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ABSTRACT ARTICLE HISTORY
New Zealand fur seals are one of many pinniped species that Received 31 July 2015
survived the commercial sealing of the eighteenth and nineteenth Accepted 9 March 2016
centuries in dangerously low numbers. After the enforcement of a
series of protection measures in the early twentieth century, New B ; .
. S anks Peninsula; colony
Zealand fur seals began to recover from the brink of extinction. expansion; fine-scale
We examined the New Zealand fur seal populations of Banks population; mitochondrial
Peninsula, South Island, New Zealand using the mitochondrial DNA; New Zealand; New
DNA control region. We identified a panmictic population Zealand fur seal
structure around Banks Peninsula. The most abundant haplotype
in the area showed a slight significant aggregated structure. The
Horseshoe Bay colony showed the least number of shared
haplotypes with other colonies, suggesting a different origin of re-
colonisation of this specific colony. The effective population size
of the New Zealand fur seal population at Banks Peninsula was
estimated at approximately 2500 individuals. The exponential
population growth rate parameter for the area was 35, which
corresponds to an expanding population. In general, samples from
adjacent colonies shared 4.4 haplotypes while samples collected
from colonies separated by between five and eight bays shared
1.9 haplotypes. The genetic data support the spill-over dynamics
of colony expansion already suggested for this species.
Approximate Bayesian computations analysis suggests re-
colonisation of the area from two main clades identified across
New Zealand with a most likely admixture coefficient of 0.41 to
form the Banks Peninsula population. Approximate Bayesian
computations analysis estimated a founder population size of
approximately 372 breeding individuals for the area, which then
rapidly increased in size with successive waves of external
recruitment. The population of fur seals in the area is probably in
the late phase of maturity in the colony expansion dynamic.
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Introduction

The traditional view of a species as a single large, randomly mating unit is usually chal-
lenged when faced with actual field observations (Coltman et al. 2003). Many species
consist of several sub-populations with different degrees of co-ancestry and relatedness
(Sugg et al. 1996). In most mammalian species, males are the main dispersing sex.
Female philopatric behaviour usually gives rise to matrilineal social groups (Greenwood
1980). Male-mediated gene flow, along with female philopatry and polygynous mating
systems, are strategies that have evolved to avoid the impacts of inbreeding that can
arise when both sexes exhibit philopatric behaviour (Chesser 1991). A high degree of
co-ancestry among members of a matrilineal group may also facilitate kin selection and
local adaptation with long-term beneficial evolutionary consequences (Coltman et al.
2003).

Marine environments provide animals with immense dispersal potential, with relatively
few barriers to gene flow (Mirimin et al. 2011). Defining distinct populations in marine
ecosystems has a major role to play in species management and conservation. Hoelzel
(1998) suggested that in many marine mammals, fine-scale population genetic structure
arises from specialisation of behaviour, which in turn could facilitate resource partitioning
among individuals (Skulason & Smith 1995). Fine-scale population structure is more pro-
nounced in species with socially structured or breeding-group population dynamics,
where matrilocal females in stable social groups mate with males whose associations
with females vary from permanent bond to semi-permanent association. This non-
random dispersal of individuals in social groups will result in groups that are genetically
similar due to co-ancestry, and differentiated from neighbouring groups (Sugg et al. 1996;
Storz 2005). Such a population structure has been reported for numerous mammalian
species including black-tailed prairie dog (Cynomys ludovicianus) (Chesser 1983), red
howler monkey (Alouatta seniculus) (Pope 1992), several cercophithecine primates
(Schwartz & Armitage 1980; Turner 1981; Dracopoli et al. 1983; Melnick 1987a, 1987b;
Kawamoto 1996), the common vampire bat (Desmodus rotundus) (Wilkinson 1985),
Richardson’s ground squirrel (Urocitellus richardsonii) (van Staaden et al. 1994), Euro-
pean rabbit (Oryctolagus cuniculus) (Surridge et al. 1999), lion (Panthera leo) (Spong
et al. 2002), bottlenose dolphin (Tursiops truncatus) (Urian et al. 2009) and many ungu-
lates (Coltman et al. 2003).

Few studies have investigated the pattern of re-colonisation of an area by a species after
an initial disappearance. Carr et al. (2007) found that fishers (small aquatic mustelids,
Martes pennanti) in southern Ontario, Canada re-colonised the area from multiple
source populations after initial removal in the 1950s. The multi-source nature of re-colo-
nisation results in homogenisation of genetic variation at local scales. Recently, Bonin et al.
(2013) reported the multi-source nature of re-colonisation of Livingston Island by Antarc-
tic fur seals (Arctocephalus gazella), with obvious population differentiation between
Livingston Island and the larger, nearby South Georgia Island populations, indicating
the contribution of several source populations to the re-invasion history of Livingston
Island, rather than a single spill-over event from larger South Georgia colonies to the
smaller Livingston Island colonies.

New Zealand fur seals, Arctocephalus forsteri (Lesson, 1828), are a group of pinnipeds
that show an extreme polygamous mating system in which a few males sire most of the
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offspring in the next generation (Crawley & Wilson 1976). This mating system has impor-
tant impacts on species demographic dynamic and colony expansion pattern.

Since the end of the large-scale commercial sealing of the eighteenth and nineteenth
centuries, populations of many pinniped species, including New Zealand fur seals, have
started to recover from the brink of extinction (Macdonald 2001). Roux (1987) suggested
four successive phases for the process of fur seal re-colonisation: (1) survival, (2) establish-
ment, (3) re-colonisation, and (4) maturity. Individuals surviving a large-scale human
harvest initially form a few founding colonies during the establishment phase. This
stage is immediately followed by a re-colonisation phase when shortage of space in the
older colonies accelerates the formation of new colonies, primarily in the vicinity of the
founder colonies. The process of older colonies spilling over into new colonies continues
until density-dependent factors, such as absolute shortage of space on land or food
resources at sea, limit the establishment of new colonies and subsequently the colonies
enter the maturity phase.

Intra-regional fine-scale population genetics of New Zealand fur seals is poorly known.
Two studies have previously investigated the broader population structure in this species.
Lento et al. (1994) found limited gene flow across the broad geographical range of the New
Zealand population. Similarly, Robertson and Gemmell (2005) reported moderate gene
flow (an average Fgr value = 0.017 for all pairwise comparisons) between seven colonies
throughout New Zealand. Despite providing valuable information at a broad scale,
neither of these studies examined population structure at a smaller scale and its conse-
quences on colony expansion dynamics.

Banks Peninsula (approximately 1150 square kilometres) is situated in the middle of
the east coast of New Zealand’s South Island. Originally formed from two extinct volca-
noes, Banks Peninsula was isolated by the ocean as recently as 15,000 years ago, at the
end of the last glacial epoch, and remained isolated from the mainland until the alluvial
plains of Canterbury reached its base (McLintock 1966). A variety of species have colo-
nised the area from different source populations throughout the New Zealand mainland
(Burrows 1994; Banks et al. 2002).

Banks Peninsula offers an opportunity to study the fine-scale population genetics of
New Zealand fur seals using mitochondrial DNA. The local bays provide suitable
habitat for New Zealand fur seals and the relative timings of re-colonisations for the
major colonies in the area are known. This area has been re-colonised by fur seals over
the past 40 years (Wilson 1981). Many colonies are even younger and have established
in the last decade (Baird 2011).

Wilson (1981) was the first researcher to report the re-appearance of four New Zealand
fur seals pups, and one female, in haul-outs on the eastern side of Horseshoe Bay on Banks
Peninsula in 1973. Despite observing seals at many other locations throughout the area, no
pups or females were reported elsewhere; these locations were occupied by immature, sub-
adult males. Ryan et al. (1997) subsequently found that many of the previously identified
haul-out sites had become breeding colonies. Only two of the study sites (n=9) in our
research, Horseshoe Bay and Island Bay colonies, were reported as breeding colonies or
haul-out sites by Ryan et al. (1997). Baird (2011) was the first to suggest that all of the colo-
nies included in our research were well-established breeding colonies. Records suggest that
many of these colonies were established between 1997 and 2010. The recent establishment
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history of these colonies could provide an insight into the dynamic of colony expansion in
New Zealand fur seals on a local scale.

We report here a study of matrilineal population structure and colony expansion
dynamics in New Zealand fur seals on a local scale at Banks Peninsula, in the South
Island of New Zealand. Alternative hypotheses of multiple source re-colonisation events
versus a single re-colonisation event, and a spill-over pattern of colony expansion, pre-
viously reported as a potential model for colony expansion dynamics (Bradshaw et al.
2000), were thoroughly evaluated using genetic data from the mitochondrial control
region.

Material and methods
Tissue collection

Tissue samples were collected from the interdigital web of fur seal pups’ left fore-flipper
using a medium-size piglet ear-notcher (Majluf & Goebel 1992). Nine or ten individuals
from all major breeding colonies with more than 50 individuals from around Banks Penin-
sula were sampled (Figure 1). The samples were transferred to 99% ethanol immediately
and kept cold until DNA could be extracted at Lincoln University, usually within a few
weeks. The whole process was performed in accordance with permit 35069-MAR issued
by the New Zealand Department of Conservation. DNA was extracted from tissue
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Figure 1. Locations of the fur seal colonies around Banks Peninsula and haplotype structure found
within the colonies. Numbers inside parenthesis represent the number of sampled individuals from
each colony.
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samples using a Qiagen DNeasy Blood &Tissue Kit (Catalogue number 69506) according
to the manufacturer’s instructions, and DNA was then stored at -20 °C.

Control region amplification/analysis

An approximately 1 kilobase long fragment of the mitochondrial control region was
amplified and sequenced using T-Thr and T-Phe primers as explained in Goldsworthy
et al. (2000). These primers bind to tRNA gene regions on either side of the control
region. Sequences were aligned using both Clustal W2 (Larkin et al. 2007) and MAFFT
(Katoh & Standley 2013). After rigorous filtering of the sequences c. 600 base pairs of
high-quality sequences were used in the subsequent analysis. Haplotype analyses were per-
formed in Arlequin v.3.5 (Excoffier et al. 2005) using default settings except where expli-
citly stated otherwise. A multimodal (model averaging) phylogenetic tree was constructed
using software package jModelTest (Posada 2008). A median-joining haplotype network
was constructed using the software package Network (Rohl 2000), changing the default
parameters to accommodate mitochondrial DNA’s special dynamics (three times higher
transition to transversion weight).

To estimate the parameter © (N, y) and exponential growth rate (g) for the New
Zealand fur seal at Banks Peninsula the phylogenetic package LAMARC v2.1.10
(Kuhner 2006) was used in a Bayesian analysis mode using a single final long chain of
2.5 x 10® simulations with different temperature.

Three separate Approximate Bayesian Computations (ABCs) analyses were performed
using DIYABC v2 (Cornuet et al. 2014). In the first model, it was assumed that the current
Banks Peninsula population is descended from a founder population of around 1000 indi-
viduals that gradually increased to the current population size (c. 2500 breeding females).
We chose 1000 individuals as the founder population size assuming that all immature
males and females that Wilson (1981) observed in the area, in addition to the only lactat-
ing female, remained at Banks Peninsula, and other immigrant individuals have sub-
sequently given rise to the current population. In the second model, the probability of a
scenario with an instantaneous single massive re-colonisation event was investigated. In
the third, model, a multi-source origin of re-colonisation of the area was evaluated. To
test this model, a homologous region of mitochondrial DNA control region was sequenced
from 50 additional fur seals chosen from around New Zealand and the sub-Antarctic
islands and was subjected to Bayesian phylogenetic analysis using the phylogenetic
package BEASTv1.8 (Drummond et al. 2012). Two clades identified by the analysis
were considered as representative of the putative source populations for the re-colonisa-
tion of Banks Peninsula. The most likely size of the Banks Peninsula fur seal founder
population was also estimated in this model.

Eight summary statistics were calculated from a single population: (1) number of hap-
lotypes, (2) number of segregating sites, (3) mean pairwise genetic distance, (4) variance of
pairwise genetic distances, (5) Tajima’s D, (6) number of private segregating sites, (7)
mean frequency of the rarest nucleotide at segregating sites, and (8) the variance of the
frequency of the rarest nucleotide at segregating sites. In addition, five other summary stat-
istics were calculated from a pool of all samples: (1) number of distinct haplotypes in the
pool sample, (2) number of segregating sites in the pool sample, (3) mean of within-
sample pairwise differences, (4) mean of between-sample pairwise differences, and Fgr
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between two samples as explained in Cornuet et al. (2014). A maximum likelihood analysis
adapted from Choisy et al. (2004) was used to estimate the coefficient of admixture of two
putative populations that have probably given rise to the current Banks Peninsula
population.

A Mantel test and spatial analyses of inter-colony genetic variation were performed on
the data set using the software package AIS vl (Miller 2005) to test for possible non-
random patterns of genetic variation around the edge of Banks Peninsula. Two separate
statistics are of special interest: spatial autocorrelation index and index of allelic aggrega-
tion (non-uniform dispersion of the alleles in the area) (Miller 2005). The genetic variation
landscape of the area was also drawn from data using a specific approach applied in the
software package AIS v1 (Miller 2005).

Results

The genetic data identified 56 control region haplotypes from 86 Banks Peninsula individ-
uals. Forty-six of the 56 haplotypes occurred only once. A haplotype with 14 counts (16%
of the total) was the most abundant haplotype in the region. The mean number of pairwise
nucleotide differences between haplotypes was estimated as 23.53 (SD + 10.45). Mean
nucleotide diversity over all loci was 0.0426 (SD +0.021). Tajima 6y (Tajima 1983)
and Watterson é(w) (Watterson 1975) were calculated as 23.53 (SD +11.58) and 16.12
(SD +£4.33), respectively. Colonies throughout Banks Peninsula showed differing
degrees of shared haplotypes. Most of the colonies showed the highest number of
shared haplotypes with their adjacent colonies, rather than colonies farther apart
(Figure 2). In general, samples from adjacent colonies had a mean of 4.4 shared haplotypes
whereas samples collected from colonies separated by between five and eight bays had a
mean of 1.9 shared haplotypes. For example, the Damons Bay colony at the entrance of
Akaroa Harbour, a busy recreational port, showed the highest number of shared haplo-
types with the Otanerito and Island Bay colonies, which are in its immediate vicinity.
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Figure 2. A heat map showing number of shared pairwise haplotypes among different colonies in
Banks Peninsula. Different colours show the absolute counts of the shared pairwise haplotypes.
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The Horseshoe Bay colony had the fewest number of shared haplotypes with any other
colonies in the area (Figure 2).

Analysis of molecular variance (Excoffier et al. 1992) found that almost all of the vari-
ation was within populations. The null hypothesis of a lack of population structure around
Banks Peninsula (Fgr = 0) could not be rejected (P = 0.675). The pairwise Fg was only sig-
nificant between Otanerito-Te Oka (0.13), Otanerito-Le Bons (0.18) and Otanerito-
Horseshoe (0.12). The remaining pairwise Fgr values between the other colonies were
not statistically different from zero. Spatial analysis of molecular variance (Dupanloup
et al. 2002) identified the Otanerito Bay colony as maximally differentiated from the
remaining eight colonies (Fsr=0.08), although the result was not statistically significant
when performing a permutation test (P value = 0.6).
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Figure 3. A multimodal (model averaging) phylogenetic tree of the mitochondrial DNA at Banks Penin-
sula. The haplotypes from the same colony share the same colour. Scale bar in standardised nucleotide
substitution per generation.
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The multimodal phylogenetic tree indicated several distinct clades in the area (Figure
3). In parallel, two obvious genetic clades were observed in the median-joining haplotype
network analysis (Figure 4).

Approximate Bayesian Computations analysis was consistent with a population that
has formed from the admixture of at least two separate clades from the New Zealand
mainland and sub-Antarctic island populations. The most likely admixture coefficient
from the above-mentioned clades to form the Banks Peninsula population was estimated
at 0.418. The most probable estimate (MPE) of the parameter © and exponential growth
rate (g) were estimated as 0.069 and 30.544, respectively. The direct and logistic
regressions of the posterior probabilities of ABC analysis strongly rejected both the expan-
sion from a small founder population without an external recruitment model, and the
model with a single massive re-colonisation event. The simulations favoured significantly
the multi-source re-colonisation dynamics (P < 0.0001). All estimated summary statistics
for the two other models were significantly less than the observed value.

The Mantel test results did not show significant correlation between genetic and geo-
graphical distances (r=0.014, P=0.35). The lack of significant spatial correlation is also
obvious in the spatial autocorrelation test, which was not significant. However, the
allelic aggregation analysis showed that the most abundant allele in the area, which is
probably the oldest allele, has a significant allelic aggregation index at 94% confidence
level (P=0.06), suggesting a slightly aggregated allelic structure. The landscape of the
genetic variation suggested two peaks in the southern edge of the genetic landscape
surface at Banks Peninsula (Figure 5).

Discussion

Re-colonisation of Banks Peninsula by New Zealand fur seals has happened in the past 40
years. Wilson (1981) reported the presence of only 50-100 individuals around Banks
Peninsula in 1973, mainly non-breeding males and immature juveniles.
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Figure 4. A median joining haplotype network reconstructed from New Zealand fur seal mitochondrial
DNA control region at Banks Peninsula. The numbers are mutation steps and small red circles are
median haplotypes.
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22
(Easter edge)

Figure 5. Genetic landscape of mitochondrial DNA control region from Banks Peninsula. The x and y
coordinates are the midpoints of each edge in the triangulation. The z axis is a reflection of the
genetic distance among haplotypes found at the vertices of triangles according to Miller (2005).

The value of the parameter © estimated in the current research, assuming a mutation
rate of 2.7 x 107" per site per generation (Schneider & Excoffier 1999), corresponds to a
maximum effective population size of 2500 breeding individuals for the fur seal population
at Banks Peninsula. The value of exponential growth rate (g) (Kuhner 2006) is positive and
consistent with an expanding population that had a smaller effective population size in the
past. Extra caution is necessary when interpreting the exponential growth rate becausee
the 95% credibility interval estimated for the population includes a value of zero, indicat-
ing a lack of information in the data to definitely reject a constant population size.

The lack of significant local population structure in the New Zealand fur seal popu-
lation at Banks Peninsula is consistent with observed patterns reported for fur seals at
other locations (Matthee et al. 2006; Dickerson et al. 2010; Lancaster et al. 2010; Berry
et al. 2012). This finding indicates substantial matrilineal gene flow among neighbouring
colonies, causing a homogeneous dispersion of genetic variation at a local scale.

The presence of two well-separated haplotype groups (clades) around Banks Peninsula
strongly supports the hypothesis of the existence of two separate population refuges for
New Zealand fur seals that escaped the large-scale human harvest, as was initially
suggested (Lento et al. 1994). The fact that both of these hypothetical haplotype groups
have been identified at a local scale may suggest the random initial re-colonisation of
Banks Peninsula by individuals originating from these different clades.

The ABC results also strongly support the presence of at least two putative source popu-
lations re-colonising the area in the past 40 years. The same ABC analysis suggests a
founder population size of approximately 300 individuals that rapidly increased in size
due to both exponential population growth and successive waves of external recruitment.

The Horseshoe Bay colony haplotype structure was genetically the most different from
other colonies in the area. Most of the haplotypes in this colony are private haplotypes that
are found in no other colony. The Horseshoe Bay colony was the first colony reported
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from Banks Peninsula after recent re-colonisation of the area (Wilson 1981). It is possible
that the origin of the first re-colonisation event in the area was different from subsequent
re-colonisation events. Alternatively, this colony might represent a relict lineage that sur-
vived human harvest in hard-to-access population refuges around Banks Peninsula.

The number of haplotypes at Banks Peninsula was also substantial for a population that
has passed through a bottleneck and mirrors the pattern observed in other seal species
(Lento et al. 1997; Weber et al. 2004; Baker et al. 2005; Matthee et al. 2006; Coltman
et al. 2007). To what extent the observed pattern reflects pre-sealing demographic
dynamics in this species is unknown. A high level of genetic diversity has already been
reported for this region. Banks et al. (2002) found that little penguins (Eudyptula
minor) around Banks Peninsula originated from populations all around New Zealand
and suggested that the particular location of Banks Peninsula in New Zealand makes it
an ecological hotspot for marine species travelling through New Zealand waters.

The observed pattern in the mitochondrial data is consistent with the spill-over theory
of colony expansion suggested first by Bradshaw et al. (2000). The first founder colonies on
Banks Peninsula probably profited from an abundance of vacant space and food resources
available in the area, and increased rapidly in numbers. At some stage, a shortage of space
in a colony forced some breeding females, probably first-time breeders (Roux 1987; Brad-
shaw et al. 2000), to emigrate to suitable habitat in the vicinity of the founder colonies.
These newly established colonies may have been further re-colonised, to a lesser extent,
by immigrants from other colonies around New Zealand and the sub-Antarctic islands
(Taylor et al. 1995). Accepting this hypothesis requires the assumption of some degree
of site philopatry (repeated return to natal sites) and site fidelity (repeated return to
non-natal sites), which is not unusual for otariids (Kenyon & Wilke 1953; Trites & Anto-
nelis 1994; Gentry 1998). The spill-over dynamics of colony expansion is obvious in most
of the colonies as the highest numbers of shared haplotypes are usually found in colonies
situated in close proximity to one another. This pattern is particularly obvious in the
Island Bay, Damons Bay and Otanerito Bay colonies. The Island Bay colony is one of
the oldest colonies in the region, as reported by Wilson (1981) as a potential haul-out
site. However, two other colonies in the vicinity of Island Bay (Damons Bay and Otanerito
Bay) were not reported as breeding colonies until 2011 (Baird 2011). Interestingly, both of
these colonies show the highest number of shared haplotypes with the older Island Bay
colony, and a pairwise Fgr = 0, which strengthens the idea of spilling over of older colonies
in to new colonies in their vicinity.

The populations of New Zealand fur seals on Banks Peninsula are probably in the late
stages of the maturity phase of re-colonisation dynamics. There is growing evidence that
population genetic parameters may vary through time (Viard et al. 1997; Piertney et al.
1999; Garant et al. 2000; Nussey et al. 2005), for example fixation index estimations are
considerably influenced by factors such as dispersal, mating system and effective popu-
lation size (Nussey et al. 2005). The fact that most of the Fgr values in the current
study are not significantly different from zero does not definitively rule out the presence
of some kind of population structure in the earlier stages of the re-colonisation of the area
or later on when new mutations start accumulating in the recently established colonies.

In conclusion, the level of diversity observed on Banks Peninsula could be representa-
tive of the overall genetic diversity of the species observed throughout New Zealand. The
data also support the idea that there is enough diversity in mitochondrial DNA for this
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marker to be useful in answering questions of conservation importance, especially when
used in conjunction with high-throughput computation analysis pipe lines like massive
population simulations. These results also provide the first step for more detailed popu-
lation genetics studies of New Zealand fur seal.
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