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Introduction

Abstract

We incorporated radio-telemetry data with genetic analysis of bat-eared foxes
(Otocyon megalotis) from individuals in 32 different groups to examine related-
ness and spatial organization in two populations in South Africa that differed
in density, home-range sizes, and group sizes. Kin clustering occurred only for
female dyads in the high-density population. Relatedness was negatively corre-
lated with distance only for female dyads in the high-density population, and
for male and mixed-sex dyads in the low-density population. Home-range over-
lap of neighboring female dyads was significantly greater in the high compared
to low-density population, whereas overlap within other dyads was similar
between populations. Amount of home-range overlap between neighbors was
positively correlated with genetic relatedness for all dyad-site combinations,
except for female and male dyads in the low-density population. Foxes from all
age and sex classes dispersed, although females (mostly adults) dispersed farther
than males. Yearlings dispersed later in the high-density population, and overall
exhibited a male-biased dispersal pattern. Our results indicated that genetic
structure within populations of bat-eared foxes was sex-biased, and was interre-
lated to density and group sizes, as well as sex-biases in philopatry and dispersal
distances. We conclude that a combination of male-biased dispersal rates, adult
dispersals, and sex-biased dispersal distances likely helped to facilitate inbreed-
ing avoidance in this evolutionarily unique species of Canidae.

use (Sacks et al. 2005) within populations. Among terres-
trial carnivores, both solitary and group living species

The genetic structure within populations has been shown
to be affected by dispersal and philopatry patterns among
birds and mammals (Loison et al. 1999; Ji et al. 2001;
Temple et al. 2006; Costello et al. 2008; Ortego et al.
2008). Determining the genetic structure in mammals also
has been useful for explaining cooperation (Widdig et al.
2001; Creel and Creel 2002), space use (Stegen et al. 2005;
Maher 2009), mating systems (Dugdale et al. 2008;
Wright et al. 2010), prey use (Carmichael et al. 2001),
dispersal distances (Spong and Creel 2001), and habitat
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have exhibited genetic clustering of relatives based on
female philopatry and male dispersal. For solitary carni-
vores, establishment of breeding ranges of females within
or adjacent to their natal ranges resulted in genetic clus-
tering of females in populations of black bears (Ursus
americanus; Costello et al. 2008), brown bears (U. arctos;
Steen et al. 2005), raccoons (Procyon lotor; Ratnayeke
et al. 2002), and bobcats (Lynx rufus; Janecka et al. 2006).
For group living carnivores, recruitment of young females
into their natal groups resulted in higher female related-
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ness within compared to between groups for white-nosed
coatis (Nasua narica; Gompper et al. 1998), lions (Panthera
leo; Spong et al. 2002) and spotted hyenas (Van Horn et al.
2004). Striped hyenas (Hyaena hyaena) are an exception to
the above trends, as this species did not exhibit genetic clus-
tering of either sex, due to the tendency of both sexes to dis-
perse farther than neighboring ranges (Wagner et al. 2007).
The primary reason for male-biased dispersal in mammals,
and consequently genetic clustering of philopatric females,
appears to be inbreeding avoidance (Pusey 1987; Wolff
1994; Costello et al. 2008), although other factors also may
be involved (Moore and Ali 1984; Dobson and Jones 1985).

Canids are unique among carnivores in that monog-
amy, long-term pair formation, and male parental care
are characteristic of species in this group (Kleiman and
Eisenberg 1973). In contrast to most carnivores, the
unique behavioral characteristics of canids have not
resulted in consistent genetic clustering of females within
populations, although genetic structures varied consider-
ably within and among canid species. Among small
(<5 kg) canids that consist primarily of mated pairs,
genetic clustering of females occurred in some species
(Ralls et al. 2001; Kitchen et al. 2005) but not others
(Roemer et al. 2001). Among large (>10 kg) canids that
often live in packs, genetic clustering of relatives tended
to occur among neighboring groups, although intersexual
differences were not consistent across studies for gray
wolves (Canis lupus; Lehman et al. 1992), Ethiopian
wolves (C. simensis; Randall et al. 2007), coyotes (C.
latrans; Williams et al. 2003), and African wild dogs
(Lycaon pictus; Girman et al. 1997). Clearly, genetic struc-
ture and clustering within canid populations show large
variation, which may be dependent on pair versus group
living, dispersal distances, sex-biased philopatry, and mor-
tality. That said, the effects of density and group size on the
genetic structure within populations of canids in particular,
and carnivores in general, are not well understood and
have received little attention (Lehman et al. 1992).

The bat-eared fox (Otocyon megalotis) is a small canid
in Africa that is often regarded as a group living species,
although some populations consist primarily of mated
pairs (Lamprecht 1979; Nel et al. 1984; Malcolm 1986;
Maas and Macdonald 2004; Wright et al. 2010). Bat-eared
foxes are not considered highly territorial, as group ranges
appear to overlap significantly with little aggression
between groups (Koop and Velimirov 1982; Nel 1993).
Reasons for pair living versus group living in bat-eared
foxes are not known, but are thought to be related to
mortality, predation levels, abundance and dispersion of
food resources (Nel et al. 1984; Maas and Macdonald
2004; Kamler et al. 2012, 2013). Group formation of bat-
eared foxes, when it occurs, was thought to result from
female offspring recruitment into natal groups (Maas and
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Macdonald 2004). However, young males also were some-
times reported to remain within their natal ranges beyond
the next breeding season (Malcolm 1986; Maas and
Macdonald 2004), thus it is not clear if female or male
philopatry is primarily responsible for group living in this
species. Also, young bat-eared foxes were reported to
establish home ranges and breed in areas adjacent to their
natal ranges (Maas and Macdonald 2004), which could
result in clustering of relatives for both sexes. Because the
genetic structure of bat-eared fox populations has not
been studied, it is not known to what extent pair living
versus group living, sex-biased philopatry, and dispersal
patterns affects spatial and genetic structure. Additionally,
the apparent tolerance of neighboring groups of bat-eared
foxes might be associated with genetic relatedness, similar
to that reported for swift foxes (Kitchen et al. 2005) and
other carnivore species (Gompper et al. 1998; Ratnayeke
et al. 2002; Moyer et al. 2006).

We studied genetic and spatial structure of two sub-
populations of bat-eared foxes in South Africa. The sub-
populations occurred on different properties separated by
10 km with several additional fenced properties in
between, and densities and home-range sizes differed
between sites. Importantly, the lower density population
consisted primarily of mated pairs whereas the higher
density population consisted primarily of groups. Thus,
we could examine if such demographic differences
affected the genetic and spatial structuring within subpop-
ulations. Therefore, we evaluated spatial and genetic
structure of male, female, and mixed-sex dyads, and com-
pared results to patterns of philopatry and dispersal dis-
tances of both sexes. Furthermore, we examined whether
home-range overlap was associated with genetic related-
ness. We hypothesized that (1) at a fine scale, genetic
clustering would occur in both populations for females,
but not males, due to female philopatry; (2) at a broad
scale, distances between foxes would be correlated with
relatedness in both populations for both sexes; (3) home-
range overlap would be correlated with relatedness for
both sexes in both populations, and; (4) philopatry and
dispersal distances would be consistent with patterns of
genetic structure for both sexes.

Materials and Methods

This article was part of a larger study investigating the
ecology of bat-eared foxes and other canids on two study
sites in South Africa (Kamler et al. 2012, 2013). One of
the main goals of the larger study was to determine if dif-
ferences in black-backed jackal (Canis mesomelas) density
affected the ecology of bat-eared foxes (Kamler et al.
2013). Capture, radio-telemetry monitoring, and observa-
tions at den sites were the primary methods used to col-
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lect data on individual foxes and their respective groups.
Collection and subsequent analyses of DNA samples
allowed us to conduct post hoc investigations of related-
ness within subpopulations, and to compare results to
spatial and dispersal patterns. It is important to empha-
size that bat-eared foxes were numerous, living at rela-
tively high densities on both sites (see below), and that
our efforts were focused on capturing and sampling 1-2
foxes/group from as many adjacent groups as possible,
rather than capturing and sampling all or most foxes
within fewer groups.

Study sites and animal capturing

The research was conducted on two sites near Kimberley,
South Africa. Site 1 was on Benfontein Game Farm (here-
after Benfontein; 110 km? 28°53' S, 24°49’ E) located
8 km southeast of Kimberley, and site 2 was on private
ranches (PR; 81 km?; 28°59'S, 24°48'E) located 5 km south
of Benfontein. The area contained elements of three major
biomes, Savanna, Nama Karoo, and Grassland, although
Nama Karoo vegetation dominated (>65%) both sites. The
area has a semiarid continental climate, with a distinct cold
and dry period during winter (March—August), a hot and
rainy period during summer (September—February), and a
mean (4SD) annual rainfall of 419 4+ 134 mm (Kamler
et al. 2012). Both sites were managed for wild ungulates
and livestock. Numbers of black-backed jackals, a predator
of bat-eared foxes, were relatively high on Benfontein, but
relatively low on PR (Kamler et al. 2013). More detailed
descriptions of the study sites and species present are pro-
vided by Kamler et al. (2012, 2013).

From August 2005 to March 2008, we captured, radio-
collared, and monitored 23 and 18 bat-eared foxes on
Benfontein and PR, respectively. Foxes were captured
using wire box traps (50 x 50 x 120 cm) baited with
meat scraps, which were placed along dirt roads and
intersections throughout the study site, with >0.5 km sep-
arating each trap (see Kamler et al. [2012] for more
details of trapping procedures). We fitted captured foxes
with radio collars weighing 1-2% of their body mass. All
foxes were sexed, weighed to the nearest 0.1 kg, and clas-
sified as adult (>24 months old), yearling (12-23 months
old), and juvenile (<12 months old) based on tooth wear,
body size, and reproductive condition, then released
immediately at the capture site. Additionally, one lower
canine tooth was pulled from the skulls of five bat-eared
that died during the study to count cementum annuli
and to confirm ages (Kamler and Macdonald 2006).
Adult females were considered breeders if they showed
signs of nursing (i.e., dark and elongated teats) during or
after the pup-rearing season. Adult males were considered
breeders if they were closely associated with adult females
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during the breeding season, and were closely associated
with pups during the pup-rearing periods. For aging pur-
poses, we assumed a birth date of 1 November, which
was consistent with births on our study sites and in other
areas of southern Africa (Smithers 1971; Nel et al. 1984).
Our research and handling protocol was approved by the
Department of Tourism, Environment and Conserva-
tion, Kimberley, South Africa, and followed the animal
care and use guidelines of the American Society of
Mammalogists (Gannon et al. 2007).

Microsatellite DNA analysis

We collected hair samples to obtain microsatellite
genotypes from 19 foxes on Benfontein, and 16 foxes on
PR. Collected samples were hairs with fresh follicles
(n = 10-15/fox) that were pulled from the hind leg of
captured foxes, and stored in plastic tubes containing
90% ethanol. Genomic DNA was extracted from tissue
samples using the QiaAmp DNA blood mini kit (Qiagen,
Hilden, Germany). Individuals were genotyped using five
dinucleotide (Goldstein et al. 1999), and seven tetra-
nucleotide fluorescently labeled microsatellite markers
(Guyon et al. 2003). All markers were located on different
chromosomes or separated by large >15 Mb. One labeled
and one unlabeled primer (20 pmol) were added to 50 ng
genomic DNA, 0.2 mmol/L dNTP, 2.5 mmol/L MgCl,,
1x DNA reaction buffer, and 0.8 units of Taq DNA poly-
merase (Promega, Madison, WI) in a reaction volume of
25 uL. The polymerase chain reaction (PCR) amplifica-
tion was performed on an MJ Research PTC 100 Thermal
Cycler under the following conditions: 94°C for 5 min,
30 cycles at 94°C for 45 sec, 54-62°C for 45 sec, and
72°C for 1 min, and a final extension at 72°C for 5 min.
The PCR products were then run on an ABI3700 (capil-
lary system) sequencer (Applied Biosystems Inc., CA) and
genotyped using the GENEMAPPER analysis software
(Applied Biosystems Inc., CA).

General population statistics such as allele frequency,
Hardy—Weinberg equilibrium, heterozygosity, Fsr, and
Rst were calculated in Genepop (Raymond and Rousset
1995; Rousset 2008). Principal coordinate analysis (PCA)
was performed with the GenAlEx add-on software (Peak-
all and Smouse 2006) in Excel. To determine relatedness
at the sibling or parental level between individuals, the
program KINSHIP 1.2 (Queller and Goodnight 1989) was
used to calculate an index of relatedness (r) for all possi-
ble dyads of individuals. The two study sites were
analyzed separately. To assess the significance of observed
r-values we simulated 1000 replicates of r-values for full
sibs (r=10.5) and unrelated individuals (r = 0) using
KINSHIP. The observed r-values were then compared to
the frequency distributions of simulated related and unre-
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lated individuals to determine if pairs fell in the “unrelated”
or “related” category. Cutoff values were determined
by using two standard deviations from the mean of the
simulated “unrelated” and “related” r-values. Thus, any
pair with an r-value below two standard deviations from
the related mean value was considered “unrelated,” any
pair with an r-value above the two standard deviations
from the unrelated mean value was considered “related,”
whereas any pair with an r-value between two standard
deviations from both mean values was “unsure.” We chose
two standard deviations as the cutoff because it captured
95% of the data for each distribution. There was no overlap
between these two cutoff points, it left few “unsure” data
points, and overall was a relatively easy method to group
samples based on relatedness. The distributions of simula-
tions of related and unrelated individuals are given in
Figure Al.

Spatial and statistical analyses

Radio-telemetry methods, densities, mean group sizes,
and mean annual home-range sizes of bat-eared foxes on
both were reported in previous papers (Kamler et al.
2012, 2013). In summary, adult densities were 1.07 fox/
km? on Benfontein, and 0.68 fox/km? on PR. Mean adult
group size was significantly larger on Benfontein
(4.37 £ 0.30 fox/group) than on PR (2.28 £ 0.24 fox/
group), and mean annual home-range size was signifi-
cantly larger on Benfontein (4.96 £ 0.32 km?) than on
PR (2.79 + 0.30 km?).

In this article, we considered home ranges and spatial
associations only of foxes for which DNA samples were
obtained. Unless otherwise noted, all foxes mentioned
hereafter had their DNA analyzed successfully. Home
ranges were calculated for foxes in this study if we col-
lected >20 locations and monitored >4 months, although
most (77%) foxes had >30 locations and >9 months of
monitoring. Area observation curves, which plotted
home-range size against number of locations, showed that
the minimum number of locations was obtained to effec-
tively determine home-range sizes for all individual foxes
used in this study. Home ranges were calculated using the
96% minimum convex polygon method (Kamler et al.
2012, 2013). Multiple home ranges were calculated for
foxes monitored >1 year, however, only one home range
was used in analyses. The genetic and spatial data were
compared only between foxes that were monitored simul-
taneously for >1 month. Foxes were considered to belong
to the same group if they were located together >50% of
the time for which they were monitored. Across both
sites, monitored foxes represented individuals captured as
breeding adults (n = 18), individuals captured as juveniles
or yearlings but that later became breeding adults within

© 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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the study sites (n = 5), and individuals captured as juve-
niles or yearlings that later died (n = 1) or dispersed off
the study sites (n =9). Two yearlings that dispersed
before home ranges were calculated or groups could be
assigned were not used in analyses. Data from nonbreed-
ing yearlings were used in analyses because we confirmed
that all were associated with a family group that included
breeding adults, at least prior to dispersal or death, thus
all comparisons were among reproducing groups of bat-
eared foxes. If young foxes dispersed and later bred in a
different range within the study sites, we only included
data from the new range in which they reproduced.

We classified foxes as neighbors if they were resident in
adjacent home ranges that had some overlap, or had
home-range borders separated by <100 m. To determine
if kin were spatially clustered at a fine scale, we compared
mean r-values between neighbors and non neighbors for
the different sex dyads (i.e., female—female, male-male,
and female-male) on each site using Mann—Whitney
U tests. We also used an analysis of variance (ANOVA)
with site, neighbor status (nested within site), and sex
(nested within neighbor status) to determine which factor
contributed most to differences in r-values.

We evaluated whether distance between home-range
centroids was correlated with r-values to determine if
genetic structure occurred at a broad scale. We computed
Spearman’s rank correlations between r-values and dis-
tance between home-range centroids for all sex dyads on
both sites. Because of the issue of pseudoreplication when
using multiple comparisons of relatedness from the same
individual, we used Mantel’s randomization tests (Mantel
1967) with 10,000 permutations to test the significance of
the estimated correlations.

We determined the level of home-range overlap
between neighbors for the different sex groupings, and
whether r-values of neighbors were correlated with level
of overlap. Overlap of home ranges was calculated by
overlaying the polygons of two foxes and calculating the
area of overlap in ArcView 3.2 (Environmental Systems
Research Institute, Inc., Redlands, CA). Percent overlap
was determined by multiplying the overlap area by 2, and
then dividing by the total area of both polygons. We
computed Spearman’s rank correlations, with 10,000 per-
mutations, between r-values and percent of home-range
overlap for all sex dyads on both sites.

Because dispersal data were low per site, we used data
from all radio-collared foxes and pooled data from sites
to examine differences in dispersal patterns among age
and sex groups. Dispersal distances were calculated for
foxes based on distances between centroids of initial
home ranges and the newly established home ranges. For
foxes that dispersed off the study sites, distances were cal-
culated from initial home-range centroids to the locations
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at which they were later found. The dispersal date was
assumed to be the median between the last location
within their initial home range and first location outside
their home range or the first time that contact was lost. If
contact was lost for foxes, we assumed they dispersed if
we never visually observed them on the study sites again,
and if collars were not sounding impaired prior to loss of
contact. Of 11 foxes whose contact was initially lost, one
was returned dead by a landowner outside the study site,
two were located alive outside the study site using aerial
telemetry from a two-person microlight, two returned
briefly after several months before dispersing again (i.e.,
contact was lost again), and three made several excursions
from their home ranges in the 2 weeks prior to lost
contact (i.e., predispersal forays). For yearlings, age of
dispersal was calculated as the difference from their dispersal
date and assumed birth date, and was compared between
sites using a Wilcoxon ranked-sum test. Dispersal rates
were calculated and compared between age and sex classes
using Fisher’s exact tests, and foxes were only included in
analyses if they lived through at least one reproductive
season after initial capture. To determine if there were
intersexual differences in dispersal distances, we compared
(based on distance between centroids) settlements <5 km
from initial ranges to settlements >5 km from initial
ranges of both sexes using a Fisher’s exact test. We chose
the 5-km distance as a cutoff for analysis because foxes
that dispersed within this distance settled in neighboring
ranges, as well as neighboring ranges twice removed,
whereas all other dispersing foxes settled in ranges that
were at least three home ranges from their initial range.
Additionally, we could always confirm if foxes dispersed

J. F. Kamler et al.

<5 km from their initial range, but otherwise we could
not confirm the dispersal distance for some foxes that dis-
persed >5 km. For foxes with known dispersal distances,
mean dispersal distances were compared between sexes
and sites using Wilcoxon ranked-sum tests.

Unless otherwise noted, statistical analyses were per-
formed using the program SPSS 18.0 (IBM Corp.,
Armonk, NY), and differences were deemed significant
when P < 0.05, and marginally significant when P < 0.10.

Results

The average number of loci per locus and observed
heterozygosities were similar between the Benfontein and
PR populations (Table 1). Additionally, similar alleles
were observed between the two populations (Table 1) but
Fsr (average across loci = 0.0675), Rst (average across
loci = 0.0279), and PCA suggested that the Benfontein
and PR populations were somewhat differentiated
(Fig. 1). From the KINSHIP simulation data, we observed
an overlap between related and unrelated categories, thus
we determined the lower cutoff value for individuals to
be considered related at r < 0.299 for the Benfontein pop-
ulation and r < 0.316 for the PR population. The upper
cutoff value for pairs to be considered unrelated was
0.208 for the Benfontein population and 0.191 for the PR
population.

The DNA was successfully extracted from samples of
19 bat-eared foxes from 18 groups on Benfontein, and 16
foxes from 14 groups on PR (Table 1; Fig. 2). Of the
three fox dyads that were from the same group, two
dyads were related (r > 0.308), and the third dyad con-

Table 1. Characteristics of microsatellite loci used to estimate relatedness in bat-eared foxes (Otocyon megalotis) from two study sites in South

Africa, 2005-2008.

Benfontein Game Farm

Private Ranch

Locus n k Ho He HWE n k Ho He HWE
250 19 2 0.368 0.301 0.325 16 2 0.125 0.117 0.790
279 19 4 0.579 0.486 0.082 16 3 0.563 0.525 0.701
410 19 5 0.579 0.734 0.234 16 6 0.563 0.668 0.059
606 19 7 0.789 0.745 0.979 16 6 0.625 0.711 0.341
671 19 6 0.684 0.748 0.591 16 5 0.375 0.697 0.148
2140 19 5 0.737 0.723 0.045 16 10 0.875 0.830 0.679
2274 19 8 0.895 0.783 0.581 16 9 0.813 0.793 0.350
2293 19 14 1.000 0.892 0.670 16 8 0.750 0.822 0.768
2626 19 1 0.842 0.881 0.029 16 10 0.813 0.867 0.188
2670 19 6 0.684 0.752 0.166 16 4 0.500 0.502 0.687
3489 19 9 0.789 0.827 0.486 16 9 1.000 0.852 0.301
PEZ17 18 2 0.389 0.461 0.505 16 3 0.250 0.271 0.063
Mean 18.9 6.6 0.695 0.694 0.391 16.0 6.3 0.604 0.638 0.423

The table includes locus name, number of individuals typed (n), number of alleles (k), observed heterozygosity (Ho) and expected heterozygosity
(He), and Hardy-Weinberg equilibrium (HWE) for 12 microsatellite loci sampled from bat-eared foxes.
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Figure 1. Principle coordinate analysis of 12 microsatellite markers of
bat-eared foxes (Otocyon megalotis) monitored on two study sites in
South Africa. Pairwise genetic distance of squared differences was
calculated between all individuals across microsatellite loci.

/ 0 10
1 ]

N Km

Figure 2. The annual home ranges of bat-eared foxes (Otocyon
megalotis) living in groups that were simultaneously monitored on (A)
Benfontein Game Farm (n = 13) and (B) Private Ranch (n = 11) in
South Africa, 2006-2007. Note that additional foxes used in the
analysis were monitored in other years.

sisted of an adult mated pair that was unrelated
(r = 0.172). Of the two related dyads, one was a probable
father—daughter dyad, whereas the other was a probable
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Figure 3. Mean (£95% Cl) index of relatedness (r) among different
dyads of bat-eared foxes (Otocyon megalotis) from two study sites in
South Africa, 2005-2008, on (A) Benfontein and (B) Private Ranch.
The figure shows results for female dyads (F), male dyads (M), and
mixed-sex dyads (FM) classified as neighbor (N) or non neighbor (NN).
Also shown are unrelated (U) and related (R) simulated distributions.

brother dyad. Incidentally, we also monitored two addi-
tional dyads that were probable brother dyads because
they were highly related (r > 0.415), of similar age, and
initially from the same group, but individuals in both
dyads later split into separate groups.

On Benfontein, neighbors were significantly more
related than non neighbors for female dyads (P = 0.004),
but not for male (P = 0.773) or mixed-sex (P = 0.970)
dyads (Fig. 3). On PR, relatedness was similar between
neighbors and non neighbors for female (P = 0.662),
male (P =0.684), and mixed-sex (P = 0.101) dyads
(Fig. 3). The results from the ANOVA showed that neigh-
bor status (F = 3.72, P = 0.026) was the factor with the
greatest effect on r-values compared to site (F = 0.12,
P = 0.726) and sex (F = 0.81, P = 0.592).

On Benfontein, relatedness was negatively correlated
with distance for females dyads (p = —0.55, P = 0.035),
but not for male (p = —0.11, P = 0.403) or mixed-sex
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Figure 4. Relationship of geographic distance between home range centroids and kinship (r-value) in bat-eared foxes (Otocyon megalotis) on
Benfontein (left side) and Private Ranch (right side) for (A) female dyads, (B) male dyads, and (C) mixed-sex dyads. The rho value is given for

correlations that had a marginal significance (P < 0.10).

(p = —0.17, P = 0.228) dyads (Fig. 4). On PR, there was
a significant negative correlation between relatedness and
distance for mixed-sex dyads (p = —0.34, P = 0.026), a
marginal negative correlation for male dyads (p = —0.47,
P = 0.078), but no correlation for female dyads (p = —0.24,
P = 0.401, Fig. 4).

For neighboring female dyads, mean (£SE) overlap of
home ranges was significantly greater (P = 0.038) on
Benfontein (44.4 + 7.4%) than PR (21.1 £ 6.2%). For
neighboring male dyads, mean overlap of home ranges
was similar (P = 0.606) between Benfontein (30.0 + 5.6%)
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and PR (23.3 + 13.4%). For neighboring mixed-sex dyads,
mean overlap of home ranges was similar (P = 0.923)
between Benfontein (19.8 + 3.7%) and PR (19.1 & 6.0%).
On Benfontein, there was positive correlation between
relatedness and percent home range overlap for mixed-sex
dyads (p = 0.42, P = 0.019), but not for female (p = 0.14,
P =0.781) or male (p = 0.31, P = 0.147) dyads. On PR,
there was a marginal positive correlation between related-
ness and percent home range overlap for female (p = 0.75,
P =0.064), male (p =0.83, P =0.058), and mixed-sex
(p = 0.45, P = 0.078) dyads.
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All sex and age classes of bat-eared foxes dispersed dur-
ing the study. Of 11 yearling males monitored on both
sites (seven Benfontein, four PR), all dispersed before the
next breeding season. Of four yearling females monitored
on both sites (two Benfontein, two PR), two dispersed,
whereas the remaining two bred within their natal range
as 2-year olds. Overall, mean dispersal age of yearlings
was marginally later (P = 0.081) on Benfontein (19.7 +
5.0 months) than PR (14.2 £ 2.5 months). Overall, six of
12 adult females dispersed, whereas one of four adult
males dispersed. Of all foxes that dispersed, significantly
(P = 0.015) more males (seven of 12) settled <5 km from
their initial range compared to females (0 of eight). Final
dispersal distances were significantly greater (P = 0.011)
for females (X = 19.6 = 8.0 km, n = 4) than for males
(X = 3.7 & 1.0 km, n = 8). For males, dispersal distances
were greater, but not significantly (P = 0.296), on Benfontein
(X =454+ 14 km, n=25) than PR (X = 2.5 £+ 1.0 km,
n = 3). For females, mean dispersal was 22.7 + 10.6 km
(n = 3) on Benfontein, compared to a single dispersal of
10.5 km on PR.

Discussion

Our analysis revealed both sex and site differences in the
spatial genetic structure of bat-eared foxes. These differ-
ences were consistent with the effects of female-biased
philopatry in the high-density site, and dispersal distance
of each sex. As predicted, female dyads exhibited genetic
clustering, as neighbors were more related than non
neighbors. These results were similar to that found in
other canid species that exhibited female-biased philopa-
try (Ralls et al. 2001; Kitchen et al. 2005). In contrast to
our prediction, genetic clustering of female dyads did not
occur in the low-density population, where foxes were
primarily in monogamous pairs. This suggests that
philopatry was not sex-biased in the low-density popula-
tion, similar to that found in some canid species (Girman
et al. 1997; Roemer et al. 2001; Williams et al. 2003).
Although the ultimate cause of higher densities of bat-
eared foxes on Benfontein was likely higher termite abun-
dance compared to PR (Kamler et al. 2013), our results
indicated the larger group sizes on Benfontein resulted
from female-biased philopatry. Additionally, delayed dis-
persal of yearlings on Benfontein also likely contributed
to larger group sizes compared to PR. As predicted, male
dyads did not exhibit genetic clustering in either popula-
tion, suggesting that males are less plastic than females in
varying their level of philopatry in different populations.
Interestingly, our results indicate that genetic clustering
and female-biased philopatry can vary within species, and
even between closely spaced populations, thus caution
should be used when generalizing about the genetic
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structure of a canid species based on one or a only a few
studies.

Overlap of neighboring ranges increased with increasing
relatedness for both female and male dyads in the low-density
population, which supported our predication. These results
were consistent with previous research that showed amount
of home range overlap increased with relatedness in other
carnivore species (Gompper et al. 1998; Stgen et al. 2005;
Moyer et al. 2006), including other canid species (Roemer
et al. 2001; Kitchen et al. 2005). However, there was no
correlation between range overlap and relatedness for either
sex in the high-density population on Benfontein. These
results seem somewhat counterintuitive because mean over-
lap of home ranges was greater on Benfontein than PR for
both sexes, although significantly so only for females. Thus,
one might expect that in areas with greater overlap, foxes
would be more tolerant toward relatives, however, this was
not the case. Our results could be explained by considering
the primary reason for the larger group sizes and home
ranges on Benfontein, which was due to predation by jack-
als (Kamler et al. 2013). On Benfontein, larger groups of
bat-eared foxes had better protection from predation
(Kamler et al. 2012), however, the larger groups had to for-
age for food over larger areas, thereby causing the sizes and
overlap of home ranges to increase compared to PR. Thus,
foxes on Benfontein were likely more tolerant of neighbor-
ing groups because more foxes resulted in increased protec-
tion against predation from jackals, regardless of
relatedness among the foxes, and groups had to roam over
large areas. In fact, bat-eared foxes form groups to mob
potential predators (Malcolm 1986; Kamler et al. 2012),
and that foxes, presumably from different families, formed
larger groups to mob larger predators (Maas and Macdon-
ald 2004). Thus, in the absence of the threat of jackal preda-
tion on PR, the overlap of home ranges decreased, and
foxes from both sexes became more tolerant only toward
neighboring relatives of the same sex.

At a broad scale, proportion of relatives decreased as a
function of distance, as predicted, however, results were
specific to site and sex. For female dyads, distance was cor-
related with relatedness on Benfontein but not PR. For
male dyads, in contrast, distance was correlated with relat-
edness on PR but not Benfontein. For females, the broad-
scale genetic structure was consistent with the fine scale
genetic structure on both sites, and suggests female philop-
atry at the high-density site influenced genetic structure at
both spatial scales. These results were consistent with previ-
ous studies on carnivores that showed genetic relatedness
was negative related to geographic distance, at least for cer-
tain sexes (Ratnayeke et al. 2002; Spong et al. 2002;
Kitchen et al. 2005; Stgen et al. 2005; Moyer et al. 2006;
Costello et al. 2008). Nevertheless, at the low-density site
in this study, lack of female philopatry and the tendencies
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for females to disperse long distances, resulted in a lack of
genetic structure at both spatial scales.

For males, lack of philopatry resulted in lack of genetic
structure at the fine scale on both sites. Nevertheless, at
the low-density site, males exhibited genetic structure at
the broad scale, and this likely was due to their tendency
to disperse shorter distances than females. No males bred
within their natal range on both sites, however, 58% set-
tled <5 km from their initial range. This is in contrast to
females which sometimes bred within their natal range,
but otherwise did not settle <5 km from their initial
range if they dispersed. Interestingly, the shorter dispersal
distances of males appeared to result from their tendency
to “float” in areas surrounding their natal range after dis-
persal (78% of dispersing males), usually accompanied by
at least one additional young male (confirmed in seven
cases), during which they did not exhibit stable territories.
Floating may be advantageous for young male bat-eared
foxes, as this may allow them to engage in extra pair cop-
ulations before finding a long-term mate (Wright et al.
2010). In contrast, females tended to exhibit solitary
straight-line dispersals (88% of dispersing females). These
two modes of dispersal have been previously reported in
carnivores (Kamler et al. 2000), including other fox spe-
cies (Macdonald and Courtenay 1996; Kamler et al.
2004a). Although sample size was too low for significance,
males dispersed farther, on average, on Benfontein than
PR. We speculate that the greater dispersal distance of
males on Benfontein was due to the greater density of
foxes there, which forced floating males to disperse far-
ther before finding a vacant territory. This hypothesis also
explains why there was a genetic structure for males at
the broad scale on PR, but not on Benfontein (i.e., farther
dispersals in all directions would tend to negate any
genetic structure). Similarly, male black bears decreased
their dispersal distance in a lower density population,
likely in response to reduced intrasexual competition
(Costello et al. 2008). However, future research is needed
to test this hypothesis for bat-eared foxes.

Our results suggested that movements of not only
females and males, but also adults and yearlings, likely
assisted with inbreeding avoidance. For example, adult
females frequently dispersed (i.e., 50% of all adult females
dispersed), possibly to avoid competition with their off-
spring over local resources. Adult males also dispersed,
which would reduce opportunities for them to breed with
their philopatric daughters. Dispersing young males tended
to float around nearby areas, and often settled in neighbor-
ing or twice-removed ranges. In contrast, dispersing
females traveled relatively far in a straight-line fashion,
thereby avoiding the potential to breed with any male off-
spring that may have settled in nearby ranges. In fact, long-
range dispersals may be an important mechanism of
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inbreeding avoidance (Gandon 1999). That female bat-
eared foxes dispersed farther than males is unusual among
carnivores, especially canids, as males typically disperse far-
ther than females in other canid species (Lehman et al.
1992; Gooselink et al. 2010). Additionally, although fre-
quent dispersal of adult males was reported in other fox
species (Kamler et al. 2004a,b), the frequent dispersal of
adult females is unusual among canids in particular, and
mammals in general. The dispersal patterns of bat-eared
foxes may be related to their unique evolutionary lineage
(Maas and Macdonald 2004). For example, bat-eared foxes
diverged from other modern canids up to 12 million years
ago, and consequently they have a comparatively long and
distinct evolutionary history which includes unique adapta-
tions of up to four sets of extra molar (unique among
heterodont placental mammals) and lack of carnassial
shearing teeth (unique among terrestrial carnivores), both
of which assist with their dietary specialization on termites
(Maas and Macdonald 2004; Klare et al. 2011). Bat-eared
foxes also are unique among small (<5 kg) canids in that
they are group living and not highly territorial, which may
have necessitated the need for adult females to disperse,
either to reduce competition with offspring or avoid
inbreeding. Inbreeding avoidance mechanisms might be
especially important in bat-eared foxes, because in contrast
to other canid species, frequent mountings of parent—oft-
spring were commonly observed and did not appear to be
avoided if opportunities existed (Maas and Macdonald
2004).

In summary, our results showed that female philopatry
resulted in both fine and broadscale genetic structuring of
females in the high-density population, whereas short-
range dispersal of males resulted in broadscale genetic
structuring of males in the low-density population. We
conclude that a combination of male-biased dispersal
rates, adult dispersals, and sex-biased dispersal distances
likely helped to facilitate inbreeding avoidance in this
evolutionarily unique species of Canidae.
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