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ABSTRACT

The southern elephant seal (SES), Mirounga leonina, was intensively harvested
during the 18" and 19th centuries, though never reduced to the levels seen for the
northern species (Mirounga angustirostris). Although a number of putative
populations occurring within the species’ circumpolar distribution in the Southern
Ocean have been genetically assessed, no data was previously available for the
Marion Island population. This study integrates Marion Island into the broader
database by genetically profiling individuals with 9 microsatellite DNA loci (n = 73)
and a single mitochondrial DNA (mtDNA, n = 68) locus corresponding to
hypervariable region I (HVRI) of the non-coding displacement loop (D-loop). These
data were then combined with existing haplotype datasets from five island
populations, namely Heard Island, Peninsula Valdés, Macquarie Island, South
Georgia, Elephant Island, and Sea Lion Island breeding colonies, and with
comparable microsatellite typing data from four populations, namely Peninsula
Valdés, South Georgia, Elephant Island and Sea Lion island, respectively, permitting
inter-population level comparisons. Genetic variation of the Marion Island population
was high for both microsatellite and mtDNA and consistent with levels previously
reported for the other populations, with the exception of Peninsula Valdés (Argentina)
where diversity levels are low. Forty polymorphic sites defined 44 mtDNA haplotypes
from 68 Marion Island individuals. Of the 44 sequence haplotypes, three were shared
with Sea Lion Island, one with Elephant Island, two with Heard Island and one with
Macquarie Island. From the microsatellite data, it was found that Marion Island, like
most other SES populations, had no private alleles. The one exceptional population is
that at Sea Lion Island which has several private alleles at two loci. Marion Island was
significantly differentiated from each of the other breeding colonies included in the
study based on Fgsr analyses for both microsatellite and mtDNA data. The magnitude
of genetic differentiation between Marion Island and the South Georgia, Sea Lion and
Elephant Islands was somewhat higher than that previously reported when the latter
three islands were compared, but considerably less than the differentiation found
between Marion Island and either Peninsula Valdés or Macquarie Island. Though the

two markers showed similar trends with respect to population structuring, the pairwise
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differentiation at microsatellite loci was an order of magnitude lower than that of
mtDNA, suggesting more frequent male-mediated gene flow between putative
populations than female-mediated gene flow. Higher male dispersal was also
confirmed by migration rate estimates from the microsatellite data compared to
estimates from the mtDNA locus. These data are consistent with the earlier
interpretation that most putative island populations show moderate levels of
differentiation not directly related to geographic distance, while the mainland
population in Argentina and the population at Macquarie Island stand out as being

highly differentiated from the rest.
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Chapter 1

Literature Review

1.1 Population genetics and factors that affect genetic structure

Naturally occurring populations of most species exist as fragmented, randomly mating
subdivisions, or structural units of differing sizes and genetic makeup (Frankham ef al.
2002; Allendorf & Luikart 2007). Fragmentation and extinction of local populations
can result from either direct or indirect human actions and is one of the principal
factors driving the overall global decline in biodiversity (Bender et al. 1998; Hofmeyr
2000; Frankham et al. 2002; Van den Bussche er al. 2003). Several population
fragmentation models have been described (Frankham et al. 2002), namely, (i) those
that are entirely isolated with no gene flow, referred to as islands; (ii) single large
fragments with sufficient gene flow; (iii) the Stepping-stone model, where gene
exchanges only occur between neighbouring, fragmented subpopulations. Population
fragmentation makes dispersal between fragments difficult thus affecting a species’
population dynamics, genetic structure and ultimately survival (Hofmeyr 2000;
Allendorf and Luikart 2007). Once geographical and temporal barriers reproductively
isolate genetically linked subpopulations, genetic drift usually occurs among them. At
a fine scale, this will result in changes to local genetic composition. Differentiation of
local subpopulations is likely and this may deplete local genetic variation (Fabiani
2002). Species population fragmentation and the destruction of species’ natural
populations do not result only from human action, but are also due to several other
liable factors that have long been recognised. These include species breeding dispersal
patterns, gene flow barriers, random genetic drift, various modes of natural and sexual
selection, and the opportunity for recombination mediated by species mating systems

(Avise 1994).
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1.2 Mating systems and their effect on the local gene pool

In a social context, a mating system refers to all strategies utilised by individuals to
obtain their mating partners. These are often associated with natural selective forces
and ecological factors such as spatial dispersion and temporal availability of the
limiting sex (Hughes 1998). Mating pairs may range from a simple, short-term
involvement between pairs to a long-term commitment. Long-term commitment can
be a prolonged association between one male and one female or a complex association
of one male with more than one female, referred to as monogamy and polygamy,
respectively (Hughes 1998). In contrast, geneticists describe mating systems at the
individual level in context of who mates with whom (Hughes 1998; Fabiani 2002).
Mating patterns are thought to have evolved in part due to ecological factors and
natural selection pressures operating within and between sexes. For instance,
polygamy may be a response to high variance in male reproductive success and female
distribution, which is often influenced by the distribution of resources such as foraging
and breeding sites (Reiter et al. 1981; Hoelzel et al. 1999; Fabiani et al. 2006). Both
males and females of most species prioritise their reproductive efforts in order to
maximize their individual fitness (Reiter et al. 1981; Hoelzel et al. 1999; Fabiani et al.
2006). Most mammalian females live in clusters thereby enhancing their reproductive
success as living in clusters reduces the risk of predation and sexual coercion (Reiter et
al. 1981; Moller et al. 2006). In mating systems wherein males provide little more than
gametes, males will maximise their fitness by mating polygynously as they defend a
harem of oestrus females from intruding males (Hoelzel et al. 1999; Hofmeyr 2000;
Fabiani et al. 2004). A polygamous breeding system is characterized by high variance
in male reproductive success. High variation in male reproductive success may
consequently affect the rate at which genetic diversity is lost and will be reflected by
allelic frequencies which differ from those expected with panmixia (Fabiani et al.
2004). A species’ mating system can consequently affect population dynamics, genetic
structure and overall survival (Hofmeyr 2000; Fabiani 2002), and can be assessed
using molecular genetic techniques which provide measures of individual reproductive
success, inference of kinship as well as species genetic structure, all of which affect a

species’ population dynamics, genetics and survival (Hughes 1998).
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1.3 Dispersal and genetic structure

In a population genetics approach, dispersal is defined as genetic exchange among
breeding groups (Allendorf & Luikart 2007). Adequate exchange of genetic material
or individuals among a species’ natural subpopulations can enhance the probability of
its long-term survival in several ways. Firstly, low or reduced genetic exchange
between subpopulations may lead to increased local homogeneity, which in turn
results in inbreeding and inbreeding depression (Allendorf & Luikart 2007).
Secondly, extreme exchange of genetic materials between subpopulations result in
excessive heterogeneity, which may limit a species’ capacity of adapting to local
conditions. Sufficient gene flow will prevent excessive local homogeneity and
heterogeneity while at the same time promoting the maintenance of adequate local
variability that enables species to adapt to local conditions (Allendorf & Luikart
2007). The above, however, does not occur in natural subpopulations of most species.
Several gene flow barriers exist among species subpopulations, which include life
history traits such as dispersal and mating systems. Dispersal is one life history trait,
among several, affecting not only species population dynamics but also population
genetic structure, and has thus received considerable attention. The focus has in
particular been of sex-biased dispersal (Lyrholm et al. 1999; Austin et al. 2003). In
this form of dispersal, one sex usually remains or returns to its natal site for breeding
purpose and this is referred to as philopatry (Favre ef al. 1997; Fabiani et al. 2006).
Among mammals, males are frequently the dispersing sex whereas female are
strongly philopatric. However, in some mammalian species, one or both sexes
continuously return to breed at their first breeding site, a phenomenon referred to as
site fidelity (Fabiani et al. 2004). A social organisation in which one or both sexes
display site fidelity and philopatry may result in a non-random mating system
(Fabiani et al. 2006). Such social systems are contrary to a typical population genetics
structure model in which mixing and random mating among individuals of the same
population is said to occur (Fabiani er al. 2006). A non-random distribution of
individuals with respect to their genotypes may affect a species’ inbreeding and
outbreeding behaviour, facilitate kin selection as well as influence population
demographics and dynamics, ultimately affecting genetic variation across the global
species range (Coltman et al. 2003; Fabiani er al. 2006). Mating systems with high

levels of female site fidelity and intense male polygamy may consequently result in
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higher than expected gene correlations among parents and their offspring (Fabiani et
al. 2006). High levels of philopatry could lead to the association of closely related
individuals, which may include those from different generations as well as those from
the same family. The extent to which kin association occurs is dependent on the level
of spatial and temporal synchronisation of philopatry and site fidelity. Male site
fidelity in combination with female site fidelity would lead to repeated mating with

either closely related partners or the same partners (Fabiani et al. 2006).

1.4 Southern elephant seals

Elephant seals are the largest pinnipeds belonging to the genus Mirounga, in the earless or
true seal Phocidae family (King 1983). The genus consists of two morphologically and
behaviourally similar species, the northern elephant seal, Mirounga angustirostris and
southern elephant seal, Mirounga leonina. Elephant seals are pelagic with adults spending
approximately 80 % of their time foraging at sea and only returning to shore to breed and
moult. The period at shore, is referred to as ‘haulout’, and is alternated by trips of up to 8
months at sea (Carrick et al. 1962a; Hindel & Burton 1988; Wilkinson 1992). While at sea,
elephant seals visit distant foraging grounds that may be several thousand kilometres away
from haulout sites (Jonker & Bester 1998). Although the two species behave the same and
are physically similar, they differ in terms of male body weights, geographic distribution
and timing of the breeding season. Male southern elephant seals are generally larger,
weighing up to 4000 kg whereas those of the northern species rarely reach more than 2300
kg (Hindell 2002). In contrast, females of the two species exhibit a range (400 to 900 kg)
of overlapping weights (Hindell 2002) and no notable differences in body size. The
northern species primarily inhabit the north-west Pacific Ocean of the northern hemisphere
and its breeding colonies occur limitedly on islands off the coast of California and Baja
California, and on the mainland coast of California (Bartholomew & Hubbs 1960). The
southern elephant seal (SES) has a wider range than the northern species and its breeding
grounds are widely distributed throughout the southern hemisphere (Fig. 1.1, Laws 1994).
The northern species breed in the boreal winter whereas breeding in the southern species
takes place in the austral spring (Laws 1994). Historically, elephant seals were hunted
extensively throughout their geographic range, but the southern species, being much less
accessible, was not as severely harvested as the northern species (Hoelzel et al. 2002).

Since the cessation of sealing, southern elephant seal numbers have increased. However,
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from the 1950’s onwards, some populations, such as those of Marion Island and those in
Kerguelen province (Fig. 1.1) started to decline, due to as yet undetermined causes
(Hindell 2002; McMahon et al. 2003), but have stabilized more recently (Pistorius &
Bester 2002; McMabhon et al. 2003; Pistorius et al. 2004).
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Figure 1.1. Comparison of population growth of southern elephant seals M. leonina at Marion
and Peninsula Valdés (taken from Pistorius ef al. 2004)

1.4.1 Distribution

The southern elephant seal, Mirounga leonina, the subject of this study, inhabits the
Southern Indian Ocean and breeds on islands that are distributed in a circumpolar

fashion on either sides of the Antarctic Polar Front (Fig. 1.2. The world’s estimated
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population size of southern elephant seals is about 650 000 individuals which are
divided into four regionally distinct populations referred to as ‘stocks’, namely (i) the
South Georgia stock in the South Atlantic Ocean, (ii) the Kerguelen stock in the south
Indian Ocean, (iii) the Macquarie stock in the South Pacific Ocean and (iv) the
Peninsula Valdés stock in Argentina (Hindell 2002; McMahon et al. 2003). Each stock
is made up of a group of breeding colonies of various sizes, each of which is
associated with either one or a group of islands, separated by distances ranging from
400 to 3000 km (Hofmeyr 2000). The South Georgia stock (circled in gold in figure
1.2) is numerically the largest and comprises of the populations of South Georgia
Island, the Falkland Islands (which include Sea Lion Island and Elephant Island),
South Shetland Islands, South Orkney Islands, Gough Island and Bouvetoya Island.
The Kerguelen stock (circled in green in figure 1.2) encompasses all colonies that
breed and moult at Iles Crozet, Iles Kerguelen, Heard Island and the Prince Edward
Island Archipelago which includes Marion Island (Bester 1988; Hoelzel et al. 2001).
Breeding colonies at Macquarie Island, Campbell Island, Auckland and Antipodes
Island constitute the Macquarie stock (circled in blue in figure 1.2). The only mainland
population on the shore of Argentina in South America constitute the Peninsula Valdés
stock (circled in red in figure 1.2), a comparatively small but increasing colony. The
mainland of Antarctica is also used occasionally as a pupping site by female southern

elephant seals (Hindell 2002).
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Figure 1.2. Southern elephant seal distribution in the Southern Ocean (taken from Fabiani
2003). Circles reflect colony size and island names have been abbreviated as follows: SG, South
Georgia Island; GOU, Gough Island; BOU, Bouvet Island; MAR, Marion Island; CRO, Crozet
Islands; KER, Kerguelen Islands; CAM, Campbell Island; FI, Falkland Islands (note that FI is
in place of Sea Lion Island); PV, Peninsula Valdés; EI, Elephant Island; HD, Heard Island; MQ,
Macquarie Island.
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1.4.2 Mating system

In order to characterise the genetic makeup of southern elephant seal populations, it is
essential to understand their reproductive mating system as it has bearing on genetic
structure and therefore the interpretation of results. Males are the first to haul out on
breeding sites in late August and contend to establish a dominance hierarchy ranking,
which in turn sets up a breeding role for each male member of the population (Hoelzel
et al. 1999). Following this, already pregnant females haul out and aggregate in large
numbers within the hierarchy already established by males (Fabiani er al. 2006).
During their first 3-5 days on shore, females give birth to a single pup, which they
nourish for approximately three weeks on their own (Hofmeyr 2000; Hoelzel et al.
1998). Shortly before they wean their pup, they come into oestrous, copulate with the
dominant male and return to the sea (Hoelzel ef al. 1999; McCann 1980). Southern
elephant seals are among the most highly sexually dimorphic and polygynous
mammals, with males focussing on becoming the largest and most dominant
beachmasters, thereby excluding the access of other males to their harem of females,
which may number in the hundreds (Fabiani et al. 2006). Adult males normally weigh
between 3000 to 4000 kg and may be 4.2 — 4.5 m long. Conversely, adult females are
much smaller, with a mass of between 400 — 900 kg and a length of between 2.6 and
2.8 m (Laws 1993). Sexual dimorphism in this species (Fig. 1.3) is thought to have
evolved in part because large male body size is associated with winning fights and
achieving a dominant social rank, which is positively correlated with access to
oestrous females and increased fasting endurance (Hoezel et al. 1999). Previous
studies on the reproductive system of southern elephant seals revealed significant
variation in male reproductive success (Hoelzel et al. 1999; Fabiani 2002). On
average, male southern elephant seals reach puberty at about 4 years of age (Laws
1956) and social maturity (the age at which a male southern elephant seal attempt to
control a harem of females or participate in breeding) as early as 8 years of age
(McCann 1981). However, male sexual and social maturity can differ between the
different SES natural populations and this may also affect genetic structure (Laws
1956; McCann 1981). For instance, at Macquarie (McCann 1981) and Marion Island

(Pistorius er al. 2005) most males reach puberty at 6 years and social maturity ranges
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from 10 to 14 years, whereas males on South Georgia mature sexually when they are 4
years of age and social maturity ranges from 8 to 16 years (McCann 1981). When
considering reproductive success over a lifetime, not every male southern elephant seal
reaches puberty and of those that do become sexually mature only a few meet the
criteria to monopolise mating (Jones 1981; Pistorius et al. 2005). In contrast to the
short and centralised male reproductive contribution, females become involved in
reproduction as early as 2 years of age. Given their average 19-year life span (and a
maximum documented life span of 23), their reproductive effort, in contrast to males,
is spread throughout their life (Reiter er al. 1981). Females are tied to parental care
through parturition and lactation and so have to maximise access to resources to ensure
the birth of a pup with a good weight (McMahon et al. 2004). Female distribution is
highly influenced by site fidelity and philopatry and females tend to aggregate at the
same breeding or natal site each year (Hoelzel ef al. 1999; Fabiane et al. 2006). Site
fidelity in both sexes has been reported from mark and recapture studies of natural
SES populations, with males tending to disperse more frequently than females (Fabiani
et al. 2006). Males that do not attain the position of a beachmaster are excluded from
reproduction, which may explain the sex-biased migration recorded for this species
from the mark and recapture programs as well as from genetic studies (Fabiani et al.

2004; Hindell et al. 2000).
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Figure 1.3. A harem of southern elephant seals at Marion Island during the austral summer,
illustrating the sexual dimorphism in this species. The group consists of adult females (and their
pups) which are dominated by a single massive male referred to as the ‘beachmaster’. Males may
reach 5m in length and may weigh up to 4000 kg whereas females are less than 3 m in length and
weigh approximately 500 kg, on average.

1.5 Scientific techniques for investigating population structure and diversity

1.5.1 Mark and recapture

Over the past decades, the mark and recapture technique has been used to investigate
important population dynamic aspects such as population structure, dispersal patterns
and population sizes for most marine mammals, including the southern elephant seal.
In southern elephant seals, this technique involves marking of individuals belonging
to a particular breeding colony with colour coded tags and a regular systematic census
at all possible haulout sites (Bester 1988). To estimate the above parameters, this
technique bases its inferences on the rate of recapturing animals and on sightings of
foreign tag bearing individuals. Although this method has proven to be instrumental in

the conservation of the southern elephant seal, it may not provide a true reflection of
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the three main parameters it aims to assess due to the several shortcomings (Slade
1998). Firstly, the proportion of individuals that return to their natal sites has been
shown to be low (Slade 1998). Secondly, tagging and census effort varies between
populations. Thirdly, southern elephant seal behavioural traits also contribute to
practical difficulties that could limit data recovery. Female southern elephant seals
aggregate in large numbers to form harems that are controlled by a single or a few
aggressive males who intend to defend their breeding title against any intruders,
including humans. As a result, it is also likely that individuals bearing foreign tags
(individuals born elsewhere) may go undetected. This may therefore affect the results
as this technique relies heavily on accurate capturing of the information engraved on
tags. More recently, VHF and satellite telemetry has been employed to obtain
continental movement data covering a time span of days to months and even years
(Teilmann 2000). This information has also been also been used in the identification
of home range and dispersal patterns of marine mammals. For example, VHF data
indicated that harbour porpoises inhabit distinct home ranges (Teilmann 2000). The
annual pelagic phase of elephant seals have been studied extensively using VHF and
satellite telemetry (Hindell ez. al. 1991; Stewart & Delong 1992, 1995; McConnell &
Fedak 1996; Jonker & Bester 1998). In this technique, expensive electronic devices
are mounted on relatively few individuals. This technique is limited from drawing
conclusive decisions on ranging behaviour and dispersal patterns by low sample size
and practical difficulties associated with retrieving information from such devices

(Hofmeyr 2000).

1.5.2 Molecular tools for population genetics

In recent years, molecular population genetic techniques have advanced to a point that
allows for the accurate assessment of genetic parameters of relevance to conservation
biology, such as within population heterozygosity, gene flow between populations,
and the genetic distinctiveness of taxonomic units (Avise 1994; Lyrholm et al. 1999;
Moritz 1994). The most used molecular approach in assessing species population
dynamics is one that makes use of both mitochondrial (mtDNA) and nuclear
microsatellites (Lyrholm et al. 1999; Brown et al. 2005). Mitochondrial DNA has
been widely used in many molecular population genetics analyses owing to the
numerous advantages associated with it, amongst others: (i) it consists of 37 genes

that evolve faster than most nuclear DNA genes, (ii) it is inherited through a maternal

11



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

pathway in most mammals, and (iii) it lacks intermolecular recombination meaning
that it is inherited as a single locus. An increasing number of authors have compared
mitochondrial and nuclear DNA to test for sex-specific patterns of dispersal or
unequal gene flow as a result of sex-biased dispersal. This approach takes advantage
of the fact that mtDNA evolves faster, has smaller effective population sizes (one-
quarter that of the nuclear DNA) and when subjected to drift resulting from genetic
barriers in females, this marker rapidly shows strong structure between species

population fragments (Avise 1994).

Microsatellites are nuclear markers consisting of short tandemly repeated DNA
segments, usually 2 to 5 base pairs in length (Nei & Kumar 2000). The inheritance
pathway in this case is biparental meaning that it contains genealogical information
from both paternal and maternal lineages. These repeats are found in approximately
every 10 kilo base par (kb) of the eukaryotic genome and are thought to arise from
mutational changes following a slippage model of duplication and deletion of repeat
units (Burg ef al. 1999; Nei & Kumar 2000). Microsatellite markers are generally
highly polymorphic, codominant and relatively easy to screen once isolated (Palo et
al. 2001; Oostehout et al. 2004). They often also allow for cross-species
amplification. For instance, microsatellite markers isolated from one seal species are
usually applicable in a wide range of other pinniped species. This technique requires
only a few DNA copies for PCR-amplification (Oostehout et al. 2004). Other
advantages of using microsatellite markers include (i) many genetic loci can be
analyzed and scored; (ii) they provide multiple independent genealogies for
population studies, and (iii) they have a high rate of mutation (Burg et al. 1999).
Microsatellite markers have proven to be a useful tool in population studies,
particularly of marine mammals which are usually inaccessible for direct field
observations (Burg et al. 1999; Palo et al. 200). Most notably, these markers, together
with other genetic markers (mtDNA), have been used to address several biological
aspects important to conservation namely, population history and phylogeographic
structure, genetic diversity, individual fitness and mating systems, and have also been
used to investigate sex-specific patterns of gene flow between natural SES
populations (Slade 1998; Slade et al. 1998; Hoelzel et al. 2001; Fabiani et al. 2003,
2004, 2006).

12
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1.6 Genetic variation of southern elephant seal populations

Diversity of southern elephant seal populations was recognised in the early 20"
century and was driven by the observable morphological difference corresponding to
the geographic location of different populations around the APF. Based on the analysis
of skull characteristics, Lydekker (1909) proposed that three subspecies be recognized
namely falcladicus in the southern Atlantic ocean, crosetensis in the southern Indian
ocean and macquariencesis in the south Pacific ocean (Slade et al. 1998). According
to Bryden (1968), these morphological differences were environmentally determined.
Early inter-population genetic assessment between Macquarie and Heard islands by
Gales et al. (1989) suggested a significant differentiation at four allozyme loci among
individuals from these two populations. The second phase of SES inter-population
genetic assessment was based on the comparison of mitochondrial DNA (mtDNA) and
microsatellite markers between three oceanic breeding colonies namely South Georgia
(SG), Heard Island (HD), Macquarie Island (MQ) and the continental breeding colony
at Peninsula Valdés (PV) in Argentina (Slade 1998; Slade et al. 1998). These studies
revealed a significant differentiation in both the mtDNA and microsatellite markers
between MQ and HD, consistent with the allozyme differentiation observed by Gales
et al. (1989). However, Slade et al. (1998) reported little differentiation in either
mtDNA or microsatellite markers between HD and SG which they suggest may reflect
common origin (Slade 1998; Slade et al. 1998; Hoelzel et al. 2001). Based on mtDNA
only, the continental-breeding colony at PV was shown to be genetically distinct from
each of the three oceanic colonies (HD, MQ and SG; Slade et al. 1998). This therefore
reflected little correlation between genetic and geographic distances, as PV and SG are
closer to each other (only 2400 km apart) than SG and HD, which are separated by a
distance of 6800 km (Hoelzel et al. 2001). A more detailed study based on the
comparison of molecular markers (mtDNA and microsatellites) and morphological
traits further supported the differentiation between SG and PV (Hoelzel et al. 2001). In
this study, high diversity in nuclear makers in all populations but low mtDNA
diversity on the mainland was reported (Hoelzel et al. 2001), suggesting a founder
event and little subsequent female immigration. In a more recent study (Fabiani 2002;
Fabiani et al. 2003), the geographically intermediate colonies of Sea Lion Island (SLI)

and Elephant Island (EI) which are situated between SG and PV where characterised
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and the data pooled with that of the readily available genetic database from PV and SG
to investigate the genetic differentiation pattern between the South Georgia and the
Peninsula Valdés stock. It was shown that neither of the two intermediate islands (SLI
and EI) was genetically similar to the PV breeding population, and that both SLI and
EI were in fact genetically more similar to HD than they were to SG, despite the closer

proximity of both to the latter island.

1.7 Marion Island southern elephant seal dispersal activities versus that of other

islands

Marion Island (46°54°S, 37°45’E) is a Subantarctic island located in the southern

Indian ocean, approximately 2180 km southeast of Cape Town, South Africa. It is 290

km? in area, with a coastline of approximately 90 km of varied physiognomy,
predominated by cliff faces. Seals mainly haul out on easterly boulder and pebble
beaches (Pistorius & Bester 2001). A relatively small population of SES breed and
moult at Marion Island, which forms part of the Kerguelen stock. The Marion Island
elephant seal population increased in the post-sealing period, up to the 1950s (Condy
1979), but declined subsequently (Pistorius et al. 1999; Pistorius & Bester 2002) and
has only stabilized since 1994 (Pistorius et al. 2004, Fig. 1.2). Male-biased dispersal
typifies southern elephant seals and most marine polygynous land breeders (Hofmeyr
2000; Fabiani et al. 2006). For instance, male-biased dispersal occurs in otariids such
as the northern fur seals, Callorhinus ursinus, (Kenyon 1960; Griben 1979) and
phocids such as grey seals, Halichoerus grypus (Pomeroy et al. 1994). In a recent
study based on molecular markers and a mark and recapture study of southern elephant
seals at the Falkland Islands, it was shown that males are the dispersing sex whereas
females are highly philopatric and loyal to their first breeding site. Furthermore, the
within colony relatedness was found to be higher for females than males (Fabiani et al.
2006). These findings support Nicholls’ (1970) finding that males disperse more
frequently than females at Macquarie Island. Contrary to this typical SES dispersal
pattern, female site-fidelity appears not to be as strict for Marion Island southern
elephant seals (Hofmeyr 2000). In his study, Hofmeyr found that females dispersed

further away from their natal sites than males. Based on a mark and recapture dataset,
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it was shown that 88 % of male SESs at Marion Island bred within five kilometres
from their natal site as opposed to 61 % of females that bred within that range
(Hofmeyr 2000). Furthermore, males bred closer (within 3.1 km on average) to their
first breeding site whereas females dispersed further away (6.1 km which is twice as
far as that of males) from the first breeding site (Hofmeyr 2000). Males therefore
showed a higher loyalty to their first breeding sites, compared to females who
dispersed further away, with proportionally less breeding close to their natal sites
(Hofmeyr 2000). Hofmeyr’s interpretation of this unusual dispersal pattern was that
females choose to disperse in order to minimize inbreeding and pup mortality, which
may arise when both sexes have high fidelity to a particular site. In context of these
findings, the within-colony relatedness of southern elephant seals on Marion Island is

expected to be high, with males being more related to each other than females.

1.8 Relevance of this Study

The effects of the historical harvesting and the influence of sex-biased dispersal and
reproductive strategies in the SES population genetic structure have increasingly
received attention. Six of the twelve naturally occurring populations namely, Peninsula
Valdés, South Georgia, Macquarie Island, Heard Island, Falkland Islands (Sea Lion
Island) and Elephant Island (South Shetlands) (Slade et al. 1998; Fabiani et al. 2003)
have been investigated thus far. However, the Marion SES population has never been
assessed or included in a global genetic population comparison of SESs. This study
therefore aims to investigate the genetic variation in the SES population at Marion
Island and to determine its relatedness to other genetically characterised island
populations, on the basis of mitochondrial and nuclear markers. In addition, the
molecular structure will be compared with the social structure that has been revealed
from the mark and recapture programme at Marion Island. A great deal of research has
been directed at demographic aspects of various SES populations. The focus in
particular has been on changes in population sizes, and the causal factors associated
with these changes (Pistorius & Bester 2001). This has been based on long-term mark
and recapture studies that were established at Marion Island in 1973 (Bester 1989;
Pistorius & Bester 2001; Pistorius et al. 2004). By expanding the research to include a

molecular component, insights into historical, behavioural and management aspects of
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the southern elephant seal population at Marion Island will be obtained. This study
represents the first step in assessing the genetic diversity of this southern elephant seal

population, for which an extensive mark and recapture database is available.
1.9. Objectives

Given a brief background of factors affecting species population dynamics, population
genetic structure and overall survival, this project has two primary objectives, namely
(1) to determine the level of genetic diversity and relatedness in the southern elephant
seal population at Marion Island and (ii) to reassess the global genetic structure among
naturally occurring southern elephant seal populations (M. leonina) in light of the
newly generated Marion Island dataset, based on comparisons of two population

genetic markers namely, mitochondrial DNA (mtDNA) and microsatellites.

The specific aims that will be addressed in achieving these objectives are:

1. To determine the level of genetic diversity of the southern elephant seal
population at MI as assessed from mtDNA (control region sequences) and
microsatellite DNA (allelic frequencies) analyses.

2. To evaluate microsatellite-based genetic relatedness estimates of MI SES
individuals in light of the known gender differences in site fidelity, obtained from
mark and recapture studies.

3. To provide the first genetic assessment of the Kerguelen (KER) stock, by
comparing the relatedness and diversity of the MI and HD Island populations that
constitute this stock.

4. To evaluate genetic diversity and structure of four SES stocks, namely the
Kerguelen (MI and HD), South Georgia (SLI, EI and SG), Macquarie (MQ) and
Peninsula Valdés (PV) stocks.
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Chapter 2
Genetic variation and population structure in southern elephant seals

Mirounga leonina at Marion Island as inferred from mtDNA

2.1 INTRODUCTION

The southern elephant seal (SES), Mirounga leonina, is the largest pinniped
commonly found on islands around the Antarctic Polar Front (APF) and has a
circumpolar distribution (Laws 1994, Bornemann et al. 2000). Four distinct
population stocks are currently recognized: the South Georgia stock in the south
Atlantic ocean, the Peninsula Valdés stock in Argentina, Kerguelen stock in the south
Indian ocean (which includes the Marion Island population) and the Macquarie stock
in the south Pacific ocean (Hindell 2002; McMahon et al. 2003). Historically, the
southern elephant seal, M. leonina, was commercially harvested during the 19™
century and as a result it is possible that this species exhibits a relatively low degree
of genetic variation. Though both male and female SES have demonstrated high
mobility capacity and inhabit an environment with few geographic barriers that can
prevent panmixia, females SESs often show site fidelity and philopatry to their natal
site whilst males are known to be capable of dispersing long distances away from
their natal range, for breeding purposes (Hofmeyr 2000; Hoelzel et al. 2001; Fabiani
et al. 2003). Such gender difference in dispersal can leave a strong genetic structure
between populations; particularly in the haploid, maternally inherited mtDNA as
haplotypic frequencies in a population respond rapidly to isolation (Avise 1994). The
control region of the mitochondrial genome, which is a non-coding region and
therefore not involved in gene expression, rapidly accumulates mutations that are not
lethal to the host cell. This mitochondrial region has primarily been used to quantify
the loss of genetic diversity in most species as it is affected by population bottleneck
and forces of genetic drift as a result of population isolation (Frankham er al. 2002;
Avise 1994). Genetic diversity and population structure at this mitochondrial locus
has already been investigated for six SES populations representative of the four stocks
namely: Heard Island (representative of the Kerguelen stock), South Georgia,
Elephant Island, Sea Lion Island (representative of the South Georgia stock),

Macquarie Island (representative of the Macquarie stock) and the continental colony
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at Peninsula Valdés (representative of the Peninsula Valdés stock) (Hoelzel et al.
1993; Slade er al. 1998; Fabiani et al. 2003). Each of these islands will be abbreviated
henceforth as HD, SG, EI, SLI, MQ and PV, respectively. In these earlier studies, a
moderate level of diversity was discovered in almost all studied SES populations
except Peninsula Valdés, from which only three matrilineal lineages were recovered
(Hoelzel et al. 2001). The level of differentiation between putative island populations
was moderate when SG, HD, EI and SLI were compared, while the mainland
population in Argentina (PV) and the island population at MQ stood out as being
highly differentiated from the remaining islands. These mtDNA studies of SESs also
confirmed the results obtained from mark-recapture programmes (Hindell et al. 1999;

Fabiani et al. 2003; Hoelzel et al. 2001), namely that:

¢ A limited degree of mixing occurs between the different stock populations,
and

e the small degree of migration that occurs can be attributed to males, which
have been shown to travel between 5200 km and 8000 km by mark and

recapture data and molecular approaches, respectively.

Any species that displays low female dispersal and that has been disturbed by humans
or natural causes recovers slowly (Avise 1994). The SES populations which depict
low female dispersal and that are geographically isolated are not expected to recover
rapidly as reproductive success is also dependent upon recruitment of foreign
individuals (Avise 1994). Such populations will therefore need immediate
management attention. When undertaking the management or conservation of a
species it is important to determine the number, size, and level of genetic variation of
all the existing populations (Schaeff 2002). As the Marion SES population was not
included in previous genetic assessments of SES populations, this study will provide

valuable data for future management of the species. Contingent
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In this chapter, we aim to quantify the level of genetic diversity at the mtDNA control
region locus of individuals from the unstudied MI SES population. The data generated
will then be compared with data from other genetically characterised populations
(HD, MQ, PV, SLI, EI, and SG) to assess:
1) The pattern of genetic diversity and differentiation among putative
populations;
2) To investigate the pattern of female-mediated gene flow between these

breeding colonies.

2.2 METHODS AND MATERIALS
2.2.1 Sample collection

Samples were collected during April 2003 from marked elephant seals (n = 73) born
on Marion Island, and of known age and sex. Members of this species are known to
return to their natal site, or sites adjoining the natal site, to breed and moult (Hofmeyr
2000), which may lead to individuals in a particular area being closely related. We
therefore randomly sampled animals from a number of sites (Fig. 2.1) between Storm
Petrel Bay and Grey Headed Beach (053 to 026, respectively in Fig. 2.1).
Approximately 37 mm > of tissue sample was taken from the interdigital margin of the
hind flipper using a piglet ear notcher. This was achieved without restraining the
animal. Samples were then stored in vials containing 20 % dimethyl-sulfoxide
(DMSO) in a saturated salt solution (Wynen et al. 2001). To reduce the risk of wound
infection and to avoid sample contamination, all sampling equipment was brushed and

cleaned with ethanol between individual sampling.
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Figure 2.1. Distribution and relative size of southern elephant seal breeding colonies at
Marion Island. Labels refer to designated beach numbers (Appendix 1) from which samples
were collected, with the number in brackets behind the locality number, indicating the total
number of samples collected from each site. All samples were profiled in the
microsatellite component of the study (Chapter3), whilst 68 were sequenced in the
mtDNA typing component (Chapter 2).

2.2.2 Laboratory analysis

Total genomic DNA was extracted from the 73 samples using the ‘High Pure PCR
Template Preparation kit’, commercially available from Roche Diagnostic
Corporation. This procedure involved proteinase K digestion, cell lysis, DNA capture
on a column, repeated wash steps to remove cell debris, protein and inhibitory
substances, followed by nucleic acid elution off of the column. Agarose gel (1 %)
electrophoresis was used to visually assess the DNA quality off the extracts. Sixy-
eight of the 73 individuals yielded a single bright genomic DNA band confirming the

DNA integrity and quality, whereas 5 yielded a weak, smear.
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Following DNA extraction, ~100 ng of each of the 73 samples was used as template
for PCR amplification with 0.4 pM of each of the forward (L15925: 5~
TACACTGGTCTTGTAAACC-3") and reverse (H16499: 5-CTTGAAGTAGGAACCAGAT-3")
primers, in a total reaction volume of 52 pl containing 1 unit of Tag DNA polymerase
(Biotools), 10mM dNTP’s and 1x PCR buffer. These primers target an amplicon of
approximately 500 bp corresponding to HVRI of the control region of the
mitochondrial genome (Slade et al. 1994; Fabiani et al. 2003). Thermal cycling
parameters comprised an initial denaturation at 96°C for 12 s, followed by a touch-
down PCR with annealing temperatures of 50°C for 35 seconds for the first two
cycles, 49°C for 30 seconds for 15 cycles and thereafter 48°C for 30 seconds for 25
cycles. Each annealing step was preceded by denaturation at 96°C for 12s and
elongation at 72°C for 35 seconds, and the 42 cycles of denaturation, primer annealing
and extension preceded a final elongation step at 72°C for 1 minute (Slade et al.,
1994; Fabiani et al. 2003). Agarose gel electrophoresis confirmed the successful
amplification of 68 samples corresponding to the same 68 individuals from which
high quality DNA was extracted. Following genomic amplification, the PCR products
were purified with a ‘High Pure PCR Product Purification kit (Roche) according to
the manufacturer’s specifications. Sequencing reactions where performed at an
annealing temperature of 50°C with version 3.2 of the Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin-Elmer), using 3.2 pmol of each of the PCR
primers detailed previously, in separate reactions. Nucleotide sequences were
precipitated, denatured and then run on an ABI genetic analyser (Applied
Biosystems). The nucleotide sequences were viewed and edited in Chromas, version
1.43 (McCarthy 1997) and the resulting text files were exported from Chromas and
aligned with DAPSA version 4.91 (Harley 2001).

2.2.3 Data analysis

To assess the genetic variation at Marion Island, a dataset comprising of 68
individuals from this island alone was generated and analysed separately. The second
data set comprised individuals from Marion Island and those characterised previously
from six populations, representative of the four main stocks namely; the SG Island (n

= 28), SLI in the Sea lion Islands (n = 57), EI (n = 30), the PV (n = 32), HD (n = 5)

21



UNIVERSITY OF PRETORIA

s
=

" UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

and MQ Island (n = 6) (Slade et al. 1998; Hoelzel et al. 2001; Fabiani, 2002).
Sequences from EI and SLI were downloaded from the Genbank database
(www.ncbi.nlm.nih.gov), whereas those from MQ, HD, SG and PV were provided by
Prof. A.R. Hoelzel.

2.2.4 Statistical measures of genetic variation

The level of intra and inter-population genetic diversity was quantified by indices of
haplotype diversity and by the maximum likelihood estimation of the average number
of nucleotide substitution per site (nucleotide diversity, Nei 1987) within and among
populations (nucleotide divergence) using the program DNaSP version 3.51 (Rozas &
Rozas 2000). Arlequin version 3.11 (Schneider et al. 2000) was also employed to
calculate neutrality estimates such as the Tajima’s D estimate which is based on the
calculation of the mean number of pairwise differences of the sequences, and the Fu’s
Fs test of neutrality based on 5000 simulated samples (Su et al. 2001). In theory,
populations that underwent recent expansion accumulate surplus new mutations. Such
populations are expected to be out of mutational-drift equilibrium and significant
negative Fu Fs and Tajima’s D values are generally obtained for such populations (Fu
1997; Tajima 1989). The probability of recent change in population demographics
was also investigated using mismatch distributions and raggedness statistics
(Harpending et al. 1998, Schneider & Excoffer 1999). The latter analyses were both

carried out in Arleguin.

2.2.5 Phylogenetic Analysis

Model Test 3.0 (Posada & Crandall 1998) was used to determine the model of
evolution that best fitted the data at hand. Parameters such as the proportion of
invariable sites and the gamma distribution were also estimated in the Model Test.
The mean pairwise genetic distances between sequences of the putative populations
were calculated in MEGA version 2.1 using the pairwise-deletion option (Kumar et
al. 2001). For these calculations, the genetic distances were uncorrected. MEGA
version 2.1 (Kumar et al. 2001) was also used to construct neighbour-joining and
minimum evolution trees and PAUP* 4.08b (Swofford 2002) was used to infer

maximum parsimony and maximum likelihood trees. Nodal support was assessed by
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bootstrap re-sampling. Between 100 and 1000 replications were performed depending
on the computational intensity of the analysis method. Phylogenetic relationships
between putative populations were also inferred through construction of median-
joining networks as implemented in program Network version 2.0 (Bandelt er al.

1999).

2.2.6 Population differentiation

The degree of differentiation between breeding colonies was measured using analysis
of molecular variance (AMOVA; Excoffer ef al. 1992) as implemented in Arlequin
version 3.11. In this analysis, both ®stand Fsr were calculated. In calculating ®gr, an
analogue of Write’s (1965) Fst, AMOVA takes into account information of genetic
distances between haplotypes, frequencies of haplotypes in each population, and
allows assumptions about the evolution of a genetic system. In this case, estimates of
®gr were calculated using the Tamura-Nei genetic distance model with a Gamma
distribution shape parameter of 0.38 (Tamura & Nei 1993). In contrast to ®sr, the
conventional Fgr was calculated by analysis of variance of haplotypic frequencies
only (Write 1965). Significance levels of the two estimates (®gy and Fgr) were tested

by 1000 multiple permutations.
2.2.7 Migration

In order to evaluate the recent female effective dispersal events between the seven
SES populations, we estimated both effective population sizes and maximum
likelihood migration rate among the putative populations following the Markov chain
Monte Carlo (MCMC) approach as implemented in MIGRATE version 1.1 (Beerli &
Felinstine 2001). This approach is based on the coalescence theory and therefore takes
both history and asymmetrical gene flow into account while estimating the maximum
likelihood migration rates between populations (Beerli & Felinstine 2001). Unlike
traditional Fst based methods, this approach allows for unequal subpopulation sizes
and assumes that gene flow between populations is asymmetric (Beerli & Felinstine
2001). In this test, 15 short chains (500 trees used of the 1000 sampled) and 5 long
chains (5000 trees used of the 10000 sampled) were performed.
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2.3 RESULTS

2.3.1 Molecular diversity within Marion Island as inferred from mtDNA

A homologous region of 447 nucleotides, which corresponds to hypervariable region I
(HVRI) of the control region of the mammalian mtDNA genome was characterised
for 68 Marion Island SES individuals, and used for the MI. When the MI data were
pooled with that of the six previously characterised populations, the dataset had to be
reduced to a homologous dataset of 299 due to the short sequence length of the
sequences from the six localities (SLI, EI, PV, MQ and HD) included in this study.
For this 299 dataset, forty variable sites were identified from the aligned MI haplotype
nucleotide sequences (Fig. 2.2). Of the 40 variable sites, 26 were parsimoniously
informative and 14 were singletons. The 40 variable sites encompassed 37 transitions
and 4 transversions. A total of 44 haplotypes were identified (Table 2.1). Haplotype
diversity and nucleotide diversity were 0.978 and 0.021 respectively. Animal 067 had
a single deletion at position 130. The model that best fitted the data at hand was
Tamura-Nei with a gamma distribution shape parameter of 0.384 and the proportion
of invariable sites (I) of 0.814. Nucleotide frequencies estimated under this model in
Modeltest were 0.283 for adenine (A), 0.295 for cytosine (C), 0.268 for thiamine (T)
and 0.154 for guanine (G).
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11111 1111111111 1122222222 2222222222
6899900001 1223336899 9911222222 3444456789
2656723494 5290123723 4515012569 6012421320

MI HD SLI ET SG MO PV
MI.001 TGTCTATAGA CCTTCCTTGA ACAGCAAACC CAGGTCGCCG 1 0 0 0 0 0 0
MI.002 C..... Cove Tovvinnn. oWALL.GeL LGl WAL 2 0 0 0 0 0 0
MI.003 C..... CGA. T......... ...A.G.... .G.A..A... 2 0 0 0 0 0 0
MI.004 .....iiii v 2 ATT. 1 0 0 0 0 0 0
MI.O005 .......... O A... 2 0 0 0 0 0 0
MI.006 .......... T it e ...AC. L. 3 0 0 0 0 0 0
MI.OO7 i tiiiinnn. LG T e A... 1 0 0 0 0 0 0
MI.008 ........ A e i e e e e e 6 0 0 0 0 0 0
MI.010 C..... CGA. ........ A, ...A.G.... TG....A... 2 0 0 0 0 0 0
MI.01l2 C.A...C..G T....... A, Govvvvnnn .G....A..A 1 0 0 0 0 0 0
MI.O14 .......... T..C...... T WAL 1 0 0 0 0 0 0
O Gove v A... 3 0 0 0 0 0 0
B O A... 1 0 4 2 0 0 0
MI.019 ...... CoeG v v iCiviit i it i e A... 1 0 0 0 0 0 0
MI.020 C..... Cove Tovvvnnnn. AL .G.A..A... 1 0 0 0 0 0 0
MI.O021 .......... Lo Caii N 2 1 0 0 0 0 0
MI.022 ..C....... O T .G...... TA 2 0 1 0 0 1 0
MI.023 ......... G viviiiin e 2 0 0 0 0 0 0
MI.024 ........ A, oo A. \TG.T..... .o.u.. A... 2 0 0 0 0 0 0
MI.025 C..... C.A. Tooooo... .LWAT L. .G....A... 5 0 1 0 0 0 0
MI.026 .......... Tt e e e e e 1 0 0 0 0 0 0
MI.O27 iiiiiinnn tvnevnnn 2 AT.. 1 1 0 0 0 0 0
MI.028 C..... C.AG Tovvvvnnn. LLWAT. L .G...TA. .. 1 0 0 0 0 0 0
MI.029 ......... G o AG ....T..ove v A... 1 0 0 0 0 0 0
MI.O31 ..o vinnnn A. ... .T.o.. .. .G....A... 2 0 0 0 0 0 0
MI.O033 .......... A AL LLWALL L 1 0 0 0 0 0 0
MI.035 C..... L .G....A... 1 0 0 0 0 0 0
MI.O36 +.ivivivnn wvnevnnn A, oo Teeoe oo A... 3 0 0 0 0 0 0
MI.039 .......... T.oooon.. A. ...A...... LLWALL L 1 0 0 0 0 0 0
MI.O41 ... v S 1 0 0 0 0 0 0
MI.O42 ... v Cout i i e e e 1 0 0 0 0 0 0
MI.044 CA....C..G ... A. ...A...... .G....A... 1 0 0 0 0 0 0
MI.046 ... tiiiinnnnn AL LLWALL L 1 0 0 0 0 0 0
MI.047 ... T ..AA..A... 1 0 0 0 0 0 0
MI.O52 ...t vvnn. e s A... 1 0 0 0 0 0 0
MI.058 C.A....... T it e Govon ol 1 0 0 0 0 0 0
MI.061 C....G...G .T.C....A. ...AT..... .G....A... 1 0 0 0 0 0 0
MI.062 C..T..C..G T....... A, oo ...ALLAL L. 1 0 0 0 0 0 0
MI.O063 .......... Toveevnt. T T..A...... 1 0 0 0 0 0 0
MI.067 C..... C... T..-AA.... ...A...... .G.A..A... 1 0 0 0 0 0 0
MI.069 C.A...C... T.C..... A, oo .G....A..A 1 0 0 0 0 0 0
MI.070 .......... A AL ...A..A... 1 0 0 0 0 0 0
MI.073 ....C..... T.oooon.. A. ...A...... LLWALL L 1 0 0 0 0 0 0
MI.074 ........ A, oo Al it e A... 1 0 0 0 0 0 0
Total number of haplotypes shared with MI 2 3 1 0 1 0

Figure 2.2. Alignment of 44 SES mitochondrial DNA haplotypes from MI. Only variable sites in the
homologous 299 HVRI gene region are indicated. The vertical number on top of the alignment
corresponds to the relevant position within the mtDNA control region characterised. Frequency of
occurrence of these MI haplotypes in each of the six SES populations characterised previously is reported
in the table to the right of the alignment, with the total number of haplotypes shared between MI and each
of the six populations being indicated in bold below the table.
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Table 2.1. Genetic variability estimates based on mtDNA control sequences from
seven SES populations.
Population N Reference No of No of T h

Polymorphic Haplotypes

sites
MI 68  This study 40 44 0.021 0.978
HD 6 Slade et al. 1998 13 6 0.023 _
MQ 5 Slade et al. 1998 11 5 0.019 _
PV 32 Hoelzel et al. 2001 2 3 0.003 0.685
SG 28  Hoelzel et al. 2001 25 24 0.028 0.982
SLI 57  Fabiani et al. 2003 29 20 0.032  0.952
El 30  Fabiani et al. 2003 24 12 0.032  0.959

MI: Marion Island, HD: Heard Island, MQ: Maquarie, PV: Peninsula Valdés, SG: South Georgia,
SLI: Sea Lion Island and EI: Elephant Island. N: number of individuals; @: nucleotide diversity; h:
haplotype diversity

2.3.2 Molecular variation within the Kerguelen Stock

The 68 nucleotide sequences generated for individuals from MI were complemented
with the six available sequences from HD (Slade 1998), which is considered to be
part of the Kerguelen stock. The final Kerguelen stock dataset therefore comprised 74
sequences from these islands (MI and HD). Alignment thereof revealed 23 parsimony
informative sites and 18 singletons. Forty-one variable sites defined 48 haplotypes
from the 74 mtDNA control region sequences of the two populations. Of the six
haplotypes recovered for Heard Island, four haplotypes were unique and two were
shared between these islands. The haplotype diversity estimate for this combined

dataset was 0.997 whereas the nucleotide diversity was estimated to be 0.022.
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2.3.3 Molecular variation within and between populations

Population unique haplotypes from each of the islands constituting the Kerguelen
stock (MI, n = 44 and HD, n = 6) were combined with the 64 currently available
unique island haplotypes that constitute the South Georgia (n = 56), Peninsula Valdés
(3) and Macquarie (n = 5) stocks, resulting in a final dataset of 104 haplotype
sequences. Nucleotide diversity within populations ranged from 0.003 to 0.032
whereas gene diversity ranged from 0.658 to 0.982 (Figures 2.3 & 2.4). Due to low
sample size, gene diversity was not calculated for MQ and HD. Ranges of 11 to 40
polymorphic sites were observed within populations (Table 2.1). Eleven polymorphic
sites showed transitional mutations that were unique to Marion Island and defined
eleven unique haplotypes within this population. Of the 104 haplotypes, 16 were
shared between populations (Fig. 2.2). Three haplotypes were shared between MI and
SLI, with haplotype MRIOI7 occurring in four individuals from SLI. Haplotype
MRI017 also occurred in two individuals from EI and thus constituted one haplotype
that is shared between three populations (EI, SLI and MI). One haplotype (Sli-blob)
previously described as rare and unique to MQ and SLI occurred in two individuals
from MI (MRI022 and MRI033). No shared haplotypes were recovered between SG
and MI or between PV and ML
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Figure 2.3. Comparative nucleotide diversity for each of the SES populations included
in this study. Marion Island (MI), Heard Island (HD), Macquarie Island (MQ),
Peninsula Valdés (PV), South Georgia (SG), Sea Lion Island (SLI) and Elephant
Island (EI).
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Figure 2.4. Haplotype diversity of five of the seven SES populations that have been
characterised thus far. Marion Island (MI), Peninsula Valdés (PV), South Georgia (SG),
Sea Lion Island (SLI) and Elephant Island (EI).
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2.3.4 Population expansion and Neutrality test

Fu’s Fs test of neutrality was not significant for PV but revealed a significant and large
negative Fs value for MI, SLI, EI and SG. However, Tajima’s D estimate for SG, SLI
and EI was small and positive and thus not consistent with Fu’s Fs results (Table 2.2).
Similarly, Tajima’s D estimate for MI was negative but not significant and does not
support the results of Fu’s Fs test of neutrality (Table 2.2). At a stock level, a large and
negative significant Fu’s Fs value was recovered for both the Kerguelen and the South
Georgia stock (results not shown). Contrary to the large and significant Fs value,
Tajima’s D estimate obtained for both the Kerguelen and the South Georgia stocks (D
= 0.0519, P > 0.10 respectively) was not significant (results not shown). The pairwise
mismatch distributions plots from five SES populations are shown in figure 2.5.
Smooth curves with raggedness value of less than 0.03 were recovered for four
populations (M1, SLI, EI and SG) except the PV (raggedness = 0.115, see table 2.2). The
pairwise distributions of mismatch ranged from Ito 16 differences in the four
populations whist PV had 3 differences only. The position of the highest peak in
mismatch distribution was seen at around 9 differences for MI and SG population
whereas the smallest peak for these islands was at 15 differences. For EI and SLI,
mismatch distribution peaked at 10 differences whereas the lowest peak for the two

islands was observed at 4 and 16 respectively.

Table 2.2. Summary of neutrality estimates and raggedness statistics

Population Fu’ FS Tajima’s D Raggedness Index Raggeness p-value

SLI -24.90 0.57 0.026 0.120
EI -25.04 0.72 0.016 0.590
SG -21.21 -0.09 0.011 0.740
PV 1.48 1.74 0.115 0.120
MI -34.50 -1.00 0.007 0.800
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Figure 2.5. Observed (bars) and expected (lines) mismatch distribution for mtDNA
control region data set from five SES populations. Expected distribution and their
parameters were estimated according to an infinite site model, and the least squares
method of Schneider & Escoffier (1999).
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2.3.5 Measures of the proportion of genetic variance between populations

The proportion of genetic variance among pairwise populations was estimated using
Fsrand ®gr. In all pairwise comparisons, the two estimates (Table 2.3 and 2.4) were
in agreement. Differentiation as measured by ®gsy and Fgr statistics revealed a weak,
but significant differentiation between MI and HD. Despite the larger geographical
distance between islands, differentiation between EI and MI and between MI and
SLI was weaker than that observed between HD and MI, but significant for all these
pairwise comparisons (MI-SLI or MI-EI). MI differed significantly from SG, as
revealed by the large and significant ®sr and Fsr values recovered between these
two locations (Table 2.3 and 2.4, Fig. 2.6). PV and MQ were most differentiated

from MI, with the largest, significant ®stand Fsr values.

Table 2.3. Population differentiation based on ®gr values for the seven SES populations.

SLI EI SG 1% MQ HD MI

SLI - 0.0900 0.0000  0.0000  0.0000  0.1000  0.0090
EI 0.049 - 0.0000  0.0000  0.0000 0.0810 0.0000
SG 0.149 0.116 - 0.0000  0.0000  0.0000  0.0000
PV 0.526 0.625 0.582 - 0.0000  0.0000  0.0000
MQ 0.455 0.444 0.522 0.918 - 0.0000  0.0000
HD 0.069 0.082 0.222 0.811 0.555 - 0.0200
MI 0.051 0.074 0.178 0.593 0.450 0.094 -

Ogr values are given in the bottom left of the table, and the corresponding p-values in the

top, right of the table.
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Table 2.4. Population differentiation based on pairwise Fgsr values for the seven SES
populations.

SLI El SG PV MQ HD MI
SLI - 0.084 0.0000 0.0000 0.0000 0.099 0.0019
ElI 0.025 - 0.0000  0.0000  0.0000  0.060 0.0001
SG 0.121 0.097 - 0.0000  0.0000  0.0000  0.0000
1 3% 0.563 0.609 0.576 - 0.0000  0.0000  0.0000
MQ 0.410 0.429 0.498 0.905 - 0.0000  0.0000
HD 0.061 0.087 0.203 0.798 0.529 - 0.0293
MI 0.051 0.078 0.174 0.573 0.434 0.091 -
Fsr values are given in the bottom left of the table, and the corresponding p-values in the top
right of the table.
1 5
0.9 -
0.8 -
0.7 -
0.6 4 I
5 05 | ]
LL
0.4 -
0.3
0.2
0.1 -
04
OSLI-El mSLI-SG* O SLI-PV* OSLI-MQ* mSLI-HD @SLI-M* mEI-SG* O EI-PV*
®mE-MQ* mEIFHD* OEI-M* ©OSG-PV* BSG-MQ* B SG-HD* mSG-M* mPV-MQ*
@ PV-HD* OPV-M* OMQ-HD* OMQ-M* OHD-M*

Figure 2.6. Population differentiation based on pairwise Fgr comparisons of the seven
populations. Significance levels where P > 0.05 are denoted with a * next to each of the
island pairs compared.
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2.3.6 Genetic distance between populations

The nucleotide divergence between MI and HD was relatively low and was
therefore in support of the low differentiation obtained for the two islands (Table
2.5). The genetic distance between MI and PV and between MI and MQ was among
the highest recorded in this study (D, = 0.022 and 0.016 respectively; Table 2.5)
which is consistent with the high levels of differentiation between these populations.
Nucleotide divergence between MI and HD was among the lowest (0.002) as was
the divergence between SLI and MI and that of EI and MI, despite the larger
geographical distances between MI and these islands (D, = 0.002 for all).
Divergence between SG and MI (D, = 0.005) was also low but slightly larger than
that observed between MI and the SLI and EI populations.

Table 2.5. Mean genetic distance between populations.

SLI  EI SG PV MQ HD MI
SLI B
EI 0.001 _
SG 0.004 0.002 _
PV 0.018 0.021 0.017 _
MQ 0.019 0.018 0.022 0.043 _
HD 0.002 0.003 0.006 0.020 0.020 _
MI 0.002 0.002 0.010 0.022 0.016 0.002 -
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2.3.7 Migration

The migration values and effective population sizes are summarized in Table 2.6.
Migration estimates between MI and the putative islands are also shown in figure
2.7. The level of migration from EI to both MI and SG was the highest recorded
(2Ngimemn = 5.20 and Ngpngisg = 6.91, respectively) whereas reverse migration
from the two islands (MI and SG) to EI was very low (2Ngsgmsger = 0.15, 2Nminmier
= 0.15, respectively). Moderate levels of gene flow from SLI to MI and from HD to
MI were also observed. All other maximum likelihood estimates were relatively low
(2Nem < 1) with some, notably those from SLI to EI and SG to PV, and from PV to
MQ, HD and MI being close to zero. The obtained estimates for present-day
effective population sizes (6 = 2Ncu) can be summarised as SG > MI > MQ > EI >
SLI> HD > PV.

Table 2.6. Summary of the estimated migration rates between the seven SES
populations and female effective population size (expressed as 6 = 2Nu) for each.

SLI EI SG PV MQ HD MI 0
SLI - 15 1.7 005 024 021 3.98 0.030
EI 055 - 691 0.10 0.24 0.54 5.20 0.032
SG 040 0.15 - 005 0.24 021 1.24 0.225
PV 0.11 0.15 0.71 - 0.24 0.21 0.05 0.001
MQ 0.27 0.15 0.71 0.05 - 0.21 0.51 0.061
HD 0.14 1.08 0.71 0.05 0.24 - 3.13 0.008
MI 0.27 0.15 131 0.05 0.24 2.14 - 0.144

The top right half of the table (indicated in grey) contains migration rates from islands
listed in the first column to the islands listed in the top row, whereas the bottom left half
of the table contains migration estimates from top-row islands to first-column islands.
Effective female population size (0) for each first-column island is indicated in the far
right column.
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Figure 2.7. The SES distribution map showing migration estimates to and from Marion Island.
Migration estimates from MI are indicated in yellow whilst estimates contributed by each
island to MI are denoted by the unique colour assigned to each individual island.

2.3.8 Phylogeographic analyses

The neighbour-joining (Figure 2.8) and minimum evolution phylogenies of the
combined dataset (n = 104) inferred with MEGA, were very similar. The two
phylogenies revealed little to no geographic structure and were characterised by
poorly supported, shallow branches and nodes, particularly for haplotypes from SLI,
El, SG, HD and MI. For these populations, no clear association between individuals
with respect to geographic locations was noted. Even though certain individuals
grouped according to their respective island of origin, the resulting phylogeny was
predominantly comb-like with a few terminal branches having support and the
majority of internal branches lacking support. Several relatively well-supported

lineages (with bootstrap support values ranging from 53% to 68%) contained
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haplotypes from different geographic localities. For example, two individuals from
HD (HD.03 and HD.05) clustered with one individual from MI with 58% bootstrap
support, whilst one haplotype which was shared between EI and SLI matched
haplotype number MI1.017 from MI and clustered together with MI1.063 from MI
with 58% bootstrap support (Fig. 2.8). As demonstrated in previous studies,
haplotypes from MQ and PV formed a separate and distinct monophyletic lineage
with high bootstrap support (79% and 90% respectively). One haplotype within the
MQ lineage (MQ.01) matched two individuals from MI (M1.022 and MI.033) and
one individual from SLI (SLI-BLOB). Since the data set was dominated with
individuals who are separated from each other either by one or two base pairs, the
maximum parsimony and maximum likelihood phylogenies ran for a prolonged

period and both were terminated before reaching completion.
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Figure 2.8. Neighbour joining tree inferred from a homologous 299 bp region of the mtDNA control
region with haplotype sequences from seven SES breeding colonies. Haplotypes from MI, PV, EI,
MQ, SLI, HD, and SG are colour coded in yellow, orange, pink; red; blue; green; and black
respectively. The tree was constructed using the Tamura-Nei model of nucleotide substitution with a
gamma distribution shape parameter (o) = 0.38 as determined by Model test. Bootstrap support values
> 50 are those obtained from 1000 replicates.
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Phylogenetic relationships within SES individuals of the MI population and between MI and
other populations were also investigated using median-joining networks (Figure 2.9 & 2.10).
At inter-population level comparisons, the median-joining network again showed no
geographic structure, between haplotypes from MI, SLI, EI and SG as they occupied no
particular position of the network. The network also demonstrates that shared haplotypes
between populations were mostly between these islands (MI, SLI, EI and SG). Haplotypes
from SG mostly occupied the middle part of the network, with exceptionally few being found
in the upper and bottom areas of the network. Haplotypes from SLI and EI occurred all over
the network whereas those from MI and HD were restricted to the upper and the bottom part.
Haplotypes from MQ and PV formed separate sub-clusters in the bottom and top parts of the
network, respectively. Again, haplotype M1.022 from MI clustered with previously described
haplotypes (SLI_BLOB, Fabiani et al. 2003) from SLI and MQ and occurred within a well-
defined MQ lineage. The majority of these haplotypes were separated from each other and
from haplotypes from other localities by one or two mutational steps, resulting in a complex
network with short branches.

At a local level, the median-joining network showed considerable diversity for Marion Island
SESs (Figure 2.10), with 28 of the unique haplotypes being recovered from a single one
individual and the remaining fourteen haplotypes occurring in more than one individual
(frequency range of 2 to 6 individuals per haplotype). Of these, haplotype MI.008 (occurring
in 5 individuals) and in the top-left of the figure has several unique haplotypes radiating from

it in a star-like shape.
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Figure 2.9. A median-joining network showing relationships between mtDNA haplotypes from seven SES populations.
Individual haplotypes are represented by a colour coded circle of varying sizes. The circle size is proportionate to the
frequency of occurrence of each haplotype. Open circle represent haplotypes which are absent. The length of every line
connecting any two heplotypes is proportionate to the base pair differences between them. MI: yellow; PV: orange, EI:
Pink; MQ: Red; HD: blue; SLI: green; and SG: black.
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Figure 2.10. A median-joining network showing relationships between haplotypes from Marion SES populations.
Individual haplotypes within the MI population are represented by a yellow circle of varying sizes whereas those that are
abscent are represented by a red circles. The circle size is proportionate to the frequency of occurrence of each haplotype.
The length of every line connecting any two heplotype is proportionate to the base pair differences that exist between any
two.
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2.4 DISCUSSION

2.4.1 Level of genetic variation

The level of nucleotide and haplotype diversity within the MI population was 0.021
and 0.98 respectively and falls within the range recorded for other SES breeding
colonies. MI southern elephant seals also had relatively larger nucleotide diversity
(2.1%) compared to MQ and PV (1.9% and 0.3% respectively). Similarly, the nearest
SES breeding colony to MI, HD had a similar but slightly higher (2.3%) nucleotide
diversity than MI. Although nucleotide diversity at MI and HD is lower than that
reported for other breeding colonies (SLI, EI and SG), it is still among the highest
reported for mammalian species (Slade et al. 1998; Hoelzel et al. 2002; Natoli et al.
2003). Nucleotide diversity at both MI and HD was nearly an order of magnitude
higher than that observed in PV, as was the haplotype diversity (Hoelzel et al. 2001).
On average, SESs have relatively high levels of diversity compared to the northern
elephant seal congeneric which suffered a drastic bottleneck (Hoelzel et al. 1999;
Hoelzel et al. 2001). This therefore supports census records from the 19" century
which suggests that the SES was not as heavily harvested as the northern species

which breed in the north-west Pacific Ocean.
2.4.2 Population expansion and Neutrality test

Historical population expansions of the Marion SES population were assessed using
Fu’s Fs test. Fu (1997) assumes that a negative Fs value indicates neutrality of
mutations, which result from deviations caused by population growth and/or selection
(Su et al. 2001). In this study the Fu’s Fs test of neutrality revealed a significant value

for MI, EI, SLI and SG which is consistent with population expansion.

Historical population expansions of the Marion SES population were assessed using
Fu’s Fs test. Fu (1997) assumes that a negative Fs value indicates neutrality of
mutations, which result from deviations caused by population growth and/or selection
(Su et al. 2001). In this study the Fu’s Fs test of neutrality revealed a significant value
for M1, EI, SLI and SG. Distribution of the pairwise mismatch distribution has been

widely used to explore demographic historic events (Rogers & Harpending 1992). In
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this approach, a population that has grown rapidly is expected to have a smooth and
unimodal mismatch distribution while those with a constant population size display
ragged multimodal distribution. In addition, the smoothness of the observed mismatch
distribution can be quantified by the raggedness index rg, a statistics that permits
inferences that can distinguish data from stationary to those that have expanded, with
confidence (Harpending 1994). For populations that have recently expanded, a small
raggedness index is generally obtained (Harpending 1994).

In this study, the observed pairwise mismatch distributions for MI and the three
populations of the South Georgia stock (SLI, EI and SG) were not significantly
different from the expectations predicted under a sudden population expansion model.
This together with the significant negative Fu’s Fs statistic is indicative of population
expansion for these islands. In addition, the raggedness index obtained for MI and
these populations was not significantly different from that expected for populations
that have undergone recent expansion, again reinforcing the likelihood of population
expansion for all four island populations. The position of the highest peak in
mismatch distribution curve can provide information as to when population expansion
began. A single major peak at 9 differences and a small peak at 15 times difference
were observed for the MI population. Similar types of distribution of the pairwise
differences or mismatch distribution was observed for the SG population. These
results suggest population expansion for the two populations to have first taken place
about 9 mutational time units ago, with the presence of some divergent haplotypes
that have either entered the population at a difference time or have not taken part in
the expansion. For the MI population, this observation coincides with the star-like
haplotype distribution observed in parts of the median-joining network (eg. haplotype
MI.08 that was present in 5 individuals). The results also support data from mark and
recaptures records, indicating a population expansion at MI after cessation of
commercial sealing early in the 19th century. This increase continued until the 1950s,
and was followed by a decline until 1994 when it subsequently stabilised, until
present. Though the frequency of mismatch distribution and Fu Fs statistic support
rapid population growth for the MI population, the Tajima D estimates do not reflect a
population expansion. This is likely due to Tajima’s D statistic having a
comparatively lower statistical power to detect an expansion event (Ramos-Onsins &
Rozas 2002). Ramos-Onsins & Rozas (2002) showed that different statistical test best

have variable population expansion detection capabilities in different time window
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periods. Generally, Fu’s Fs and the R, test were the most powerful when it came to
detecting population expansions under different scenarios, whilst the mistmatch
distribution’s rg statistic was one of the most conservative. It is therefore noteworthy

that both rg and Fu’s Fs uncovered evidence of a population expansion.
2.4.3 Population structure within the Kerguelen stock

Our data indicate weak but significant pairwise differentiation between MI and HD
populations within the Kerguelen stock and suggest that the two breeding colonies are
subject to female-mediated gene flow (female migration) between these islands, or
relatively short recent population divergence. Furthermore, the presence of shared
haplotypes between the two colonies substantiates female migration within the
Kerguelen stock. Estimates of relatively low genetic differentiation and high genetic
similarity indicate that female-mediated gene flow does occur between these
geographically close islands (MI and HD) constituting the Kergulen stock. The
phylogenies (neighbour-joining and the minimum evolution trees) and minimum-
spanning network support the genetic relatedness and female migration. From the
phylogeny, it is clear that two haplotypes were shared between HD and MI and that
the remaining four from HD are closely associated with MI individuals. Female-
mediated gene flow between the two islands is not surprising considering that the two
islands are in the same oceanic region (2740 km apart), and that movements between
these islands have previously been recorded (Carrick et al. 1960). Based on mark and
recapture, Carrick and co-workers (1960), recorded two 2-year females originally
from HD, at Marion Island, while Bester (1988) estimated a 0.14% tag resighting rate
between the two islands. Dispersal within the Kerguelen province is likely. Forty-nine
foreign SES individuals marked within the Kerguelen stock (excluding those marked
at neighbouring Prince Edward Island) have been resighted at MI (Bester 1989). A
resighting that clearly demonstrates effective dispersal (breeding dispersal) is that of a
four-year old female born at lle de la Possession (Iles Crozet), which gave birth at MI
and subsequently returned for a moulting haulout the following year (Bester 1988).
Taken together with mark and recapture records, the results of this study may bear
evidence that MI and HD are randomly mating subpopulations, which exchange a
considerable amount of genetic material within the Kerguelen province. However,

these results are to be interpreted with caution since the sample size from Heard
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Island (n = 6) is small. Similarly, weak differentiation, small genetic distance, and
high migration rates recovered between the two colonies may also indicate that the

two populations have separated recently.
2.4.4 Population structure among stocks

Mitochondrial DNA control region data from previously studied SES colonies (PV,
MQ, SG, EI, and SLI) were included in this study (Hoelzel et al. 2001; Slade 1998;
Fabiani, 2002). In previous studies, genetic differentiation between HD and
populations representing the South Georgia stock (SLI, EI and SG) was found to be
moderate and did not relate to the geographic distance, while differentiation between
HD and PV or MQ was remarkably high (Slade 1998; Slade et al. 1998; Hoelzel et al.
2001). These studies indicated that the SLI and EI populations were genetically more
differentiated from SG than they were from HD, which is geographically more distant
from SLI and EI than it is from SG. The magnitude of differentiation between SLI (or
EI) and HD was weak compared to that observed between SG and HD (Fabiani 2002).
A pattern of genetic structure similar to that previously reported between HD and
islands of the South Georgia stock was observed for MI. In this study, genetic
structure between MI and all putative populations was not related to geographic
distance.

The pair-wise differentiation between MI and PV was among the highest (Fsr = 0.59,
see Table 2.4), indicating lower levels of genetic exchange between these two
breeding colonies and comparable to that estimated between SG and PV (Fsr = 0.58).
The elevated differentiation between the mainland colony in Argentina (PV) and MI
was further supported by the lack of shared genotypes between the two colonies. In
the tree phylogenies, the three haplotypes from PV formed a monophyletic clade
which was distinct from MI haplotypes but which clustered within a larger admixed

clade consisting of individuals from SG and SLI.

The genetic distance between MI and PV also reinforced the high differentiation
between the two colonies. Furthermore, maximum likelihood estimates of migration
rate between the two colonies were extremely low (0.05). It is not surprising that MI
and PV are genetically further apart since the two are geographically distant and the

mainland colony has previously been shown to be distinct from all previously studied
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colonies, including those that are geographically closer to it. In his study, Slade
(1998) suggested that divergence between SG and PV and between PV and HD
occurred 270 000 and 215 000 years ago, respectively. The observed structure
between MI and PV reflects little or no contemporary female-mediated gene flow
between the two colonies.

The pair-wise differentiation between EI and MI and between SLI and MI were
among the lowest (Fst = 0.051 and Fs = 0.078 respectively), indicative of high levels
of female-mediated gene flow between MI and these two breeding colonies and was
comparable to the level seen for SLI and HD (Fst = 0.061). The weak structure
between MI and these colonies (SLI and EI) was also confirmed by the small genetic
distances between these islands and the high migration rate estimates. The presence of
shared haplotypes between MI and SLI (n = 3) and between EI and MI (n = 1) also
bears evidence of recent female-mediated gene flow between these colonies.
Furthermore, the neighbour-joining tree and minimum spanning networks indicated a
close association between individuals belonging to these three colonies, thus further
reinforcing the genetic connectedness of these islands.

Though SG and MI are geographically closer (5500 km), pairwise differentiation (Fsr
= (0.174) between the two colonies was almost an order of magnitude larger than
differentiation between MI and either EI or SLI. This may imply low migration rate
between SG and MI as opposed to high migration recorded between MI and SLI or
El. Lack of shared haplotypes, larger genetic distances and lower migration rate
estimates recovered between MI and SG also reinforce stronger genetic structure
between the two colonies. When considering the geographic distances between MI
and the three breeding colonies (SG, SLI, and EI), MI is expected to be more similar
to SG, which is closer to MI (5500 km) than to EI and SLI, which are 6500 km and
7000 km distant from MI, respectively. Given the physical distances between these
four islands, higher levels of gene flow between SG and MI would be more likely
than between MI and the more distant EI and SLI. The observed structure between SG
and MI may suggest little or no contemporary gene flow between the two populations.
Similarly, population structure between MI and SG may reflect historical associations
or could be an artefact of sampling.

The dispersal capacity of adult males and females is such that movement between
oceanic regions is certainly possible (Slade et al. 1998). In his study, Hindell (1991)

reported a long distance movement of about 5200 km by a juvenile SES female born

46



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

at MQ and sighted at Peter 1 @y (Peter the First Island). However, no female-
mediated gene flow has ever been clearly demonstrated or recorded.

In this study, two under-yearling males, animals MI022 and MI033 matched a rare
and unique haplotyope from MQ, which was previously shown to be shared with
SLI_Blob an adult male SES individual born and tagged at MQ and latter sampled at
SLI as a beachmaster (Fabiani et al. 2003). Animal MI033 was born in 2001 at beach
no 066 on the northeast coast of MI whereas MI022 was born in the following year at
beach no 058 which is situated to the north of 066 (Figure. 2.1). These individuals
were both tagged with different colour-coded tags just after being maternally weaned.
Given that the two were born at MI and that mtDNA is maternally inherited
(Frankham et al. 2002), our data may suggest a long-range female-mediated gene
flow between MQ and MI. MQ is about 10200 km distant from MI and not within the
known dispersal range recorded thus far for this species. It is however possible that a
female from MQ gave birth for the first time at MI in 2001 and subsequently came
back to breed in 2002 or that two different mothers from MQ bred at MI on different
occasions (2001 and 2002).

It is also possible to explain the data by a one or two-step stepping-stone model. This
model assumes that neighbouring populations exchange migrants (Frankham er al.
2002), and may have involved three islands and two steps. MI is 2740 km and 2460
km distant from HD and Kerguelen Islands respectively, both of which are conjugates
between MI and MQ (Slade 1998). These distances are well within the dispersal
capability of this species and female inter-island movement between these colonies
has also previously been recorded (Carrick et al. 1962a; Bestser 1988; Hindell ef al.
1991b).
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Chapter 3

Assessment of genetic variation and population structure of southern
elephant seals, Mirounga leonina, from Marion Island using

microsatellite markers

3.1 INTRODUCTION

Southern elephant seals (SESs), Mirounga leonina, are the most highly polygamous
and sexually dimorphic pinniped members of the Phocidae family and of the entire
mammalian order. This species predominantly utilizes the southern ocean as its
foraging grounds and islands that are located near the Antarctic Polar Front (APF) for
breeding and moulting (McCann 1981; Laws 1994). Polygamy in SESs is thought to
be highly influenced by the intensely gregarious nature of females that usually form
large groups known as harems (McCann 1981; Laws 1994; Hoelzel et al. 1999).
Mating systems wherein females are clumped and their reproduction is neither too
synchronous nor too asynchronous permit males to monopolize mating. In addition,
timing of female estrous in SESs varies sufficiently to allow dominant males to mate
with multiple females (Hoelzel et al. 1999). In such systems, the variance in
reproductive success between males and the intensity of sexual selection is expected
to increase. As a result, high variance in reproductive success between male SESs is
coupled with striking sexual dimorphism. Males annually compete for status in a
dominant hierarchy that gives them exclusive possession of harems of females in
estrous (McCann 1982). Larger body size is positively correlated with dominance
rank, which in turn is positively correlated with copulatory success (Modig 1996;
Hoelzel et al. 1999). A male that is unable to control a harem is kept outside the
harem as a peripheral male (Fabiani et al. 2006). Based on mark and recapture and on
genetic studies, male and female SESs show varying degrees of philopatry and site
fidelity, with males being the sex that disperses the furthest (Slade et al. 1998;
Hoelzel et al. 1999; Fabiani et al. 2003). Such discrepancies in dispersal patterns
between the sexes may result in strong genetic structure for the maternally inherited
locus and a diminished structure in the bi-parental microsatellite markers (Chesser

1991a). Polygamy and site fidelity are amongst the many breeding tactics that may
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affect the rate at which genetic diversity is lost and may also alter the distribution of
genotypes from those expected by panmixia (Chesser, 1991a). A constantly high gene
correlation between parents and their offspring is expected to result in social groups
with high levels of polygamy and site fidelity (Chesser 1991b). Microsatellite DNA
and mitochondrial DNA both have important properties useful for population genetic
studies and have been used to address numerous hypotheses including population
history, population genetic structuring, and life history strategies of SES populations
(Slade et al. 1998; Slade 1998; Hoelzel et al. 2001; Fabiani et al. 2003, 2004, 2006).
Current SES genetic studies based on microsatellite markers are limited to three
populations in the South Georgia stock (SG, EI and SLI), the mainland population on
the shores of Argentina (PV) constituting the Peninsula Valdés stock, Macquarie
Island from the Macquarie stock and Head Island from the Kerguelen stock (Slade et
al. 1998; Hoelzel et al. 2001; Fabiani et al. 2003). These studies showed male-
mediated gene flow within the South Georgia stock as well as between the South
Georgia and the other three stocks (Peninsula Valdés, Macquarie, Kerguelen). At the
time of these studies the Marion Island SES population had not been genetically
characterised and therefore would not have been included in any earlier studies of

global SES genetic structure.
3.1.1 Aims

In this chapter, seven polymorphic microsatellites markers applicable to a wide range
of pinniped species, including SESs, were employed to examine the level of genetic
variation and genetic relatedness of individuals of the Marion Island SES colony
which forms part of the Kerguelen Stock. The results obtained in this study will
permit the genetic comparison of the three main stocks by comparing data from
previously studied populations (SG, EI, SLI and PV), representative of the South
Georgia, Peninsula Valdés and Macquarie stocks, with that of Marion Island. The data
generated and the comparative analyses will permit inferences regarding:

1. The pattern of genetic diversity and structuring in SESs from the Kerguelen

and South Georgia stocks
2. The pattern of male-mediated gene flow between putative populations, and
3. The impact of gender-biased site fidelity on genetic relatedness estimates of

individuals from Marion Island.
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3.2 METHODS AND MATERIALS

3.2.1 Microsatellite laboratory analysis

Two protocols were employed in two different laboratories when generating the
Marion Island SES microsatellite data. The two protocols differed in terms of the
PCR reagents and amplification conditions that were used. Bioline Tag polymerase
and supplier provided reagents were used in the UK laboratory of Prof. Rus Hoelzel
for the initial screening of heterospecific pinniped microsatellite markers, in order to
assess their levels of polymorphism in the Marion Island SES population. In contrast,
the large-scale genotyping and profiling of Marion Island SES samples, conducted at

the University of Pretoria in South Africa, made use of QIAGEN multiplex reagents.

3.2.2 Microsatellite screening

Twenty pairs of pinniped microsatellite primers were titrated by polymerase chain
reaction using 38 individuals to determine the optimal reaction conditions (annealing
temperature and magnesium chloride concentration) of each primer pair and to
determine their level of polymorphism. The DNA template was initially denatured at
95°C for 5 min, followed by 34 cycles of denaturation at 94°C for 45 s, annealing (at
the temperature specific to each primer set, summarised in Table 3.1) for 90 s, and
extension at 72°C for 90 s. Amplification was carried out in a 10 pl reaction volume
containing approximately 10 ng of DNA template, 20 - 50 pM of each primer, 0.2
mM dNTPs, 0.75-1.5 mM MgCl, (varied between the different primer sets), 10 mM
Tris-HCI (Ph 8.4), 500 mM KCI and 0.08 pl (5 U/ul ) of Bioline Tag polymerase
(Hoelzel et al. 2001; Fabiani et al. 2004, 2006). Six primer sets did not amplify at all
(Appendix 2), whereas fourteen produced discernable products. PCR products of
those that amplified were visualized on an automated ABI PRISM 377 DNA
Sequencer and analyzed for polymorphism with GeneScan Analysis and Genotyper
software packages (Perkin-Elmer Crop). Of the fourteen primer sets that resulted in
successful amplification, nine were polymorphic, and were retained for genotyping of

the entire Marion Island sample set.
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conditions of each primer set, identified with the Bioline Tag polymerase and buffer system.
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Primer Primer Sequence Alellic Size Range Ta [MgCl,] Label Reference

Hg4.2 F: AAT CGA AAT GCT GAG CCT CC 135 — 141 57°C 1.0 mM Fam  Allen et al. 1995
R: TGA TTT GAC TTC CCT TCC CTG

Hg6.3 F: CAG GGG ACC TGA GTG CTT ATG 215 -225 55°C 0.75 mM Ned  Allen et al. 1995
R: GAC CCA GCA TCA GAA CTC AAG

Hg8.10  F: AAT TCT GAA GCA GCC CAA G 175 - 195 55°C 1.25 mM Pet  Allen eral. 1995
R: GAA TTC TTT TCT AGC ATA GGT TG

Hg8.9 F: TGT TAA CTA TCT GGC ACA GAG TAA G 178 - 191 55°C 0.75 mM Fam  Allen et al. 1995
R: TTT CCT ATG GGT TCT ACT CTC

Mlla F: TGT TTC CCA GTT TTA CCA 141 - 151 51°C 1.0 mM Ned  Hoelzel er al. 1999
R: TAC ATT CAC AAG GCT CAA

M2b F: CCG ACT GCT GGG GTA AAG 235 - 255 60° C 1.5 mM Vic  Hoelzel et al. 1999
R: TCA GTC TCA CCC ACC TAC

Pv9 F: TAG TGT TTG GAA ATG AGT TGG CA 162 - 170 55°C 1.0 mM Vic  Goodman, 1997
R: ACT GAT CCT TGT GAA TCC CAG C

Lwl0 F: AAC ACT AGC CCT GAC TTC 106 — 130 54°C 1.0 mM Pet  Davis ef al. 2002
R: TTA CAG AGC AGG AGT TCA

H1-8 F: CAC AGG GAT TAG GGG AAA G 90 — 100 46° C 1.0 mM Vic  Davis et al. 2002

R: AGC CTT AAAAGTTGTCTAT

Ta: annealing temperature.
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3.2.3 Microsatellite genotyping and profiling

A commercially available multiplex kit from QIAGEN Company was used for final
sample genotyping. This kit allows amplification of two or more products in a single
reaction tube. Multiplex PCR was initially attempted with a number of different
primer set combinations, but this resulted in multiple peaks that were difficult to
score. All subsequent reactions were thereafter performed in monoplex format with
this kit in a final reaction volume of 7 pl containing approximately 5 ng of DNA
template, 3.5 pl of the QITAGEN PCR Master Mix, 17.5 pM of each primer, and 2.5 pl
of Rnase-free QIAGEN water. The cycling conditions consisted of an initial
HotsartTaq DNA polymerase activation step at 95°C for 15 min, followed by 34
cycles of denaturation at 94°C for 30 s, primer annealing at 57°C for 90 s, extension at
72°C for 90 s, and final extension at 60°C for 30 min. Three micro-liters of PCR
product (3 pl) was run against a 100 bp size standard (commercially available from
Promega) on a 2% agarose gel to verify amplification of the desired PCR product. For
each locus, a PCR product dilution factor that gave the best peak sizes was
determined by performing several dilutions with amplicons obtained from 35
individuals. Dilutions ranged from 1:10 to 1:100 of the PCR products and were
visualized on an automated ABI PRISM 3100 DNA Sequencer. Peaks were scored
with GeneScan Analysis and GenoMapper software packages (Perkin-Elmer Crop).
The dilution factor that gave the best peak sizes for each primer pair was then used for
subsequent genotyping of the 9 loci of all 73 individuals from Marion Island (see

appendix 1).
3.2.4 Microsatellites analysis

In the present study, 73 individuals from Marion were compared with a published
microsatellites dataset from three South Georgia stock populations, namely, South
Georgia (n = 30), Elephant Island (n = 46) and Sea Lion Island (n = 263) and the
continental population in the Peninsula Valdés (n = 24), (Hoelzel et al. 2001; Fabiani
et al. 2003). Comparisons between MI and SG and between MI and PV were based on
5 loci whereas comparison between MI and the remaining two islands (EI and SLI)

was based on 7 loci. Population-level comparisons between MI and either MQ or HD
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Island, were not possible as there were no loci in common between the MI dataset and

those of MQ and HD.
3.2.5 Genetic variation

Tests of allelic frequency homogeneity between populations and Hardy-Weinberg
disequilibrium were assessed using Fisher’s exact test (Guo & Thomson 1992) as
implemented in GENEPOP 1.2 (Raymond & Rousset 1995). In this test, an unbiased
p value was determined by using the Markov chain method based on 1000 iterations.
Genotypic independence (linkage disequilibrium) between pairs of loci in each
sample was tested by permutation analysis using GENEPOP software. FSTAT
version 2.9.3.2 was used to deduce the heterozygote deficit (Fis) within and between

populations.
3.2.6 Relatedness

MER ver. 3.1 was used to estimate Wang’s (2001) relatedness coefficient (R value)
between SES individuals at MI. In estimating the R value between two individual
pairs, this software utilises each individual’s genotype and the overall allelic
frequencies of the entire population (Wang 2000). Unlike other relatedness coefficient
estimators, this estimator is said to be unbiased irrespective of sample size and no
prior information about pedigree is required. The R value ranges from the smallest
negative value to a positive one (- to +1) with the assumption that a positive R value
indicates that two individuals share more alleles that are identical by descendent than
what would be expected by chance, whilst negative R values mean that fewer such
alleles are shared by chance. In this analysis, 30 individuals from SLI were included
in order to strengthen and test the accuracy of the recovered relationships.
Distribution of each relationship recovered was illustrated by plotting frequencies of
categories using a 0.1 scale interval (Fabiani et al. 2006).

Furthermore, relatedness between males and females of the MI colony was assessed
independently by splitting the datasets into male and female and excluding the
unknown individuals (n = 6). A two-tailed Mann-Whitney U test was conducted in
SPSS (version 9.0) to compare the levels of relatedness between males and females.

In addition, levels of relatedness at sampling sites that where represented by more
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than four individuals were assessed to evaluate inbreeding levels, within sites.
Similarly, levels of relatedness were also assessed between individuals born at the
same natal sites. For the latter analyses, comparisons were only performed for natal

sites that were represented by four or more individuals.

3.2.7 Population structure

Two statistical measures were employed to infer the amount of differentiation
between populations namely Fsr and Rhogr. Fst was estimated according to Weir and
Cockerham (1984) as implemented in the program FSTAT v. 2.9.3 (Goudet 1995).
This approach relies on allelic frequencies to estimate gene flow between populations
from which the differentiation between populations is estimated (Whitlock &
McCauley 1999). Fst measures have been shown to provide good resolution for
intraspecific comparisons even when the level of differentiation is low (Hoelzel et al.
2001). Rhost, an unbiased version of Rgr (Slatkin 1995) was calculated in RST
CALC, version 2.2 (Goodman 1997). This statistical measure estimates population
differentiation as a function of the distance between populations that have diverged in
the recent past and assumes that enough time has elapsed to allow for the occurrence
of new mutations (Slatkin 1995). Rhost computation is based on variance in allelic
sizes under the stepwise mutational model of microsatellites and so has to take the
differences in allelic sizes into account (Guo & Thomson 1992). In our dataset, some
alleles differed by one repeat unit and did not obey the general two nucleotide peak
interval that one would expect in a dinucleotide repeat microsatellite. This was most
likely due to either an insertion or deletion in the microsatellite flanking region
(Pascal et al. 2001). In such instances, all peak scores that differed with less than one
repeat unit were rounded up to the nearest integer. Genetic differentiation between the
five populations was also assessed using Da (Nei 1987) and 8p * (Goldstein et al.
1995) genetic distances. To compute these distances, we employed MSA v. 3.1.5
(Dieringer & Schlotterer 2002). Goldstein and co-workers’ (1995) distances are based
on a stepwise mutation model of microsatellite evolution whereas the Nei and co-
workers’ (1993) estimate is based on the infinite allele model of substitution of repeat

units.
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3.2.8 Migration

Male and female effective dispersal was also investigated by estimating both the bi-
parental effective population sizes and maximum likelihood migration rate between
the five populations following the Markov chain Monte Carlo (MCMC) approach as
implemented in MIGRATE v.1.1 (Beerli & Felsenstein 2001) and as detailed in
Chapter 2, section 2.3.2. In this case, 10 short chains (500 trees used of 1000 sampled)
and 5 long chains (5000 tree used of the 10000 sampled) were performed in obtaining

the estimates.

3.3 RESULTS

3.3.1 Microsatellites genetic variation and genotypic structure

The linkage disequilibrium test in the seven polymorphic loci used revealed the
independent segregation of alleles in all populations. None of the seven loci showed a
significant deviation from the expectations of Hardy-Weinberg equilibrium in all
populations (P > 0.1 for all loci) and all loci had similar levels of variation in all
populations (Table 3.2). The observed heterozygosity within populations ranged from
0.46 to 0.91 whereas heterozygote deficit ranged from as low as —0.112 to as high as
0.178. (Table 3.2). The least variable locus was Hg 4.2, which had only four alleles in
all populations. Conversely, locus M2b was the most variable with 10 alleles recorded
in almost all populations, except MI which had nine alleles. No private (unique)
alleles were observed for MI whereas three were unique to SLI (Table 3.3, 34 &
Figure 3.1). Only two alleles in loci M2b and Pv9 were shared between SLI and EI in
the South Georgia oceanic region. Conversely, MI shared three alleles with SLI at loci
Hg8.10, Pv9 and M2b. All private alleles occurred at low frequencies (0.004) in the

populations in which they were present
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Table 3.2. A summary of microsatellite polymorphism in five SES populations.

Locus MI EI SLI SG PV
Hg4.2  Noindividuals 73 46 263
n allele (all. richn.) 4 (3.86) 4 (3.97) 4 (3.98)
F; 0.121 0.029 -0.015
H, 0.5479 0.5652 0.5817
Hg 0.6228 0.5819 0.5729
Pvo No individuals 73 46 261
n allele (all. richn.) 4 (3.86) 4 5(3.61)
F; 0.004 -0.082 -0.032
H, 0.4931 0.6087 0.4636
Hg 0.4953 0.5630 0.4494
Hg6.3  Noindividuals 73 46 263 30 24
n allele (all. richn.) 54.92) 54.71) 7 (6.55) 7 (4.76) 4 (4.29)
Fi 0.0684 0.0934 0.0794 -0.112 -0.1776
H, 0.6986 0.5652 0.5741 0.5667 0.6667
Hg 0.7455 0.6228 0.6236 0.6261 0.5564
Hg8.10  No individuals 73 46 263 36 36
n allele (all. richn.) 6 (5.26) 6(5.88) 6 (5.55) 6 (5.88) 6 (5.41)
Fi 0.0411 -0.0513 -0.0379 -0.1111 0.063
H, 0.7123 0.7826 0.7832 0.8333 0.6944
Hg 0.7480 0.7448 0.7547 0.7512 0.7414
Hg8.9  Noindividuals 73 46 261 36 33
n allele (all. richn.) 9 (8.58) 8 (7.75) 9(8.49) 7 (7.49) 7(7.24)
F; 0.0746 0.0093 0.0343 -0.0769 -0.0052
H, 0.6575 0.6304 0.5823 0.6667 0.6782
Hg 0.6400 0.6032 0.6274 0.6111 0.7022
Mlla No individuals 73 46 263 3 24
n allele (all. richn.) 6(5.99) 7 (5.25) 7 (5.00) 5(5.36) 6(5.76)
Fi -0.1461 -0.1642 -0.0130 -0.097 -0.0235
H, 0.8493 0.9130 0.7794 0.8710 0.7500
Hg 0.7418 0.7857 0.7695 0.7825 0.7179
M2b No individuals 73 46 263 40 79
n allele (all. richn.) 9(8.62) 9(8.11) 10 (8.50)  9(8.51) 9 (8.45)
F; 0.1034 0.0601 -0.0101 -0.0782 0.1042
H, 0.7328 0.8043 0.7338 0.8750 0.7342
Hg 0.6575 0.8552 0.7265 0.8022 0.8139

n allele: total no of alleles; all. Richn.: allelic richness; Fs;: Wright’s inbreeding coefficient; Hq:
observed heterozygosity, Hg: expected heterozygosity. EI: Elephant Island, SLI: Sea Lion

Island, MI: Marion, SG: South Georgia, PV: Peninsula Valdés
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Table 3.3. Summary of allele frequencies on a per locus and per locality basis for the seven-locus dataset.

Hgd.2 Hg6.3 Hg8.10 Hg8.9 Mlla

EI SLI  MI EI SLI  MI EI SLI MI EI SLI MI EI SLI MI

(46) (263)  (68) 46)  (263)  (68) (46) (263) (46 (46)  (263) (68) (46)  (263) (68)
135 0.023 0.036 0.014 215 0.022 0.034 0.171 173 0.011 0.057 0.075 178 0.022 0.044 0055 141 0217 022 0.116
137 0.543 0.586 0.486 216 0.002 175 0304 0211 0226 182 0.152 0.123 0.075 143 0272 0285 0.438

139 0348 0.268 0.349 217 0391 0432 0.363 177 0315 0373 0384 183 0.044 0.023 0.021 145 0.065 0.046 0.144
141 0.087 0.11 0.151 219 0467 0428 0.288 179 0250 0.226 0.199 184 0478 0.504 0445 147 0.152 0.184 0.137

221 0.109 0.084 0.096 181 0.087 0.061 0.103 185 0.109 0.058 0.103 149 0.272 0.257 0.130
223 0.011 0.008 0.041 183 0.033 0.072 0.007 186 0.109 0.138 0.144 151 0.022 0.004 0.034

225 0.013 187 0.011 0.04 0.068 153 0.004
189 0.076 0.061 0.082
191 0.01 0.007
M2b Pv9
El SLI MI ElI SLI MI
(46)  (263) (68) (46) (263)  (68)
234 0.002 0.034 162 0.185 0.105 0.137
236 0.120 0.084 0.062 164 0.620 0.715 0.678
238 0.011 0.006 166 0.152 0.172 0.171
240 0.120 0.078 0.158 168 0.002 0.014

242 0.120 0.042 0.021 170 0.048 0.006
244 0250 0.487 0.466
246 0.185 0.087 0.068
248 0.054 0.072 0.137
250 0.098  0.065 0.034
252 0.043 0.078 0.021

EI: Elephant Island, SLI: Sea Lion Island, MI: Marion Island. Private alleles are highlighted in yellow, whilst those that are shared between two of the three
populations are indicated in grey shading
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Hg6.3 Hg8.10 Hg8.9 Mlla M2b
PV SG PV SG PV  SG PV SG PV SG
“6) (263 46)  (263) 46) (263) 46) (263) 46) (263
215 0022 0.05 173 0069 0013 178 003 0028 141 0.146 021 234 0031 0.062
216 175 0083 0263 182 0.182 0.153 143 0.125 0307 236 0044 0038
217 0500 0517 177 0431 0361 183 145 0083 0.129 238
219 0438 0317 179 0056 0222 184 0.652 0583 147 0458 0.177 240 0.114 0013
221 0021 0.05 181 0222 0069 185 0.03 0069 149 0.167 0.177 242 007  0.075
223 0017 183 0.39 0069 186 0.076 0.139 151 0.021 244 0285 0338
225 0017 176 187 0015 0014 153 246 0095 02
226 0.033 189 0.015 0014 248 0051 0.5
191 250 0.044 0.6
252

PV: Peninsula Valdés; SG: South Georgia
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Figure 3.1. Microsatellite allelic frequencies plotted per locality. EI: Elephant
Island, SLI: Sea Lion Island, MI: Marion Island, PV: Peninsula Valdés; SG:
South Georgia
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3.3.2 Relatedness

In this analysis, non relatives are expected to have R coefficient values of 0.0 or
lower, whereas half-sib, full-sib and parent-offspring relationships are approximately
0.125, 0.25, and 0.5 respectively. The mean relatedness between SES individuals at
MI ranged from -0.1420 (SD = 0.2417) to 0.2771 (SD = 0.1995). Figure 3.2 illustrates
the distribution of relatedness values between individuals from the SES MI colony, on
a pairwise basis. The mean R value for the half-sib relationships was 0.1909 (SD =
0.2244) whereas values for the full-sib and parent-ofspring relations were 0.341 (SD
=0.1742) and 0.577 (SD = 0.1516) respectively.
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Figure 3.2. Relatedness distribution among individuals of the Marion SES population. Blue
bars denote the frequency of unrelated individuals (R < 0.125), orange bars half-sibs (R >
0.125), yellow bars full-sibs (R > 0.25) and green bars indicate parent-offspring relationships
(R >0.5).

Independent assessment of the pairwise relatedness of males to each other, versus
females to one another, revealed similar mean R values of 0.2623 (SD = 0.204) and
0.2655 (SD = 0.199), respectively. The Mann-Whitney U test revealed no significant
difference between male and female mean relatedness levels (U = 8965000, Z = -0 37,
P = 0.708). The distribution of male and female relatedness values is demonstrated in
Figures 3.3 and 3.4, respectively. The relatedness levels within sampling localities
and natal sites that were represented by more than 4 individuals ranged from -0.0726
(SD = 0.245) to0 0.1270 (SD = 0.230) and from -0.0951 (SD = 0.237) to 0.1158 (SD =
0.213) respectively (Tables 3.5 & 3.6).
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Figure 3.3. Distribution of pairwise relatedness scores among males of the Marion SES
population. Blue bars denote unrelated individuals (R < 0.125), orange bars half-sibs (R >
0.125), yellow bars denote full-sibs (R > 0.25) and green bars indicate parent-offspring
relationships (R > 0.5). Thirty-four male individuals were used in the pairwise comparisons.
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Figure 3.4. Pairwise relatedness distribution of females from the Marion SES population.
Blue bars denote unrelated individuals (R < 0.125), orange bars half-sibs (R > 0.125),
yellow bars denote full-sibs (R > 0.25) and green bars indicate parents-offspring
relationships (R > 0.5). Data from 26 female individuals were used to assess the distribution
of pairwise relatedness between females.
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Table 3.5. Estimates of mean relatedness (R) within 7 sampling sites that had 4 or more
individuals per site within the MI SES population subset typed in this study.

Sampling Sample Mean R Value Range
site number size
002 7 0.0586 (0.219) -0.137 - 0.411
007 11 0.0787 (0.213) -0.067 — 0.267
058 5 -0.0726 (0.245) 0.002 — 0.236
063 9 0.1270 (0.230) -0.232 - 0.240
065 10 -0.0346 (0.230) -0.118 — 0.225
066 5 -0.0432 (0.213) -0.156 — 0.269
067 7 -0.0101 (0.218) -0.112 - 0.246

Standard deviation for the mean R-value is given in brackets

Table 3.6. Estimates of mean relatedness (R) between individuals born at the same site
(per natal site assessment) and for which 4 or more individuals occurred within the MI
SES population subset typed in this study.

Natal Site Sample size Mean R Value Range

Number
007 11 0.0959 (0.220) -0.068 — 0.307
020 6 0.1158 (0.213) -0.107 - 0.310
026 5 -0.130 (0.224) -0.237 - 0.166
053 9 0.0464 (0.220) -0.119 - 0.246
056 7 0.0170 (0.196) -0.175 - 0.241
062 6 -0.0951 (0.233) -0.211 - 0.223
065 4 -0.0236 (0.237) -0.175 - 0.279

Standard deviation for the mean R-value is given in brackets.
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3.3.3 Population Differentiation

The results of Fisher’s test allowed the rejection of the null hypothesis (allelic and
genotypic frequencies are identical across all populations) in four loci (M2b, Hg8.10,
Hg6.3 and M11a, P < 0.0001). Analysis of allelic and genotypic distribution, revealed
a significant difference in allelic and genotypic distribution at four loci (M2b, Hg8.10,
Hg6.3 and Ml11a), between the five populations (P < 0.0001). Only locus Hg6.3
differentiated MI from other populations, but this locus did not differentiate any of the
islands within the South Georgia stock, from each other. Table 3.7 shows the
proportion of genetic variation attributed to differences between populations

quantified with Fsr and Rhogr statistics.

Table 3.7. The proportion of genetic differences between the five SES populations as
inferred from Fgst (above diagonal) and Rhogr statistics (below diagonal),

SLI EI PV SG MI
SLI - 0.008*  0.034 0.006°  0.012°
EI -0.003 - 0.041" 0.005 0.018"
PV 0.034*  0.044* - 0.024°  0.057
SG -0.005  -0.008  0.029* - 0.020%
MI 0.010%*  -0.002  0.076% 0.027% -

Fsr significance levels after 10000 permutations are indicated as * where P < 0.05. SLI: Sea
Lion Island, EI: Elephant Island, PV: Peninsula Valdés, SG: South Georgia, MI: Marion
Island

Rhogt estimates between populations ranged from 0.003 to 0.076 whereas Fsr
estimates ranged from 0.005 to 0.057. Fst and Rhogr were not always consistent when
MI was compared to other islands. Rhogr calculations between MI and EI revealed a
low (-0.002) but non significant difference, whereas the Fgsy statistical measure
indicated a larger (0.18) and significant difference between the two islands. Rhogt and
Fst showed a substantial degree of differentiation (significant and relatively large

Rhost and Fsrt, 0.073 and 0.057 respectively, P < 0.05) between MI and PV. Both
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Rhogt and Fstrevealed moderate and significant differences between MI and SLI and

between SG and MI (0.10 and 0.012, and 0.027 and 0.02, respectively).

Measures of all genetic distances computed in this study are summarized in Table 3.8.
In all comparisons, both DA and du ? distances were in agreement. Dy distances varied
from 0.01 to 0.09 whereas S * distances ranged from 0.002 to 0.138.

Table 3.8. Da (Nei et al. 1983) distances reported in the lower, left matrix and du 2

(Goldstein et al. 1995) distances shown in the upper, right matrix.

SLI EI PV SG MI
SLI - 0.002 0.112 0.010 0.045
EI 0.018 - 0.138 0.010 0.019
PV  0.053 0.073 - 0.103 0.208
SG  0.020 0.028 0.055 - 0.045
MI 0.039 0.046 0.093 0.055 -
3.3.4 Migration

The migration values and effective population sizes are summarized in Table 3.9. The
level of migration from SLI to MI was the highest whereas migration from SG to PV
was relatively low. Moderate levels of gene flow from SLI to EI and to PV were
observed. Relatively low levels of gene flow to and from SG and MI were observed.
The obtained estimates for present-day effective population sizes using maximum
likelihood (6 = 2N¢u) indicate that SLI and MI are the largest whereas SG is the
smallest. Conversely, effective population size was found to be moderate in PV and

EL
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Table 3.9. Migration rates and 0 effective population size.

SLI EI PV SG MI 0
SLI - 4.76 4.32 1.38 8.70 1.721
EI 1.97 - 1.10 0.90 0.59 0.488
PV 1.26 0.68 - 0.51 1.06 0.506
SG 2.53 0.82 0.44 - 0.78 0.363
MI 2.95 0.62 1.26 0.78 - 0.787

The top right half of the table (indicated in grey) contains migration estimates from islands
listed in the first column to the islands listed in the top row, whereas the bottom left half of the
table contains migration estimates from top-row islands to first-column islands. Effective

female population size (8) for each first-column island is also indicated.

3.4. DISCUSSION

3.4.1 Genetic variation

In this study, we assessed the level of nuclear DNA variability in the Marion SES
population. The level of microsatellite variation, expressed as overall heterozygosity in
the SESs at MI (maximum of 43 alleles with mean number of 6.142 and observed
heterozygosity of 0.6702 from 7 loci) is among the normal reported range for SESs and
most mammals (Hoelzel et al. 1999). In previous studies, the overall observed
heterozygosity within the same 7 loci was found to be 0.64264 and 0.69565 for SLI and
EI whilst the maximum numbers of alleles reported for these islands were 48 and 43
respectively. Based on five loci, the maximum numbers of alleles were found to be 32
and 34 for PV and SG whilst the overall observed heterozygosity was 0.7625 and
0.7047, respectively (Hoelzel et al. 1999; Fabiani, 2002). Similarly, such levels of
heterozygosity has also been detected in other pinnipeds such as harbour seal, Phoca
vitulina, and Steller sea lion, Eumetopias jubatus, populations in the northeast Pacific

Ocean (Burg et al. 1999; Hoffman et al. 2006).
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3.4.2 Relatedness

Individual dispersal and philopatry traits are among the life history traits that greatly
influence the patterns of relatedness within populations. In general, male and female
SESs show site fidelity to their natal or first breeding site (Hofmeyr 2000; Hoelzel et
al. 2001; Fabiani et al. 2006), but whilst male SESs demonstrate some degree of site
fidelity, they are also the sex that disperses further for breeding. In contrast, females
are highly philopatric. Mating colonies wherein dispersal is sex-biased especially
when males disperse the furthest while females shows strong site fidelity, are
expected to show some degree of relatedness and females should be more related to
each other than males are (Fabiani et al. 2006). A recent assessment of relatedness
among SES individuals from the Falklands Island (SLI) using 7 microsatellite loci
supports this notion (Fabiani et al. 2006). In this colony (SLI), the mean relatedness
was significantly high indicative of some level of relatedness among all SES
individuals of this colony. Furthermore, relatedness between female members of this
colony was found to be higher than that of males. In this study, relatedness among
individuals from MI was assessed at 9 microsatellite loci in order to determine the
whether the within-colony genetic relatedness reflects the effects (inbreeding) of site
fidelity and philopatry that has been reported for this species (Lewis et al. 1996;
Hofmeyr 2000; Fabiani et al. 2006). The mean relatedness (-0.1420 to 0.2771) among
SES individuals from the MI colony was high and slightly larger than that reported
for the SLI colony (0.002 + 0.239, Fabiani et al. 2006), thus confirming some degree
of relatedness in this colony which is thought to result from site fidelity and
philopatry in both male and female SES. The mean relatedness between females of
the MI colony did not differ significantly from that of males but was slightly larger in
magnitude, which may imply that females are little more related to each other than
males are. These findings are consistent with the general trend that, female SESs
generally show stronger site fidelity and philopatry than males (Fabiani et al. 2006).
However, lack of apparent difference between male and female relatedness for the MI
colony may highlight the unusual dispersal pattern reported for this population. Based
on a mark and recapture dataset, Hofmeyr (2000) demonstrated that males from MI
show high levels of site fidelity as opposed to females that dispersed to beaches

further away for their natal breeding beach. In this regard, males at this colony are
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expected to be more related to each other than females. Surprisingly, almost equal
mean relatedness values between the two sexes were recovered which may imply that
dispersal of males in this colony is sufficiently low so as not to leave a noticeable
difference in relatedness patterns between the two sexes. This genetic observation is
therefore counter to the prior expectation that relatedness among male members of the
MI colony would be higher, but signifies a strong degree of site fidelity and
philopatry shown by males, that is comparative to that observed for females of this
colony. These MI results contrast markedly with those for males and females from
SLI (Fabiani et al. 2006).

In general, an inbred population is characterised by a larger than expected proportion
of individuals sharing a large number of alleles. In this study, assessment of the
related individuals (R > 0.125) revealed that the majority of these within the MI
population sample set where half siblings followed by full sibs. Conversely, the
extreme subset of relationships where R > 0.50, was relatively low and was mainly
observed between individuals sampled at different sites or that were born in different
years. A similar pattern was observed when sampling localities and natal sites that
were represented by four or more individuals, were assessed. The occurrence at a low
proportion of the extreme subset of highly related individuals bears evidence that site
fidelity and philopatry do not occur to an extent that would result in inbreeding in the
MI population. The recovery of closely related individuals born from different years
and distant sites, in fact suggests dispersal away from the natal site, to other local sites

for breeding purposes, within this population and some form of inbreeding avoidance.
3.4.3 Genetic differentiation between populations

The proportion of genetic variation attributed to genetic differences between
populations was assessed with Fsr and Rhogr statistics. All values recovered from
these statistical measures were relatively low and indicative of moderate sub-
structuring. Low levels of nuclear DNA differentiation and similar patterns of genetic
variation between these populations may indicate frequent male dispersal (Slade ez al.
1998; Hoelzel et al. 2001). Male-biased dispersal is common in most marine species
(Burg et al. 1999) and is particularly pronounced in SESs (Slade et al. 1998; Hoelzel
et al. 2001; Fabiani et al. 2003). For instance, a recent study based on genetic markers

revealed a long-range paternal gene flow of about 8500 km between MQ and SLI
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(Fabiani et al. 2003). On the other hand, a mark and recapture study in MQ and PV
revealed that although males disperse over great distances for breeding, females
typically disperse greater distances for foraging (Lewis et al. 1996). The degree of
differentiation between PV and MI was the highest and the Rgr estimate between
these islands was slightly larger than the Fsy estimates. This estimate may suggest that
the period of separation between PV and MI was sufficiently long for significant
genetic drift to have occurred between the two islands, and long enough to allow the
introduction of new mutations, which may have made a noticeable contribution.
Considering the distance (7500 km) between the two islands and that the continental
colony at PV is estimated to have separated from the populations present at each of
the previously characterised oceanic islands (SG, EI, SLI, MQ and HD) about 200
000 — 300 000 yr ago (Slade et al. 1998), this observation was not unexpected. It is
reasonable to suggest that the observed pattern of differentiation between PV and MI
could be dominated by historical events rather than contemporary gene flow. This
suggestion is also supported by pattern diversity and genetic distances between these

islands as inferred from mtDNA (see chapter 2).

In this study, we also quantified the divergence between the five populations using the
Da (Nei, 1987) and du 2 (Goldstein ef al. 1995) genetic distances. In estimating the
relative time of divergence, du® distance between two populations is expected to
increase linearly with time (Cooper et al. 1999; Nie & Kumar 2000). In the present
study, the recovered genetic distances between MI and PV were the highest (Da =
0.093 and Su ? = 0.208), therefore in support of the long period of separation of the
two islands and the historical separation of the seals from these two islands rather
than contemporary gene flow. Though other measures (Fsr and genetic distances)
support a historical separation of the MI and PV seal populations, the effective
dispersal rate between the two islands, from the microsatellite data was relatively
large (reciprocal exchanges of around 1 individual per generation as opposed to the
0.05 estimate from the mtDNA dataset; see Table 3.9 and Table 2.6 in chapter 2),
compared to the reciprocal exchange rate between MI and EI, and between MI and
SG. The reciprocal exchange rate between MI and EI, and between MI and SG, were
approximately 0.6 and 0.8, respectively, and suggestive of less contemporary male-

mediated gene flow between these islands and MI, than between PV and MI. At an
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oceanic-level comparison, the MI colony differed significantly from the three South
Georgia (SG, EI and SLI) colonies and the magnitude of these values were larger than
those reported previously when the three islands (SG, SLI and EI) were compared to
each other (Hoelzel et al. 2001; Fabiani et al. 2003). This may imply that male-
mediated gene flow between MI and the three colonies (SG, EI and SLI) is relatively
low compared to the local gene flow observed within populations making up the
South Georgia stock. This is not surprising, considering that MI does not belong to
the same oceanic stock as the three islands, and that mark and recapture data
(Hofmeyr 2000) revealed that males from MI show more affinity to their first
breeding site and natal site. While we find that the latter is not unexpected, the pattern
of differentiation between these colonies and MI did not correspond to the physical
distance between these colonies. The degree of differentiation between MI and SLI,
and between MI and EI, was relatively low compared with differentiation between MI
and SG, which is closer to MI than SLI and EI. Similarly, genetic distances between
MI and SG were larger than the genetic distance between either SLI, or EI and MI. In
line with this finding was the effective dispersal rate which revealed relatively higher
migration rates (between 2 and 8 individuals per generation) between MI and SLI, as
opposed to low rates (0.78 to and from effective dispersal) between MI and SG. The
recovered pattern of differentiation between colonies of the South Georgia stock and
MI is in line with the pattern recovered from the mtDNA locus (see chapter 2) and
earlier findings (Slade er al. 1998; Hoelzel et al. 2001; Fabiani et al. 2003) where
differentiation between putative populations was not consistent with physical distance
for both mtDNA and microsatellites. This suggests a similar pattern of dispersal for
males and females between these islands, though the magnitude of dispersal by each

of the two sexes is unequal and biased towards males.
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Chapter 4
Reconciling nuclear microsatellite and mitochondrial marker
estimates of population structure of southern elephant seals

Mirounga leonina

CONCLUSION
4.1 Genetic variation at Marion Island

In this study, both the nuclear bi-parentally inherited markers as well as the
maternally inherited mitochondrial DNA marker indicated moderate levels of genetic
variation for the Marion Island SES population. Similar levels of genetic variation
have been reported in other SES populations, with the exception of the continental
breeding colony at PV. Previous studies revealed three matrilineal lineages for the
continental PV colony, which Hoelzel and co-workers (2001) suggest may reflect a
female founder effect and a lack of further female-mediated gene flow between the
continental PV population and other islands (Hoelzel et al. 2001). The number of
mtDNA haplotypes and the microsatellite allelic frequencies recovered for the MI
population was also within the range reported for three other SES populations, namely
SG (Hoelzel et al. 2001), EI and SLI (Fabiani et al. 2003). Several mitochondrial
haplotypes were also shared between SLI, EI and MI but not between SG and MI, or
between PV and MI. In this study, we were unable to compare our microsatellite
dataset with HD Island, which is in the same oceanic region as MI, or with MQ in the
Macquarie stock, as data for these islands are presently unavailable. However,
analyses based on mtDNA revealed similar levels of genetic variation for these
islands, and two haplotypes were shared between MI and HD and one between MI

and MQ.

71



e
=

" UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

4.2 Population structure of SES

Genetic makers, particularly mitochondrial and microsatellite DNA, have been useful
in assessing population genetic structure of SESs (Slade 1998; Slade et al. 1998;
Hoelzel et al. 2001; Fabiani et al. 2003). Earlier studies of SES genetic structure
focused on three islands in the South Georgia stock (SG, EI, and SLI), the mainland
colony in Peninsula Valdés stock, Macquarie Island in the Macquarie stock and Heard
Island in the Kerguelen stock. Although the Macquarie and Kerguelen stocks were
included in early population structure investigations, these stocks were poorly
represented, with only 5-6 samples from each island being characterised. In these
earlier investigations, SES genetic structure was found to be inconsistent with the
physical distance separating the studied colonies (Slade 1998; Slade et al. 1998;
Hoelzel et al. 2001; Fabiani et al. 2003). Though it is in the same oceanic region, the
continental breeding colony at PV differed remarkably from islands that make up the
South Georgia stock (SLI, EI, and SG). The HD breeding colony was however
genetically more similar to SLI and EI than it was to SG which occurs in closer
proximity to it. Furthermore, a remarkable difference in magnitude of genetic
variance between mitochondrial and nuclear DNA was also found. Differentiation at
the mitochondrial locus was relatively high compared to the nuclear loci (Slade 1998;
Slade et al. 1998; Hoelze et al. 2001; Fabiani et al. 2003). In this study, a similar
pattern of genetic structure was found in both markers, when MI was compared with
other islands. Again, differentiation in both makers was not consistent with distance.
The two markers indicated that MI was genetically more distant from SG which is
physically closer to MI than what MI is to SLI and EI. Both makers revealed a weak
but significant differentiation between MI and SLI and between EI and MI. As with
previous studies, differentiation at the mtDNA locus was stronger than that of the
nuclear marker. The discrepancy in the proportion of genetic variance between the
two markers could be explained by breeding behaviour and the life traits of southern
elephant seals as well as the inheritance pattern between mtDNA and microsatellite
markers (Hoelzel et al. 2001; Fabiani et al. 2003). Numerous studies investigated the
movements of SESs in the Southern Ocean (e.g. Carrick & Ingham 1962a; Hindell et
al. 1991b; McConnell et al. 1992; Jonker & Bester 1994; McConnell & Fedak 1996;
Fabiani et al. 2000; McConnell et al. 2002; Hindell et al. 2003). These studies were

aimed at elucidating the usage of the Southern Ocean and islands around the APF by
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SESs of both sexes and various ages. Satellite telemetry data as well as mark and
recapture studies indicated high dispersal capacity in both males and females. For
example, a long distance excursion of approximately 5200 km by a female juvenile
between MQ and Peter @Y has been recorded (Hindell & McMahon 2000). In the
Kerguelen stock, an excursion of 2740 km by two males and two females between
HD and MI was reported (Bester 1988). These studies collectively reveal that male
and female SESs are capable of travelling vast distances with females being highly
philopatric with respect to breeding site, while males would more likely disperse to
find new breeding localities. A system wherein males are purely polygamous and
disperse more frequently than females, creates an unequal rate of gene flow between
population fragments. In such a system, migrant SES males are more likely to
establish their genetic material sufficiently between fragments than females, as males
sire numerous offspring. For instance, a recent study on SES genetics revealed that a
male born at MQ migrated to SLI (8500 km distant) and fathered 18 offspring in one
breeding season (Fabiani ef al. 2003). This indicates that males have a high potential
to homogenise the genetic structure across population fragments. Taken together with
the high dispersal rate of males, the male homogenising effect seems a more
parsimonious interpretation of the observed reduced pairwise differentiation at the bi-
parental microsatellite markers. The male homogenising effect is, however, dependent
on several factors namely, harem size, synchronisation of female estrous and
competition by other males. Several studies have been conducted in order to gain
better insight into the extent to which these factors affect male reproductive success.
It has been shown that male SESs have high reproductive success regardless of the
above factors (Hoelzel et al. 1999; Fabiani et al. 2005). The most challenging issue,
however, is gaining access to and maintenance of a harem, especially at new
localities.

Several other hypotheses that seek to explain the uneven subdivision or structuring
observed between mtDNA and microsatellites have been put forward. These include
hypothesis that emphasize the difference in nature and inheritance pathway of the two
markers. In mammals, mtDNA is generally inherited though the matrilineal pathway
whereas the transmission pathway for micorsatellite autosomal nuclear DNA is
generally bi-parental, which makes the two markers haploid and diploid respectively
(Avise 1994). Mitochondrial DNA responds more rapidly to drift than microsatellites

due to its small effective population size (one fourth that of the nuclear DNA) and
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high mutation rate (Slade 1998). When effective population size is small, the rate of
genetic drift is expected to rise and so will the rate at which populations exhibit
differences in allelic frequencies. High mutation rate is also one of the factors
underlying the greater sensitivity at the mtDNA locus. Mitochondrial DNA evolves
50 times faster than most nuclear DNA genes (Slade 1998). High mutation rate may
possibly result in two consequences both of which enhance the chances of detecting a
greater geographic structure (Slade 1998). Firstly, the number of shared alleles
between separated populations at mtDNA loci is expected to drop owing to an
eruption of new alleles which usually occurs at low frequency and as a result of the
high mutation rate. Secondly, the high mutation rate increases the chance of the
occurrence of unique alleles in populations that separated recently (Slade 1998).
Although the gene character difference theory (Slade 1998, Slade et al. 1998, Hoelzel
et al. 2001) is compelling, it appears to be insufficient to explain an order of
magnitude difference in differentiation between the two markers employed. When
combined with evidence of sex-biased dispersal from mark and recapture data, our
data suggest that male-biased dispersal with its subsequent male-biased gene flow
underlies the observed uneven genetic structuring between the markers used in this
SES study. Male-biased dispersal has long been held responsible for partial reduction
of genetic structure at nuclear DNA markers, not only in the SES, but also in many
other mammalian species. For example, high male-biased dispersal with subsequent
male-biased gene flow has been proposed in harbour seals, Phoca vitulina (Burg et al.
1999), sperm whales Physeter macrocephalus (Lyrholm et al. 1999), noctule bat,
Nyctalus noctula (Petit et al. 2001), African elephants Loxodonta africana (Nyakaana
& Arctander 1999),and wild dogs, Lycaon pictus (Girman et al. 2001). All these
species proved to have vagrant males with females being highly philopatric. In all
these instances, mtDNA showed greater subdivision than the nuclear genome and the

uneven pattern of differentiation was credited to male-biased gene flow.

If sex-biased dispersal, rather than the differences in gene character of the makers
used, dominates the observed SES geographic structure, how do we then explain the
inconsistencies between geographical distances and genetic relatedness of the
colonies studied? Male and female SESs invest differently to maximise their
reproductive fitness. Females maximise access to resources and breed in groups as the

strength of numbers may act as a defence against potential male harassment
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behaviour, which may reduce their reproductive success (Hoelzel er al. 1999). In
other populations, breeding in groups does not always ensure reproductive success,
since harems are larger and crowded. Over-crowding may consequently result in
serious injuries to both the female and her pup. Over-crowding also has severe cost
for both male and female fitness (Fabiani 2000). Males of this species compete
vigorously for exclusive control of harems of females, which may result in severe
injuries or even death. Approximately 54 % of the world’s SES population breeds at
SG (Boyd et al. 1996). This translates into around 100 000 females breeding at SG
which makes harem sizes at SG Island generally denser than elsewhere. The SG
population has been stable ever since 1951 and lack of good quality breeding sites and
over-crowding have been speculated to be the major contributing factors to this
stability (Boyd et al. 1996). In these larger, crowded harems, female reproductive
success and fitness is expected to drop. In dense harems such as those of SG, males
are expected to enhance their individual fitness, but access to over-crowded colonies
may consequently result in serious injuries and thus reduced male reproductive
fitness. This may possibly explain why both markers reveal lower levels of gene flow
(male and female gene flow) between larger colonies such as SG, MQ and PV than
that found between the smaller colonies such as MI, EI and SLI, and the apparent
anomaly that genetic structure for the latter islands is not consistent with the physical

distance separating its SES populations.
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4.3 A Synthesis

The results of this study suggest the following accounts for, genetic variation,

relatedness of SESs at MI, and population structure of the SES:

. The Marion SES population is comprised of genetically diverse individuals and
has diversity estimates comparable to all other studied breeding colonies, with the
exception of the continental breeding colony (PV).

. Limited female migration between populations has been suggested, but shared
mtDNA haplotypes between individuals from MI and HD (both within the
Kerguelen stock), and between MI and islands in the South Georgia stock (SLI
and EI) as well as between MI and the Macquarie stock (MQ Island), bears
evidence that some degree of female migration does occur between populations.

. Evidence of migration of individuals between islands, the large number of
mtDNA haplotypes (N = 103) recovered, and significant population estimate
parameters recovered for the combined data set and the Marion SES population
indicate that Mirounga leonina in the Southern Ocean consists of genetically
diverse populations, despite the intensive sealing that has occurred in the recent

past.

. Measures of genetic structure suggest a relatively low proportion of female-

mediated gene flow between populations as opposed to the high male-mediated
gene flow, thereby confirming strong female philopatry and site fidelity reported

from both mark-and-recapture and telemetry studies of this species.

From the conservation point of view, genetic diversity of the Marion SES population

poses no threat for the future survival of this population as both markers proved to be

adequately diverse. It was also shown that gene flow is occurring between MI and the

other islands. This population has increased after cessation of sealing then

subsequently stabilised as from 1994 to date. Continued stability of this population

could hinge on other environmental threats such as killer whale predation and food

availability within their foraging area.
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4.4 Remarks

The earlier SES population structure studies that included HD, MQ, SG and PV Island
were carried out eight years ago and were based on 6, 5, 26 and 32 individuals
respectively (Slade, 1998; Hoelzel et al. 2001). In his study, Hoelzel and co-workers
(2001) detected three matrilineal lineages from 32 individuals of the continental
breeding colony (PV). The same individuals used in those studies were compared
with the newly generated data sets to deduce recent population structure and genetic
variation within populations. It will be interesting to know how southern elephant seal
population structure and its genetic variability have changed over time. We therefore
suggest that future studies that aim to elucidate SES population structure and its
genetic variation, should include more recently sampled individuals, and that under-
sampled populations, particularly those from HD and MQ be more intensive studies in

order to update the current existing database of all studied populations.

Comparative approaches, in which one compares measures of differentiation between
the mitochondrial and nuclear DNA have thus far been the only molecular tool for
estimating bias in effective dispersal between the SES sexes. Several other genetic
methods have been developed to infer the difference in migration rate between sexes.
A more powerful way of inferring sex-biased dispersal is one that compares Wright’s
Fsr computed separately for both male and female sub-populations. We recommend
that new studies make use of alternative methods to validate the observed population
structure and dispersal patterns, not only because different methods differ in their
resolution powers, but because different methods emphasise various aspects of data

and therefore provide different insights into the geographic structure (Slade 1998).
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APPENDIX

Appendix 1. The Marion SES list of sample used in this study. Colours are designated as follows: OO for orange orange, PO for pink orange, WW for white
white, GG for green green, WR for white red, OY orange yellow, and BB for blue blue.

Sample no Age Tag colour Tagno  Sex Natal site Beach code Sampling site Beach code
MI.001 1 00 314 M Pinnacle beach 058 Rockhopper Bay 067
MI.002 4 PO 116 M Bullard Bay North 011 Rockhopper bay 067
MI.003 2 Ww 053 M Goney Bay 053 Trypot Beach 002
MI.004 1 00 333 F King Penguin Bay 056 Trypot Beach 002
MI.005 1 00 218 F Kildalkey Bay 020 Trypot Beach 002
MI.006 1 00 230 F Kildalkey Bay 020 Trypot Beach 002
MI.008 0 BB 031 F Ship’s Cove 065 Archway Beach 007
MI.007 0 BB 260 M Log beach 055 Archway Beach 007
MI.009 1 00 150 F Archway Beach 007 Archway Beach 007
MI.O10 2 Ww 055 M Archway Beach 007 Archway Beach 007
MI.O11 5 WR 067 F Trypot Beach 002 Archway Beach 007
MI.012 0 BB 154 M Bullard Beach South 012 Archway Beach 007
MI.O13 1 00 127 F Ship’s Cove 065 Archway Bay 006
MI.O14 1 00 257 M Goodhope Bay East 026 Archway Beach 007
MI.015 0 BB 018 F Kildalkey Bay 020 Archway Beach 007
MI.O016 0 BB 274 F Goney Bay 053 Archway Beach 007
MI.017 7 (0) ¢ 100 M  Kildalkey Bay (020) 020 Archway Beach 007
MI.O18 3 GG 150 M Goney Bay 053 Ship’s Cove 065
MI.O19 0 BB 321 F Goodhope Bay East 026 Ship’s Cove 065
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Sampleno  Age Tag colour Tag no Sex  Natal site Beach code  Sampling site Beach code
MI.020 0 BB 220 F Sealer’s Beach 062 Ship’s Cove 065
MI.021 1 0[] 093 F Archway Beach 007 Goney Bay 053
MI.022 1 00 326 M King Penguin Bay 056 Goney Bay 053
MI.023 3 GG 361 M King Penguin Bay 056 King Penguin Bay 056
MI.024 0 BB 417 F Sealer’s South 063 Log beach cove 055
MI.025 2 Ww 289 M Macaroni Bay South 004 Pinnacle Beach 058
MI.026 0 BB 270 M Goney Bay 053 Pinnacle beach 058
MI.027 2 WwW 270 M Archway Beach 007 Pinnacle beach 058
MI.028 2 wWw 360 M Sealer’s Beach 062 Pinnacle beach 058
MI.029 0 BB 040 M Sealer’s Beach 062 Sea elephant 059
MI.030 0 BB 335 M Goodhope Bay East 026 Rockhopper Bay 067
MI.031 3 GG 144 M Goney Bay 053 Rockhopper Bay 067
MI.032 1 00 202 F Funk Bay 018 Duiker’s Point 066
MI.033 2 wWw 342 M Pinnacle Beach 058 Duiker’s Point 066
MI.034 0 BB 255 F King Penguin Bay 056 Ship’s Cove 065
MI.035 2 wWw 307 M Ship’s Cove 065 Ship’s Cove 065
MI.036 1 0[] 154 M Archway Beach 007 Ship’s Cove 065
MI.037 2 WwWw 2717 M Archway Beach 007 Ship’s Cove 065
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Sampleno  Age Tag colour Tag no Sex  Natal site Beach code  Sampling site Beach code
MI.038 0 BB 397 F Funk Bay 018 Ship’s Cove 065
MI.039 0 BB 179 F Kildalkey Bay 020 Ship’s Cove 065
MI.040 1 00 343 F Pinnacle Beach 058 Sealer’s South 063
MI.O41 3 GG 045 M King Penguin Bay 056 Sealer’s South 063
MI.042 1 00 015 F Goney Bay 053 Sealer’s South 063
MI.043 1 00 274 M Goodhope Bay East 026 Sealer’s South 063
MI.044 0 BB 006 F Macaroni Bay South 004 Sealer’s South 063
MI.045 1 00 100 U Archway Beach 007 Sealer’s South 063
MI.046 0 BB 092 M King Penguin Bay 056 Sealer’s South 063
MI.047 1 00 089 F Archway Beach 007 Sealer’s South 063
MI.048 0 BB 427 F King Penguin Bay 056 Sealer’s beach 062
MI.049 0 BB 166 M Kildalkey Bay 020 Sealer’s beach 062
MI.050 0 BB 135 F Archway Beach 007 Trypot Beach 002
MI.052 U RR 145 M Trypot Beach 002 Duikers Point 006
MI.053 U PO 225 M Goodhope Bay East 026 Goodhope Bay East 026
MI.054 U WR 328 M Rockhopper Bay 067 Bullard Bay North 011
MI.055 U WB 156 M Pinnicle Bay 057 Sealer’s Cave 016
MI.056 U WB 057 M Archway Beach 007 Archway Beach 007
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Sampleno  Age Tag colour Tag no Sex Natal site Beach code  Sampling site Beach code
MI.057 U WR 029 M Goney Bay 053 Goney Bay 053
MI.O58 U WR 185 M Boulders Beach 001 Pinnacle Beach 058
MI.059 U PO 384 M Goney Bay 053 Ship’s Cove 065
MI.060 U PB 050 M Sealer’s Beach 062 Trypot Beach 002
MI.061 U U U U U U Sealer’s Beach 062
MI.062 U U U U U U Landfall Beach 015
MIL063 U U U U U U Duikers Point 066
MI.064 U U U U U U Sealer’s South 063
MI.065 U U U U U U Sea Elephant Bay 059
MI.066 U YY 189 F Sealer’s Beach 062 Macaroni Bay South 004
MI.067 U RR 285 M Goney Bay 053 Sealer’s Beach 062
MI.068 U RR 078 M Ship’s Cove 065 Trypot Cove 002
MI.069 U RR 389 F Blue Petrel Bay 060 Rockhopper Bay 067
MI.070 U PP 160 U Sealer’s Beach 062 Rockhopper Bay 067
MI.071 U RR 070 F Watertunnel Beach 025 Macaroni Bay South 004
MI.072 U BB 195 M Goney Bay 053 Rockhopper Bay 067
MI.073 U YY 455 M Archway Beach 007 Duikers Point 066
MI.074 U RR 388 M Trypot Beach 002 Duikers Point 066
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Appendix 2. Summary of primer pairs screened for optimal genomic amplification conditions and polymorphism.

Locus Primer Sequence Reference Screening Stage

Lwi15s GATCTCTCTCTCTTCAC Davis et al. 2002 Amplified but not polymorphic (three alleles)
CTGTAACTTCTCCAAACA

Lwlé6 CACTCCCCCACTGCTTGT Davis et al. 2002 No amplification
ATTAGTTGCAATTTTGAGACACTC

Lwi18 CACACCCGCCAACTCAT Davis et al. 2002 Amplified but not polymorphic (three alleles)
TTTACCTCCAATTCTTCAGAT

Lw20 GACTCTTGCCCCTTCAG Davis et al. 2002 No amplification
GTTTCACAGACCTGCCTCTAGTG

H1-2 CAAACACCACTATTTCCCT Davis et al. 2002 Amplified but not polymorphic (two alleles)
AGGTTGTGGTCTGAAGAAT

H1-4 GCTAAAAGCATCTCCTTACC Davis et al. 2002 Amplified but not polymorphic (three alleles)
CGGCATAGAAATCTTTACA

Hgl1.3 TTCCAAAACGGTCCAGTAGG Davis et al. 2002 No amplification
CTAGTAGATAAGAGCCACATTTCC

Hg3.6 AGATCACATTCTTTTTATGGCTG Davis et al. 2002 No amplification
GATTGGATAAAGAACATGTGAGGG

Hgé6.1 TGCACCAGAGCCTAAGCAGACTG Allen et al. 1995 No amplification
CCACCAGCCAGTTCACCCG

Pvle6 AGCTAGTGTTAATGATGGTGTG Goodman, 1997 No amplification
TCTGAGATTCAGAGTAACCTTC

Lc-18 ATTCTCCTCTCACCCCTG Allen et al. 1995 Amplified but not polymorphic (two alleles)
AATCGGCTGCTGGTAAAT
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Appendix 3. Nucleotide sequence alignment of mitochondrial D-loop haplotypes from SLI, SG, EI,

PV, HD and MQ indicating variable sites only in the homologous 299nt HVRI dataset analysed. Non-

MI data are taken from the studies of Slade et al. 1998, Hoelzel et al. 2001 and Fabiani, 2000.
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