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Abstract

A few iconic examples have proven the value of facilitated gene flow for counteracting inbreeding depression and
staving off extinction; yet, the practice is often not implemented for fear of causing outbreeding depression.
Using genomic sequencing, climatic niche modeling, and demographic reconstruction, we sought to assess the risks
and benefits of using translocations as a tool for recovery of endangered montane red fox (Vulpes vulpes) populations
in the western United States. We demonstrated elevated inbreeding and homozygosity of deleterious alleles across all
populations, but especially those isolated in the Cascade and Sierra Nevada ranges. Consequently, translocations
would be expected to increase population growth by masking deleterious recessive alleles. Demographic reconstruc-
tions further indicated shallow divergences of less than a few thousand years among montane populations, suggest-
ing low risk of outbreeding depression. These genomic-guided findings set the stage for future management, the

documentation of which will provide a roadmap for recovery of other data-deficient taxa.

Key words: conservation genomics, genetic rescue, inbreeding, genetic load.

Introduction

In small populations, inbreeding depression can inhibit
population growth, thereby perpetuating inbreeding and
accelerating population decline, a causal chain known as
an “extinction vortex” (Gilpin 1986). In turn, the deliberate
translocation of breeding adults from another population
can improve mean fitness, increase population growth,
and elicit a “genetic rescue” from inbreeding depression
(Whiteley et al. 2015). While the short-term benefits of
genetic augmentations are concrete and generalizable
(Frankham 2015), the long-term consequences are com-
paratively uncertain and context-dependent (Bell et al.
2019). Possible adverse outcomes include outbreeding de-
pression (Edmands 2007), homogenization of locally distinct
gene pools (Harris et al. 2019), exacerbation of existing in-
breeding depression (Kyriazis et al. 2021), or fitness increases
that are weak or ephemeral and drain resources from com-
peting conservation actions (Hedrick and Fredrickson 2010).
The information necessary to address these uncertainties
has been prohibitively expensive or logistically unfeasible
to obtain through traditional field approaches for many po-
pulations. Consequently, genetic rescue is a management
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tool that is frequently mentioned in conservation strategies
and seldom implemented (Fitzpatrick et al. 2023).
Genomic sequencing has the potential to aid manage-
ment decisions by rapidly filling information gaps regard-
ing the risks and benefits of genetic rescue (Segelbacher
et al. 2022; Fitzpatrick et al. 2023). Most fundamentally,
genomic data can be used to quantify runs of homozy-
gosity (ROH), which are identical tracts of DNA inherited
from both parents (Kardos et al. 2016; Ceballos et al.
2018). Evidence of recent inbreeding can be juxtaposed
with sequence-based reconstructions of long-term effect-
ive population size to identify vulnerable populations in
need of genetic rescue. Once need is established, most
hazards associated with implementation relate to the
source population providing the novel genetic variation.
Traditionally, outbreeding depression has been the pri-
mary concern, stemming from intrinsic incompatibilities
or adaptive divergence between donor and recipient
genotypes (Edmands 2007; Frankham et al. 2011). A
newer concern is the potential for translocated indivi-
duals to introduce new deleterious recessive variants
(Van Oosterhout 2020): if augmentations fail to initiate
rapid population growth, these variants may unite in
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homozygous form, exacerbate inbreeding depression,
and increase extinction risk (Kyriazis et al. 2023;
Pérez-Pereira et al. 2022). In both cases, risk is predicated
on divergent demographic trajectories of donor and re-
cipient populations. Chromosomal rearrangements and
co-adapted gene complexes typically require hundreds
to thousands of generations in isolation to evolve
(Frankham et al. 2011). The total abundance of deleteri-
ous alleles is also shaped over long timescales through
mutation and purifying selection, but can be redistribu-
ted over shorter time scales through drift and inbreeding
(Robinson et al. 2023). Genomic characterization of
demographic histories and deleterious variation provide
the means to navigate this complex landscape of relative
risk and benefits but has not yet been widely applied in
management.

Certain populations of red foxes (Vulpes vulpes) endem-
ic to the mountainous regions of the contiguous western
United States are currently being evaluated for genetic res-
cue (Sierra Nevada Red Fox Conservation Advisory Team
2022). Montane red foxes are a lineage that diverged
from other North American red foxes during the last gla-
ciation and historically have been associated with the
upper montane life zone of the western United States
(Aubry et al. 2009; Sacks et al. 2010). Today these foxes
are managed as three different subspecies (Fig. 1a). The
Rocky Mountain red fox (V. v. macroura) is relatively abun-
dant and well-connected with no corresponding protect-
ive status; whereas, the two subspecies associated with
the Pacific mountain ranges of Washington (Cascade red
fox; V. v. cascadensis) and Oregon and California (Sierra
Nevada red fox; V. v. necator) are restricted to a few iso-
lated, high-elevation populations (Quinn et al. 2022).
Accordingly, each of the remnant red fox populations in
the Pacific mountains has some degree of conservation
status. They are state-endangered in Washington, state-
threatened in California, federally endangered in the
Sierra Nevada of California, and a “conservation strategy
species” in the Oregon Cascades. Most recently, the US
Fish and Wildlife Service was petitioned for a second
time to federally list the populations in the southern
Cascades of Lassen, California, and Oregon (Center for
Biological Diversity 2024). Abundance is unknown for
most of these populations, but the Lassen population is be-
lieved to comprise fewer than 30 individuals (Sierra
Nevada Red Fox Conservation Advisory Team 2022).

Basic data on the ecology, demography, and evolution-
ary history of montane red foxes is sparse, to the point that
a lack of information on which to base management deci-
sions is itself frequently cited as a threat (Perrine et al.
2010). Paradoxically, no clear extrinsic limitations to
growth have been identified (Sierra Nevada Red Fox
Conservation Advisory Team 2022) and seemingly suitable
high-elevation habitat is abundant (Quinn et al. 2018;
Green et al. 2023). Yet for all four populations in the
Pacific mountains, distribution is restricted and genetic di-
versity and effective population sizes have been estimated
to be extremely low (Quinn et al. 2022). Together these
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observations suggest that small population size itself
may be limiting growth (i.e. genetic allee effects; Luque
et al. 2016), in which case genetic rescue may be a requisite
to jumpstart demographic recovery. Alternatively, early
naturalists report that montane red foxes historically ex-
isted at low densities in fragmented distributions, in which
case small effective sizes may instead be a long-term attri-
bute of montane red fox populations that is intrinsically
linked to their distinct ecology and history. In this case, ex-
tended periods of isolation could buffer contemporary po-
pulations from the most severe fitness consequences of
recent inbreeding and carry greater risk for management
actions that artificially facilitate gene flow.

A better understanding of the demographic history of
montane red foxes and its genomic consequences is needed
to guide an augmentation strategy for rescuing small Pacific
mountain populations. Most immediately, the California
Department of Fish and Wildlife is currently considering
implementing genetic rescue of the Lassen population.
Top candidate source populations include the Oregon
Cascades, part of the same Sierra Nevada subspecies, and a
population from eastern Oregon, belonging to the Rocky
Mountain subspecies (Sierra Nevada Red Fox Conservation
Advisory Team 2022). The most critical information gaps
for evaluating the suitability of implementing genetic res-
cue for the Lassen and other isolated populations include
the severity of inbreeding, the historical baseline that gen-
etic rescue would be seeking to restore, and the deeper
evolutionary relationships of montane subspecies. To
address these gaps, we sequenced whole genomes of all
available tissue samples from small Pacific mountain popu-
lations and compared them to representative samples
from other regions of North America. Our objectives
were, first, to reconstruct the long-term history of the
montane lineage of red foxes, with an emphasis on identi-
fying when contemporary populations became isolated
from each other. Second, we sought to elucidate the ex-
tent to which low genetic diversity reported in past studies
arose from recent declines or long-term small effective
sizes, and third, to compare the total, expressed, and
potential loads of deleterious variation across montane
populations. We then applied our findings toward evaluat-
ing the suitability of using genetic rescue as a conservation
tool to minimize extinction probability of isolated Pacific
mountain populations, with particular attention to the
Lassen population.

Results

Sampling and Population Structure

We sequenced 28 whole genomes from the four recognized
subspecies of the montane lineage, including four small and
isolated populations in the Pacific mountains (Washington
Cascades [WAC], Oregon Cascades [ORC], Lassen Cascades
[LAS], and the Sierra Nevada [SN]), a broader regional popula-
tion in the Rocky Mountains [RM], and a phenotypically and
ecologically distinct subspecies in the Sacramento Valley of
California (SV) (Fig. 1a). To contextualize within-lineage
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Fig. 1. Red fox sampling and population structure. a) Montane subspecies designations and sampling localities for 34 red foxes selected for whole
genome resequencing (Russia not shown). Left map shows historical ranges of recognized subspecies and right map indicates approximate lo-
cation and sample size for each population. b) Neighbor-joining dendrogram based on identity-by-state distances and genetic clustering inferred
from Admixture at K = 7. c) PCA of all sequenced samples (top) and for samples reduced to 1 or 2 unrelated individuals per population (bot-
tom). WAC, Washington Cascades; ORC, Oregon Cascades; LAS, Lassen Cascades; SV, Sacramento Valley; SN, Sierra Nevada; RM, Rocky

mountains.

comparisons, we sequenced four samples from the eastern
lineage, one from Alaska, and one from Russia. We used a
chromosome-level arctic fox (Vulpes lagopus) reference
genome (Peng et al. 2021) to map, genotype, and annotate
sequences (supplementary table S1, Supplementary Material
online), yielding an average depth of coverage of 17X and
~16 million bi-allelic SNPs.

We first characterized contemporary patterns of genet-
ic structure in North America, with a focus on contextual-
izing the strong substructure of montane populations
observed in other studies (e.g. Quinn et al. 2022). A
neighbor-joining tree based on identity-by-state sup-
ported basal divisions between previously described refu-
gial groups (east, montane, Alaska) in North America
(Aubry et al. 2009; Sacks et al. 2010, 2018), as well as mono-
phyly of subspecies and populations within the montane
group (Fig. 1b). However, short internal branches indicated
shallow absolute differentiation generally, and among
montane populations specifically. In contrast, admixture
analysis and PCA showed strong substructure within the
montane group, with Pacific mountain populations (LAS,
ORC, and WAC) being first to differentiate at lower K va-
lues in admixture analyses, as well as significant drivers of
genetic variation in the PCA (Fig. 1b and ¢, supplementary
figs. S1 to S3, Supplementary Material online). Kinship co-
efficient estimates within Pacific mountain populations
suggested multiple first- and second-order relationships,

particularly in LAS, ORC, and WAC (supplementary fig.
S4, Supplementary Material online). While the elevated
kinship in WAC could be due to overrepresentation of a
family group collected from a narrow portion of the known
range, the samples from LAS and ORC were collected across
their respective ranges and believed to accurately reflect
population-level kinship. When we down-sampled to <2 un-
related samples per montane population, all montane sam-
ples except the SN individual collapsed into a single group
(Fig. 1c). Together, these results suggest that the strength
of substructure within the montane lineage is primarily dri-
ven by drift due to recent small effective sizes rather than
long-term divergence.

Long-term Demographic History

We estimated temporal trends in effective population size
(Ne) over the last two glacial periods using multiple sequen-
tial Markovian coalescent (MSMC2; Schiffels and Wang
2020). According to MSMC2, North American red foxes
maintained large effective sizes through most of the
Wisconsin glaciation and became demographically inde-
pendent from Eurasian red foxes 300,000 to 400,000 year
ago (Fig. 2a). This timeframe aligns with first appearance
of red foxes in the North American fossil record and mito-
chondrial findings (Péwé and Hopkins 1967; Aubry et al.
2009; Statham et al. 2014; Sacks et al. 2018). However, the
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Fig. 2. Demographic history. Inferred changes in effective population size over time using MSMC2 with a) one sample per population and b) two
samples per population. c) Estimated divergence time based on the rCCR estimated with MSMC2. d) Temporal Ne over recent time periods
reconstructed with GONE. Thin lines are 20 independent replicates of 50 k SNPs per chromosome and thick lines are the replicate average.
e) Three-population ABC model with posterior density estimates (median and 95% highest posterior density) for time of initial population div-
ision (Tpyy) and time of isolation (T;so) between the RM, ORC, and LAS populations. f) Climatic niche of montane red fox predicted from the
location of 68 museum specimens (white points) and projected to past climates.

relative cross-coalescent rate (rCCR), an index of divergence
based on the ratio of between- to within-population coales-
cence rates, suggests a more protracted and recent division
(Fig. 2¢, supplementary fig. S5, Supplementary Material

4

online). Continental populations did not majorly differenti-
ate until 35,000 to 70,000 year ago, which supports consid-
erable secondary gene flow across the Bering land bridge
prior to its submergence 11,000 ago (Jakobsson et al. 2017).
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Within North America, all three refugial lineages showed
similar patterns of Ne through most of the Pleistocene, al-
beit with different magnitudes of Ne fluctuation (Fig. 2a
and b). Effective sizes appear to have declined throughout
the Holocene (ca. last 12,000 years), reflecting increasing
coalescent rates from either reduced population sizes or
changing structure (Mather et al. 2020). The rCCR point esti-
mates for divergence for North American groups were closely
overlapping, with the Alaska group diverging first (13,000
to 15,000 years ago), followed by separation between the east-
ern and montane groups (7,000 to 12,000 years ago), and most
recently, divisions within the montane group (5,000 to 9,000)
(Fig. 2¢, supplementary fig. S5, Supplementary Material on-
line). Divergence estimates younger than 10,000 years ago ap-
proach the resolution limit for MSMC2 analyses based on only
2 to 4 haplotypes per population (Schiffels and Wang 2020).
Additionally, sporadic phasing errors are prone to breaking
up identity-by-descent tracts, which disproportionately influ-
ence recent coalescence (Mather et al. 2020). Nonetheless,
MSMC2 clearly identified the major genetic divisions within
the montane group as younger than 10,000 years.

Short-term Demographic History

We used patterns of linkage disequilibrium (LD) in the
program GONE (Santiago et al. 2020) to estimate trends
in Ne over recent centuries (Fig. 2d). In contrast to
long-term Ne, where eastern red foxes showed a lower
Ne relative to the montane lineage for most of the late
Pleistocene, historical trajectories indicated that Ne of
the eastern group exceeded that of the montane group
by several orders of magnitude throughout the modern
era. Despite the different scales, both eastern and RM
red foxes exhibited steep declines in the early 1800s, fol-
lowed by modest recovery around 1950. In comparison, es-
timates of Ne for the Pacific mountain populations (ORC
and LAS) stayed consistently low. This “flatlining” of Ne
into the distant past is likely an artifact of their extremely
small contemporary Ne, as drastic recent declines tend
to erase the LD signature of older demographic events
(Santiago et al. 2020).

Time of Isolation

We used approximate Bayesian computation (ABG
Beaumont et al. 2002) to infer the demographic history of
montane populations during the Holocene, focusing on pat-
terns of divergence and isolation for three populations:
RM from V. v. macroura, ORC and LAS from V. v. necator
(Fig. 2e). We chose these populations for their larger sample
sizes and relevance to potential genetic rescue efforts of
LAS. Simple pairwise models of divergence-with-migration
(supplementary fig. S6, supplementary table S2, and
Supplementary Material online) suggested that gene flow
continued between ORC and LAS (within subspecies) until
only about 20 years ago, whereas gene flow between these
populations and RM (between subspecies) ceased around
600 years ago (supplementary fig. S7, supplementary table
S3, and Supplementary Material online). We then pooled

posteriors from three-population models with two different
patterns of stepping-stone migration that were equally
favored (supplementary fig. S6, supplementary tables S4
and S5, and Supplementary Material online). These
more realistic models indicated a median divergence time
for RM from the ancestral ORC and LAS population
(Towv-rm) of 1,900 years with gene flow maintained up until
~1,000 years ago (Tiso.rm; Fig. 2€, supplementary fig. S8,
supplementary table S6, and Supplementary Material
online). Median divergence between ORC and LAS within
subspecies (Tp.ias) occurred around 500 years ago,
with continued migration until a century ago (Tiso.as)-
These estimates align with current recognized taxonomic
classification, showing LAS and ORC as connected
populations prior to historical declines, whereas separation
of these populations from RM, recognized as different sub-
species, predates the colonial period commonly used as a
restoration baseline (Thorpe and Stanley 2011).
Fundamentally, estimates across models consistently sup-
ported montane subspecies as evolutionarily young relative
to one another. Accounting for cross-validation error rates
(23% for Tiso.rm 44% for Tpn.pms supplementary fig. S9,
Supplementary Material online), upper bounds of 95% highest
posterior densities conservatively predict basal divisions with-
in the montane group as no older than 4,000 years, with sig-
nificant gene flow persisting until at least 2,300 years ago.

Climatic Niche Reconstruction

We reconstructed the climatic niche of montane red foxes
using museum records that predated the most recent se-
vere declines. Projections into past climates indicated a
greater area of suitable habitat during the Last Glacial
Maximum (LGM, 18,000 to 22,000 years ago) compared
to present, paralleling the larger effective sizes and weaker
structure of montane red foxes we inferred from MSMC2
(Fig. 2f). Climatic conditions that resemble the contem-
porary montane climate were both more expansive and
continuous during the LGM. As the glaciers retreated,
this climatic niche became increasingly fragmented and
restricted to the footprint of the western cordilleras, until
the mid-Holocene (ca. 6,000 years), when it stabilized to
resemble the contemporary climate. Despite a clear trend
toward increased fragmentation during the Holocene, the
model suggested greater historical connectivity in the
early 1900s than evidenced by the discrete genetic struc-
turing of contemporary samples in this study (Fig. 1c) and
elsewhere (Quinn et al. 2022).

Heterozygosity

Estimates of autosomal heterozygosity indicated high vari-
ation for western montane red foxes (1.4 to 2.4 heterozy-
gous sites per kb), spanning the range of heterozygosity
observed in the east but significantly lower than either
Alaskan or Eurasian representatives (2.8 and 3.2 heterozy-
gous sites per kb, respectively; supplementary table S7,
Supplementary Material online; Fig. 3a). The dispersion
in estimates was principally caused by many windows
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Fig. 3. Inbreeding and diversity. a) Estimates of heterozygosity genome-wide and after excluding ROH >1 MB in length. b) Cumulative propor-
tion of the genome in ROH shorter than the length displayed on the x axis for 34 individuals. c) Contribution of different length classes of ROH to
individual inbreeding coefficient. d) Genome-wide heterozygosity estimated over nonoverlapping 1-MB for six representative individuals.

with no variation (i.e. ROH) in the Pacific mountain popu-
lations (Fig. 3b to d). When excluding ROH >1Mb, the
heterozygosity mode was roughly equivalent across all
montane populations, as well compared to the east
(supplementary fig. S10, Supplementary Material online).
Even the samples with the lowest genome-wide variation
(SN and LAS) showed high autosomal heterozygosity va-
lues relative to other published values for carnivores. For
comparison, African leopards (Panthera pardus pardus),
leopard cats (Prionailurus bengalensis), banded mongoose
(Mungos mungo), and honey badgers (Mellivora capensis)
are other widely distributed species of Least Concern
and have genome-wide estimates of ~2 heterozygous sites
per kb (Pecnerova et al. 2021; Wilder et al. 2023). This “saw-
tooth” pattern of high genomic variation interrupted by
long invariable stretches (Fig. 3d) is more consistent with
postcolonial declines than a long-term restricted Ne for
Pacific mountain populations.
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Inbreeding

We characterized the consequence of declining effective
population size by quantifying ROH, or identical segments
of the genome inherited from a common ancestor
(Ceballos et al. 2018). Somewhat surprisingly, all sampled
red foxes, even those from Russia and Alaska had a
non-negligible portion (>13%) of their genome in
ROH >100 kb (supplementary table S7, Fig. 3c and e,
supplementary fig. S10, Supplementary Material online).
However, by far the highest levels of inbreeding were found
in the Pacific mountains, particularly in the SN (Fron >100
ks = 0.57) and LAS (Fron >100 k8 = 0.42 to 0.55). These in-
breeding coefficients approached estimates from some of
the most iconic examples of inbreeding in carnivores, such
as Isle Royale wolves (Robinson et al. 2019), Florida panther
(Puma concolor) (Saremi et al. 2019), and Indian tigers
(Panthera tigris) (Khan et al. 2021). Although eastern red
foxes also had moderate levels of autozygosity (Fron >100
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ks = 0.27 to 0.37), they differed from montane populations
in their length profiles (Fig. 3c and d, supplementary figs.
S10 and S11, Supplementary Material online). Most ROH
in eastern foxes were <1 Mb, consistent with rapid growth
from the bottleneck inferred by GONE. The montane
group also had substantial ROH <1 Mb, but most ROH
were longer tracts that coalesced in the last century.
Within the montane group, the Pacific mountain popula-
tions had more long ROH than RM red foxes, with Lassen
and SN individuals showing 8%-25% of their genome in
ROH >10 Mb. Pairwise comparisons indicated high shar-
ing of ROH haplotypes within montane populations and
low sharing among populations, confirming most inbreed-
ing happened after montane populations became isolated
from each other (supplementary fig. S12, Supplementary
Material online).

Deleterious Variation

We used SnpEff (Cingolani et al. 2012) to identify 111,860
variable sites in 27,192 protein-coding genes: 69,025
synonymous, 42,124 missense, and 711 loss-of-function
(LoF) variants. Of the missense variants, we discarded
the 63% that were predicted by SIFT (Vaser et al. 2016)
to be tolerated and only retained the 15,770 sites predicted
to cause an amino substitution deleterious to protein
function. Missense and LoF derived variants had lower
average frequencies relative to intergenic and synonymous
derived variants (supplementary fig. S13a, Supplementary
Material online), validating that SnpEff and SIFT could dis-
cern deleterious from benign protein change.

Frequencies of putatively deleterious missense and LoF
alleles were higher in the montane group compared to the
east (supplementary fig. S13b, Supplementary Material
online), but similar across montane populations. Within
the montane lineage, genotypic distribution of deleterious
variants appeared to be strongly influenced by recent de-
clines. Populations with the most severe reductions in the
Pacific mountains (i.e. high Fron »1 mp) had fewer sites
with deleterious alleles (potential load; Fig. 4a) but many
more deleterious alleles in homozygous form (realized
load; Fig. 4b). Moreover, both indices were highly corre-
lated with Frop -1 mps indicating these patterns were asso-
ciated with recent inbreeding. On average, an increase of
Fron > 1ms from 0.1 to 0.5 translated to a reduction in
the number of sites with potential to contribute a deleteri-
ous allele by 10% to 20%, and a rise in the number of sites
with homozygous deleterious alleles ~25% to 30%. The re-
lationships between recent genomic inbreeding and rea-
lized load were weaker for LoF than missense mutations,
possibly due to lower statistical power (only 711 sites com-
pared to 15,770, respectively) or the influence of purifying
selection (i.e. purging).

To investigate the role of selection directly, we calcu-
lated the total number of putatively deleterious alleles,
which should be equivalent among populations when drift
is the dominant evolutionary forces (Kirkpatrick and Jarne
2000). For missense alleles (i.e. small-effect), we observed

a weak positive linear relationship with Frops 1mp, in Which
an increase in Frops1m from 0.1 to 0.5 predicted 3% more
deleterious alleles in the inbred populations (Fig. 4c). This
suggests selection has been less influential at reducing
numbers of small-effect deleterious alleles in inbred rela-
tive to more outbred populations. In contrast, we observed
no linear relationship between the total load of LoF dele-
terious alleles (i.e. large-effect) and Fropsimp (linear
R® = 0.0, P =0.30). Instead, the pattern suggested a quad-
ratic relationship between LoF allelic load and inbreeding
(quadratic R* = 0.28, P = 0.01). This could reflect a “goldi-
locks” phenomenon for purging, whereby inbreeding is
positively associated with removal of recessive deleterious
alleles up to a point, beyond which, selection against dele-
terious alleles becomes overwhelmed by drift, resulting in
reduced purging. Correspondingly, although numbers of
sites with at least one deleterious allele decreased mono-
tonically with elevated inbreeding (Fig. 4a), the California
populations (SN and LAS) that suffered the most severe
declines had 20% to 40% more homozygous missense
and LoF deleterious alleles than did the more robust RM
population (Fig. 4b). In contrast, the ORC and WAC popu-
lations, with more moderate declines, had similar numbers
of homozygous LoF alleles to that of the RM population,
despite their higher inbreeding.

Compared to the RM population, which most closely
represented ancestral levels of variation, LAS and ORC
had “L-shaped” site-frequency spectra, consistent with
their small sizes (Fig. 5a). The LAS population in particular
had a strong second mode corresponding to fixed derived
alleles, which applied to deleterious as well as putatively
neutral alleles, as expected from drift in a small population.
As a result, these Pacific mountain populations had fewer
sites with deleterious alleles overall but higher frequency of
deleterious alleles at remaining sites (Fig. 5b). For example,
LAS had approximately two-thirds of the deleterious
variants present in RM but three times as many fixed dele-
terious alleles. Fixed deleterious variation is particularly
relevant to conservation planning because it represents a
loss of fitness that can only be reversed through future
gene flow. Finally, we used Ryy (Do et al. 2014; Xue et al.
2015) to compare the frequency of derived alleles shared
between populations. An Ryy equal to one corresponds
to no change in allele frequencies and an Ryy greater or
less than one corresponds to an increase or decrease in fre-
quency of alleles in population X relative to population Y,
respectively. Both LAS and ORC experienced a negligible
accumulation of missense-deleterious alleles but a more
substantial deficit of LoF alleles compared to RM, although
95% confidence intervals overlapped one for all but the
moderate-sized ORC population (Fig. 5c). Interestingly,
montane populations had similar or higher accumulation
of deleterious alleles than the eastern group, suggesting
negligible long-term purging compared to other North
American red foxes as well (supplementary fig. S14,
Supplementary Material online). Together population-
based analyses for the montane lineage suggest drift and
inbreeding during anthropogenic declines have rearranged
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Fig. 4. Individual-level genetic load of western subpopulations. Relationships of recent inbreeding to proxies of genetic load: a) number of sites
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intervals; populations represented by a single sample are denoted with a dot. Estimates were based on 15,770 missense and 711 LoF mutations.

the potential load into realized homozygous load, with
purifying selection playing a lesser role, significantly influ-
encing only LoF mutations in the moderate-sized ORC
population.

To investigate how the distribution of deleterious vari-
ation across populations might influence selection of
source populations for the purpose of genetic rescue,
we focused a set of analyses on the Lassen population
(LAS) as the recipient of genetic augmentation (Fig. 6,
supplementary fig. S15, Supplementary Material online).

8

We compared deleterious allelic contributions from two
candidate donor populations: ORC, moderately inbred
and connected within the last century, and RM, most di-
verse but isolated from LAS a thousand years longer. As ex-
pected, both candidate donor populations shared similar
numbers of homozygous derived alleles with LAS,
suggesting they would be equally effective at masking
deleterious alleles in the recipient population (Fig. 6a,
supplementary fig. S15a and d, Supplementary Material
online). However, as there is potential for donor
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individuals to breed with each other (or their progeny) in
the augmented population, we also considered the num-
ber of homozygous genotypes shared within donor pairs.
Here, two donor haplotypes masked fewer deleterious al-
leles in each other when they originated from ORC
than from RM (Fig. 6b, supplementary fig. S15b and e,
Supplementary Material online). However, ORC donors
also had significantly fewer LoF alleles not found in the re-
cipient gene pool (Fig. 6¢, supplementary fig. S15c and f,
Supplementary Material online). Using ORC as a donor
population therefore would likely introduce fewer LoF var-
iants overall, but more of them in homozygous form, com-
pared to the larger, more diverse RM population.

Discussion

We used whole genome sequences to advance ongoing
conservation planning for western montane red foxes in
North America. By contextualizing their current scarcity
in terms of their historical and ancient past, our findings
help guide recommendations regarding the suitability, pri-
ority, and implementation strategy for genetic rescue. First,
our data support the hypothesis that the most prominent
divisions among native montane red fox populations are

evolutionarily young, evolving only in the latter half of
the Holocene. Second, despite a shared long-term history,
the regional differences in the genetic status of contem-
porary montane populations are stark. Historical fragmen-
tation and isolation have reduced Ne to concerning levels
in all four remnant Pacific mountain populations, particu-
larly the southernmost two in California. Comparatively,
representatives from the northwestern Rocky Mountains
have retained more ancestral diversity. Finally, our results
suggest that although purging may have lessened the se-
verity of inbreeding depression in some populations, its
benefits may be slight compared to the loss of fitness
from increased homozygosity due to drift and inbreeding.
Together, these findings suggest a severely fragmented me-
tapopulation that could benefit from translocations to pro-
mote genomic restoration. However, while genetic rescue
has the potential to improve viability generally, outcomes
for the smallest populations may be particularly sensitive
to the deleterious burden carried by donor individuals.

Large Long-term Effective Size and Recent
Anthropogenic Declines

Our analyses of genomic sequences were in agreement
with the fossil record in indicating that red foxes have

9


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae193#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae193#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae193#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae193#supplementary-data

Quinn et al. - https;//doi.org/10.1093/molbev/msae193

MBE

(a) Missense
w
@
o —_
Sz 1750
o (D
£ 2
2 3 1500
22 * %k
om
85 (o]
@ — 1250 o
a o
\
S & FL S
(b)
1750

*kxk

1500

1250

Deleterious homozygotes
(shared within)

R I
(c)
Q
1750 (o]

£3
z® n
o @ 1500 > o
25
(2

°

3 1250

& & \Y\\p 0‘2“0 B3

LoF
100
’g‘@
90 SR
93
80 X
>
o e @
=
60 o G
(o]
S O FL T
100
~ 0
90 o~
oM
%k % gg
80 :9'_
a3
70 O o g
i
60
S S FL T
100
)]
. 0 <k
a3
80 o
30
Q Sg
70 g

* k% 0
60

& F L S

Fig. 6. Comparison of load between candidate donor populations and the LAS population as the intended recipient. The average value of load
metrics calculated between pairs of individuals in two populations. a) The number of sites where both the donor and recipient individual are
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represent 95% bootstrap confidence intervals. Significance levels for ORC and RM comparison: ns, not significant at alpha = 0.05; *** P < 0.001.

been abundant in North America since their initial migra-
tion over the Bering land bridge approximately 300,000
years ago (Péwé and Hopkins 1967). Founders of the
North American lineage originated in Siberia and were,
therefore, likely preadapted to the cold climate and
open vegetation structure of glaciated North America.
Even after sequestration in isolated refugia south of the
ice sheets, our reconstructions of Ne and climatic niche
suggest that montane red foxes remained abundant, wide-
spread, and genetically diverse. Our sequential Markovian
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coalescent reconstructions indicated gradual declines in
Ne only after glaciers began retreating (Fig. 4a and b).
During this time, climate models predicted a coinciding
contraction of the thermal niche: boreal conditions be-
came increasingly fragmented and restricted to the foot-
print of the western cordilleras until climate stabilized
mid-Holocene (Fig. 4f). Montane subspecies likely differen-
tiated during this upward retreat of boreal-like habitat into
the mountains (Aubry et al. 2009). While MSMC2 and cli-
mate reconstruction indicated its establishment around
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6,000 years ago, ABC modeling predicted more recent
divisions, ~1,000 to 3,000 years in the past. Other lines
of evidence supporting the long-term shared ancestry of
montane red foxes include high heterozygosity outside
of ROH, short internal branches in the neighbor-joining
tree, and the near-complete absence of fixed mutational
differences (supplementary table S8, Supplementary
Material online). Subspecific designations appear to better
capture early differentiation of a once-continuous, geo-
graphically structured metapopulation, rather than deeply
divergent lineages.

Genomic findings instead highlight contrasts in recent
demographic trajectories of montane populations. Low
genetic diversity of Pacific mountain populations seems
to primarily be a consequence of historical declines and
isolation. Both ROH and LD-reconstructions of Ne indi-
cate steep population declines beginning in the 1800s, co-
inciding with westward expansion of the North American
fur trade following the Lewis and Clark expedition in
1,805 (Obbard et al. 1987). Interestingly, both ROH and
LD detected signatures of bottlenecks in eastern red foxes
as well, suggesting the impacts of market trapping may
have been range-wide, similar to fisher (Pekania pennan-
ti), beaver (Castor canadensis), and other lucrative fur-
bearers (Tapper and Reynolds 1996). If so, it is not
obvious why declines would be transient in eastern
Canada and the Rocky Mountains but persistent in
Pacific mountain populations, where inbreeding has con-
tinued into recent decades.

The disparity in resilience may be partly attributable to
the distinct configurations of upper montane habitat in
the western United States. Simulations have shown that
local extirpations result in higher inbreeding rates among
surviving populations in stepping-stone metapopulations,
as likely the case in the linear Cascade and Sierra Nevada
ranges, than in island models, which may more closely re-
semble the clustered ranges of the northern Rocky
Mountains (Kurland et al. 2023). Our ABC modeling tenta-
tively supports this hypothesis, showing that isolation of
the Lassen population coincided with extirpation of the
nearby Shasta population—a probable stepping-stone
that facilitated gene flow with Oregon Cascade red foxes
(Grinnell et al. 1937). Given the overall shallow levels of
genetic differentiation, it seems plausible that human dri-
ven declines disrupted low-level or intermittent gene flow
between more geographically (and genetically) distant
populations as well. Although we did not have the wide-
spread sampling to test directly, museum samples dated
to a century ago also indicated lower genetic distances
and higher haplotype sharing than at present, consistent
with greater past connectivity (Aubry et al. 2009; Sacks
et al. 2010; Volkmann et al. 2015). Regardless, historical
fragmentation of the Sierra Nevada subspecies illustrates
how anthropogenic stressors and landscape configuration
can synergistically act to rapidly elevate inbreeding—a
consideration especially relevant for montane species in
the context of climate change.

Suitability of Genetic Rescue as a Management Tool
A large long-term Ne and high heterozygosity maintained
by gene flow throughout most of the Holocene suggest
tradeoffs in the viability of contemporary montane red
fox populations. On one hand, commensurate with high
genome-wide diversity are many low-frequency, highly
deleterious recessive alleles. This potential load of deleteri-
ous variation, or inbreeding load, stays hidden in heterozy-
gous form when Ne is high, but serves as fuel for inbreeding
depression when population density decreases. Because
the inbreeding load is predominantly created by accumu-
lation of novel mutations over tens or hundreds of millen-
nia (van der Valk et al. 2021; Wootton et al. 2023), it may
be that red foxes are especially predisposed to severe in-
breeding depression following human persecution or over-
exploitation (Hedrick and Garcia-Dorado 2016; Kardos
et al. 2021; Bertorelle et al. 2022). Similar to gray wolves,
mountain lions, arctic foxes, and other widespread gener-
alists (Liberg et al. 2005; Norén et al. 2016; Saremi et al.
2019), the current scarcity of Pacific mountain red foxes
could be in part propelled by their past success.

On the other hand, the recency of declines optimistic-
ally predicts that genomic restoration of montane red
foxes is possible. The montane group has retained consid-
erable standing genetic diversity outside of long ROH,
suggesting the broader metapopulation has also retained
high adaptive potential to future environmental change
(Drsted et al. 2019). Risk of outbreeding depression within
the montane group is also predicted to be low. Whereas
translocations within montane subspecies would restore
historical connectivity, movement between montane sub-
species could connect populations isolated before the
postcolonial baseline, but likely not longer than a few mil-
lennia. Frankham et al. (2011) recommend <500 years of
isolation to confidently avert outbreeding depression.
However, this threshold is considered extremely conserva-
tive. Significant adaptive differentiation between wide-
ranging mammals is likely to require many thousands of
generations to evolve, especially for populations inhabiting
similar environments (Frankham et al. 2011). For context,
Florida panthers were augmented with individuals from a
population in Texas estimated to have diverged 7,000 to
8,000 years earlier (Blischak et al. 2020); five generations
later, no outbreeding depression was evident (Onorato
et al. 2024). Our genome-wide analyses thus did not reveal
a compelling reason to exclude translocations between
montane subspecies on the basis of outbreeding depres-
sion, especially in lieu of alternatives.

There are several caveats to our findings, most notably
that our analyses were based on limited sampling. Within
Pacific mountain populations, samples were unavoidably in-
bred and closely related, which can bias demographic infer-
ences (Blischak et al. 2020; Mather et al. 2020; Waples
2024). In turn, Rocky Mountain samples were collected
over a wider geographic scope, but still a narrow representa-
tion of a vast and heterogeneous metapopulation. Our study
certainly did not capture the full breadth of genetic and
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demographic variation that comprises the Rocky Mountain
subspecies. For example, previous studies have demon-
strated the Rocky Mountain region contains pockets of non-
montane ancestry introgressed from fur farms and possibly
natural expansion of other refugial lineages (Quinn et al.
2022). One sample from Nevada in the present study indeed
reflected discernable amounts of eastern ancestry. Although
we excluded this individual from demographic analyses, we
did not explicitly account for the possibility of eastern gene
flow in our demographic models, which could both distort
site frequency analyses and elevate risk of outbreeding de-
pression. In theory, selective introgression of only a few genes
is potentially sufficient to alter montane red foxes from their
historical phenotype. Limited morphological data suggest
this is a possibility, with larger body size reported in some
contemporary northern Rocky Mountain populations than
indicated by museum specimens (see Quinn et al. 2022).
To address remaining concerns of outbreeding depression,
the most expedient approach may be to conduct localized
ecological studies that confirm ecological, morphological,
and phenological overlap (e.g. seasonal onset of estrus) be-
tween recipient and source populations.

Consequences of Historical Declines on Deleterious
Load

Understanding how demographic history shapes the dis-
tribution of deleterious variation has become a prominent
issue in conservation biology (Bertorelle et al. 2022; van
Oosterhout et al. 2022; Dussex et al. 2023; Robinson
et al. 2023). From genomic studies of demographic bottle-
necks that lasted hundreds to thousands of generations, a
consensus is emerging that small Ne simultaneously results
in purging of strongly deleterious alleles and accumulation
of weakly to moderately deleterious alleles (Xue et al. 2015;
Robinson et al. 2018; Dussex et al. 2021; Mathur and
DeWoody 2021; Kleinman-Ruiz et al. 2022). The implica-
tions are that ancient bottlenecks insulate populations
from the most severe and immediate fitness consequences
of declines caused by anthropogenic activities, possibly ex-
plaining why some highly inbred populations do not show
obvious phenotypic signs of inbreeding depression. We did
not observe strong evidence of long-term purging in mon-
tane red foxes relative to other lineages. Despite a smaller
contemporary Ne than eastern red foxes, Rxy analyses in-
dicated that montane populations carried a similar or
greater burden of deleterious alleles relative to their east-
ern counterparts, presumably due to a larger refugial Ne
during the last glaciation.

The efficacy of purging to mitigate inbreeding depres-
sion over anthropogenic time scales is more equivocal
(Hedrick and Garcia-Dorado 2016). We observed evidence
of purging of LoF alleles only in populations subject to less
severe declines in the northern Pacific mountains. In con-
trast, the California populations, which underwent the
most severe and rapid declines, showed weaker evidence
of purging. The influence of purging on such recent time-
scales similarly varies across studies, ranging from no
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evidence of purging at all (Robinson et al. 2019; Ochoa
et al. 2022; Smeds and Ellegren 2023), purging in the
most deleterious class of mutations only (Grossen et al.
2020; Khan et al. 2021), and accumulation across all classes
of deleterious mutations (van der Valk et al. 2019). It is
challenging to discern the degree to which these
idiosyncrasies are due to methodological choices, statistic-
al power, quality of the annotation, or true evolutionary
processes. Our results supported a dominant role of drift
and inbreeding in shaping the genetic load, with the
expected tradeoff between higher potential load in larger
populations and higher realized load in smaller popula-
tions (Bertorelle et al. 2022; Dussex et al. 2023). At a
more nuanced level, our findings lend support to the
notion that the efficacy of purifying selection is sensitive
to the rate of decline and inbreeding (Hedrick and
Garcia-Dorado 2016). This pattern of more efficient pur-
ging in moderately inbred populations is consistent with
previous studies showing long ROH are enriched for dele-
terious variation relative to shorter, older ROH (Szpiech
et al. 2013; Stoffel et al. 2021), and, unsurprisingly, predicts
the greatest risk of inbreeding depression for the most
drastically reduced populations.

Conservation Implications
Our findings suggest inbreeding depression may be signifi-
cantly impacting viability of the Lassen and Sierra Nevada
populations in California. Monitoring data suggest an un-
managed genetic rescue is already underway in the Sierra
Nevada (Quinn et al. 2019), making Lassen the higher pri-
ority for intervention. The Sierra Nevada population was
represented in this study by a single genome collected in
2011, prior to the start of low-level immigration from a
neighboring population in the Great Basin. Immigration
was immediately followed by admixture, increased repro-
ductive output, and an expanding distribution of admixed
progeny (Quinn et al. 2019; Hatfield et al. 2021). The appar-
ent heterosis supports substantial inbreeding depression in
the Sierra Nevada population, and by extension, presumably
the Lassen population as well. Whereas monitoring efforts
have demonstrated that low-level gene flow continues to
bolster the Sierra Nevada population (unpublished data),
the Lassen population remains isolated with a single migrant
detected in over 20 years of monitoring (Quinn et al. 2022;
Sierra Nevada Red Fox Conservation Advisory Team 2022).
Telemetry studies in Lassen have further confirmed few
breeding pairs and small, infrequent litters (Sierra Nevada
Red Fox Conservation Advisory Team 2022), which, along
with genomic estimates of elevated ROH and homozygous
deleterious alleles, implicate inbreeding depression as a prox-
imate factor limiting growth of the Lassen population.
However, the characteristics of the Lassen population
that makes the case for genetic rescue so compelling
also make its success highly uncertain. With an estimated
abundance fewer than 30 individuals (Sierra Nevada
Red Fox Conservation Advisory Team 2022; Green et al.
2023), the persistence of the Lassen population is
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precarious. Any factor that increases variance in fitness,
even transient, could tip the population toward extirpa-
tion. So although genetic rescue may ultimately reduce
both inbreeding and genetic load and raise mean fitness,
in the short-term it imposes a period of high stochasticity
that could elevate extinction risk (Pérez-Pereira et al.
2022). In an ideal genetic rescue, an infusion of novel vari-
ation would reduce the expression of recessive alleles, im-
prove fitness enough to spur rapid population growth, and
permanently convert the realized load to its ancestral
masked form. More realistically, such growth is likely to en-
sue over generations for carnivores with low fecundity and
long lifespans, such as montane red foxes (Quinn et al.
2019). During this gradual growth phase, the Lassen popu-
lation could stay small enough that continued inbreeding
would be unavoidable. This “recovery bottleneck” would
create an opportunity for the donor load to recombine
in homozygous form and impose a fitness cost that is add-
itional to the current inbreeding depression. The greater
the current inbreeding depression, the more probable
this scenario, as higher-fitness progeny of donor stock
will disproportionately contribute their genetic material
to subsequent generations (Harris et al. 2019).

The ideal source population for genetic rescue of small
populations would thus balance the need to reverse cur-
rent inbreeding depression with the need to counter fu-
ture inbreeding depression caused by potential load in
the donor population. Currently, managers are considering
genetic rescue of the Lassen populations using two candi-
date donor populations, both sourced from Oregon:
the larger, genetically diverse Rocky Mountain red fox
population occupying the Blue Mountains ecoregion and
the more moderate-sized Cascade population that belongs
to the same (Sierra Nevada) subspecies but also has higher
inbreeding. Because inbreeding in Lassen occurred after
its isolation, donors from both populations are expected
to be equally effective at masking the realized load in
Lassen. However, the differences in potential and realized
load between donor populations create tradeoffs between
the severity of fitness consequences and the rate of return
for inbreeding. Based on pairwise comparisons, translocated
red foxes from the Oregon Cascades would on average intro-
duce fewer sites with novel deleterious alleles than foxes in
the Oregon Cascades red foxes, especially for the highly dele-
terious LoF category, which would minimize the severity of
additional inbreeding depression that could occur during a
recovery bottleneck. However, more of the deleterious alleles
introduced would be embedded in ROH segregating at high
frequencies in the donor population and would thus be
more likely to be shared with other translocated individuals.
This higher frequency within the donor population could
hasten the return of inbreeding and increase the probability
that it involves donor haplotypes.

Currently, no clear decision framework exists to navigate
this tradeoff between the rate of return of inbreeding and
its potential severity. The influence of deleterious variation
on translocation success is primarily supported by theory
and simulations (Hedrick and Garcia-Dorado 2016; Kyriazis

etal.2021; Pérez-Pereira et al. 2022), with limited empirical evi-
dence (Hedrick et al. 2019; Wilder et al. 2020). Consequently,
many conservation geneticists caution against prioritizing pu-
tatively functional variation in management decisions, which
could result in unintended, adverse effects (Ralls et al. 2020;
Kardos et al. 2021). Pragmatically, the choice of donor popu-
lation is likely to be dictated by nongenetic factors, such as
phenotypic similarity, administrative logistics, and most critic-
ally, the abundance of the donor population and its ability to
sustain removals. Given the inherent complexity of rescuing
extremely small populations, a plan to monitor postaug-
mentation and adaptively manage for sustained growth or
periodic connectivity may prove more important in the
long-term.

Our results show varying degrees of localized inbreeding
of a formerly large and genetically diverse metapopulation.
This finding is hopeful for the conservation prospects of
montane red foxes, as it broadens the range of possibilities
for restoring diversity to genetically depleted populations
in the Pacific mountains. Promoting robust populations
may serve conservation of these small, isolated popula-
tions more than endeavors to preserve unique genetic di-
versity that is largely drift-driven. However, our findings
also present a challenge to long-term management plan-
ning, as they suggest montane red foxes will not be fully
recovered until metapopulation dynamics are restored
across the western United States. Ensuring enough migra-
tion to prevent accumulation of inbreeding in the Pacific
Mountains will likely require either increases in size of, or
the creation of new populations to serve as stepping
stones. These goals are not easily achieved and will require
sustained, multistate efforts. Genetic rescue may serve as a
short-term tool to accomplish these goals but alone are
unlikely to be a sufficient solution.

Methods

Samples and Sequencing

We extracted genomic DNA from either tissue or blood of 34
red foxes that were collected from lived-trapped animals for
other studies (whose methods followed American Society of
Mammalogists animal care guidelines; Sikes and Bryan 2016),
road strike mortalities, or skins from licensed fur trappers
(Fig. 1a, supplementary table S1, Supplementary Material
online). Of these, 28 originated from the montane
lineage of the western U.S. We included samples from three
discrete and isolated populations of the Sierra Nevada sub-
species (V. v. necator; ORC, SN, LAS) and one from the
Cascade subspecies (V. v. cascadensis, WAC), which we col-
lectively refer to as the Pacific mountains. To represent the
Rocky Mountain subspecies (V. v. macroura), we sequenced
samples from eastern Oregon and Nevada (RM), which are
of mainly native Rocky Mountain subspecies ancestry despite
overlap with Great Basin and Columbia Plateau ecoregions
(Quinn et al. 2022). For complete representation of the mon-
tane lineage, we also included an individual from the
Sacramento Valley (SV), which represents a phenotypically
and ecologically distinct subspecies (V. v. patwin)
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endemic to the low-elevation, arid Central Valley region
of California (Sacks et al. 2010). Finally, to contextualize
genetic comparisons among montane populations, we
sequenced samples from the eastern refugial lineage
(Newfoundland = 3, Vermont = 1), from Alaska to represent
the third northern refugial lineage in North America (n = 1),
and from Yamal, Russia (n=1) as an outgroup to all
North American red foxes (supplementary table ST,
Supplementary Material online).

DNA was extracted using the Qiagen DNEasy Blood
and Tissue Kit (Qiagen Inc, Valencia, CA) following manu-
facturer’s instructions. To generate whole genome shot-
gun sequences, we constructed indexed libraries using
NEBNext® Ultra™ DNA Library Prep Kit for lllumina® ac-
cording to manufacturer’s instructions but scaled to half-
reaction volumes, along with custom Illumina-compatible
indexes. Libraries were then cleaned and size selected using
Agencourt AMPure XP beads (Beckman Coulter), quanti-
tated using a Qubit 2.0 dsDNA BR fluorometer, and sub-
mitted for 150-bp paired-end sequencing on lllumina
HiSeq 4000 or Novaseq 6000 lanes at the UC Davis
Genome Center and Admera Health (South Plainfield, NJ).

Bioinformatics

We used Trim-galore (Krueger 2012), a Perl wrapper around
the Cutadapt v.1.8.3 (Martin 2011) and FastQC v.0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc),
to trim adapters from raw reads and discard sequences
<30 bp. We aligned reads to an arctic fox reference gen-
ome (Peng et al. 2021) using the mem algorithm of the
Burrows-Wheeler Aligner (BWA) v.0.7.17 (Li 2013). We
also mapped a subset of samples to the red fox (v.2.4;
Rando et al. 2018) and domestic dog (CanFam3.1)
references and identified the arctic fox as offering the
best compromise between minimizing phylogenetic diver-
gence and maximizing assembly and annotation quality
(supplementary fig. S16, Supplementary Material online).
We used Samtools v.1.16 (Li et al. 2009) to sort and remove
secondary alignments and read pairs where only a single read
mapped. We marked duplicates, added read groups, and col-
lected basic alignment statistics with Picard v2.7.1 (https:/
broadinstitute.github.io/picard/) and used Genome Analysis
ToolKit (GATK) v.3.8.1 (https://software.broadinstitute.
org/gatk/) to conduct local realignments around indels.
The filtered reads resulted in depths of genome coverage
that ranged from 5 to 51X with 80% of samples >10X.

To avoid assumptions of Hardy—Weinberg equilibrium,
we called variants separately for each individual using
bcftools (v.1.16; https://samtools.github.io/bcftools/) mpi-
leup and bcftools call (option “—group-samples—"). We re-
quired minimum mapping and base qualities >30 and
excluded sites with >2 or <1/3 the mean pooled depth
(576%). We used bcftools to retain only biallelic SNPs
with at least five reads supporting the minor allele
(“INFO/AD[1] > 5 && INFO/AD[0] > 5"), a site quality
phred score >100 (“%QUAL>100"), a minimum of 5 bp
distance from indels (“-g 5”), and, to exclude paralogs,
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fewer than 80% of individuals with heterozygous geno-
types (“F_PASS(GT = “het”) > 0.80"”). To minimize geno-
typing error caused by contamination, misalignments,
and sequencing errors, we required all genotypes to have
at least three reads (-e “FMT/DP < 3”), heterozygous gen-
otypes to have at least 20% of the total reads supporting
the minor allele (-e “GT = “HET” & (sMin(FORMAT/AD)/
FORMAT/DP) < 0.2 "), and homozygous genotypes to
have <20% of reads containing a second allele (“GT
="HOM” & (-e “sMin(FORMAT/AD)/FORMAT/DP) >
0.2”). We used bedtools2 v.2.3 (Quinlan and Hall 2010) to
exclude unplaced scaffolds, the X chromosome, and regions
of poor mappability that were identified using Genmap
(Pockrandt et al. 2020) based on a k-mer length 100 and al-
lowing for 2 mismatches. Finally, we excluded sites with
>20% missing data, for a final dataset consisting of
16,707,287 biallelic variants.

Population Structure

To analyze population structure, we first pruned variants
in strong LD using the LD pruning function (indep-
pairwise 100 10 0.2) in Plink v1.9 (Purcell et al. 2007), re-
sulting in 817,577 variants. We used Plink to conduct a
principal component analysis (PCA) and to calculate a
pairwise matrix of identity-by-state which we used to con-
struct a neighbor-joining tree in R program ape (Popescu
et al. 2012). We also used the program Admixture v1.3.0
(Alexander et al. 2009) to identify genetic clusters within
our dataset. We ran Admixture 10 times each for clusters
K=1 to 15 and selected the runs with the highest likeli-
hood for visualization of each K. We used cross-validation
error to characterize the stability of cluster assignments.
To adjust for unequal sample sizes and inbreeding, we
then repeated PCA and Admixture analyses with a max-
imum of two samples per montane population, preferen-
tially retaining unrelated individuals identified using the
KING moment approach (Manichaikul et al. 2010) in
Plink v2.0 (Chang et al. 2015).

Demographic Reconstruction

We used multisequentially Markovian coalescent (MSMC2;
Schiffels and Wang 2020) to infer long-term effective popu-
lation sizes through time and approximate divergence be-
tween populations. MSMC2 uses heterozygosity across
genomic segments to estimate coalescent rates, which are
inversely related to population size in the absence of sub-
structure. When applied to a single genome, MSMC2 is
equivalent to pairwise sequentially Markovian coalescent
(Li and Durbin 2011) but with an algorithm that improves
recombination estimates. MSMC2 also can incorporate
phased haplotypes from multiple individuals to increase
the number of coalescent events within a population and
heighten resolution over more recent time periods. As we
only had one sample from Russia and from Alaska, we first
ran MSMC2 with a single representative genome (two hap-
lotypes) from each refugial lineage in North America and
the Eurasian outgroup to visualize overall patterns of Ne.
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To focus on recent demographic events in the western
mountains, we then additionally ran MSMC2 using the
two highest-coverage samples (four haplotypes) for the
eastern lineage and per population in the montane lineage
(LAS, ORC, WAC, and RM). For all runs, we phased samples
with Shapelt4 v4.2.2 (Delaneau et al. 2019) using default
parameters. We used the tool “bamCaller.py” from the
MSMC-tools package to exclude sites with minimum map-
ping and base qualities <30, read depths less than half and
2X the average depth, and regions of low mapping quality
identified by Genmap. We tested several parametrizations
of atomic intervals (-p), including “4 + 25*2 + 4 + 6" and
“1*2 +16*1 + 1*2,” all of which produced similarly shaped
trajectories but some of which resulted in unrealistic spikes
in Ne in the most recent time intervals. Because the
Holocene was the period of main interest, we opted to
show results from “-t 15 -r 5 -p 10*1 + 22*2 + 4 + 6,” the par-
ameterization that maximized resolution in recent time. To
characterize variance, we bootstrapped estimates with 20
replicates of 240 Gb artificial genomes composed of 5 Mb
resampled blocks. We scaled outputs to real time using a
generation time of 2 years (Statham et al. 2018) and a mu-
tation rate of 4.5e-9 mutations per site per generation esti-
mated for gray wolves (Koch et al. 2019). We approximated
divergence time between population pairs by estimating the
coalescent rate of haplotypes across populations, ignoring
ambiguously phased sites (-skipAmbiguous). We then calcu-
lated the relative cross coalescent rate (rCCR) as the ratio of
the cross-population to the mean within-population coales-
cent rate. Values closer to 1.0 indicate panmixia whereas va-
lues closer to zero imply strict isolation. We considered the
divergence process to have occurred during the interval be-
tween 0.25 and 0.75, with a 0.5 as a heuristic point estimate,
as it represents the time when coalescence is twice as likely
to occur within as between populations.

We reconstructed recent temporal trends of effective
population sizes using patterns of LD in GONE (Santiago
et al. 2020). As recent admixture distorts LD structure
(Novo et al. 2023), we conducted runs separately for
each population, using only the three Newfoundland sam-
ples for the eastern group fox and excluding three samples
from montane populations that assigned to more than
one population in the Admixture analyses. For all runs
we ran 20 replicates, used unphased data and default para-
meters, and assumed a recombination rate of 0.6 cM/Mb
(Kukekova et al. 2007).

We used an ABC framework (Beaumont et al. 2002)
to estimate isolation times for montane subpopulations.
Due to sample sizes constraints, we restricted consider-
ation to three populations from two recognized subspe-
cies: ORC and LAS of V. v. necator, and the RM of
V. v. macroura. We used two modeling approaches that varied
in complexity (supplementary fig. S6, supplementary tables S2
through S4, and Supplementary Material online). First, we
constructed simplified two-population models wherein
an ancestral population splits at time Tp,, but gene flow
continues until time Tio (supplementary fig. Séa to ¢
supplementary table S2, and Supplementary Material online).

To avoid confounding ancient divergence and recent bottle-
necks, we restricted TDIV to within 10,000 years and incorpo-
rated historical declines. At time Tgot (60 to 120 years ago),
populations experienced an instantaneous size change based
on contemporary Ne estimates. We bounded priors for bot-
tlenecked population size using the interquartile range of Ne
estimated by GONE over the most recent 100 years for each
population: RM 1250 to 2600, ORC 350 to 650, LAS 30 to 60
(units in haploid individuals). In the second approach, we ex-
tended this framework to more realistic 3-population models
that incorporated stepping-stone migration (supplementary
fig. S6d and e, supplementary table S4, and Supplementary
Material online). For these we fixed the bottleneck time at
60 years ago and compared two migration patterns: one in
which RM isolation precedes subdivision within between
ORC and LAS and another with continued inter-subspecies
gene flow following the LAS-ORC split. We generated
100,000 coalescent simulations for two-population models
and 50,000 simulations for the more computationally inten-
sive three-population models.

For all ABC analyses, we compared the joint site fre-
quency spectrum (SFS) obtained from simulations to the
observed joint SFS for RM, ORC, and LAS. We selected indi-
viduals that showed no admixture in the Admixture analysis
(n = 6 each for RM and ORC, n = 5 for LAS) and, to minim-
ize the influence of selection, included only intergenic sites
that were pruned for LD with bcftools using an r* threshold
of 0.1. Singleton alleles were removed to minimize the influ-
ence of genotyping error. We calculated the join SFS using
easySFS (Gutenkunst et al. 2009), resulting in 6,000 to
8,000 SNPs per population pair (supplementary table S8,
Supplementary Material online). We converted the joint
SFS to four summary statistics for ABC analysis: the fraction
of segregating SNPs private to each population, shared poly-
morphisms, and fixed differences. ABC analyses were con-
ducted using the R package abc v1.0 (Csilléry et al. 2012).
We evaluated model fits with the observed data using
PCA visualizations and goodness-of-fit statistics calculated
with the function “gfit” (supplementary figs. S17 and S18,
Supplementary Material online). We approximated the pos-
terior probability of each model using linear regression
based on neural networks with a tolerance of 1% and pooled
posteriors for models with similar support, based on a Bayes
factor <3 (supplementary table S5, Supplementary Material
online). To select approach for posterior estimation and
predict error rates of posterior estimates, we conducted
100 iterations of leave-one-out cross-validation with
the simulated summary statistics (supplementary fig. S9,
Supplementary Material online). Cross-validation error indi-
cated that nonlinear regression based on neural networks
(Blum and Francois 2010) outperformed rejection sampling,
with the highest accuracy predicted using a weight decay
rate (L) of 0.01 for regularization. Adopting this approach,
we estimated the 95% highest posterior density (HPD) log
transformation of parameters, retaining 1% of simulations
closest to the observed summary statistics across all sup-
ported models (i.e. model averaging). Mutation rate and
generation time were set as in MSMC2 and GONE analyses.
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Climate Niche Models

To relate long-term reconstructions of Ne to climatic niche
availability and connectivity in the past, we used museum re-
cords to construct a climatic niche model for montane red
foxes. To train the model, we downloaded red fox occur-
rence records from the Arctos database (https://arctos.
database.museum, accessed on July 2023) and the National
Museum of Natural History (https://collections.nmnh.si.
edu/, accessed on July 2023). We subset records to localities
in the western states and with collection dates prior to 1950
(supplementary table S9, Supplementary Material online)
to avoid biases caused by recent declines and to minimize
inclusion of nonnative red foxes introduced from fur farm-
ing. We also excluded records from within the native
Sacramento Valley red fox range due to their distinct climat-
ic associations (Sacks et al. 2010). We then thinned the total
records (n = 161) to a minimum distance of 25 km between
records to reduce spatial bias (n = 68). The 19 bioclimatic
variables for the contemporary period (1979 to 2013) were
obtained from Chelsea-Climate (Karger et al. 2017). We con-
structed climatic niche models using the Maxent algorithm
via the R package maxnet v0.1.4 (Phillips et al. 2017). We
used ENMeval v2.0.4 (Kass et al. 2021) to test 12 models: lin-
ear (L), quadratic (Q), and linear-quadratic (LQ) feature
classes combined with regularization multipliers of 0.5 to 2
and a 0.5 step value. The top model was selected using the
Akaike information criterion corrected for small sample sizes
(AICc) (Burnham and Anderson 2004). We then projected
the model to the following past climate scenarios obtained
from paleoclim (Brown et al. 2018): the mid-Holocene
(8.326 to 4.2 ka; Fordham et al. 2017), Heinrich Stadial 1
(17.0 to 14.7 ka; Fordham et al. 2017), and the LGM (ca. 21
ka; Karger et al. 2017).

Genome-wide Heterozygosity

We estimated genome-wide autosomal heterozygosity
using two methods. First, we used mIRho v 2.9 (Haubold
et al. 2010) to estimate the population mutation rate
(0), which under the infinite sites model approximates
heterozygosity. Second, we created individual VCFs that
contained variant and invariant sites with bcftools mpile-
up/call and calculated the fraction of heterozygous over
total callable sites in nonoverlapping 1-Mb windows. We
estimated genome-wide heterozygosity as the mean value
across windows after excluding those that had >20% miss-
ing data. For both approaches, we only included indivi-
duals with mean depths >9x and, to mitigate the effects
of misalignment, removed sites with mapping and base
qualities <30, depths <5 or >2X the mean, and regions
of low mappability identified with Genmap.

Runs of Homozygosity

Inbreeding can be quantified through ROH, which consist of
long tracts of identical haplotypes inherited through a com-
mon ancestor (Kardos et al. 2016; Ceballos et al. 2018). We
identified ROH using a hidden Markov model implemented
with Bcftools/ROH v.1.16 (Narasimhan et al. 2016). We
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calculated the cumulative fraction of the genome in ROH
(Fron) by summing all ROH >100 Kb and dividing by the
length of the callable genome (2,202,644,583 bp). We com-
pared results from Bcftools/ROH with a rule-based approach
implemented in Plink v.1.9 using two different sets of para-
meters that varied in the size of the sliding window of SNPs
(homozyg-window-snp 50 or 500), allowance for heterozy-
gous genotypes (homozyg-window-het 3 or 5), and missing
genotypes (homozyg-window-missing 10 or 20). We set
the value of all other parameters as follows: homozyg-snp
25, homozyg-window-threshold 0.05, homozyg-kb 100,
homozyg-density 50, homozyg-gap 1000. Qualitative results
were similar among all methods but Plink tended to break
long ROH called with Bcftools into shorter segments and
was more sensitive to depth of coverage (supplementary fig.
S$19, Supplementary Material online); we opted to use results
of bcftools/ROH for all downstream analyses.

Long ROH indicate shared ancestry in recent parental gen-
erations whereas shorter ROH indicate bottlenecks or foun-
der events in deeper history (Ceballos et al. 2018). We
estimated the approximate age for different size classes of
ROHSs using g = 100/(2rL) (Thompson 2013) where g is ex-
pected number generations back to coalescence of the hap-
lotypes that form a ROH, L is the ROH length in Mb, and r is
the average recombination rate (0.6 cM/Mb) (Kukekova et al.
2007). Finally, to evaluate the proportion of ROH that arose
due to shared versus independent demographic events, we
adapted a bash script from (Robinson et al. 2021) to calculate
the length of overlapping ROH between pairs of individuals
that were identical-by-state. Segments with overlapping
ROH were considered identical-by-state when the frequency
of fixed differences between them was less than 5e-5.

Deleterious Variation

As most deleterious mutations are assumed to be derived, we
inferred the ancestral allele based on consensus of four
outgroup reference genomes downloaded from NCBI:
arctic fox (GCF_018345385.1), Tibetan sand fox (Vulpes
ferrilata; GCA_024500485.1), domestic dog (Canis lupus
familiaris; GCA_000002285.2), and raccoon dog (Nyctereutes
procyonoides; GCA_905146905.1). We used makeWindows
and getFasta in Bedtools2 to split reference genomes into over-
lapping 70-bp fragments with a sliding step of 10 bp. We
converted from fasta to fastq using seqtk (https://github.
com/lh3/seqtk), which we mapped to the arctic fox genome
using BWA mem. We then used bcftools mpileup and call
to obtain genotypes for each polymorphic site in our dataset
and identified the ancestral allele as the majority allele of all
sites where at least three outgroup references mapped. We
added the ancestral allele as AA tags to the INFO field of
the vcf using vcftools vcf-annotate (Danecek et al. 2011) and
rotated genotypes such that the reference allele matched
the ancestral allele using vcffilterjdk and a java script from
https://github.com/k-hench/test_ancestral_allele.

We focused our analysis of deleterious load on the pro-
tein coding exome as amino acid substitutions provide the
most straightforward predictions of functional impact. We
used SnpEff v.5.1 (Cingolani et al. 2012) to classify the
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derived alleles as synonymous, missense, and LoF mutations
in coding sequences based on annotation of the arctic fox
reference genome (Peng et al. 2021). As multiple transcripts
can overlap, we selected the most deleterious annotations
for each variant and removed sites with SnpEff warnings
that were indicative of mapping or annotation errors. We
further divided missense variants into tolerant and
deleterious based on scores (deleterious < 0.05) calculated
using the SIFT4G (SIFT for genomes) algorithm (Vaser
et al. 2016) and a predictive database built according
to instructions at https://github.com/pauline-ng/SIFT4G_
Create_Genomic_DB. The SIFT approach uses both conser-
vation of sequence homology in related species and amino
acid properties to predict the severity of substitutions on
protein function (Ng and Henikoff 2003).

We counted the abundance and distribution of derived
alleles within individuals to estimate the potential, rea-
lized, and total loads of putative deleterious variation. As
deleterious alleles are expected to be recessive, the number
of homozygous genotypes approximates the realized load.
Past studies have equated the potential load with the
masked load, or the number of deleterious alleles in het-
erozygous state. We suggest, however, that the masked
load is an incomplete index of the potential load when
considering genetic rescue, as gene flow decouples the fre-
quency and genotypes of alleles from their current geno-
typic state. Instead, we estimated the potential load as
the total number of sites with a deleterious allele, regard-
less of its genotype, as a more appropriate metric of a
translocated animal contributing deleterious alleles to
the target population. To infer differences in selection,
we estimated the total load as the number of deleterious
alleles per individual (2x homozygous + 1X heterozygous).
For all metrics, we normalized for varying levels of
missing data among individuals following the approach
of (Marsden et al. 2016). For example, we computed the
normalized number of derived homozygotes as the frac-
tion of derived homozygous genotypes for individual i
and mutation class j relative to the total number of callable
sites for individual i and mutation class j, multiplied by the
number of homozygous derived genotypes in mutation
class j averaged across all i individuals.

We estimated population-based indices of genetic load
from SFS. We estimated population specific SFS for three
populations of large (RM), moderate (ORC), and small
(LAS) effective sizes to evaluate how anthropogenic de-
clines affected the frequency distribution of deleterious
sites. To facilitate comparison with uneven sample sizes,
we sampled without replacement eight alleles (i.e. chro-
mosomes) from each population. We then evaluated dif-
ferences in average allele frequencies among populations
and mutational categories using a two-way ANOVA and
Tukey’s HSD tests for pairwise differences. We calculated
Rxy (Do et al. 2014; Xue et al. 2015) as a metric of the rela-
tive frequency of derived alleles in a specific mutational
category of one population relative to another. To account
for population-specific biases, we standardized Ryy esti-
mates using a random set of 80,000 intergenic SNPs

expected to drift neutrally and estimated standard errors
for Ryy by jackknifing estimates with 100 blocks of con-
tiguous SNPs.

To evaluate deleterious variation explicitly in the con-
text of genetic rescue, we calculated pairwise indices of
deleterious variation among all individuals. These indices
represent how deleterious variation might be distributed
in the progeny of the targeted pair. We grouped indivi-
duals into candidate recipient and donor populations
and focused on three metrics relevant to genetic rescue:
capacity of the donor to mask homozygous deleterious al-
leles in the recipient (number of sites where the recipient
was homozygous for a deleterious allele and the donor had
at least one ancestral allele), introduction of novel deleteri-
ous alleles from the donor (number of sites where donor
individual had at least one deleterious allele and recipient
had none), and shared deleterious alleles between donors
(number of sites homozygous in one donor individual that
were also homozygous in a second donor individual). For
each combination of populations, we calculated the
mean value of all pairwise comparisons. We constructed
bootstrap confidence intervals around the mean by ran-
domly resampling with replacement for the same number
of times as the number of observed comparisons. We con-
ducted 1,000 bootstrap replicates and applied the 0.025
and 0.975 quantiles to define the 95% confidence interval.
To test whether populations yielded significantly different
estimates, we randomized the population affiliation of all
individuals 1,000 times and recalculated pairwise load indi-
ces for each replicate. We then calculated the P-value as
the proportion of replicates with a difference in estimates
at least as large as the observed value.
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Supplementary material is available at Molecular Biology
and Evolution online.
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