevational
distance together affected genetic distance in our
sample.

Within our GYE dataset alone, we found the greatest
DK and mean LnP(K) when K ¼ 2, although K ¼ 1
produced a nearly identical LnP(K) (Figure 5). Never-
theless, to specifically test whether individuals in the
GYE formed two discrete genetic clusters correspond-
ing to high and low elevations, we forced genotypes
into two genetic clusters (i.e., conducted an analysis at
K ¼ 2) and visualized each individual’s respective q-
values as a pie chart plotted by sampling location on a
digital elevation model (Figure 6). This analysis
indicated predominantly high or low q-values, contrary
to the expectation that most genotypes would have
intermediate q-values had the dataset represented one
panmictic population. One cluster only had high q-
values (.0.85) among individuals in the high- and
middle-elevation groups, whereas the other cluster had
high q-values among individuals across all three
elevation groups. Therefore, population structure did

not appear to correspond to elevational barriers to

gene flow; instead, IBD may have been the primary

driver of the population structure we observed.

After adding the reference samples of known ancestry

(Table S2), our GYE samples of unknown ancestry

predominantly clustered (q . 0.85) with the indigenous

reference samples (Figure 7). This included all of the

samples in the high-elevation group. One sample from

the middle-elevation group with an A-43 mtDNA

haplotype had some admixture with fur farm stock.

Three low-elevation samples carrying the fur farm–

associated O-24 haplotype and the novel N-277 haplo-

type, which is closely related to the fur farm–associated

N-7 haplotype, had some admixture with fur farm stock

(these samples were also the lowest and easternmost in

the dataset). No GYE samples had ‘‘pure’’ fur farm

ancestry.

Figure 4. Network plot of cytochrome b and D-loop composite
haplotypes detected among 27 red foxes Vulpes vulpes sampled
in the northern Greater Yellowstone Ecosystem in Wyoming
and Montana between 2003 and 2016. Haplotypes are
individually labeled according to the nomenclature established
in previous North American red fox studies (Sacks et al. 2010),
whereas groups of haplotypes are labeled by previously
identified clades (Aubry et al. 2009). These include the Nearctic
clade that originated in North America before the Illinoian
Glaciation (191–130 kya), which is geographically divided into
Mountain and Eastern subclades, and the Holarctic clade that
arrived in North America during the Wisconsin Glaciation (100–
12 kya). Pie charts show the distribution of each haplotype
among three elevational sampling groups: high (n¼10), middle
(n¼ 10), and low (n¼ 7). We used these data to assess ancestry
across the elevational gradient.

Table 1. Mitochondrial DNA haplotypes detected among 27 red foxes Vulpes vulpes sampled across three elevation groups in the
northern Greater Yellowstone Ecosystem in Montana and Wyoming between 2003 and 2016. Groups of haplotypes are identified as
Rocky Mountain haplotypes associated with Rocky Mountain red foxes Vulpes vulpes macroura or non–Rocky Mountain haplotypes
associated with other red foxes (Aubry et al. 2009).

Elevation (m)

Rocky Mountain haplotype Non–Rocky Mountain haplotype

A-19 A-43 A3-59 A3-276 O-24 F-9 F-12 F5-9 N-277

High (.2,300) — 5 5 — — — — — —

Middle (1,600–2,300) 1 2 6 1 — — — — —

Low (,1,600) — 1 — — 1 1 1 1 2
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Discussion

Our findings supported the hypothesis that red foxes
at high elevations in the GYE represented an indigenous
population. We found little overlap in the distribution of
mtDNA haplotypes, with exclusively indigenous Rocky
Mountain red fox haplotypes above 1,600 m and a
variety of nonmontane and nonindigenous haplotypes
below 1,600 m. But low nuDNA FST estimates and
evidence of weak population structure between high-
and low-elevation populations indicated greater nuDNA
gene flow across all elevations than previously reported
(Swanson et al. 2005). Those results failed to support the
hypothesis that the high-elevation red foxes were
genetically isolated from those at lower elevations.

Of all the potential drivers of mitonuclear discordance
such as we observed in our contrasting mtDNA and
nuDNA results (reviewed in Toews and Brelsford 2012),
male-biased dispersal across the elevation gradient
seemed to be the most likely. Our finding of greater
structuring in mtDNA compared to nuDNA and our
estimate of male gene flow that was nearly 4.5 times
greater than female gene flow, which was similar to
previous estimates for red foxes (Sacks et al. 2016),
support this conclusion. We hypothesize that synchrony
between female reproductive physiology and local
phenology prevents females entrained to low-elevation
conditions from successfully recruiting kits at high
elevations. Emergence from natal dens around the time

of spring green-up (when weather conditions are mild
and food availability is greatest) is likely adaptive, in
which case deterministic reproductive events such as
estrus and parturition should be timed accordingly.
Spring green-up occurs later at higher elevations: 2014
Moderate Resolution Imaging Spectroradiometer
(MODIS) phenology data and Snow Telemetry (SNOTEL)
data showed spring conditions beginning roughly 2 mo
later in our high-elevation area compared to our low-
elevation area. In 2014, we also observed red fox kits at
dens around 2,450 and 2,770 m that were less developed
in June than kits observed a month earlier at 1,320 m,
suggesting a corresponding difference in parturition
time (P.R. Cross, unpublished data). This hypothesis
could potentially be tested noninvasively by sampling
urine across an elevation gradient to quantify reproduc-
tive hormones.

Despite the presence of nonmontane mtDNA haplo-
types in the low-elevation area and the evidence of
nuDNA gene flow across all elevations, our admixture

Table 2. Genetic diversity of 24 unrelated red foxes Vulpes vulpes sampled across three elevation groups in the northern Greater
Yellowstone Ecosystem in Montana and Wyoming between 2003 and 2016, based on genotypes from 28 microsatellite loci. Data
(with standard error [SE] estimates) include sample size (n), expected (He) and observed (Ho) heterozygosity, overall and private
rarefied allelic richness (AR), and deviation from Hardy–Weinberg proportion test results (FIS) and their P-values (significant when P
, 0.05).

Elevation (m) n He 6 SE Ho 6 SE Overall AR 6 SE Private AR 6 SE FIS P

High (.2,300) 7a 0.70 6 0.03 0.65 6 0.04 4.30 6 0.27 0.42 6 0.10 0.05 0.53

Middle (1,600–2,300) 10 0.72 6 0.03 0.74 6 0.04 4.53 6 0.30 0.64 6 0.16 �0.01 0.63

Low (,1,600) 7 0.71 6 0.03 0.67 6 0.04 4.60 6 0.36 0.87 6 0.20 0.08 0.59

a We removed genotypes from three first-order relatives before analysis.

Figure 5. Assessments of the probability of the number of
distinct clusters (K) among the genotypes of 24 unrelated red
foxes Vulpes vulpes sampled in the northern Greater Yellow-
stone Ecosystem in Montana and Wyoming between 2003 and
2016, calculated with Structure Harvester (Earl and VonHoldt
2012) based on Structure (Pritchard et al. 2000) assignment test
results.

Figure 6. Geographic distribution of 27 red fox Vulpes vulpes
tissue samples collected in the northern Greater Yellowstone
Ecosystem in Montana and Wyoming between 2003 and 2016.
Plotted on a 30-m digital elevation model, samples are labeled
by mitochondrial DNA haplotype (Sacks et al. 2010) and divided
by elevation group (high: .2,300 m; middle: 1,600–2,300 m;
low: ,1,600 m). Pie charts show proportion of assignment to
each of K¼ 2 clusters determined from a Structure (Pritchard et
al. 2000) assignment test of unrelated samples (n ¼ 24).
Unassigned (clear) samples are from first-order relatives (n¼ 3)
whose genotypes we excluded from the assignment test.
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analysis that included reference genotypes from fur farm
red foxes found little evidence of fur farm introgression
in the GYE as a whole, and none in the high-elevation
group. All but one of the samples carrying indigenous
Rocky Mountain red fox mtDNA haplotypes likewise had
indigenous red fox nuDNA ancestry, whereas none of the
samples, including those with mtDNA haplotypes
associated with fur farms, had pure nonindigenous
nuDNA ancestry. These results were similar to those of
Merson et al. (2017) in Colorado in finding higher nuclear
than mitochondrial gene flow across elevations. But they
contrasted in that the gene flow from low-to-high
elevations in Colorado reflected primarily fur farm
introgression, whereas that in the present study ap-
peared to be primarily indigenous Great Plains gene
flow. Although it is possible that more sampling could
detect individuals with greater fur farm introgression in
the GYE, the minimal amount that we detected is
notable especially considering the wide spatial distribu-
tion of the low-elevation group.

The three admixed individuals we sampled from the
low-elevation group carried mtDNA haplotypes that
were either associated with fur farms (i.e., O-24) or
closely related to fur farm–associated haplotypes (i.e., N-
277). In the early 20th century, there were fur farms with
red foxes in Red Lodge, Montana (1,700 m), and Cody,
Wyoming (1,520 m), close to where we found those three
samples (Cole and Shackleford 1943; Clayton 2008). Red
foxes that escaped or were released from these fur farms
may have contributed to that introgression. Yet none of
the foxes carrying eastern mtDNA haplotypes (F-9, F-12,
F5-9) exhibited evidence of fur farm introgression.
Although these haplotypes have been associated with
fur farms (Merson et al. 2017), the western edge of their
natural, historical distribution was unknown (Statham et
al. 2012). Findings here suggest that they, and possibly
the novel N-277 haplotype, may indeed derive from the

indigenous Great Plains lineages observed by Captain
Lewis in 1805 and Prince Maximilian in 1834.

Therefore, our results support the persistence of
indigenous red foxes at both high and low elevations
in the GYE, and we suggest they reflect a natural coming-
together of Rocky Mountain red foxes and indigenous
red foxes of the Great Plains. Small amounts of fur farm
admixture notwithstanding, the gene flow between
these two prehistorically distinct indigenous populations
presents a valuable study system for the evolutionary
interplay between local adaptation and gene flow in the
context of secondary contact. Future research could
investigate the timescale of secondary contact between
these two indigenous populations, whether it was during
the Pleistocene or more recently, as well as genomic
consequences of this secondary contact. Moreover,
phylogeographic analyses of museum specimens and
modern samples could help to clarify the present-day
distribution of indigenous red foxes on the Great Plains
as a whole. Compared to montane red foxes, those on
the northern Great Plains have received little scientific
attention. A better understanding of these low-elevation
red foxes would benefit our knowledge of its contribu-
tion to population dynamics, locally adapted traits, and
other distinguishing features of indigenous red foxes in
the western United States. This is especially true in the
GYE where red foxes indigenous to the Great Plains,
along with Rocky Mountain red foxes, apparently remain
an important part of a natural system.
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Table S1. Microsatellite loci used to assess related-
ness, genetic diversity, genetic population structure, and
nonindigenous introgression among 27 red fox Vulpes
vulpes samples collected in the northern Greater Yellow-
stone Ecosystem in Montana and Wyoming between
2003 and 2016.

Found at DOI: https://doi.org/10.3996/092017-JFWM-
073.S1 (16 KB XLS).

Table S2. Microsatellite genotypes from red foxes
Vulpes vulpes, including 27 individuals sampled in the
northern Greater Yellowstone Ecosystem (GYE) in Mon-
tana and Wyoming between 2003 and 2016 across three
elevation groups (high: .2,300 m; middle: 1,600–2,300
m; low: ,1,600 m); 24 nonindigenous fur farm red fox
reference samples collected in California between 1996
and 2010 (Sacks et al. 2016); and 21 indigenous red fox
reference samples collected from Rocky Mountain
populations in Idaho (n ¼ 16) and Nevada (n ¼ 5)
between 1880 and 2008 (Sacks et al. 2010). We used
these to assess relatedness, isolation by distance, and
nuclear genetic diversity and population structure across
a 1,750-m elevational gradient in the GYE, as well as the
degree of indigenous Rocky Mountain ancestry and fur

Figure 7. Structure (Pritchard et al. 2000) assignment test (K¼
2) of 24 red fox Vulpes vulpes samples of unknown ancestry
collected in the northern Greater Yellowstone Ecosystem (GYE)
in Montana and Wyoming between 2003 and 2016, which are
subdivided by elevation (high: .2,300 m; middle: 1,600–2,300
m; low: ,1,600 m), along with 24 nonindigenous fur farm red
fox reference samples collected in California between 1996 and
2010 (Sacks et al. 2016) and 21 indigenous red fox reference
samples collected in the Rocky Mountains in Idaho (n¼ 16) and
Nevada (n ¼ 5) between 1880 and 2008 (Sacks et al. 2010).
Cluster membership coefficient (q) thresholds for indigenous
Rocky Mountain ancestry (q , 0.15), nonindigenous fur farm
ancestry (q . 0.85), and admixed ancestry (0.15 , q , 0.85) are
marked with gray lines. Mitochondrial DNA haplotype labels are
included for admixed GYE samples.
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farm introgression there. Sample identifications (indicat-
ing sex [M, male; F, female] and radio collar frequency
[live-capture] or nearest landmark [roadkill or harvest] for
GYE samples or state of origin and an identifier number
for reference samples) and sampling group are listed for
all samples, whereas elevation and sample site coordi-
nates are listed for the GYE samples. Diploid genotypes
of three-digit alleles are then listed in columns labeled by
microsatellite locus (see Table S1).

a Individual whose genotypes we excluded from
isolation by distance, genetic diversity, population
structure, and ancestry analyses after we identified it as
a first-order relative of another individual in the dataset.

Found at DOI: https://doi.org/10.3996/092017-JFWM-
073.S2 (30 KB XLS).

Table S3. Mitochondrial DNA (mtDNA) data from 27
red foxes Vulpes vulpes sampled in the northern Greater
Yellowstone Ecosystem in Montana and Wyoming
between 2003 and 2016, used in matrilineal ancestry
and genetic diversity analyses. Sample identifications
indicate sex (M, male; F, female) and radio collar
frequency for live-captured individuals or nearest
landmark for harvested or roadkilled individuals. The
mtDNA haplotype identification nomenclature is con-
sistent with previously published studies (Sacks et al.
2010). The ‘‘abridged composite haplotype sequences’’
provided are variable sites within the 354-bp cyto-
chrome b and 342-bp D-loop composites analyzed,
followed by columns containing the entire sequences of
the cytochrome b and D-loop haplotypes, respectively,
of that composite.

a Individual whose sequence we excluded from the
genetic diversity analysis after we identified it as a first-
order relative of another individual in the dataset.

Found at DOI: https://doi.org/10.3996/092017-JFWM-
073.S3 (24 KB XLS).

Reference S1. Fuhrmann RT. 1998. Distribution,
morphology, and habitat use of the red fox in the
Northern Yellowstone Ecosystem. Master’s thesis. Boze-
man: Montana State University.

Found at DOI: https://doi.org/10.3996/092017-JFWM-
073.S4 (7.84 MB PDF).
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