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Range-wide multilocus phylogeography of the red fox
reveals ancient continental divergence, minimal genomic
exchange and distinct demographic histories
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Abstract

Widely distributed taxa provide an opportunity to compare biogeographic responses to
climatic fluctuations on multiple continents and to investigate speciation. We con-
ducted the most geographically and genomically comprehensive study to date of the
red fox (Vulpes vulpes), the world’s most widely distributed wild terrestrial carnivore.
Analyses of 697 bp of mitochondrial sequence in ~1000 individuals suggested an
ancient Middle Eastern origin for all extant red foxes and a 400 kya (SD = 139 kya) ori-
gin of the primary North American (Nearctic) clade. Demographic analyses indicated a
major expansion in Eurasia during the last glaciation (~50 kya), coinciding with a pre-
viously described secondary transfer of a single matriline (Holarctic) to North America.
In contrast, North American matrilines (including the transferred portion of Holarctic
clade) exhibited no signatures of expansion until the end of the Pleistocene (~12 kya).
Analyses of 11 autosomal loci from a subset of foxes supported the colonization time
frame suggested by mtDNA (and the fossil record) but, in contrast, reflected no detect-
able secondary transfer, resulting in the most fundamental genomic division of red
foxes at the Bering Strait. Endemic continental Y-chromosome clades further supported
this pattern. Thus, intercontinental genomic exchange was overall very limited, consis-
tent with long-term reproductive isolation since the initial colonization of North Amer-
ica. Based on continental divergence times in other carnivoran species pairs, our
findings support a model of peripatric speciation and are consistent with the previous
classification of the North American red fox as a distinct species, V. fulva.
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Introduction

Climatic fluctuations of the Quaternary Period shaped
the evolutionary histories of many terrestrial taxa
(Hewitt 2000; Lessa et al. 2003). In the Northern Hemi-
sphere, many temperate taxa responded to cyclical cli-
matic changes by range expansions during interstadial
periods that enhanced population connectivity, fol-
lowed by range contractions during glacial periods that
reduced connectivity and resulted in population frag-
mentation. The corresponding fluctuations in sea level
periodically uncovered overland colonization routes
between landmasses that would otherwise have been
isolated from one another. This repeated process of col-
onization and isolation produced many geographically
restricted lineages, which diverged through random
genetic drift or natural selection, often paving the way
for speciation (Hewitt 2000). Although the impacts of
glaciations probably varied throughout the Northern
Hemisphere, a general pattern of ‘southern richness
and northern purity’ has been described (Hewitt 1999;
p- 106). This phrase refers to a common biogeographic
pattern that originated at the end of the Pleistocene
(~11.7 kya), whereby the northern portions of many
species’ ranges were colonized by limited subsets of
species’ diversity, while southern areas maintained both
higher diversity and divergent ancestral lineages
(Hewitt 2000; Leonard et al. 2005; Korsten et al. 2009).
Populations that diverged earlier in the Pleistocene and
have endured subsequent glacial cycles are the ones
most likely to have led to recent species-level evolution-
ary divergence (Hewitt 2000).

Molecular investigations have been pivotal in building
a broad understanding of Pleistocene histories. Widely
distributed generalist taxa can provide insights into
biogeographic processes on an intercontinental scale;
however, few phylogeographic studies have sampled the
ranges or genomes of such taxa sufficiently to generate a
comprehensive understanding of their evolutionary his-
tory (but see Culver et al. 2000). While regional studies,
especially those based on mitochondrial sequences, can
be informative in narrower contexts, reaching higher-
order phylogenetic conclusions from inadequately sam-
pled ranges and genomes can lead to misconceptions
that are difficult to dispel, even after contradictory data
have accumulated (Randi 2010; Hailer et al. 2012; Shro-
triya 2012). For example, initial genetic studies of grey
wolves (Canis lupus) in both Eurasia and North America

emphasized northern populations and indicated a rela-
tively homogeneous Holarctic population derived from
post-Pleistocene range expansions (Vila et al. 1999). Sub-
sequent analyses in areas of biogeographic complexity,
including southern portions of the species’ range, found
higher diversity and significant divergence dating to the
mid-Pleistocene (Sharma et al. 2004; Leonard et al. 2005;
Weckworth et al. 2010) and in other cases blurred lines
between previously accepted Canis species (Wilson ef al.
2000; vonHoldt et al. 2011; Rueness et al. 2011; Chambers
et al. 2012).

Currently recognized as a single species, the red fox
(Vulpes vulpes) has the widest natural distribution of
any terrestrial carnivore, possibly any terrestrial mam-
mal (Schipper et al. 2008). Its range spans approxi-
mately 70 million km?, encompassing much of Europe,
Asia and North America and extending into North
Africa, with an introduced population in Australia
(Lariviere & Pasitschniak-Arts 1996, Macdonald & Rey-
nolds 2004; Schipper et al. 2008). The red fox occupies a
wide variety of ecosystems, including forests, grass-
lands, deserts and agricultural and human-dominated
environments (Lariviere & Pasitschniak-Arts 1996;
Macdonald & Reynolds 2004). This fox also exhibits
considerable phenotypic and life history variation at
both large and small geographic scales (Lloyd 1980; La-
riviere & Pasitschniak-Arts 1996; Williams et al. 2004;
Sacks et al. 2010). The fossil record indicates that red
foxes evolved somewhere in Eurasia and colonized
North America during or prior to the Illinoian (penulti-
mate) glaciation (~300-130 kya; Kurtén 1968; Kurtén &
Anderson 1980; Aubry 1983). Initially, the North Ameri-
can red fox was described as a distinct species (Canis
fulvus, Desmarest 1820) and continued to be considered
as such (Vulpes fulva) until the mid-20th century when
Churcher (1959) recommended combining red fox taxa
based on analysis of a single, somewhat arbitrary char-
acter (molar cusp patterns; Appendix S1, Supporting
Information).

To date, genetic studies of red foxes have been based
on insufficient genomic and geographic coverage to
understand their global evolutionary history or to eval-
uate the taxonomic status of North American red foxes.
Mitochondrial DNA (mtDNA) sequences from Europe,
northern Asia and North America pointed to ancient
intercontinental divergence in the mid-Pleistocene, fol-
lowed by secondary contact during the middle of the
last glaciation (Aubry et al. 2009). However, assessing
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speciation depends in part on the extent of genomic
transfer during this secondary contact, as well as the
depth of intercontinental relative to intracontinental
genomic divergence. Thus far, the only applications of
nuclear DNA (nDNA) in population genetic studies of
the red fox have been regionally restricted and limited
to microsatellites and a small number of SNPs (e.g.
Sacks et al. 2010, 2011; Statham et al. 2012a). Microsatel-
lites provide little information on more ancient time-
scales because of their high mutation rates and size
homoplasy, which mask phylogenetic signals; SNPs,
while potentially useful, need to be developed from
representative population samples, which is difficult to
know a priori (Sacks & Louie 2008). No study has
examined the Y-chromosome ancestry of red foxes,
which would provide a male-specific phylogeographic
understanding independent of that resulting from
mtDNA.

The geographic coverage of previous genetic studies
on the red fox has been incomplete. Although numer-
ous studies have been conducted at regional scales (e.g.
Frati et al. 1998; Inoue et al. 2007; Sacks et al. 2010, 2011;
Statham et al. 2011, 2012b; Teacher et al. 2011; Edwards
et al. 2012), only two have spanned continents (Aubry
et al. 2009; Kutschera et al. 2013), and none has included
southern portions of Asia and North Africa, where red
foxes, similarly to many other mammals, are likely to
have persisted during the Pleistocene glaciations
(Hewitt 1999; Sharma et al. 2004, Marmi et al. 2006;
Davison et al. 2011).

Here, we investigate the global phylogeography and
species-level systematics of the red fox using a suite of
matrilineal, patrilineal and biparentally inherited
genetic markers from samples collected throughout its
range, including regions unrepresented in previous
phylogeographic studies. Our broad objectives were to
assess the geographic origins of the red fox, compare
historical demography on North American and
Eurasian continents and characterize the temporal
divergence between continental populations. We were
especially interested in assessing the concordance of
intercontinental relationships reflected by mitochondrial
and nuclear markers and, in doing so, re-evaluating the
genome-wide phylogenetics of red foxes.

Materials and methods

Samples

We used 1164 red fox samples collected throughout the
species’ range (Table S1, Supporting Information). We
also included an Arctic fox (Vulpes lagopus), a kit fox
(Vulpes macrotis) and a fennec fox (Vulpes zerda) as out-
groups. Red fox samples included 450 DNA samples
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collected for this study, 714 samples from our previous
studies (Perrine et al. 2007; Aubry et al. 2009; Sacks et al.
2010, 2011; Statham et al. 2011, 2012a,b; Edwards et al.
2012) and others in southern Europe and Japan (Frati
et al. 1998; Inoue et al. 2007). We reamplified and rese-
quenced mtDNA fragments from 76 red foxes used by
Edwards et al. (2012) because that study used shorter
mtDNA fragments than the present one. The 450 new
samples included blood and tissue (17 = 183), museum
specimens (skin snips, nasal turbinate bones and bone
chips, n=87), hair (n=51) and scat (n =129). The
museum specimens were from the Harrison Institute,
Natural History Museum in London, Harvard Museum
of Comparative Zoology, Yale Peabody Museum of
Natural History and National Museum of Natural
History, Washington, DC (Appendix I). We selected
subsamples for nuclear marker analyses (1 =85 for
Y-chromosome, n = 51 for autosomal) based on two cri-
teria: broad geographic representation and high DNA
sample quality and quantity (Table S1, Supporting
Information). This sample set covered all major regions
except North Africa, for which we did not have sam-
ples of sufficiently high DNA quantity to enable nuclear
analyses.

Laboratory procedures

Extraction of DNA, PCR and sequencing methods for
mtDNA were described in detail previously (Aubry
et al. 2009; Statham ef al. 2012b). Briefly, we extracted
DNA from museum specimens in designated ancient
DNA or natural-history DNA laboratories and used
multiple DNA-extraction- and PCR-negative controls.
We amplified two mtDNA regions, a 354-bp portion of
the cytochrome b gene (primers RF14724 and RF15149,
or for degraded samples RF14724 and RFCYTB3R, and
RFCYTBBF and RF15149; Perrine et al. 2007) and a 343-
bp portion (including insertions and deletions) of the
D-loop (primers VVDL1 and VVDL6; Aubry et al. 2009).
For degraded samples, we designed two internal D-loop
primers (VVDL4: 5'-CGAGGCATGGTGATAAATCC - 3
and VVDL5: 5-TGACTGCACGTCACTTAGTCC-3'),
which amplified smaller overlapping fragments of the
D-loop region using primer pairs VVDL1/VVDL4 and
VVDL5/VVDLe.

We used primers corresponding to ~4300 bp derived
from the Y-chromosome in the domestic dog (Natana-
elsson et al. 2006) to resequence red foxes in search of
Y-chromosome microsatellite markers. Following the
PCR protocol of Natanaelsson et al. (2006), we amplified
putative Y-chromosome sequence of male red fox and
identified two novel dinucleotide repeat microsatellite
loci. We then designed primers to amplify these loci in
shorter amplicons (Table S2, Supporting Information)
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and combined the two loci into a single multiplex assay
with the forward primers labelled with a 6-FAM fluo-
rescent tag. We conducted PCR and genotyping using
the same methods described for autosomal microsatel-
lites (Sacks et al. 2011), except that annealing tempera-
ture was set at 60 °C. We attempted to amplify these
loci in nine females along with four male controls. Only
the males amplified confirming the Y-chromosome posi-
tioning of these markers in red foxes, as was expected
given high homology among sex chromosomes of red
foxes and dogs (Bugno-Poniewierska et al. 2012).

Lastly, we amplified and sequenced 11 autosomal
DNA loci corresponding to anonymous canine BAC
ends (Sacks & Louie 2008) totalling 2784 bp. We used
previously published primers, PCR chemistry and
cycling conditions (Sacks & Louie 2008; loci 11, 12, 17,
18, 20, 23, 35, 38, 41, 42, 48). We amplified all loci in
small fragments (<350 bp) to maximize amplification
success. To choose loci, avoid linkage and obtain a bet-
ter representation of the red fox genome, we first deter-
mined the chromosome positioning of each locus in the
dog genome using ‘BLAST-Like Alignment Tool’
(BLAT) on the University of California, Santa Cruz gen-
ome browser (Kent 2002). We then mapped these
regions to the red fox genome by cross-referencing with
a red fox linkage map (Kukekova et al. 2007). In the one
instance where we determined that two gene regions
were on the same red fox chromosome, they were
located >15 centimorgans (cM) apart.

mtDNA data analysis

We conducted all mtDNA analyses on concatenated
cytochrome b and D-loop sequences unless otherwise
noted. We constructed Bayesian phylogenetic trees
using MrBayes 3.1.2. (Ronquist & Huelsenbeck 2003).
We assessed the most appropriate model of DNA sub-
stitution for each data set using the Akaike Information
Criterion in jModelTest 0.1.1 (Posada 2008). For the
combined cytochrome b and D-loop sequences, we par-
titioned the data set into four regions: 1st, 2nd and 3rd
codon positions of the cytochrome b gene, and the D-
loop. For the cytochrome b portion of the data set, we
used a HKY model of DNA substitution and the
gamma distribution shape (HKY+G); for the D-loop, we
used GTR +I+G. We estimated branch lengths indepen-
dently using RAXML (Stamatakis 2006) and used the
resulting parameter as an input value in MrBayes. We
used default values for other parameters. We then reran
MrBayes for 12 000 000 generations, with two runs of
four independent chains running simultaneously (with
one heated), and sampled one tree every 1000 genera-
tions. We checked runs for convergence (i.e. average
standard deviation of split frequencies approached 0.01,

potential scale-reduction factor approached 1.0). Our
analysis resulted in 24 000 sampled trees. We plotted
the log-likelihood scores and determined that a 10%
burn-in was appropriate because the values had
reached an asymptote. We then constructed a phyloge-
netic tree and calculated Bayesian posterior probability
(BPP) support values at the nodes based on the 21 600
remaining trees. Five independent runs produced trees
of very similar topology.

We used arLeQUIN 3.5 (Excoffier & Lischer 2010) to
estimate haplotype and nucleotide diversity and to
generate two neutrality statistics (Tajima’s D and Fu's
Fs) to detect signatures of past demographic events
(Tajima 1989; Fu 1997). We created median-joining net-
works (Bandelt ef al. 1999) in Network 4.6.1.0 (www.
fluxus-engineering.com) with cytochrome b mutations
conservatively weighted double that of the D-loop
(Sacks et al. 2010). We used a fixed mutation rate to
estimate divergence times, both within and among
clades, by calculating the average number of mutations
(rho) between ancestral and descendant haplotypes in
mtDNA haplotype networks (Forster et al. 1996; Sail-
lard et al. 2000). Mutation rates were estimated at
10.16% per million years in the concatenated 697-bp
fragment, based on weighted averages estimated for
D-loop and cytochrome b DNA (Aubry et al. 2009;
Edwards et al. 2012). For comparison, and especially to
safeguard against underestimation of the ages of the
earlier branching points, we also calculated diver-
gence-time estimates in BEasT 1.7.5 (Drummond &
Rambaut 2007) using a combination of root and tip
dating, although such estimates are prone to overesti-
mation due to homoplasy (Appendix S2, Supporting
Information).

We calculated the degree to which population genetic
differences could be explained by isolation by distance
using 1000 permutations of Mantel tests of geographic
distances vs. pairwise ®gr in ARLEQUIN 3.5.1. We used a
spatial analysis of molecular variance in SAMOVA 1.0
to identify phylogeographic discontinuities (Excoffier
et al. 1992; Dupanloup et al. 2002). We ran the analysis
for 100 simulated annealing processes, with the num-
bers of geographic groupings (K) ranging from 2 to 10.
Analysing multiple levels of K enabled us to determine
the most basal population subdivisions, as well as finer-
scale differentiation.

We estimated the timing of the secondary transfer of
mtDNA from Asia to North America (Aubry et al. 2009)
and the likelihood of subsequent gene flow using Mar-
kov chain Monte Carlo (MCMC)-based simulations in
the program IMa (Hey & Nielsen 2007). To minimize
the effects of substructure in the mtDNA data set, we
restricted our analyses to Holarctic haplotypes in East
Asia (Eastern Russia, Mongolia, China; n =74) and
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Alaska (n = 51). Parameterization and search criteria are
detailed in Appendix S3 (Supporting Information).

To detect whether demographic changes associated
with glacial cycles were evident in the genetic diversity,
we used the Bayesian skyline plot coalescent method in
BEAST (Drummond et al. 2005). We analysed the cyto-
chrome b portion of the mtDNA data set partitioned
into codon positions 1 + 2, and 3 (as recommended by
Shapiro et al. 2006), the HKY+G substitution model, 10
skyline groups and a strict molecular clock. We
assumed a mutation rate of 2.8% per million years (see
Aubry et al. 2009). For the North American data set, we
ran 40 million generations, and for the larger Eurasian/
African data set, we ran 100 million generations, both
with a 10% burn-in. We ran multiple independent
MCMC runs for each data set and used Logcombiner to
combine the output from three separate runs with effec-
tive samples >200. We visualized results using Tracer.

Nuclear DNA data analysis

We grouped alleles from the two linked Y-chromosome
microsatellite loci into haplotypes for each individual.
We assessed topology among haplotypes using Net-
work with loci weighted inversely to observed numbers
of alleles (Sacks et al. 2013). Specifically, locus Y29 was
given a weight of 8, while locus Y30 was given a
weight of 7.

For autosomal loci, we used the Bayesian algorithm
from the program Phase (implemented in DNAsp 5.1)
to infer haplotypes from diploid sequences (Librado &
Rozas 2009). Initially, we accepted assigned nucleotides
with probabilities >75%. Six loci exhibited heterozygous
sites that were unresolved at this probability cut-off.
Consequently, we used the program Network to pro-
duce haplotype networks for tentatively phased haplo-
types (with equal weight given to all substitutions). We
used these networks to judge the effect of parsing
alleles from the heterozygous sites with lower support.
If one of the calls caused reticulation in the network,
the alternative was checked; if the alternative avoided
reticulation, it was adopted. Where the alternative base
assignment also generated reticulation elsewhere, the
nucleotide site was left unresolved. Following screening
with IMgc (Woerner et al. 2007), loci with evidence of
recombination were trimmed, as were haplotypes with
unresolved sites.

We calculated the number of alleles (A), observed
heterozygosity (H,) and expected (under Hardy-
Weinberg equilibrium) heterozygosity (Hg) in ARLEQUIN
and private allelic richness in HP-Rare (Kalinowski
2005). We tested for deviations from Hardy-Weinberg
equilibrium using ARLEQUIN and from gametic equilib-
rium using Genepop (http://genepop.curtin.edu.au/).

© 2014 John Wiley & Sons Ltd

We examined global red fox substructure with the
model-based Bayesian clustering method in Structure
2.3.3, specifically using the admixture model with corre-
lated allele frequencies (Pritchard ef al. 2000; Falush
et al. 2003). We converted haplotypic DNA sequences
into distinct alleles, phlyogenetically equidistant from
one another (i.e. treated irrespectively of pairwise dif-
ferences between haplotypes). Iterations were run from
K =1-7 for 500 000 generations, discarding the first
100 000 as burn-in. We ran simulations five times for
each value of K. All iterations were run blind (i.e. with-
out prior geographic information). This technique does
not require that individuals are assigned to predefined
populations, thus allowing for an objective assessment
of population subdivision.

We were interested in determining the phylogenetic
relationship and divergence time between Eurasian and
North American red fox populations. To achieve this,
we first created species trees using a Bayesian coales-
cent-based method in *Beast 1.7.5 (Heled & Drummond
2010). This method assumes no gene flow after diver-
gence, which we presume was not strictly the case, but
violation of this assumption would result in underesti-
mations of divergence times. The analysis used
sequence data from multiple loci to simultaneously esti-
mate multiple gene trees embedded in a shared species
tree. We used the divergence-time estimates from Perini
et al. (2010) for internal calibration on the following
branching points: fennec fox vs. all other Vulpes (4.99,
3.68-6.48 myr); Arctic fox vs. kit fox (0.97, 0.55-
1.45 myr) and Arctic and kit foxes vs. red fox (2.91,
2.09-3.84 myr). Uncertainty in the Perini ef al.’s (2010)
estimates was incorporated using a normal distribution
prior around each time point. We used a Yule prior on
the species tree (Drummond et al. 2007). We used a
strict clock model of sequence evolution because the
relaxed uncorrelated log-normal clock approach showed
little rate heterogeneity among lineages. We used the
most appropriate model of sequence evolution for each
locus as determined by program jModelTest. We ran
*geasT for 800 000 000 generations, sampling every
80 000 generations, which resulted in 10 000 samples. A
second run with the same settings yielded the same
topology and very similar age estimates; therefore, the
two were combined using Logcombiner (distributed
with BEAsT). Based on the analyses of the resulting data
in Tracer 1.5 (Rambaut & Drummond 2007), we dis-
carded the first 10% of trees as burn-in. All parameters
of both runs had effective sample sizes (ESS) >100. The
combined runs had ESS values >200 for most parame-
ters, including all divergence-time estimates.

As a second means of estimating the divergence time
between Eurasian and North American red foxes, while
also allowing for the possibility of postcolonization
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genetic exchange, we used MCMC-based simulations in
IMa. We used a likelihood ratio test to choose among
nested models with and without the possibility of gene
flow (Hey & Nielsen 2007). In principle, this approach
enabled the joint estimation of divergence time and
gene flow (if any). Parameterization and search criteria
are detailed in Appendix S3 (Supporting Information).

Results

Mitochondrial DNA

We obtained cytochrome b sequences for 1068 individu-
als and D-loop sequences for 959 individuals, resulting
in 927 combined cytochrome b and D-loop sequences.
We obtained 135 unique cytochrome b haplotypes, half
(n = 67) of which were previously unreported, and 232
unique D-loop haplotypes, 70% (n = 163) of which were
previously —unreported (GenBank Accession nos
KJ846508-K]J846756, KG959959-KG960060, KM263585—
KM263587). Altogether, we identified 285 distinct com-
bined cytochrome b and D-loop mtDNA haplotypes
from red foxes.

The Bayesian phylogenetic tree of mtDNA haplotypes
grouped red foxes together with high support (Fig. 1)
and to the exclusion of other Vulpes species. We identi-
fied two well-supported (BPP 0.97-1.0) reciprocally

monophyletic clades that were geographically distinct,
corresponding to the previously named ‘Holarctic’ and
‘Nearctic’ clades, as well as a third clade with lower
support (BPP 0.79) restricted to Africa that was recipro-
cally monophyletic with respect to the combined
Holarctic and Nearctic clades. The Holarctic clade
contained the greatest number of haplotypes and indi-
viduals and was also the most widely distributed,
occurring in North Africa, the Middle East, Europe,
Asia and North America. Haplotypes that were basal to
the three nested clades were found only in the Palaearc-
tic, in Africa and in more southern areas of Asia, espe-
cially the Middle East (Fig. 2). There were no shared
haplotypes between North America and
continents.

Using Rho statistics, we estimated the time to most
recent common ancestor (TMRCA) of the clade contain-
ing all red foxes at 1.15 (0.85-1.45) million years ago
and the three nested clades at 88-102 kya (Fig. S1, Table
53, Supporting Information). We estimated the TMRCA
of the combined Nearctic clade and Holarctic clade at
399 (260-538) kya. Analyses run in BeasT with age cali-
bration based on divergence times of the out-group fox

other

species generated considerably earlier estimates, regard-
less of whether or not tip dating was included (Fig. S1,
Supporting Information), much more so than supported
by the fossil record (e.g. Kurtén & Anderson 1980). For

7 7 Fig. 1 Phylogenetic tree of global red fox
g mitochondrial DNA created in MrBayes
oo from 698 bp of concatenated cytochrome
= b and D-loop sequences comprising 285
S distinct haplotypes from 901 red foxes
o and three from out-group fox species.
= % Bayesian support values are indicated at
.; the nodes with shaded circles, and, for
orobLE selected nodes, numerical values. The
° >50 ; Holarctic scale bar units are nucleotide substitu-
° 275 = Clade tions per site.
° 295 &
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I Holarctic clade
Il Nearctic clade
[ African clade

\%‘: - Palearctic basal haplotypes”

Fig. 2 Geographic distribution of red fox sampling sites, samples sizes and mitochondrial clades. Each pie chart represents the phylo-
genetic make-up of individuals sampled in that area. The clades correspond to those identified in Fig. 1. The most basal phylogeo-
graphic break (K = 2) identified by SAMOVA is indicated with a black and white line. We included all individuals (n = 1109) that
could successfully be assigned to a clade, including individuals with partial sequences (either cytochrome b or D-loop).

example, the TMRCA of the clade containing all red
foxes was estimated at 4.04 (3.214.49) mya, which over-
lapped the 2.91 (2.09-3.84) mya calibration point for the
TMRCA of red foxes with kit and Arctic foxes. The
major clades for the red fox were estimated at 2.57-
3.16 mya, which also overlapped this calibration point.
As these results were considerably older than the cur-
rent interpretation of the fossil record (e.g. Kurtén &
Anderson 1980) and inconsistent with various vicariant
explanations (Aubry ef al. 2009; Sacks etal. 2010;
Edwards et al. 2012), we limited our interpretations to
those based on rho-derived mtDNA divergence-time
estimates.

The SAMOVA analysis resulted in statistically signifi-
cant dcr values at K =2-10. The most fundamental
division (K =2, &cr = 0.436) reflected the geographic
distribution of Nearctic clade haplotypes vs. all others
(Fig. 2). As noted previously (Aubry efal. 2009),
although the Holarctic clade occurred on multiple conti-
nents, all North American representatives of this clade

belonged to the endemic Alaskan subclade (H III; Figs
52, 53, Supporting Information).

Estimates for the mtDNA splitting time between adja-
cent populations in Alaska and East Asia pre-dated the
end of the last glacial period and provided no evidence
of subsequent gene flow (Table 1). Specifically, both the
‘isolation-only” and ‘isolation-with-migration” models
indicated similar matriline splitting times of ~40-43 kya
(combined 90% HPD: 21-64 kya), and modal estimates
of gene flow (in the ‘isolation-with-migration” model)
approached zero in both directions. Analyses of the full
Eurasia/Africa vs. North America data set suggested a
similar if slightly earlier splitting time of 49 kya (90%
HPD 32-66) along with estimates of gene flow abutting
zero (Table S4, Supporting Information). Together, these
analyses suggest that the secondary transfer of the (cur-
rently) Holarctic haplotype was a one-time event, rather
than reflective of constant or repeated gene flow.

The mtDNA of North America and Eurasia/Africa
showed strikingly different historical demographic

Table 1 Mitochondrial DNA splitting time and demographic analyses of red fox populations on either side of the Bering Strait in
Alaska and East Asia. Analyses based on 697 bp of concatenated cytochrome b and D-loop sequences. IMa jointly estimates the
demographic parameters of N, (0/4p), Nom (6m/4) and population splitting times (t/u). The 90% highest posterior density (HPD)
intervals are given in parentheses after each of the parameter estimates

N.m into N,m into
Demographic N, Alaska N, East Asia N, Ancestral Alaska East Asia Splitting time
Model (x1000) (x1000) (x1000) (per 1000 years) (per 1000 years) (x1000 years)
Isolation only 119 (65, 172) 227 (169, 360) 91 (7, 172) - - 40 (24, 55)
Isolation with 110 (57, 163) 261 (163, 355) 97 (4, 187) 0.001 (0, 0.003) 0.0006 (0, 0.0012) 43 (21, 64)

migration
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patterns. The Bayesian skyline plot of North American
red foxes indicated an increase in population size fol-
lowing the retreat of Wisconsin glaciers (~12 kya,
Fig. 3). The Eurasian/African red fox populations dis-
played a signature of expansion starting approximately
50 kya during the last glacial period (Wiirm/Wisconsin)
that began to plateau prior to the last glacial maximum
(26-19 kya). The expansion indicated in Fig. 3 primarily
reflected the Holarctic clade, which produced a very
similar skyline plot when analysed on its own (data not
shown). The Holarctic clade is distinguished by rela-
tively few missing haplotypes and shorter branch
lengths between nodes, consistent with population
expansion or positive selection. A selective sweep or
population expansion affecting the Holarctic clade was
also supported by significantly negative Tajima’s D
(-1.522, P =0.024) and Fu's Fg statistics (-23.89,
P =0.002). Neutrality tests for the Nearctic clade were

Eurasia/Africa

North

1.E0 America

Effective population size (Net)
[
m
=

0 25 50 75 100 125 150
Time before present
(1000s of years)

Fig. 3 Bayesian skyline plots derived from 354 bp of the cyto-
chrome b gene for Eurasian/African (n = 674), and North
American (n = 288) specimens. The x-axis represents time in
units of 1000 years. The y-axis represents effective population
size as N,t on a log scale. The black line depicts the median
population size, and shaded areas represent the 95% highest
posterior density. The time period around the last glacial maxi-
mum is indicated by the dashed line.

generally consistent with an expansion as well, but
were weaker, including a nonsignificant negative Taj-
ima’s D (-0.668, P = 0.299) and a significant Fu’s Fg sta-
tistics (-11.73, P = 0.012).

Nuclear DNA

Based on 85 male specimens representing most of the
red fox’s global range, we identified sixteen Y-chromo-
some haplotypes, five in North America and 11 in Eur-
asia. In contrast to mitochondrial DNA, Y-chromosome
haplotypes mapped to mutually exclusive continent-
specific clades: one in North America and two in Eur-
asia (Fig. 4). The Y-chromosome data set included
North American individuals bearing Holarctic and
Nearctic clade mtDNA haplotypes in similar proportion
to their representation in the mtDNA data set (Table S1,
Supporting Information; Dryad). We created a second
network without any weighting to assess the robustness
of the network to the particular weighting scheme. The
unweighted network resolved the same three continent-
specific clades, but introduced a reticulation within
clade 1. Similarly to mtDNA, North American Y-chro-
mosome haplotypes were more closely related to one
another than Eurasian haplotypes, consistent with a
younger, smaller North American lineage. Within Eur-
asia, clade 1 contained individuals from throughout
Europe and the Middle East, while clade 2 contained
individuals from Asia (outside the Middle East) and
northern Europe.

After phasing diploid autosomal sequences (147-
325 bp each), IMgc identified and trimmed four loci

M Europe

[ Middle East 1 Mutational
B Asia Step
B Alaska 16
~5
@

[ Western USA .
[ Eastern America e

Fig. 4 Haplotype network of red fox Y-chromosome haplo-
types of 85 male red foxes. Branch lengths are proportional to
the number of stepwise mutations, and circle sizes are propor-
tional to the number of individuals represented. Part (a) dis-
plays the geographic regions considered, while part (b) is
colour coded by continent.
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with potential recombination, reducing the data set
from 2784 to 2701 bp. From these data, we identified 90
distinct haplotypes across 11 loci, for an average of 8.2
haplotypes per locus among the 108 autosomes (1188
gene copies; Fig. 5S4, Supporting Information). Tests for
gametic disequilibrium identified three population
locus-pairs that were statistically correlated (North
America: Loci 11, 38; Loci 12, 41; Eurasia: Loci 18, 20).
Seven loci were identified with significant deviations
from Hardy-Weinberg equilibrium (North America:
Locus 12, 17, 35, 38, 42; Eurasia: Locus 17, 42), none of
which was out of equilibrium when intracontinental
regions were analysed. In general, deviations from link-
age and Hardy—Weinberg equilibria were inconsistent
across loci and locus-pairs, and more in line with sub-
structure than null alleles or physical linkage. There-
fore, we retained all loci in subsequent analyses.
Bayesian cluster analysis of 11 nuclear loci in pro-
gram Structure indicated that K =2 corresponded to
the highest posterior probability across all five iterations
of K=1-7. In contrast to expectations based on the
mtDNA, the nDNA analysis at K = 2 partitioned global
red fox populations into distinct North American and
Eurasian clusters, without a priori geographic informa-
tion (Fig. 5). As with the Y-chromosome data set, the
autosomal data set included North American individu-
als bearing Holarctic and Nearctic clade mtDNA haplo-
types in approximate proportion to their representation
in the mtDNA data set (Table S1, Supporting Informa-
tion; Dryad). Higher K values resulted in sharply
decreasing log probabilities of the data and in uninfor-
mative and nonsensical clusters partitioning individuals
within continents equally among the additional groups.
Analyses of each of the individual continental clusters

separately indicated that K = 1 had the highest support,
with uninformative clusters being produced at higher
values of K.

Phylogenetic analysis using the 11 nuclear gene
regions resulted in a well-supported tree, with Eurasian
and North American red foxes grouping as sister taxa
(Fig. 6). Conservatively assuming no intercontinental
gene flow since colonization, we estimated that North
American and Eurasian red fox populations split
209 kya (95% HPD 103-377 kya). If gene flow between
continental populations had occurred since the initial
colonization of North America (as indicated by the
mtDNA), this estimate would tend to underestimate the
time since colonization. Additional phylogenetic analy-
ses in *BEAsT considering the six continental regions as
tips also resolved continent-specific lineages (data not
shown). Similarly, pairwise Fsr values indicated a closer
relationship between regions within continents (0.03—
0.10) than between continents (0.19-0.37; Table S5, Sup-
porting Information). Eurasian and North American
continental populations differed significantly (Fsr =
0.23, P <0.0001). Autosomal genetic diversity was
higher in Eurasian than in North American red foxes,
consistent with mtDNA and Y-chromosome markers
(Table 2).

Analyses of the autosomal data set with the ‘isola-
tion-only’ model in IMa indicated a splitting time
between continental lineages of 165 kya (90% HPD: 71—
257 kya; Table 3), similar to that estimated from the
phylogenetic analysis of these data above, but consider-
ably earlier than the mtDNA splitting time estimates
(Fig. 7). The likelihood ratio test rejected all five possi-
ble “isolation-only’ models (P < 1.3 x 10~"), suggesting
that some gene flow occurred since initial divergence

-1300

> -1000 Fig. 5 Bayesian cluster analysis of indi-
%:‘; :222 f ~_ . vidual red foxes generated .in the pro-
S © _1150 / —x gram Structure. The output is generated
85 500 / ~N—4 based on the allelic make-up of 51 red
§’ S _asol foxes at 11 nuclear sequence loci. Vertical

bars represent individual foxes, and the

1 2 3 4 5 6 7
K Value shading represents the proportional
assignment to different clusters. The inset
100% '———I——- .
graph displays the support value for
759 | each level of K. K =2 consistently had
; the highest support across five iterations
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Eurasian Fig. 6 Phylogenetic tree and divergence-
Red Fox time estimates for Eurasian and North
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(i.e. consistent with mtDNA). When considering the
‘isolation-with-migration” models, all posterior estimates
of migration in both directions approached zero, yet

Table 2 Nuclear genetic variability of Eurasian and North
American red foxes based on 11 nuclear loci in 51 red foxes,
including the number of alleles (A), allelic richness (Ar), pri-
vate allelic richness (PAr), observed heterozygosity (H,) and
expected heterozygosity (Hg)

Population n A Ar PAr H, Hg

Eurasia 24 57 57 319 050 0.55
North America 27 35 34 08 026 037
Europe 7 42 38 073 052 0.64
Middle East 10 44 34 056 059 0.61
Asia 7 41 31 036 0.65 0.62
Alaska 9 30 24 011 035 042
Western USA 9 32 26 018 033 046
Eastern North America 9 27 22 015 030 041

Fennec Fox
0.0

resulted in far older splitting time estimates (90%
HPD = 0.5-8.9 mya; Table 3). The gap between the
upper HPD of the ‘isolation-only” model and the lower
HPD of the ‘isolation-with-migration” model probably
reflected a poor fit of the IMa model options, which
assume either no migration at all after splitting (isola-
tion-only model) or continuous migration since splitting
(isolation-with-migration model). Gene flow between
continents would only have been possible during peri-
ods of lower sea level (i.e. glaciations). Thus, our find-
ings suggest that divergence was indeed followed by
some gene flow and that splitting began prior to the
time estimated by the isolation-only model.

Intracontinental mitochondrial subdivisions

Partitioning of mtDNA lineages into subclades in haplo-
type networks further elucidated intracontinental pat-
terns (Fig. 8), revealing both geographically restricted

Table 3 Nuclear DNA splitting time and demographic analyses of red fox populations on either side of the Bering Strait. Analyses
based on 2701 bp across eleven nuclear sequence loci. The 90% highest posterior density (HPD) intervals are given in parentheses
after each of the parameter estimates. Although the migration rates abutted zero, likelihood ratio tests rejected all five possible mod-
els that did not allow migration (P < 1.3 x 10~%°). Only the ‘isolation-only’ and ‘isolation-with-migration’ models allowing different

population sizes are shown here

N, North
America (x1000)

N, Eurasia
(x1000)

Demographic

Model (x1000)

N, Ancestral

N,m into
North America
(per 1000 years)

N,m into Eurasia
(per 1000 years)

Splitting
time (x1000 years)

241 (100, 376)
252 (99, 392)

2555 (629, 4710)
1169 (67, 1636)

Isolation only
Isolation with
migration

996 (645, 1344) - -
626 (1, 1659)

165 (71, 257)

0.001 (0, 0.002) 0.001 (0, 0.002) 3309 (486, 8913)
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Fig. 7 Estimated splitting times between red fox populations
either side of the Bering Strait. Estimates were generated in the
program IMa. Mean values for each splitting time estimate are
indicated. Models based on mtDNA yielded similar estimates
regardless of whether they used all samples or only ones from
Alaska and Asia, or incorporating migration or not. Models
based on 11 nuclear sequences yielded generally older esti-
mates.

and widely distributed lineages. Subclades indicated in
the network were supported by >0.75 BPP in the phylo-
genetic tree (Fig. S2, Supporting Information), except
for one network subclade (H III), which divided into
several subclades in the tree (Fig. S3, Supporting Infor-
mation). The Palaearctic basal haplotypes corresponded
to four network subclades that were geographically
restricted to Africa, the Middle East or East Asia. The
Palaearctic subclade I, geographically restricted to the
eastern corner of the Arabian Peninsula, was the most
basal lineage within red foxes and thus may have had
an important evolutionary position in the separation
from other Vulpes. The Nearctic clade contained the
three previously described subclades (Aubry et al.
2009). The Holarctic clade contained nine distinct subc-
lades or tip clades, eight of which were found in Eur-
asia/North Africa, and one, subclade H III, which
occurred strictly in North America, primarily near the
Bering Strait in Alaska and Western Canada (Fig. 8).
We found only two haplotypes in Australian foxes, both
belonging to the same subclade as most British and
Irish red foxes (Holarctic subclade IX, Fig. S3, Support-
ing Information). The most prevalent haplotype in Aus-
tralia, U895, also occurred in England and the
Netherlands, whereas the other haplotype, U8-96, only
occurred in one sample from Ireland (for further
description of all subclades, see Appendix 54, Support-
ing Information).

The SAMOVA also indicated subdivisions within
continents, supporting previous findings (Aubry et al.
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2009) and indicating new ones (Fig. 8). Support values
(@cr)  plateaued from K =5-7 and subsequently
dropped. At K =7 (Pcr = 0.486), the following geo-
graphic groupings were identified: (1) Sierra Nevada,
Rocky Mountains, Cascade Range, Great Basin, Sacra-
mento Valley, USA; (2) Central Canada, Eastern Canada,
Eastern USA; (3) Iran, Pakistan; (4) Eastern Arabia; (5)
North Africa; (6) Honshu, Japan; and (7) all other popu-
lations. This subdivision was consistent with the popu-
lation tree based on Pgr values (Fig. S5, Supporting
Information). Within continents, we found a stronger
relationship between ®sr and geographic distance in
North America (> = 0.26, n =10, P < 0.0001) than in
Eurasia and Africa (> = 0.05, n = 26, P = 0.028).

Discussion

Our study of a worldwide sample of red foxes and a
multimarker data set clarified past ambiguities resulting
from use of a single genealogical marker and incom-
plete geographic sampling. A previous mitochondrial
study using portions of the cytochrome b and D-loop
loci (696 bp) suggested that long after North American
red foxes originated from founders from Asia in the
middle Pleistocene, they experienced a second wave of
colonization during the last glaciation (Aubry et al.
2009). This conclusion was further supported by a sub-
sequent analysis by Kutschera et al. (2013) of 335 bp of
the D-loop from the same data set combined with addi-
tional data sets (e.g. Edwards ef al. 2012) and by the
present study, which added 450 samples from previ-
ously unsampled Middle Eastern, southern Asian and
African portions of the range. Thus, it is well estab-
lished that the maternal ancestry of North American
red foxes was derived significantly from two distinct
continental interchanges: an initial colonization during
or prior to the Illinoian glaciation and a secondary infu-
sion during the Wisconsin glaciation.

In contrast, our analyses of nuclear DNA indicated
that the genomic ancestry of contemporary North
American red foxes traced overwhelmingly to the initial
colonization from Asia during or prior to the Illinoian
glaciation, with very little genomic ancestry derived
from the secondary contact episode that transferred the
Holarctic mtDNA lineage (H III) during the last glacia-
tion. Although our IMa analysis of autosomal sequences
led us to reject a strict ‘isolation-only” model (consistent
with some degree of intercontinental nuclear genetic
exchange), the posterior estimates of migration in the
‘isolation-with-migration” model were minimal and
included zero, indicating that the magnitude of nuclear
genetic exchange must have been very low.

Moreover, if we assumed zero nuclear genetic
exchange since initial colonization, estimates of the
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Fig. 8 Geographic distribution of red fox mitochondrial DNA clades and subclades. Subclade designations were based on concate-
nated cytochrome b and D-loop sequences, with the addition of single-gene sequences where the haplotype had sufficient resolution.
Phylogeographic breaks identified by SAMOVA at K = 7 are indicated with black and white lines. The figure is split into three sec-
tions to allow easier visualization: (a) Palaearctic basal haplotypes and the African clade, (b) Holarctic clade and (c) Nearctic clade.

The white sections of the pie charts indicate the portion of haplotypes belonging to a separate clade.

timing of this event (i.e. splitting time) from nuclear
data were only slightly more recent than estimates of
the TMRCA of the Nearctic and Holarctic mtDNA
clades. In particular, both the ‘isolation-only” model and
Bayesian tree estimated that splitting times were consis-
tent with the Illinoian glaciation, whereas the diver-
gence time between the Nearctic and Holarctic mtDNA
clades was estimated as slightly before the Illinoian gla-
ciation ~400 kya (260-538 kya). Attempts to accommo-
date a small amount of genomic exchange in the
estimate of splitting time did not work well, presum-
ably due to forcing a one-time genomic transfer to be
modelled as continuous gene flow (a constraint of the
IMa program). The splitting time estimates covered a
huge range, with highest posterior density spanning 0.5
to 9 mya. The higher end of this range was far earlier
than supported by the fossil evidence (at least based on
current interpretations), although the upper end of this

range, ~0.5 mya, was in line with expectations from
both the fossil record and mtDNA. The Y-chromosome
haplotypes, which formed endemic continental clades,
provided qualitative support for a deep continental
division, although the two linked microsatellite loci pro-
vided insufficient genetic information to estimate tem-
poral divergence. Analysis of a greater portion of the
genome (e.g. via next-generation sequencing) will be
necessary to quantify estimates of divergence times and
the degree of nuclear genetic exchange more precisely,
but the qualitative discordance between maternal and
genome-wide patterns of phylogeography seems clear.
Such discordance, while not the norm, is also not
unusual. In a recent review, nearly all (97%) similar
incidences of mitochondrial/nuclear genetic discor-
dance were attributed to secondary contact following
long-term geographic isolation (Toews & Brelsford
2012). In allopatry and over time, mutations and
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reproductive isolating mechanisms develop, which
reduce, but do not completely prevent, interbreeding.
Thus, the nuclear genome tends to reflect very low
overall exchange, but due either to chance or to positive
selection, the matriline can expand through a popula-
tion even if based on a single interbreeding event. The
discordance in this study between the apparent magni-
tude of mitochondrial and nuclear intercontinental
exchange combined with the contemporaneous mtDNA
expansion across Eurasia suggests the possibility that
an advantageous mitochondrial mutation selectively
swept across the northern portions of both continents
prior to the last glacial maximum. Regardless of the
cause of the mitochondrial introgression, the clear and
deep continental division between the nuclear genomes
of Eurasian and North American red foxes has signifi-
cant implications for our understanding of speciation in
this widespread taxon.

Intercontinental divergence and speciation

The taxonomy of red foxes has undergone several revi-
sions, most of which did not include phylogenetic criteria.
Historically, North American and Eurasian/African red
foxes were considered to be distinct species based on
morphological differences (Appendix S1, Supporting
Information). In the mid-1900s, however, variation within
a single character (cusp patterns on the first upper molar)
was used as the basis for merging all red foxes into a sin-
gle species, Vulpes vulpes (Churcher 1959; Appendix S1,
Supporting Information). Our study provided an oppor-
tunity to reassess earlier taxonomic decisions based on
robust phylogenetic and biogeographic evidence.

The fossil evidence further enabled us to place our
findings into a more reliable chronological context. The
earliest red fox remains from Eurasia date to >400 kya
(Kurtén 1968). The earliest putative red fox specimen
from Alaska dates to the Illinoian glaciation (~300-
130 kya), and the earliest confirmed specimens in North
America date to the Sangamon interglacial (~130-
75 kya), indicating colonization across the Bering land
bridge during or prior to the Illinoian glaciation (Péwé
& Hopkins 1967; Kurtén & Anderson 1980; Aubry 1983;
Pinsof et al. 1996). Until the continental glaciers receded,
the initial colonists were restricted to ice-free refugia in
northwestern North America. In the subsequent inter-
glacial period, they would have been able to expand
their range and colonize southern North America, as is
evident from Sangamon fossil remains found in Idaho
and Texas (Pinsof et al. 1996). Thus, taken together, the
fossil record and genetic data indicate that red foxes
colonized North America early in their history and have
remained largely distinct through subsequent glacial/
interglacial cycles.
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The manner of divergence of North American red
foxes from their Eurasian counterparts conforms well to
the process of peripatric speciation, which occurs when
a small, peripheral founder population receives a subset
of the genetic diversity of the parent species (Mayr
1954). In isolation, this population undergoes an
extended bottleneck with concomitant loss of diversity
and changes in allele frequencies, which leads the spe-
cies on an independent evolutionary trajectory from a
very different genomic starting point. Whether such
divergence among red foxes demonstrates speciation
must be evaluated on the basis of multiple criteria,
including comparative biogeography and systematics,
postzygotic reproductive barriers and careful consider-
ation of both ecological and adaptive contexts.

Two broad colonization patterns are evident among
other Holarctic carnivore species (i.e. those with ranges
spanning Eurasia and North America), such as the wol-
verine (Gulo gulo), grey wolf, brown bear (Ursus arctos)
and Arctic fox. Either they colonized (or recolonized)
North America during the Wisconsin glaciation (~75-
11 kya; Kurtén 1968; Weckworth et al. 2010; Davison
et al. 2011; McKelvey et al. 2014) or they remained con-
nected continuously by sea ice (Norén et al. 2011). In
contrast, carnivore genera that include sister species
restricted to the Palaearctic and Nearctic (e.g. Eurasian
[Lynx Iynx] and Canadian [L. canadensis] lynx, sable
[Martes zibellina] and American marten [Martes ameri-
cana], steppe polecat [Mustela eversmanni] and black-
footed ferret [Mustela nigripes]) have an older splitting
time or earlier appearance in North America, dating
back ~1 mya (Kurtén 1968; Johnson et al. 2004; Hughes
2012). The biogeographic history of the red fox as
described in the present study represents a pattern that
is intermediate between the two. Therefore, it may also
be informative to consider intracontinental speciation
during the Pleistocene as well. In North America, sev-
eral carnivores that were isolated in disjunct refugia
evolved into morphologically and genetically distinct
species over time frames that ranged from <1 mya
(American marten vs. Pacific marten [M. caurinal; Daw-
son & Cook 2012) to ~500 kya (e.g. swift fox [V. velox]
vs. kit fox; Mercure et al. 1993). Thus, the splitting time
of American and Eurasian red foxes is consistent with
the time frames separating these North American sister
species, including other Vulpes species.

Despite putative intercontinental translocations and
more than a century of red fox fur-farming, there is sur-
prisingly little information available on the reproductive
compatibility of North American and Eurasian red
foxes in captivity or, more importantly, in the wild
(Statham et al. 2012b). However, based on our findings
and other published mtDNA haplotypes from red foxes
on both continents, it appears that the two continental
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populations have remained largely distinct. For exam-
ple, our mtDNA analysis of over 1000 individuals (and
Y-chromosome analysis of 85 individuals) and many
more from the literature failed to reveal a single cross-
continental haplotype, suggesting that any recent histor-
ical cross-continental translocations must have at most a
geographically limited legacy. The contemporary isola-
tion of the two continents prevents genetic connectivity
regardless of physiological or behavioural isolating
mechanisms. Thus, taken together, our findings support
the original two-species taxonomy for the red foxes of
Eurasia/Africa (V. vulpes) and North America (V. fulva).

Intracontinental phylogeographic patterns and
historical demography of red fox mtDNA

The estimated ages of mtDNA clades and subclades in
North America and Eurasia were consistent with their
origins during a time of intracontinental connectivity
during the last interglacial period (Eemian/Sangamon),
followed by allopatric fragmentation within continents
during the last glacial period (Wiirm/Wisconsin).
Demographic analyses suggested that after the last gla-
cial maximum (26-19 kya), North American popula-
tions greatly expanded in size and geographic extent as
the glaciers receded and large portions of the continent
were revegetated (Fig. 3). In contrast, analyses of Eur-
asian/African populations indicated a marked increase
in population size starting approximately 50 kya, with
substantially slower growth before and after the last
glacial maximum. Teacher et al. (2011) detected this rel-
ative stability from about 35 kya onwards in their
analysis of European red foxes, but their skyline plot
did not extend back beyond this time point and did not
reveal the earlier expansion evident in our more exten-
sive sample. The expansion seen in the full Eurasian/
African data set reflects the history of the widespread
Holarctic clade, which when examined on its own pro-
duced a similar skyline plot, while the basal and more
centrally distributed Palaearctic lineages indicated a
very gradual increase over time (M. J. Statham, unpub-
lished data). The timing of this Eurasian population
expansion coincided with the introduction of the Hol-
arctic clade to North America and with the warmest
period of the marine isotope stage 3 (MIS 3), which led
to a reduction in steppe-tundra and an increase in tree
cover in Beringia (Anderson & Lozhkin 2001).

Within North America, the four distinct mtDNA
subclades (one Holarctic and three Nearctic) identified
in the previous studies (Aubry et al. 2009; Sacks et al.
2010) were corroborated here. Within Eurasia and
North Africa, divergent lineages were located primarily
in southern regions. Red fox populations in northern
portions of their range were less differentiated from

each other (Fig. 8) and generally contained a subset of
the total genetic diversity (Table S6, Supporting Infor-
mation). This pattern was broadly consistent with the
model of ‘southern richness and northern purity’
described for Northern Hemisphere taxa (Hewitt 1999).
The most basal mtDNA lineages primarily occurred in
the Middle East, suggesting that the red fox could have
arisen in that region.

The occurrence of the most basal Eurasian/African
phylogeographic breaks in the Middle East and North
Africa was not surprising given their southern location
and topographic variability, and the fact that the most
ancient lineages of wolves (Canis spp.) have been identi-
fied in the same region (Sharma ef al. 2004; Rueness
et al. 2011). Multiple red fox subspecies have been
described from North Africa, the Middle East and
South Asia (Harrison & Bates 1991; Macdonald & Rey-
nolds 2004). The geographic ranges for many of these
subspecies have not been well defined, and their taxo-
nomic validity has not been tested. However, there was
a considerable overlap between the four described sub-
species (V. v. arabica, V. v. palaestina, V. v. flavescens and
V. v. pusilla) and the genetically differentiated popula-
tions revealed by our analyses (Appendix S5, Supple-
mental Information). Regardless of systematics, our
mitochondrial findings put the extensive body of eco-
logical and behavioural research on Eurasian red foxes
into perspective. Specifically, most of these studies have
been conducted in the northern portion of the range,
which our findings suggest could reflect a single, rela-
tively new, and minor segment of the phylogenetic
diversity of this species in Eurasia and Africa. Thus, it
is likely that future studies on southern Eurasian and
African populations will reveal a broader and more rep-
resentative understanding of the ecology and evolution
of this highly successful generalist taxon.

Conclusions

Our study was one of the most comprehensive ever to
investigate the phylogeographic consequences of Pleis-
tocene climatic fluctuations on multiple continents. The
mode of peripatric speciation we propose to describe
the evolution of the North American red fox may pro-
vide a model for speciation in temperate sister species
that are restricted either side of the Bering Strait. In
such species, the progenitor probably originated in a
more southern region of one continent, yet due to peri-
odic northern linkages between the continents in Berin-
gia, the daughter species originated in the northern
portion of the secondary continent. Such a pattern
seems predisposed to facilitate speciation if the boreal-
adapted peripheral population that crossed the Bering
land bridge becomes isolated from those on its original

© 2014 John Wiley & Sons Ltd
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continent. In addition to the implications they provide
for Quaternary biogeography, our findings have impor-
tant taxonomic implications, including evidence that
supports reinstating the previous species-level designa-
tion of Vulpes fulva for the North American red fox.
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Appendix I

Museum identification numbers for red fox specimens
where DNA was extracted specifically for this study.
Specimens that did not provide any usable DNA are
marked with the letter code ‘f’. All other samples pro-
vided sequence data.

Harrison Institute, Kent, UK. 4.1976, 5.1977, 6.1978,
7.1979, 8.1980, 9.1981, 10.3177, 13.3727, 14.3734 f,
15.3860, 16.3993, 17.4108, 18.4109, 19.4110, 20.4111,
224113, 23.4360, 25.4530, 26.4547, 27.4549, 28.4550,
35.8139, 36.8273, 37.8325, 38.8598, 39.8620, 40.9123,
42.10047, 45.11174, 48.11646, 49.12339, 52.17445,
60.25113, 61.25114, 62.25115, 63.25225.

Harvard Museum of Comparative Zoology, Cam-
bridge, Massachusetts, USA. BOM7081, MCZ13680,
MCZ14444 f, MCZ14445, MCZ15722, MCZ16701,
MCZ16705, MCZ23946 f, MCZ23948, MCZ23949,
MCZ24837, MCZ24865, MCZ49029, MCZ49030,
MCZ51297 f, MCZ51511, MCZ51516, MCZ6469 f,
MCZ8609, MCZ8612, MCZ8740, MCZ8909, MCZ8911,
MCZ8914.

Natural History Museum, Cromwell Road, London,
UK. NHM 1851.4.23.14, NHM1856.3.12.14,
NMH1859.12.3.1, NMH 1879.11.21.538 f,
NMH1881.8.16.7, NMH 1881.8.16.8, NMH 1885.8.1.58 f,
NMH1885.8.1.64, NMH1886.5.6.2 f, NMH1892.7.15.3 f,
NMH1897.3.12.5 f, NMH1898.7.4.8 f, NMH1901.5.5.23 f,
NMH1903.2.8.9, NMH1904.8.2.19, NMH1907.4.3.7 f,
NMH1915.11.1.77, NMH1915.11.1.78, NMH1919.11.8.10,

NMH1919.8.19.2, NMH1919.9.20.4, NMH1919.9.20.5,
NMH1926.10.8.34 f, NMH1939.1728 f, NMH1939.858,
NMH1943.212, NMH1947.1408, NMH1965.1038,
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NMH1966.173 f, NMH1978.26 f,
NMH1978.28, NMH1978.29, 176c.

Yale Peabody Museum of Natural History, New
Haven, Connecticut, USA. YPM 3335 f, YPM3336 f,
YPM3337 f, YPM10264, YPM 10423, YPM2221,
YPM2872, YPM3410, YPM3411, YPM3412, YPM3413,
YPM3414.

National Museum of Natural History, Washington,
D.C. USA. USNM201068.

NMH1978.27,

M.]J.S. conceived the study, generated data, and con-
ducted analyses. M.J.S. and B.N.S. designed the study,
gathered samples, and wrote the paper. K.B.A., O.B,, ]J.
and J.M. assisted with editing the manuscript. ] M., ].]J.,
O.B. and all other authors provided samples and/or
genetic data, discussed results, and contributed to writ-
ing the paper.
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