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Abstract

The genetic structure of a population can provide important insights into animal movements at varying geographical scales.
Individual and social behaviors, such as philopatry and dispersal, affect patterns of relatedness, age and sex structure, shaping
the local genetic structure of populations. However, these fine scale patterns may not be detected within broader population
genetic structure. Using SNP genotyping for pairwise relatedness estimates, we investigated the spatial and genetic structur-
ing of 141 red foxes within south-central Sweden at two scales. First, we looked at broad scale population structuring among
red foxes at the regional level. We then estimated pairwise relatedness values to evaluate the spatial and genetic structure
of male, female and mixed sex pairs for patterns of philopatry and dispersal at a more localized scale. We found limited
genetic differentiation at the regional scale. However, local investigations revealed patterns of female philopatry and male
biased dispersal. There were significant differences in pairwise geographic distances between highly related same sex pairs
with the average distance between related males, 37.8 km, being six times farther than that of related females, averaging
6.3 km. In summary, the low levels of genetic differentiation found in this study illustrates the mobility and dispersal ability
of red foxes across scales. However, relatedness plays a strong role in the spatial organization of red foxes locally, ultimately
contributing to male biased dispersal patterns.
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Introduction

Dispersal is a key driver of gene flow across space, linking
populations both demographically and genetically (Clobert
et al. 2001). Patterns of dispersal or connectivity arising
from physical landscape features (Wright 1943; Balkenhol
et al. 2015) or from behavioral traits such as natal philopa-
try or territoriality, can limit gene flow between groups of
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ments, philopatric behavior or inbreeding avoidance influ-
ence patterns of relatedness, age and sex structure, can shape
the genetic structure of populations considerably. However,
such fine scale patterns may not be detected within broader
population genetic structure (Rousset 2001).

Various genetic methods can provide important insights
into animal movements at varying geographical scales by
describing how individual behaviors, such as philopatry and
dispersal, translates into gene flow (Prugnolle and De Meeus
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2002). Advancements in the development of useful, low cost
genetic markers (e.g. single nucleotide polymorphisms,
SNPs), in combination with rigorous inference methods,
offer an expanded framework for interpreting fine scale pat-
terns, such as familial relationships, from genetic markers
(Beaumont and Rannala 2004; Latch et al. 2006; Stauffer
2007; Stephens and Balding 2009; Banks and Peakall 2012).
Similarly, the use of GPS telemetry for studying animal
movements has dramatically increased, enhancing our abil-
ity to collect detailed movement data from wild and elusive,
free-ranging animals (Cagnacci et al. 2010). Together, these
tools can be used for investigation into factors jointly affect-
ing animal dispersal, spatial and social organization, popula-
tion dynamics and genetic structuring (Morales et al. 2010).

For many species, dispersal movements tend to be rela-
tively short and long distance dispersal, while notable, is
uncommon (Nathan 2005; Jordano 2017). In mammals, dis-
persal is often male-biased with females exhibiting philopat-
ric behavior (Greenwood 1980). When examined at a finer
spatial scale, this sex-biased dispersal can create different
spatial patterns of relatedness between the sexes, with local
relatedness higher among members of the more philopat-
ric sex (Prugnolle and De Meeus 2002). In such philopatric
systems, where closely related individuals settle within or
close to the home range of their parents, high relatedness
among individuals can lead to the emergence of kin struc-
tured populations (Kitchen et al. 2005; Croteau et al. 2010;
Quaglietta et al. 2013).

The red fox, Vulpes vulpes, is a mid-sized canid with
highly variable spatial and social behavior (von Schantz
1981; Doncaster and Macdonald 1991; Cavallini 1996). Red
foxes have a geographic range that spans most of the north-
ern hemisphere (Lariviere and Pasitschniak-Arts 1996) and
the potential to disperse over long distances (Colson et al.
2017; Walton et al. 2018). In most areas, red foxes form
monogamous pairs or small family groups (von Schantz
1981; Cavallini 1996). These typically consist of a domi-
nant, breeding pair and subordinate individuals, which are
believed to be the offspring of one or both of the dominants
(von Schantz 1981; Baker et al. 2004). However, kinship is
rarely confirmed, and red foxes have been shown to exhibit
polygynandry, multiple paternity and extra pair copulations
(Baker et al. 2004) adding potential complexity to the kin
structure of family groups.

Previous population genetic studies indicate that red foxes
can exhibit a high degree of gene flow due to their disper-
sal ability (Gachot-Neveu et al. 2009; Teacher et al. 2011;
Mullins et al. 2014; Atterby et al. 2015; Norén et al. 2015).
However, studies of localized genetic patterns relating to
philopatric behavior and dispersal between sub-populations
is largely lacking for this species (but see Gachot-Neveu
et al. 2009; Whiteside et al. 2011). Delineating pat-
terns of familial clustering can ultimately lead to a better
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understanding of red fox social organization, spatial behav-
ior and dispersal, as well as the mechanisms underlying such
patterns, facilitating our understanding of the evolution of
dispersal and group living in social mammals (Whiteside
et al. 2011). Such data also lends itself to informing the
ecology and management of red foxes (Quinn et al 2019) and
the design and implementation of disease control programs
such as oral vaccination programs (Zecchin et al. 2019).
For instance, integrating genetic and movement data into
management and/or monitoring programs can be helpful
to understand dispersal and highlight corridors or barriers
for movement and gene flow, which can aide in optimizing
species control efforts or predicting the spread of diseases.
This is particularly relevant to red foxes as they are consid-
ered a primary reservoir species for diseases such as rabies
and canine distemper virus and as vectors for the spread
of numerous other zoonotic parasites and diseases (Hol-
mala and Kauhala 2006; Vervaeke et al. 2006; Atterby et al.
2015). Thus, such knowledge may lend vital information to
wildlife managers and health authorities aiming to manage
such an ecologically dynamic generalist species.

Here, we investigated the spatial and genetic structuring
of red foxes within south-central Sweden at two different
scales. First, we looked at regional scale genetic structuring
among red foxes, where we expected gene flow to be high
with panmixia occurring over a broad scale due to the high
mobility of this species (Norén et al. 2015; Munro and Burg,
2017). We then evaluated the spatial and genetic structure
of male, female and mixed sex pairs to compare patterns of
philopatry and dispersal at a more localized scale. Here, we
predicted that sex biased dispersal due to philopatric female
behavior should lead to patterns of kin structuring within a
population. The low levels of genetic differentiation found
in this study illustrates high mobility and dispersal ability
of red foxes across scales. However, relatedness plays a
strong role in the spatial organization of red foxes locally,
ultimately contributing to male biased dispersal patterns.

Material and methods
Study area and DNA sampling

This study was conducted within a 13,000 km? region in
south-central Sweden (58°N-60°N; Fig. 1). Within this
region, the northernmost fox trapping sites around Hede-
mora (60°16'N-15°59'E) and Grimso6 (59°40'N-15°25'E),
are separated from our local study area around Kolmérden
(58°40'N-16°22'E) by approximately 200 km (Hedemora is
located ~ 70 km north of Grimso and Grimso is~ 130 km
north of Kolmarden). The northern areas consists of a tran-
sitional border zone between boreonemoral forests in the
south and boreal forests in the north, where the landscape is
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A All foxes

.

Fig. 1 Spatial genetic structure of red foxes visualized by spatial prin-
cipal component analyses (SPCA). The colors in the maps show the
first three principal components only. Colors indicate genetic similar-
ity (similar colors are more genetically similar individuals whereas
contrasting colors are more genetically dissimilar) with panels show-
ing different subsets of the population. Panel a represents all indi-

generally flat with mean altitude rising from 75 m a.s.l. in the
south to 180 m a.s.l. in the north. Daily mean temperatures
average 15 °C in summer to —5 °C in winter. The ground
is generally snow covered from late December to March.
Locally, the study area around Kolmérden encompasses
approximately 1800 km? within Sédermanland County (see
inset Fig. 1) representing a fragmented mosaic of productive
agriculture areas, boreonemoral forests and scattered human
settlements, representing a rural, anthropogenically modified

viduals included in the study. Panels b and ¢ show local structuring
of females and males from the Kolmarden area, respectively. Overall,
the population displays a high level of mixing, with limited struc-
ture, but, the overlapping similar color groupings in panel B indi-
cate females have more localized structure than males. (Color figure
online)

landscape. Daily mean temperatures range from 20 °C in
summer to — 5 °C in winter. Snow covers the ground irregu-
larly from December to March.

We collected genetic material (hair, tissue or blood) from
red foxes that were live captured as part of a Global Position-
ing System (GPS) telemetry study during 2012-2019 (see
Walton et al. 2017 for details of the capture and handling
procedures). We also opportunistically collected red fox scat
and tissue samples from deceased, unmarked red foxes found
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during field monitoring of GPS collared foxes. All live cap-
tured foxes were sexed, weighed and marked with plastic
ear tags (Rototags, Dalton Supplies, Ltd.). Age of foxes was
approximated, assuming a birth date of 15th April (Englund
1970), as either pup (<6 months), sub-adult (6 months
to < 1 year) or adult (> 1 year), using the date of capture in
combination with the amount of tooth wear and coloration.
All capture and handling protocols were approved by the
Swedish Environmental Protection Board and the Swedish
Animal Ethics Committee (permit numbers NV-03459-11,
DNR 70-12, DNR 58-15, DNR 13-47).

DNA extraction and SNP genotyping

DNA from tissue, blood and hair was extracted using a Qia-
gen Symphony robot and the QiaSymphony DNA mini kit
and QiaSymphony DNA investigator kit, respectively. Feces
were manually extracted using Zymo’s soil/fecal DNA kit.
This kit was chosen after a review of eight different methods/
kits (Supp. Table S1).

We genotyped individuals on a Fluidigm® Biomark™
microarray platform using the 96.96 dynamic array. The
SNP (Single Nucleotide Polymorphism) assays were
based on loci shown polymorphic in fox on Illumina’s®
CanineHD™ 170 K Whole-Genome Genotyping BeadChip
(marker references listed in Supp. Table S2). For the marker
ascertainment we used a population of foxes from across
Norway (N=24) and Sweden (N=24). The selected somatic
markers were not deviating from Hardy Weinberg equilibria
expectations and had a minor allele frequency exceeding 0.3.
Additionally, we only included markers that clustered well
for several DNA sources (tissue, blood, hair, and feces). In
addition to 91 somatic markers, we used Sanger sequencing
to design three markers that only amplified the Y- chromo-
some, and two mitochondrial markers for species recogni-
tion, for a total of 96 SNP markers.

All genotyping runs included three NTC (No Template
Controls) and reference samples. Samples were run in dupli-
cates for quality control (see Table 2). Samples that showed
an amplification rate below 90% were discarded. For sam-
ples that amplified well (>99%) the error rate fell below
1%. Basic marker statistics are presented in Supp. Table S2.

Genetic and spatial analyses

For analysis of spatial population structure and calculating
pairwise relatedness distances described below, we used
the last position of each GPS collared animal. All red foxes
were captured in one of 13 baited wooden box traps in our
study area. Given the identical trapping location for many
foxes (range 1-15 individual foxes captured per trap) we
chose to use the last GPS position as this provided a better
representation of the area occupied by the animal (i.e. its
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home range) than the original trapping location. Addition-
ally, it also allowed for animal movement over time, such
as dispersal, to occur, whereas trapping location did not.
For red foxes that were trapped but did not receive a col-
lar (i.e. predominantly young foxes under < 6 months not
meeting the necessary weight requirements), we used the
GPS coordinates of the wooden box trap where the indi-
vidual was captured and subsequently released to represent
sample location. For scat or tissue, we used the coordi-
nates taken directly at the site of field collection using a
hand held GPS unit. For analyses at the regional and local
levels we included only adult and subadult foxes, remov-
ing pup samples (n=15) as pups still occupied their natal
range, regardless of sex, potentially confounding results.
For analyses of fine scale genetic structuring and patterns
of kinship within a more localized area, we also removed
individuals where we were not able to identify sex (scat
samples, n=4). In total, 126 red foxes contributed to the
regional analyses and 103 to the local analyses.

To explore the genetic structure of red foxes we ran
Genepop 4.2 (Raymond and Rousset 1995; Rousset 2008).
In Genepop, we calculated basic marker statistics, such as
expected heterozygosity (He), observed heterozygosity (Ho)
and deviations from Hardy Weinberg equilibrium (HWE)
(Supp. Table S2).

We then ran a spatial principal component analyses
(sPCA) in the R package Adegenet (Jombart 2008) to visu-
alize genetic differentiation geographically, both region-
ally and locally. The sPCA was run on the full dataset, as
well as for subsets of male and female individuals from the
southernmost trapping area around Kolméarden, Sweden, to
explore how distribution of genetic variation varied with sex
locally. The K Nearest Neighbor algorithm was used with
two neighbors for all runs (Jombart and Collins 2015). As
the information content of the principal components (PCs)
of each subset differed slightly, we included different num-
bers of components. The number of global PCs were 5, 5 and
4 and local PCs 3, 3 and 3 for all foxes, Kolmarden females
only, and Kolmarden males only.

To determine kinship among individuals, we determined
the relatedness coefficient (r) using R.3.3.2 (R-Core-Team
2018) and the R package ‘Related’(Wang 2011; Pew et al.
2015) between all individual pairs going back two genera-
tions. The r-value is estimated from similarities in the num-
ber of shared identical alleles, in relation to the population
level allele frequencies. This allowed us to infer the most
probable relationship between individuals, using a cutoff of
0.65. A first-degree pair is expected to show an r-value of
approximately 0.5. Such relationships include the individ-
ual’s parents, full siblings, and offspring. A second degree
relative will show an r-value of approximately 0.25, which
includes the individual’s grandparents, grandchildren, aunts,
uncles, nephews, nieces or half-siblings.
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To determine if kin were spatially clustered at the local
scale, we evaluated the pairwise mean geographic distances
among all pairs of first degree relatives (r> 0.40) for the
different sex combinations: female-female, opposite sex,
and male-male, using Welch two sample t-tests. We further
examined how pairwise distances varied according to differ-
ing degrees of relatedness. For this, we categorized all red
fox individuals according to their relatedness values where
values of 0-0.10 and 0.10-0.20 indicated unrelated or dis-
tantly related individuals, 0.21-0.40 intermediate or second-
degree relatives and > 0.40 to be first-degree relatives.

Results

Genetic material collected from 180 red fox samples yielded
141 individual genotypes (54 females, 82 males, 5 unknown
sex) of which 91 (32 females and 59 males) were fitted with
GPS collars (Table 1). The mean amplification success
exceeded 99% for tissue and blood extractions, whereas hair
was lower at 96%. Feces showed highly variable amplifi-
cation success, likely correlated to large differences in the
degree of degradation in the field before the DNA could be
collected. Error rates were low, but increased for samples
with low amplification success. We therefore only included
samples with an amplification success of 75% or more
(Table 2). This allowed us to confidently separate individuals
while simultaneously avoiding the inclusion of unique geno-
types caused by genotyping errors (see Creel et al. 2003).
Overall, the SNP markers showed high variability, with a
mean minor allele frequency of 0.35 and the majority of
them conformed to Hardy—Weinberg Equilibrium (HWE)
expectations (Supp.Table S2). Before Bonferroni correction,
11 markers fell outside HWE, and after Bonferroni correc-
tion two markers remained significantly outside HWE. We

Table 1 Sample size and age categories of male and female red foxes
included in this study. Sex could not be determined from the genetic
markers for five foxes and are thus classified as of unknown sex. All
other individuals were sexed successfully and used in our analysis of
pairwise relatedness and distance estimates

Age class

Adult Subadult Pup Unk Total
Female 17 20 10 7 54
GPS 15 17 0 0 32
No GPS 2 3 10 7 22
Male 36 28 4 14 82
GPS 32 27 0 0 59
No GPS 4 1 4 14 23
Unknown 0 0 1 4 5
Total 53 48 15 25 141

kept all markers in the analyses as the analyses were not
affected in any noticeable way with or without them.

Our sPCA analyses showed low levels of genetic dif-
ferentiation when analyzing all individuals together at the
regional level (Fig. 1a). Here, genetic similarity is indicated
by similar colors and contrasting colors are more genetically
dissimilar. Locally, the sPCA results of male and female
groups showed females configured in tighter clustering of
similar colors, whereas males exhibited more diffuse spatial
structure (Fig. 1b and 1c). Geographic distances supported
this patterning as well, with female kin being more spatially
clustered at the local scale than males. Here, highly related
female pairs showed the shortest average pairwise distances,
whereas highly related male pairs showed the largest average
distances. Opposite sex pairs showed intermediate distances
(Fig. 2; Table 3). A t-test identified all pair types to be signif-
icantly different from all other pair types, with female pairs
and male pairs being most different (t=3.3661, df=43.132,
p-value=0.00161). The difference in mean distance between
opposite sex pairs and female-female pairs (t=-2.1794,
df=79.144, p-value =0.03227) and opposite sex pairs and
male-male pairs (t=2.2642, df =48.766, p-value =0.02805,

Table2 Amplification success and error rates of different red fox
DNA source materials. There was a negative correlation between
amplification success and error. For samples with an amplification
rate < 75%, error rates may exceed 20%

Source Amp. success Error rate %
Tissue >99% <0.9
Blood >99% <0.6

Hair >92% <34
Feces Highly variable <1.6%

*Error rate for feces is reported for samples with an amplification
success > 75%

Mean distance (km)
[0
N

: S

Male-Male

Opposite Sex Female-Female

Pair type

Fig.2 Local scale average pairwise geographic distances+2SE
between highly related (r>0.40) pairs of red foxes: male—female
(opposite sex), female pairs (female-female) and male pairs (male-
male)
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Table 3 Mean pairwise geographic distances between highly related
adult and subadult red fox pairs (n=124; r>0.40) within a local area
in south-central Sweden. Red foxes under six months of age (pups)
and those of undetermined sex were excluded from analysis

Pair type N Distance (km) SD

Male-Male 38 37.79 55.54
Opposite Sex 64 15.85 28.49
Female-Female 22 6.17 12.45

Table 3) were also significant. Examining the pairwise dis-
tances for all pair types according to their categorized relat-
edness values showed a similar pattern across all relatedness
categories and all pair types (Table 4; Supp. Fig. S1).

Discussion

Our study highlights differing patterns of red fox genetic
structure depending on spatial scale and sex. The limited
genetic differentiation seen in the SPCA of red foxes at the
regional level indicates high levels of gene flow, whereas
patterns of relatedness revealed intersexual differences
in spatial genetic structure at a local scale. Red foxes are
a widespread omnivore showing high genetic diversity
throughout their European range (Gachot-Neveu et al. 2009;
Teacher et al. 2011; Kutschera et al. 2013; Galov et al. 2014,
Atterby et al. 2015; Norén et al. 2015). The low levels of
genetic differentiation found at the regional level follow
expectations that red foxes are a mobile species and disper-
sal causes gene flow across large spatial scales (Peakall et al.
2003). Our results also do not indicate physical barriers to
red fox movements within the regional scale of our study
(Norén et al. 2015). Similarly, other canid species exhibit-
ing dispersal over long distances also show limited phylo-
geographic structuring (e.g. grey wolf (Canis lupus), coyote
(Canis latrans) and arctic fox (Vulpes lagopus) (Lehman and
Wayne 1991; Vila et al. 1999; Lai et al. 2017).

Locally, the geographic distances between highly related
individuals showed spatial patterns indicating significant
philopatric behavior among related females with larger geo-
graphic separation between related male foxes. The average
distance between related male pairs, approximately 38 km,
was over six times larger than the distance between related
female pairs (6 km). This confirms our prediction that highly
related females show kin clustering by occurring in closer
proximity to related females compared to mixed sex or male
red fox pairs. As restrictions to movement did not appear
evident from the SPCA results at the regional scale, local
scale movement patterns are probably mostly influenced by
social barriers (Macdonald 1983).

@ Springer

Table 4 Mean geographic distances (km) between red foxes accord-
ing to their different relatedness values. Here all pair types are
pooled. Values of 0-0.10 and 0.10-0.20 indicate unrelated or dis-
tantly related individuals, 0.21-0.40 are second generation relatives
and those>0.40 are considered highly related individuals (parent—
offspring and full sibling)

Relatedness Count Mean SD Median IQR
>0.40 125 20.8 38.7 10.5 19.8
>0.20 387 49.2 78.1 17.2 35.8
>0.10 1168 67.9 85.1 25 101

0.0-0.10 7498 64.5 82.9 24.6 93.3

In polygynous mating systems, such as that in red foxes,
inbreeding avoidance (Pusey and Wolf 1996) may contrib-
ute to a sex biased dispersal pattern (Johnson and Gaines
1990). Dispersal may be a prerequisite for reproduction
or a breeding territory vacancy (Greenwood 1980). Addi-
tionally, philopatric behavior, where offspring are allowed
to settle and breed within or adjacent to their natal range,
has been shown to create clustering of related individuals
in the landscape (Benton and Bowler 2012). Evolutionar-
ily, red fox females are thought to benefit more than males
from being among kin through access to breeding sites (e.g.
underground den systems), cooperative social interactions,
knowledge of resource areas, or through inheritance of the
home range (von Schantz 1981; Macdonald 1983; Baker
et al. 1998). Thus, the genetic sub-structuring seen at the
local scale is likely driven by male biased dispersal and
female philopatry altering gene flow between groups, sub-
sequently shaping local genetic patterns.

Mechanisms such as male biased dispersal and female
philopatry do not work independently however, and genetic
patterns can be expected to differ across populations where
different dispersal strategies and demographic components
such as survival and natality are at play (Kamler et al. 2013).
For instance, management actions leading to high harvest
or population control rates can create artificial source-sink
systems (Pulliam 1988; McCullough 1996), that may dis-
rupt the spatial dynamics and social organization of local
populations (Maletzke et al. 2014). For example, locally
high population turnover rates, either naturally occurring
or as a result of anthropogenic actions can result in both
increased philopatry and increased dispersal rates (Robin-
son et al. 2008). In other cases, disruption of family groups
due to harvest could promote the association of unrelated
females (Williams et al. 2008; Miller et al. 2010), resulting
in an altered genetic structure. However, limited information
exists on how carnivore populations respond to harvest or
the effects of intense harvest on dispersal and social group
dynamics, despite the relative value of such information for
management and in modelling or managing outbreaks of
disease (Robinson et al. 2008, Grear et al. 2010, Maletzke
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et al. 2014). Identifying relatedness underlying broader land-
scape genetic structure can offer important insights into how
dispersal patterns can contribute to genetic structure locally.
An understanding of life-history patterns, including disper-
sal and social structure is vital to understand the effects of
management actions such as culling programs. It also has
implications for models of disease transmission, and the
need for consideration of social behaviors in conservation
and management (Festa-Bianchet and Apollonio 2013).

This study highlights the use of SNP genotyping to
provide detailed information on the relationships between
individuals, in this case allowing for detection of different
patterns of gene flow at the population and individual kin
levels. The genetically identified patterns found in this study
fit well with dispersal patterns found in other red fox move-
ment studies (Storm et al. 1976; Allen and Sargeant 1993)
and for mammals in general (Greenwood 1980). Addition-
ally, a high degree of relatedness among individuals within
a population can confound or may not be evident within
broader population structure (Anderson et al. 2010; Nor-
man et al. 2017). Here, our results indicate that some of the
underlying genetic structure at the regional level may be due
to familial clustering.

The power of genetic markers will likely prove valuable
for future studies, providing new avenues for combining
genetic methods with movement data and new tools for man-
agement. Studies using genetic methods should however,
consider the scale they wish to address, as demographic and
behavioral processes can operate at a range of scales to gen-
erate genetic structure (Anderson et al. 2010; van Dijk et al.
2015). For instance, a high level of short distance dispersal
events will affect local spatial patterns of genetic differentia-
tion (Rousset 2001) more than a low level of long dispersals
(Nathan 2005). Thus, it is important to consider the scale at
which such movements take place and the behavioral aspects
that influence such movements.

Furthermore, populations are not closed. If we assume
that our regional population of red foxes is a continuous
population (as our regional results might suggest), it is note-
worthy that fine scale genetic structuring can occur locally
by social mechanisms not linked to the movement ability of
the species. This suggests that movement capacity is not a
prerequisite for fine scale genetic structuring to occur locally
(Campbell and Strobeck 2006; Quaglietta et al. 2013) and
that red foxes can be restricted by social barriers. However,
limited attention has been given to examining intraspe-
cific patterns of genetic structure at different spatial scales
(Anderson et al. 2010), particularly for carnivores (Gomp-
per 1996; Oehler and Litvaitis 1996). Many species in the
order Carnivora show great flexibility in their social systems
(Macdonald 1983) which can influence population genetic
structuring at a very fine scale. Distinguishing between
population structure and the underlying fine-scale social

and kinship patterns that affect population genetic structure
can ultimately lead to a more thorough understanding of the
spatial, social and population dynamics of a species. Yet,
these are still among some of the least understood attributes
of both individual animals and populations (Sutherland et al.
2000; Nathan 2001; Kokko and Lépez-Sepulcre 2006).

Two correlates of carnivore spacing behavior are sex and
social system (Clobert et al. 2001). By combining animal
movement data with patterns of genetic relatedness and
allele frequencies in a population, we explored how disper-
sal contributes to the genetic and spatial organization of red
foxes at regional and local scales. In summary, the levels of
genetic similarity found in this study illustrates the dispersal
ability of red foxes across scales, where locally, relatedness
plays a strong role in the spatial organization of red foxes
ultimately contributing to male biased dispersal patterns and
restricted female movements. However, this fine scale struc-
turing likely occurs by social mechanisms not related to the
movement capacity of the species.
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