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Abstract Understanding how population density influences
mating systems may lead to important insights into the plasticity of breeding behavior, but few natural systems allow for
such studies. Antarctic fur seals (Arctocephalus gazella) provide an interesting model system because they breed in colonies of varying densities. Previous studies have largely focused on a high-density site at Bird Island, South Georgia.
Here, 13 highly polymorphic microsatellite loci were used to
conduct a genetic analysis of a low-density breeding colony of
this species at Livingston Island, approximately 1,600 km
south of South Georgia. The majority of adults seen ashore
(n=54) were sampled together with every pup born (n=97)
over four consecutive years. Paternities were confidently
assigned for 34 out of the 97 pups. Two out of 23 sampled
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males accounted for the paternity of 28 % of all pups sampled
during the study and 82 % of the pups with an assigned father.
Moreover, a full likelihood pedigree inference method
assigned a further eight paternities to a single unsampled male
seal that is inferred to have held a territory during the season
before the study began. The most successful males in our
study easily surpassed the previous record for the total number
of pups sired per male seal for the species. Furthermore, we
identified two triads of full siblings implying that their parents
remated in three consecutive years. These findings suggest
that territorial male fur seals may achieve greater success in
monopolizing access to breeding females when population
density is relatively low.
Keywords Paternity . Reproductive skew . Site fidelity .
Breeding . Mating system . Microsatellite . Seal . Pinniped

Introduction
Pinnipeds are an interesting model system to study the plasticity of mating systems. They tend to be highly polygynous,
with males typically defending either receptive females
(female-defense polygyny) or an attractive resource
(resource-defense polygyny) from their rivals (Emlen and
Oring 1977; Clutton-Brock 1989). Nevertheless, the level of
polygyny can change over time and is susceptible to environmental conditions due to the fact that male behavior is tightly
coupled with female gregariousness (Bartholomew 1970;
Twiss et al. 2007). Although pinnipeds, especially otariids,
breed in colonies of varying densities, the question of how
breeding behavior may vary under different density regimes
remains largely unanswered.
The Antarctic fur seal (Arctocephalus gazella) is a typical
otariid species that provides an opportunity to study the effects
of population density on polygyny in a colonially breeding
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pinniped. This species has been studied by the British Antarctic Survey for several decades at the Sub-Antarctic island of
South Georgia (SG), where it breeds in extraordinary numbers
(in excess of 1.5 million seals; Boyd 1993). At a designated
study colony at Bird Island, pup densities can be in excess of
one individual/m2 (Hoffman et al. 2003; Reid and Forcada
2005). Here, pup mortality due to traumatic injury has been
frequently observed (Doidge et al. 1984; Hoffman et al.
2006a) and bottom-up processes relating to resource availability (particularly for lactating mothers) appear to be important
in regulating the population (Reid and Forcada 2005).
Based on an unusually accessible study colony at Bird
Island, where a scaffold walkway has allowed virtually every
animal ashore to be observed and tissue sampled, a genetic
study of A. gazella now spans almost 20 years. Territorial
males have been shown to father the majority of pups
(Hoffman et al. 2003). Adult males also exhibit extreme site
fidelity, with over half of all individuals returning to within a
body length of where they held territories in previous seasons
and, at the peak of the season when densities are the highest,
any male movements are so small as to be indistinguishable
from measurement error (Hoffman et al. 2006b). In contrast,
females are considerably more mobile, and their movement
increases around estrus. Females who move the furthest appear to mate disproportionally with males who are both highly
heterozygous and unrelated to them suggesting that mate
choice may be operating to maximize offspring heterozygosity (Hoffman et al. 2007).
Livingston Island (LI), situated within the South Shetlands
archipelago (approximately 1,600 km south of SG), is a host to
the southernmost population of Antarctic fur seals. At this
remote locality, fur seal colony densities are far lower than
observed at SG (Hucke-Gaete et al. 2004). Here, seal numbers
have been limited by the top–down influence of leopard seal
predation (Boveng et al. 1998), and there is no clear evidence
that density-dependent processes control population growth.
For example, traumatic injury due to space limitation has not
been observed (MEG pers. observation). Antarctic fur seals
breed at several beaches along Cape Shirreff, which is an icefree peninsula on the north coast of LI. In the austral summer of
2001–2002, seals began occupying an additional area on the
Cape’s East side (designated LI-E), where annual pup production has never exceeded 40 and at its highest, pup density on the
beach during the breeding season is approximately 0.2/m2.
Newly occupied areas at LI-E, where seals breed in very
low numbers, provide an ideal opportunity to elucidate the
genetic mating system of a low-density population of Antarctic fur seals for comparison against previous studies of a highdensity colony at SG (e.g., Hoffman et al. 2003, 2006b, 2007).
Therefore, a genetic analysis of 172 samples collected over
four consecutive breeding seasons was conducted. Our primary objective was to evaluate the reproductive success of
territory-holding males and to relate this to the number of
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seasons over which each individual held tenure. In addition,
we employed a full pedigree inference method to infer the
reproductive success of unsampled males and to estimate the
frequency of remating within this small colony.

Methods
Study site
Cape Shirreff (62°27′S, 60°47′W) is an ice-free peninsula
located on the north coast of Livingston Island, Antarctica.
This study was conducted at a small breeding site, covering an
area of approximately 200 m2 on the East side of the Cape,
where fur seals bred for the first time in 2001–2002 after
having been extirpated by sealers around a century ago. The
study site, hereafter referred to as ‘LI-E’, was subdivided into
three sub-units (A, B, C), which were naturally delimited by
rock outcrops.
Observational data and tissue sampling
The study colony was monitored on a daily basis during December, when the majority of breeding females were present.
Soon after birth, pups were given a small bleach mark on their
lower back for identification, and a small skin plug was taken
from the inter-digital membrane of a rear flipper using a 2-mm
sterile biopsy punch. Throughout the same period, the study
area was monitored for the presence of territorial males. Whenever possible, these were identified using natural markings
(e.g., scars, coloration); males without natural markings were
given a bleach mark on the pelage. Because bleach marks are
not retained across seasons, genetic recaptures were used (sensu
Hoffman et al. 2003, 2006b) to identify males returning over
multiple seasons.
During four consecutive breeding seasons (austral summers of 2006–2007 to 2009–2010), all pups born at LI-E were
tissue sampled, along with an estimated 60 % territorial males
sighted ashore. Adult females were also sampled during the
last two seasons (2008–2009 to 2009–2010). All adult male
and females were tissue sampled using a customized, sterile,
stainless steel biopsy tip (3 mm diameter) attached to a ski
pole. Seals were approached on foot, and a small skin biopsy
was taken by stabbing the rear flipper.
Laboratory procedures and microsatellite genotyping
All tissue samples were preserved in 95 % ethanol at −20 °C.
Total genomic DNA was extracted from tissues using a NaCl
precipitation method (Miller et al. 1988). Genomic DNA was
then PCR amplified for 13 microsatellite markers: Aa4, Hg3.7
(Gemmell et al. 1997); Hl4, Lc28 (Davis et al. 2002); M2B,
M11C (Hoelzel et al. 1999; R. Hoelzel unpubl. data); Pvc29,
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amount of allelic information into COLONY2, a larger set of
individual Antarctic fur seal genotypes from Cape Shirreff was
used to estimate population allele frequencies (n=622; of this
total, 94 pup genotypes were published in Bonin et al. 2012;
remaining data are unpublished). Within COLONY2, we opted
for the full likelihood method and included the estimated marker error rate across all loci.

Pvc78 (Coltman et al. 1996); ZcCgDh1.8, ZcCgDh4.7,
ZcCgDh48, ZcCgDh5.8, ZcCgDh7tg, and ZcCgDhB.14
(Hernandez-Velazquez et al. 2005). Detailed descriptions of
amplification protocols, fragment analyses, and raw data
editing can be found in Bonin et al. (2012). To determine the
reliability of the resulting dataset, the genotyping of six randomly selected samples was independently replicated, comprising 3.5 % of the full dataset, following Hoffman and Amos
(2005). The resulting error rate was low at 2.0 % (four alleles
out of a total of 204 were incorrect). We obtained 97 % of
genotypes across all loci.

Results
The average number of alleles per locus was 11.69±4.32
(range: 6–19) and expected heterozygosity (HE) was 0.82,
resulting in high power for parentage and identity analysis.
Probabilities of exclusion of a parent and individual identity
were both >0.999. No significant deviations from Hardy–
Weinberg equilibrium were observed after excluding duplicate genotypes (data not shown).

Genetic data analysis
Deviations from Hardy–Weinberg and linkage equilibrium
were evaluated using the program CERVUS (Marshall et al.
1998), which was also used to estimate the probability of
parental exclusion. To determine which individuals had been
resampled both within and among years, identical multilocus
genotypes were identified using CERVUS. Relationships
among the sampled individuals were then investigated. To fully
exploit the fact that our dataset contained putative fathers,
mothers, half sibling pups, and full sibling pups, we opted for
the likelihood approach implemented within the program COLONY2 (Wang and Santure 2009; Jones and Wang 2010), which
performs parentage and sibship assignments simultaneously.
COLONY2 uses multilocus genotypes to split samples into
clusters that contain individual(s) linked by parentage, sibship
or both. It then estimates the likelihood of each configuration
based on Mendelian rules. Because there can be numerous
configurations for a given dataset, a simulated annealing algorithm searches for the best configuration, making small adjustments (i.e., relationship re-assignments) at each iteration until
the configuration with the highest likelihood is reached. Uncertainty is estimated by calculating how often a true dyad relationship is not excluded at the 95 % confidence interval.
Clusters can contain full and half-siblings, and COLONY2
infers the presence of any ‘unsampled parent(s)’ that are needed
to explain the observed relationships. This allows estimation of
the total number of parents and hence the number of individuals
that may have gone unsampled. To incorporate the maximum

Repeatedly sampled adults
The program CERVUS detected a total of 21 matches
among adult genotypes, representing genetic recaptures of
six males and five females across years. Two males were
recaptured once, two males were captured in three seasons,
and one male seal was captured in all 4 years. Records of
sampling localities indicate strong site fidelity, with all but a
single recapture taking place within the same subunit of the
colony where the male seal was originally sampled. The
single exception was a male seal recaptured in an adjacent
subunit, who was the only recaptured male seal not assigned
any paternities.
Parentage analysis
The number of sampled pups ranged from 22 to 38 during the
first three seasons but fell to 12 individuals in 2009–2010,
when the site was largely covered with snow and ice. Paternity
was assigned to 35 % of sampled pups, with all but one
assignment having an associated probability of 100 % (see
Table 1, Supplementary material). The rate of paternity

Table 1 Number of Antarctic fur seal, Arctocephalus gazella, samples
collected at Livingston Island during four austral summers and genotyped
at 13 microsatellite loci. ‘Unique samples’ refer to the numbers of

samples remaining after excluding those with identical multilocus genotypes (i.e., duplicates)

Breeding season

Samples

Sample type

2006–2007

2007–2008

2008–2009

2009–2010

Collected

Unique

Pups
Adult males
Adult females
Total—season

38
8
1
47

22
9
0
31

29
6
25
60

12
10
12
34

101
33
38
172

97
23
31
151
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assignment did not vary significantly across seasons (χ2 =
7.07, df=3, p=0.07; Fig. 1).
Male reproductive success was highly skewed (Fig. 2),
with only five out of a total of 23 males being assigned any
paternities. Among the successful males, four were recaptured
in multiple seasons. Two males (‘A’ and ‘D’ in Fig. 2) were
disproportionately successful, being assigned 13 and 15 paternities, respectively during the course of the study, with a
maximum of eight within any one season. Together, these two
males accounted for 28 % of all sampled pups (n=97) and
82 % of all assigned paternities (n=34). Both of these individuals also sired pups in at least three consecutive seasons
(Fig. 2).
Maternity
Twenty-nine of the adult females sampled (n=31) were
assigned as mothers of 59 % of the pups born in the study
area. Most maternities (93 %) were assigned with 100 %
probability, and only two assignments had probabilities below
97 %. The highest maternity assignment rate was obtained for
the last season (2009–2010) when the mothers of all pups born
were sampled. The second highest maternity assignment
(78 %) was obtained for the previous season (2008–2009),
when adult female sampling was initiated. Out of the total 29
mothers, 17 pupped during at least two seasons (58 %), and
ten of these (34 %) returned to pup for three or four seasons.
Unsampled parents
COLONY2 inferred a total of 28 unsampled fathers and 18
unsampled mothers for the entire progeny (n=97) in the study
area, implying that our sampling captured 20 % of the total
number of fathers and 61 % of mothers over all seasons.
Unsampled fathers were estimated to have sired on average

Full siblings
A total of 11 full siblings were identified (see Table 2 for
details), corresponding to 11 % of all pups in the dataset. All
but two of the full sibling pairs were identified at high confidence, with assignment probabilities equal to or greater than
96 %. Among these high probability assignments, two triads
of full sibling pups were detected, implying that their parents
remated consecutively across three seasons (Table 2).

Discussion
Empirical studies of the interactions between mating systems
and population density are important for understanding the
mechanisms that influence the plasticity of reproductive behavior. However, few studies of natural populations, particularly for long-lived mammals, have accumulated adequate
measures of reproductive success. Antarctic fur seals provide
an opportunity to do so because this species’ breeding behavior has been well described for a colony with extremely high
density (SG), allowing broad comparisons to be drawn with
the data presented here. At a low-density colony at LI, we
found that only two territorial males (out of 23 sampled)
accounted for the majority of assigned paternities and that
their reproductive success far surpassed the maximum previously recorded for the species. Our study therefore suggests

40
Paternities

Paternities assigned / Pups sampled

Fig. 1 Number of paternity
assignments of Antarctic fur
seals, Arctocephalus gazella, at
Livingston Island, Antarctica.
The number of pups sampled each
breeding season is also shown

2.2±1.28 pups, with a single unsampled male seal accounting
for eight pups (male seal ‘*17’ Table S1, Supplementary
material). Of the eight pups, half were born in the austral
summer of 2006–2007, and the other half was born on the
following year of the study, implying the presence of a single
highly successful male seal in the colony in the year before
sampling began.

35

Pups sampled

30
25
20
15
10
5
0
2006-2007

2007-2008
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Breeding season

2009-2010
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N=36

N=22

N=28

N=11

100%
Unassigned
pups

90%

Male A*

Proportion of pups sampled

Fig. 2 The reproductive success
of five adult male Antarctic fur
seals, Arctocephalus gazella,
genetically recaptured at
Livingston Island, Antarctica
during the austral summers of
2006–2007 through 2009–2010.
Reproductive success is
expressed as the proportion of
paternities assigned relative to the
number of pups sampled (shown
at the top of the plot columns)
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that, at low population densities, individual males can achieve
surprising high levels of reproductive success, presumably
because dominants are able to more effectively monopolize
access to breeding females.
Territorial seal genetic recaptures
Sampling male Antarctic fur seals is challenging. Territorial
males can weigh over 200 kg, and they are extremely aggressive during the peak of the breeding season, so conducting
extensive captures is not advisable, and approaching these
males by foot poses a safety risk. Despite these limitations,
we obtained a considerable number of territorial male genetic
recaptures, implying that several of these individuals were

Table 2 Full sibling dyads (Pup IDs 1 and 2) identified among 97
Antarctic fur seal pups, Arctocephalus gazella, sampled at Livingston
Island, Antarctica between 2006–2007 and 2009–2010 inclusive. Samples were genotyped for 13 microsatellite loci, and relationships among
individuals were determined using a full pedigree inference method

reproductively active for more than one season. This is in
accord with previous studies of male territorial behavior and
reproductive success at SG, where individual males have been
observed to hold tenure for up to seven consecutive breeding
seasons (Hoffman et al. 2003). Interestingly, Hoffman et al.
(2003) also found that, although the majority of males father
offspring during their first and second years of tenure, a small
subset of the most long-lived males have increasing reproductive success with each additional season they come ashore at
SG. Earlier studies on Antarctic fur seals attributed the higher
success of these males to increased breeding experience
(Arnould and Duck 1997). Similarly, experience, and not
necessarily age, also contributes to male reproductive success
of aquatically mating pinniped species, which have much

(COLONY2; Jones and Wang 2010). Probabilities of relationship assignment for each dyad are shown as well as whether their parents were
included in the analysis. Note that cases 1 and 2 both represent triplets of
full siblings born in three consecutive seasons to the same parents

Case #

Pup ID 1 (season)

Pup ID 2 (season)

Probability (%)

Mother sampled

Father sampled

1

3

62420 (2006–2007)
62420 (2006–2007)
74459 (2007–2008)
62440 (2006–2007)
62440 (2006–2007)
74452 (2007–2008)
62442 (2006–2007)

74459 (2007–2008)
78218 (2008–2009)
78218 (2008–2009)
74452 (2007–2008)
78235 (2008–2009)
78235 (2008–2009)
74450 (2007–2008)

100
100
100
100
100
100
100

N
N
N
Y
Y
Y
Y

Y
Y
Y
Y
Y
Y
N

4
5
6
7

62436 (2006–2007)
78246 (2008–2009)
62437 (2006–2007)
74456 (2007–2008)

74451 (2007–2008)
93050 (2009–2010)
74457 (2007–2008)
78245 (2008–2009)

100
96
27
91

Y
Y
Y
Y

N
Y
N
N

2
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lower degree of polygyny such as Weddell seals
(Leptonychotes weddellii; Harcourt et al. 2007). This pattern
may be reflected at LI in that the two most successful males
both accumulated multiple paternities over several consecutive seasons. The fact that the first male seal’s reproductive
success peaked in the first year of sighting and declined
thereafter, whereas the second male seal’s success remained
fairly constant suggesting that our study may represent a
‘snapshot’ of different stages of these two males’ reproductive
histories. However, more years of sampling at this colony will
be required to document the timing of reproductive onset and
senescence based on complete life histories of multiple
individuals.
Overall rates of paternity assignment
Our overall rate of paternity assignment was low (34/97 pups),
but this is in line with the fact that our sampling of territorial
males was incomplete. Thus, although we expect to have
sampled most of the key males who were observed ashore in
multiple seasons, an unknown number of males who came
ashore for shorter periods will likely have been missed. COLONY2 inferred the presence of only 28 males over the 4-year
period to account for the unassigned paternities. This is not
surprising because numerous males escaped when we
attempted to tissue sample them. Moreover, it is challenging
to keep track of individuals during the peak of the breeding
season when male turnover is high, and some individuals may
come ashore only for brief periods when observers are not
present.
Another factor that may impact our overall paternity rate
is female site fidelity. Hoffman et al. (2003) previously
showed that the majority of pups born to females who were
not sighted ashore during the year of conception at the SG
breeding colony could not be assigned fathers. Unpublished
data from several breeding colonies at LI suggest that
breeding females often switch pupping beaches. Thus, some
of the females at our study site quite probably mated with
territorial males at nearby colonies. An extensive paternity
analysis encompassing nearby breeding colonies at LI
would be necessary to directly test this hypothesis.
Male reproductive skew
The maximal reproductive success of individual males appears to be higher at LI than SG, with the two most successful
males being assigned 13 and 15 paternities, respectively,
versus a maximum of eight to any single male seal at SG
(Hoffman et al. 2003). However, a direct comparison between
the two localities is made difficult due to differences in study
duration, male sampling effort, and the proportion of the total
pups sampled. Nevertheless, we observed territorial males at
LI successfully preventing females from leaving their
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territories on several occasions, whereas females at SG appear
to have greater mobility (Hoffman et al. 2007). Moreover, we
found several full sibling pups at LI, whereas none have so far
been identified at SG using a larger dataset (Hoffman et al.
2003). Taken at face value, these findings suggest that the
most socially dominant males at LI may have a greater ability
to control female movements and thereby monopolize mating
opportunities.
The enhanced ability of males to monopolize females is
likely linked to the reduced density of seals at the study
site. Besides the more effective control of female seal’s
movements, at low population densities, it becomes easier
for males to spot and prevent the access of other males into
their breeding territory. Indeed, in the classical study of the
highly polygynous northern elephant seal (Mirounga
angustirostris; Le Boeuf 1974), it was observed that at
high population densities, males had increased difficulty
controlling the infiltration of opponents into relatively larger harems. Another remarkable example of the effect of
population density on male territoriality comes from studies on the northern relative of Antarctic fur seal: the northern fur seal (Callorhinus ursinus). In the 1950s, when the
Alaska population of this species was three times higher,
males had a harder time patrolling their territories and
females moved more often among them. Most recently, in
much lower numbers, northern fur seal territorial males
hold over 80 % of paternities and exert extreme control
over their females (Kiyota et al. 2008).
Inference of rematings
Our analyses confidently detected two cases where parents
remated consecutively over three seasons, producing two
sets of full sib triads. This finding indicates strong breeding
site fidelity for some individuals over multiple years, which
may have some important implications. It may lead to a
higher proportion of full siblings within the population than
might be expected if mating was at random. A higher
incidence of full siblings than what could be expected by
chance has been observed in the grey seal at North Rona
(Halichoerus grypus; Amos et al. 1995). In this case, it was
proposed that a compensating mechanism must exist (e.g.,
females mating with highly heterozygous males) in order to
avoid inbreeding depression (Amos et al. 2001). Nevertheless, a more extensive study on the same grey seal population (Worthington Wilmer et al. 2000) revealed a much
lower number of full siblings than what had been previously reported, raising caution regarding the extrapolation
of smaller datasets. Therefore, the full sibling number presented here should be interpreted with caution as an expansion of this dataset is required to verify if the lowest
density colony at LI is a representative of the remaining
colonies found there. If so, given that heterozygosity seems
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to correlate with several fitness traits measured in Antarctic
fur seals (Hoffman et al. 2004, 2007, 2010; although see
also Hoffman et al. 2006a), it would be interesting to
explore using a larger sample of pups from LI whether
female choice could also be operating at LI. More generally, the question arises as to whether female behaviors that
have evolved to maximize offspring heterozygosity could
be density dependent in their expression.
The full sibling triads found at LI also suggest high levels of
female philopatry, which has been previously reported for
female Antarctic fur seals (Hoffman and Forcada 2012). This
could lead to fine scale population structuring, particularly if
related individuals tend to cluster within the colony. An extreme
example of this effect can be found in Australian fur seals
(Neophoca cinerea) where female natal site fidelity is so pronounced that it has resulted in nearly fixed mtDNA haplotype
differences throughout the species range (Campbell et al. 2008).
However, although such examples can be found, studies on
other polygynous pinniped species actually imply limited kin
clustering (Fabiani et al. 2006; Poland et al. 2008) and report
that association among females is marginally, if at all, driven by
their level of relatedness. More importantly, population genetic
studies of Antarctic fur seals in SG and LI show a lack of
genetic structuring within these regions (Hoffman et al. 2011;
Bonin et al. 2013) at both mitochondrial and nuclear genetic
markers, suggesting that the effect of philopatry is diffused by
some movement of individuals among the colonies. Interestingly, genetic differentiation at a broader spatial scale (between
SG and LI) is unexpectedly high. Together, these arguments
support the idea that the results presented here reflect the reality
of a particular area of LI, where seal density is unusually low
and recolonization was initiated within the past decade. Nonetheless, these findings shed light into the potential forces that
drive individuals to (re)colonize new areas and breed nearby
established denser colonies, behaviors likely driven by reduced
intra-specific competition (Grandi et al. 2008), and some opportunity for reproductive advantage.

Conclusion
Four consecutive years of observational and sampling effort at
LI-E have allowed us to investigate patterns of male reproductive success in a low-density Antarctic fur seal breeding
colony. We found that the most successful males at our study
site far exceeded the total number of pups sired per male seal
recorded for the species. Reproductive skew was also extremely high at LI-E, with only two out of 23 sampled males
being responsible for the vast majority of assigned paternities. This suggests that the ‘top’ males at LI-E were
disproportionately successful in monopolizing access to females. Therefore, population density appears to have a profound influence on male reproductive success in Antarctic
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fur seals. This variability in male breeding behavior has
consequences for our interpretation of polygynous mating
systems and indicates the need for caution in extrapolating
findings across populations.
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