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Abstract

The Cascade red fox (CRF) occurred historically throughout subalpine and alpine habitats in the Cascade Range of Washing-
ton and southernmost British Columbia, but now appears to be extremely rare. Causes for its apparent decline are unknown,
as is the current distribution and connectivity of its populations. Additionally, the introduction of nonnative (fur-farm) red
foxes to surrounding lowland areas during the past century raises concerns about their expansion to higher elevations and
potential hybridization with the CRF. We conducted noninvasive genetic sampling and analyses of CRFs in a 5575 km?
region in the southern portion of its range, which is thought to contain a significant proportion of the current population.
We obtained 154 mitochondrial DNA sequences and microsatellite genotypes for 51 individuals to determine trends in
genetic diversity, assess evidence for nonnative introgression, and describe population structure. Although heterozygosity
(H.=0.60, SE=0.03) was only slightly lower than an estimate obtained from samples collected during the 1980s (H,=0.64,
SE=0.05), genetic effective size of the current population based on a one-sample estimate was very small (N,=16.0, 95%
CI 13.3-19.4), suggesting a loss of genetic diversity and the potential for inbreeding depression in future decades. Genetic
connectivity was high and we found no evidence for hybridization with nonnative lowland red foxes. Thus, although a small
effective population size indicates the possibility of inbreeding depression and loss of evolutionary potential, high connec-
tivity and genetic integrity could mitigate this to some extent, indicating that the population could respond to conservation
efforts. Ultimately, successful conservation of this species depends on a better understanding of the factors that originally
contributed to its decline and that currently limit its growth.

Keywords Cascade red fox - Genetic diversity - Genetic effective size - Mountain biome - Montane red fox - Population
structure - Range contraction - Vulpes vulpes cascadensis

Introduction

In the American West, many carnivores suffered substan-
tial declines in distribution and abundance, including wide-
spread extirpations of predators, during the past century
(Laliberte and Ripple 2004; Zielinski et al. 2005). Many
historical threats, such as overharvest and predator-control
programs, were eliminated, and some species have begun
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to recover and recolonize portions of their former range
(McKelvey et al. 2014; Maletzke et al. 2016). However,
habitat loss and fragmentation due to timber extraction, road
building, and human development and recreation continue
to impact carnivore populations (Bunnell et al. 2006; Nelle-
mann et al. 2010). Additionally, carnivores face new threats
associated with climate change (Parmesan 2006; Hansen
et al. 2014) that in some cases could prevent their recovery.
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Among those mesocarnivores most threatened by con-
temporary environmental changes are indigenous red foxes
(Vulpes vulpes). Four native subspecies of red fox occur in
the western United States, including three montane subspe-
cies—Cascade (V. v. cascadensis), Rocky Mountain (V.
v. macroura), and Sierra Nevada (V. v. necator) red foxes
(Aubry et al. 2009)—and the lowland Sacramento Valley red
fox (V. v. patwin; Sacks et al. 2010). These native subspecies
represent remnant populations of a red fox lineage that was
broadly distributed in open-forest refugia south of the ice
sheets between 100,000 and 10,000 years ago during the
last Pleistocene glaciation (Pielou 2008; Aubry et al. 2009;
Statham et al. 2014). Today, their populations occur primar-
ily in geographically restricted, high-elevation areas scat-
tered throughout the major mountain ranges of the American
West (Swanson et al. 2005; Perrine et al. 2007; Van Etten
et al. 2007; Statham et al. 2012a, b; Volkmann et al. 2015;
Green et al. 2017). In California, the Sierra Nevada red fox
is considered critically endangered (USFWS 2015a, b).

The Cascade red fox (CRF) is endemic to Washington
where it is considered a State Endangered Candidate Spe-
cies, a United States Forest Service (USFS) Regional For-
ester’s Sensitive Species, and a Species of Greatest Con-
servation Need in the Washington State Wildlife Action
Plan (WDFW 2015). It once occurred at high elevations in
the Cascade Range from southern British Columbia to the
Columbia Gorge in southern Washington. However, it is now
rarely detected in the North Cascades Ecosystem (NCE),
despite numerous forest carnivore surveys conducted in
recent years that should have detected them if they were
present (K. Aubry, unpublished data). Little is known about
the distribution, abundance, connectivity, genetic diversity,
or genetic integrity of the CRF. Along with identification of
factors that may have limited its distribution or abundance,
understanding these basic population parameters is an essen-
tial step in its conservation.

Although proximate threats to Cascade and other mon-
tane red foxes are poorly understood, hybridization with
nonnative red foxes has been identified as an immediate
threat in the two other montane subspecies (Quinn and Sacks
2014; Green et al. 2017; Merson et al. 2017). In Washington,
low-elevation red fox populations occur on either side of the
Cascades where they are known (west of the Cascades) or
presumed (east of the Cascades) to have derived from red
foxes that were translocated for hound hunting or escaped
from fur farms (Aubry 1984; Statham et al. 2012b). Ulti-
mately, these nonnative red foxes are primarily of eastern
Canadian and Alaskan ancestry (Statham et al. 2012b; Mer-
son et al. 2017), but potentially reflect many generations of
captive rearing and, therefore, selection for traits likely to
be maladaptive in the habitats of native western red foxes
(Sacks et al. 2016). Thus, another important question is
whether nonnative lowland red foxes have come into contact
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and hybridized with native CRFs. In this study, we used
primarily noninvasively collected DNA samples from CRFs
along with mtDNA sequencing and microsatellite genotyp-
ing to investigate genetic diversity, nonnative introgression,
and population structure of the CRF throughout the southern
portion of its range in the Washington Cascades.

Materials and methods
Study area

The study area comprised 5575 km? in the southern Wash-
ington Cascade Range, consisting of portions of the Cas-
cades, and Eastern Cascades Slopes and Foothills ecoregions
(US EPA 2003; Fig. 1). Specifically, we surveyed USFS and
National Park Service (NPS) lands, including the Indian
Heaven, Mount Adams, Goat Rocks, Norse Peak, and Wil-
liam O. Douglas Wilderness areas; surrounding areas on
the Gifford Pinchot, Okanogan-Wenatchee, and Mt. Baker-
Snoqualmie National Forest; and Mount Rainier National
Park. We surveyed elevations ranging from 750 to 2250 m,
encompassing lower elevation western hemlock (Tsuga het-
erophylla), Douglas-fir (Pseudotsuga menziesii), and grand
fir (Abies grandis) forests; mid-elevation Pacific silver fir
(Abies amabilis) forests; and upper-elevation subalpine fir
(Abies lasiocarpa), mountain hemlock (Tsuga mertensiana),
and whitebark pine (Pinus albicaulis) forests; as well as sub-
alpine parklands and alpine grasslands (Lillybridge et al.
1995; Hall 1998; Crawford et al. 2009). Tree-line occurred
from 1600 to 2000 m in elevation (Hemstrom and Franklin
1982). The climate consisted of annual temperatures aver-
aging a low of 4.5 °C and a high of 18.6 °C, and a seasonal
precipitation pattern characterized by summer drought and
heavy winter snowfall (Hijmans et al. 2005). The study area
received low to moderate human visitation during summer
due to its remoteness, except for sites at Mount Rainier
(Sunrise and Paradise) and Mount Adams (South Climb)
where visitation was frequent, due to high-elevation road
access. During winter, human visitation was extremely low,
with the exception of one access point (Paradise) at Mount
Rainier National Park, and another on the southern slopes
of Mount Adams, where legal and illegal snowmobile activ-
ity occurred. There was no snowmobile activity in Mount
Rainier National Park or in any other federally designated
wilderness area.

Survey design

To obtain samples, we collected scats along trails, scats
and urine along putative red fox snow tracks, and hair from
hair-snagging devices at baited camera stations. We also
received tissue samples from three individuals live-trapped



Conservation Genetics (2018) 19:969-980

97
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in Mount Rainier National Park for another study (Jenkins
et al. 2014). We collected hair samples from hair-snagging
devices deployed at noninvasive camera surveys during
6 years (2009-2014) using a spatially replicated design
with 4-km? sampling units to approximate average CRF
home range size based on limited data (Aubry 1983; Per-
rine 2005). We randomly selected a subset of 50 units
from those that overlapped elevations ranging from 1500
to 2100 m, i.e., primarily containing subalpine parkland or
upper montane forest. We surveyed a second adjacent unit
to each randomly selected unit (i.e., 50 more units) to maxi-
mize survey efficiency. Lastly, we selected 24 additional
units that were adjacent to our randomly selected units but
that targeted lower elevations ranging from 525 to 1500 m
to include mid-elevation forest (Fig. 1). To collect scats, we
surveyed across a broad range of elevations, commencing at
trailheads that were lower in elevation than we expected to
find CRF samples. Finally, we followed fox tracks in snow
that were encountered en route to camera stations and along
set transects.

Sample collection and preservation

We collected DNA samples from hair, scat, urine, and tissue
samples that were obtained from 2009 to 2014 using four
noninvasive techniques: hair-snagging devices, hiking trails
to collect scats, snow-tracking, and opportunistic sampling
of road-killed carcasses. We received tissue samples (ear
punches stored in 95-100% ethanol or desiccant) from three

c CADy N
it s R T

Me EAST

soih CASCADES
“m _/ SLOPES

individuals live-trapped during a previous study in Mount
Rainier National Park (Jenkins et al. 2014). To estimate the
lower elevation limit of their distribution, we surveyed a
broad range of elevations, including relatively low-elevation
areas where we did not expect to find CRF samples. We col-
lected hair using hair-snagging devices deployed at baited
camera stations. The device consisted of a webbing belt con-
taining a row of six 0.30-caliber gun brushes, clipped around
a tree with bait (deer, elk) mounted above. We selected hair
samples for DNA analysis that were identified in the field
provisionally as either red fox or Pacific marten (Martes
caurina), based on length and color pattern. We collected
hair samples in small paper envelopes and preserved them
in desiccant in an airtight centrifuge tube. We only selected
hair samples for which we detected a red fox at the corre-
sponding camera station and analyzed hairs from each brush
as a separate sample to minimize the chance of contamina-
tion among multiple individuals (which could be identified
and discarded in subsequent analyses by >2 alleles at any
locus). We collected scats along trails and fox snow tracks,
which we identified based on track size, stride, and strad-
dle length. We collected ~ 1 ml of material from the ends
and outer surface of each scat (to maximize retention of red
fox epithelial cells), which we preserved in a 5-ml vial with
~4 ml of 95-100% ethanol. To determine the accuracy of
field identifications, and prioritize DNA extractions given
limited resources, we classified scats in the field as highly
likely, probable, or possible red fox. We tested the validity
of our provisional field identifications using mitochondrial
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DNA (mtDNA) sequencing. We collected urine encountered
along snow-tracks in a 25-ml vial including as little snow as
possible, and kept samples in the freezer before transporting
them to the laboratory in dry ice.

Laboratory analyses

We extracted, amplified, sequenced, and genotyped DNA
samples at the Mammalian Ecology and Conservation Unit
in the Veterinary Genetics Laboratory at the University of
California, Davis. We extracted DNA from approximately
200 mg of each scat using a QIAmp Stool Mini Kit (Qiagen,
Inc., Valencia, CA) following the manufacturer’s protocol,
except we eluted in 50 pl of buffer to obtain concentrated
DNA (Miles et al. 2015). We thawed urine-soaked snow in
the laboratory and pipetted 1.5 ml into a 2-ml microcentri-
fuge tube. We concentrated this volume to 600 pl using a
vacuum centrifuge and extracted DNA using Qiagen DNeasy
Blood and Tissue kit according to the manufacturer’s pro-
tocol for blood, except that our final elution was in 50 pl of
elution buffer. We extracted DNA from hair samples by first
digesting the follicles (Pfeiffer et al. 2004) and then purify-
ing the DNA with a phenol/chloroform method (Sambrook
and Russell 2001). We extracted DNA from tissue samples
using a Qiagen DNeasy Blood and Tissue kit according to
the manufacturer’s instructions.

We sequenced a 354-basepair (bp) portion of the mtDNA
cytochrome b gene using primers RF14724 and RF15149
(Perrine et al. 2007) and a 342-bp portion of the D-loop con-
trol region using primers VVDL1 and VVDL6 (Aubry et al.
2009). We used the same PCR reaction for both mtDNA
loci, consisting of 2 ul DNA, 1.1 ul PCR buffer (10x),
1.1 ul deoxynucleotide (ANTPs) solution (10 mM stock),
1.1 ul MgCl, (25 mM stock), 0.11 pl 1X bovine serum albu-
men (BSA), 1 ul forward primer (10 uM stock), 1 ul reverse
primer (10 uM stock), 0.2 ul Taq polymerase (5 U/ul stock),
and 4.84 pl de-ionized water (13 pl total volume). We allo-
cated a negative control (all reagents except template DNA)
for each extraction set (10-30 samples) to detect possible
contamination. To amplify DNA, we used a PCR thermal
profile that involved an initial 10-min denaturing step at
94 °C, followed by 40 cycles of a 30-s denaturing step at
94 °C, followed by a 30-s annealing step at 50 °C, and a
45-s extension step at 72 °C. These cycles were followed by
a 10-min extension step at 72 °C. We purified the PCR prod-
ucts using exonuclease I and shrimp alkaline phosphatase
(SAP), and sequenced the mtDNA in forward direction
(cytochrome b) or in both directions (D loop) using BigDye
Terminator v3.1 (Applied Biosystems, Foster City, CA). We
purified the sequencing products with Sephadex and elec-
trophoresed on an ABI 3730 capillary sequencer (Applied
Biosystems, Foster City, CA).
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We attempted to genotype red fox samples at 33 microsat-
ellites and a sex marker for which primers, size range, origi-
nal sequence sources, and multiplex reactions were described
in detail by Moore et al. (2010): AHT121, AHT133,
AHT137, AHT140, AHT142, AHT171, c01.424PET,
CPH3, CPH11, CPH18, CXX-279, CXX-402, CXX-468,
CXX-602, FH2004, FH2010, FH2088, FH2289, FH2328,
FH2380, FH2848, REN105L03, REN162C04, REN169018,
REN247M23, REN54P11, RF08.618, RF2011Fam, RF2054,
RF2457, RFCPH2, INUO030, INU055; K9-AMELO. For-
ward primers were labeled fluorescently with 6-FAM, VIC,
NED, or PET (Applied Biosystems) as described by Moore
et al. (2010). We amplified nuclear markers using a Qiagen
multiplex PCR kit with Q-solution and a 58 °C annealing
temperature according to the manufacturer’s instructions.
For tissue-extracted DNA, we diluted samples 100-fold prior
to PCR amplification. We genotyped each scat, hair, and
urine sample twice with separate PCR reactions for each
sample to detect and reduce allelic dropout errors, which
were estimated previously for noninvasive DNA samples in
the same laboratory (and using the same protocols) to be
2.3% (Sacks et al. 2011).

Data analysis

We aligned mtDNA sequences manually using Sequencher
4.8 (Gene Codes Corp 2007) and trimmed them to a 354-bp
fragment for cytochrome b and a 342-bp fragment for the
D-loop, consistent with homologous haplotypes from pre-
vious studies (e.g., Perrine et al. 2007; Aubry et al. 2009).
We determined species identification for each sample using
the Basic Local Alignment Search Tool (BLAST) in the
Genbank nucleotide database, and then determined specific
red fox haplotype sequences by comparing them to previ-
ously published homologous red fox reference sequences
using Sequencher 5.3 (Gene Codes Corporation). Nomen-
clature for haplotypes follows Sacks et al. (2010), whereby
cytochrome b fragments were indicated by a letter or letter/
numeral combination preceding a dash and D-loop frag-
ments were represented by a numeral following the dash
(e.g., O-24 indicates cytochrome b haplotype O and D-loop
haplotype 24).

We scored microsatellite genotypes manually using an
internal size standard (Genescan 500 LIZ, Applied Biosys-
tems) in the program STRand (Toonen and Hughes 2001)
and combined the two replicate genotypes for each sample
into a consensus genotype. We assigned samples to individ-
ual red foxes in accordance with the following microsatellite
allele-sharing rule: we examined the frequency distribution
of pairwise allele-sharing among all sample genotypes to
select a cutoff value above which we assumed samples were
from the same individual (e.g., Lounsberry et al. 2015).
Based on the point where the frequency of shared alleles was
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lowest between two modes in this distribution, we selected
85% allele sharing as the cutoff for identifying samples from
the same individual. Once all samples were grouped accord-
ing to their individual identity, we compared their consensus
genotypes to identify and remove any remaining errors (false
alleles or allelic dropout) where individual identity agreed
otherwise. This produced a single ‘best’ genotype for each
individual to use in subsequent analyses.

Microsatellite genetic diversity

We estimated observed and expected heterozygosity and the
number of alleles with Microsatellite Toolkit (Park 2001),
and rarefied allelic richness (average number of alleles per
locus) and Fig using FSTAT 2.9.3.2 (Goudet 1995). We
tested for significant deviations from Hardy—Weinberg
equilibrium (HWE) using FSTAT, correcting for multiple
comparisons with the sequential Bonferroni correction
(Rice 1989). We estimated pairwise relatedness (R) among
individuals with ML-Relate (Kalinowski et al. 2006). We
estimated genetic effective population size (N,) based on a
bias-corrected linkage disequilibrium method (Waples 2006)
with LDNe software (Waples and Do 2008). We used the
random-mating model, excluded all alleles with frequen-
cies < 0.05, and reported jackknife-based 95% confidence
intervals. To assess the sensitivity of our estimate of N, to
potential biases resulting from the oversampling of close
relatives, we also estimated N, using a subsample with
the closest relatives (R>0.70) removed and 30 individuals
selected randomly from the remaining pool of individuals.

Population structure

To examine spatial patterns of population genetic struc-
ture, we employed model-based genetic admixture analyses
using program Structure 2.3.4, which divides samples into
preselected numbers of genetic clusters (K) based on geno-
typic frequencies (Pritchard et al. 2000). We investigated
the assignment of individuals to K= 1-8 clusters with ten
replicate runs for each K value. We conducted all Structure
runs using 250,000 Markov Chain Monte Carlo (MCMC)
cycles, following a burn-in period of 250,000 cycles for
each run. We selected the admixture model with correlated
allele frequencies (Falush et al. 2003) and no prior sampling
information. To aid in evaluating the most likely number of
genetic clusters, we plotted likelihood values in relation to
K [LnP(K)] using Structure Harvester (Earl and von Holdt
2012).

Nonnative introgression

We investigated introgression by nonnative foxes based
on both matrilineal (mtDNA) and biparentally inherited

(microsatellite) ancestry. We tested for the presence of non-
native matrilines in our study populations using mtDNA
cytochrome b and D-loop sequences. The only cytochrome
b haplotypes known to be native to the Washington Cascades
historically were A, O, and T (Aubry et al. 2009; Sacks et al.
2010). However, we could only evaluate native/nonnative
maternal ancestry provisionally because the most common
Cascade haplotype (O-24) has also been found in fur farms
(Lounsberry et al. 2017), and both O-24 and O-26 were
found in nonnative lowland populations in the western con-
tiguous United States (West) that included fur-farm ancestry
(Statham et al. 2011, 2012a, b; Sacks et al. 2016). Neverthe-
less, numerous nonnative haplotypes have been found in the
West (Statham et al. 2011, 2012b; Sacks et al. 2016; Merson
et al. 2017), and in the Washington lowlands, in particular
(e.g., 80% of lowland red foxes in Washington were haplotype
F or G; Statham et al. 2012b). Thus, although we could not
rule out nonnative maternal haplotypes in our study area if we
detected haplotypes O-24 or O-26, the presence of any other
nonnative haplotype would provide conclusive evidence of
their introgression into our study population.

Because males tend to be the primary mediators of gene
flow among nonnative red foxes (e.g., Sacks et al. 2016; Mer-
son et al. 2017), we also assessed nuclear gene flow from
nonnative sources. For reference genotypes (i.e., knowns), we
used previously published genotypes (including 14 of the loci
used in this study) from 72 individuals sampled from both
native red fox populations (i.e., historical museum speci-
mens) and modern nonnative populations (Sacks et al. 2010)
against which to compare our Cascade genotypes (treated as
unknowns). Although these reference samples were analyzed
in the same laboratory as the present study, 11 of them were
reanalyzed to confirm consistency of genotypes (Merson et al.
2017). The genotypes matched for 96% of alleles and disagree-
ments were due to random allelic dropout. We assigned prior
(geographic) population information to each reference indi-
vidual in Structure for our first analysis (Ancestry model =Use
Population Information to test for migrants) by setting the
USEPOPINFO flag to 1, keeping the USEPOPINFO flag set
to O for samples collected during the present study. We then
ran the dataset with no prior population information (Ances-
try model =Use Admixture Model), effectively treating both
reference and study genotypes as unknowns, which we ran for
K=1-8. We used the correlated allele frequencies model for
all runs of both ancestry models (Falush et al. 2003), each with
250,000 Markov Chain Monte Carlo (MCMC) cycles follow-
ing a 250,000 repetition burn-in period for each run.
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Results
Field samples and species identification

We collected 886 putative red fox scat (n=711), urine
(n=287), hair (n=284), and tissue (n=4) samples. We
sequenced 665 (75.1%) of these samples (221 were unsuc-
cessful; Table 1), of which 416 (63%) were red foxes, 174
(26%) coyotes (Canis latrans), 70 (11%) Pacific martens,
and 5 (< 1%) bobcats (Lynx rufus). Among the 711 scats that
we collected, 518 (73%) sequenced successfully, including
317 (61%) red foxes, 172 (33%) coyotes, 24 (5%) martens,
and 5 (1%) bobcats. Our field identifications were correct for
271 (71%) of 382 scats that we considered highly likely to be
red fox, 37 (45%) of 83 scats we considered probable red fox,
and 9 (17%) of 53 scats we considered possible red fox. Most
incorrectly assigned scats were from coyotes (Appendix S1;
Supplementary Information). Among the urine samples, 73
(84%) were successfully sequenced, and 70 (96%) were red
fox, 2 (3%) were coyote, and 1 (1%) was marten. Among the
hair samples, 67 (80%) were successfully sequenced, and 22
(33%) were red fox and 45 (67%) were marten.

Microsatellite genetic diversity

We successfully genotyped 154 samples at >25 microsatel-
lite loci collected during 2010-2013, from which we inferred
the presence of 51 individuals. Samples were assigned to a
unique individual based on sharing > 85% of alleles (Fig.
S1; Supplementary Information). We assembled consensus
genotypes only from samples with >25 loci to avoid errone-
ously identifying samples as unique individuals when they
were actually multiple samples from the same individual
due to false alleles and allelic dropout. Samples with fewer
successful loci also likely had the highest allelic dropout
rates. Based on the 51 individual genotypes, we estimated
expected heterozygosity at 0.60 (SE=0.03) and observed
heterozygosity at 0.58 (SE=0.01). The average number of
alleles was 4.75 (SE=0.28), and rarefied allelic richness was
4.20 (SE=0.27). We found no statistically significant devia-
tions from HWE for any locus and there was no significant
heterozygote deficiency or excess in the population based on

all loci (Fjg=0.03, SE=0.03). Genetic effective population
size, N,, was estimated at 11.4 (10.0-13.1) for the entire
dataset (n=51). Use of the reduced-relatedness subset of
individuals (n=30) resulted in a slightly larger estimate of
N.=16.0 (13.3-19.4).

Population structure

Genetic clustering based on microsatellites resulted in two
distinct groups (Fig. 2) as the greatest increase in posterior
probability occurred at K=2 (Fig. S2, S3; Supplementary
Information). However, the pattern associated with these
clusters (Fig. 3) was due to a large group of closely related
individuals sampled at Mount Rainier National Park, that are
likely multi-year descendants of a pair at a denning site on
the south side of the mountain. Higher levels of K preserved
this genetic cluster and revealed additional substructure with
no spatial pattern throughout the study area. This additional
structure likely corresponded to other family groups (Fig. 2;
Fig. S4, Supplementary Information). Examination of the
locations of pairs of close relatives throughout the study area
showed that individuals dispersed across large portions of
the landscape (Fig. S5; Supplementary Information), result-
ing in an overall weak spatial pattern of genetic structure.

Mitochondrial DNA characteristics

Based on the 51 individuals identified with microsatellites,
we tallied the mtDNA haplotype frequencies (Table 2). Most
haplotypes (n=38) were O-24, although we also found O-28
in 4 individuals from Goat Rocks, Mount Rainier, and Indian
Heaven. The cytochrome b fragment of one individual from
Indian Heaven (also with a —28 D-loop fragment) exhibited
both the O mutation and a heteroplasmic site with a novel,
02, substitution. We confirmed this heteroplasmic haplo-
type in five different samples from, or presumably from (if
no genotype was available), this individual from the Indian
Heaven Wilderness. Among the 251 samples that provided
mtDNA haplotypes (excluding 11 that were incomplete) but
for which no individual genotype was obtained, all but five
cytochrome b haplotypes were O (the other five were the
heteroplasmic O2 haplotype). We did not detect any other
montane or nonnative red fox haplotypes in this study.

Table 1 Putative Cascade red

. Sample type n No. that No. red fox No. coyote No. Pacific No. bobcat

fox samples CQIIected from sequenced marten
2009 to 2014 in the southern
Washington Cascade Range Scat 712 518 317 172 24 5
and verified W}th mitochondrial Urine 37 74 70 2 | 0
DNA sequencing at the )
cytochrome-b (354 bp) locus Hair 83 67 22 0 45 0

Tissue 4 3 3 0 0 0

Total 886 665 416 174 70 5
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Fig.2 Genetic assignment of 51 Cascade red foxes in program Structure based on the correlated allele frequencies model and 500,000 MCMC
cycles following 250,000 burn-in cycles to K=2, K=3, and K=4 genetic clusters, southern Washington Cascade Range (2010-2013)

Nonnative introgression

Based on previously published genotypes for nonnative
lowland red foxes from California and native montane pop-
ulations from throughout the West as reference samples,
we used Structure with prior information to assign sam-
ples from the present study as unknowns (no prior infor-
mation) with respect to nonnative versus native ancestry.
All samples assigned overwhelmingly as native (Fig. 4a).
We then investigated genetic clustering of the reference
and study samples together with no prior information
specified regarding the population of origin using vary-
ing numbers of genetic clusters (K). The posterior prob-
ability [log Pr(DIK)] increased most from K=1 to K=2,
but continued to increase with K up to K =4 (Fig. S2, S3;
Supplementary Information). Individuals from this study
(modern CRF samples, n=51) clustered together closely
with CRF samples collected in the 1980s at K=2 (n=S§;
Fig. 4b). All other nonnative and native samples clustered
together, indicating the strong distinctiveness of modern
CRFs. The only difference at K =3 was that the nonnative
red foxes clustered as a distinct population from all native
populations. At K=4, the historical Sierra Nevada red fox
from the southern portion of its range clustered out as dis-
tinct, but otherwise was the same. Thus, our study animals

were native and most similar genetically to CRFs from the
same region that were sampled several decades earlier.

Discussion

There are multiple state and federal conservation listings
for the CRF, suggesting that this subspecies has suffered
significant population declines and is imperiled. However,
the paucity of scientific research conducted on this subspe-
cies to date has provided little data with which to evaluate
the severity and relative significance of particular threats, or
to gain a clearer understanding of the CRF’s basic natural
history, habitat requirements, or limiting factors. The pre-
sent study represents the first attempt to obtain some of the
fundamental information needed for proactive conservation
of this subspecies. As the first comprehensive analysis of the
genetic diversity and population structure of the CRF, our
findings suggest that this southern population is small but
functionally well connected.

Field scat identification and DNA verification

Because of significant size overlap between red fox and coy-
ote scats, field identification can be challenging. We found
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Fig.3 Map of 51 Cascade red foxes (averaged location) sampled in
southern Washington Cascade Range (2010-2013) based on their
genetic assignment at K=2 in program Structure (based on the corre-
lated allele frequencies model and 500,000 MCMC cycles following
250,000 burn-in cycles). Dot color indicates assignment to one of two
genetic clusters, or equal assignment to both clusters (bi-colored dot,
see Fig. 2). White line is US Highway 12

that with adequate training and practice, a collector could
achieve 84% accuracy in identifying red fox scats by using
only those scats for which identification was most confi-
dent (highly likely; Akins 2017). Additionally, we were less

Table 2 Concatenated cytochrome-b and D loop haplotypes derived
from mitochondrial sequencing of Cascade red foxes (n=51) col-
lected from 2009 to 2014 in the southern Washington Cascade Range
including Mount Rainier National Park (MR), and the Norse Peak

certain of correct field identification (i.e., probable or pos-
sible red fox) for 46 (15%) of the 317 red fox scats we col-
lected, indicating that CRF scats would have been discarded
had they not been identified genetically. Thus, it is impor-
tant that species identification of scats be based on genetic
analysis because similar-sized carnivores—especially coy-
otes—co-occur throughout the ranges of the CRF and other
montane red foxes. In our study, we found the coyote to be
most commonly misidentified as red fox, followed by Pacific
marten.

Of additional note, we had a high success rate sequencing
DNA from urine samples (84%) and correctly identifying
them as red fox, which is likely due to the recent deposi-
tion of the sample and the high likelihood of identifying red
fox snow tracks correctly with practice. Finally, the propor-
tion of hair samples collected at camera stations that were
confirmed to be red foxes was low (n=22 of 84, 26%) of
the total hair samples collected. Nonetheless, these noninva-
sively collected hair samples provide a potentially significant
source of genetic material for CRFs.

Genetic diversity, population structure,
and connectivity

The best overall metric of genetic diversity is the contem-
porary genetic effective population size, N, because this
ultimately determines the rate of loss of genetic diversity
(Lande and Barrowclough 1987; Hoehn et al. 2012) and,
therefore, evolutionary potential and risks associated with
inbreeding (Saccheri et al. 1998; Hedrick 2011). Our esti-
mates of N, in this population varied depending on inclu-
sion of the closest relatives in our dataset; however, in all
cases the upper 95% CI was < 20, which is considered to be
very small (e.g., Funk et al. 1999; Sacks et al. 2010). The
expectation based on an N, of 20 is that the population will
experience a loss in heterozygosity of approximately 25%
over 10 generations (e.g., Waples 1989). Thus, assuming

(NP), William O. Douglas (WD), Goat Rocks/Hamilton Buttes (GR
and HM), Mount Adams (MA), and Indian Heaven (IH) wilderness
areas

Haplotype Wilderness area

IH MA GR/HM MR WD Total
0-24 2 7 4 25 0 38
0-28 2 0 1 1 0 4
02-28 1 0 0 0 0 1
O-unknown 0 2 1 4 1 8
Total 5 9 6 30 1 51

Haplotype nomenclature based on Sacks et al. (2010): cytochrome b fragments indicated by letter or letter/numeral combination preceding the
dash; D loop fragments indicated by numeral following the dash. The 8 haplotypes with cytochrome b component, O, for which the D-loop frag-

ment was not successfully sequenced are indicated as “O-unknown.”
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A Prior information

Knowns (Reference genotypes) Unknowns

Non-native Historical montane CRF —this study

CRF 1980s
CRF pre-1950

RMRF

SHRF north SNRF south

B No prior information

Reference genotypes

Non-native Historical montane CRF — this study

CRF 1980s
CRF pre-1950

RMRF

SNRF- "°"h SNRF south

Fig.4 Admixture analyses based on 14 microsatellite loci run in pro-
gram Structure using 72 reference samples from Sacks et al. (2010)
and 40 Cascade red fox (CRF) samples from this study (we excluded
11 foxes that were missing data for 3 or more loci). a at K=2
genetic clusters with reference samples used as known nonnative
or native montane foxes to assign samples from this study (treated
as unknowns), and b at K=2, 3, and four genetic clusters using no
prior information on population of origin. Only genotypes with 12
loci were included in this analysis. Reference samples included non-
native California red foxes (n=28), along with historical (pre-1950)
native montane red foxes from the Rocky Mountains (n=11), Sierra
Nevada red fox of the southern Cascades (SNRF-north, n=5) and the
Sierra Nevada proper (SNRF-south, n=18), and CSR sampled before
1950 (n=2) and in the 1980s (n=38). b The logP(DIK) increased with
increasing K up to K=4, values from K=1 to 6 as follows: —6225,
—5748, —5556, — 5402, — 5347, —5339

a generation time of 2-5 years, heterozygosity is expected
to decline to 0.45 over the next 20-50 years. In general, the
longer a population remains small, the more of its genomic
diversity will be lost, and the more likely the population
will be to experience adverse effects from inbreeding (i.e.,
inbreeding depression).

Based on comparisons with a small sample of CRFs
from the 1980s (n=_8), it appears that the population has
declined in abundance recently. Had the population been
similarly small in the 1980s, we would have expected its
heterozygosity to be substantially lower at present than we
observed. However, heterozygosity estimated in this study
for the current population (H,=0.60, SE=0.03) was only
slightly lower (and not significantly so) than that from

samples collected in the 1980s (H,=0.64, SE=0.05; Sacks
et al. 2010; Sacks, unpublished data). This suggests that the
effective population size was larger in the 1980s than at pre-
sent. If so, the population has probably not yet experienced
the most significant impacts of small population size, such
as inbreeding depression.

Connectivity within this population, and between this
and other populations, also affects genetic effective popu-
lation size and the rate of loss in genetic diversity. In the
present population, closely related individuals were distrib-
uted throughout our study area (e.g., occurring on differ-
ent Cascade volcanoes), with individuals dispersing across
large distances. There was no broad-scale geographic pattern
associated with population structure but rather with fam-
ily groups dispersed across the study area. This suggests a
strong level of connectivity, which is favorable to preserv-
ing genetic diversity if the population is able to increase in
abundance through natural means.

Of additional note, in comparison to populations of other
montane red foxes, the CRFs from this study, as well as
those sampled in the 1980s (Sacks et al. 2010), clustered
separately from Rocky Mountain and Sierra Nevada red
foxes (Fig. 4b). By contrast, historical CRFs sampled earlier
(1890s—-1950s) clustered with these two other montane red
fox subspecies, suggesting that the CRF has become increas-
ingly isolated from other native montane red fox subspecies
during the past century.

Nonnative introgression

We found no evidence of matrilineal or nuclear introgression
by nonnative red foxes into our study population, suggest-
ing that the native genetic integrity of this small, isolated
population has been maintained. Mitochondrial sequences
known to be native to the Washington Cascades historically
were haplotypes A-19, A-25, A-29, 0-28, O-24, and T-24
(Aubry et al. 2009; Sacks et al. 2010). In the present study,
the population was characterized by only two of these mat-
rilines, along with the heteroplasmic O2-28 haplotype, con-
sistent with loss of diversity due to genetic drift. Although
we cannot rule out that some of the native O-24 haplotypes
may have resulted from introgression by nonnative foxes
(Lounsberry et al. 2017), this seems unlikely. None of the
unambiguous nonnative haplotypes (which comprised 80%
of those in the adjacent nonnative population; e.g. Statham
et al. 2012b) were found in this population.

Moreover, we found no evidence of nuclear gene flow
from nonnative red fox populations into our study popu-
lation based on microsatellite markers, yet male-mediated
gene flow tends to be approximately four times greater than
maternal gene flow (Sacks et al. 2016). Gene flow between
native and nonnative red foxes in Washington was likely
prevented by a wide, historical barrier of dense low- to
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mid-elevation forest types separating them (Aubry 1984).
Nevertheless, the current lack of nonnative gene flow does
not indicate that such introgression will not occur in the
future. Extensive timber extraction and road-building
activities within these forests could eventually facilitate the
movement of nonnative red foxes into subalpine habitats. In
addition, the greater openness in lower elevation forests on
the eastern slope of the Cascade Range may create better
opportunities for nonnative introgression into CRF popula-
tions. The eastside mid-slopes consist of drier, open for-
ests of Douglas-fir (Pseudotsuga menziesii), grand (Abies
grandis) fir, lodgepole (Pinus contorta) and ponderosa (P.
ponderosa) pines, and big sagebrush (Artemisa tridentata)
that may provide more foraging opportunities for a curso-
rial predator such as the red fox (Aubry 1984). Nonnative
introgression can occur rapidly, and has been documented
in montane red fox populations elsewhere (Quinn and Sacks
2014; Merson et al. 2017).

Conservation implications and future research

Assessing the status of rare and little-studied species, and
understanding the threats to their long-term persistence are
fundamental steps in the development of an effective con-
servation plan. It is especially important to fill these knowl-
edge gaps before species become functionally extinct. Our
findings indicate that the CRF population in the southern
Cascade Range exhibits a small genetic effective popula-
tion size, and is therefore at risk of future losses in genetic
diversity. We know even less about the CRF in the northern
portion of its range, although the scarcity of recent verifi-
able reports, despite the implementation of forest carnivore
surveys during the past several decades in many areas of the
northern Cascades (K. Aubry, unpublished data), suggests
that this population may be much smaller and, therefore, at
greater risk than our study population. Understanding how
the southern population is connected to individuals in the
north will help to assess the prospects for their long-term
persistence and identify key habitat needed for population
connectivity. In addition, monitoring potential future intro-
gression into this montane population will provide insights
into which parts of the habitat are most susceptible to move-
ments of lowland red foxes into the mountains.

We recommend the following research priorities to facili-
tate future CRF conservation efforts: (1) conduct occupancy
surveys and create habitat models in the southern Cascades,
(2) use resulting models to guide broad surveys in the north-
ern Cascades, (3) continue genetic monitoring of the south-
ern Cascades population to identify trends in genetic integ-
rity, diversity, connectivity, and effective population size,
and (4) implement new ecological studies in the southern
Cascades to estimate demographic rates, characterize critical

@ Springer

habitat, and identify the key factors that currently limit pop-
ulation size or growth rate.
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