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Describing patterns of connectivity throughout a species range is critical to conservation management. In common with other mammals, pinnipeds typically display male-biased dispersal. Earlier studies using mitochondrial DNA showed that the endangered Australian sea lion (Neophoca cinerea) exhibits extreme matrilineal structure throughout its range. If male dispersal were similarly restricted, most breeding colonies may not receive sufficient levels of new genetic variation to buffer against risks associated with inbreeding and environmental change. To address these concerns we used 16 microsatellite loci to obtain a more highly resolving measure of genetic structure among colonies and determine whether dispersal is male-biased. We found that both male and female Australian sea lions are highly philopatric with limited dispersal. Within those constraints, when animals disperse between close colonies (<110 km) there is a tendency for males to move further than females. Our findings are intriguing considering the dispersal potential of Australian sea lions and the unique asynchronous breeding opportunities that might be expected to provide an incentive for male reproductive movements between geographically close colonies.
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INTRODUCTION

Knowledge of dispersal behavior is fundamental to explaining the ecological requirements of an organism. Effective dispersal results in the redistribution of organisms and their genes, thus influencing a wide range of processes including population regulation and dynamics, spatial distribution and genetic structure (Lidicker, 1975; Taylor and Taylor, 1977; Greenwood, 1980; Bowler and Benton, 2005). Limited dispersal may cause inbreeding and genetic differentiation among neighboring groups, whereas widespread dispersal and gene flow may prevent localized adaptation (Wright, 1943, 1946). Alternately, it is possible that strong localized adaptation may inhibit gene flow, either through strong selection, or mechanisms to prevent outbreeding depression (Garant et al., 2007). Individuals that disperse are often predominantly of one sex- or age- class and movements may be voluntary or enforced. Determining the degree and significance of sex- or age- class dispersal offers information that can be important for designing conservation management strategies.

Dispersal in many species is sex-biased (Greenwood, 1980). Female philopatry (tendency of an individual to stay in or habitually return to a particular area) and male dispersal are considered to be typical in mammals, while female-biased dispersal is pervasive in birds (Greenwood, 1980; Wolff, 1994; Clarke et al., 1997). It is widely accepted that which sex disperses may be a function of the mating system (Greenwood, 1980; Dobson, 1982; Perrin and Goudet, 2001). Greenwood (1980) proposed that male-biased dispersal in mammals is associated with polygyny and female defense by males, whereas avian female-biased dispersal is associated with monogamy and resource defense by males. Along with social competition, inbreeding avoidance can account for sex-biased dispersal (Greenwood, 1980; Dobson, 1982; Pusey, 1987; Clutton-Brock, 1989; Perrin and Mazalov, 1999, 2000), as can kin competition and cooperation (Perrin and Goudet, 2001; Perrin and Lehmann, 2001; Le Galliard et al., 2006; Lawson Handley and Perrin, 2007; Dobson, 2013).

Pinnipeds, like many marine mammals, are capable of moving many hundreds, even thousands, of kilometers. For those pinniped species that breed on land (i.e., non-ice breeders and including all otariids or eared seals), most display typical mammalian male-biased dispersal. Females are more likely to remain within their natal group and show sufficiently strong philopatry to create significant matrilineal substructure detectable with mitochondrial DNA (mtDNA) markers (Andersen et al., 1998; Burg et al., 1999; Hoelzel et al., 2001; Baker et al., 2005; Gonzalez-Suarez et al., 2009). However, when biparentally inherited nuclear markers have been used, while structuring may persist, overall the patterns are weaker, indicating that females are usually more philopatric than males (Andersen et al., 1998; Burg et al., 1999; Hoelzel et al., 2001; Hoffman et al., 2006; Gonzalez-Suarez et al., 2009).

Australia's only endemic otariid, the Australian sea lion (Neophoca cinerea), ranges from the Houtman Abrolhos Islands in Western Australia (WA) to the Pages Islands in South Australia (SA). The current species census estimate of ~14,700 individuals makes it one of the rarest otariids in the world and listed as endangered on the IUCN “Red List” (Shaughnessy et al., 2011). In the late eighteenth and early nineteenth century the Australian sea lion was subjected to unregulated harvest, resulting in extirpation of colonies in Bass Strait and reduction in numbers within the current range (Ling, 1999; Shaughnessy et al., 2005; Robinson et al., 2008). Unlike the two sympatric fur seal species, the Australian fur seal (Arctocephalus pusillus doriferus) and the New Zealand fur seal (Arctocephalus forsteri), the recovery for Australian sea lions has neither been rapid nor sustained (Shaughnessy et al., 2011). Today, animals are distributed across 76 breeding colonies (18 of these are classified as haul-out sites with occasional pupping) and approximately 86% of pups are born in South Australia, with the remaining 14% in Western Australian colonies (Goldsworthy et al., 2009). Over 60% of Australian sea lion colonies are defined as “small,” producing fewer than 30 pups per breeding episode (Goldsworthy et al., 2009). Only eight colonies produce more than 100 pups per breeding season and breeding is on a 17–18 month cycle (Higgins, 1993; Shaughnessy et al., 2011). This is in stark contrast to many other otariid species such as New Zealand fur seals where thousands of pups are born annually within large colonies (e.g., Goldsworthy and Shaughnessy, 2013). This comparatively slow individual reproductive rate combined with small colony sizes across a wide geographic range means that the Australian sea lion is highly susceptible to stochastic processes and increases in mortality rates. Bycatch in demersal gillnet fisheries is already a significant cause of increased mortality (Goldsworthy and Page, 2007; Hamer et al., 2013) and vulnerability to environmental change is a looming long-term threat (Schumann et al., 2013).

Two recent mitochondrial DNA studies have shown that females exhibit strong natal site philopatry (Campbell et al., 2008; Lowther et al., 2012). Campbell et al. (2008) suggested almost no effective migration of adult females by reporting incredibly high population differentiation across colonies (ΦST = 0.93). However, this study concentrated mainly on Western Australian colonies and covered only a small part of the Australian sea lion range in South Australia. Lowther et al. (2012) extended the mtDNA study across South Australia including 17 of the largest colonies. Their findings showed evidence of greater haplotype sharing and lower degree of population subdivision (ΦST = 0.75), but still supported strong matrilineal structuring among Australian sea lion colonies. Matrilineal population structure was evident at very fine geographical scales (<40 km) with three distinct clusters of colonies that share multiple haplotypes being interspersed with isolated breeding sites. Pronounced female genetic structure combined with the species vulnerability to anthropogenic impacts emphasizes the importance of determining the extent of male movement and male-mediated gene flow. If male dispersal were as restricted as female movement, most breeding colonies would likely not be able to buffer against risks associated with inbreeding and environmental change.

In contrast to most species of pinniped, the unusual breeding biology of the Australian sea lion makes the dispersal behavior of males difficult to predict. Typically in terrestrially breeding pinnipeds, synchronized breeding across colonies means males can only sire pups from a single colony in any one season and long-term (multi-year) site fidelity imparts a higher degree of success for individual males (Harcourt et al., 2007a). In contrast, the Australian sea lion has a prolonged, 17–18 month reproductive cycle that is asynchronous across its range, even between geographically close colonies (Higgins, 1993; Gales et al., 1994; Shaughnessy et al., 2011). Accordingly, Australian sea lion males could potentially sire pups throughout much of the year by visiting different colonies. Under this scenario, male-mediated gene flow could result in genetic panmixia amongst colonies within the extent of male reproductive movements. A preliminary study by Campbell (2003) suggested gene flow across distances of 250–300 km, but was based on limited samples and few microsatellite loci.

To investigate dispersal and gene flow in this species we used 16 polymorphic microsatellite loci optimized for the Australian sea lion (Ahonen et al., 2013). Our aims were (i) to determine whether genetic partitioning is evident with biparentally inherited microsatellite markers and (ii) to evaluate whether male movement pattern reflects known female philopatry or follows typical mammalian male-biased dispersal.

MATERIALS AND METHODS

Sample Collection and DNA Extraction

Biopsy samples were collected from adult Australian sea lions throughout their range. Tissue samples were obtained using Paxarms remote biopsy system (Paxarms New Zealand Ltd, http://www.paxarms.com/). A total of 392 biopsy samples were collected during 2009–2010 breeding season from nine breeding colonies. Six of these colonies are situated along the southern coast of South Australia (SA) and three along west coast of Western Australia (WA) (Figure 1). These colonies represent some of the largest breeding colonies of the species. Mean pup production in each colony varies from ca. 43 on Liguanea Island to ca. 206 on Olive Island (Shaughnessy et al., 2011). Both adult males and females were sampled, however female samples from three of the colonies were not available for this study. The inclusion of only adult individuals is seen as conservative test of philopatry. When using adult individuals there is some prospect that, they have dispersed already and we are likely to detect recent immigrants. Conversely, if we use only pups (pre-dispersal animals) we might bias the results toward apparent philopatry. Furthermore, use of adult individuals is recommended for many sex-biased dispersal analyses (Prugnolle and de Meeus, 2002). Sample numbers for each colony and sex are detailed in Table 1. Samples were preserved in 95% ethanol and total genomic DNA extracted using a standard salting out protocol (Sunnucks and Hales, 1996).
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FIGURE 1. (Inset) Highlighted area represents the range across which Australian sea lions occur. (Main figure) Location of sampling sites across the species range. N represents the total number of sampled individuals for each breeding colony (see Table 1 for sample numbers for each sex). Green arrows and associated values (±SD) indicate the direction and magnitude of migration derived from the program BAYESASS. Proportion of individuals classified by BAYESASS as being sampled in their natal colony can be seen in Table S2.



Table 1. Genetic diversity and heterozygosity in Australian sea lions.
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Microsatellite Genotyping

We used 12 species specific microsatellite loci (Ahonen et al., 2013) and cross-amplified four loci developed for Galapagos sea lions (Wolf et al., 2006; Hoffman et al., 2007). Each of the forward primers was directly labeled using fluorescent dyes FAM, NED, VIC, and PET (ABI). PCR reactions contained ~10–50 ng genomic DNA, 200 μM each dNTP, 1 × Reaction Buffer, 2 mM MgCl2, 0.5 μM of each primer, 1 unit of Taq polymerase in a total volume of 10-μl. PCR conditions were as follows: Initial denaturation for 3 min at 94°C followed by five cycles of denaturation (94°C, 30 s), primer annealing (60, 58, 56, 54, and 52°C, 30 s), and polymerase extension (72°C, 45 s). Following this series 35 cycles of denaturation (94°C, 30 s), primer annealing (50°C, 30 s), and polymerase extension (72°C, 45 s) were performed before ending with a final extension (72°C, 10 min). PCR amplicons were then electrophoresed on an AB 3730xl DNA analyzer. Allele sizes were determined using an internal size standard LIZ and scored manually using Peak Scanner™ Software v.1.0 (Applied Biosystems). Ten percent of the samples were re-genotyped to ensure data integrity and scoring consistency. The rate of genotyping error was low ranging from 0 to 0.006 per allele/locus.

Data Analysis

Genetic Diversity

MICROCHECKER version 2.2.3 (van Oosterhout et al., 2004) was used to assess for scoring errors and null alleles. We checked for identical genotypes to ensure that individuals had not been sampled more than once. Only two males were sampled twice, in each case at two locations (on Lilliput and Blefuscu Islands, separated only by few kilometers). These two individuals were not included in our data set. Deviation from Hardy-Weinberg equilibrium was evaluated using Genepop version 4.0.10 (Raymond and Rousset, 1995). Tests for linkage disequilibrium between pairs of loci (with Bonferroni corrections for multiple tests) were conducted using FSTAT version 2.9.3.2 (Goudet, 1995). Genetic diversity measurements including number of alleles (Na), observed (HO), and expected (HE) heterozygosity, inbreeding coefficient (FIS), and allelic richness (AR) were calculated for each colony using the program FSTAT version 2.9.3.2 (Goudet, 1995). Colony differences in levels of allelic richness were tested for significance by using non-parametric Wilcoxon sign rank test.

Genetic Differentiation and Spatial Genetic Structure

To estimate the level of genetic variation among colonies, two different measures were used: the pairwise FST- values were estimated using FSTAT (Goudet, 1995) and the pairwise Jost's D values using the R package DEMEtics (Gerlach et al., 2010).

Spatial genetic structuring among colonies was examined using spatial autocorrelation analysis implemented in the software GenAlEx 6.5 (Peakall and Smouse, 2012). This analysis allows inferences to be made about spatial scale over which the genetic structure occurs. Here, genetic structure is characterized using genotypic similarity (r), a measure which is well suited to resolving levels gene flow and dispersal occurring at finer spatial and temporal scales than distance measures based solely on allele frequency. This is because genotypes are shuffled at each generation, therefore genotypic structure derived from genotypic similarity between individuals can be influenced by short-term processes such as the spatial distribution of close relatives (see Stow et al., 2001). By contrast distance measures based on allele frequency data at the population level detect the effects of isolation and drift, processes that typically take many more generations to be measurable. Genotypic similarity at different distance classes is distributed from −1 to 1 around the mean for the whole sample (= zero). Therefore, a positive value shows greater genetic similarity than the average, while a negative value shows genetic dissimilarity. The variable distance class option was used to manually enter distance classes. Distance classes included 0 km, representing individuals sampled at the same colony, and because the colonies are arranged in a more or less linear fashion, we could construct the other distance bins so that they sequentially incorporated additional colonies. The 95% confidence intervals (CIs) around a random distribution and each r estimate were used to assess the significance of any spatial autocorrelation. Mantel testing with Jost D as a measure of genetic divergence among colonies was used to further assess the relationship between genetic distance and geographical distance. Mantel testing was conducted with FST values for comparison. These calculations were performed using the R package Vegan (Oksanen et al., 2015). Geographic distances used in Mantel test were calculated as the shortest swimming distance (km) between colonies (Gonzalez-Suarez et al., 2009). The shortest distance between studied colonies was ca. 5 km between Lilliput Island and Blefuscu Island and the longest was ca. 2749 km between Beagle Island and Lewis Island. The Mantel tests were conducted with samples across both regions (SA & WA) and with samples collected within South Australia. A spatial autocorrelation analysis was only carried out for South Australian colonies.

Recent Migration Rates

We estimated contemporary migration rates among sampled sea lion colonies using BayesAss 3.0 (Wilson and Rannala, 2003). This program applies a Bayesian method to multilocus genotypes and determines recent migration rates between populations over the last several generations by using Markov chain Monte Carlo (MCMC) simulations. Analyses were conducted following recommendations by Meirmans (2014). Due to small sample size for Buller Island individuals from this colony were left out from this analysis. We set delta values for allele frequencies, migration rates, and inbreeding coefficients to 0.2, 0.5, and 0.8, respectively, to ensure that acceptance rates for changes for these parameters fell between 20 and 60% (Wilson and Rannala, 2003). The MCMC was run for total of 10 × 106 iterations, discarding the first 2 × 106 iterations as burn-in. Samples were collected every 1000 iterations to infer the posterior probability distribution of migration rates. Convergence and consistency across runs was confirmed by conducting 10 independent runs initialized with different random seeds. Convergence was also visualized in Tracer program v.1.5 (Rambaut and Drummond, 2012). R-script provided by Meirmans (2014) was used to calculate the Bayesian deviance for each independent run. We considered the lowest Bayesian deviance to indicate the run that provided the best fit (Spiegelhalter et al., 2002; Faubet et al., 2007).

Sex-Biased Dispersal

A range of analyses were carried out to investigate intersexual differences in dispersal and gene flow. Genetic structuring of males and females was first compared using the spatial autocorrelation analysis carried out separately for each sex. This analysis included only South Australian colonies, and those with samples from both males and females. Western Australian samples were not included as females were only sampled from a single colony. The variable distance class option was used to manually enter distance classes with 0 km representing individuals sampled at the same colony and other distance bins sequentially incorporating additional colonies. To further investigate finer scale difference in genotypic similarity in males and females we repeated these analyses but included only three South Australian colonies: Olive, Lilliput and Blefuscu Islands. Blefuscu and Lilliput Islands are separated only by few kilometers and breed synchronously, whereas Olive Island is ~40 km away and the breeding period is asynchronous with the other two colonies. Distance classes were entered manually with 0 km representing individuals sampled at the same colony, 10 km including Lilliput and Blefuscu individuals and 50 km all three colonies. Although microsatellites are bi-parentally inherited, the genotypic measure used here can rapidly accumulate differences at each generation and therefore resolve sex-based differences (Stow et al., 2006). Under the hypothesis of male-biased dispersal we predicted that within colonies, genotypic similarity will be higher among females than males and for individuals sampled at different colonies, genetic similarity of females will be lower than that estimated within colonies. A coefficient of genotypic similarity (r) was calculated for each sex and analyzed using the program GenAlEx 6.5 (Peakall and Smouse, 2012).

Several population genetic indices, including average observed heterozygosity within site (=gene diversity; HS), global FST, Fis and mean relatedness (R), were calculated separately for males and females using FSTAT version 2.9.3 (Goudet, 1995). R is defined as mean relatedness among sea lions of the same sex and estimated as R = 2FST/(1 + Fit) where Fit is the inbreeding coefficient of individuals relative to random mating (Queller and Goodnight, 1989). Statistical significance for these indices was determined by 1000 randomizations. A one-sided t-statistic was used to test for significant difference. The more dispersing sex should have a higher HS, a lower FST, a higher Fis, and a smaller R (Goudet et al., 2002; Prugnolle and de Meeus, 2002).

To further investigate sex-biased dispersal, the number of first-generation migrants was estimated for males and females separately, using program Geneclass2 version 2.0.h (Piry et al., 2004). This program conducts assignment tests which are based on genotypic arrays rather than allelic frequencies allowing us to identify individual dispersal events. First-generation migrants were defined as individuals that were born at a site other than the one in which they were sampled.

RESULTS

Genetic Diversity

Levels of genetic diversity measured by heterozygosity, allelic richness and number of alleles are given in Table 1 (see Table S1 for detailed results for each colony and locus). None of the loci significantly deviated from HWE and there was no evidence of linkage disequilibrium between loci (at nominal level of P < 0.05 after Bonferroni correction for multiple tests). Mean allelic richness, observed heterozygosity and expected heterozygosity were highest for Olive Island (3.635, 0.658, and 0.648 respectively). Allelic richness was lowest for North Fisherman Island (2.275), whereas observed heterozygosity and expected heterozygosity were lowest for Beagle Island (0.353 and 0.363 respectively). Allelic richness was significantly lower in all Western Australian colonies when compared to each South Australian colony (p-values for each comparison varied from 0.003 to 0.0005). Two out of 16 loci were monomorphic among Western Australian colonies. When each region was analyzed separately there was no significant difference observed among South Australian colonies or among Western Australian colonies (P > 0.05 in all cases).

Genetic Differentiation and Spatial Genetic Structure

Both Jost's D and FST showed significant levels of differentiation among most colonies (Table 2). The pairwise Jost's D estimates ranged from 0.006 (Buller Is—North Fisherman Is) to 0.491 (West Waldegrave Is—Beagle Is). Values of FST tended to be slightly lower than Jost's D values ranging from 0.007 (Blefuscu Is—Lilliput Is) to 0.385 (West Waldegrave Is—Is-Beagle Is). Overall, the fixation indices showed high levels of differentiation between South Australian and Western Australian colonies (Jost's D 0.367–0.491 and FST 0.239–0.385). Within South Australia pairwise estimates ranged from 0.016 to 0.162 for Jost's D and from 0.007 to 0.102 for FST. Interestingly when these tests were conducted separately for each sex, both measures gave lower and non-significant values for male comparisons between Olive, Blefuscu, and Lilliput Islands suggesting regular gene flow between these three colonies. Male movement between Blefuscu and Lilliput Islands is further supported by the fact that two males were sampled twice, once in each of these colonies.

Table 2. Pairwise Jost's D and FST estimates between nine Australian sea lion colonies.
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There were significant associations between genetic differences and geographic distances across nine sampling sites and also among SA colonies (Figures 2, 3A, Table 3). We found significant positive spatial autocorrelation among genotypes within distance classes 0; >0–10 and >10–50 with an intercept of 108 km. The Mantel test results support those from spatial autocorrelation analyses with isolation by distance apparent both across South Australian colonies and across regions (Table 3).
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FIGURE 2. Plot of FST on geographical distance across SA colonies.
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FIGURE 3. Spatial genetic structure using (A) combined male and female data (n = 299) across all South Australian sampling sites (number of pairwise comparisons for each size class is presented under size class) and using data from males (gray lines) and females (orange lines) separately at (B) all South Australian sampling sites and (C) across only Olive, Lilliput and Blefuscu Islands in South Australia. Sample sizes for males and females are presented in parentheses. The dashed lines represent the permuted 95% confidence limits (colored as appropriate for male and female data), while bars represent 95% error generated from bootstrap testing.



Table 3. Results for Isolation by Distance tests conducted for colonies across species range and for colonies only in South Australia (SA).
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Recent Migration Rates

Migration rates were characterized by having at least 68% of individuals classified as being sampled in their natal colony, suggesting that natal philopatry is more commonplace than migration (Figure 1, Table S2). Results showed that in particular Lewis and Beagle Islands have not received significant proportions of migrants over the most recent generations. The remaining six colonies were characterized by moderate contemporary migration rates between colonies. Migration was predominantly unidirectional and occurred from Lewis Island to Liguanea and West Waldegrave Islands, from Lilliput Island to Olive and Blefuscu Islands, and from Beagle Island to North Fisherman Island.

Sex-Biased Dispersal

Spatial autocorrelation analyses carried out separately for each sex showed similar spatial patterns of genotypic similarity (Figure 3B). Significant positive spatial autocorrelation among genotypes was identified within distance classes 0; >0–10 and >10–50 km for both sexes. Within-colony genotypic similarity (distance class 0) was the same for both sexes and then appeared to drop more sharply for females compared to males for distance classes 10 and 50 km. At finer geographic scales (within only three South Australia colonies: Olive, Lilliput and Blefuscu Islands), female genotypic similarity was positive and significant among individuals located within the same colony (Figure 3C). Significant genotypic dissimilarity was apparent between female individuals sampled on either Blefuscu or Lilliput and those individuals from Olive. For males the level of genotypic similarity among individuals did not deviate from random (r = 0) irrespective of the colonies on which they were sampled (Figure 3C). At this spatial scale, genotypic structuring among females and males is significantly different, reflecting some degree of male-biased dispersal. Overall, genetic similarity within colonies showed no apparent differences between males and females. Population genetic indices, including average observed heterozygosity within site (=gene diversity; HS), global FST, FIS, and mean relatedness (R), did not differ significantly between sexes (Table 4) and assignment tests identified 6 female and 5 males as first generation migrants.

Table 4. Differences between male and female Australian sea lions in average observed heterozygosity (HO), gene diversity (HS), FST, FIS, and mean relatedness (R).
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DISCUSSION

Like most pinnipeds, Australian sea lions are capable of long-range movements and have been documented moving up to 350 km (Gales et al., 1992; Lowther et al., 2013). The aim of this study was to determine whether previously observed extreme matrilineal substructure is also evident with biparentally inherited microsatellite markers and whether typical mammalian male-biased dispersal is evident for this species. Our results show that dispersal in the true sense of the term is extremely limited in Australian sea lions. We found no strong evidence of greater female than male philopatry, but evidence that within their limited dispersal males tend to move longer distances than females. High level of genetic differentiation found in this study is above detected in many other pinnipeds. Thus, given the capacity to disperse, what are the constraints on this species that distinguish them from so many other morphologically and ecologically similar species, and what has driven these constraints?

Genetic Diversity and Differentiation

Across their range and despite their endangered status, genetic diversity was not exceptional in the Australian sea lion. Expected heterozygosity (ranging from 0.363 to 0.648) was similar or lower than reported at microsatellite loci for a number of other pinnipeds (Palo et al., 2001; Davis et al., 2002, 2008; Hoffman et al., 2006; Coltman et al., 2007; ranging from 0.550 to 0.850 e.g., Hoelzel et al., 2001). Genetic diversity measures were significantly higher in South Australian colonies than in Western Australian colonies. Long-term isolation from other colonies, genetic drift, and possibly founder effects could explain why these colonies have lower genetic diversity.

Significant genetic differentiation between colonies was observed both between and within regions. Differentiation between South Australian and Western Australian colonies is not surprising considering the distance (>2200 km) between these two regions. However in comparison to other pinniped studies conducted at similar or larger spatial scales the FST values reported here between these two regions were higher (Hoelzel et al., 2001; Palo et al., 2001; Coltman et al., 2007; Graves et al., 2009; Andersen et al., 2011; Feijoo et al., 2011). Strong genetic partitioning between South Australian and West Australian colonies is also evident with mtDNA data (significant pairwise ΦST values ranged from 0.83 to 0.94, Campbell et al., 2008).

Although, isolation by distance explains the large-scale divergence observed between South Australian and Western Australian colonies, other factors must play a role in driving differentiation at geographical scales that are within the movement capabilities of adult individuals, a conclusion supported by other similar scale studies conducted on this species (Campbell et al., 2008; Lowther et al., 2012). Distances among the six South Australian colonies included in this study varied from only a few kilometers to almost 400 km. Clear differences in the genetic composition were observed between the most eastern and western South Australian colonies, which are close to the limit of expected dispersal capabilities (Gales et al., 1992; Lowther et al., 2013). However, significant structuring was also detected between colonies separated by only 120–160 km, well within realistic swimming distances for Australian sea lions. The level of genetic differentiation at these relatively short spatial scales is above that detected in other pinnipeds (e.g., gray seal (Halichoerus grypus) Allen et al., 1995; Graves et al., 2009, Harbor seal (Phoca vitulina) Goodman, 1998, South American sea lion (Otaria flavescens) Feijoo et al., 2011, Californian sea lion (Zalophus californianus) Gonzalez-Suarez et al., 2009, Australian fur seal (Arctocephalus pusillus doriferus) Lancaster et al., 2010). This high level of genetic differentiation has implications in terms of vulnerability to any threatening processes and in particular, local fisheries interactions (Goldsworthy et al., 2009) are likely to have strong regional effects. Our study did not encompass the colonies along the southern coastline of Western Australia, thus we cannot discount that a “stepping-stone model” of gene flow may explain the broad-scale genetic partitioning we describe. As both demographic and genetic knowledge is limited for this region, characterizing connectivity requires further study.

Sex-Biased Dispersal

Previously reported mtDNA structure (Campbell et al., 2008; Lowther et al., 2012) was greater than genetic partitioning detected in this study with nuclear markers (consistently higher ΦST-values than FST and Jost's D-values reported here). While this might be indicative of male-biased dispersal, cautiousness should be applied in direct comparison of two classes of markers (Prugnolle and de Meeus, 2002). A difference in the level of genetic structure between mtDNA and microsatellite markers may be the outcome of their divergent mutation rates and/or effective population sizes (Chesser and Baker, 1996). Hence, we conducted a range of specific sex-biased dispersal analysis suitable for microsatellite markers. Our results did not provide strong support for sex-biased dispersal in this species. Genotypic similarity within colonies was not significantly different between sexes and results for population genetic indices were similar for both females and males. Assignment tests identified similar levels of first generation migrants for both males and females. Although, migrants were detected conclusions of effects of this to population structure should not be drawn as assignment tests can identify dispersal independent of gene flow. Interestingly, fine scale sex-based differences in dispersal were found between three South Australian colonies (Olive, Lilliput and Blefuscu Island). Both FST and Jost's D results were lower and non-significant when carried out with only male samples included and the results from spatial autocorrelation analysis supported regular male gene flow between Olive, Lilliput and Blefuscu Islands, whereas female dispersal between Olive Island and Lilliput and Blefuscu Islands was more restricted. Furthermore, significant matrilineal clustering was detected with mtDNA implying restricted female dispersal between Olive Island and two Nuyts colonies (Lilliput and Blefuscu Islands).

Male-biased dispersal is typical of mammals including most pinnipeds and male philopatry is rare (Lawson Handley and Perrin, 2007). The capacity for long-distance dispersal coupled with asynchrony in the timing of breeding among colonies might have been expected to offer Australian sea lion males a unique opportunity to sire pups throughout much of the year by visiting different colonies. In Western Australia males migrate up to 280 km each breeding season between male haul-out sites and breeding sites (Gales et al., 1992). Similarly, satellite-tracking data from South Australia have shown that genetic divergence lies within the geographic range of regular male foraging trips (on average 170 km per trip, range up to 368 km; Lowther et al., 2013). Hence Australian sea lion males could easily migrate among many of the breeding sites. Thus, to see restricted dispersal in males similar to that described elsewhere for adult females is intriguing. As such, our results raise the question of why males restrict dispersal to distances much shorter than their swimming ability. Furthermore, asynchrony in breeding timing between colonies offers males a unique opportunity to increase their overall reproductive success. Despite such mobility and potential for increased reproductive success, our results indicate that males do not exploit this opportunity fully.

Does Foraging Site Fidelity Constrain Dispersal? The Limits of Plasticity

Recent evidence indicates that individual male Australian sea lions repeatedly utilize the same region at sea for foraging, irrespective of oceanographic conditions or seasons (Lowther et al., 2013). This contrasts with the diverse foraging strategies of many other mammals that are more fluid and adapt to localized change (Croll et al., 1998; Viswanathan et al., 1999). Similar to conspecific females, it seems that male Australian sea lions exhibit fine-scale foraging specialization with male movement being invariant regardless of changes in oceanographic conditions and presumed food availability (Lowther et al., 2012). Thus, while adult male Australian sea lions have the capacity to adapt to large changes in their environment the implications for their restricted movement are profound, evidenced by our genetic findings. Male Australian sea lions appear to be constrained to dispersing only within range of colonies that are close enough to provide a presumably reliable food source, and enhanced opportunities to mate. Ultimately, this might limit population recovery and genetic mixing. This contrasts with some other otariids that breed on a small number of dispersed breeding colonies but exploit common, central foraging grounds, ensuring that the cost-effectiveness of foraging is similar (Arnould and Hindell, 2001; Kirkwood et al., 2006). In those species, both females and males are free to move and breed among all the colonies, with resultant high gene flow (Lancaster et al., 2010). For male Australian sea lions, only movements between colonies that are close enough to preferred foraging habitat appear feasible, as we observed for colonies within 110 km of each other. However, long-distance relocation to another breeding colony would necessitate identifying a new foraging environment and this seems beyond the behavioral plasticity of male Australian sea lions. Ironically, this may be because, in contrast to fur seals, in Australian sea lions the breeding seasons are prolonged and overlapping, and so males are unable to undertake extended fasting periods to gain access to females but must be able to find food year round.

Reproductive success may also be affected by long-term interactions with others (Wolf et al., 2005). In annually breeding colonial otariids, the lack of post breeding dispersal has been hypothesized to allow males to gain knowledge of breeding areas throughout the year and to increase male competitiveness within a colony (Page et al., 2005; Kirkwood et al., 2006). Adult Australian sea lion males might acquire similar benefits by staying in a familiar colony, whereas movement to unfamiliar colonies might increase the risk of losing mating opportunities rather than increasing the number of available mates. Familiarity and experience have been shown to confer significant mating advantages in other pinnipeds, such as Weddell seals (Harcourt et al., 2007a,b). Charrier et al. (2011) have pointed to a mechanism by which this might act in Australian sea lions. They experimentally demonstrated that males can assess each other by their vocalizations, and thus adjust their behavior in regards to the potential threat of the vocalizing male (Charrier et al., 2011).

Reproductive Asynchrony: A Dispersal Constraint

At the outset we argued that the unique asynchronous breeding system of the Australian sea lion may confer a potential advantage to male sea lions through enhanced mating opportunities. However, breeding events are prolonged lasting several months and their onset highly variable. Predicting the onset of breeding is thus difficult and therefore might be a driver limiting seasonal dispersal by males (Lowther et al., 2013). In polygynous mating systems where males fast during the breeding season, males must increase their body mass in order to compete successfully with other males (Arnould and Duck, 1997). However, the accumulation of fat is likely to have energetic costs both in terms of storage and transportation (Page et al., 2005). To limit these costs individuals must be able to predict the onset of the breeding cycle and so synchronize fat accumulation. We suggest that instead males may choose to stay in an area where they can regularly monitor the breeding state of each colony, primarily minimizing the risk of losing out on reproductive opportunities but also streamlining the energetic costs associated with fat accumulation.

CONCLUSIONS

Knowledge of dispersal patterns and spatial structure throughout a species range is critical for effective conservation. Given the unique extreme matrilineal structure, unusual life history traits and low recovery and re-colonization rates of the Australian sea lion, it is highly vulnerable to anthropogenic threats. If male dispersal were as restricted as female movement, most breeding colonies may not receive sufficient levels of new genetic variation to buffer against risks associated with inbreeding and environmental change. We found that dispersal for both sexes is remarkably limited and that observed genetic structure is notably stronger than in many other pinnipeds. The unique reproductive cycle of Australian sea lions leads to the prediction that male sea lions could exploit breeding asynchrony, with restrictions in gene flow from female philopatry offset by male behavior. It appears the inability of male Australian sea lions to exhibit plasticity in reproductive behavior further increases the vulnerability of this species to multiple anthropogenic threats.
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Olive Is (S4) 7 28/43 46 3635 0658 0648 0010
Blefuscu s (SA) 55 2035 44 3427 0612 0610 ~0.005
Lillput Is (SA) 44 12/82 44 3316 0578 0579 0002
Buller Is (WA) 8 8/0 26 2538 0.420 0417 —0.007
North Fisherman (NF) Is (WA) 2 220 26 2275 0393 0382 -0027
Beagle Is (WA) 83 34729 28 2286 0353 0383 0.027

Parameters are as follows: number of individuals analyzed for each colony (Nrora), number of males and females sampled per colony (NmVN, respectively), mean number of alleles
(Na), alolc richness (Ar), observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficient (Fis). Each locus conformed to expectations under Hardy-Weinberg
equilibrium and pairwise comparisons between loci revealed no linkage disequilibrium. SA, South Australia; WA, Western Australia,
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Male 0.597 0.601 0.050 0.009 0.095

P-value 0.680 0.703 0.281 0.425 0.267
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