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ABSTRACT: Southern elephant seals Mirounga leonina migrate seasonally between pelagic for-
aging areas in the Southern Ocean and breeding and moulting sites on subantarctic islands. Here
we characterized genetic diversity of the elephant seal moulting colony from King George Island
(KGI), South Shetlands Archipelago, in comparison with breeding colonies described in earlier
studies. Although KGI serves as a breeding site, the numbers of elephant seals are up to 3 times
higher during the moulting season, suggesting post-breeding immigration from other sites, or that
large numbers of individuals skip the breeding season every year. High haplotype diversity and a
high percentage of shared haplotypes is consistent with the hypothesis of immigration from other
South Atlantic colonies, which is also supported by satellite tracking data from earlier studies.
Estimates of effective population size at both mtDNA and microsatellite loci were unexpectedly
high compared with the census size of the KGI colony, suggesting that they were elevated due to
the presence of immigrants. However, we detected few immigrants and no genetic structure in the
KGI colony, which could result from the genetic similarity between KGI and other breeding
colonies from the South Atlantic, but could also be an effect of an insufficient sampling scheme.
These results show the need for genetic monitoring of southern elephant seal colonies throughout
their annual cycle to better understand the range of their seasonal movements and patterns of
gene flow. The southern elephant seal serves as a model to study links between spatio-temporal
environmental variability, population dynamics, and individual movements, physiology and
reproductive behavior. Understanding the patterns of dispersal and gene flow in this species is
essential to adequately address these general questions.
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INTRODUCTION travel hundreds to thousands of kilometers (e.g.

Jonker & Bester 1998, Bradshaw et al. 2004, Tosh et

Southern elephant seals Mirounga leonina are dis-
tributed around the Antarctic continent. They spend
non-breeding seasons foraging over large distances
in the Southern Ocean, except for during moulting
periods, when they haul out on beaches (Reeves et
al. 2002). During their foraging trips, elephant seals
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al. 2009). Despite these regular long-distance excur-
sions, they show fidelity to established sites during
the annual breeding season (e.g. Hindell & Little
1988, Lewis et al. 1996, Hofmeyr 2000). The main
breeding colonies are located on Macquarie Island
(south Pacific Ocean), Kerguelen Islands and Heard

© Inter-Research 2013 - www.int-res.com



Author copy

288 Mar Ecol Prog Ser 478: 287-300, 2013

Island (south Indian Ocean), South Georgia Island
(South Atlantic) and Peninsula Valdés (Argentina)
(McMahon et al. 2005). A number of smaller breed-
ing colonies also exist on other sub-Antarctic islands.
Significant genetic differentiation has been found
between the main colonies (Slade et al. 1998, Hoelzel
et al. 2001), but some cases of male-mediated genetic
dispersal between distant locations have been de-
tected: from Macquarie Island to the Falkland Islands
(over 8000 km; Fabiani et al. 2003), and from Marion
Island (south Indian Ocean) to Gough Island (South
Atlantic, 3860 km; Reisinger & Bester 2010).
Mirounga leonina is one of the most polygynous
mammal species, with high variance in reproductive
success among males, as documented by genetic stu-
dies (Hoelzel et al. 1999, Fabiani et al. 2004). Obser-
vational data suggest a high female to male ratio in
harems, varying from 9:1 to 277:1 in different colo-
nies (Carrick et al. 1962, Wilkinson & van Aarde
1999; this last number may be overestimated as it is
based only on behavioural observations). Therefore,
successful dispersal (i.e. followed by reproduction) of
one male may have a substantial effect on the
genetic composition of the entire breeding colony.
Male-biased gene flow combined with strong female
philopatry suggests weak or moderate population
structuring at paternally and bi-parentally inherited
markers, and strong structuring at maternally inher-
ited mitochondrial DNA (mtDNA). Indeed, there is a
substantial phylogeographic differentiation between
the Macquarie Island colony and other colonies
(Fabiani et al. 2003, de Bruyn et al. 2009). However,
mtDNA haplotypes from the southern Indian Ocean
(Marion Island and Heard Island) and the southern
Atlantic Ocean (Falklands, Elephant Island and
South Georgia) do not form separate haplogroups (de
Bruyn et al. 2009). Moreover, the 3 above mentioned
colonies from the South Atlantic share common
haplotypes (de Bruyn et al. 2009). This suggests
either ongoing female-mediated gene flow, or recent
common maternal ancestry of these populations.
Although the genetic composition of breeding
colonies of elephant seals has been the subject of
several studies (e.g. Hoelzel et al. 1993, 2001, Slade
et al. 1998, Fabiani et al. 2003, 2004, 2006), the
genetic composition of moulting sites has not been
yet investigated. Here we studied the elephant seals
from King George Island (KGI), South Shetlands
Archipelago (South Atlantic). This island serves as a
breeding site for elephant seals. However, after the
breeding season the numbers of individuals increase
up to 3-fold during the moulting season in January
(Salwicka & Rakusa-Suszczewski 2002). This is un-

usual in comparison with other breeding sites, in-
cluding the main South Atlantic breeding colony in
South Georgia, where after breeding the numbers of
elephant seals decline (e.g. Laws 1984, Slip & Burton
1999). The aim of our study was to characterize ge-
netic diversity of the elephant seal moulting colony
from KGI in comparison with the breeding colonies
that have been described in earlier studies. If moult-
ing sites are aggregations of individuals from geneti-
cally distinct breeding colonies, it may be expected
that genetic diversity of such a site will be higher
than in the individual breeding colonies, and that
the genetic structure will reflect the presence of
individuals of different origin.

MATERIALS AND METHODS
Fieldwork

We studied the elephant seal colony from the west-
ern shore of Admiralty Bay on KGI during 3 austral
summer seasons: 2002/2003, 2003/2004 and 2005/
2006. The colony is spread over the 15 km stretch of
the shore from Patelnia Point to Point Thomas
(Fig. 1C), and occupies 13 ice-free areas separated
by rocky cliffs and glaciers (Salwicka & Rakusa-
Suszczewski 2002). Elephant seals are present in
Admiralty Bay throughout the year, and show annual
cyclic changes in density and spatial distribution
(Salwicka & Rakusa-Suszczewski 2002). Censuses
performed between 1988 and 2000 indicated that on
average, 237 + 41 individuals (mean + SE) were pres-
ent in the study area in the breeding season in mid-
October, and 525 + 62 individuals in the moulting
season in mid-January. The number of pups varied
from 21 to 314 annually throughout that study period
(Salwicka & Rakusa-Suszczewski 2002).

Most individuals were sampled in the moulting
season in January and February, except for 13 pups
sampled between the end of November and the end
of December. Samples of moulting skin were taken
using a comb attached to a long stick (which allowed
researchers to maintain distance from sampled indi-
viduals). Each sample was placed in a separate Eppen-
dorf tube and kept in the freezer until DNA extraction.

Laboratory methods
We extracted DNA from skin samples of 275 ele-

phant seals using the Genomic DNA Mini Kit (A & A
Biotechnology). We sequenced 251 bp of the mtDNA
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For 139 individuals, we established
genotypes at 12 autosomal microsatel-
lite loci: HI2, HI4, HI8, HI15, HI16,
HI20, Lw5, Lw20 (Davis et al. 2002),
M2b (Hoelzel et al. 2001), Hg4.2,
Hg8.9 and Hg8.10 (Allen et al. 1995).
}\ For loci described in Davis et al.
e o (2002), the PCR reaction was carried
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\ out in 20 pl containing 2 pl of template
(‘5\ DNA, 2 pl of each primer (2 pmol)
(with the forward primer fluorescently
labelled) and 10 pl Multiplex PCR Kit
(Qiagen) under the following condi-
tions: 15 min at 95°C followed by
16 cycles of 30 s at 94°C, 90 s at 58°C
and 60 s at 72°C, then 10 cycles of 30 s
at 94°C, 90 s at 57°C and 60 s at 72°C,
and 10 cycles of 30 s at 94°C, 90 s at
55°C and 60 s at 72°C, followed by
30 min at 60°C. For the remaining loci
(M2b, Hg4.2, Hg8.9 and Hg8.10) each
PCR mix (volume 15 pl) contained
1.5 pl genomic DNA, 0.5 pl labelled
forward primer (5 pmol), 0.5 pl reverse
primer (5 pmol) and 7.5 pl REDTaq
ReadyMix (Sigma-Aldrich). The PCR
profile used was: 3 min at 96°C fol-
lowed by 35 cycles of 30 s at 96°C, 45 s
at 55°C, 45 s at 72°C, and a final elon-

Shetlands Archipelago; (C) study area

control region for all these individuals, using the
primers MLd3 5'-CCA CCA TCA GCA CCC AAA G-
3"and MLd4 5'-CGG AGC GAG GAT TAG GTA CA-
3'. PCR amplification was carried out in a total vol-
ume of 50 pl containing 5 pl template DNA, 1 pl of
each primer (10 pmol) and 25 pl of PCR REDTaq
ReadyMix PCR Reaction Mix with MgCl, (Sigma-
Aldrich) using the following thermal profile: 2 min at
95°C followed by 35 cycles of 15 s at 94°C, 20 s at
55°C, 1 min at 72°C, and a final elongation for 3 min
at 72°C. Amplified products were purified using the
CleanUp PCR Purification Kit (A & A Biotechnology).
Sequencing was carried out in a CEQ™B8000 se-

. (A) Subantarctic colonies of southern elephant seals; (B)

gation for 5 min at 72°C. Allele lengths
were determined using a CEQ™8000
sequencer (Beckmann-Coulter).

For some of the sampled individuals,
mostly pups, the sex was unknown or
uncertain, and therefore we used molecular sexing.
At first, we used the primers ZFYF, ZFYR, ZFXF and
ZF2RA, described by Curtis et al. (2007), to amplify
fragments of the ZFX and ZFY genes for a few good-
quality samples. Because of degraded DNA matrices,
we were unable to amplify long DNA fragments
(931-1045 bp) produced by these primers for the
remaining samples. Therefore, we designed primers
targeting smaller (249 bp) fragments of the ZFX and
ZFY genes: MirXF 5'-GCA TTT TAG CTG CTA GAC
CA-3' and MirXR 5'-AAC ATA ATC CAATTC TTT
GC-3', and MirYF 5'-GTT AAC GAT AGC AAT TTA
GCT G-3' and MirYR 5'-AAT TCC TGC TTC ATA

South
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CTT ACA-3'. PCR amplification was performed in a
total volume of 20 pl containing 10 pl REDTaq
ReadyMix (Sigma-Aldrich), 0.7ul of each primer and
5 pl of template DNA. The PCR thermal profile was
as follows: 3 min at 96°C followed by 35 cycles of 30 s
at 96°C, 45 s at 55°C, 45 s at 72°C, and a final elonga-
tion for 5 min at 72°C. The PCR products were visual-
ized on a 1.5 % agarose gel.

Analysis of genetic variability and
population differentiation

mtDNA sequences were aligned using the CLUS-
TALW algorithm implemented in MEGA 5.05 (Tamura
et al. 2011) to identify distinct haplotypes. Haplotype
and nucleotide diversity in the KGI colony were cal-
culated in ARLEQUIN 3.5 (Excoffier & Lischer 2010).
We compared haplotypes found in the KGI moulting
colony with haplotypes from other southern elephant
seal colonies that were obtained from Hoelzel et al.
(1993), Slade et al. (1998), Fabiani et al. (2003) and
GenBank (DQ267952, DQ267961). Phylogenetic re-
lationships between haplotypes were reconstructed
using the median-joining network approach imple-
mented in the software NETWORK 4.510 (Bandelt et
al. 1999). To assess whether our sampling effort accu-
rately reflects the overall haplotype variability in the
KGI colony, we used the program SPIDER (Brown et
al. 2012) to construct a rarefaction curve showing
how the number of haplotypes increases with the
increasing sampling effort. Because the order in
which the subsequent sequences are added affects
the shape of the curve, we performed 1000 permuta-
tions that simulated the accumulation of haplotypes
in a random order. We also used the same program to
calculate the Chaol estimate of the total number of
haplotypes in a population based on the number of
haplotypes sampled, and the number of singletons
and doubletons in the data set (Chao & Lee 1992).
For a comparison, we also evaluated sampling effort
in 2 other colonies, Peninsula Valdes and South
Georgia, using the same methods.

The microsatellite data set for the KGI colony was
checked for the presence of genotyping errors in
MICROCHECKER (van Oosterhout et al. 2004). We
used GENALEX (Peakall & Smouse 2006) to calcu-
late measures of genetic variability at microsatellite
loci: number of alleles, observed (Hp) and expected
heterozygosity (Hg), and the inbreeding coefficient
(Fis). Deviations from Hardy-Weinberg equilibrium
and their direction (heterozygote deficit or excess)
were assessed using the exact test implemented in

GENEPOP (Raymond & Rousset 1995), with 10000
dememorization steps followed by 1000 batches with
10000 Markov chain Monte Carlo (MCMC) itera-
tions per batch.

Genetic structuring was examined using STRUC-
TURE 2.2 software (Pritchard et al. 2000). We
assumed a model of population admixture and corre-
lated allele frequencies among groups, and provided
no prior information on population structure. The
analysis was run for 100000 MCMC iterations pre-
ceded by a burn-in period of 10 000 iterations, for the
number of groups (K) ranging from 1 to 5, and was
repeated 3 times for each K to check the consistency
of results. For each K, we checked whether the run
parameters (likelihood, posterior probability of data
and alpha) reached convergence within the burn-in
period. Population differentiation was also assessed
with principal coordinates analysis (PCA) based on
pairwise genetic distances between individuals
using GENALEX.

We also specifically tested for genetic differentia-
tion between groups of individuals sampled in 3 dif-
ferent moulting seasons. For this purpose, we calcu-
lated pair-wise Fst values between these groups, and
tested for significance by performing 10 000 permu-
tations. We also performed the exact test of popula-
tion differentiation (Raymond & Rousset 1995), with
100 000 Markov chain steps and 10 000 dememoriza-
tion steps. Additionally, we performed analysis of
molecular variance (AMOVA) ( Excoffier et al. 1992),
with 1000 permutations. These analyses were per-
formed in ARLEQUIN 3.5. We did not test for spatial
genetic differentiation, because the study area
(15 km stretch of the shore) was too small as com-
pared with the migratory potential of this species
(thousands kilometers) to allow for any meaningful
interpretation of such results.

Demographic estimates

We estimated the effective size (IN,) of the popula-
tion in each year from microsatellite allele frequency
data using a point estimation method based on link-
age disequilibrium, and a moment-based temporal
method, both implemented in NEESTIMATOR 1.3
(Ovenden et al. 2007). This analysis was performed
for each moulting season separately, as well as for all
the samples pooled together. Wherever there was a
sufficient number of individuals (i.e. for the season
2005/2006 and for the entire data set), we partitioned
individuals into 2 cohorts: pups and adults. More pre-
cise subdivision was impossible because we had no
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data on the age of adult individuals. We excluded
2 individuals identified as immigrants (see below)
from this analysis.

We also estimated female effective population size
from nucleotide diversity of mtDNA control region
sequences. For this analysis, we used the substitution
rate of 9.8 x 1077 estimated for the southern elephant
seals based on ancient DNA data by de Bruyn et al.
(2009). We assumed a generation time of 8 yr, which
was estimated by Slade et al. (1998) based on female
life tables of the stable population at South Georgia
(McCann 1985).

To test whether the study population shows signs of
a genetic bottleneck in the period of last few genera-
tions, we applied Cornuet & Luikart's (1996) tests
implemented in the program BOTTLENECK 1.2.02
(Piry et al. 1999) for the microsatellite data. We
assumed either the strict stepwise mutation model
(SMM) or the 2-phase mutation model (TPM) with
95 % single-step mutations.

We also performed a number of tests for population
expansion based on the mtDNA data, using ARLE-
QUIN 3.5. We analysed the mismatch distribution,
i.e. the distribution of the observed number of differ-
ences between pairs of haplotypes. For populations
that passed through a recent demographic expansion
(Rogers 1995) or though a range expansion with high
levels of migration between neighboring demes
(Excoffier 2004), unimodal mismatch distribution is
expected. The confidence intervals for the observed
distribution were estimated with 1000 bootstrap
replicates. We also performed Fu's Fs (Fu 1997) and
Tajima's D (Tajima 1989) tests of selective neutrality,
where significant negative values indicate a demo-
graphic expansion.

Detection of immigrants and
sex-biased dispersal

To identify first-generation immigrants we used
GENECLASS?2 (Piry et al. 2004). Using the frequency
method of Paetkau et al. (1995), we calculated the
log-likelihood that an individual belongs to the study
population from a given year, and then we assessed
the probability of an individual being a resident
using the Monte Carlo resampling algorithm of
Paetkau et al. (2004), with 10 000 simulated individu-
als and a type I error of 0.01. Because we did not have
the genetic data for the potential source populations,
immigrants were identified as genetic outliers from
the population studied rather than based on their
genetic similarity to another population. This may

lead to a high level of type II error (unidentified
immigrants), but it does not affect type I error. Thus,
this method may be expected to underestimate the
number of immigrants.

GENALEX (Peakall & Smouse 2006) was used to
calculate the assignment index (Alc) for each individ-
ual, and test for sex-biased dispersal by comparing
mean Alc values between males and females.

Parentage and kinship analysis

Because we studied the moulting colony, we did
not have the data that would allow us to perform a
parentage reconstruction, such as a priori informa-
tion about mother—offspring pairs that was available
in studies of breeding colonies of this species (e.g.
Fabiani et al. 2004). Here we used parentage analysis
to obtain information about general kinship patterns
rather than to study the seals' mating system. For
example, detection of a large number of parent—off-
spring pairs in this moulting colony would suggest a
moulting site fidelity of southern elephant seals. In
this way, the kinship-based approach may be com-
plementary to population-based genetic inference
(see Palsbell et al. 2010).

Parentage analysis was performed using a maxi-
mum-likelihood approach implemented in CERVUS
3.0 (Marshall et al. 1998, Kalinowski et al. 2007), and
details of this analysis are described in the Supple-
ment (see www.int-res.com/articles/suppl/m478p287_
supp.pdf). CERVUS was also used to test for the pres-
ence of null alleles in the microsatellite data set and
estimate their frequencies, for a comparison with MI-
CROCHECKER results. We also applied the program
KINGROUP (Konovalov et al. 2004), which imple-
ments a maximum-likelihood approach for recon-
structing groups of kin at a given level of relatedness.
We tested relationships at the full-siblings level
(which corresponds to a relatedness level of R > 0.5,
and also includes parent-offspring pairs) and the half-
siblings level (which corresponds to R = 0.25, and in-
cludes full-siblings, half-siblings, parents and grand-
parents). We compared KINGROUP and CERVUS
results to test for the consistency of kinship inference.

RESULTS
Genetic diversity and population differentiation

We detected 58 mtDNA haplotypes among the
analysed samples (Table S1 in the supplement), and
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found high haplotype and nucleotide
diversity (Table 1). Twenty-five (43 %)
haplotypes were unique for KGI (Gen-
Bank accession numbers: JX847037—
JX847061), and 31 haplotypes have
been found earlier for other South
Atlantic islands: 14 haplotypes for the
Falklands (out of 20 detected there;
Fabiani et al. 2003), 12 for Elephant
Island (which were all the haplotypes
detected there; Fabiani et al. 2003)
and 5 for South Georgia (out of 28 de-
tected there; Hoelzel et al. 1993, Slade
et al. 1998). Additionally, 2 haplotypes
from KGI have been found earlier on
Marion Island, South Indian Ocean
(GenBank DQ267952, DQ267961),
one of which also occurred on Heard

@ - Kl

@ - Elephantsl.

O - Falkland Isls.

@ - South Georgia

© - Heard and Marion Isls.
@ - Macquarie Isl.

QO - Peninsula Valdes

Island (Slade et al. 1998). Haplotypes

unique for KGI were detected in 20 %
of individuals, while 79 % of individu-
als had haplotypes shared with other
South Atlantic islands, and only 1% of
individuals had haplotypes shared with

Fig. 2. Mirounga leonina. Median joining network representing phylogenetic
relationships between mtDNA haplotypes of southern elephant seals from the
King George Island (KGI) moulting colony and other colonies within the range
of this species. The size of the circles does not represent the relative frequency
of a given haplotype, but reflects the fact of haplotype sharing between differ-
ent colonies. Haplotype data were obtained from Hoelzel et al. (1993), Slade et
al. (1998), Fabiani et al. (2003), GenBank (DQ267952, DQ267961) and the

the South Indian Ocean islands. We
found no common haplotypes between
KGI and Macquarie Island (Fig. 2).
The rarefaction curve for KGI showed that the sam-
pling effort was not sufficient to collect all the haplo-
types (Fig. S1 in the supplement at www.int-
res.com/articles/suppl/m478p287_supp.pdf), and the
Chaol estimate of the total number of haplotypes
was 109, suggesting that approximately 53 % of hap-
lotypes were sampled. For South Georgia, the rare-
faction curve showed almost a linear relationship
between the numbers of individuals sampled and
haplotypes found (Fig. S1), and the Chaol estimate
was 266, suggesting that only 9 % of haplotypes were
sampled. In contrast, the rarefaction curve for Penin-

present study

sula Valdés showed that the sampling effort was suf-
ficient to collect all the haplotypes, and the Chaol
estimate was 3, consistent with the number of haplo-
types detected.

The genetic diversity at microsatellite loci in the
KGI colony was comparable with other southern ele-
phant seal colonies (Table 2): the mean (+ SE) num-
ber of alleles per locus was 6.92 = 0.93, Hy was
0.552 + 0.072, Hg was 0.588 + 0.068 and Fig was
0.092 + 0.042. All these variables (number of alleles,
Hy, Hg and Fjg5) were higher in adult males as com-
pared with adult females and pups, but the differ-

Table 1. Mirounga leonina. Genetic diversity at mtDNA control regions and microsatellite loci in different groups of individu-

als from the King George Island elephant seal population. Np,,: number of haplotypes; N,: mean number of alleles at

microsatellite loci; Hy and Hg: expected and observed heterozygosity, respectively; Fis: inbreeding coefficient. Standard error

for each estimate is shown in parentheses. Sample sizes used in mtDNA and microsatellite analyses, respectively, are shown
in parentheses for each demographic group

Demographic mtDNA Microsatellite loci

group Nhap  Haplotype Nucleotide N, Hp Hg Fis
diversity diversity

All individuals (275, 139) 58 0.957 (0.005) 0.022 (0.012) 6.917 (0.925) 0.553 (0.072) 0.589 (0.068) 0.092 (0.042)

Adult males (53, 53) 26 0.951 (0.013) 0.027 (0.014) 6.250 (0.922) 0.570 (0.072) 0.601 (0.065) 0.084 (0.051)

Adult females (45, 45) 24 0.953 (0.017) 0.025 (0.014) 5.917 (0.839) 0.541 (0.070) 0.575 (0.069) 0.055 (0.047)

Pups (41, 41) 21 0.948 (0.017) 0.026 (0.014) 5.583 (0.830) 0.533 (0.080) 0.565 (0.071) 0.061 (0.054)
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ences were non-significant (Table 1). We detected
significant deviations from Hardy-Weinberg equilib-
rium towards a heterozygosity deficit (p < 0.001). A
heterozygosity deficit and a high Fis coefficient may
indicate inbreeding, but may also result from the
Wahlund effect, sampling bias or genotyping errors
such as allelic dropout or the presence of null alleles.
It is likely that a sampling bias played an important
role here, as the Fig estimate was significantly posi-
tive only in one of the 3 moulting seasons (Table S2 in
the supplement).

Null alleles are likely to be encountered in popula-
tions with large effective sizes, and those that have
diverged from the population that served as a source
for the primer design (Chapuis & Estoup 2007), and
this was the case for the study population. MICRO-
CHECKER detected no allelic dropout, but null alle-
les were detected in 5 loci, with frequencies ranging
from 0.06 to 0.12. However, these frequencies were
highly inconsistent between the 4 methods of their
estimation (SD ranging from 0.02 to 0.10). Moreover,
an alternative method of null allele estimation imple-
mented in CERVUS indicated null alleles in only 2
loci. We considered the advantages and disadvan-
tages of correcting the data for null alleles, and de-
cided to perform further analyses on uncorrected
data. This was justified by the ambiguity of null allele
estimation between the methods, and the fact that
these methods are based on the assumption of
Hardy-Weinberg equilibrium. This is not necessarily
true for our population, because we observed devia-
tions from the equilibrium also in loci that showed no
signs of null alleles or other genotyping errors. More-
over, the main problem with the presence of null alle-

les is that they lead to overestimation of Fgsr and
genetic distances (Chapuis & Estoup 2007), but we
detected no structure in our population (see below).

Another possible cause of heterozygosity deficit
could be the Wahlund effect, which would occur if
the moulting colony were composed of 2 or more
genetically distinct groups (e.g. residents and immi-
grants from other breeding colonies). However, we
did not detect any population genetic structure in the
analysed sample set. STRUCTURE analysis showed
the highest posterior probability at K = 1, and for
higher Kvalues the assignment of individuals to each
of the inferred groups was close to equal (a pattern
typical when there is no population structure). Con-
sistently, the PCA did not reveal clustering of individ-
uals that would suggest population differentiation.

Pair-wise Fst values between groups of individuals
sampled in 3 different moulting seasons were
—0.0004, 0.0047 and 0.0083, and only the last value
was significant (p = 0.042). This significant Fgr value
was between groups most distant in time, which sug-
gests that a temporal equivalent of isolation by dis-
tance may occur in the KGI population. However, the
exact test of population differentiation did not show
any significant differences among the 3 temporal
groups, neither pair-wise nor globally (p = 1.00 in
each case). AMOVA showed that most of the genetic
variation was explained by differentiation within in-
dividuals (96.75 %), and differentiation among indi-
viduals within temporal groups (2.92 %). Differentia-
tion among temporal groups explained only 0.33 % of
the total variation, and was non-significant (p = 0.84).
These results further support the lack of genetic
structure within the study population.

Table 2. Mirounga leonina. Comparison of genetic diversity at mtDNA control regions (Ny,, and nucleotide diversity) and

microsatellite loci (Hg and Hp) (see Table 1) between King George Island and other elephant seal colonies. Other colonies are

breeding colonies sampled in the breeding season, except for the extinct population from the Victoria Land Coast that could

have been both a breeding colony and a moulting site, and where genetic diversity was assessed based on the study of ancient

DNA (de Bruyn et al. 2009). Sample sizes reported with haplotype numbers concern mtDNA analyses only and may be dif-
ferent for microsatellite analyses

Population mtDNA Microsatellite loci Source
Nhap Nucleotide Hg Hgp
(sample size) diversity
King George Island 58 (275) 0.022 0.589  0.553 Present study
South Georgia 24 (28) 0.028 0.590 0.624 Fabiani (2002), Hoelzel et al. (2001)
Peninsula Valdez 3 (32) 0.003 0.588 0.575 Fabiani (2002), Hoelzel et al. (2001)
Falklands 20 (57) 0.032 0.655 0.656 Fabiani (2002), Fabiani et al. (2004)
Elephant Island 12 (30) 0.032 - - Fabiani (2002)
Heard Island 6 (6) 0.023 - - Fabiani (2002)
Macquarie Island 16 (49) 0.020 - - de Bruyn et al. (2009)
Victoria Land coast 177 (223) 0.024/0.022° - - de Bruyn et al. (2009)
(ancient population)
“Values from two different time periods in the Holocene
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Demographic estimates

Effective population size estimated using the link-
age disequilibrium method varied greatly between
different years of the study, from 65 to 501 individu-
als (Table 3). For the pooled data set consisting of
individuals collected in each year, effective size was
estimated at 771 individuals using the linkage dis-
equilibrium (LD) method and 302 using the mo-
ments-based temporal method (Table 3). Some of
these estimates had very wide confidence intervals
(Table 3). The female effective population size esti-
mated from nucleotide diversity for the entire data
set was 3571 individuals.

We found no evidence of a genetic bottleneck
within the last few generations (where 10 genera-
tions correspond to approximately 80 yr). For both
the SMM and the TPM, we found a significant devia-
tion from the mutation-drift equilibrium, but towards
heterozygosity deficit rather than excess (Wilcoxon's
signed-ranks one-tailed test for heterozygote deficit,
p = 0.001 for SMM and p = 0.007 for TPM). The
mode-shift test (a descriptor of the allele frequency
distribution that discriminates between bottlenecked
and stable populations) was non-significant for both
mutation models.

The observed mismatch distribution for mtDNA
haplotypes was consistent with the expected distri-
bution for the demographic expansion model as well
as the spatial expansion model (Fig. S2 in the sup-
plement). For the demographic expansion model, the
sum of square deviations (SSD) index and the ragged-
ness index (RI) were low (SSD = 0.0020, RI = 0.0075),
but non-significant. For the spatial expansion model,
both these indices were low (SSD = 0.0037, RI =
0.0075), but only RI was significant (p = ).
Tajima's D test was non-significant (0.47, p = 0 77),
while Fu's Fs test was significant (-19.28, p = 0.003).

Table 3. Mirounga leonina. Estimates of effective population size in the
King George Island elephant seal population based on microsatellite
and moments-based
temporal methods. —: analysis could not be performed for this data subset

data, using the linkage disequilibrium (LD)

Immigration and sex-biased dispersal

Based on the GENECLASS2 analysis, we detected
only one immigrant at the p < 0.01 threshold (named
here M1, p <0.00001). One additional immigrant was
detected at the p < 0.05 threshold (named here M2,
p = 0.013). Both these individuals were adult males.
M1 had a unique haplotype KGI43 that has not been
found in any other individual from KGI or other
islands. M2 had a haplotype KGI11 that was unique
for KGI but occurred in 5 other individuals there.

The mean values of the assignment index Alc cal-
culated in GENALEX were positive in females
(0.284, SD 0.269) and negative in males (-0.200, SD
0.287), indicating that males are the more dispersing
sex. However, differences between the mean Alc
values of males and females were not statistically sig-
nificant (U-test, Z=0.936, p = 0.175). The most nega-
tive Alc value was assigned to M1, giving further
support for his immigrant status.

Parentage and kinship analysis

CERVUS analysis indicated an unusually high
number of pairs of individuals with no mismatching
loci in the maternity or paternity assignment (see
supplement for details), which could result from
low genetic variability of southern elephant seals at
microsatellite loci. CERVUS assigned 2 putative
mother—offspring pairs at a strict confidence level
(95%) and 22 pairs at a relaxed confidence level
(80%). Only 2 of these 24 pairs (one assigned with
a strict and one with a relaxed confidence level) had
matching mtDNA haplotypes and age class (adult/
pup) consistent with the mother— offspring relation-
ship. Individuals from the remaining pairs had differ-
ent mtDNA haplotypes, inconsistent with a mother—
offspring or a full-sibling relationship (mis-
matching haplotypes were double-checked,
see supplement). These pairs of indi-
viduals could be more distant relatives,
e.g. paternal half-siblings (see Discussion).

However, we cannot exclude the possibil-
Year Cohort  Sample LD method  Temporal method . .
size (95% CI) (95% CI) ity that these pairs were matched by
chance due to the limited number of loci
2003 All ind. 28 65 (40-147) - and low genetic variability.
2004 All ind. 35 95 (58-218) - : .
2005 All ind. 74 501 (216—) 87 (15—c0) CERVUS 'also 'a551gned' 4 pgtatlve
2005 Adults 63 152 (99_293) _ father—offsprlng pairs at a strict confidence
2005 Pups 11 57 (24—c0) - level and 11 pairs at a relaxed confidence
Allyears  Allind. 137 771(385-11,087) 302 (49—) level. Nine of these 15 pairs (3 assigned
All years Adults 96 197 (139-321) - . . . .
with a strict and 6 with a relaxed confi-
All years Pups 41 283 (112—c0) - . .
dence) were consistent with the father—off-
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spring relationship based on individuals' age class.
Individuals from the remaining 6 pairs had different
mtDNA haplotypes, inconsistent with a full-sibling
relationship. These pairs could be paternal half-sib-
lings or other more distant relatives, or could have
been matched by chance.

KINGROUP analysis indicated 41 groups, consist-
ing of 2 to 4 individuals, as being related at a full-
sibling level. Among these groups there were 7 puta-
tive father—offspring pairs and 7 putative mother—
offspring pairs identified in CERVUS. In only 2
groups identified in KINGROUP did individuals have
the same mtDNA haplotypes, so only these 2 groups
could consist of full siblings or mother—offspring
pairs. The remaining groups could represent pater-
nal half-siblings or father—offspring pairs. However,
similar to the case of CERVUS, we cannot exclude the
possibility that some of these groups were matched
by chance due to the limited number of loci and
relatively low genetic variability.

KINGROUP also identified 33 groups, consisting of
2 to 8 individuals, as being related at a half-sibling
level. Only 9 of 139 analysed individuals did not
belong to any of these groups; this included 2 puta-
tive immigrants, M1570 and M1575.

DISCUSSION

MtDNA diversity compared with
other colonies

The elephant seal colony from KGI had a substan-
tially higher number of mtDNA haplotypes than
other contemporary colonies (Table 2). High mtDNA
diversity of this moulting colony may result from the
presence of immigrants in addition to locally breed-
ing individuals. However, it could also be an effect of
the larger sample size for KGI (275 individuals)
compared with other colonies studied previously
(6—57 individuals). For example, the rarefaction curve
for South Georgia shows almost linear growth in the
number of haplotypes with increasing sample size
(Fig. S1), and we estimated that only 9% of haplo-
types were sampled there, while 53 % of haplotypes
were sampled in KGI. Nucleotide diversity in the KGI
colony, which is a measure less dependent on the
sample size, was within the range of other colonies
(Table 2).

Possible immigration to KGI from other breeding
colonies in the moulting season is consistent with the
increase in abundance of elephant seals in Admiralty
Bay after each breeding season (Salwicka & Rakusa-

Suszczewski 2002). The alternative explanation in-
volves a large number of individuals from KGI skip-
ping the breeding season every year. Southern ele-
phant seals are considered to return to moult to the
island on which they breed (Nicholls 1970, Lewis et
al. 1996), which would make this second hypothesis
more likely. This would imply that either KGI has a
high percentage of individuals in reduced reproduc-
tive condition, or it has more subadults than repro-
ductive individuals. However, females that haul out
on KGI for the breeding season were shown to be
heavier than those from other colonies, gain more
mass between lactation and moult, and wean heavier
pups (Burton et al. 1997, Carlini et al. 1997, 1999).
Therefore, a hypothesis that a large number of indi-
viduals from KGI are in reduced reproductive con-
dition is unlikely. There is no evidence for recent
growth of the KGI population: Salwicka & Rakusa-
Suszczewski (2002) reported stable population sizes
since 1988. Therefore, it is unlikely that subadults in
this population outnumber reproductive individuals.

However, there is strong direct evidence that not
all individuals of this species show breeding site
fidelity during the moulting season. For example,
Oosthuizen et al. (2011) documented haulouts of 199
individuals from Iles Crozet (constituting approxi-
mately 12% of the tagged population there) at Mar-
ion Island during 15 yr, and most of these haulouts
occurred in the moulting season. Moreover, at other
breeding sites the numbers of elephant seals decline
after the breeding season (e.g. Laws 1984, Slip &
Burton 1999). This includes the South Georgia colony
(Laws 1984), which constitutes >99 % of the South
Atlantic population and approximately 54 % of the
global population (Boyd et al. 1996). Decline after the
breeding season implies that a part of the South
Georgia's breeding population must moult else-
where, and other South Atlantic islands, including
KGI, are the likely destination.

This is strongly supported by satellite telemetry
studies of southern elephant seals. Bornemann et al.
(2000) reported that 2 of 9 post-moult adult females
fitted with satellite transmitters at KGI hauled out on
South Georgia during a breeding season. Similarly,
Tosh et al. (2009) reported that an adult male fitted
with a satellite transmitter at KGI hauled out on
South Georgia at the beginning of a breeding season.
McConnell et al. (1992) reported that one of 3 post-
breeding females fitted with satellite transmitters at
South Georgia was sighted in the following moulting
season on KGI. This provides strong evidence that
some individuals breeding on South Georgia migrate
to KGI for moulting. There is also evidence for move-
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ments of elephant seals between KGI and the adja-
cent Elephant Island (McConnell et al. 1992, Borne-
mann et al. 2000, Muelbert et al. 2004). Consistently,
our study showed that 79 % of individuals sampled in
KGI had mtDNA haplotypes that have been detected
earlier in other South Atlantic colonies on South
Georgia, the Falklands and Elephant Island. Taken
together, these data support the hypothesis that the
moulting colony at KGI, besides individuals breeding
at this site, also includes individuals from other South
Atlantic breeding colonies.

While haplotype sharing between KGI and other
South Atlantic breeding colonies was extensive, we
detected only 2 haplotypes (in 4 adult individuals)
that have been detected earlier in the south Indian
Ocean colonies, and no individuals with haplotypes
characteristic for the south Pacific Ocean. This is con-
sistent with earlier studies showing limited migration
between breeding sites from these 3 parts of the
Antarctic (Slade et al. 1998, Hoelzel et al. 2001). In a
study on movements of 85 elephant seals from 4
islands in 3 oceans, Biuw et al. (2007) found exten-
sive overlap between the ranges of individuals from
the 2 South Atlantic colonies (South Georgia and
Livingston Island), but much less overlap between
individuals from colonies located in different oceans
(see Fig. 1 therein). These authors suggested that
demographic distinctiveness of the populations from
different sectors of the Southern Ocean may be a
consequence of differing oceanographic conditions
and resulting environmental variability. Consistently,
the pattern of haplotype sharing between colonies
observed in our study suggests extensive movements
of individuals between South Atlantic colonies and
limited movements between colonies from different
oceans.

Genetic diversity and population structure at
microsatellite loci

Heterozygosity at microsatellite loci was in the
lower range of values reported from the breeding
colonies of the southern elephant seals (Table 2),
consistent with the small census size of this colony
(625 + 62 individuals in the moulting season; Sal-
wicka & Rakusa-Suszczewski 2002) as compared
with other colonies considered (e.g. South Georgia:
approx. 400000 ind., Boyd et al. 1996; Peninsula
Valdes: approx. 40000 ind., Lewis et al. 1996). The
heterozygosity deficit observed in the KGI colony
could be explained by a combined effect of sampling
bias, null alleles and some level of inbreeding. In-

breeding has been supported by the kinship analysis,
which indicated that most individuals had relatives
within the sampled population. Taking into account
the putatively mixed composition of the KGI colony,
as inferred from the mtDNA haplotype data, the
Wahlund effect could have been expected as a likely
explanation of the heterozygosity deficit. However,
we failed to detect any genetic structure within the
population studied.

Kinship in the KGI moulting colony

Results of kinship analyses indicated that the KGI
colony is composed of groups of related individuals,
with only few individuals with no relatives identified
within the sampled population. This could reflect a
true pattern of relatedness in the KGI colony, but
could also result from relatively low genetic diversity
of southern elephant seals at microsatellite loci—
a possible effect of population bottlenecks due to
extensive hunting in the 18th and 19th centuries.

Only one possible mother—offspring pair and 3
father—offspring pairs were identified (assuming
95% confidence levels). These low numbers are
expected for a population sampled outside of the
breeding season. However, we identified a large
number of groups related at the half-sibling level.
Within most of these groups, individuals had more
than one mtDNA haplotype, implying that these
groups consisted of either paternal half-siblings or
more distant relatives. A large number of paternal
half-siblings may be expected in this highly polygy-
nous species. A genetic parentage analysis for the
southern elephant seal colony on Sea Lion Island
(Falklands), showed that only 28 % of males achieved
paternities, 90% of pups were fathered by harem
holders, with up to 32 pups assigned to one harem
holder in one breeding season (Fabiani et al. 2004).
Therefore, our result is consistent with the species
mating system.

Population genetic structure and immigration

We detected no population genetic structure within
the KGI colony, while the presence of structure
would be expected if groups of individuals from sev-
eral different, genetically distinct breeding colonies
used KGI as a moulting site. Only 2 individuals were
identified as immigrants. However, in the absence of
microsatellite data from other colonies for a direct
comparison, the power to detect immigrants was low.



Author copy

Bogdanowicz et al.: Genetic diversity in southern elephant seals 297

For the 2 individuals identified as immigrants, no
close kin were detected in the study population, sug-
gesting that they could have arrived in the KGI only
for moulting. Immigrants that reproduced on KGI
would be more difficult to detect due to their genetic
similarity to other individuals from the colony (i.e.
their offspring).

Lack of population structure and a low number of
immigrants detected suggests that most individuals
moulting at KGI are of local origin. However, effec-
tive population size estimates for the KGI population
are inconsistent with its genetic isolation. The LD-
based estimate for the season 2005/2006 (501 indi-
viduals) was close to the census estimate of 525 +
62 individuals calculated as a mean from 12 moulting
seasons (Salwicka & Rakusa-Suszczewski 2002).
However, estimates made separately for adults and
pups, when combined, gave only 209 individuals.
Similarly, the effective size of 771 individuals esti-
mated for all the individuals sampled in different
years was inconsistent with the combined estimate
for adults and pups (480 individuals). The fact that
these estimates do not sum up, and are much higher
than expected for a highly polygynous species
(which should have a low N,/N ratio), suggests that
the studied moulting colony is composed of individu-
als from different breeding populations. This conclu-
sion is additionally supported by the female effective
population size estimated from mtDNA for the entire
sample set (3571 individuals). Such a high estimate
can be reliable only when we assume immigration of
individuals from other breeding colonies. The higher
estimate of the effective population size based on
mtDNA as compared with nuclear DNA results from
the highly polygynous mating system of southern
elephant seals, and was also observed in an earlier
study of this species (Slade et al. 1998).

Estimates of effective population size potentially
reflect past size, especially in cases of recently
reduced populations. However, we found no evi-
dence for a population bottleneck during the last few
generations. This is consistent with the census data
showing that the South Atlantic population of south-
ern elephant seals has remained stable since 1950
(Boyd et al. 1996, McMahon et al. 2005), in contrast
with the South Pacific and South Indian Ocean popu-
lations, where declines have been observed (McMa-
hon et al. 2005). Long-term population decline due to
intensive hunting in the 18th and 19th centuries
could have resulted in the overall decline in genetic
diversity of southern elephant seals, but this decline
is too distant in time to be detectable in the bottle-
neck test applied here. However, this past bottleneck

could have contributed to the contrasting patters of
mitochondrial and nuclear DNA variation (see Fay &
Wu 1999).

While the hypothesis about immigration to KGI
from other breeding colonies in the moulting season
is supported by mtDNA data, high estimates of Nj,
and the conclusions from demographic analyses by
Salwicka & Rakusa-Suszczewski (2002), it is incon-
sistent with the genetic homogeneity of the KGI
colony at microsatellite loci. However, as discussed
above, detectability of immigrants may be low in the
absence of data from the source populations, espe-
cially if the source populations are genetically similar
to the KGI. Analysis of genetic differentiation at
microsatellite loci between 3 other South Atlantic
colonies, Elephant Island, South Georgia and Sea
Lion Island (Falklands), showed non-significant pair-
wise Rhogr (an unbiased version of the Rgt coefficient
that accounts for differences in allele sizes) values
(Fabiani 2002), suggesting ongoing or recent gene
flow among these colonies. KGI shares mtDNA hap-
lotypes with each of the abovementioned colonies,
and therefore it is likely to have a similar genetic
composition at microsatellite loci as well.

Despite breeding site fidelity, cases of breeding
dispersal between colonies, usually within the same
sector of the Southern Ocean, have been described
for both males and females (Bester 1989, Guinet et al.
1992, Fabiani et al. 2003, Reisinger & Bester 2010,
Oosthuizen et al. 2011; see the Supplement for
details). In this highly polygynous species, male dis-
persal is of particular significance, because a male
immigrant that succeeds as a harem holder con-
tributes highly to the gene pool of the colony he joins.
For example, Oosthuizen et al. (2011) documented
a case where a male from Possession Island (Iles
Crozet) controlled harems at Marion Island for 6 con-
secutive breeding seasons, and during this period
196 females (7.6 % of all breeding females) passed
through his harems. Such rare cases of successful
breeding dispersal act as a homogenising force that
strongly reduces genetic differentiation between
different colonies.

CONCLUSIONS

The moulting colony of the southern elephant seal
from KGI exhibits high variability of mtDNA haplo-
types and a high percentage of haplotypes shared
with other elephant seal colonies from the South
Atlantic. This pattern, coupled with a 3-fold increase
in population numbers between the breeding and
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moulting seasons (Salwicka & Rakusa-Suszczewski
2002), suggests that this colony is composed of both
residents and immigrants. This is consistent with
high estimates of the effective population size (based
on both mtDNA and microsatellite data) that could
not be sustained by a small local population. The lack
of genetic structure and low number of immigrants
detected based on microsatellite loci may result from
the genetic similarity between KGI and other breed-
ing colonies from the South Atlantic, and/or an insuf-
ficient sampling scheme. A further study including
samples collected during the breeding season from
the KGI colony as well as samples from other colonies
of southern elephant seals is needed to better under-
stand the patterns of their movements between
breeding and moulting sites.

The southern elephant seal is an important model
species used to address a number of general ques-
tions such as species response to climate change (de
Bruyn et al. 2009) and sensitivity of marine top pred-
ators to large-scale variability of oceanographic con-
ditions (Biuw et al. 2007). Understanding the patterns
of migration and gene flow in this species is essential
to adequately address these general questions.
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