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Abstract Climate change accelerates biodiversity alter-

ations in northern ecosystems. A prevalent example is that

tundra regions are invaded by boreal species. This impacts

negatively on native species through competition, preda-

tion and transmission of zoonoses. Scandinavian red foxes

(Vulpes vulpes) have emerged into the tundra and have

altered the structure and function of the tundra community.

For instance, they threaten persistence of the endangered

Swedish Arctic fox (Vulpes lagopus). County board

administrations implement control of the tundra red foxes,

but little is known about the underlying expansion

dynamics. A broad-scale study revealed high connectivity

where northern areas were supplemented with red foxes

from surrounding population. However, red fox expansion

is most prevalent in tundra regions and the fine-scaled

expansion dynamics in these areas have not yet been dis-

seminated. With the aim of identifying the invasive path-

ways of tundra red foxes, we present microsatellite data for

205 Swedish red foxes and mitochondrial sequence varia-

tion in 102 foxes sampled across the historical boreo-

nemoral distribution and recently colonized tundra regions.

Genetic structuring was low with high levels of ongoing,

asymmetric dispersal from surrounding boreal zones into

tundra habitats causing high genetic admixture. In both

tundra and boreo-nemoral regions, inter-individual relat-

edness decreased with increasing geographic distance and

data suggests male-biased dispersal patterns. Overall, fine-

scaled expansion patterns were affected by multiple factors

and we discuss its implications for future red fox

management.
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Expansion � DNA analysis � Asymmetric dispersal �
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Introduction

The ongoing climate change is forecasted to reduce and

fragment mountain tundra habitats and induce alterations in

the ecological function and dynamics (Guisan et al. 2014;

Elmhagen et al. 2015). One consequence of the milder

climate is that boreal species expand from southern sources

and establish in northern habitats, a process that by many

means is comparable to that of invasive species taking over

novel habitats. There are two, not mutually exclusive

processes, underlying this process (Elmhagen et al. 2015).

In southern areas, warmer temperatures and increased land

use induce demographic growth that in combination with

range expansion will increase the distribution and abun-

dance of boreal species. Meanwhile, the opposite occurs in

northern habitats, where reductions in habitat availability

cause population declines and/or range contractions of
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populations living under sub-Arctic conditions (Elmhagen

et al. 2015). These declines can be further accelerated by

boreal species advancing into tundra regions and change

ecosystem dynamics by competition or predation (Ims and

Fuglei 2005), or by introducing novel diseases and para-

sites (e.g. Kutz et al. 2005). There is thus a prevalent need

to devote research focus towards the boreal expansion

process to implement efficient and ethical management

strategies as well as for conservation of threatened native

species (Elmhagen et al. 2015).

Efforts to limit expanding or invasive species have often

been impeded by lack of relevant information related to the

species ecology and demography (Bomford and O’Brien

1995). For successful eradication, for example, it is nec-

essary for removal rates to exceed population growth and

that the population is isolated from immigration (Bomford

and O’Brien 1995; Harding et al. 2001). Clearly identifying

the invasive pathways and source population is crucial to

avoid devoting effort towards populations that are likely to

become recolonized in a short time perspective (Robertson

and Gemmel 2004; Estoup and Guillemaud 2010).

Including genetic analysis as a tool can thus supplement

management decisions with information about the recent

and historical origin, composition and connectivity of

expanding populations (Estoup and Guillemaud 2010). In

addition to this, modern analytical approaches allow for

recent migration routes and dispersal rates to be dissemi-

nated (Andreasen et al. 2012). Hence, in order to formulate

realistic management approaches and to predict the future

impact of invasions, it is necessary to retrieve detailed

information about the fine-scaled expansion patterns and

dispersal routes of highly influential and expanding species

(Rollins et al. 2009; Estoup and Guillemaud 2010).

The red fox (Vulpes vulpes) is a classic example of a

species undergoing major population expansions. As a

consequence of human-mediated landscape changes and

increasing temperatures in various ecosystems, the Euro-

pean red fox population has during the last century

expanded in numbers and geographic range (Hersteinsson

and Macdonald 1992; Selås and Vik 2006; Elmhagen and

Rushton 2007). In southern Sweden, the red fox population

underwent a demographic increase in response to the

intensified land use during the nineteenth century

(Elmhagen and Rushton 2007), while red foxes in northern

areas expanded in range during the same time period

(Hersteinsson and Macdonald 1992). Tundra red fox

abundance may benefit from changes in reindeer herding

strategies that mediates higher food availability (Killen-

green et al. 2011). Numerous climatic, landscape and

biological factors have been suggested to influence red fox

dispersal behavior. For instance, European red fox abun-

dance and dispersal is limited by winter harshness (Her-

steinsson and Macdonald 1992; Selås and Vik 2006; Barton

and Zalewski 2007; Pasanen-Mortensen et al. 2013). Fur-

thermore, the decision to disperse and establish in a novel

habitat may be further influenced by sex-specific dispersal

patterns and/or social factors (Lawson-Handley and Perrin

2007). A preference for establishing in territories adjacent

to close relatives, or synchronize dispersal with close rel-

atives have been documented in a closely related species

(Ehrich et al. 2012; Elmhagen et al. 2015). It is however

not known how these factors influence to the ongoing red

fox invasion of the Fennoscandian tundra, but it is possible

that there may be a higher occurrence of close relatives in

the expansion front.

Increases and establishment of red foxes in tundra

regions have affected the vulnerable tundra ecosystem in

several ways (Macpherson 1964; Hersteinsson and Mac-

donald 1992). For example, the red fox has contributed to

alterations in community structure and declines of com-

petitor and prey populations (Hersteinsson and Macdonald,

1992; Smedshaug et al. 1999; Angerbjörn et al. 2013). In

particular, the emergence of red foxes into the tundra

region is associated with Arctic fox (Vulpes lagopus)

population decline and withdrawal into areas of lower

quality (Dalén et al. 2004; Angerbjörn et al. 2013). The

patterns observed in these sympatric fox populations is an

example of the expansion–contraction scenarios outlined

by Elmhagen et al. (2015). Furthermore, the red fox is a

host and vector for parasites such as sarcoptic mange

(Sarcoptes scabiei) and fox tapeworm (Echinococcus

multilocularis) as well as contagious and lethal diseases

like arctic rabies (Letkova et al. 2006). Immigration and

establishment of red foxes on the tundra thus convey

considerable risks of introducing and transmitting these

diseases and parasites to native species (Berteaux et al.

2004).

To minimize the ecological consequences and to con-

serve the critically endangered arctic fox in Sweden, there

is a need to manage the expanding tundra populations of

red foxes. Previous work has demonstrated that the nega-

tive effects exerted by red foxes on arctic foxes can be

reduced through intensive culling in specific core areas

(Angerbjörn et al. 2013). Swedish authorities have included

red fox removal as a vital action in the management plan

for Scandinavian arctic foxes (Elmhagen 2008). The effi-

ciency of red fox culling however varies considerably

across different areas and counties (Angerbjörn et al.

2013). These actions, however, are both expensive and

time-consuming and the practical challenges for working in

tundra areas put high demands on well-planned logistics,

experienced personnel and large sources of funding. To

accomplish efficient and ethical control of tundra red foxes

it is necessary to define target areas of specific demo-

graphic importance, which requires understanding disper-

sal routes.

360 Conserv Genet (2017) 18:359–370

123



We previously conducted a broad-scale study on the

expansion dynamics across Fennoscandia and found that

northern areas were supplemented with immigrants from

several surrounding regions (Norén et al. 2015). However,

the detailed process underlying red fox emergence and

establishment in tundra areas was not specifically addres-

sed. In this paper, we investigate their origin and rela-

tionship between tundra and boreal red foxes. We used 15

highly variable microsatellite loci and one mitochondrial

fragment (cytochrome-b, 354 bp) to investigate (i) genetic

structuring between historical distribution (boreo-nemoral

areas) and recently colonized (tundra) areas; (ii) the genetic

composition and fine-scaled structure of the recently col-

onized tundra regions.

Methods

Sampling and genetic analyses

We assembled 53 red fox samples collected from the tun-

dra regions in Sweden (62�550N–68�770N) between 2009

and 2013. Of these, 32 individuals were included in a

previously published analysis of the large-scaled expansion

patterns in Fennoscandia (Norén et al. 2015). The tundra

foxes were obtained as tissue samples from red foxes

culled for management purposes (procedure described by

Angerbjörn et al. 2013) (n = 32) or faecal samples col-

lected at known arctic and red fox den sites during Arctic

fox inventories (n = 21) (Johansson et al. 2009). For

comparison, we included the genotypes of 152 previously

published red foxes (Norén et al. 2015). All samples were

scored for variation in 15 autosomal (AHT140,

c01.424PET, FH2004, FH2010, FH2088, FH2289,

FH2380, AHT133, RF08.618, RF2001Fam, RF2054,

CXX-468, CXX-602, FH2848 and REN54P11) and one

sex-specific microsatellite (K9-Amelo) loci (one allele

located on the Y chromosome and the other on the X

chromosome) following Moore et al. (2010). Primer

sequences for all microsatellite loci are provided in Moore

et al. (2010) and references therein. All individual geno-

types are available in Appendix in supplementary material.

The K9-Amelo locus was used to identify the sex in faecal

samples and to verify the visually identified sex for culled

red foxes. Among the visually sex-determined foxes that

had been collected from culling, the accuracy of the genetic

sex determination was 100%.

For mitochondrial analysis, we amplified a cytochrome-

b (354 bp) fragment in the mitochondria in 102 individuals

sampled throughout Sweden using primers RF14724 (50-
CAACTATAAGAACATTAATGACC-30) and RF15149

(50-CTCAGAATGATATTTGTCCTC-30) (Perrine et al.

2007; Aubry et al. 2009) on a PTC100 Programmable

Thermal Controller (MJ Research Inc.). Each PCR setup

was accompanied by negative controls from the extraction

as well as PCR blanks. PCR products were checked

through 1.5% agarose gel electrophoresis and thereafter

cleaned using the PCR Purification Kit (Qiagen) or the

ExoSAP-IT (Affymetrix) according to the manufacturer’s

instructions. For all individuals, we sequenced the 50 por-
tion of the cytochrome-b fragment at the commercial lab

Macrogen Inc. (www.macrogen.com). Sequences were

verified for accurate species origin using BLAST, con-

trolled visually and aligned in BioEdit 7.2.5 and haplotypes

were determined against previously published data (Sta-

tham et al. 2014). Novel haplotypes (n = 6) were depos-

ited on GenBank (Accession No KX768845-50). To verify

the accuracy of our results and to avoid sequencing errors,

we made an additional PCR reaction and thereafter

sequenced the 30 portion of each novel haplotype (i.e.

previously unpublished ones).

Population structure

We used a Bayesian clustering approach as implemented in

the software STRUCTURE 2.3.4 (Pritchard et al. 2009) to

evaluate the occurrence of a spatial structure in the full

sample of red foxes (tundra, boreal and nemoral zones;

n = 205) as well as within the tundra zone (n = 53). For

both data sets, we used the admixture model with corre-

lated allele frequencies and 100 000 burn-in steps followed

by one million MCMC replicates. We investigated the

likelihood for K = 1–6 and each K value was repeated ten

times. We determined the most likely number of K, using

Structure Harvester (Earl and vonHoldt 2012) to calculate

which value of K that displayed the highest L(K) and

DK (Evanno et al. 2005). We thereafter merged the runs for

the most likely value of K using CLUMPP (Jakobsson and

Rosenberg 2007). Individual assignment over the averaged

runs (obtained from CLUMPP) was accomplished using a

threshold value of q[ 0.80. Thereafter, we repeated the

same STRUCTURE analysis using the LOCPRIOR model

(Pritchard et al. 2009). We constructed a grid with cell size

covering 20 9 20 km2. The cell size corresponds to a scale

where gene flow still can occur between neighboring cells

(Larvière and Pasitschniak-Arts 1996). Our data set sub-

sequently consisted of 18 cells with a sample size of 4–26

individuals. Each individual was assigned a prior location,

based on which grid cell they had been sampled in. We

used 100 000 burn-in generations followed by one million

MCMC replicates and ran the LOCPRIOR model for

K = 1–6.

Levels of differentiation between the tundra and boreo-

nemoral regions was quantified through population pair-

wise FST with significance testing using 10 000 permuta-

tions in Arlequin version 3.5.1.2 (Excoffier et al. 2005). We
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inferred levels of genetic admixture in the boreo-nemoral

region as well as the recently colonized tundra region by

implementing the USEPOPINFO option in STRUCTURE

Pritchard et al. 2009). We used the admixture model with

correlated allele frequencies and 100 000 burn-in steps

followed by 106 MCMC replicates for K = 2 (tundra vs.

boreal-nemoral) and GENSBACK = 0. We repeated the

simulations three times, using a migration rate of v = 0.05.

To test for differences in population membership values

(q) among runs, i.e. the posterior probability of an indi-

vidual originating from the same population where it was

sampled, we used a non-parametric Kruskal–Wallis test in

R (Sacks et al. 2005).

Distribution of genetic diversity

We tested for Hardy–Weinberg and linkage disequilibrium

in tundra versus boreal-nemoral zones using Arlequin 3.5

(Excoffier et al. 2005). Hardy–Weinberg proportions were

calculated using a Markov chain based on 10,000

dememorization steps while we used ten initial conditions

to test for linkage disequilibrium. Significance testing was

accomplished using 10,000 permutations and were cor-

rected for multiple testing using the sequential Bonferroni

correction (Holm 1979). To avoid sample size biases, we

calculated allelic richness in FSTAT 2.9.3.2 (Goudet et al.

2002). Since it is theoretically expected that recently col-

onized areas display lower genetic variation through lead-

ing edge colonization and founder effects (Excoffier and

Ray 2008), we tested for cluster-level difference in levels

of heterozygosity and allelic richness using a Kruskal–

Wallis test in R. Areas that recently have been colonized

from a southern source are expected to display a south-to-

north gradient in genetic variation (Norén et al. 2015) We

tested for such a gradient in the level of genetic variation

on the tundra, using the relationship between individual

multi-locus heterozygosity (MLH) and latitude through a

linear regression test in R.

We used the grid cell set-up to test for presence of

isolation by distance between grid cells (described above)

using a Mantel test based on linearized FST values and

average sampling coordinates (Rousset 1997). To compare

levels of admixture between cells, we calculated cell-

specific FIS values and tested for a latitudinal effect on

average FIS as well as the proportion of significantly

deviant loci through linear regressions in R.

For mitochondrial DNA, we used Arlequin version

3.5.1.2 (Excoffier et al. 2005) to calculate haplotype and

nucleotide diversity within each region as well as FST
between regions. For significance testing, we used 10,000

permutations. We used the same software to calculate a

minimum spanning network that was visualized in

HapStar 0.7 (Teacher and Griffiths 2011). For reference

and alignment, we used 53 cytochrome-b haplotypes

previously published by Statham et al. (2014) and refer-

ences therein.

Estimating recent dispersal rates

To test how red foxes in tundra and boreal regions were

connected, we simulated the dispersal rates between tun-

dra region grid cells and their neighboring boreal cells

over the last generation using the software BIMr 1.1

(Faubet and Gaggiotto 2008). This is a recommended

approach for populations connected by high ongoing gene

flow since the ‘F model’ accepts deviations from genetic

equilibrium (Faubet and Gaggiotto 2008; Andreasen et al.

2012. We implemented simulations with the two data sets,

each containing one tundra cell (20 9 20 km) with a

sample size of n[ 10 individuals (termed Helags and

Borgafjall respectively) and all neighboring boreal cells

(termed Boreal1-5). We used the default settings in the

software and, for each data set, we repeated the simula-

tion three times. After checking for consistency between

the three replicates, we thereafter chose the run displaying

lowest Bayesian deviance, measured by the assignment

values (Dassign) (Faubet and Gaggiotto 2008). For each

area, we identified significant asymmetric dispersal

through comparison of the 95% high density predictive

interval (HDPI).

Determinants of genetic structure

We used the software GESTE 2.0 (Foll and Gaggiotti

2006) to identify population structure determinants using a

Bayesian approach. The FST values for each grid cell are

calculated and the effect of environmental factors versus

genetic drift on genetic divergence was evaluated using a

generalized linear model for the grid cells (described

above). We evaluated signatures of range expansion,

demographic and geographic heterogeneity as well as

winter severity (Hersteinsson and Macdonald 1992; Selås

and Vik 2006; Barton and Zalewski 2007; Pasanen-Mor-

tensen et al. 2013) by comparing three different models;

(i) the ‘range expansion model’, where the average sam-

pling coordinates for each grid were used as explanatory

factors, (ii) the ‘bioclimatic zone—abundance model’,

where the bioclimatic zone and estimated population den-

sities (assembled from Pasanen-Mortensen et al. 2013) for

each cell were used as explanatory factors, and (iii) the

‘temperature—snow cover model’ where mean January

temperature (Tveito et al. 2000) and yearly mean snow

cover duration in days between 2000 and 2011 (Dietz et al.

2012) were assembled to approximate winter severity. For

all simulations, we used the GESTE 2.0 default options and
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repeated each model three times to check for consistency

between the runs.

We tested for the impact of geographic distance on

inter-individual divergence through spatial autocorrelation

tests in the software GenAlEx 6.41 (Peakall and Smouse

2006) using a distance class size of 100 km and signifi-

cance testing using 9999 permutations. Tests were imple-

mented in the full data set as well as for males and females

separately. To further assess the occurrence of sex-specific

dispersal patterns among tundra and boreo-nemoral foxes

respectively, we implemented a frequency-based popula-

tion assignment test (Paetkau et al. 1999) in the software

GeneClass2 (Piry et al. 2004) for each sex separately

(based on the genetic sex identification). For the dispersing

sex, a lower mean assignment index (mAIC) and higher

variance in the assignment indices (vAIC) is expected

(Goudet et al. 2002; Podgorski et al. 2014). We tested from

differences in mean assignment indices (mAIC) between

males and females using a non-parametric Kruskal–Wallis

test in R. In addition to this, we calculated maximum

likelihood-based relatedness between all individuals in the

software ML Relate 1.0 (Kalinowski et al. 2006). We also

tested for the impact of geographic distance and pairwise

relatedness for the full data set as well as males and

females separately through a Mantel test with 999

permutations.

Results

Genetic structure and diversity

Based on the STRUCTURE analyses, K = 2 displayed

highest L(K) and deltaK values (Fig. 1a, b). Among the

tundra red foxes, 24.5% were assigned to the southerly

cluster (blue in Figs. 1c, 2a), 52.8% to the northerly cluster

(red in Figs. 1c, 2a) and 22.6% were un-assigned (q\ 0.8).

For foxes sampled in the boreal region, similar proportions

were assigned to each cluster (35.6 and 37.3% respec-

tively), while foxes from the nemoral region mainly were

assigned to the southerly cluster (63.8 and 17% respec-

tively). The LOCPRIOR model produced comparable

clustering results for K = 2 (Fig. 1d). Genetic differentia-

tion between the two regions was significant, but low

(FST = 0.018, P\ 0.01). The level of heterozygote defi-

ciencies were comparable between the areas (sequential

Bonferroni corrected a = 0.004 and 0.006 for tundra and

boreo-nemoral regions respectively; Table 1) while there

was no or low linkage disequilibrium between loci (Bon-

ferroni corrected a = 0.00047; Table 1). Average

heterozygosity and allelic richness was comparable

between the areas (Table 1).

For the mitochondrial data, we documented a total of nine

different haplotypes. Among these, four were present in the

Fig. 1 STRUCTURE results showing a Ln(K) and b deltaK for

K = 1–6 over five replicates using the Evanno approach in

StructureHarvester, c STRUCTURE bar plot generated from

CLUMPP without prior population information for K = 2,

d STRUCTURE bar plot generated from CLUMPP for LOCPRIOR

model for K = 2
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tundra region and all nine in the boreo-nemoral region

(Table 1). The previously documented haplotypes, U andU4

has a Eurasian distribution whereas haplotype U66 only has

been documented in Sweden (Table 1, Statham et al. 2014).

The remaining six haplotypes were previously unpublished

(GenBank Accession nos KX768845–KX768850) and were

closely related (separated by single substitutions) to the U,

U4 or U66 haplotypes (Table 1; Fig. 3). As can be seen from

theminimum spanning network, there were no unique tundra

haplotypes, while five haplotypes were present only in the

boreo-nemoral zone as and four were shared across all

regions (Fig. 3). Gene diversity was 0.585 in the tundra and

0.709 in the boreo-nemoral region and nucleotide diversity

ranged between 0.0018 and 0.0021. Genetic divergence

between regions was non-significant (FST = - 0.015,

P = 0.621).

Dispersal and connectivity

Based on the USEPOPINFO approach in STRUCTURE,

red foxes sampled in tundra areas displayed more variable

and significantly lower population membership values

(q) compared to foxes sampled in nemoral and boreal areas

(Kruskal–Wallis X2 = 5.67, df = 1, P = 0.017) (Fig. 4).

Furthermore, with an assumed migration rate of v = 0.05,

six first generation immigrants from boreal and nemoral

areas were identified in tundra areas while only two

immigrants from the tundra were identified in boreal and

nemoral areas.

There was no significant effect of isolation by distance

between cells in the grid (Mantel test: rxy = -0.017,

P = 0.42) which suggests that additional factors influence

population structure. Also, no apparent latitudinal effect on

average FIS values (indicating admixture) (r2 = -0.062,

P = 0.959) or the proportion of significantly deviant loci

(r2 = 0.004, P = 0.318) was identified. Individual multi-

locus heterozygosity in tundra regions ranged between

0.154–1, but there was no latitudinal effect on the distri-

bution of heterozygosity (r2 = -0.018, P = 0.788).

Estimates of recent dispersal rates in the software BIMr

revealed significant asymmetric dispersal patterns where

immigration from neighboring boreal cells into the tundra

regions of Helags and Borgafjäll were significantly higher

compared to dispersal in the opposite direction (Table 2;

Fig. 2 a Geographic distribution of individuals with population

membership values of q[ 0.8 in a specific cluster (shown in blue and

red color) and unassigned individuals (in white) for K = 2 without

prior population information over five replicates generated from

CLUMPP. The dashed line represent Limes norrlandicus (i.e. the

climate transition between boreo-nemoral and boreal habitats),

b direction of significant, asymmetric dispersal over the last

generation as inferred by BIMr where grey areas represent the

tundra zones. (Color figure online)
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Fig. 2b).This implies that tundra regions are supplemented

by immigrants from neighboring boreal zones. In the

GESTE simulations, we tried to disentangle which factors

that influenced the dispersal patterns and genetic diver-

gence (Table 3). Results for each model were comparable

for all three replicates. For the ‘range expansion model’,

highest posterior probability was recorded for an interac-

tion between latitude and longitude (Pr = 0.839)

(Table 2). When including genetic drift into the model,

highest support was recorded for a scenario that combined

effects of drift and spatial coordinates (Pr = 0.839)

(Table 2). This means that in addition to genetic drift, there

is an impact of dispersal in multiple directions that influ-

ences genetic divergence. For the ‘bioclimatic—population

density model’ and ‘temperature—snow cover model’, the

constant factor received highest posterior probability

(Table 2). This means that genetic drift was likely to have a

higher impact on genetic structuring than bioclimatic zone,

population density, temperature or snow cover.

The spatial autocorrelation tests showed no significance

of geographic distance regardless of using the full data set

or for the tundra and boreo-nemoral data sets separately

Table 1 Sample size and

genetic diversity measures for

microsatellites and

mitochondrial DNA for red

foxes sampled in Swedish

tundra and boreal-nemoral areas

Microsatellite DNA Tundra n = 53 Boreal-nemoral

n = 152

Locus HO HE P HO HE P

AHT140 0.692 0.803 0.004 0.795 0.845 0.303

c01.424PET 0.559 0.556 0.850 0.611 0.628 0.424

FH2004 0.359 0.418 0.392 0.272 0.356 0.001

FH2010 0.548 0.643 0.093 0.565 0.582 0.017

FH2088 0.631 0.855 0.000 0.580 0.867 0.000

FH2289 0.254 0.475 0.000 0.175 0.379 0.000

FH2380 0.550 0.831 0.000 0.426 0.830 0.000

AHT133 0.441 0.777 0.000 0.689 0.802 0.098

RF08.618 0.677 0.857 0.001 0.721 0.837 0.003

RF2001Fam 0.759 0.859 0.012 0.669 0.851 0.000

RF2054 0.642 0.810 0.022 0.590 0.787 0.000

CXX-468 0.682 0.788 0.026 0.687 0.813 0.004

CXX-602 0.661 0.885 0.000 0.692 0.786 0.001

FH2848 0.721 0.879 0.003 0.883 0.899 0.010

REN54P11 0.803 0.874 0.054 0.746 0.880 0.006

Linkage disequilibrium 1 6

Allelic richness 9.79 ± 0.07 8.31 ± 2.89

Average expected heterozygosity (HE) 0.754 ± 0.154 0.743 ± 0.175

Mitochondrial DNA Tundra n = 28 Boreal-nemoral n = 74

Haplotype n n

U (Statham et al. 2014) 12 22

U4 (Statham et al. 2014) 14 38

SWE1 (Accession number: KX768845) 1 2

SWE2 (Accession number: KX768846) 2

SWE3 (Accession number: KX768847) 7

SWE4 (Accession number: KX768848) 5

SWE5 (Accession number: KX768849) 1

SWE6 (Accession number: KX768850) 1 2

U66 (Statham et al. 2014) 1

Gene diversity 0.585 ± 0.05 0.709 ± 0.002

Nucleotide diversity 0.0018 ± 0.002 0.0021 ± 0.002

For microsatellites, significant deviation from Hardy–Weinberg conditions after applying the sequential

Bonferroni correction (P; Holm 1979) are shown in bold text. Reference for previously published mito-

chondrial haplotypes and GenBank Accession no for previously unpublished haplotypes are given within

parentheses
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(P[ 0.05). Also, testing males and females separately did

not affect the outcome of the results. The assignment

indices displayed comparable variance between males and

females. The average assignment index was however sig-

nificantly lower for tundra males than tundra females

(Kruskal–Wallis X2 = 4.39, df = 1, P = 0.036), which is

in agreement with the expectations for the dispersing sex

(i.e. lower mAIC). For boreo-nemoral foxes, however, there

was no difference (Kruskal–Wallis X2 = 0.08, df = 1,

P = 0.78). Also, there was no difference in average relat-

edness between males (r = 0.047 ± 0.136) and females

(r = 0.030 ± 0.078). The corresponding values among

boreo-nemoral foxes were r = 0.06 ± 0.135 for males and

r = 0.07 ± 0.133 for females. The distribution of relat-

edness was significantly correlated to geographic distance

for the full data set (r = -0.264, P = 0.001) and males

(r = -0.334, P = 0.002), whereas females only displayed

a trend towards the same pattern (r = -0.156, P = 0.063).

In the boreo-nemoral zone, there was similar patterns with

a significant correlation between geographic and genetic

distance for males (r = -0.173, P = 0.001) and close to

significance for females (r = -0.074, P = 0.066).

Discussion

Expansion of boreal species is forecasted to become one of

the most influential processes influencing northern biodi-

versity. The overall aim of this paper was to elucidate the

fine-scaled genetic relationship between Swedish red foxes

in recently colonized tundra areas and red foxes in the

boreal and nemoral zones with specific emphasis on iden-

tifying the invasive pathways. Based on the mitochondrial

DNA, the historical origin of tundra red foxes could not be

elucidated since there was little divergence and all docu-

mented haplotypes (except the novel Swedish ones) are

common and widespread across Eurasia (Statham et al.

2014). These results were in agreement with a general

pattern of low mitochondrial structuring across large parts

of the European mainland (Statham et al. 2014). The U and

U4 haplotypes belong to the Holarctic clade whereas the

U66 haplotype only has been identified in Sweden (Sta-

tham et al. 2014). The minimum spanning network illus-

trates the high level of haplotype sharing across bio-

climatic zones and also the close relationship (one-base

mutations) to the central and widespread U and U4

Fig. 3 Minimum spanning

network for the 354 base pair

mitochondrial fragment

cytochrome-b in the 102

Swedish red foxes. Orange

color represent haplotypes

shared across tundra, boreal and

nemoral zones, blue color

represent haplotypes only

present in boreo-nemoral

regions and white color

represent haplotypes sampled in

potential source populations, but

not in Sweden (collected from

Statham et al. (2014) and

references therein). Haplotype

frequency is represented by the

size of the haplotype. (Color

figure online)

Fig. 4 Population membership values (q) in tundra and boreal/

nemoral areas retrieved from the prior population information

approach with a migration rate (v) = 0.05 in STRUCTURE with

95% confidence interval
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haplotypes (Fig. 3). The novel haplotypes originate from

central, high-frequency haplotypes (U and U4) which is the

pattern expected in a population undergoing expansion.

This, in combination, with the lack of unique tundra hap-

lotypes, suggest a common historical origin and lack of

historical isolation between red foxes in the tundra and the

rest of Sweden.

Despite the common historical origin, there may still be

more recent divergence reflected in the microsatellite

structure. The significant variance in population member-

ship values between areas and high number of first-gen-

eration immigrants however confirm the previously

documented pattern of high immigration into northern

areas (Norén et al. 2015). Further, major deviations from

genetic equilibrium indicate high levels of admixture.

Interestingly, we also detected heterozygote deficiencies

among red foxes in the boreo-nemoral zone. This finding

suggests that there are high levels of ongoing gene flow in

this region, which also is evident from the low levels of

genetic divergence inferred by STRUCTURE (Fig. 1).

With regards to the origin of expansion, there was low

support for a single southern source of the tundra red foxes.

Apart from a lower mitochondrial gene diversity on the

tundra, our data do not support a simple scenario of

northwards range expansion, which would be in agreement

with previous broad-scale findings (Norén et al. 2015). The

GESTE ‘range expansion model’ with combined effects of

latitude, longitude and genetic drift received highest sup-

port, implying an expansion in multiple directions and

from several (Table 3). Hence, the surrounding boreal

areas are of high biological relevance by producing an

excess of red foxes that emigrate and establish on the

tundra.

Males and females displayed no difference in average

relatedness, but there was a stronger effect of geographic

distance on the distribution of male relatives where relat-

edness decreased with increasing spatial distance for both

tundra and boreo-nemoral foxes. For tundra foxes, this was

in concordance with the significant difference in assign-

ment indices where red fox males displayed lower mean

assignment index which indicates higher dispersal fre-

quencies. For boreo-nemoral foxes, however, no such

pattern was identified. Although this needs further evalu-

ation, this data suggest that male-biased dispersal patterns

may contribute to colonization and establishment on the

tundra. Levels of relatedness may influence dispersal

decisions and boreal red foxes may thus be more prone to

emerge to the tundra if following a close relative. In the

closely related arctic fox, presence of cohort-specific kin

structure has been identified (Ehrich et al. 2012) and syn-

chronized long distance dispersal by closely related, young

males has been recorded (unpublished data). Male-biased

kin structures have been documented in canid species suchT
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as the Ethiopian wolf (Canis simiensis; Gottelli et al. 2013)

and, under specific demographic conditions, in the bat-

eared fox (Otocyon megalotis; Kamler et al. 2013).

Implications for red fox management and arctic fox

conservation

The low levels of genetic structuring in the Swedish red fox

is likely a consequence of high dispersal across the entire

distribution. Dispersal patterns were asymmetric where

boreal zones supplement tundra areas with immigrants to a

higher extent than the opposite. Our results bring important

implications for the future management of northern red

foxes. Based on the conclusions from this study, the tundra

red fox population is supplemented with immigrants from

the edge of the boreal zone. This means that efforts to

control the tundra red fox population should be extended to

also include the adjacent boreal zones. Otherwise, it is a

prevalent risk that the tundra will be rapidly recolonized

from the boreal forest (e.g. Robertson and Gemmel 2004).

Furthermore, the finding of high connectivity between the

boreal zone and the tundra emphasizes the importance of

conducting red fox management as a permanent action.

Also, to increase the efficiency of this action as well as

avoiding unmotivated culling, an evaluation of the spatial

scale where measures are necessary is highly recom-

mended. Even though predator control has been successful

in the case of Arctic fox conservation (Angerbjörn et al.

2013), there are examples of unexpected consequences of

predator removal (Ruscoe et al. 2011). Therefore, contin-

uous assessment of removal strategies and consequences is

central.

This paper also highlights the competence of genetic

analysis as a tool for wildlife management. For elusive and

highly mobile species, such as the red fox, there are no

direct approaches of elucidating dispersal patterns on a

landscape scale. By taking advantage of the genetic sig-

natures created by dispersal, a larger understanding of the

process underlying expansion and invasions can be

retrieved (Estoup and Guillemaud 2010). Since population

expansions are predicted to become even more powerful

processes during future decades as temperatures increase,

we recommend that genetic tools should be incorporated as

a vital part of the management of boreal, expanding pop-

ulations with the aim of understanding, controlling and

predicting their impact of northern ecosystems.
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Table 3 Results from GESTE simulations reporting posterior probabilities for three models assessing the factors underlying observed FST values

between grid cells

1. Range expansion model 2. Bioclimatic—population density model 3. Temperature—snow cover model

Factor Posterior

probability

Factor Posterior

probability

Factor Posterior

probability

Longitude 0.161 Bioclimatic zone 0.089 Temperature 0.0955

Latitude 0.131 Population density 0.087 Snow cover 0.0946

Longitude 3 latitude 0.839 Bioclimatic zone 9 Population density 0.011 Temperature 9

Snow cover

0.0087

Model Posterior

probability

Model Posterior

probability

Model Posterior

probability

Constant 0.000 Constant 0.837 Constant 0.828

Constant, longitude 0.031 Constant, bioclimatic zone 0.065 Constant, temperature 0.068

Constant, latitude 0.000 Constant, population density 0.063 Constant, snow cover 0.068

Constant, longitude, latitude 0.131 Constant, bioclimatic zone,

population density

0.024 Constant, temperature,

snow cover

0.027

Constant, longitude 3 latitude,
longitude, latitude

0.839 Constant, bioclimatic

zone 9 population density,

bioclimatic zone, population

density

0.011 Constant,

temperature 9 snow

cover,

temperature, snow cover

0.0087

Bold text indicates factors and models of highest posterior probability
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made.
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