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SUMMARY 
 

The Australian sea lion, Neophoca cinerea, is Australia’s only endemic 

pinniped, and one of the rarest sea lions in the world. This species suffered localised 

extinction events, and a probable population decline during the commercial sealing era 

of the 18th to 20th centuries. This species also has a unique reproductive cycle and 

breeding system compared with all other pinnipeds. Unlike the usual annual, 

synchronous cycle, this species has a 17.5 month breeding cycle which is asynchronous 

across its range. Small groups of proximate colonies appear to breed synchronously, but 

otherwise the timing appears randomly distributed. It was proposed that this system is 

endogenously controlled and maintained by exclusive female natal site fidelity (Gales et 

al. 1994). This would have a discernible impact on the population genetic structure, and 

would be directly applicable to conservation management practices. 

Investigation of population genetic structure of the Australian sea lion using 

mtDNA and microsatellite markers revealed a highly subdivided population that showed 

strong patterns of sex-biased dispersal, and strong regional divisions. The level of 

female natal site fidelity was extreme, resulting in very high levels of genetic 

differentiation, unparalleled in other marine mammal populations. Significant divisions 

existed across both macro and micro geographic scales, with fixed differences occurring 

between colonies separated by as little as 20 kilometres. Strong phylogeographic 

patterning suggested that divisions between populations are of some antiquity. High 

levels of fixation in mtDNA markers among the many small colonies in Western 

Australia was attributed to the high rate of genetic drift in small populations, especially 

for these markers.  

Genetic subdivison, as measured by microsatellite markers, revealed a male-

biased dispersal pattern. Levels of male dispersal were sufficient in overcoming the 

female natal site fidelity and rendering small groups of colonies effectively panmictic. 
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However, the range of male dispersal was limited to approximately 200 kilometres and 

resulted in a regional population structure best defined by geographic distance. This 

level of subdivision was perhaps greater than expected given the dispersal capabilities 

of this species, and suggested that some behavioural processes may limit dispersal. 

Historical processes of extinction and colonisation are thought to have had a strong 

influence on the current pattern of population subdivision as well. 

There was no discernible pattern in population abundance, though considerable 

variation in pup production was seen over the past decade. A significant effect of 

density-dependent pup mortality raises concerns over the potential for population 

growth and recovery of this species. Population viability analysis proved unreliable in 

regards to accurate estimates of extinction probabilities due to the uncertainty of 

demographic parameters. However, it was determined that the almost exclusive female 

natal site fidelity results in many small colonies that are at greater risk of extinction due 

to stochastic processes and possible genetic consequences in light of the small Ne/N 

ratios. 

This study reveals a fascinating interplay between environment and the 

evolution of a unique breeding system which has placed considerable constraints on the 

genetic structure of the population. The high level of population subdivision and 

exclusive female natal site fidelity have important ramifications for conservation 

management, and poses many interesting questions for future work of both academic 

and applied interest. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
 

Research in the topics of population structure and ecology has been fundamental 

to the understanding of evolution since the beginning of formalised biological science. 

Darwin (1859) and Wallace (1871) were probably the first to understand the broad 

patterns of species distribution and the processes of speciation, and the role of dispersal 

and gene flow (e.g. Wallace’s line) through analytical observation. The understanding 

of these processes has been enhanced in recent years due to advances in molecular 

techniques and the availability of broadly applicable molecular markers (Avise et al. 

1987, Goldstein & Schlötterer 1999). Studies of population structure have been 

performed on a wide range of taxonomic groups, using non-invasive and non-lethal 

sampling techniques that have allowed examination of species that were previously hard 

to sample or rare. In particular, many mammalian breeding systems and population 

structures have been examined on fine spatial and temporal scales made possible by the 

sensitivity of these techniques. This has enabled researchers to identify the behaviours 

influencing population structure and the testing of theoretical approaches to dispersal 

patterns in mammals. 

The genetic structure of populations is influenced by numerous factors, 

including the spatial distribution of populations (Wright 1943), physical and 

behavioural barriers to dispersal (Wright 1969) and population demographic history 

such as localised extinctions, colonisations and fluctuations in population size 

(Whitlock & McCauley 1990). Population subdivision resulting from sex differences in 

behaviour can have a strong bearing on population dynamics and demographics (Storz 

1999). Populations that are highly sub-divided may consist of many small, isolated sub-

populations with little connection between them. This may adversely affect the viability 

of these populations through a combination of demographic processes and possible 

genetic causes through the loss of genetic variability (Gilpin & Soulé 1986).  
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Popular theory suggests that mammalian population structure is strongly 

influenced by sex-biased dispersal, where males disperse widely from their natal sites 

and females show strong regional philopatry (Greenwood 1980, Storz 1999). In 

particular, marine mammals populations are characterised by strong sex-biased dispersal 

and display population structure which reflects this (e.g. sperm whales in Lyrholm et al. 

1999, Southern Elephant seals in Slade et al. 1998).  

This group of animals has become the focus of much recent research due to the 

extent of commercial hunting from the 18th to the 20th centuries, which decimated 

populations of numerous species of cetacean (e.g. sperm whales in Whitehead 2002) 

and pinniped (Gerber & Hilborn 2001). Amongst the pinnipeds, some species appear to 

have diminished levels of genetic variation due to extreme population crashes (e.g. 

Northern Elephant seal in Hoelzel et al. 1993). However, this species, and a number of 

fur seal species which where severely reduced in numbers, have made significant 

recoveries from these declines (Gerber & Hilborn 2001). Continual population declines 

of a number of sea lion species, however, indicates that not all populations are 

recovering or at equilibrium, and increased competition with human fisheries activities 

may have a global detrimental effect on many marine mammal species (DeMaster et al. 

2001). This makes the understanding of biological and evolutionary processes in this 

group of both intrinsic and commercial value.  

The evolutionary history of pinnipeds, especially the family Otariidae, 

consisting of the fur seals and sea lions, provides many models for the understanding of 

mating systems and their consequences for population genetic structure. This group and 

some species of the Phocidae, the true seals, display some of the most extreme forms of 

sexual dimorphism and levels of polygyny among the vertebrates (Bartholomew 1970, 

Clutton-Brock 1989). These species are characterised by their requirements for marine 

foraging areas and terrestrial habitats for parturition and breeding, forming large 
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breeding aggregations in annual, synchronised, breeding cycles (Boyd 1991). The 

seasonal basis of reproduction is probably a result of strong stabilising selection 

pressure on time of parturition which is related to maximising offspring survival (Boyd 

1991, Boness 1991). This oestrus synchrony is most probably controlled by response to 

photoperiod, as is the case for many other mammals (e.g. the mink, Mustela vison, 

Sundqvist et al. 1989). This is supported by the experimental control of oestrus timing 

in the harbour seal via the alteration of photoperiod cycles (Bigg & Fisher 1975). 

The evolution of extreme polygyny in this group is determined by the degree of 

spatial distribution and oestrus synchrony of breeding females (Clutton-Brock 1989, 

Boness 1991). Factors controlling female density include breeding site topography 

(Anderson & Harwood 1985), thermoregulation (Campagna & Le Beouf 1988), and 

avoidance of male harassment (Cassini 1999). Though it is acknowledged that 

considerable intra-specific variability among mating systems exists, it probably plays a 

more determinate role in population dynamics than is generally accepted (Boness 1991, 

Caudron 1997). This is well illustrated by recent findings of low reproductive success 

among behaviourally dominant breeding males of grey seals and Antarctic fur seals, 

suggesting the existence of alternative male mating strategies (Worthington-Wilmer et 

al. 1999, Gemmell et al. 2001).  

The Australian sea lion (Neophoca cinerea) is a notable exception to the general 

reproductive pattern displaying a supra-annual 17.5 month breeding cycle which is 

asynchronous across the range of breeding colonies (Ling & Walker 1978, Higgins 

1993, Gales et al. 1994). This is in contrast to the annual, synchronised cycles of nearly 

all other pinnipeds. These contrasting patterns are demonstrated in Figure 1.1. Initial 

reports of N. cinerea attempted to fit it into the general pattern displayed by other 

pinnipeds with a defined annual breeding cycle occurring between October and 

December (Marlow 1975). It has been suggested that this unusual system evolved in 
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response to a low-energy marine environment (Gales et al. 1994) and this is supported 

by the extended active gestation cycle of 12-13 months (Gales et al. 1997), and the 

associated protracted time to weaning of 17-18 months (Higgins 1993).  

This pattern has implications for the evolution of reproductive traits, and it was 

postulated that the breeding cycle is endogenously controlled and possibly genetically 

fixed between colonies showing different breeding times (Gales et al. 1994). This 

fixation of breeding would require exclusive natal site fidelity among breeding females 

and would result in extreme population subdivision among females, and possibly high 

genetic differentiation overall. Consequences of such a population structure include 

erosion of genetic variation due to drift and demographic consequences among small 

populations, both of which may adversely affect population viability (Gilpin & Soulé 

1986, Amos & Balmford 2001). 

This study aims to place N. cinerea within the framework of theoretical 

population genetic structure, and examine how the suite of unusual life history traits 

may affect this. This information will then be interpreted in terms of the possible 

evolutionary mechanisms involved, and its application to more immediate management 

concerns. Initial background information regarding patterns and factors associated with 

population size and temporal variability in breeding behaviour is presented in Chapter 2. 

The bulk of the study aims to determine the population genetic structure and its relation 

to the unique breeding system of N. cinerea. The specific roles of males and females in 

these processes will be determined by examining both nuclear (microsatellites) and 

mitochondrial (control region) molecular markers respectively, which due to their 

different modes of inheritance reveal patterns of gender bias in dispersal (Gyllensten et 

al. 1985, Goldstein & Schlötterer 1999). An overall understanding of the ecology of this 

species was attempted by examining trends in population abundance, and the possible 

demographic consequences of the unusual breeding system and resultant genetic 
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structure. The present status of this species will also be investigated and these aspects 

integrated into an assessment of population viability. A review of the consequences of 

the resultant population structure on the evolution of mating systems and the selective 

processes that may have resulted in the unusual life history of the Australian sea lion 

will also be proposed. This thesis represents the first investigation into the population 

genetic structure of N. cinerea, and as such will provide insights into the evolutionary 

processes of a unique breeding system and essential information for management 

practices. 

 

 Yr.1 
Yr. 2 Yr. 3 

1 2 3 1 

Yr.4 Colony 1 

Colony 2 
1 1 3 2 

Breeding cycle of Australian sea lion 

Breeding cycle of New Zealand fur seal 

Single breeding cycle of 12 months 

1 3 2 1 

Yr.4 Yr. 3 Yr. 2  Yr.1 

 Single breeding cycle of 17.5 months 
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Figure 1.1 Diagrammatic representation of the breeding cycle of the Australian sea lion 

in comparison with an annual, synchronous breeding species such as the New Zealand 

fur seal. Breeding seasons are indicated by the filled blocks and are protracted in the 

Australian sea lion in comparison to the New Zealand fur seal. Two hypothetical 

examples of breeding colonies are given for N. cinerea to illustrate the asynchronous 

nature of breeding events among colonies. Within each colony, the significant events of 

breeding are indicated for a single breeding female. Time frames mentioned here are for 

N. cinerea only. 1-Parturition and copulation 5-7 days post-partum. Blastocyst goes into 

diapause 2-Implantation of the blastocyst ends diapause after 4-5 months. 3-Weaning of 

young after 17 months. 1-Parturition after 12-13 months of active gestation completes 

breeding cycle of 17.5 months. 



CHAPTER 2: ABUNDANCE AND BREEDING CYCLE OF THE 
AUSTRALIAN SEA LION IN WESTERN AUSTRALIA. 

INTRODUCTION 

The investigation of population abundance and its associated parameters is one 

of the most fundamental parts of any study of natural populations. In its barest form, the 

flux between birth and mortality rates governs the dynamics of any population (Krebs 

1985). However, both these parameters may vary with intrinsic factors such as age, and 

extrinsic effects, such as density-dependence and environmental stochasticity 

(Promislow & Harvey 1990). Marine mammals are generally characterised by late onset 

of sexual maturity and low reproductive rates which limit population growth (Harvey & 

Zammuto 1985). Much interest has been focussed on the application of this knowledge 

to the status and recovery of threatened marine mammal populations once decimated by 

commercial harvesting.  

The Australian sea lion is Australia’s only endemic pinniped, and the last 

comprehensive population estimates of approximately 10-12,000 animals make this 

species one of the rarest sea lions in the world (Gales et al. 1994, Dennis & 

Shaughnessy 1996, Goldsworthy et al. 2003). This population is distributed among 

three main geographic regions (1-west coast of Western Australia, 2- south coast of 

Western Australia, 3-South Australia), comprising over 50 individual breeding colonies 

spread over some 3000 kilometres of coastline (Figs. 2.1 & 2.2). More than 40% of the 

population is found in only three colonies in South Australia (Dangerous Reef, 

Kangaroo Is and The Pages, see Fig. 2.2), with the rest of the population spread among 

many small breeding colonies (Shaughnessy 1999).  

The biology of the Australian sea lion is unique among pinnipeds worldwide. 

The breeding cycle of this species is approximately 17-18 months, unlike the normal 

annual cycle of nearly all other pinnipeds, and the breeding season is protracted to 4-5 
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months (Ling &Walker 1978, Higgins 1993, Gales et al. 1992, 1994). Additionally, 

there is extreme temporal variation in the timing of breeding events at different colonies 

(Fig. 2.2). These traits make the census of populations difficult due to the high number 

of breeding events and the remote location of many of the colonies. 

Like most pinniped species, the Australian sea lion was subject to hunting 

pressure during the 18th-20th centuries (Ling 1999). Although no estimates of pristine 

abundance are available, it is believed that a considerable reduction in population size 

and range occurred, as evidenced by the localised extinction in the Bass Strait (Fig. 2.1, 

Gales et al. 1994, Ling 1999). Continued pressure on sea lion populations through 

interactions with commercial fishing operations may be having a significant impact on 

some local populations.  

The recovery of exploited pinniped populations has been the subject of much 

research and is reasonably well documented in some species, such as the Northern 

Elephant seal, which underwent an extreme population crash to possibly less than 50 

animals (Hoelzel 1999). This species has recovered to an estimated population size of 

200,000. At least six species of fur seal were hunted to the point of extinction and all 

have made significant recoveries to population levels in the tens to hundreds of 

thousands (Gerber & Hilborn 2001). The New Zealand fur seal (Arctocephalus forsteri), 

sympatric with the Australian sea lion over part of its range, was the subject of intense 

commercial harvesting to the point of near extinction in Australia (Ling 1999). Recent 

population estimates suggest a local population size of over 15,000 animals in Western 

Australia, which indicates an annual growth rate of nearly 10% over the last ten years 

(Gales et al. 2000). It is evident that these species are able to recover from population 

declines, however ongoing conflict with human activities are still a concern for many 

species. In contrast, populations of a number of species of sea lion worldwide have 

experienced prolonged population decline or limited population growth during the 20th 
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century (Reynolds & Rommel 1999). The Steller sea lion has experienced a population 

decline of around 60% over the past 50 years, and several populations of South 

American sea lion experienced over 90% reductions in population size between 1930 

and 1970 (Bickham et al. 1998, Gerber & Hilborn 2001). The population of New 

Zealand sea lions has been reduced to 8-10,000 animals and population growth is 

negligible (Gales & Fletcher 1999). The cause of these population crashes and limited 

recovery is still uncertain, though it is postulated that competition and bycatch from 

commercial fishing may be partly responsible for the low recruitment in Steller’s sea 

lions and New Zealand sea lions (Bickham et al. 1998, Childerhouse & Gales 2001). 

Population monitoring is an important process in examining the population 

dynamics of a species and assessing the ongoing recovery of a disturbed population. 

Census of pinniped populations by direct count is difficult as they utilise both terrestrial 

and marine habitats. Numbers of pups produced in a single breeding season can be used 

as an index of population status, and when combined with some life history parameters 

a population estimate can be made (Harwood & Prime 1978, Berkson & DeMaster 

1985). Newborn pups spend a certain amount of time exclusively on land, and so are the 

only age class which can be accurately counted, as an unknown percentage of all other 

cohorts will be at sea during any census time. This method has been applied to various 

species of pinnipeds (e.g. Cape fur seals in Wickens & Shelton 1992, New Zealand sea 

lions in Gales & Fletcher 1999), including surveys of N. cinerea (Gales et al. 1992 & 

1994). 

The aim of this study was to assess pup production at a number of key sites in 

Western Australia and to estimate population size overall. Trends in pup production, 

pup mortality and the timing of the breeding season were monitored during the last 

decade, to gain an understanding of population dynamics across the range of this species 

in Western Australia. The influence of environmental variables, in particular activity of 
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the Leeuwin current, in demographic processes was also investigated as this feature 

strongly influences the productivity of the marine environment of the western 

continental shelf (Lenanton et al. 1991, Caputi et al. 1996). An analysis of the power of 

current population monitoring techniques to assess significant population trends will 

also be performed. These parameters are of great significance to understanding the 

ecology of this species, and provide fundamental management perspectives.  

METHODS 

Nine breeding sites were selected as target colonies for the purpose of ongoing 

population monitoring. The cost of repeated surveys of every breeding colony in 

Western Australia was prohibitive, so a sub-sample of colonies representing the 

geographic and temporal breeding variation was chosen (Fig. 2.2). This plan is part of 

the Department of Conservation and Land Management’s ‘Pinniped Management 

Program’ (Gales & Wyre, unpublished report) and of the Federal ‘Action Plan for 

Australian Seals’ (Shaughnessy 1999). Sampling was not consistent among all target 

colonies from 1989 to 2001 due to a number of logistical constraints. The three west 

coast colonies in the Jurien Bay area (Beagle Is, North Fisherman Is & Buller Is) were 

visited most frequently and represent the most comprehensively surveyed colonies. 

Previously published data on pup production and mortality (Gales et al. 1992 & 1994) 

for the target colonies for the period 1988-1992 were incorporated into this study to 

look at patterns over an extended timeframe. 

Breeding colonies were visited towards the end of the predicted breeding season 

to ensure that the majority of that season’s newborn pups would be present. All animals 

were counted and defined according to one of the following seven classes as originally 

described by Gales et al. (1992). 
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Bulls Mature males which have developed a white cap. These animals 

are of breeding age. 

Cows Females of breeding age, grey brown coat with creamy ventral 

surface. Often recognisable by presence of pup. 

Sub-adult males Males which are distinguishable from mature females by their 

larger size, broader skull and face and darker ventral coat (spotted 

or dark grey-brown) 

Juveniles Male and female animals which have same colouration as 

females but are smaller. 

Newborn pups  Newborn pups which still retain the chocolate-brown natal coat. 

Moulted pup  Recently moulted pups which are developing the colouration of 

juveniles, but on the basis of size are less than one and a half 

years old. After this age it is difficult to distinguish them from the 

previous cohort which is classed as juveniles. 

Dead pups  Pups that were considered to have been born that breeding season 

and found dead. 

 

Colonies were traversed by two or three individuals and all sea lions (live or 

dead) counted. Extensive searching was conducted as these animals are capable of using 

all terrain on the islands and pups are sometimes hidden away in well protected rock 

crevices and under vegetation. A single count was maintained by the recorder and other 

researchers would report sightings of animals to the recorder, whilst trying to prevent 

unnecessary disturbance to the animals. This ensured the maximum accuracy of the 

count and also prevented disturbing mother-pup pairs. Dead pups were also included in 

the counts, and used as an estimate of pup mortality during the breeding season. 
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The numbers of pups counted (p) represented a proportion of the overall pup 

production (P) of the colony for that season. To arrive at P it was necessary to know at 

what time of the season the count was conducted. It was assumed that all breeding 

seasons lasted approximately 4-5 months, and that the distribution of births throughout 

the time period of the breeding season was linear. Knowing the ratio of moulted to 

newborn pups, and that pups moult at around 3-4 months, it is possible to gauge how 

long the breeding season has been going, and then to extrapolate from pup counts to 

calculate P. The extent of male defense of oestrus females was also used to indicate the 

progression of the breeding season. It is likely that this technique results in an 

underestimate of pup production, as some pups may be overlooked during the count, 

may have moved from the colony to a nearby haulout, or have died and their carcasses 

not been present during the survey. This technique was originally used for N. cinerea by 

Gales et al. (1992 & 1994), and it is assumed that the application of similar methods 

will enable an assessment of population trends to be made over a longer time scale than 

previously reported.  

Statistical analysis of trends in pup production and pup mortality 
Existing data for the colonies of the Jurien Bay region were examined for trends 

in pup production by linear regression models. Regression was performed on linear and 

log-transformed pup production over time for individual colonies, and combined as a 

single population. The power of determining a trend in pup production for this 

combined population was also examined to determine the efficacy of current monitoring 

techniques. Trends were predicted to fit a log-normal relationship of abundance over 

time, with direct counts having a negligible error factor (assumed zero). This was 

assumed due to the low levels of pup production, making it possible to count all pups 

produced in a single season. Natural variation in pup production estimates was 

determined by plotting the longest continuous time series of log pup production versus 

time (1997-2001) for the west coast colonies, and using the standard deviation of the 
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regression as the ‘Plot variance’ in the model (see Galimberti 2002). Power to determine 

changes over time was calculated for both annual increases and annual decreases in pup 

production between 0 and 10%. The significance level for determination of the trend 

was set at α=0.05. Power estimates (P) were calculated for the west coast population of 

Jurien Bay (composed of colonies Beagle Is, North Fisherman Is & Buller Is), as they 

were the only colonies with sufficient pup count-time series for estimates of natural 

variation to be made. Power estimates for population increase and decrease were 

performed separately for the period of ten successive breeding seasons in the 

programme Monitor v6.2 (Gibbs 1995). The power estimate is the probability of 

correctly determining a change if it exists. Levels of P>0.8 are generally accepted as 

rigorous (Cohen 1988), but for small populations of long lived animals it may be more 

appropriate to use a more stringent measure of P>0.9 (Galimberti 2002). 

Pup mortality was measured as a percentage of total pup production, P. The rate 

of pup mortality was assessed for the period of the breeding season only, recognised as 

the source of the majority of mortality in the first year, or season, of life (Boyd et al. 

1995). The mortality rates for three west coast islands (Buller, Beagle & North 

Fisherman ) collected over seven breeding seasons were analysed for patterns among 

islands and between years independently due to the sampling design. Mortality rate was 

also regressed on pup production rates for individual colonies and for the three colonies 

grouped as a single population to assess the role of density-dependence in mortality.  

Further analysis of variation in the parameters of pup production and pup 

mortality was done by comparison of the timing of the breeding season with the 

predominant climatic season (i.e. summer, autumn, winter, spring.). This qualitative 

measure was performed to look at the influence of ambient temperature on pup 

production and mortality. The relationship between the population parameters and 

Leeuwin current activity was investigated to determine its possible influence on the 
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Jurien Bay population. This southward flowing current brings warm, nutrient 

depauperate waters to the western continental margin and prevents significant upwelling 

of colder, nutrient rich waters along this coastal margin (Lenanton et al. 1991, Caputi et 

al. 1996). Leeuwin current activity was assessed using measurements of average sea 

level off Fremantle over the time period 1987 to the present. Sea level can be used as a 

relatively accurate indicator of sea surface temperature and Leeuwin current activity 

(Pearce & Pattiaratchi 1997). Higher than average sea levels indicate relatively strong 

current activity and possibly lower productivity among the marine community due to 

low nutrient availablity. Lower than average sea levels indicate a relatively weak 

current, and may result in higher productivity due to minor upwellings of cold nutrient 

rich waters. However, recruitment indices of a number of commercial fish species are 

not uniform in response to variation in Leeuwin current strength (Caputi et al. 1996), 

and so it is hard to predict its effect on Australian sea lion pup production and mortality 

rates. Additionally, little is known about dietary preferences and seasonal variation in 

prey preferences for this species. Moving averages (4-monthly) of monthly sea level 

anomalies from the annual cyclic were calculated to indicate relative Leeuwin current 

strength. Population parameters were compared with this pattern, initially by 

observation, to determine possible links. Assessment of the effect of Leeuwin current 

strength on pup production was performed by averaging the monthly anomalies for the 

18 months prior to each breeding season as an indicator of environmental condition for 

the duration of gestation. Pup production was then regressed on the average sea level 

anomaly data.  

 

Assessment of population size from pup production 
A predictive model of estimating population size (N) from a single cohort was 

developed in Gales et al. (1994), which suggested that 3.81P<N<4.81P. This model 

relied on the following assumptions.  
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1. The population is stable 

2. The sex ratio of pups is 1:1 

3. There is no differential mortality between the sexes at any age. 

4. 70-80% of adult females produce a pup each breeding season (Higgins, 1990) 

5. Females produce their first pup at age 4.5 years (Higgins 1990) 

6. Survivorship over successive breeding seasons (ie 1.5yrs) of the first, second and 

third cohorts of juveniles (SJ1, SJ2, SJ3) is 60-80%, 70-80% and 70-80% 

respectively 

7. The model is not density dependent 

8. These parameters are consistent across colonies. 

The variance in the calculation of population size is a result of the range of 

estimates of survivorship rates of N. cinerea for the first three seasons (or 4.5 years) of 

its life. There are few data for this species on survivorship, and the figures for this 

model were derived from another otariid species, the Steller sea lion. York (1994) 

estimated that 48% of female Steller sea lion pups survive to age of first reproduction 

(3yrs). Given the extended breeding cycle of N. cinerea, females do not first reproduce 

until approximately 4.5 yrs (or after 3 breeding cycles), the mortality rates are set so that 

the minimum survival to reproduction is 25% and the maximum 52%. 

It is possible that some of these assumptions may be violated given the lack of 

data concerning the demographic parameters of N. cinerea. In particular, the occurrence 

of density-dependent mortality will act to decrease the population estimate multiplier as 

P increases.  

A more refined method for calculating population size from pup production 

using a Monte-Carlo approach has been used in estimates of pinniped population size 

(Gales & Fletcher 1999). This allows for definition of the distribution of variance 

concerning the parameters of the model in cases where specific biological information is 
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known. For this study the biological parameters are estimates from other species, or 

based on limited data sets for N. cinerea, and so there is no basis for refining the 

approach to population abundance from pup production data. 

RESULTS 

Pup production and mortality 
South coast colonies 

Pup production among the south coast colonies of Western Australia shows a 

decrease over the period 1989-2000 (Table 2.1). However, due to the low number of 

sampling events at any of the colonies it is hard to establish any significant population 

trend. The combined pup production of Six Mile, Red Islet, Kimberley Is, and Haul-off 

Rock in 2000 was 25% lower than that recorded in 1989. Individual colonies that have 

shown the largest pup production decrease over this period are Kimberley Is (36%) and 

Haul-off Rock (28%). Due to the large gaps in data collection it is hard to determine 

whether these figures represent a consistent decrease in pup production, or stochastic 

variability between seasons. Pup mortality rates among south coast colonies ranged 

from 0 to 13% over the past decade and the average was 6%. However these data are 

incomplete, and do not represent a consistent time-colony series. Estimates of mortality 

rate were made for only two colonies at all three surveys. Haul-off Rock had an average 

pup mortality rate of 7% and Kimberley Is averaged 13% (Table 2.1).  

West coast colonies 
The Abrolohos Is were visited twice, in 1989 and again in 1999. In 1989 eleven 

pups were counted and overall pup production was estimated at 20 pups (Gales et al. 

1994). Newborn pups were found on four islands, Serventy, Gilbert, Alexander and 

Suomi, all found in the Easter group. A repeat survey in 1999 of all islands in the 

Houtman Abrolhos counted 19 pups and calculated pup production to be 20, similar to 

the figure for 1989. The discrepancy between numbers counted and the similar pup 

production estimates for the two surveys is due to the difference in timing of the counts. 
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Newborn pups were found at all previous sites as well as on four new islands, including 

Square Is in the Pelsaert group. No evidence of breeding was found in the Wallabi 

group to the north in either survey. There was no observed pup mortality for either 

survey. 

The Jurien Bay colonies were surveyed for seven breeding seasons during the 

period 1989-2001. Data for the period 1989-1991 were collected by N. Gales and part of 

this data set was previously published (Gales et al. 1992, 1994). There appears to be 

considerable variation in pup production from season to season for all three colonies 

(Fig 2.3). There are defined peaks in the combined pup production for the Jurien Bay 

area and a possible 3 season cycle may be in evidence. However, the limited data set 

makes it hard to attribute any predictability to the patterns of abundance. There does not 

appear to be any significant effect of the climactic season on pup production (Table 

2.2). 

Average mortality rate of pups among the Jurien Bay colonies was 10.7% and 

there was variation among colonies and among years (Fig. 2.4). Regression of mortality 

rate of newborn pups on pup production for the three individual colonies was not 

significant in all cases (Fig. 2.5), though the relationship for Beagle Is suggested that 

there may be some density-dependent effect on mortality (F=4.6, d.f.=1,5, p=0.09). 

Analysis of variance of mortality rates among locations was not significant (F=0.52, 

d.f.=2,18, p=0.62), and so data were pooled for the regression of mortality rate on pup 

production to increase the power. This analysis showed a significant, positive 

relationship (F=7.07, d.f.=1,19, p=0.015), suggesting a density-dependent effect on pup 

mortality. Variances of mortality rates among islands were tested for homogeneity and 

were not significantly different (Bartlett’s test statistic=0.92). Mortality rates among the 

three colonies also showed considerable variation between breeding seasons (Fig. 2.4). 

Analysis of variance of mortality rates among years with pup production as the 
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covariate was highly significant (F=5.62, d.f.=6,13, p=0.005). The interaction term of 

year and covariate was removed from the analysis as it was highly insignificant 

(p=0.75). Post-hoc testing of pairwise differences between breeding seasons using a 

Bonferonni test revealed only two significant differences (1988 vs 1989 and 1989 vs 

1997, p<0.05). Examination of climatic effect on mortality rates suggests that these 

significant differences may be due to environmental conditions. In both these 

comparisons, the lower mortality rate was recorded during a breeding season occurring 

over summer (1988 and 1997) and the higher mortality rate was recorded in winter 

(1989). However, this relationship does not hold for all comparisons of mortality rate 

among climatic types of breeding seasons, and it is more likely to be an anomaly (Table 

2.2). The possible effect of environmental variability, as measured by sea level 

anomalies, on pup production and pup mortality rate was assessed by overlaying these 

data on a time-series plot. No significant relationship between either pup production 

(Figs. 2.6 & 2.7), or pup mortality (r2= 0.02, Fig. not shown) and sea level was 

immediately evident . 

Power estimates of trends in pup production 
The curves of statistical power in estimating trends in pup production show that 

the current methods have little power to estimate trends in the short term. Significant 

power (P>0.9) was evident only for an annual 10% population decline (Fig.2.8a) and 

for large annual population increases (5% & 10%, Fig.2.8b), over ten successive 

breeding seasons. Differences are noted in the lower power available to discern a 

population decrease than increase, most probably due to the small population sizes. It 

was estimated that determining smaller declines in pup production (< 5%) would 

require at least 15 successive seasons of counts in all populations. Estimating population 

trends for the whole population from a small number of key colonies would obviously 

have considerably less power again and, at present, more data are required to calculate 

background variation over the population as a whole.  
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Pup production estimates 
Estimates of population size in WA among the key selected breeding sites were 

calculated from the pup production data. It appears from these selected breeding sites 

that the population size in WA has been fairly stable in the period 1989 to the present. 

Allowing for the assumption of consistent trends across all colonies in pup production 

over time, the target colonies indicate a N. cinerea population in WA of 2390-3020. The 

regional population size of the west coast of WA is approximately 665-840 animals at 

present, and the south coast population is approximately 1725-2180. The incidence of 

density-dependent pup mortality may act to reduce the estimated population size created 

by this model. However, given the possibility that there are different rates of density-

dependence in the three colonies, and that there is no measure of the impact of this on 

survivorship to the first 1.5 years (S1), no quantitative estimate of the effect of the 

measured density-dependence was attempted here 

DISCUSSION 

It appears that pup production among the surveyed WA colonies has been 

relatively stable over the past 12 years, and currently the population size of N. cinerea 

in WA is approximately 2390-3020. This equates to a 10% reduction from the previous 

survey in 1988-89. This is in direct contrast to New Zealand fur seal populations in WA 

which have reported annual growth rates of 9.8% over the last decade (Gales et al. 

2000). There appears to be some variation in pup production from season to season, 

though there is no consistent trend across all colonies.  Pup production in some colonies 

may be declining, for example along the south coast of WA. This variability, and 

possible decline, is of some concern considering the small size of many of these 

colonies, and it highlights their potential vulnerability. However, these results must be 

interpreted with some caution due to the limited survey data available and the 

insensitivity of the technique. It is possible that environmental and demographic 

 18 



stochasticity could account for these variations in pup production. Also, a change in pup 

production, and the associated change in N as calculated from P, will not produce as 

dramatic a change in real population size as this technique is somewhat insensitive to 

demographic processes and population dynamics (Berkson & DeMaster 1985).  

The power to detect significant changes in pup production using single counts is 

relatively low, again suggesting that caution should be used in interpreting changes in 

pup production as population declines. Estimates from this study show that only very 

large population changes are discernible in the short term (10 breeding seasons), and 

that population declines are harder to detect than increases in small populations. 

Extrapolation of total population size from counts of a subset of colonies would 

obviously have even less power given the greater variance in these estimates. These 

points may be of great concern to management authorities, and the consequences of 

which shall be discussed below. It is important to note that the impact of the density-

dependent mortality and possible seasonal effects on pup production on the 

extrapolation of population trends is currently unknown. A longer time-series of 

information on basic demographic parameters for N. cinerea is required to have greater 

confidence in this analysis. 

There was no evidence of a trend in pup production over the last decade, which 

is not unexpected given the low power of estimating even large population changes, 

especially with the limited data available. The possibility of a three-season cycle in pup 

production for the Jurien Bay colonies is of some interest. The two peaks in pup 

production could be due to any number of factors which fall under demographic or 

environmental stochasticity, which are the two sources of variation in population growth 

(Shaffer 1987). Pulse recruitment of primiparous mothers every three breeding seasons 

is a possible explanation for this pattern, as the majority of females breed for the first 

time at age 4.5 years (Higgins 1990). 
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Preliminary investigation of the patterns in pup production and mortality rate 

with Leeuwin current activity showed little correlation. Admittedly, this analysis is 

probably an over-simplified interpretation of the dynamic interaction between this 

species and its environment. The increased influence of the warm water current bringing 

nutrient poor waters to the coastal shelf may possibly affect reproductive conditioning 

of pregnant females, and thus reduce pup production rates. This has been described in 

Antarctic fur seals, in which pup production was reduced in response to low resource 

availability the previous season (Lunn & Boyd 1993). Environmental conditions, such 

as the sea surface temperature, vary from year to year and undoubtedly play a role in 

productivity of the marine environment on the west coast (Lenanton et al. 1991, 

Wooller et al. 1991). The relationship between sea surface temperature and prey 

availability for Australian sea lions is undoubtedly complex and currently poorly 

understood. However, it is known that several commercial fish species show changes in 

abundance with Leeuwin current activity (Caputi et al. 1996), and several of these 

species including Panulirus cygnus are known prey items of N. cinerea (Gales & Cheal 

1992). Investigation over longer time periods, and closer examination of demographic 

processes and foraging behaviour is required to elucidate these possible patterns of 

population dynamics for N. cinerea. 

Mortality rates of newborn pups show variability across all colonies. This study 

shows a number of cases of negligible pup mortality (0-5%) among the smaller south 

coast colonies, and the highest levels of pup mortality occurred in the three Jurien Bay 

colonies. There was strong evidence of density dependence in mortality rates of 

newborn pups among the three colonies in the Jurien Bay area. This relationship may 

not be unexpected as other pinnipeds, e.g. Antarctic fur seals, have shown similar 

patterns (Doidge et al. 1984). Mortality of N. cinerea pups may be due to a number of 

reasons including attacks by conspecifics, which in a previous study accounted for 19% 
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of pup mortality (Higgins & Tedman 1990). Given the protracted breeding season of N. 

cinerea, breeding males are active in the colony for long periods and may be a 

significant cause of pup mortality. Increased pup production and associated mating 

events could lead to a greater mortality rate among newborn pups. Pup mortality rates 

among New Zealand fur seal colonies in WA are only around 1.3%, and appear to show 

no density dependent effect (Gales et al. 2000). This species displays a considerably 

shorter breeding season of 4-6 weeks, perhaps reducing the incidence of conspecific 

related mortality. However, colonies of New Zealand fur seal are at much higher 

densities than N. cinerea colonies so there may be behavioural differences, such as 

female choice of pupping sites, which contribute to conspecific related mortality. 

Density-dependent pup mortality events may also be related to limitations in resource 

availability for foraging mothers, and foraging ability. Years of higher pup production 

may experience higher mortality due to competition for resources, or a pulse 

recruitment of primiparous mothers, which among Antarctic fur seals have lower 

reproductive success (Lunn et al. 1994). This would explain the coincidence of peak 

pup production and pup mortality, though there is no direct evidence to support this.  

The differences between pup mortality rates of Jurien Bay and the rest of the 

colonies may also be related to density dependent factors and differences in resource 

availability. The islands on the south coast are much larger in area than the Jurien Bay 

islands and N. cinerea are known to utilise virtually all terrestrial habitat during the 

breeding season. This effectively lowers the population density for south coast colonies 

and may be a factor in the lower pup mortality rates.  

Environmental stochasticity within the marine ecosystem can have extreme 

influences on pup mortality. Mortality rates of 100% of newborn pup cohorts in 

Galapogos fur seals and sea lions due to El Niño associated weather conditions and 

declines in prey availability represents the extreme of this effect (Trillmich & Dillinger 
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1991). High mortality rates have also occurred at one of the largest N. cinerea 

populations, Dangerous Reef, where rates greater than 35% occurred in two successive 

breeding seasons in the last decade (Shaughnessy, 1999). A reduction in prey 

availability may result in longer foraging trips for females and less time spent feeding 

the pup. This has been demonstrated for Antarctic fur seals, which show an associated 

increase in pup mortality (Boyd et al. 1991; Boyd et al. 1994). Australian sea lion 

females exhibit diving patterns that stretch their metabolic capabilities as they forage 

exclusively on benthic habitat (Costa & Gales in press). A decrease in prey availability 

may push this even further and impact greatly upon a lactating female’s ability to 

successfully rear a pup. Possible interactions with commercial based fisheries may be 

exacerbated during low productivity years and impact upon the small colonies of 

Australian sea lions. Further analysis of foraging behaviour, dietary analysis and 

variability in coastal shelf productivity may explain the variation seen in population 

parameters. 

N cinerea populations currently appear relatively stable, though only large 

changes would be detectable over the period of this study. The variation in pup 

production and pup mortality rates presented here suggest that some colonies may be 

experiencing population declines, and that complex interactions with environmental 

variables may be involved. It is important to remember that biologically important 

differences may not be statistically significant (Johnson 1995), particularly for such 

small and widespread populations as for N. cinerea. The detection of a 10% decline in 

the Jurien Bay population after ten breeding seasons equates to a reduction of 750 to 

270 animals, which may be below a minimum viable population size (Gilpin & Soulé 

1986). These limitations are of considerable importance to management bodies. 

This trend is in marked contrast to the dramatic increase in numbers of the 

sympatric New Zealand fur seal. The population structure of many small, 
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geographically disparate colonies may leave N. cinerea at considerable risk. Small 

isolated populations are at greater risk of environmental and demographic stochasticity, 

and this may be cause for concern for this species depending upon the levels of 

migration and gene flow between colonies. Connectivity between populations will 

increase effective population size and make populations more robust to stochastic 

events and maintain greater genetic variation among colonies. However, the unusual 

breeding system and potentially high natal site fidelity of females could result in 

considerable population subdivision, even more than the geographical distribution of 

colonies would suggest.  
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TABLES AND FIGURES 

Table 2.1.  Estimates of pup production (P) and pup mortality rates for colonies of 
N. cinerea on the south coast of Western Australia between 1989 and 2001. 

Colony P % Mortality P % Mortality P % Mortality

Haul-off Rock 35 ? 20 0% 25 4%

Red Islet 30 13% 30 3% 26 4%

Kimberley Is 50 ? 30 13% 32 13%

Glennie Is 30 ? 21 0% ? ?

Six Mile 50 12% 43 7% 40 13%
Total 195 144 123

1989-90 1998-99 2000-01

 
 
 
 

Table 2.2 Year and predominant climactic season of the surveyed breeding seasons 
for the three breeding colonies in Jurien Bay (Beagle, North Fisherman & Buller 
Iss.). The total pup production of these colonies (P) and the average pup mortality f
the breeding season is also listed. 

or 

 

Year Season P
Average pup 

mortality

1988 summer-autumn 141 6.88%

1989 winter -spring 181 23.42%

1991 summer-autumn 155 11.30%

1997 summer 132 2.99%

1998 autumn-winter 185 18.73%

2000 spring-summer 154 13.78%

2001 autumn-winter 137 5.13%

 24 



Kangaroo Is

The Pages

Great Australian
Bight

Houtman
Abrolhos Is

Bass Strait

Tasmania

South
Australa

Western
Australia

Present breeding range of N .c ine rea

Additional previous breeding range prior 
to localised extinctions 
 
 

N

Figure 2.1. Distribution of the Australian sea lion showing extant and locally 
extinct populations. Localised extinctions were the result of commercial hunting 
during the 18th-20th centuries (from Ling 1978). 
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Figure 2.2.  Distribution of breeding colonies of N. cinerea with examples of 
temporal variation in breeding. Breeding times of individual colonies indicated in 
months before (-) or after (+) reference colony of North Fisherman Is on the west coast 
of Western Australia. Colonies visited for population survey are underlined. Colonies 
are concentrated in three main areas, 1-west coast of Western Australia, 2-south coast 
of Western Australia, 3-South Australia 
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Figure 2.3  Pup production estimates for three west coast breeding colonies (Jurien 
Bay) and their combined total between 1988 and 2001. 
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Figure 2.4  Average pup mortality rates ( and standard deviation) among the three 
colonies of Jurien Bay (Beagle Island, North Fisherman Island and Beagle Is) between 
1988 and 2001. 
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Figure 2.5  Regression of pup mortality on pup production for the three individual 
Jurien Bay breeding colonies between 1989 and 2001. 
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Figure 2.6 Plot of the moving average (4 months) of sea level anomaly as measured off 
Fremantle. Positive deflections indicate a relatively strong flowing Leeuwin current, 
negative deflections a weaker current. Pup production estimates (P) for the Jurien Bay 
population are overlain in red. These plots are not connected as they do not represent a 
continuous time-series data set. 
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Figure 2.7 Regression of pup production (P) of Jurien Bay breeding colonies 
combined on estimate of Leeuwin current strength for the 18 months prior to the 
breeding season represented by sea level anomalies. Positive anomalies indicate a 
relatively strong current, negative values a weaker current. 
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CHAPTER 3: POPULATION SUBDIVISION IN THE AUSTRALIAN 
SEA LION BASED ON mtDNA VARIATION: 
EXTREME FEMALE NATAL SITE FIDELITY. 

 
 

INTRODUCTION 
The level of gene flow, or effective migration between populations, plays a 

major role in defining the population genetic structure. One mechanism that can limit 

migration between populations is geographic distance. It is common for genetic 

divergence to be correlated with geographic distance (Kimura & Weiss 1964), and 

depending upon the mobility of a species, sufficient geographic separation can cause 

genetic isolation (Wright 1931, Slatkin 1987). Populations of marine mammals are 

generally continuous due to their environment, though some regional geographic 

boundaries do occur. These regional boundaries may be caused by physical barriers or 

heterogeneity of habitat and resource distribution. Genetic substructure among 

California sea lions, for example, has been established where populations 

geographically separated by the Baja California land mass display significant genetic 

divergence, indicative of a long period of isolation (Maldonado et al. 1995).  

Genetic subdivision along geographical clines is also common, where increasing 

geographical distance results in greater genetic subdivision among sub-populations in a 

stepping-stone pattern (Kimura & Weiss 1964). This process can occur on both macro 

and micro geographic scales. This pattern is evident in harbor seals along the west coast 

of North America (Lamont et al. 1996). Another mechanism that may cause 

considerable subdivision among continuous populations is assortative mating (Otte & 

Endler 1989). This may occur in either aquatic or terrestrial environments. For example, 

in many species of sea turtle, genetic subdivision among continuous populations appears 

to be shaped by the strong natal site fidelity of females (Bowen et al. 1992, Bass et al. 

1996, Encalada et al. 1996). Fine scale genetic subdivision among continuous 
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populations of female white-tailed deer appears to be regulated by social processes 

(Purdue et al. 2000). Behavioural mechanisms such as these have a profound effect on 

population structure overriding the geographical distribution of the adult population. 

Pinnipeds are a group of marine mammals that in most cases require terrestrial 

habitats for mating and parturition. Nearly all species of pinnipeds display annual, 

synchronous breeding cycles, resulting in the formation of large breeding colonies. This 

increases the chance of finding and securing a mate, and leads to intense competition 

among males for access to females (Boyd 1991). Breeding colonies are distributed non-

uniformly, owing to the availability of suitable habitat, and this may result in a 

regionally fragmented population structure.  However, these animals are able to travel 

large distances, and so are capable of widespread dispersal and, theoretically, a high 

degree of gene flow. Countering this potential for high gene flow is the possibility of 

population subdivision due to natal site fidelity. In many mammals there is a marked 

difference in the degree of dispersal and philopatry between the sexes, such that females 

show a greater degree of natal site fidelity than males (Greenwood 1980). The extent of 

female natal site fidelity and its impact on population structure can be quantified by 

measuring patterns in molecular markers that are solely maternally inherited, such as 

mitochondrial DNA (mtDNA; Avise 1994). 

Patterns of genetic structure among many species of pinnipeds show low levels 

of female mediated gene flow, suggesting a high degree of philopatry. The southern 

elephant seal revealed a population structure biased towards male mediated gene flow 

(Slade et al. 1998) and genetic population structure of the harbour seal based on mtDNA 

showed a low level of gene flow between colonies, representative of strong female natal 

site fidelity (Lamont et al. 1996). Direct estimates of migration using tagging studies 

have shown evidence of strong regional philopatry of female grey seals within an area 
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of 300-500km (Pomeroy et al. 1994), and a higher rate of natal site fidelity among 

females than males in the northern fur seal (Baker et al. 1995). 

The Australian sea lion, N. cinerea, is the only pinniped species found solely in 

Australian waters. Its distribution ranges from the islands of the Houtman Abrolhos (28˚ 

S, 114˚ E) in Western Australia to The Pages (35˚ S, 138˚ E) in South Australia, 

consisting of some 3500 km of coast (Fig. 2.1). The scattered offshore islands and 

several mainland sites along this range support approximately 50 breeding colonies in a 

regional distribution, and an estimated population of 9,900-12,400 individuals (Gales et 

al. 1994, Dennis & Shaughnessy 1996). Breeding colonies are concentrated in three 

geographic areas; South Australia, the south coast of Western Australia and the west 

coast of Western Australia (Fig.2.2). The distances between concentrations of breeding 

colonies suggest that there may be some genetic structuring across its range. Results 

from population surveys suggest that this population is currently stable, though 

considerable variation in pup production has been reported in the last decade for several 

colonies (Gales et al. 1992, 1994, Chapter 2). 

Before the advent of commercial sealing, the range of N. cinerea included the 

entire south coast of Australia and the north coast of Tasmania (Fig. 2.1). It is believed 

that the current population size is below pristine levels, though there is no direct 

documentation to support this (Gales et al. 1994). Conservative estimates from cargo 

records suggest that at least 4000 Australian sea lions were harvested during the sealing 

era (Ling 1999). In some species that have undergone extreme reductions in population 

size, there is a resultant reduction in genetic variability. This is evident in the northern 

elephant seal (Mirounga rostratum) in California which displays only 2 mtDNA 

haplotypes in 40 individuals examined (Hoelzel et al. 1993).  

The Australian sea lion displays a unique breeding pattern amongst pinnipeds. 

The breeding cycle is approximately 17.5 months long and the timing of breeding is 
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particular to each colony (Higgins & Gass 1993, Gales et al. 1994). Small groups of 

geographically proximate islands display some synchrony, but there is considerable 

variation found within a geographical area (Fig. 2.2). The grey seal, Halichoerus 

grypus, shows clinal variation in the timing of breeding around the United Kingdom 

coast (Allen et al. 1994). The Pacific harbour seal is one other species of pinniped that 

shows variation in the timing of breeding among colonies. There is a relationship 

between the latitude of the P. vitulina colony and the timing of breeding, suggesting a 

link between photoperiod and birth date (Temte 1994). Genetic distance among colonies 

is positively correlated with geographic distance (Lamont et al. 1996). However, two 

colonies sharing a similar latitude show marked variation in the timing of breeding and 

a higher degree of genetic subdivision, even though they are geographically proximate. 

It was suggested that birth timing is genetically controlled and the variation in timing 

between the two colonies maintained by strong natal site fidelity of females (Lamont et 

al. 1996). 

It has been suggested that the temporal variation in breeding among colonies of 

N. cinerea may be maintained by the loyalty of the females to their natal site, and that 

the timing of breeding is genetically regulated (Gales et al. 1994). Breeding N. cinerea 

females have been observed returning to the same place in the same colony in 

successive breeding seasons (Higgins & Gass 1993), but whether this is the natal site for 

these females is unknown. If female natal site fidelity is occurring, it is likely that 

differences in mtDNA would accrue between colonies because of founder effect and 

subsequent genetic drift. We would also expect that within a geographic region, 

colonies that breed synchronously show a greater degree of genetic similarity than non-

synchronous breeding colonies.  

Here I investigate the genetic structure of populations of N. cinerea, with a view 

to understanding the degree of connectedness of different colonies, the role of 
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reproductive strategies in regulating female mediated gene flow and the consequences 

of historical population exploitation.  The marker of choice to test these concepts is the 

mitochondrial control region, or d-loop, because of its sensitivity to demographic 

changes, maternal inheritance and high rate of nucleotide substitution (Brown et al. 

1979, Gyllensten et al. 1985). This combination results in the accumulation of 

significant genetic differences to be surveyed over relatively short divergence times 

(Avise et al. 1987). This survey is the first genetic description of the Australian sea lion, 

and such information is integral to defining management units based on scientific 

principles (Moritz 1994a, 1994b), and formulating effective policies for the 

conservation of this endemic pinniped. 

METHODS 

Sample collection 
The sample sites were selected on the basis of relevance to geographical 

distribution and temporal variation in the timing of breeding (Fig. 2.2). Three separate 

sampling events were conducted between 1989 and 2000, and a total of 15 individual 

colonies were sampled. Five colonies (Beagle Is, North Fisherman Is, Buller Is, Six 

Mile Is & Kangaroo Is) were sampled on all three occasions. Breeding colonies were 

visited towards the end of the breeding season, which was calculated by extrapolation 

from previously published breeding data (Gales et al. 1994). Estimates of pup 

production for the sampled colonies are taken from Chapter 2.  

Tissue samples were taken from newly born pups of a single breeding season to 

ensure the sampling of individuals from their birth colony, and to minimise the 

sampling of related individuals. Females produce only one pup per season and so each 

pup represents a single maternal line. Live pups were targeted as the primary source, 

although freshly dead pups were sampled where available. Exceptions to this occurred 
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on Dangerous Reef and The Pages, where for a number of reasons only dead pups were 

sampled. Pups were captured by hand, and a small piece of tissue removed from the tip 

of the middle digit of the right hind flipper or blood was taken from the caudal vein. 

Tissue was preserved in a solution of 95% EtOH and100mM EDTA, and blood samples 

were preserved in liquid nitrogen. 

DNA extraction and PCR amplification 
Total genomic DNA was extracted from the tissue as in Gemmell & Akiyama 

(1996), and stored in 10mMTris, pH 8.0. Fragments of the mitochondrial control region 

were amplified using polymerase chain reaction (PCR). A pair of primers, LGL 283 (5'-

TACACYRGTCTTCTAAACC-3') and LGL 1115 (5'-CTGGTTCYTTCAGGGTCAT-

3') designed for Steller sea lions (Bickham et al. 1996), produced a single 480bp 

product. This product was reduced to a 360bp sequence for analysis after removing the 

primer sites and flanking regions. 

Reagent concentrations for the PCR reactions were as follows: 1X PCR 

Reaction Buffer II (Roche), 2.5mM MgCl2, 0.33pM of each primer (forward and 

reverse), 5mM of each dinucleotide (ATP,CTP,GTP,TTP), 0.5units of AmpliTaq™ 

(Roche), 1µl (approximately 20ng) of template and ddH2O in a reaction volume of 30µl. 

Reactions were overlaid with mineral oil, or without mineral oil when run on PCR 

machines with hot lids. The PCR amplification conditions were denaturation at 94 C for 

30 seconds, annealing at 54 C for 30 seconds and extension at 72 C for 30 seconds for 

30 cycles. All PCR products were visualised on 1.6% agarose gels using electrophoresis 

and ethidium bromide staining. 

Double stranded PCR product was cleaned by an enzymatic process (Lento, 

pers. comm.) prior to sequencing. The reaction conditions for this were 0.75 units of 

Exonuclease I (which reduces residual single stranded primers to individual dNTP’s), 

0.075 units of shrimp alkaline phosphatase (which removes the 3’ phosphate group from 
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dNTP’s), 1µl buffer and ddH2O for each aliquot of PCR reaction used for sequencing. 

Reactions were run at 37 C for 15 minutes and then at 80 C for 15 minutes to denature 

the enzymes. Sequencing reactions were initiated with the LGL283 primer using Big 

Dye™ terminator sequencing kit (ABI PRISM™). The product was precipitated with 

95%EtOH and electrophoresed on an ABI PRISM™ 377 DNA Sequencer.  

DNA sequence and population structure analysis 
A segment of 360bp of the control region was used from each sequence and 

these sequences were aligned and analysed using the programme Sequencher (v3.1.1, 

Life Codes Inc.). Polymorphic sites and haplotypes were defined using the programme 

MacClade v3.0.4 (Maddison & Maddison 1992). Average haplotype diversity (H ± se), 

and average nucleotide diversity (π ± se) were calculated for the whole population and 

for each colony. These two parameters estimate the probability that two randomly 

chosen individuals will have different haplotypes, and that two randomly chosen 

nucleotides from homologous sites are different, respectively (Nei 1987). Control region 

sequences were analysed for any pattern of selection among haplotypes using the 

method of Tajima (1989). Departures from neutral expectations could be due to a 

number of factors other than selection such as population expansion, genetic bottlenecks 

or heterogeneity of mutation rate (Tajima 1996). The haplotype diversity for individual 

colonies was regressed on the estimated number of breeding females, Nf, to determine 

the relationship between population size and genetic variability. Nf was calculated by 

dividing the estimated pup production of a colony by the estimated percentage of the 

female population that gave birth for any particular season, approximately 75% 

(Higgins & Gass 1993, Chapter 2). It is assumed that this rate is equal across all 

colonies.  

Temporal variation in haplotype frequencies was assessed for the five colonies 

sampled on all three occasions. Variation was assessed using a contingency χ2 analysis. 
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Changes detected in haplotype frequencies may be due to sampling bias or changes due 

to demographic events such as migration or mortality. 

Population subdivision was measured using a hierarchical analysis of molecular 

variance to look at the distribution of genetic variation within and between the different 

geographic regions and populations (AMOVA, Excoffier et al. 1992). This was done 

using a modified measure of the traditional F-statistics (Weir & Cockerham 1984), and 

φ-statistics based on haplotype sequence distances (Tamura & Nei 1993). Three regions 

were defined by the geographical distribution of colonies (Fig. 2.2): 

1-West coast Western Australia (Abrolhos Is, Beagle Is, North Fisherman Is, 

Buller Is),  

2- South coast Western Australia (Haul-off Rock, Red Islet, Glennie Is, 

Kimberley Is, Spindle Is, Six Mile Is),  

3 -South Australia (Dangerous Reef, Kangaroo Is, The Pages). 

Two colonies, Cooper Is and West Is, were removed from this analysis due to 

their low sample sizes (n<5). Pairwise φST was calculated between all pairs of colonies 

and the significance of these values tested by permutation of the haplotypes between 

populations. These analyses were performed in the computer programmes Arlequin v1.1 

and v2.000 (Schneider et al 1993, Schneider et al. 2000).  

Correlation of pairwise φST and geographic distances provides an estimate of the 

relative roles of genetic drift and gene flow by determining the state of migration-drift 

equilibrium (Hutchison & Templeton 1999). Another genetic distance measure, Nei’s 

corrected average pairwise distances (Nei 1987), was correlated with geographic 

distance to examine this pattern over a longer time frame. Under an isolation-by-

distance model, equilibrium is attained where genetic distance shows a positive and 

monotonic increase with geographic distance (Wright 1943, Kimura &Weiss 1964). 

Estimates of migration rates from F-statistics, or analogues, using Wright’s (1931) 
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island model FST=1/(4Nm + 1) are often invalid as most sets of natural populations do 

not satisfy these conditions, and lead to erroneous estimates (McCaughley 1993, 

Whitlock & McCauley 1999). Mantel tests were performed on the two measures of 

genetic distance against geographic distance for all pairwise comparisons to assess the 

role of geographic distance in population subdivision in N. cinerea (Mantel 1967). The 

significance of the correlations was determined by a permutation test, and the 

correlation coefficient (r) was calculated by 2000 permutations of the matrices. These 

analyses were performed using the computer programme Mantel v2.0 (Liedloff 1999). 

Phylogenetic analyses 
A matrix of haplotypic distances was constructed using the HKY (Hasegawa et 

al. 1985) model of nucleotide substitution. The alpha parameter of the gamma 

distribution of variable rates of substitution among nucleotide sites was estimated from 

the data in the programme Puzzle 4.0.2 (Strimmer & von Haeseler 1999). Phylogenetic 

relationships among the haplotypes were inferred using maximum likelihood with 

quartet puzzling due to the very high rate of heterogeneity of the gamma parameter 

(α=0.02, Hasegawa et al. 1985). Support for internal nodes was tested using 1000 

iterative steps of the puzzling process. The tree was presented as an unrooted phylogram 

as the large divergence to the outgroup relative to the low diversity of the ingroup 

suggested that the position of the root was unlikely to be reliable. Relationships among 

haplotypes were also inferred using a maximum parsimony, heuristic search. A control 

region sequence from Phocarctos hookeri (Accession No. AF384413) was used as an 

outgroup for this analysis, though may have limited reliability due to the problems 

outlined above. Bootstrap resampling for variable sites was performed to estimate 

confidence in the major internal nodes of the parsimony tree (Felsenstein 1985). Two 

methods were employed to estimate divergence times between major phyletic groups. 

Net sequence divergence was calculated using the same model of nucleotide 
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substitution but with an array of values for the alpha parameter to assess the reliability 

of these data for estimates of divergence. Standard errors were calculated using 5000 

bootstrap replicates (Felsenstein 1983). The estimate of control region mutation rate of 

7.5 x 10-8 /site/year (Slade et al. 1998) was used to calculate divergence time. An 

estimate of divergence time using maximum likelihood techniques was also performed 

using the finite site model of nucleotide substitution as used in the phylogeny based on 

sequence distance measures (Nielsen & Wakeley 2001). This produces estimates of 

migration (M = 2 Nem) and scaled divergence time (T=divergence time/2*Ne). These 

values can be used to produce a matrix of likelihood values of relative roles of 

migration and divergence time in explaining the phylogeographic signal (Nielsen & 

Wakeley 2001). 

RESULTS 
A 360 bp fragment of the d-loop was analysed for variation and a total of 23 

variable sites were found.  Twenty of these sites were transition substitutions and three 

sites were insertion/deletion events. These sites defined 24 unique haplotypes (Table 

3.1.). Haplotypic diversity overall was high, H=0.90 ± 0.012, with a nucleotide diversity 

of 0.016 ± 0.008. Measures of haplotype diversity, the number of variable sites and the 

average pairwise sequence distances are presented in Table 3.2 for comparison of 

genetic diversity among different pinniped species. The Australian sea lion displays 

moderate levels of genetic variation and sequence divergence among haplotypes 

compared to other pinnipeds, especially in comparison with other sea lion species (e.g. 

Steller sea lion and California sea lion). Extant levels of variability suggest that this 

species has not experienced a large reduction in genetic variability due to a population 

bottleneck, such as demonstrated in the Hawaiian Monk seal and Northern Elephant seal 

(Table 3.2).  
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The geographical distribution of haplotypes shows an extremely high level of 

fixation for individual colonies and a very low level of haplotype sharing among 

colonies (Table 3.3). The colonies from South Australia (Dangerous Reef & Kangaroo 

Is.) show the highest level of intra-colony haplotype diversity, though they do not share 

any common haplotypes. Dangerous Reef has a high number of rare haplotypes, and it 

may be expected that further sampling would reveal further unique haplotypes. A large 

number of colonies in Western Australia are fixed for a single haplotype, unique to the 

respective colony. There is a low level of haplotype sharing among colonies and in most 

cases this occurs where two or more colonies are fixed for a common haplotype. The 

neighbouring colonies Beagle Is., North Fisherman Is. and Houtman Abrolhos Is are all 

fixed for haplotype T. Similarly, Spindle Is and Six Mile Is are fixed for the haplotype 

N. Haplotype diversity among colonies was very low with only seven of the fifteen 

colonies displaying more than one haplotype. There was no temporal variation among 

haplotype frequencies for the five colonies that were sampled repeatedly (Table 3.4). 

However, the occurrence of unique haplotypes for all of these colonies except Kangaroo 

Is is probably evidence of sampling bias towards more common haplotypes. Despite the 

lack of temporal variation within colonies samples were not pooled for population 

analyses to avoid the possibility of using related individuals. 

There was a significant positive relationship between female population size, Nf, 

and haplotype diversity, H (Fig. 3.1, r2=0.28, p< 0.05). The significance of this 

relationship may be biased by the distribution of Nf values, which are skewed towards 

small sizes (Nf<100), and the high rate of haplotype fixation. 

The hierarchical analysis of genetic variance showed significant variation 

between groups and among populations within the groups, indicating a high level of 

population subdivision (Table 3.5). Regional variation accounted for over 60% of the 

variation, and the majority of the remainder was accounted for by among population 
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differences. This resulted in an extremely high level of overall subdivision φST=0.91. 

Conventional F statistics showed the same highly significant differences with an overall 

FST=0.76. Pairwise φST comparisons showed a high degree of population subdivision 

and almost all comparisons were significantly different from zero (Table 3.6). 

Exceptions to this were the comparisons among the three west coast colonies Houtman 

Abrolhos, North Fisherman and Beagle Is, all fixed for the same haplotype, and for two 

comparisons on the south coast of Western Australia, Six Mile-Spindle Is and Red Islet-

Kimberley Is comparisons. This high degree of population subdivision is consistent 

with little or no gene flow among colonies.   

Correlation of φST and geographic distance showed a significant positive 

relationship (r=0.44, n=12, p<0.01). Pairwise measures were categorised as either 

within Western Australia or South Australia comparisons, or between Western Australia 

and SA comparisons (Fig. 3.2). It appears that over shorter geographic distances among 

regions there was a positive, monotonic increase in φST, however over longer distances 

genetic differentiation becomes fixed at the maximum value of 1. These results suggest 

that the population structure of the Australian sea lion fits a stepping stone model with 

dispersal occurring only among adjacent demes over short geographic distances (< 100 

kilometres). Some caution should be used in applying this analysis, as the pattern is 

biased strongly by the extreme values of φST, especially for small geographic distances. 

Fixation for the same haplotype among colonies may result in an under-estimate of 

pairwise φST, and fixation for different haplotypes may lead to an over-estimate of 

pairwise φST  values. A correction for this misrepresentation may result in pairwise 

genetic distance being independent of geographic distance for N. cinerea. This has a 

strong bearing on the implications of the genetic analysis in terms of population 

structure, especially on a fine geographic scale. Correlation of Nei’s corrected D and 

geographic distance was highly significant (r=0.77, n=12, p<0.001) for all pairwise 
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comparisons (Fig. 3.3). Comparisons were defined by geographical region as above, and 

showed a similar pattern of differentiation. Over shorter geographic distances Nei’s D 

showed a positive increase, and comparisons between Western Australia and South 

Australia colonies displayed a fixed level of high genetic differentiation independent of 

distance.  

 

Phylogenetic relationships 
Parsimony methods for inferring phylogenetic relationships among haplotypes 

were mostly uninformative with a large number of most parsimonious trees and 

unresolved polytomies (Fig. 3.4). This may be expected given the relatively small 

number of informative sites (Stewart 1993). However, topology was similar for both the 

consensus parsimony tree and the maximum likelihood tree based on sequence distance 

(Fig. 3.5). The maximum-likelihood tree had a high level of unresolved quartet puzzles 

(29%) similar to the level of unresolved branches using the parsimony method. 

Moderate phylogeographic patterning is evident, with clustering of haploypes within the 

Western Australian and South Australian regions. Geographical partitioning of 

haplotypes was also evident within both the Western Australia and South Australia 

clades, though there was low level bootstrap support for this partitioning. 

Phylogeographic patterning on a finer scale was evident among the west coast 

(haplotypes S & T) and south coast of Western Australia (N & O). The strongest 

division consisted of the two haplotypes found in the westernmost region of South 

Australia (W & X from West Is). This demonstrates a moderate level of 

phylogeographic structure in this species, though the signal is not very strong 

suggesting a relatively recent origin. The division of West Is haplotypes was the 

strongly supported division, and this is largely due to the unique substitution at 

nucleotide position 94 for these two haplotypes (Table 3.1). Estimates of divergence 
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times between the two clades (WA & SA) based on net sequence differences became 

asymptotic under the variable alpha parameter model at around 170,000 ± 70,000 years 

(Fig. 3.6). At small values of alpha (<0.05) error margins approached three to four times 

the values of the estimate and appeared unreliable. Estimates of divergence time based 

on the maximum likelihood method yielded similar results and suggested that the 

phylogeographic structure was most likely a result of a short-medium term isolation 

with negligible levels of gene flow (Fig. 3.7).  

DISCUSSION 
There is an extremely high level of female population subdivision among 

colonies of the Australian sea lion. There is evidence of population subdivision on both 

macro and micro geographic scales as shown by the analysis of molecular variance. 

This level of subdivision is far greater, and on a much finer scale than for any other 

pinniped (Maldonado et al. 1995, Lamont et al. 1996, Bickham et al. 1996, Bernardi et 

al. 1998, Stanley et al. 1996, Slade et al. 1998, Anderson & Born 2000, Goldsworthy et 

al. 2000). The occurrence of single fixed haplotypes, and the relative scarcity of 

common haplotypes shows that the level of female natal site fidelity is extremely high. 

This implies that there is very little recruitment of females from outside the natal 

colony. Haplotype diversity within colonies was very low in general, with high rates of 

fixation. One exception to this was Dangerous Reef, which accounted for 10 of the 24 

haplotypes described for the entire population, all of which were unique to the colony. 

The high rates of fixation are probably a result of genetic drift and lineage sorting which 

acts to increase population differentiation (Avise et al. 1987, Avise 1994).  

It appears that the phylogeographic patterning in this species is driven by short-

medium term isolation events. There is limited bootstrap support for the major phyletic 

divisions, though this may be accounted for by the low level of divergence within the 

group. It suggests that whilst there are geographic divisions among this species, they are 
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not of great antiquity. The lack of a reliable outgroup, combined with the low level of 

within group diversity, makes defining an ancestral root difficult. However, the pattern  

of greater haplotype diversity and deeper phylogenetic divisions among the south coast 

of Australia colonies, suggests that the species has probably spread from east to west 

and then subsequently from south to north up the west coast of Western Australia to its 

present distribution. 

 

Population structure between regions 
The hierarchical analysis of genetic variation shows extreme genetic subdivision 

between regions. It is apparent that there is a significant division among Western 

Australia and South Australia populations, as supported by the pairwise comparisons of 

Nei’s D values across the Great Australian Bight. The estimates of divergence time, 

though somewhat unreliable suggests a model of short-medium term isolation with 

virtually no gene flow. This suggests that the Great Australian Bight is a significant 

historical barrier to female mediated dispersal. Population surveys have identified some 

very small isolated colonies across this area, which were postulated as a link between 

Western and South Australian populations (Dennis & Shaughnessy 1996), but the 

genetic data suggest otherwise. Divisions among the west and south coast colonies of 

Western Australia are less defined, though there is low level bootstrap support for the 

division of the two west coast haplotypes from within the Western Australia clade. The 

relatively low number of informative sites in the mtDNA control region sequence limits 

the confidence intervals calculated by the bootstrap method (Stewart 1993). This 

analysis may not accurately reflect the extent of phylogenetic division among 

populations of N. cinerea on the finer spatial scale.  
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Population structure within regions 
Populations of N. cinerea show very high levels of subdivision within regions, 

as indicated by the very high overall φST and many significant pairwise comparisons. 

Population subdivision occurs across very small geographic distances, as little as 30 

kilometres, as is the case on the west coast of Western Australia and in South Australia 

between Kangaroo Is and The Pages. Even though the correlation of pairwise φST and 

geographic distance is significant, population structure does not seem to be strongly 

influenced by geography. The extreme spread of φST values across small distances 

represents a large discrepancy in an isolation by distance population model for N. 

cinerea. There is some evidence of haplotype sharing among colonies, though in most 

cases this is a result of fixation for a common haplotype. In such cases colonies are 

defined as panmictic, and inferred levels of gene flow are very high. In most cases, 

colonies that are fixed for common haplotypes are grouped geographically and share a 

common breeding time, such as Six Mile and Spindle Is. This may be an example of 

reproductive isolation due to the asynchrony of breeding time as females may move 

between colonies that share a common breeding cycle, but not to other asynchronous 

colonies within a similar geographic range. However, the genetic subdivision of Buller 

Is. and its synchronous breeding neighbours (Beagle Is, North Fisherman Is) over such 

short distances would suggest otherwise. Cases of common fixation may more likely be 

a result of recent founder effects and not an example of contemporary gene flow. This 

would be supported by the case of the Abrolhos Is colony which is over 200 kilometres 

from its nearest neighbours, Beagle Is and North Fisherman Is, yet displays no genetic 

differentiation as all colonies are fixed for haplotype T. When compared to the previous 

case of Buller Is, such discrepancies suggest that founder effect may be a more likely 

explanation than panmixia for colonies with common fixation. Given this scenario, the 
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results presented here may be an underestimate of population subdivision, and it is 

possible that all colonies are subdivided along maternal lines. 

Genetic drift and founder events 
The historical context of population subdivision means that these colonies have 

been isolated in terms of female mediated gene flow for some considerable time. The 

high rate of haplotype fixation for the small colonies in Western Australia may be a 

consequence of this structure. It is conceivable that these isolated colonies would have 

reached fixation of mitochondrial haplotypes as genetic drift reduces the amount of 

genetic variability by chance, and operates more strongly on small populations (Avise 

1994). Computer simulations of genetic variation for small populations suggest that 

fixation can occur within 50 generations (Hartl & Clarke 1989). In addition, it is more 

than likely that founder events would have consisted of small numbers of females, with 

low levels of mtDNA haplotype diversity, thus contributing to the fixation of haplotypes 

at individual colonies. 

The level of intra-colony diversity appears to be moderately correlated with the 

size of the colony. The two South Australia colonies, Kangaroo Is. and Dangerous Reef, 

are medium and large populations respectively. These colonies appear to be large 

enough to sustain genetic variation against the effect of drift. The only compounding 

factor in this relationship is the location and number of the colonies examined. The 

colonies of South Australia may have greater levels of variability than Western 

Australia colonies because of some greater level of gene flow with neighbouring 

colonies that has not been detected in this study. Further examination of a greater 

number of smaller size colonies in South Australia will help determine the relationship 

between diversity and population size. One interesting result is the appearance of two 

haplotypes from four samples at Cooper Is, which represents the entire pup production 

for this colony. One of these haplotypes is shared with Glennie Is suggesting that 
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Cooper Is may be a recently founded colony. Further testing of colonies in this area may 

reveal the source of the other haplotype.  

The patterns of reproductive timing and genetic subdivision have shown that 

colonies that share timing of breeding seasons are more likely to be genetically similar, 

though this may be a consequence of founder effect and not contemporary gene flow, as 

previously discussed. One interesting counter to this is the case of Red Islet and 

Kimberley Is, which are both effectively fixed for haplotype Q. These colonies are 

spatially separated and breed at different times. This would suggest that the timing of 

breeding in females is not regulated by mtDNA haplotype identity, and also supports the 

argument that common haplotype fixation is not always indicative of high levels of 

contemporary gene flow. Interestingly, Red Islet and Kimberley Is breed 

asynchronously, and as such either the timing of breeding is not acting as a reproductive 

barrier to females, or the timing of breeding has drifted over time. Should the timing of 

breeding be under genetic regulation, then it is conceivable that mutations would occur 

resulting in a change of oestrus timing. Alternatively, in the case of founder individuals 

establishing new colonies, the timing of breeding at the new colony may be dependent 

on the timing of parturition of the founder individuals in the established colony. A 

hypothetical example of two founder events from the same colony forming two new 

colonies, which will appear to breed asynchronously, illustrates how this pattern could 

be established without mutation of the timing mechanism (Fig. 3.8). This pattern could 

further cascade to develop the mosaic of temporal breeding events seen today. 

It is evident that the resultant population structure has been strongly influenced 

by both genetic drift and founder events. However the relationship between the 

evolution of the breeding asynchrony and population subdivision is not entirely clear 

from these results. This topic will be further examined in concert with other results in 

the final chapter. 
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Historical exploitation and its consequences 
It is possible that haplotype diversity at colonies now displaying single, fixed 

haplotypes may have been historically greater and that considerable variation was lost 

during the sealing era. However, considering that a minimum of 4100-5000 animals 

were collected over a period of two hundred years (Ling 1999), it would seem 

reasonable to assume that this exploitation had little effect on extant levels of genetic 

variability. This species displays similar levels of genetic diversity compared with other 

species taking into consideration the variation in abundance and sampling regimes 

among these studies. The population structure of N. cinerea may in fact act to increase 

the level of variability across the entire population due to the fixation of rare haplotypes 

among the many small colonies. It is possible that Kangaroo Is experienced a genetic 

bottleneck, as it displays considerably lower haplotype diversity than Dangerous Reef. 

Kangaroo Is was the centre of the most intense harvesting of Australian sea lions, where 

over 2000 animals were removed between 1804 and 1833 (Ling 1999), and experienced 

a reduction in range of breeding areas on the island (J Ling, pers comm.). The high rate 

of haplotype fixation at the many small colonies in Western Australia may be a result of 

individual genetic bottlenecks, though levels of commercial harvesting in these areas 

were limited and other processes better describe the patterns of genetic variation. 

However the localised extinction of Bass Strait colonies between the 18th and 20th 

centuries shows that commercial harvesting had a long term effect on populations of 

Australian sea lion. Greater rates of extinction and bottleneck events may have been 

prevented by the supra-annual, asynchronus breeding system, as this made it hard to 

predict when large aggregations of this species would occur at breeding colonies for 

harvesting. 

Models of temporal breeding variability and related behaviours 
The breeding behaviour of female N. cinerea does not necessarily imply that the 

time of breeding is under endogenous control. Juvenile females recruited to their natal 
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site may come into oestrus synchrony with conspecifics, and this event may dictate the 

timing of all subsequent breeding behaviour. Alternately, the timing of the first oestrus 

cycle may be set at approximately 3 years of age, or more accurately two breeding 

seasons after birth. Because of the variation in timing of breeding, a female approaching 

her first breeding event will have a greater chance of finding a mate if she returns to her 

natal colony rather than moving to another colony. It is implicit that there is strong 

selection on the return of females to their natal colony. Females that move away from 

their birth colony may find it difficult to locate other breeding colonies during the 

breeding season. Despite the strong selection on female natal site fidelity, isolated 

founder events must occur. The small breeding events at Cooper Is, which displays two 

mitochondrial haplotypes, may be an example of founder females coming from nearby 

breeding colonies (i.e. Glennie Is and some other colony), and beginning a new colony. 

Successful establishment of this breeding site as a colony may not be guaranteed, and 

further monitoring will be necessary to determine this. However, it suggests that 

isolated events of founder females moving to a new colony can occur. An alternative 

hypothesis could be that Cooper Is represents a remnant population that was once part 

of a group of colonies that displayed ongoing female mediated gene flow. However, 

under these conditions one may expect such a population reduction to result in fixation 

of the mitochondrial marker due to drift. 

The high level of natal site fidelity means that breeding colonies consist of 

groups of highly related females. These conditions are suitable for the evolution of kin 

recognition and kin-selected behaviours (Hamilton 1964). The extent of aggressive 

behaviour of females during fieldwork towards researchers may be an example of this. 

During attempts to capture pups and mature females, other females will attack human 

intruders and defend one another vigorously. This behaviour is in noted contrast to that 

of females of other species of pinniped (personal observation). 
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It is possible that the high level of natal site fidelity maintains the temporal 

variation in the breeding behaviour of N. cinerea. However, the high degree of temporal 

variation in breeding may have arisen due to chance. In most species of pinniped the 

annual reproductive cycles are timed to coincide with the most suitable conditions for 

the rearing of pups. This includes favourable ambient temperatures and seasonal 

upwelling events and the associated high prey productivity, which contribute to 

improved physical condition of the mother and thereby enhancing pup survival (Boyd 

1991). This results in stabilising selection for females to give birth and breed at a certain 

time of the year. The marine environment of the western and southern coasts of 

Australia are marked by their low productivity and relatively marginal seasonality 

(Gales et al. 1994, Caputi et al. 1996). The Leeuwin current is a warm-water current 

originating in the tropics of Indonesia, which flows down the west coast and along the 

southern coast of Australia from April to September. This current brings nutritionally 

depauperate waters to the continental shelf region, and prevents the upwelling of cold 

nutrient-laden waters from the south along the continental margin (Lenanton et al. 

1991). The extended gestation of N. cinerea is thought to be a consequence of the low 

productivity of this marine environment (Gales et al. 1994). The 17.5 month breeding 

cycle of the Australian sea lion means that females will breed in all seasonal conditions 

throughout their lifetime. The moderate seasonality of the environment, and the supra-

annual breeding cycle means that there is no strong stabilising selection on the timing of 

breeding. The natural variation found in the timing of parturition and breeding is 

maintained in N. cinerea, and may also explain the apparent random pattern of timing of 

breeding among colonies. Within this distribution there are groups of geographically 

proximate colonies that show overlapping breeding seasons, for example in the 

Recherché Archipelago (Fig.2.2). It is possible that these colonies share a common 

founder population, and there have been small slides in the timing of breeding among 
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these colonies as colonisation proceeded. This is supported by the findings in this study 

of common haplotype fixation of nearby colonies, which breed at similar times. 

Implications for conservation management 
The implications of these results for conservation are profound. In effect the 

Australian sea lion exists as numerous small, isolated female populations, where female 

mediated gene flow is negligible or effectively non-existent. Chance events affecting 

pup production, mortality and sex ratio of pups could combine to reduce drastically the 

effective female population size and recruitment of females among the smaller colonies. 

Given the high natal site fidelity, it is likely that if breeding was to cease at a colony, the 

chance of recolonisation would be very low. The localised extinction of Australian sea 

lions from the Bass Strait and the subsequent lack of recolonisation over the subsequent 

150 years is an example of this. This means that every genetically distinct colony should 

be treated as a separate management unit as defined by Moritz (1994a), and monitoring 

of the whole population must be done on a fine scale. Accurately assessing population 

trends and fluctuations must involve monitoring as many populations as is feasible as 

the population is so highly subdivided. High female natal site fidelity means that 

families of females will breed together, and the chance of individuals breeding with 

male relatives exists. There is no direct evidence of return rate of males to breeding 

sites, but given that males are sexually active for up to ten years, there is a possibility 

that males may breed with female offspring in the smaller, more isolated colonies. It 

will be possible to ascertain where breeding males have been born given the unique 

pattern of haplotypes described by this study. This information will make it possible to 

determine whether males return to their birth colony to breed, and to ascertain their 

breeding movements from season to season. 

These findings represent a major contribution to the understanding of the 

breeding system of this species, and further our knowledge of how breeding systems are 

 50 



related to population genetic structure. Additional studies of mtDNA structuring among 

groups of proximate colonies, such as in the Recherché Archipelago and the west coast 

of South Australia, would help to understand the pattern between genetic relatedness of 

colonies and the variation found in the timing of breeding. It is of paramount 

importance to further the understanding of the breeding system of N. cinerea by 

analysing the patterns in nuclear DNA, and elucidate the extent of male mediated gene 

flow in this unique system of temporal reproductive variability. 
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TABLES AND FIGURES  
Table 3.1 Variable positions for the 24 haplotytpes of control region sequence from 208 individual N. cinerea. Alignment gaps indicated by ‘–‘ and 
non-variable positions indicated by ‘.’. 

Haplotype 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2
3 9 9 0 0 0 1 1 2 5 5 6 7 8 8 8 0 0 1 1 1 2 4
6 3 4 7 8 9 8 9 2 2 4 3 4 2 4 9 3 5 6 7 9 8 2

A – T – T A T G T G C G T A C T G C C G G C T A
B – . – . . . . . . . . . . . . . . T . . . C .
C – . – C G . . . . . . . . . . . . T . A . C .
D – . – . . . . . . . . . . . C . . T . . . C .
E – . – . . . A . . . . . . . . . . T A . . C .
F – . T . . . A . . . . . . . . . . T . . . C .
G – . T . . . A . . . . . . . . . . . . . . C .
H C . – . . . . . . . . . . . . . . T . . . C .
I – . – . . . . . . . . . . . . . . . . . . C .
J – . T . . . . . . . . . . . . . . T . . . . .
K – . T . . . A . . . . . G . . . . . . . . C .
L – . T . . . . . . . . . G . . . . . . . . C .
M – . T . . . . . . . . . . . . . . . . . . C .
N – – – C G . A . A . A . . . . . . . . . T C G
O – . – C G . A . . . A . . . . . . . . . T C G
P – – – C G . A C A . A . . . . . . . . . T C G
Q – – – C G . A . . . A . . . . . . . . . T C G
R – – – C G . A C . . A C . . . A . . . . . C G
S – – – C G . A . . . A . . T . . . . . . . C G
T – – – C G . A . . . A . . T . . T . . . . C G
U – – – C . . A . . . A . . . . . . . A . T C G
V C . – . . . . . . T . . . . . A T . . . . C .
W – . C . . . A C . . . . . . . . . . . . . C G
X C . C . . C A C . . . . . . . . . . . . . C G

Nucleotide position
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Table 3.2 Comparison of mtDNA control region haplotype sequence statistics among 
various species of pinniped. 

Species
Haplotypes / 
Individuals

Variable 
sites / total 

sites

Average 
pairwise 

sequence 
distance(%) Source

Australian        
sea lion 24/208 23/360 

(6.4%) 1.44

Hawaiian monk 
seal 3/50 2/359 

(0.6%) 0.07 Kretzmann et al. 1997

Northern 
elephant seal 2/40 3/300 

(1.0%) 1.0 Hoelzel et al. 1993

Guadalupe fur 
seal 7/25 18/313 

(5.7%) 1.6-3.6 Bernardi et al. 1996

California sea 
lion 11/40 29/319 

(9.2%) 1.1-1.4 Maldonado et al. 1995

Steller sea lion 52/224 29/238 
(12.2%) 1.7 Bickham et al. 1996

Southern 
elephant seal 26/48 26/300 

(8.7%) 2.3 Hoelzel et al. 1993

Juan Fernandez 
fur seal 13/28 39/313 

(12.5%) 3.4 Goldsworthy et al. 2000

Antarctic fur seal 25/47 58/291 
(19.9%) 3.2 Wynen et al. 2000

Subantarctic fur 
seal 7/8 36/291 

(12.4%) 4.8 Wynen et al. 2000
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Table 3.3.  Haplotype distribution, haplotype diversity (H) and nucleotide diversity (π) for fifteen colonies of Australian sea lion among the three 
geographical regions, sampled in 1998-99. 
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The 
Pages

Kangaroo 
Is

Dangerous 
Reef West Is Six Mile Is Spindle Is Cooper Is Glennie Is Kimberley 

Is Red Islet Hauloff 
Rock Buller Is Nth 

Fisherman Beagle Is Houtman 
Abrolhos 

A 5 5
B 5 5
C 4 4
D 1 1
E 2 2
F 3 3
G 1 1
H 4 4
I 1 1
J 1 1
K 19 19
L 6 6
M 4 1 5
N 12 7 19
O 2 2
P 2 4 6
Q 13 12 25
R 12 12
S 14 14
T 16 15 14 45
U 7 1 8
V 3 3
W 1 1
X 2 2

T s 7 26 27 3 12 7 4 11 14 12 12 20 20 20 14 209
0.57 0.43 0.90 0.67 0 0 0.67 0.51 0.14 0 0 0 0 0 0 0.90

   0.12 0.09 0.03 0.31 0 0 0.2 0.1 0.12 0 0 0 0 0 0 0.01
0.0049 0.0013 0.0061 0.0019 0 0 0.0038 0.006 0.0008 0 0 0 0 0 0 0.0158
0.003 0.001 0.004 0.002 0 0 0.003 0.004 0.001 0 0 0 0 0 0 0.008

TotalsHaplotype
South Australia Western Australia-south coast Western Australia-west coast

otal   
  H 
± se 
 π 
± se 



Table 3.4. Temporal variation in haplotype diversity among the five colonies resampled 
between 1989 and 2001. 

K L M N P S T S T S T

1989 4 1 3 6 1 8 1 1 9 1 9

1998-'99 19 6 1 12 0 14 0 0 15 0 16

2000-'01 2 1 1 5 2 10 0 0 9 1 7

   Nth FishermanSampling 
event

Buller Is   Beagle IsKangaroo Is Six Mile Is

 
 
 
 

 

Table 3.5  Hierarchical analysis of molecular variance (AMOVA) for the partitioning of 
genetic variation using traditional F statistics, and molecular distance measure φST for 
breeding colonies sampled in 1998-99, excluding those sites with less than 5 
individuals. 

Sums of squares Variance components % of variation Source of 
variation 

Degrees 
of 

freedom FST φST FST φST FST φST

Among 
regions 2 23.20 319.72 0.09* 2.18* 18.80 68.26 

Among 
populations 
within regions 

10 43.08 110.52 0.28* 0.73* 57.48 23.94 

Within 
populations 189 22.20   53.05 0.12 0.28 23.71   9.80 

TOTALS 201 88.48 483.29 0.49 3.19   
• Indicates significant result at p<0.001 
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Table 3.6: Pairwise estimates of genetic differentiation, traditional FST above diagonal and φST below diagonal for all colonies of Australian 
sea lion (excluding those with sample sizes less than 5). 

Abrolhos Beagle Is Nth. 
Fisherman Buller Is Hauloff 

Rock Red Islet Kimberley 
Is

Glennie 
Is Six Mile Is Spindle 

Is
Dangerous 

Reef
Kangaroo 

Is
The 

Pages

Abrolhos — 0.000 0.000 1.000 1.000 1.000 0.929 0.772 1.000 1.000 0.472 0.735 0.803

Beagle Is 0.000 — 0.000 1.000 1.000 1.000 0.941 0.812 1.000 1.000 0.513 0.763 0.844

Nth. Fisherman 0.000 0.000 — 1.000 1.000 1.000 0.941 0.812 1.000 1.000 0.513 0.763 0.844

Buller Is 1.000 1.000 1.000 — 1.000 1.000 0.941 0.812 1.000 1.000 0.513 0.763 0.844

Hauloff Rock 1.000 1.000 1.000 1.000 — 1.000 0.923 0.755 1.000 1.000 0.457 0.723 0.784

Red Islet 1.000 1.000 1.000 1.000 1.000 — -0.012 0.755 1.000 1.000 0.457 0.723 0.784

Kimberley Is 0.955 0.963 0.963 0.945 0.963 -0.012 — 0.677 0.923 0.904 0.419 0.683 0.703

Glennie Is 0.818 0.851 0.851 0.809 0.814 0.496 0.429 — 0.755 0.697 0.266 0.542 0.464

Six Mile Is 1.000 1.000 1.000 1.000 1.000 1.000 0.864 0.568 — 0.000 0.457 0.723 0.784

Spindle Is 1.000 1.000 1.000 1.000 1.000 1.000 0.833 0.487 0.000 — 0.408 0.689 0.714

Dangerous Reef 0.830 0.850 0.850 0.827 0.844 0.796 0.791 0.733 0.824 0.801 — 0.336 0.229

Kangaroo Is 0.958 0.964 0.964 0.958 0.962 0.949 0.936 0.866 0.957 0.950 0.580 — 0.516
The Pages 0.929 0.945 0.945 0.944 0.931 0.919 0.901 0.772 0.930 0.904 0.351 0.734 —

West coast WA South coast WA South Australia

Bold type indicates results not significantly different from zero at p=0.01. All other comparisons are significantly different. 
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Figure 3.1  Regression of haplotype diversity (± sampling variance) on estimated 
female population size for fifteen colonies of N. cinerea. 
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Figure 3.2 Pairwise estimates of genetic divergence (φST) against geographic distance 
(kms) for all colonies of Australian sea lion. Open circles represent comparisons 
within WA and SA, filled circles represent comparisons between WA and SA. 

0
2
4

6
8

10

0 1000 2000 3000 4000
kms 

N
ei

’s
 c

or
re

ct
ed

 D
 

Figure 3.3 Pairwise differences among colonies of Australian sea lion measured by 
Nei’s corrected D against geographic distance. Open circles represent comparisons 
within WA and SA, filled circles represent comparisons between these two areas. 
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Figure 3.4 Maximum parsimony cladogram of relationships among mtDNA haplotypes 
of N. cinerea. This cladogram is a majority consensus tree of the 175 most parsimonius 
trees (Branch length=85). Bootstrap support for internal nodes is indicated as a 
percentage of 1000 replicates. Haplotype characters are listed in Table 3.3 

South 
Australia 

Western 
Australia 
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Figure 3.5 Neighbor-joining tree of mtDNA haplotypes for the Australian sea 
lion. Bootstrap support for internal nodes indicated as a percentage of 1000 
replicates. Haplotype characters are listed in Table 3.3. 

Figure 3.5 Neighbor-joining tree of mtDNA haplotypes for the Australian sea 
lion. Bootstrap support for internal nodes indicated as a percentage of 1000 
replicates. Haplotype characters are listed in Table 3.3. 
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Figure 3.6 Estimates of divergence time between the Western Australian and South Australia 
clades based on the HKY (Hasegawa et al. 1985) model of nucleotide substitution. Note there are 
no standard error estimates shown for the lowest values of α as the values were too large to view 
accurately. 

Figure 3.7 Matrix of divergence (T) and migration (M) estimates based on a maximum likelihood 
programme (MDIV, Nielsen & Wakeley 2001). Darker values indicate greater likelihood. 
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Two individual females give birth 4 months 
apart within the same breeding season 

These females act as founder individuals for 
new colonies. Their parturition time forms 
the midpoint of the breeding season at the  
two new colonies respectively. 

December January 

December January 

Figure 3.8 Hypothetical example of the development of breeding asynchrony among new 
colonies due to the origin of the founder individuals. In this scenario founder individuals from 
the same colony could result in two new colonies whose breeding seasons are four months 
apart. Breeding seasons are indicated by the filled blocks. 
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CHAPTER 4: POPULATION STRUCTURE IN THE AUSTRALIAN 
SEA LION BASED ON MICROSATELLITE MARKERS 

INTRODUCTION 
Major geographic partitioning of populations will prevent migration and 

populations will become genetically subdivided over time. This partitioning may occur 

due to geographic barriers to dispersal or extensive geographic distance across a 

continuous environment. There is a strong positive correlation between geographic 

distance and genetic distance among populations, which directly relates to the dispersal 

capabilities of the species (Wright 1931,1943, Slatkin 1987). This has been generalised 

as the isolation by distance model, which was first devised for populations in migration-

drift equilibrium (Wright 1931).  

Genetic subdivision among populations may also occur due to behavioural 

differences and consequent assortative mating (Avise et al. 1987). However, 

reproductive isolation due to behavioural mechanisms, and not solely geographic 

isolation, has been demonstrated in very few studies. Differing foraging behaviours in 

two sympatric killer whale populations lead to significant genetic differentiation 

(Hoelzel & Dover 1991, Hoelzel et al. 1998). 

Irrespective of the mechanism involved, high levels of population subdivision 

may result in many small, isolated sub-populations. Under these conditions genetic drift 

becomes a powerful evolutionary force, increasing genetic differentiation among 

populations and reducing genetic variation within populations (Wright 1931). The 

impact of genetic drift is also influenced by the mating system, such that the greater the 

skew from monogamy, the greater the role of drift in small populations (Wright 1931). 

Wright (1931) developed the term, effective population size (Ne), as the size of an ideal 

population that displays the same evolutionary characteristics as the real population 

size. The greater the skew in reproductive success, the lower the effective population 

size and the greater the rate of genetic drift. 
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In N. cinerea, patterns of female-mediated gene flow appear to be regulated by 

reproductive behavioural processes (Chapter 3). This pattern of extremely low female 

migration does not necessarily mean that populations are subdivided on such a fine 

geographic scale. Generalised patterns of male-biased dispersal have been observed in 

many species of social mammals (Greenwood 1980, Storz 1999), including marine 

species (e.g. Sperm whales in Lyrholm et al. 1999, Southern Elephant seals in Slade et. 

al 1998). High rates of male dispersal can overcome the philopatric behaviour of 

females and effectively render populations panmictic.  

Genetic investigations have shown low to moderate levels of population 

structuring in grey seals and harbour seals, at a greater level than expected (Allen et al. 

1996, Goodman 1998). Low level population structure was also found in the Atlantic 

walrus (Anderson & Born 2000). In all three studies isolation by distance provided the 

best explanation of population structure, though the limited number of populations 

sampled diminishes the power of this inference. In most cases there was a strong bias 

towards male mediated gene flow, as predicted by Greenwood (1980). For N. cinerea, it 

has already been established that female natal site fidelity is extremely high (Chapter 3), 

so overall population structure will be determined by the relative roles of male mediated 

gene flow and the extent of genetic drift. 

The Australian sea lion displays a regional distribution of breeding colonies, 

with three distinct areas separated by considerable distances (~ 1000 kilometres, Fig. 

2.2). Evidence of seasonal movements of male Australian sea lions over ranges of 200-

300 kilometres on the west coast of Western Australia (Gales et al. 1992) demonstrates 

the dispersal capabilities of this species. It is conceivable that this distribution may limit 

migration between regions and lead to significant genetic differentiation between 

regions.  
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Within regions the degree of population subdivision may be considerably less. 

Populations of female N. cinerea are very highly subdivided, with females displaying 

little or no dispersal from their natal site. Male-biased dispersal may be a mechanism of 

inbreeding avoidance mediated by female mate selection (Dobson 1982, Pusey & Wolf 

1996, Perrin & Mazlof 2000). Coltman et al. (1998) suggested that female mate choice 

among harbor seals for more distantly related partners conferred a selective advantage 

via enhanced pup survival. This has also been proposed for grey seals (Amos et al 

2001). It is hypothesised that differing reproductive success among males may lead to 

widespread dispersal of young adult males, in order to increase their reproductive 

opportunities (Dobson 1982, Perrin & Mazalof 2000). N. cinerea displays a mating 

system of moderate polygyny, where reproductive success is skewed among males 

(Higgins 1993). These mechanisms may select for widespread dispersal of male 

Australian sea lions and result in low level population structuring within regions. 

The asynchrony of breeding seasons among colonies of Australian sea lion may 

act either to increase or to decrease genetic subdivision. Male dispersal may be selected 

for where there are breeding colonies with a variety of breeding times, as reproductive 

success of males may be increased by breeding at a number of colonies over a single 

reproductive cycle (17.5 months). This mechanism would be unique to N. cinerea, as it 

is the only pinniped that shows such marked breeding asynchrony (Gales et al. 1994). 

Alternatively, males may show a degree of natal site fidelity, driven by a fixed sexual 

development cycle tied in to their natal colony as suggested for females (Chapter 3). 

This would lead to extensive population subdivision and may result in high levels of 

inbreeding among small colonies.  

Many species of pinniped have undergone extensive population crashes due to 

commercial hunting during the 18th and 19th centuries (Gerber & Hillborn 2001). It is 

expected that populations that have experienced such bottlenecks show depressed levels 
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of genetic variation (Wright 1931, Nei 1975). This has been demonstrated in several 

pinniped species, notably the Northern Elephant seal (Hoelzel 1999) and Hawaiian 

Monk seal (Kretzman et al. 1997). Yet other species, such as the Juan Fernandez fur 

seal, which was reportedly on the verge of extinction, still exhibit extensive genetic 

variation (Goldsworthy et al. 2000). The Australian sea lion was subjected to moderate 

levels of hunting pressure (Ling 1999), however as there is no knowledge of pristine 

abundance it is uncertain whether this represented a major population bottleneck. The 

extent of genetic drift may be a confounding factor in assessing the occurrence of a 

bottleneck in this species. In the event of extensive population subdivision, many small 

colonies of Australian sea lion may have low levels of genetic variation due to genetic 

drift, producing a similar pattern as may be expected under a genetic bottleneck.  

Investigation of genetic structure and levels of genetic variation among colonies 

of Australian sea lion was conducted by looking at variable nuclear microsatellite 

markers. These data will allow us to investigate these hypotheses regarding genetic 

population structure and sex-biased dispersal in a species with a unique breeding 

system. This information will allow the definition of discrete population boundaries to 

assist in the effective management and conservation of this species.  

METHODS 

Sample collection 
Australian sea lion colonies were visited towards the end of the breeding season 

and tissue samples were collected from newborn pups as described in Chapter 3. Tissue 

was collected from pups by removal of the anterior portion of the middle digit of the 

right hind flipper and stored in 95% EtOH with 100mM EDTA to help stabilise nucleic 

acids. Total genomic DNA was extracted as in Gemmell & Akiyama (1994), and 
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thirteen microsatellite loci designed for other pinniped species were screened to 

determine the degree of cross species suitability and polymorphism of markers. 

Screening of microsatellite loci 
DNA extraction techniques were described in Chapter 3. Approximately 20-

50ng of template DNA was added to the PCR reaction mixture, which was derived from 

Gemmell et al. (1997) using direct incorporation of a radio-labelled nucleotide. 

Individual PCR reactions consisted of 1µl X10 reaction buffer, 2.5mM MgCl2, 0.25 µM 

of both forward and reverse primers, 0.25U Taq, 5mM of three dNTP’s (ATP, GTP, 

TTP) and 0.5mM of CTP, 0.01µl of (α-labelled) P-32 CTP, 60mM TMAC (Tetramethyl 

ammonium chloride), 1% formamide and dH2O to a final volume of 10µl. Thermal 

cycling conditions are included in Appendix I. 

PCR products were separated on 6% polyacrylamide gels, and allele sizes 

determined by comparison with a known DNA sequence. Gels were run for 

approximately 3-4 hours at 100W, or until products were sufficiently separated, based 

on estimates of fragment size. The microsatellite loci used were designed for a number 

of other species of pinniped, and known to have cross species utility (Gemmell et al. 

1997). Gels were dried and exposed to autoradiography film (Kodak™ X-OMAT) for 2-

4 days. Films were then developed and alleles scored by size in relation to a known 

sequence of an M13 plasmid. 

Statistical Analyses 
Allele frequencies were calculated by the web-based version of GENEPOP v3.1 

(http://wbiomed.curtin.edu.au/genepop, Raymond and Rousset 1995). Genetic 

variability was described by the number of alleles at each locus and the observed and 

expected (unbiased) heterozygosities (Nei 1978). Deviations from Hardy-Weinberg 

expectations of genotypic frequencies were tested using a Markov chain method of 

exact Hardy-Weinberg probability (Guo &Thompson 1992). Significance of tests was 
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adjusted for multiple comparisons using the sequential Bonferroni technique (Rice 

1989). Departures from the random mating model were quantified as the inbreeding 

coefficient FIS. These parameters were calculated using GENEPOP v3.1. 

The occurrence of recent bottleneck events was investigated using two methods. 

The first involved looking for a characteristic signature in allele frequency distribution 

(Luikart et al. 1998). For highly variable markers, such as microsatellites, natural 

populations will show a high level of rare alleles. This technique looks at the frequency 

distribution of alleles across all loci, under the expectation that a recent bottleneck event 

will result in the loss of a significant proportion of the rarer alleles (Frequency < 0.1). 

This signature persists for only approximately 20 generations, or around 120-180 years 

for N. cinerea, which incorporates the period of commercial sealing for this species 

(Ling 1999). The second method calculates a ratio (M) for each locus of the total 

number of alleles (k) and the size range of alleles (r) such that M=k/r, where 

r=Smax-Smin + 1 (Garza & Williamson 2001). This technique is based on the premise that 

under bottleneck conditions k will be reduced more rapidly than r, thus resulting in 

lower values of M for recently reduced populations, but this signature is expected to 

persist longer than that discerned by the allele frequency method of Luikart et al. (1998) 

(Garza & Williamson 2001). Investigation of recent bottlenecks was performed for the 

population as a whole and within the three regions individually. 

Population subdivision and structuring were examined using two measures. The 

traditional measure of population subdivision is Wright’s F statistics (1954), based on 

allele frequencies, and was calculated by the method of Weir & Cockerham (1984). 

This measure operates under the Infinite Allele Model (IAM), where every mutation 

creates a novel allele, and alleles of the same length are identical by descent. It has been 

suggested that for studies using microsatellite markers, variation is more accurately 

estimated using a method based on variance in allele size (Slatkin 1995). This approach 
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is based on a stepwise mutation model (SMM), which may not have general 

applicability to all microsatellite markers. The estimates of RST under the SMM model 

were adjusted for unequal sample sizes and differences in variance of allele frequency 

between populations to produce the unbiased estimate RhoST (Goodman 1998). This was 

calculated using the programme RSTCALC v2.1 (Goodman 1997).  

A hierarchical analysis of genetic subdivision was performed to look at the 

distribution of genetic variation within and between the different geographic regions 

and populations. Three regions were defined by the distinct geographical distribution of 

colonies as listed in Chapter 3 (also see Fig. 2.2): 

1-West coast of Western Australia (Abrolhos Is, Beagle Is, North Fisherman Is, 

Buller Is),  

2- South coast of Western Australia (Hauloff Rock, Red Islet, Glennie Is, 

Kimberley Is, Spindle Is, Six Mile Is),  

3 -South Australia (Dangerous Reef and Kangaroo Is). 

Populations were defined as the individual breeding colonies. The analysis was 

performed using the RST measure based on variance in allele size and frequency 

(Michalakis & Excoffier 1996) in the programme ARLEQUIN v1.1 (Schneider et al. 

1996). The biased estimate (RST) was used, as there was no method available using the 

unbiased estimator (RhoST) for hierarchical analyses. 

Significance of pairwise comparisons among all colonies of FST and RhoST were 

tested using a permutation approach (n=10,000), where resampling was performed 

across genotypes to allow for deviations from Hardy-Weinberg expectations as 

suggested by Weir (1996). Correlation between the matrices of pairwise genetic 

distance (RhoST) and geographic distance of all colonies was performed using a mantel 

test (Mantel 1967) to examine the degree of isolation by distance. The correlation 

coefficient and the significance of this relationship was tested using 2000 permutations 
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of the matrices against the raw data. All analyses were performed in the computer 

package Mantel v2.0 (Liedloff 1999). Comparisons were made for populations within 

and between regions to examine this relationship across both broad and fine geographic 

scales. Pairwise genetic subdivision (RhoST) was plotted against geographic distance to 

determine the relative roles of gene flow and genetic drift (Hutchison & Templeton 

1999). Characteristic patterns are evident in the distribution of genetic distance against 

geographic distance indicating whether populations have attained regional equilibrium, 

as is assumed under Wright’s island model (1931,1969). Pairwise comparisons were 

divided into groups reflecting comparisons within and between the regions to examine 

how gene flow and drift have influenced population structure among the different 

regions. Estimates of Nm using Wright’s island model are confounded by a lack of 

regional equilibrium and are likely to be inaccurate in these cases (Hutchison & 

Templeton 1999, Whitlock & McCauley 1999). As may be expected most sets of 

natural populations are unlikely to be in equilibrium (Whitlock & McCauley 1990). It is 

suggested that regional equilibrium is indicated by a monotonic and positive increase in 

genetic distance with geographic distance (Hutchison & Templeton 1999). All other 

patterns can be described as a non-equilibrium of gene flow and genetic drift. 

Estimations of inferred levels of gene flow (Nm) are made for populations which 

display regional equilibrium as defined by Hutchison & Templeton (1999). These 

values must still be approached with caution and viewed qualitatively in order to 

suggest population boundaries and to identify differences to the inferred levels of 

female-mediated gene flow from mtDNA sequence data (Chapter 3).  

Phylogenetic analysis of microsatellite data was performed to gauge the 

historical patterns of population structure. Cavalli-Sforza & Edwards (1967) chord 

distance based on allele frequency data was used to create an unrooted network using 

the neighhbor-joining algorithm (Saitou & Nei 1987) in PHYLIP 3.5c (Felsenstein 
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1993). This distance measure was used because it provides an accurate estimation for 

microsatellite data (Felsenstein 1993). Bootstrap support of the neighhbor-joining 

phenogram was calculated by creating 1000 permutations of the original data set and 

creating a consensus tree of the 1000 possible trees (Felsenstein 1985). Divergence 

times of major clades and/or populations was estimated based on average allele size 

variation (δµ)2 using an estimate of mutation rate of microsatellites in humans of 5.6 x 

10-4 (Weber & Wong 1993). Calculation of the divergence time was based on the 

method in Goldstein et al (1995).  

RESULTS 

Five polymorphic markers were found in N. cinerea (Hg8.10, Hg4.2, Hg1.4, 

Pvc-E and Pv-9). These loci were all developed for other species of pinniped and found 

to have cross species utility (Gemmell et al. 1997). Two microsatellite markers known 

to be polymorphic in other species (Pvc-A, Aa4) were found to be fixed for this species, 

and a further six markers (Hg6.1, M11-A, Pv-3, Pv-10, Pv-11, Pv-16) would not 

amplify consistently for this species using the prescribed techniques or variations 

therein.   

Genetic variation and Hardy-Weinberg equilibrium 
Numbers of alleles per locus ranged from 5 to 20, indicating reasonably high 

levels of variation, comparable to that found in studies of other species of pinniped 

using the same markers (Allen et al. 1995, Gemmell et al. 1997, Goodman 1998, Palo et 

al. 2001). Allele frequencies are presented in Appendix II. The average numbers of 

alleles across all loci at individual colonies ranged from 2.4 at North Fisherman to 7.2 at 

Dangerous Reef (Table 4.1). Allelic variation was not significantly correlated with 

either pup production (P), or sample size (n). Average observed heterozygosity ( Ho ) 

among colonies was reasonably low ranging from 0.20 for Buller Is to 0.63 for Red 

 70 



Islet. Ho  was not significantly correlated with population size or sample size in this 

study. There was a high incidence of fixation among colonies on the west coast of 

Western Australia at otherwise variable loci (Table 4.1, loci Pv-9 and Hg 4.2). Numbers 

of alleles ( A ) and levels of heterozygosity ( Ho ) were significantly lower among 

colonies on the west coast of Western Australia than for all other colonies combined 

( A - F=19.14, d.f.=1,46 ,p<0.001; Ho - F=8.26, d.f.=1,46 ,p=0.006).  

There were four colony-locus combinations that departed significantly from 

Hardy-Weinberg expectations after correction for multiple comparisons. These were the 

Dangerous Reef and Six Mile Is colonies for the Hg1.4 locus, and Hauloff Rock and 

Red Islet for the Pvc-E locus (Table 4.1). Averages across all populations at individual 

loci revealed that both the Hg1.4 and Pvc-E loci were significantly different from 

Hardy-Weinberg expectations when averaged across all populations. In addition, there 

was a consistently high positive FIS measure for all colonies at the Hg 1.4 locus, 

indicating an extremely high level of non-random mating across all colonies that was 

not reflected in the other loci. For this reason the locus Hg 1.4 was dropped from further 

population subdivision analyses. Colony-specific levels of Hardy-Weinberg equilibrium 

averaged across all loci showed two significant departures. Hauloff Rock and 

Dangerous Reef were significantly different from expectations, though when the Hg1.4 

locus was removed only Hauloff Rock was still in non-equilibrium. This was reflected 

in the high, positive values of FIS across all loci, indicating a large deviation from a 

system of random mating. 

There were three incidences of linkage disequilibrium among the 48 locus-

colony combinations assessed at α=0.05, without correction for multiple tests. These all 

involved the Abrolhos Is population for the Hg 8.10/Hg 4,2, Pvc-E/Hg8.10 and Pvc-

E/Hg 4.2 locus comparisons. Only the Pvc-E/Hg8.10 comparison was significant after 

correcting for multiple tests.  
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Distribution and frequency of alleles among the three regions showed extensive 

overlap between the allele subsets of the South Australian and south coast of Western 

Australia populations for all four loci (Figs. 4.1a-d). The west coast of Western 

Australia population possessed a limited subset of alleles compared to the other 

populations most often from within the middle of the total size range for each locus.  

An analysis of allele frequency distribution for the whole population shows a 

relatively high proportion of rare alleles (frequency < 0.1, Fig. 4.2a). This suggests that 

there has been no major population reduction in the last 120-180 years across the entire 

distribution. Independent analysis of the three regions showed no evidence of a 

bottleneck on a regional scale (Fig. 4.2b). The west coast of Western Australia did 

exhibit less skew towards the rare alleles, with increased frequency of common alleles 

(frequency > 0.6). Measures of M, the measure of filled potential allelic states, 

suggested that there had not been a bottleneck event among the three regional areas, nor 

the population as whole (Fig 4.3). The threshold value of M to detect a significant 

bottleneck effect with 4 loci is in the order of 0.65, values below this would indicate a 

recent reduction in population size (Garza & Williamson 2001). The lowest value was 

recorded for the population of the west coast of Western Australia (0.74), though it was 

still above the threshold. This analysis is limited by the small number of loci used. 

 

Population genetic structure 
The hierarchical analysis of population structure using both the IAM and SMM 

models shows very high levels of population subdivision between regions, and among 

populations within regions (Table 4.2). There was significant structuring at all levels of 

the analysis with an overall FST=0.31, and using the sums of squares allele distance 

measure RST =0.50. Goodman’s unbiased estimator of variance calculated a slightly 

lower (RhoST = 0.34, p< 0.0001) measure of overall subdivision though still highly 
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significant. This suggests that calculation of RST may be an overestimate of genetic 

subdivision in comparison to the unbiased estimator, RhoST. However, all techniques 

indicate that there is an extremely high level of population subdivision among N. 

cinerea. The analysis of pairwise-colony genetic differences also showed a high level of 

significance (Table 4.3). RhoST measures calculated fifty two of sixty six possible 

combinations significantly different from zero, indicating a high level of population 

subdivision. Significant differences were seen not only among colonies between 

regions, but also among populations within regions. The high values of RhoST for the 

pairwise comparisons suggest both high levels of subdivision and a relatively long 

period of such population structure. Under the IAM model, 56 of the total pairwise 

comparisons were significantly different, again showing that the populations are highly 

subdivided both among and within the different regions. There is a high degree of 

subdivison between regions, suggesting a division of some antiquity. Among colonies 

on the west coast of Western Australia there are low levels of subdivision, though the 

Abrolhos Is shows significant subdivision from the Jurien Bay colonies, as calculated 

by conventional F statistics. Within the south coast region of Western Australia there is 

a high level of population subdivision between the westernmost colonies ,Red Islet and 

Hauloff Rock, and the easternmost colonies. These results show that subdivision occurs 

on relatively small geographical scales as well as regionally.  

The positive correlation between genetic (RhoST) and geographic distance is 

highly significant (r=0.66, n=12, p<0.001), as measured by the mantel test (Fig. 4.4). 

This shows that genetic differences between colonies increase as geographic distance 

increases, suggesting that isolation by distance has a strong bearing on the population 

structure of N. cinerea on a macro-geographic scale. Finer scale resolution of this 

correlation reveals a variety of patterns among different regions and over different 

spatial scales. Among the west coast and south coast colonies of Western Australia a 
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positive monotonic increase in RhoST with geographic distance suggests that these 

populations have achieved regional equilibrium under the isolation by distance model 

(Fig. 4.5a). A mantel test of this correlation shows a very significant positive 

relationship between genetic and geographic distance (r=0.91, n=10, p<0.001) for these 

colonies. Assessment of regional equilibrium among South Australian colonies was 

precluded by the number of colonies sampled (n=2). However, comparisons between 

these colonies and those in the south coast of Western Australia region show a more 

complex pattern (Fig. 4.5b). The values of RhoST between colonies across the south 

coast of Australia showed a signifcant increase with increasing distance, though this 

relationship was weaker than for the other regional comparisons (r=0.39, n=8, p=0.05).. 

The significant correlation appeared to be driven by the pairwise comparisons of 

colonies within the south coast of Western Australia. Pairwise measures of RhoST 

between regions across the south coast appeared independent of geographic distance 

having reached a maximum value of approximately 0.3-0.4 (Fig. 4.5b). Populations of 

N. cinerea do not appear to be in equilibrium as defined in the island model used for 

calculating Nm (Wright 1931, 1954). The pattern displayed is influenced by gene flow 

over short-medium term distances and genetic drift over greater distances, more 

suggestive of the stepping stone model, where gene flow is limited to adjacent demes. 

Estimates of Nm from these data would therefore be misleading and inappropriate.  

The distribution of variance in the hierarchical analysis, and from pairwise 

estimates, indicate that there is little movement between the three regions (Table 4.2, 

Fig 4.4). Gene flow among colonies within regions is limited to near neighbours over a 

maximum distance of 200-300 kilomtres, though subdivision does sometimes occur on 

smaller scales than this, suggesting that factors other than geographic distance 

determine the level of gene flow. 
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Phylogenetics and divergence times 
The unrooted tree based on Cavalli-Sforza & Edwards distance measure shows 

strong geographic patterns (Fig. 4.6). The west coast colonies are a closely clustered 

group, which describe a highly significant divergence from all other colonies. Strong 

geographic patterning is also evident in the South Australian group. Hauloff Rock 

appears to be diverged from all other Western Australian colonies, suggesting a division 

from both its south and west coast conspecifics, though this branch is not supported by 

the bootstrap analysis.  

The estimation of divergence times based on (δµ)2 distances is calculated 

between the major regions of phyletic groups. Comparisons were made between 

populations from the west coast of Western Australia and both the south coast and 

South Australian populations (Table 4.4). This suggests that the major divergence 

between the two geographically distant regions of west coast of Western Australia and 

South Australia to be around 130-190,000 years. The maximum value of (δµ)2 obtained 

for individual colony comparison was 27.42 for the Abrolhos Is-Dangerous Reef 

comparison. This lead to a maximum divergence estimate of approximately 220,000 

years between the west coast of Western Australia and South Australia. There was a 

significant estimate of divergence between the two coastal groups of Western Australia, 

but interestingly a low estimate was derived for the comparison between the south coast 

of Western Australia group and the South Australian population (Table 4.4). Some 

caution must be used in the interpretation of these results as mutational processes for 

these microsatellite loci may not conform to the assumptions of this test. Measurements 

of genetic distance are also influenced by variation in the effective population size of 

the populations in question. 
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DISCUSSION 
This analysis of Australian sea lion colonies shows that the population is highly 

subdivided. There appears to be strong regional population structure, as defined by the 

geographical distribution of breeding colonies. Population subdivision occurs over 

relatively short geographic distances within these regions as well, resulting in a very 

localised population structure. The degree of population subdivision, and geographic 

scale of its effect, is far greater than that seen for any other pinniped, and in fact for any 

marine mammal or large marine vertebrate (Bowen et al. 1992, Allen et al. 1996, 

Goodman 1998, Lyrholm et al. 1999, Anderson & Born 2000). In combination with the 

extreme female natal site fidelity (Chapter 3), this species displays a unique level of 

population structuring.  

Isolation-by-distance appears to provide the most plausible explanation of 

genetic structuring, especially on a macro-geographic scale. However, the relationship 

between pairwise genetic distance (RhoST) and geographic distance varies over the scale 

(Fig 4.4). At small distances (0-200 kilometres) considerable variability about the linear 

trend of increasing RhoST suggests that dispersal distance is not the only factor 

influencing population structure (Fig 4.5a). High levels of genetic subdivision over 

greater distances (>1000 kilometres), such as across the Great Australian Bight, 

suggests long term subdivision of regional populations. Variability in values of genetic 

subdivision over these distances is reflective of genetic drift operating on small 

populations independently within the regions. 

Population subdivision occurs over relatively short geographic distances, 

sometimes within the range of known movements of male N. cinerea (200-300 kms). 

This indicates that dispersal capabilities may not be the only driving force affecting 

population subdivison. There may be some behavioural component to the patterns of 

population subdivision, as colonies such as Abrolhos Is and Hauloff Rock show 

moderate to high levels of subdivison over relatively short geographic distances. This 
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structure may be explained by an historical pattern of extinction and recolonisation 

events, which may act to increase the level of population subdivison (Wade & 

McCaughley 1988, Whitlock & McCauley 1990). Differential rates of extinction among 

groups of colonies may lead to a mosaic of different lineages, resulting in high genetic 

subdivision. Behavioural processes associated with the timing of breeding do not appear 

to be affecting the level of population subdivision. The group of south coast of Western 

Australia colonies (Six Mile Is, Spindle Is, Glennie Is, Kimberley Is) show marked 

variation in the timing of breeding seasons and represent subdivided female populations 

(Chapter 3). Nuclear markers, however, show little subdivision, and suggest that males 

are not restricted to breeding at their natal colony or natal breeding pattern. 

Within this pattern of extreme population subdivision, this species does show a 

typical mammalian pattern of female natal site fidelity and male-biased dispersal 

(Greenwood 1980, Storz 1999). This pattern is seen in numerous cetaceans, including 

sperm whales (Lyrholm et al 1999) and Dall’s porpoise (Escorza-Trevino & Dizon 

2000), many other species of pinniped (Slade et al. 1998, Goodman 1998), almost all 

species of sea turtle (Karl et al. 1992, Bass et al. 1996) and even in great white sharks 

(Pardini et al. 2001). In N. cinerea the level of male-mediated gene flow in several 

instances overrides the extreme natal site fidelity of females. For example, on the west 

coast of Western Australia, Buller Is, Beagle Is and North Fisherman Is exhibit 

extensive gene flow, constituting a panmictic unit. This is in contrast to the fixation of 

these colonies for different mtDNA haplotypes, indicative of no female-mediated gene 

flow (Chapter 3). This pattern is repeated in comparisons among colonies in the south 

coast of Western Australia and between the two South Australian colonies. However, 

significant male mediated gene flow does not extend much past 250-300 kilometres, 

resulting in the localised population structure.  
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The almost exlusive male-biased dispersal may be driven by inbreeding 

avoidance behaviour. Perrin & Mazlof (2000) suggest that in most cases sex-biased 

dispersal is most likely a consequence of differential reproductive success. In the case of 

N. cinerea, recently mature males would disperse from the natal area in search of 

breeding opportunities. However, they hypothesised that if inbreeding avoidance was 

the driving force, then a pattern of complete dispersal versus complete philopatry 

between the sexes would develop. In the case of N. cinerea, female philopatry is almost 

exclusive, and male dispersal is high over limited geographic distances. This pattern fits 

the expected model of inbreeding avoidance though it is possible that a combination of 

other selective forces could be responsible. 

This high level of population subdivision allows for the accumulation of 

significant genetic differences between small colonies over relatively short geographic 

distances, and presumably short evolutionary time (Hedrick 1999). The small size of 

many of these isolated colonies means that genetic drift will be very strong. This in 

combination with a founder effect is the likely reason for the lower numbers of alleles 

and reduced heterozygosity among the west coast colonies. In addition, these 

characteristics are likely to be responsible for the occurrence of linkage disequilibrium 

among loci for the Abrolhos Islands colony. Small population size and a high level of 

population subdivision have a strong bearing on the occurrence of linkage 

disequilibrium (Hartl & Clarke 1997). 

In contrast to the west coast colonies, Hauloff Rock displays high allelic 

diversity and appears to be subdivided from neighbouring colonies. It may be expected 

that drift would reduce levels of variation in this colony over time, as proposed for the 

west coast colonies. Variability may be maintained via gene flow with a number of 

neighbouring colonies that were not sampled in this study, or it may represent a non-

equilibrium population, where genetic diversity is currently being eroded through 
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genetic drift. It is also the only colony that displays consistently high positive FIS, 

indicative of non-random mating patterns. It is expected that populations characterised 

by predominant dispersal of one sex will display excess heterozygosity (Neel & Ward 

1972, Prout 1981). This pattern then may be indicative of localised adaptation and mate 

selection for coadapted gene complexes to avoid outbreeding depression. Non-random 

mating itself does not reduce levels of genetic variation, only alter the genotypic 

frequencies (Templeton & Read 1994). Hauloff Rock may represent an older lineage, an 

example of population structure being influenced by historical extinction and 

recolonisation (Wade & McCaughley 1988, Whitlock & McCaughley 1990). 

These results must be interpreted within the framework of current knowledge on 

microsatellites and how they may evolve. It has been recognised that highly 

polymorphic markers can lead to an underestimate of the genetic divergence (Hedrick 

1999, Paetkau et al. 1997), especially in cases where the migration rate is low, and the 

mutation rate high (Balloux et al. 2000). This is due to possible constraints on allele size 

(Garza et al. 1995) and size homoplasy (Estoup et al. 1995) resulting in alleles identical 

through separate mutational histories. These properties violate some of the assumptions 

underpinning both the IAM and SMM models. This probable under-estimation of 

population subdivision highlights the very high levels of population differentiation 

among N. cinerea colonies.  

The interpretation of these results should be tempered with some caution given 

the low number of loci examined. The fixation of a number of other loci found to be 

polymorphic in other pinniped species, and subsequently not used in this study, is 

consistent with the occurrence of null alleles (Koorey et al. 1993). This has been 

reported in cases of cross-species amplification of microsatellites in pinnipeds 

(Gemmell et al. 1997). This may also explain the high FIS values for the Hg1.4 locus, 

and may be occurring in other loci but has not been detected. Higher levels of 
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homozygosity within one population will lead to an increase in measures of genetic 

subdivision between populations. It may be appropriate to design specific microsatellite 

primers for N. cinerea to remove this potential bias. 

Phylogenetic inferences 
The phylogeny based on nuclear markers shows considerable geographic 

structure. The deep phylogenetic split between west coast Western Australia colonies 

and the rest of the population may be a consequence of climate and associated sea level 

change. The divergence times of 130-190,000 years ago just precedes the glaciation 

event of the early Quaternary period, when sea levels were as much as 120 metres lower 

than at present (Chappell & Shackleton 1986). This period of lower sea level may have 

drastically reduced the available breeding and foraging habitats of this species and 

resulted in the isolation of populations. However, there was no land barrier or major 

division of the Southern Ocean or Indian Ocean basin, so this apparent isolation 

occurred in a continuous environment.  

These divergence times are also in accordance with the estimate of population 

divergence based on mtDNA sequence data for the divisions across the Great Australian 

Bight (Chapter 3), though estimates of the split between west and south coast regions in 

Western Australia is not reflected in the mtDNA data. However, it must be remembered 

that this divergence model is based on an isolation model, which may not be appropriate 

(Nielsen & Wakelely 2001). In addition, estimates of divergence using this technique 

relies on many assumptions about the mutational mechanisms of microsatellites and 

demographic history of the populations. It has been reported by many researchers that 

microsatellite loci do not always evolve by simple stepwise mutation events (Shriver et 

al. 1993 & 1995, Garza et al. 1995), and that multi-step mutation events result in 

discrepancies in genetic divergence from populations with known times of isolation 

(Valsecchi et al. 1997). Small population sizes or bottlenecks can result in large genetic 
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differences between isolated populations in very short time for microsatellite loci 

(Hedrick 1999), especially in concert with multi-step mutation events. This probably 

explains the high divergence estimate between west and south coast populations of 

Western Australia using microsatellites as opposed to the shallow division revealed by 

mtDNA analysis. 

It is possible that this high degree of population structure and its relative 

antiquity have resulted in some localised adaptations. Behavioural processes may act to 

reinforce the degree of population subdivision via patterns of non-random mating, as at 

the Hauloff Rock colony. The degree of population subdivision and the relatively deep 

phylogenetic divisions between some of the geographical regions may have lead to 

morphological variations within these regions either due to selection or through chance.  

Conservation implications 
These results obviously highlight the very subdivided nature of Australian sea 

lion population structure. The limited amount of migration and small size of most 

colonies means that many colonies are subject to demographic stochasticity, and 

combined with possible anthropogenic effects (e.g. resource competition and incidental 

mortality due to fishing) may limit population growth, and be at some risk of localised 

extinction. This is highlighted by the localised extinction in the Bass Strait and the 

subsequent lack of recolonisation. Few studies have identified reduced fitness due to 

low levels of genetic variation or associated inbreeding, though recent research has 

identified several examples (see Amos & Balmford 2001 for review). It is suggested 

that the effects of inbreeding depression and inbreeding avoidance are the greatest 

among long lived, polygynous species, and indirectly proportional to population size 

(Amos & Harwood 1998). Lowered levels of genetic variation among west coast 

colonies may reduce fitness of these populations, though this does not necessarily mean 

that these populations are inbred. This group of isolated colonies may also have 
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undergone some degree of inbreeding, as random mating among a small group of 

individuals will involve matings between related individuals due to chance. However, 

the degree of inbreeding may be kept to a minimum through non-assortative mating and 

female mate choice. This latter consideration is probably of greater consequence for 

short term fitness, as deleterious recessives can accrue in small numbers of generations 

(Amos & Balmford 2001). Populations may recover from these events just as quickly 

through a purging of recessives and lessening of the genetic load (Ralls et al. 1988). 

However purging often results in a reduction of inbreeding depression in only a few 

traits and not overall (Ballou 1997, Byers & Waller 1999). The concept and definition 

of inbreeding are still broadly interpreted, and small populations with lower levels of 

genetic variability are not by definition inbred or suffering inbreeding depression 

(Templeton & Read 1994) 

The cause for concern among Australian sea lion populations should at present 

be the numerous, subdivided populations of small colonies that are at immediate risk 

through demographic variability and human perturbations. The analysis of population 

viability of these many small populations may further serve to highlight and define 

these concerns.  
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TABLES AND FIGURES 

Table 4.1 Sample size (n), numbers of alleles (A), observed (HO) and expected heterozygosities (HE) and departures from random mating (FIS) for all 
colonies and loci. Departures from Hardy-Weinberg equilibrium are noted in HO column. 

n A H O H E F IS A H O H E F IS A H O H E F IS A H O H E F IS A H O H E F IS

Abrolhos Is 14 2 0.15 0.37 0.59 3 0.31 0.28 -0.09 3 0.62 0.51 -0.12 1 0.00 0.00 — 5 0.31 0.68 0.56 2.8     0.28±0.19 0.36±0.26

Beagle 20 2 0.71 0.51 -0.43 5 0.60 0.65 0.08 3 0.11 0.16 0.31 1 0.00 0.00 — 3 0.18 0.46 0.62 2.8     0.32±0.30 0.35±0.27

North 
Fisherman 20 2 0.58 0.51 -0.14 4 0.59 0.52 -0.13 1 0.00 0.00 — 3 0.40 0.34 -0.02 2 0.05 0.14 0.65 2.4     0.32±0.32 0.30±0.23

Buller 20 2 0.36 0.52 0.31 4 0.41 0.53 0.21 3 0.21 0.20 -0.05 3 0.22 0.22 -0.03 1 0.00 0.00 — 2.6     0.20±0.18 0.29±0.23

Haul-off 12 3 0.09* 0.63 0.86 7 0.58 0.64 0.10 7 0.56 0.75 0.27 6 0.50 0.78 0.37 2 0.00 0.16 1.00 5     0.41±0.33 0.59±0.25

Red Islet 13 4 0.36* 0.76 0.53 4 0.83 0.68 -0.25 10 1.00 0.89 -0.11 4 0.50 0.66 0.25 3 0.17 0.57 0.71 5     0.63±0.44 0.71±0.12

Kimberley 14 4 0.43 0.64 0.34 7 0.69 0.74 0.06 10 0.79 0.83 0.06 4 0.34 0.62 0.43 2 0.21 0.49 0.58 5.4     0.49±0.26 0.66±0.13

Glennie 11 2 0.18 0.17 -0.05 9 0.91 0.90 -0.02 12 0.91 0.95 0.04 4 0.36 0.64 0.43 2 0.00 0.53 1.00 5.8     0.47±0.48 0.64±0.31

Spindle 7 4 0.50 0.74 0.35 7 0.57 0.81 0.31 5 1.00 0.84 -0.21 2 0.40 0.36 -0.14 3 0.29 0.60 0.55 4.2     0.55±0.30 0.67±0.20

Six Mile 13 4 0.27 0.52 0.49 9 1.00 0.88 -0.14 7 0.70 0.74 0.05 2 0.00 0.57 1.00 3 0.09* 0.58 0.85 5     0.45±0.46 0.66±0.15

Dangerous 
Reef 33 5 0.45 0.55 0.18 11 0.55 0.75 0.27 11 0.79 0.89 0.12 6 0.50 0.71 0.30 3 0.14* 0.50 0.72 7.2     0.47±0.32 0.68±0.16

Kangaroo Is 40 2 0.13 0.17 0.23 7 0.67 0.70 0.05 12 0.76 0.84 0.09 4 0.55 0.52 -0.05 3 0.38 0.65 0.43 5.6     0.50±0.29 0.58±0.26

Mean 3 0.38 0.51 0.27 6.42 0.64 0.67 0.04 7.00 0.62 0.63 0.04 3.33 0.31 0.45 0.25 2.67 0.16 0.45 0.70

± sd 1.13 0.19 0.19 0.35 2.47 0.20 0.17 0.17 3.95 0.34 0.33 0.16 1.67 0.21 0.27 0.34 0.98 0.14 0.22 0.19

Hg8.10

± sd

Colony
Pvc-E Hg4.2

± sd

Pv-9 Hg1.4

 
He HoA A

 83* denotes significant departures from Hardy-Weinberg equilibrium at p < 0.01 after correction for multiple tests 



Table 4.3 Pairwise estimates of genetic differences based on RhoST below diagonal and FST above diagonal. Values significantly different from zero 
(p<0.01) are indicated in bold. 

Abrolhos Beagle Is 
Nth 

Fish'man 
Is

Buller Is Haul-off 
Rock Red Islet Kimberley 

Is Glennie Is Spindle Is Six Mile Is Dangerous 
Reef

Kangaroo 
Is

Abrolhos — 0.221 0.287 0.275 0.441 0.460 0.454 0.460 0.519 0.467 0.427 0.474
Beagle Is 0.113 — 0.011 0.003 0.404 0.414 0.434 0.420 0.482 0.418 0.396 0.437
Nth. Fisherman Is 0.140 0.022 — -0.050 0.399 0.414 0.419 0.403 0.467 0.388 0.414 0.467
Buller Is 0.110 0.000 -0.020 — 0.315 0.309 0.323 0.313 0.425 0.361 0.380 0.420
Haul-off Rock 0.561 0.367 0.350 0.412 — 0.078 0.133 0.148 0.187 0.099 0.041 0.163
Red Islet 0.550 0.414 0.337 0.375 0.289 — 0.057 0.123 0.111 0.021 0.058 0.211
Kimberley Is 0.635 0.531 0.474 0.535 0.182 0.279 — 0.089 0.151 -0.017 0.054 0.221
Glennie Is 0.553 0.429 0.365 0.418 0.128 0.080 0.026 — 0.166 -0.039 0.162 0.319
Spindle Is 0.532 0.427 0.331 0.400 0.218 0.141 0.096 0.023 — 0.130 0.148 0.195
Six Mile Is 0.709 0.618 0.531 0.606 0.374 0.326 0.082 0.088 -0.019 — 0.141 0.259
Dangerous Reef 0.546 0.430 0.420 0.467 0.094 0.362 0.107 0.163 0.273 0.337 — 0.051
Kangaroo Is 0.573 0.456 0.457 0.494 0.117 0.352 0.156 0.182 0.326 0.399 0.010 —

West coast WA South coast WA South Australia

 84



Table 4.2 Hierarchical analyses of molecular variance (AMOVA) for FST 
and RST measures among colonies of Australian sea lions. 

F ST R ST F ST R ST F ST R ST

103.86 4971.25 0.32** 16.64* 26.74 48.48

32.35 453.63 0.08** 1.01** 6.94 2.97

343.02 7099.45 0.81 16.67 66.32 48.55

479.23 12524.33 1.21 34.32

9

426

437

2Among regions

Among populations 
within regions

Within populations

Totals 

% variationDegrees of 
freedomSource of variation

Sums of Squares Variance Components

* indicates significantly different from zero at p < 0.005 
** indicates significantly different from zero at p <0.001 

 
 
Table 4.4 Estimates of divergence time (years) of major clades of colonies based on 
(δµ)2 across four loci with standard deviations in parentheses. 
 
 

west coast 
WA

south coast 
WA

south coast 
WA

98800 
(38400)

South Aust. 163900 
(33400)

23100 
(16500)
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Figure 4.1 Frequency distribution and size range of the 
combined allele frequencies for the three regional 
populations as defined on p?. a- Locus Pvc-E, b- Pv-9, c- 
Hg8.10, d- Hg 4.2 
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Figure 4.2a Frequency distribution for all colonies of allele frequency classes for all 
microsatellite loci indicating high frequency of relatively rare alleles (p= 0-0.1). 
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Figure 4.2b  Allele frequency distribution for the three separate regions. 

�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������

�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������

�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������
�������������0

0.2

0.4

0.6

0.8

1

1

w est coast WA����
���� south coast WA
���� South Australia
����

total

M
 (±

 v
ar

ia
nc

e)
 

Figure 4.3  Average M values (± variance) for four loci for the three regional 
populations. Values of M exceed that expected for populations that have 
been through a genetic bottleneck. 
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Figure 4.4  Correlation of genetic distance with geographic distance for all colony 
pairwise comparisons, based on all microsatellite loci combined. 
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Figure 4.5a Pairwise comparisons of genetic versus geographic distance for all Western 
Australian colonies. Comparisons are defined as within the west coast region ( ), 
within the south coast region ( ) and between the two regions ( ). 4.5b Pairwise 
comparisons between all colonies in the south coast of Western Australia and South 
Australian regions. Comparisons are defined as within regions (filled) and between 
regions (open). 
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Figure 4.6 Neighbor-joining tree of Cavalli-Sforza & Edwards chord distance based 
on microsatellites for colonies of the Australian sea lion. Bootstrap support for major 
nodes is shown as a percentage of 1000 replicates. 
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CHAPTER 5: MANAGEMENT PERSPECTIVES OF THE 
AUSTRALIAN SEA LION: GENETIC AND DEMOGRAPHIC 
PROCESSES IN THE ASSESSMENT OF POPULATION 
VIABILITY. 

INTRODUCTION 

Much of the literature concerning conservation genetics addresses the 

consequences of small, fragmented populations and the role of genetic diversity and 

stochastic processes in determining the viability of endangered species (Gilpin & Soulé 

1986, Boyce 1992, Caughley 1994, Hedrick et al. 1996, Amos & Harwood 2001). 

Genetic investigations have been fundamental in understanding the evolution of mating 

systems and defining population structure. These processes and their implications are of 

great importance for the management of wild populations (Soulé 1986). Increasing 

concerns about the importance of genetic variation among endangered species and small 

populations, allowing for their response to changing conditions, have been the subject of 

recent discussions (see Amos & Balmford 2001 for review). Several studies have 

suggested that loss of genetic diversity has resulted in fitness declines among natural 

populations (e.g. gray wolf in Wayne et al. 1991, African lions in Gilbert et al. 1991. 

The link between N BeB (effective population size) and the rate of loss of genetic variability 

was first addressed by Wright (1931). Examples across broad taxonomic groups have 

highlighted the concerns and role that N BeB and associated loss of genetic diversity have 

played in assessing the viability of populations (e.g. Pacific salmon in Tajima 1992, 

frogs in Driscoll 1999, Canadian lynx in Schwartz et al. 2002.).  

The application of population viability analysis (PVA) to estimate a probability 

of extinction in wild populations has become a relatively easy task with the advent of a 

number of user friendly computer packages. However, these estimates and the 

management recommendations from these analyses must be approached with caution 

due to the limitations of input data and inherent problems with modelling (Boyce 1992, 
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Ludwig 1999, Fieberg & Ellner 2000, Coulson et al. 2001). The incorporation of 

deterministic processes, stochastic factors and genetics in an inclusive population 

viability analysis appears crucial in accurately applying these techniques to meaningful 

management decisions (Hedrick et al. 1996). An assessment of these concepts and 

related techniques will be given for the Australian sea lion, and the biological 

significance of these parameters in terms of management considerations will be 

discussed. 

Wright (1931) developed the concept of the effective population size (N BeB), as the 

size of an ideal population that has the same evolutionary properties as the real census 

population under consideration. The effective population size has a strong bearing on 

the strength of genetic drift, which can reduce the amount of genetic variation within 

isolated populations and increase the genetic divergence between populations (Wright 

1931). Genetic variance will increase between two isolated populations due to drift each 

generation in relation to N BeB as shown in Figure 5.1 (Wright 1969). Increasing 

importance has been placed on the calculation of N BeB, and its ratio with census population 

size (NBe B /N) in wild populations from an evolutionary perspective and for management 

purposes (Frankham 1995a). 

There are many factors that influence N Be B, including the type of breeding system, 

the lifetime reproductive success and fluctuations in population size over time (Wright 

1931). For example, a skew in the sex ratio of breeding animals will act to decrease N Be B, 

such that     N Be B = 4 N BmB N BfB /(N BmB + N Bf B), where N BmB and N BfB are the numbers of breeding males 

and females respectively (Wright 1969). The greater the skew in the ratio, such as in 

polygynous breeding systems, the smaller the effective population size due to increased 

sampling bias (Storz 1999). Calculation of the N Be B/N ratio has become a critical 

parameter for many wildlife managers, as measurement of census population size is 

often the only demographic parameter available. However, there seems to be no 
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consensus in the literature as to the most relevant factors in determining N Be B, nor the 

expected value of the N Be B/N ratio. One school of thought suggests that the ratio of 

effective population size to census population size (N Be B/N) among wild populations 

should generally approximate 0.5 for populations with overlapping generations, and 

within the range 0.25-1 unless under extreme circumstances (Nunney 1993, 1995; 

Nunney & Campbell 1993). In contrast to this, a recent comprehensive review of the 

empirical literature showed that values in wild populations, across many taxa, are closer 

to 0.1, and that fluctuations in population size exerted the greatest influence on N BeB/N 

(Frankham 1995a).  

For the Australian sea lion, N BeB/N ratio may be higher than in other species with 

polygynous breeding systems, due to the hypothesised low level of reproductive 

variance among males (Higgins 1993). The breeding system of low to moderate 

polygyny means that reproductive success is shared among many males, and loss of 

variability due to drift is minimised. The plasticity of mating systems among colonies of 

N. cinerea (Higgins 1993) means that this ratio may vary considerably among colonies, 

and that generalisation across the whole population may be misleading. Historical 

fluctuations in population size due to commercial sealing may have reduced the N BeB /N 

ratio, though this effect may be limited given the low level of commercial harvesting, 

and the time since these events. 

The many small, isolated populations predisposes N. cinerea to loss of genetic 

variability and risk of localised extinction due to demographic and environmental 

stochasticity. Small effective populations may suffer extreme genetic erosion, 

heterozygote deficiency and possible inbreeding effects (Amos & Balmford 2001). This 

may have possible long term effects on population viability due to an inability to 

respond to environmental change and through the accumulation of deleterious 

recessives (Gilpin & Soulé 1986, Frankham 1995b, Lynch et al. 1995).  
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A number of techniques for estimating N Be B using genetic data have been reported 

in the literature (Polak, 1983, Waples 1989, Williamson & Slatkin 1999, Anderson et al. 

2001). Earlier methods calculated N Be B from temporal variation in allele frequencies by 

the increase in variance of allele frequencies, but are rather insensitive (Waples 1989, 

Funk et al. 1999). Models using likelihood functions appear to show greater accuracy in 

estimating N BeB from the same temporal allele frequency data (Anderson et al. 2001). 

Methods using demographic data are also available for the calculation of N Be B, but often 

require specific life history data (Nunney 1993).  

Viability analysis of rare or threatened populations requires a thorough 

understanding of many of the aspects of life history and population structure. Population 

viability analysis (PVA) is an area of growing interest for management authorities, as it 

can serve to highlight the potential declines of localised populations and the ultimate 

factors which may regulate population growth. Various methods of PVA have been 

modelled on a variety of species across a broad range of taxa and are thought to be an 

accurate and valid tool for assisting in managing endangered species (Brook et al. 

2000). However the accuracy of PVA is dependent on the quality of the input 

demographic data and knowledge of the variability of biotic and abiotic factors which 

affect demographic parameters over time (Coulson et al. 2001). For example, 

recruitment indices are known to vary widely over time for many species (Coulson et al. 

1999, Albon et al. 2000). Effective management recommendations from poor quality 

PVA has been described as being “..akin to a miracle” (Hamilton & Moller 1995), and 

at best are inadequate and misleading in risk assessment (Taylor 1995). Extrapolation of 

site-specific patterns across a species’ range would thus be misleading, especially in the 

case of N. cinerea, which has such a widespread and fragmented population structure. 

The Australian sea lion is classified as rare, and qualifies for the lower risk, near 

threatened conservation category, due to low adult population size (NBA B<10,000) under 
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the IUCN Red List Categories (IUCN, 2000). Current population estimates of 10-

12,000 animals make this species one of the rarest sea lions in the world (Gales et al. 

1994, Dennis & Shaughnessy 1996). Surveys of breeding colonies show that the 

majority of colonies are very small, producing less than 50 pups, and that nearly 40% of 

all pup production is accounted for by three colonies. This species displays moderate 

polygyny, though the breeding system is probably quite plastic and influenced by 

demographic and environmental factors (Higgins 1993). The current status of Australian 

sea lion populations is apparently stable, though there is cause for concern in some areas 

that populations may be declining. Recent pup counts indicate that population size in 

WA is fairly stable at present though there is considerable variability between breeding 

seasons (Chapter 2). The biology of this species makes it very difficult to assess 

accurately trends in population abundance, with limited power inherent in current 

techniques (Chapter 2). Documented peaks of pup mortality events at several colonies 

in both Western and South Australia (Shaughnessy 1999) highlight the unpredictable 

nature of life history demographics for this species, and the potential difficulties in 

accurate PVA.  

Population genetic analyses (Chapters 3 & 4) show that the N. cinerea 

population is highly structured, particularly in the case of the female population. This 

population structure combined with the polygynous breeding system suggests that 

effective population sizes may be very small, conditions suitable for the operation of 

genetic drift. Many small colonies are reproductively isolated, and this limited 

migration between colonies may reduce the ability of local populations to buffer against 

local environmental changes, stochastic events and possible genetic consequences. The 

localised extinction of this species from the Bass Strait (Gales et al. 1994, Ling 1999), 

and the loss of breeding colonies near Perth (Abbott 1979, Gales et al. 1994) suggests 

that this species is vulnerable to disturbance, and has a limited capacity for 
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recolonisation. The lack of recolonisation may be explained by the high natal site 

fidelity of females (Chapter 3). This population structure suggests that the many small 

colonies may be at risk of localised extinction. 

Despite the lack of quantitative data on Australian sea lion life history traits and 

the difficulty in assessing population viability in long lived animals (Coulson et al 

2001), PVA can still be used to highlight concerns and consequences of the known 

population structure. It is still regarded as the best tool for examining extinction risk 

despite its obvious limitations (Zeckhauser & Viscusi 1990). It may also be useful in 

determining the future direction of research in terms of the data required to model 

population abundance successfully, identify threats to extant populations and prospect 

for potential conservation strategies (Possingham et al. 1993, Coulson et al. 2001).  

It is of particular interest, given the status of this species and the extreme 

population subdivision, to investigate effective population size and to model the short-

medium term viability of the many colonies of this species. However, as has been noted, 

these models and techniques have limitations. The validity of these techniques and their 

application to management strategies will be discussed with a view to understanding 

population processes, and the feasibility of management strategies and status 

classification.  

METHODS 

UEstimating effective population size  
Three methods for estimating N Be B were used in this study, two based on temporal 

variability in allele frequencies and the third based on demographic data. The first 

method calculated the standardised variance of allele frequencies (F) between 

generations (Waples 1989). This was estimated for each locus ( $F BkB) according to 

Krimbas & Tsakas (1971) with modification by Pollak (1983);  
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where A is the number of alleles, and x BiB and yBi B are the allele frequencies of the 

ith allele in the generations of the same population sampled. $F Bk B was calculated for k 

loci and a mean calculated for each population. A weighted mean was calculated 

according to Waples (1989) as numbers of alleles at each locus were not equal. 

Mean $F BkB was then used to estimate N Be B using the equation from Nei & Tajima 

(1981); 
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where t is the number of generations between sampling events, SBo B is the sample 

size at the first sampling event and SBt B is the sample size at the second. Generation time 

was estimated according to the accepted demographic method based on life history 

parameters of survival and reproductive rate (Dublin & Lotka 1925). Female 

reproductive rate was estimated by Higgins (1990) as an average of 0.75, and females 

gave birth to their first pup at approximately age 4.5 years, or three breeding seasons. 

Survivorship curves were created according to estimates from pup mortality for N. 

cinerea (Chapter 2), and from survivorship curves of other pinnipeds (i.e. Steller sea 

lions in York 1994, Antarctic fur seals in Boyd et. al 1995). A generation time of 8.89 

years was calculated and rounded to 9 years for the purpose of this model. Estimates 

using both 6 and 12 years generation time were also calculated due to the uncertainty of 

the calculation of generation time, and to investigate the robustness of the model to 

variation in time between sampling events. A correction for differences in sample sizes 

(2) 

(1) 
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between generations was made for the sum (1/ SBo B + 1/ SBt B) by calculating the harmonic 

mean (Waples 1989). 

The second method of estimating N Be B was performed using a maximum 

likelihood computation developed by Anderson et al. (2001). This method computes log 

likelihood values for a range of N Be B values using a Monte Carlo formulation. The 

estimate of N Be B is made at the maximum value of the log likelihood. The confidence 

intervals are calculated by the points on the curve that are two units below the 

maximum value (Anderson et al. 2001). This model only accepts generation time 

measured in whole units, so estimates of 9 and 4.5 years were used for generation time. 

The computer programme MCLEEP v1.1, used for the analysis, was obtained from 

http://www.stat.washington.edu/thompson/Genepi/Mcleeps.shtml. 

For both methods, the populations tested were defined as a single colony or a 

group of colonies that exhibited panmixis. Temporal samples were available for only a 

number of colonies and this limited the scope of the analysis. Kangaroo Is, Six Mile Is 

and the group of Jurien Bay colonies (Beagle, Buller, North Fisherman) were sampled 

in 1989 and again in either 1998 or 1999. Both Kangaroo Is and Six Mile Is were 

defined as single colony populations, due to limitations of the sampling regime, and the 

Jurien Bay group was considered to be a single panmictic population based on high 

rates of inferred gene flow between all colonies (Table 4.3, Chapter 4). 

The demographic method was based around the model of Nunney (1993) in the 

estimation of N BeB for populations with overlapping generations. Calculation of N Be B in this 

model was defined as a ratio between N Be B and N BA B (number of adults). N BA B was calculated 

by using life history tables based on the demographic parameters estimated in the PVA 

model in the following section. The ratio was determined according to the mating 

system, in the case of N. cinerea dominance polygyny, where males attempt to mate 

with as many females as possible. Reproductive skew among males is determined by the 
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dominance of a proportion of males αBm, Band females mate with n dominant males each 

season. From Nunney (1993) the appropriate equation is 

 

N
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where r is the proportion of adult males in the breeding population and v is the adult 

survival rate. The range of values used in the calculation of N BeB was αBm B= 0.33-0.5 

(equivalent to males mating with 3-4 females per season) and n=1-2. These figures are 

based on field observations (Higgins 1993) though it is understood that larger variances 

in these values occur in wild populations. 

UPopulation viability analysis 
This analysis was limited to the colonies of the west coast of Western Australia, 

as they display a relatively simple population structure, where estimates of population 

size and migration rates could be made for all colonies. This is important in gaining 

accurate estimates of local population extinction rates. Analysis of population viability 

was performed using the computer programme Vortex v8.41 (Lacy 1993).  

Input data 
Rates of pregnancy and age of sexual maturity and activity were taken from 

Higgins (1990). Due to the lack of published mortality rates for N. cinerea, three 

possible scenarios were calculated based on published accounts of other species, 

including the Steller sea lion and several species of fur seal (York 1994, Wickens & 

Shelton 1992, Lima & Paez 1997, Boyd et al 1995). The initial scenario incorporated 

the estimates of mortality used in the population model (Chapter 2), and subsequent 

scenarios incorporated variation upon these values in accordance with the preliminary 

estimates of pup mortality for N. cinerea (Chapter 2) and reports in the literature for 

other species of pinniped (York 1994, Wickens & Shelton 1992, Lima & Paez 1997, 
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Boyd et al 1995). Migration rates between colonies were calculated from data in 

Chapters 3 & 4 of this study to create the metapopulation model. For the purpose of this 

model, estimates of N BmB calculated according to Wright’s (1931) island model, FBSTB =1/(4 

N BmB +1), were used, even though populations did not satisfy the assumptions of this 

model. Based on the mtDNA analysis, North Fisherman Is and Beagle Is, which were 

fixed for the same mtDNA haplotype were assumed to be panmictic in terms of female-

mediated gene flow, even though this may not be the case. The Abrolhos Is colony was 

defined as a separate population even though it was fixed for the same mtDNA 

haplotype as both North Fisherman and Beagle Is. This was based on the likelihood that 

this common fixation is not indicative of ongoing contemporaray female-mediated gene 

flow. Definition of the Abrolhos Is as a separate population is also a precautionary 

principle, for management purposes, based on its isolation and small size. Levels of 

female mediated gene flow between all other colonies were assumed to be negligible 

and deemed zero. In cases of extreme values of fixation indices (e.g. FBSTB ≈ 0), violation 

of equilibrium assumptions may still yield meaningful estimates of N BmB (Hutchison & 

Templeton 1999). Migration rates for males were calculated according to the island 

model, based on microsatellite data (Chapter 4). These estimates are probably not 

accurate in terms of actual numbers per generation, but do represent an accurate 

measure of relative rates of gene flow between colonies. The role of extreme sex-bias in 

migration was also investigated by creating hypothetical scenarios incorporating female 

mediated gene flow into the metapopulation model.  

Catastrophic events were included in these models, based on the variation seen 

in pup production rates and mortality rates on the west coast colonies (Chapter 2). These 

events were given a light weighting (0.85 impact factor) and a 5% probability of 

occurrence, which is probably an underestimate.  
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In most simulations of population viability, a minimum population size of 

viability is determined, below which populations effectively become extinct. In these 

analyses, this criteria was suspended and extinction defined at population size equal to 

zero. This was done because calculations were not intended to supply accurate 

predictions of population abundance and extinction probability, but to assess 

performance of this model in relation to the qualitative nature of the input data. In 

reality, a number of conflicting factors may affect extinction probabilities at low 

population sizes. Variability in density dependent factors may either increase or 

decrease, leading to population recovery or accelerated extinction. These factors will be 

further discussed below. 

Inbreeding depression was incorporated into the model separately, to investigate 

its relative role in different colonies, and its effect on extinction probabilities. The 

number of lethal alleles within individuals was based on the default setting of 3.14, as 

found in a review of 40 mammalian species (Ralls et al. 1988). However, the rate for the 

small number of carnivores was negligible, so the default setting may be an 

overestimate of inbreeding depression. Significance of increased extinction rates of 

colonies due to inbreeding depression was tested by comparison with extinction rates 

calculated without the inclusion of an inbreeding depression effect using a one-tailed 

Students t-test. 

The input files for population viability analysis for the three scenarios with all 

demographic parameters discussed above are included in Appendix III. Hypothetical 

scenarios incorporating female-mediated gene flow for each scenario vary only by this 

parameter and so the input files are not included. 

RESULTS 
Initial investigation of temporal variability in allele frequencies for individual 

loci for all colonies revealed only one significantly different result after correction for 
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multiple tests (Table 5.1). This was for Kangaroo Is involving the Hg8.10 locus. 

Analysis of N Be B for the Kangaroo Is colony was performed with and without this locus to 

determine any potential bias.  

UEffective population size  
Estimates of N BeB using the temporal allele variance method of Waples (1989) 

were very low for all three populations examined (Table 5.2). However, the confidence 

intervals for most estimates show that this method is relatively insensitive. The values 

for Six Mile and Kangaroo Is are unrealistically low given the census population sizes 

and that both colonies show reasonably high levels of gene flow with other colonies not 

shown here. The differences in the confidence intervals of the estimates for Kangaroo Is 

when the Hg8.10 locus was excluded probably represent a more accurate measure. 

These results show the limitation of this technique, especially for limited sample sizes 

and small temporal distances between sampling events, which may strongly bias the 

analysis. 

Estimates made with the maximum likelihood method also showed very wide 

confidence limits (Table 5.3). Only Jurien Bay showed the narrow confidence limits 

suggestive of the accuracy of this technique. The two log likelihood curves for this 

population were the only ones that showed a definitive shape and allowed the 

assessment of confidence limits (Fig. 5.2). The curves for Kangaroo Is were 

inconclusive about the upper confidence limit, and for Six Mile Is no estimate of N Be B was 

possible as log likelihood values became asymptotic at the maximum (Figures not 

shown). No discernible difference was produced by excluding the Hg8.10 locus from 

the analysis for Kangaroo Is. This highlights the difficulty in estimating N Be B from small 

sample sizes and limited temporal data regardless of the technique used.  

There is concordance between the techniques regarding the estimated N Be B of 

Jurien Bay, but narrow confidence limits were set only by the maximum likelihood 
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technique. Using these estimates the upper limit values of the ratio N Be B/N B B for Jurien Bay 

are 0.04 (0.02, 0.08 -95%CI’s) for T BgB equals 6 years, and 0.05 (0.03 ,0.11 -95%CI’s) for 

T BgB equals 9 yrs. These values fall just below the range of 0.1-0.11 as predicted by 

Frankham’s (1995) review, and well below 0.25-1 as predicted by Nunney (1995). The 

only other meaningful estimate for N Be  Bwas produced by the maximum likelihood 

method for Kangaroo Is. This estimate yielded an N BeB / N B  Bratio of 0.08 (0.03, ∞ -95% 

CI’s) for T Bg B= 6 years, and 0.09 (0.04, ∞ -95% CI’s) for T Bg B= 9 years. These values sit 

close to the range specified by Frankham, and well below that predicted by Nunney. 

The demographic technique estimated N Be B to be 0.42-0.45N.These values fall 

within the range of values for N Be B / N ratios of 0.25-1, and close to the expected value of 

0.5 for species with overlapping generations. These results produce estimates of N Be B for 

the Jurien Bay populations of approximately 160. When this value is substituted into the 

relationship between N Be B and loss of genetic variance, FBSTB (or equivalent) values as seen 

between west and south coast colonies (0.4-0.5) would only accrue after more than 200 

generations. This is probably an underestimate, given that the equation in Figure 5.1 is 

based on ideal populations that don’t readily exist in nature (Whitlock & McCaughley 

1990). Using the values of N Be B calculated by the temporal allele methods, accrual of 

significant levels of genetic subdivision (FBSTB =0.4 - 0.5) between west and south coast 

colonies could take place in as short a time as 40-50 generations. 

UPopulation viabiltiy analysis 
These analyses show the large differences in predicted viability of N. cinerea 

populations based on variation in female survivorship. Under the conditions of scenario 

1 virtually all populations on the west coast went extinct (Fig. 5.3a). In particular, the 

population at the Abrolhos Is showed a very low probability of survival. There was an 

associated, and not unexpected, large population crash among the extant populations. 
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Creating equality in sex dispersal had little impact on population viability for the 

scenario with the lowest rate of female survivorship.  

The second scenario, with a mean female survivorship of 48%, showed high 

rates of population extinction for the Abrolhos Is and Buller Is, the two smallest 

colonies (Fig. 5.4a). However, survivorship of the other west coast colonies was high, 

showing a marked increase from the previous scenario. Population crashes were still 

evident, and it is probable that iterations for a greater time period would have resulted in 

high rates of extinction for all colonies. When the female survival rate up to breeding 

age was increased to 54%, there was a marked difference in the probability of colony 

survival and subsequent population size (Figs. 5.5a-c.). Almost all colonies remained 

extant and population sizes increased from their current status.  

Introduction of some genetic consequence, such as mortality through 

accumulation of lethal alleles, produced a predictable increase in extinction rate of 

colonies. Significant differences in the rate of extinction were found for colonies in the 

first two scenarios, but not in the third probably due to the low extinction rate overall 

under these conditions. However, under conditions in the third scenario there were 

differences in population size due to the inbreeding factors after 100 breeding seasons 

(Fig. 5.5d). Population size seemed to peak after approximately 40-60 breeding seasons 

and then gradually return to the original colony sizes. The one exception was the 

Abrolhos Is which finished with a reduced population. 

DISCUSSION 

UEffective population size 
Accurate estimates of N Be B using the genetic techniques for any population of 

Australian sea lion in this study appear to be limited by the quality of the data. There 

was only one instance of finite confidence limits being set by either method, that being 

the maximum likelihood estimate for the Jurien Bay population. Although these models 



 104

are more accurate when considering populations with discrete generations, not 

overlapping, it is conceivable that this demographic trait could bias estimates in either 

direction. It has been suggested that overlapping generations increases the variance in 

allele frequency due to sampling bias over short time frames (Jorde & Ryman 1995), 

which would lead to wide confidence limits. It is not known whether the reduced allelic 

diversity among the colonies of the west coast of Western Australia may limit the 

accuracy of this technique. 

Based on the estimate of N BeB the maximum accumulated genetic variance 

between these populations and other isolated populations, such as the south coast 

colonies (FBSTB=0.4-0.5) would occur in only 40-50 generations, under the island 

population model. Additionally, there would be a much higher rate of fixation among 

microsatellite loci than is apparent (Chapter 4). Populations with an effective population 

size of only 30-40 individuals would most likely have a limited viability (Gilpin & 

Soulé 1986). 

The ecological technique provides an estimate at least double that of the two 

genetic based estimates. This figure is based on very limited field data for this species. 

The range of values provided by this technique fall into the broad category of expected 

values for a species that is long lived and displays a low to moderate level of polygyny 

(Nunney 1995), though well in excess of estimates for other species using a variety of 

techniques (Frankham 1995a). This type of breeding system may preserve some degree 

of genetic variation because of an increased effective population size. Species such as 

the Northern Elephant seal, with very high polygyny would have a significantly lower 

N BeB /N ratio and would lose greater amounts of variation during bottleneck events, or 

through natural fluctuations of population size. 

These results are very preliminary and highlight the difficulty in estimating N Be B 

for N. cinerea. Genetic techniques especially require sampling regimes which can span 
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larger temporal phases to have any confidence, and large sample sizes to narrow the 

confidence intervals of these estimates. Calculating N Be B will always be difficult for a 

relatively long lived, uncommon species.  

 

UPopulation viability analysis 
The results from these simulations suggest that some of the smaller, more 

isolated colonies of Australian sea lion may be at some risk of extinction in the short to 

medium term. Even though there is a paucity of demographic data for this species, the 

various scenarios put forward highlight the problems faced by some of the small 

colonies. Larger colonies such as Dangerous Reef, Kangaroo Is and the Pages may be 

buffered by their population size, as they exhibit lower rates of population extinction 

when modelled on the same demographic assumptions. There is some concern over the 

accuracy of PVA models for long lived mammals in cases where there is limited 

demographic data (Coulson et al. 2001), and for this study this is especially relevant. It 

must be emphasised that these results do not represent accurate predictions regarding 

the viability of N. cinerea populations, but more an indication of the consequences of 

population structure and size. Of particular interest is the impact of variability of female 

mortality rates on population growth rates. Stochastic events will have a more dramatic 

effect on small populations as they are unable to buffer against this variability. The 

extreme population structuring and associated low levels of dispersal exhibited in this 

species suggest that isolation and fragmentation, and associated stochasticity may be the 

overriding factors in determining population persistence. 

In terms of the overall population longevity, the small, peripheral colonies such 

as those at the Abrolhos Is and at Haul-off Rock in WA have limited consequence. 

However in terms of the processes of localised colonisation and extinction, these 

colonies are of great interest. It would seem that these two colonies may have a limited 

longevity, given their degree of genetic isolation. The extreme female natal site fidelity 
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and limited male mediated gene flow between these two colonies and their neighbours 

means that stochastic events will have a large bearing on the possibility of extinction. 

This estimate of probability of extinction is probably conservative as there has been no 

inclusion of an Allee effect in these declining population,s which would accelerate the 

extinction process (Allee et al. 1949). Countering this effect though, is the variability in 

density-dependent effects such as pup mortality, as demonstrated for this species 

(Chapter 2). Such conflicting interactions on extinction rate illustrate the difficulty in 

producing any meaningful estimates of extinction probabilities, and are likely to vary 

between areas and colonies of N. cinerea. 

Simulation of female-mediated migration showed the increase in population 

persistence, even at relatively low levels. This demonstrates the vulnerability of this 

species, given its population structure. A group of small colonies that are only loosely 

connected by minimal levels of male migration are at considerable risk of extinction, 

and have a very low chance of recolonisation. This may have considerable bearing on 

the future of many of the numerous small colonies found in WA and SA, however there 

is a very limited understanding of the local demographics of these populations and the 

temporal variation in these traits.  

UManagement perspectives 
Despite the lack of data, the combination of the fragmented population structure 

and the recent fluctuations in pup production at many colonies highlights the 

vulnerability of some colonies. The basic knowledge provided by the genetic analysis 

regarding population structure and the definition of population subdivision provides as 

accurate a management statement as either the predictions of effective population size 

or PVA. The premise that colonies need to be managed on an individual basis due to the 

extreme natal site fidelity of females is the most relevant management recommendation. 
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Further assessments as to the likelihood of extinction and vulnerability of populations 

using the above parameters and techniques would be misleading.  

Initial concerns and remedies for this situation would suggest that intensive 

study of biological parameters at a number of colonies are needed to help define these 

pressing conservation issues. However, this approach may not be the most useful due to 

a number of concerns. The sensitivity of the current population abundance measures 

shows the difficulty in gaining quantitative data for this species. Ascertaining the 

necessary demographic data for accurate PVA would require invasive techniques and 

considerable disturbance to breeding colonies over a long time frame. Such research 

may well have undesirable effects on small breeding colonies. For example, increased 

pup mortality through disturbance to lactating mothers and the possible loss of breeding 

locations due to continued disturbance are not implausible. Loss of breeding colonies is 

not without precedent in this species and has a lasting impact due to the low 

recolonisation potential of this species. This must be considered when little is known of 

other anthropogenic impacts, such as resource competition and incidental mortalities 

through commercial and recreational fishing.  

It must be stated however, that the Abrolhos Is population experienced 

considerable population reduction through the culling of approximately 150 animals in 

the 1700’s by the survivors of the Zeewyck (Edwards 1970). Subsequently, the 

population apparently increased when in 1843, Gilbert noticed that the islands were “ 

…thickly inhabited with animals”, though no estimation of numbers was given. The 

current population of around 80-100 animals suggests that the population has been 

greatly reduced yet again, however it is still persisting some 170 years later. Variability 

in demographic traits, such as female preganancy rate and pup mortality, with changing 

population density may be occurring. 
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The uncertainty of the demographic data in this study is demonstrated by the 

markedly different prospects of Australian sea lion colonies under the three simple 

scenarios presented here. In no way do these data represent an attempt at predicting 

population sizes or probabilities of extinction, but they serve to highlight the uncertainty 

of this technique based on current demographic knowledge.  The value of the genetic 

data in understanding the fragmented population structure highlights the possibility of 

localised extinctions and the vulnerability of many colonies.  

Concerns regarding levels of genetic variation and the operation of genetic drift 

may be well founded for this species. In particular, the west coast colonies show 

reduced levels of variation at nuclear markers compared to other populations, most 

probably due to a combination of founder effect and subsequent drift. Estimations of N BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBeB 

/N ratios for the populations on the west coast of Western Australia from both genetic 

and demographic techniques show that genetic variability will be lost at a considerable 

rate. Possible inbreeding effects among small populations are often highlighted as a 

concern among researchers (see Amos & Balmford 2001). However, the continued 

misinterpretation of inbreeding (Templeton & Read 1994) and its generic explanation in 

cases of population decline and vulnerability (e.g. the cheetah in O’Brien et al. 1985) 

only serves to highlight the need for careful interpretation of this topic. The connection 

between variability of neutral genetic markers and fitness in natural populations is still 

unclear. Studies of functional gene complexes, such as the major histo-compatability 

complex (MHC) which is associated with immune response (Harding 1996), have 

shown associated fitness benefits of increased variability at these markers (e.g. adders in 

Madsen et al. 1999). The combination of genetic and demographic data for N. cinerea 

suggest that further investigations into variability at selective markers such as the MHC 

may provide useful information for the management of this species.  
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These results whilst not intending to provide accurate predictions of population 

sizes for the chosen colonies, serve to highlight the possible trends and susceptibility of 

N. cinerea colonies. These results show that a fine balance may exist for many of the 

small isolated colonies, and that complex interactions between environment and 

demographic responses make accurate predictions and assessments of population 

viability extremely difficult.
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TABLES AND FIGURES 

 
 
 
 

 
Effective population size (Ne) 

(95% confidence intervals) 
Population 

Tg=6yrs Tg=9yrs Tg=12yrs 

HBoB 

Jurien Bay 36 
(9,∞) 

24 
(6,∞) 

18 
(5,∞) 

0.35 

Kangaroo Is 
 

9 
(3,18) 

6 
(2,12) 

4 
(1,9) 

0.53 

(without 
Hg8.10) 

18 
(7,∞) 

12 
(5,∞) 

9 
(3,∞) 

0.48 

Six Mile Is 7 
(2,∞) 

5 
(1, ∞) 

4 
(1, ∞) 

0.49 

 

Table 5.1 Probability values of temporal variability in allele frequencies of four 
microsatellite loci among five breeding colonies of Australian sea lion. Significant 
differences for α=0.01 are shown in bold. 

Buller Is 1989 1998 1.000 0.109 0.087 0.034
1989 1999 0.742 0.890 0.030 0.534
1998 1999 1.000 0.559 0.506 0.445

Beagle Is 1989 1998 1.000 0.034 1.000 0.335
1989 1999 1.000 0.022 1.000 0.731
1998 1999 1.000 0.463 1.000 0.355

North Fisherman Is 1989 1998 0.407 0.100 0.011 0.768
1989 1999 0.708 0.226 0.348 0.077
1998 1999 1.000 0.730 1.000 0.040

Six Mile Is 1989 1998 0.281 0.051 0.244 0.038
1989 2000 0.472 0.539 0.623 0.179
1998 2000 1.000 0.147 0.024 0.273

Kangaroo Is 1989 1999 0.343 0.000 0.106 0.015
1989 2000 1.000 0.395 0.015 0.101
1999 2000 1.000 0.000 0.063 0.017

Pv-9Colony Pvc-E Hg8.10 Hg4.2Cohort comparison

Table 5.2. Estimates of effective population size (Ne) and 95% CI’s for three 
populations of Australian sea lions using the temporal allele frequency method of 
Waples (1989). These estimates are based on data from four microsatellite loci. 
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Table 5.4 Adult survival rates postulated for three different scenarios of Australian sea 
lion population viability analysis. 

Males Females Males Females Males Females
Survival to 
breeding age 25% 44% 25% 48% 25% 54%

Adult survival 85% 85% 85% 85% 85% 85%

Scenario 1 Scenario 2 Scenario 3

Table 5.5 Comparison of mean extinction rates among populations with and without 
inbreeding depression calculated using a paired t-test calculated over 100 breeding 
seasons. 

* indicates significantly different mean rates of extinction at p <0.05 

Abrolhos 
Is

Beagle & Nth. 
Fish'man Buller Metapopn.

Scenario 1 No inbreeding model 0.30 0.83 0.67 0.85
Inbreeding model 0.29 0.76 0.64 0.78*

Scenario 2 No inbreeding model 0.86 0.99 0.95 1.00
Inbreeding model 0.74* 0.98 0.93 0.99

Scenario 3 No inbreeding model 0.98 1.00 1.00 1.00
Inbreeding model 0.96* 1.00 1.00 1.00

Population
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Figure 5.1.  Accumulated genetic divergence over time (t=generations) between 
isolated populations due to genetic drift for a range of effective population sizes 
based on FST = 1-(1-1/2Ne)t (Wright 1969). 
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Figure 5.2  Log likelihood expectations of effective population size estimates for the 
Jurien Bay. Estimates were made for generation times of 6 and 9 years, based on 
20,000 Monte Carlo simulations for both estimates. 
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dispersal. 5.3b Probability of survival with hypothetical 
dispersal of both sexes. 5.3c Predicted population sizes of 
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LEGEND Figures 5.4a-c These predictions are based on life history 
traits for scenario 2 outlined in Table 5.4. 
5.4a Probability of survival of populations over 100 breeding 
seasons with known levels of male-biased dispersal. 5.4b 
Probability of survival with hypothetical dispersal of both 
sexes. 5.4c Predicted population sizes of colonies over 100 
breeding seasons.  
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Figures 5.5a-d These predictions are based on life history 
traits for scenario 3 outlined in Table 5.4. 
5.5a Probability of survival of populations over 100 
breeding seasons with known levels of male-biased 
dispersal. 5.5b Probability of survival with hypothetical 
dispersal of both sexes. 5.5c Predicted population sizes of 
colonies over 100 breeding seasons.5.5d Predicted 
population size with inbreeding effect. 
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CHAPTER 6: GENERAL DISCUSSION 
 
 

Patterns of male and female reproductive behaviour are expected to influence 

strongly the population genetic structure. This is most apparent in mammalian species 

where dispersal is often male-biased and females show high levels of regional 

philopatry (Greenwood 1980, Storz 1999). The Australian sea lion is typical of this 

pattern, but the regional scale of philopatry is considerably smaller than that seen in 

other species of pinniped (Maldonado et al.1995, Bickham et al. 1996, Lamont et 

al.1996, Bernardi et al. 1998, Slade et al. 1998, Anderson & Born 2000 and 

Goldsworthy et al. 2000). Female philopatry is colony specific, occurring on a spatial 

scale of less than 30 kilometres. This level of female population structure is unparalleled 

in a species capable of considerable dispersal inhabiting a continuous environment. 

Such high population subdivision among sympatric populations shows that behavioural 

processes can result in extensive isolation of female populations.  

Comparable levels of population structuring have been discerned in very few 

species. The California channel-island fox is an example of fixed genetic differences 

between island populations due to drift, where obvious physical barriers to gene flow 

exist (Gilbert et al. 1990). Female ghost bats (Macrodermas gigas) exhibit high fidelity 

to their natal roost (φST =0.90, Worthington-Wilmer et al. 1999). However, considerable 

spatial structuring of populations and range reductions will have contributed to this high 

level of genetic differentiation. Many other species of bat display high levels of female 

natal site fidelity, and this has been explained by the reproductive benefits of 

alloparental care and kin-selected behaviours (Kerth et al. 2000). Such matrilineal 

population structure is not uncommon among mammals, though in many cases these 

groups consist of a single breeding or founder female and multiple males, as in colonies 

of naked mole rats (Sherman et al. 1991), and wolf packs (Lehman et al. 1992). Strong 

social structure along matrilines is more common in primates (Pope 1992, Olivier et al. 
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1981), cetaceans (Amos 1993, Hoelzel & Dover 1991) and ungulates (Purdue et al. 

2000). These groups of animals are believed to have a more complex social structure 

than pinnipeds (Clutton-Brock 1989, Renouf 1991). Although pinnipeds form large 

breeding aggregations, these are temporary groups, which in most cases disperse after 

parturition and breeding events (Boness 1991, Boyd 1991). It is not expected that 

members of this group have evolved any higher order socialised behaviour or co-

operative breeding behaviours. Examples of alloparental care among New Zealand sea 

lions (Childerhouse & Gales 2001) suggest that some inclusive fitness benefit may arise 

from this form of parental care, however several studies of fostering behaviour among 

pinnipeds (e.g. Hawaiian monk seals in Boness 1990, harbour seals in Shaeff et al. 

1999) have provided evidence that this is not necessarily a kin-selected behaviour. 

Observations of co-operative foraging among Steller’s sea lions may be an example of 

kin-selected behaviour (Gende et al. 2001), and current studies of foraging behaviour of 

a number of mother-pup pairs of N. cinerea may shed some light on this topic. 

In the case of N. cinerea, many individual colonies consist of a single matriline 

of breeding females. This means that individual colonies consist of a group of highly 

related females, which favours the evolution of co-operative behaviour and kin selection 

(Hamilton 1964). High levels of natal site fidelity may be selected for under kin 

selection, where intrinsic benefits would result in increasingly cohesive breeding groups 

(Emlen 1994). This raises the possibility of more complex interactions among groups of 

related females such as kin-selected behaviours and social structure. These possibilities 

will be discussed below in the context of the evolution of this unique mating system and 

future research possibilities. 

The implications of this study for conservation management are profound. 

Under the guidelines of Moritz (1994a), each colony with a distinct group of mtDNA 

haplotypes should be defined as a management unit. This means that nearly every 
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individual colony of N. cinerea should be treated accordingly. It has been suggested that 

management decisions based solely on genetic criteria are likely to be misleading and 

inappropriate (Taylor & Dizon 1999). However, the clear distinctions evident in N. 

cinerea population structure negate this concern, especially the fact that female 

recruitment is solely from within the colony. The patterns of pup production and pup 

mortality show considerable variation between colonies, and between seasons for 

individual colonies. These patterns highlight the need for individual colony 

management, as no discernible pattern or trend is evident in demographic parameters 

across space or time, allowing for accurate predictions of population growth. 

N. cinerea displays unique life history strategies, which have resulted in a very 

defined population structure. The strong regional population structure appears to be of 

some antiquity, and may be related to climatic events such as changes in sea level and 

associated changes in breeding grounds and foraging areas. In combination with the 

finer scale population subdivision, this level of population structure suggests that 

localised adaptations may have evolved among isolated populations. Such mechanisms 

can reduce gene flow through outbreeding depression and maintain the fine scale 

population structure. This may have resulted in phenotypic variability among distinct 

populations over time, due to genetic drift or natural selection, as shown by variation in 

skull morphology of male Steller’s sea lions (Brunner 2002).  

It is possible that the extensive population subdivison among N. cinerea may be 

reinforced by behavioural mechanisms, such as site-specific foraging behaviours. Learnt 

foraging techniques and behaviours during the extended time to weaning may reinforce 

natal site fidelity among females. This may have resulted in identifiable differences in 

foraging behaviours and location of foraging habitats among colonies A connection 

between the natal colony and foraging habitats may act to increase the level of natal site 

fidelity among females. Over time, development of variability in the timing of breeding 
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events may have evolved in these small, isolated female populations due to genetic drift. 

In combination with the endogenously cued reproductive timing which may be under 

genetic regulation, strong reinforcing selection for female natal site fidelity would occur 

due to the cost of dispersal into an unfamiliar reproductive environment (Perrin & 

Mazlof 2000). 

The role of extinction and colonisation in determining genetic population 

structure has received little attention, with authors suggesting it may serve to either 

increase or decrease genetic differentiation (Wade & McCaughley 1988, Whitlock & 

McCaughley 1990). These processes have most likely had a strong influence on the 

patterns of population structure discerned in this study. A history of regional and 

localised extinction events has been recorded for N. cinerea, such as the extinction of all 

breeding colonies within the Bass Strait (Ling 1978, Ling 1999). These examples are 

most likely due to human activities and highlight the vulnerability of this species to 

disturbances. Analysis of population viability shows that the small colonies are 

particularly vulnerable to demographic stochasticity and possible extinction (Chapter 5). 

Though these data are not intended to be accurate estimates of the actual likelihood of 

extinction, they serve to establish the role of the extensive population subdivision in 

population viability. Estimation of Ne using demographic based methods also proved to 

be limited in accuracy, due mainly to the lack of specific life history data for this 

species.  

These limitations highlight the paucity of basic biological data for this species, 

and suggest that further research is needed to determine life history parameters. 

However, two important points must be considered prior to the development of research 

programmes. Firstly, invasive and repeated disturbance of breeding colonies to gain 

necessary biological data may have detrimental effects on small breeding colonies. 

Secondly, the mating system of this species varies between colonies to some extent 
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(Higgins 1993), and environmental factors and demographic parameters are likely to 

vary between colonies. Application of data collected from one or two colonies would 

have limited use in extrapolation for population wide trends, and could possibly lead to 

highly inaccurate viability assessment.  

Population monitoring has limited power to determine trends and prioritise 

which colonies warrant the greatest attention. However, this study does provide a 

framework that suggests small isolated populations such as the colonies on the west 

coast of Western Australia, and colonies on the south coast of Western Australia, such 

as Hauloff Rock and Red Islet are of the greatest concern to management authorities. 

Determining the role of N. cinerea in trophic interactions among the coastal shelf 

ecosystem is of paramount importance, given that it is a top order benthic predator. It is 

well understood that top-order predators are of crucial importance in marine ecosystems 

(Steinberg et al. 1995). For example, the decline of sea otters in the eastern Pacific 

Ocean has resulted in a precipitous decline in the kelp forests due to the relaxation of 

predation on sea urchins (Estes et al. 1998). Similar trophic cascades may occur if N. 

cinere is removed from the continental shelf ecossytem. The information gained from 

this study combined with further understanding of foraging behaviours and dietary 

composition of N. cinerea would be of great importance in conserving a single icon 

species (Australian sea lion), and a unique ecosystem (coastal shelf marine environment 

of the west and south coasts of Australia).  

The results of this study have shown that N. cinerea is unique among pinnipeds, 

an extremely subdivided population structure that reflects its life history characteristics. 

Further investigation of life history traits is integral to understand the viability and 

recovery of natural populations, however, recognition of the potential dangers of 

impacting breeding populations must be incorporated into any research programme. 

Possible genetic considerations in survivorship should also be addressed, such as levels 

 120



of variation in the MHC complex. This family of genes is primarily responsible for the 

cell surface proteins involved in immune responses (Harding 1996). They exhibit high 

levels of variability in many species, thought to be maintained by selection due to 

heterozygote advantage (Hughes & Nei 1989). Low levels of variability among the 

family of MHC genes may predispose a population to population crashes due to lowered 

resistance to disease (Caro & Laurenson 1994, Edwards & Potts 1996). Investigation of 

MHC genes in some marine mammal populations has revealed low variability, which 

may be due to low background pathogen levels (Slade 1992), or population bottlenecks 

(Hoelzel et al. 1999, Murray 1999). Pinniped populations are vulnerable to infectious 

viral diseases. An outbreak in 1988 of phocine distemper virus resulted in mortality 

rates of up to 60% among harbour seals in European colonies (Harwood 1990), and a 

current outbreak has claimed hundreds of animals at present (Jensen et al. 2002). These 

outbreaks and other high mortality events as reported in N. cinerea may in part be due 

to reduced variation in MHC genes among populations that have experienced 

population crashes, or genetic erosion due to drift. The many small populations of N. 

cinerea that display reduced levels of mitochondrial and nuclear DNA variability may 

be particularly vulnerable due to reduced variability in MHC genes. Small island 

populations of Australian bush rats exhibit genome-wide patterns of low genetic 

variation, including specific MHC genes, in most part due to genetic drift (Seddon & 

Baverstock 1999). Analysis of patterns of MHC variability among N. cinerea would 

provide an opportunity to study the selection processes at functional genes among small 

isolated populations. Diversifying selection driven by female mate choice to enhance 

MHC variation (e.g. pheasants- Von Schantz et al. 1996) may be in evidence in N. 

cinerea.  

Vulnerability of small populations due to stochastic demography and 

environmental processes may be increased in a low resource environment due to overlap 
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with commercial and recreational fishing concerns. Predictions of increased marine 

mammal extinction rates this century due to increased competition for resources are 

concerning (Demaster et al. 2001). Benthic foraging, as displayed by N. cinerea, has 

physiological limitations (Costa et al. 2001). This species shows physiological patterns 

in dive profiles indicative of metabolic extremes and appears to be working extremely 

hard compared to other pinniped species (Costa et al. 2001). As a species that is already 

hard pressed, competition for limited foraging resources, and potentially in the case of 

philopatry to certain foraging regions or habitats that may suffer over exploitation, may 

be detrimental. Juvenile age classes will be confined to shallower, near shore foraging 

areas due to physiological capacity. This may make this age class more vulnerable to 

competitive interactions and incidental bycatch. High mortality in juvenile age classes 

would obviously have impacts on population growth. Their ability to discover new 

foraging resources in the light of this could be reduced and as such adversely affect 

population viability. Additionally, the prevalence of benthic foraging may have had 

impacts on historical distribution and abundance during times of sea level fluctuation.  

The high rate of unique mitochondrial haplotype fixation acts as a birth mark for 

individuals. This specificity allows for the typing of individuals to their birth colony. 

This information could be used in mate choice studies to look at the natal site of 

reproductively active males and make estimations of gene flow between specific 

colonies. Extended analysis of mating patterns may provide a model for the correlate of 

F-statistics and estimates of gene flow (Nm), as this area of research is not only of 

primary academic importance, but has implications for conservation of this species. The 

high rate of female natal site fidelity may also have huge implications for the study of 

foraging behaviours and the evolution of altruistic behaviours. The few studies of 

Australian sea lion foraging behaviour have shown significant divisions among 
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individuals within a colony (Gales in prep.). It is possible that juveniles, especially 

female juveniles, learn and possibly inherit foraging areas from their mother.  

This study shows a fascinating interaction of biotic and abiotic factors in the 

evolution of reproductive behaviours and the constraints it places on population 

structure. These results pose as many questions as they answer and open the field for the 

examination of the evolution of such behaviours, their consequences for the mating 

systems involved and the long-term survival of this species.  
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APPENDIX I 
 
THERMAL CYCLING CONDITIONS 
Locus Pvc-E 
120 seconds(s) @ 92 C X 1 
30s @ 92 C, 30s @ 52 C, 30s @ 74 C X 32 
120s @ 74 C X 1 
 
Locus Pv-9  
120 seconds(s) @ 92 C X 1 
30s @ 92 C, 30s @ 54 C, 30s @ 74 C X 30 
120s @ 74 C X 1 
 
Loci Hg 4.2 and Hg 8.10 
120 seconds(s) @ 92 C X 1 
30s @ 92 C, 30s @ 54 C, 30s @ 74 C X 5 
30s @ 92 C, 30s @ 54 C, 30s @ 74 C X 27 
120s @ 74 C X 1 
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Locus Pvc-E

Colony (n )
129 131 133 135 137 139

Buller Is (1989) 0 0 0.591 0 0.409 0 11
Beagle Is (1989) 0 0 0.438 0 0.562 0 8
Nth. Fish'man Is (1989) 0 0 0.4 0 0.6 0 10
Six Mile Is (1989) 0 0 0.938 0 0.062 0 8
Spindle Is (1989) 0 0.417 0.167 0.333 0.083 0 6
Kangaroo Is (1989) 0 0 0 1 0 0 11
Buller Is (1998) 0 0 0.545 0 0.455 0 11
Beagle Is (1998) 0 0 0.429 0 0.571 0 14
Nth. Fish'man Is (1998) 0 0 0.553 0 0.447 0 19
Abrolhos Is 0 0 0.231 0 0.769 0 13
Haul-off Rock 0 0 0.364 0.5 0.136 0 11
Red Islet 0.318 0.136 0.318 0.227 0 0 11
Cooper Is 0 0 0.625 0.125 0.25 0 4
Kimberley Is 0 0.036 0.464 0.393 0.107 0 14
Glennie Is 0 0 0.909 0.091 0 0 11
Six Mile Is (1998) 0 0.045 0.682 0.136 0.136 0 11
Kangaroo Is (1999) 0 0 0 0.91 0.09 0 39
Dangerous Reef 0 0.017 0.19 0.638 0.138 0.017 29
West Is 0 0 0 1 0 0 1
North Pages 0 0 0 1 0 0 2
South Pages 0 0 0 1 0 0 3
Buller Is (1999) 0 0 0.5 0 0.5 0 8
Beagle Is (1999) 0 0 0.375 0 0.625 0 4
Nth. Fish'man Is (1999) 0 0 0.5 0 0.5 0 5
Six Mile Is (2000) 0 0 0.8 0.1 0.1 0 5
Kangaroo Is (2000) 0 0 0 1 0 0 2

Alleles
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Locus Hg 8.10

Colony
190 192 194 196 198 200 202 204 206 208 210 212 214

Buller Is (1989) 0.5 0 0 0 0 0 0 0 0 0.182 0.091 0.045 0.182
Beagle Is (1989) 0.833 0 0 0 0 0 0 0 0 0 0.111 0 0
Nth. Fish'man Is (1989) 0.55 0 0 0 0 0 0 0 0 0 0.1 0.05 0.25
Six Mile Is (1989) 0 0 0.188 0 0 0 0.125 0 0 0.562 0 0.125 0
Spindle Is (1989) 0 0 0.143 0.071 0.071 0 0.071 0 0 0.429 0.071 0.143 0
Kangaroo Is (1989) 0 0 0 0 0 0 0 0 0.227 0.636 0.136 0 0
Buller Is (1998) 0.667 0 0 0 0 0 0 0 0.042 0.208 0 0.083 0
Beagle Is (1998) 0.55 0 0 0 0 0 0 0 0 0.2 0.075 0.05 0.125
Nth. Fish'man Is (1998) 0.676 0 0 0 0 0 0 0 0 0.088 0 0.118 0.118
Abrolhos Is 0.846 0 0 0 0 0 0 0 0 0 0.077 0.077 0
Haul-off Rock 0 0 0 0 0 0.042 0 0.042 0.167 0.042 0 0.083 0.583
Red Islet 0 0 0.5 0 0 0 0 0 0 0 0.083 0.333 0
Cooper Is 0 0 0.167 0 0 0 0 0 0 0.333 0 0.5 0
Kimberley Is 0 0 0.231 0 0 0 0.038 0 0 0 0.115 0.462 0
Glennie Is 0 0 0.182 0 0 0 0.136 0 0.045 0.227 0.045 0.091 0.136
Six Mile Is (1998) 0 0.042 0.083 0 0 0 0.125 0.125 0.083 0.208 0.25 0.042 0
Kangaroo Is (1999) 0 0 0 0 0 0 0.013 0.038 0.064 0.128 0.5 0.154 0.103
Dangerous Reef 0 0 0 0 0 0 0 0.016 0.048 0.097 0.468 0.145 0.081
West Is 0 0 0 0.25 0 0 0 0 0 0.5 0 0.25 0
North Pages 0 0 0 0 0 0 0 0 0 0.167 0.5 0 0.333
South Pages 0 0 0 0 0 0 0.125 0 0.125 0.75 0 0 0
Buller Is (1999) 0.6 0 0 0 0 0 0 0 0 0.15 0.05 0.1 0.1
Beagle Is (1999) 0.455 0 0 0 0 0 0 0 0 0.136 0.182 0 0.227
Nth. Fish'man Is (1999) 0.812 0 0 0 0 0 0 0 0 0 0 0.125 0.062
Six Mile Is (2000) 0 0 0.05 0 0 0 0.1 0 0 0.55 0.1 0.05 0
Kangaroo Is (2000) 0 0 0 0 0 0 0 0.062 0.062 0.75 0.125 0 0

Alleles
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Locus Hg 8.10 (cont.) 

Colony (n )
216 218 220 222 224 226

Buller Is (1989) 0 0 0 0 0 0 11
Beagle Is (1989) 0.056 0 0 0 0 0 9
Nth. Fish'man Is (1989) 0.05 0 0 0 0 0 10
Six Mile Is (1989) 0 0 0 0 0 0 8
Spindle Is (1989) 0 0 0 0 0 0 7
Kangaroo Is (1989) 0 0 0 0 0 0 11
Buller Is (1998) 0 0 0 0 0 0 12
Beagle Is (1998) 0 0 0 0 0 0 20
Nth. Fish'man Is (1998) 0 0 0 0 0 0 17
Abrolhos Is 0 0 0 0 0 0 13
Haul-off Rock 0.042 0 0 0 0 0 12
Red Islet 0 0.083 0 0 0 0 6
Cooper Is 0 0 0 0 0 0 3
Kimberley Is 0 0.038 0.038 0 0.077 0 13
Glennie Is 0 0.045 0 0.091 0 0 11
Six Mile Is (1998) 0.042 0 0 0 0 0 12
Kangaroo Is (1999) 0 0 0 0 0 0 39
Dangerous Reef 0.016 0 0.048 0.016 0.032 0.032 31
West Is 0 0 0 0 0 0 2
North Pages 0 0 0 0 0 0 3
South Pages 0 0 0 0 0 0 4
Buller Is (1999) 0 0 0 0 0 0 10
Beagle Is (1999) 0 0 0 0 0 0 11
Nth. Fish'man Is (1999) 0 0 0 0 0 0 8
Six Mile Is (2000) 0.05 0 0.1 0 0 0 10
Kangaroo Is (2000) 0 0 0 0 0 0 8

Allele
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Locus Hg 4.2

Colony Alleles
153 157 167 169 173 175 177 179 181 183 185 187 189

Buller Is (1989) 0 0 0 0 0.708 0 0.125 0.167 0 0 0 0 0
Beagle Is (1989) 0 0 0 0 1 0 0 0 0 0 0 0 0
Nth. Fish'man Is (1989) 0 0 0 0 0.8 0.1 0 0.05 0.05 0 0 0 0
Six Mile Is (1989) 0 0 0 0 0.062 0.188 0 0.188 0 0 0.125 0.125 0.062
Spindle Is (1989) 0 0.1 0 0 0 0.3 0 0.2 0 0 0 0.3 0
Kangaroo Is (1989) 0 0 0 0.05 0 0.15 0 0.1 0.05 0.05 0.25 0.1 0.25
Buller Is (1998) 0 0 0 0 0.893 0.036 0 0.071 0 0 0 0 0
Beagle Is (1998) 0 0 0 0 0.917 0.056 0 0 0.028 0 0 0 0
Nth. Fish'man Is (1998) 0 0 0 0 1 0 0 0 0 0 0 0 0
Abrolhos Is 0 0 0 0 0.423 0 0.577 0 0 0 0 0 0
Haul-off Rock 0 0 0 0 0.111 0.111 0.056 0.5 0.056 0.111 0 0.056 0
Red Islet 0 0 0 0 0.182 0.182 0.045 0.136 0.136 0.091 0 0.182 0
Cooper Is 0 0.25 0 0 0 0 0 0.125 0 0 0.125 0.25 0.25
Kimberley Is 0 0 0 0 0.071 0.036 0 0.036 0.036 0.143 0.357 0.179 0.036
Glennie Is 0 0.091 0 0 0 0.091 0.045 0.136 0.091 0.045 0.091 0.136 0.045
Six Mile Is (1998) 0 0 0 0 0.05 0.1 0 0.15 0 0.05 0.5 0.05 0
Kangaroo Is (1999) 0 0 0 0 0.077 0.092 0 0.25 0.013 0.013 0.053 0.184 0.237
Dangerous Reef 0 0 0.015 0 0 0 0.045 0.136 0.091 0.197 0.121 0.106 0.136
West Is 0 0 0 0 0 0 0 0.25 0 0.5 0 0.25 0
North Pages 0 0 0 0 0 0 0 0.25 0 0 0 0.125 0
South Pages 0.083 0 0 0 0 0 0.083 0.083 0.083 0.167 0 0 0.083
Buller Is (1999) 0 0 0 0 1 0 0 0 0 0 0 0 0
Beagle Is (1999) 0 0 0 0 0.95 0.05 0 0 0 0 0 0 0
Nth. Fish'man Is (1999) 0 0 0 0 1 0 0 0 0 0 0 0 0
Six Mile Is (2000) 0 0 0 0 0 0.15 0 0.1 0.05 0.15 0.05 0.15 0
Kangaroo Is (2000) 0 0 0 0 0.25 0 0 0.25 0.1 0 0.05 0 0.25
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Locus Hg 4.2 (cont.) 

(n )
191 193 195 197 199 201
0 0 0 0 0 0 12
0 0 0 0 0 0 7
0 0 0 0 0 0 10

0.25 0 0 0 0 0 8
0.1 0 0 0 0 0 5
0 0 0 0 0 0 10
0 0 0 0 0 0 14
0 0 0 0 0 0 18
0 0 0 0 0 0 20
0 0 0 0 0 0 13
0 0 0 0 0 0 9

0.045 0 0 0 0 0 11
0 0 0 0 0 0 4

0.036 0.071 0 0 0 0 14
0.091 0.045 0.091 0 0 0 11
0.1 0 0 0 0 0 10

0.026 0 0 0.039 0.013 0 38
0.045 0.076 0.03 0 0 0 33

0 0 0 0 0 0 2
0 0 0.25 0 0.125 0.25 4
0 0.25 0.083 0.083 0 0 6
0 0 0 0 0 0 10
0 0 0 0 0 0 10
0 0 0 0 0 0 9

0.25 0.1 0 0 0 0 10
0 0 0 0.1 0 0 10
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Locus Pv-9

Colony
178 180 182 184 186 188 190 192 196 (n )

Buller Is (1989) 0 0 0 0.545 0.136 0.045 0.273 0 0 11
Beagle Is (1989) 0 0 0 0.95 0 0 0 0 0.05 10
Nth. Fish'man Is (1989) 0 0 0 0.722 0.056 0 0.222 0 0 9
Six Mile Is (1989) 0 0 0 0.25 0 0 0.75 0 0 4
Spindle Is (1989) 0 0 0 0.2 0 0 0.8 0 0 5
Kangaroo Is (1989) 0.045 0.045 0 0.818 0 0.045 0.045 0 0 11
Buller Is (1998) 0 0 0 0.889 0.056 0.056 0 0 0 9
Beagle Is (1998) 0 0 0 1 0 0 0 0 0 20
Nth. Fish'man Is (1998) 0 0 0 0.8 0.05 0 0.15 0 0 20
Abrolhos Is 0 0 0 1 0 0 0 0 0 14
Haul-off Rock 0 0.083 0 0.292 0.333 0.208 0.042 0.042 0 12
Red Islet 0 0 0.167 0.083 0.542 0.208 0 0 0 12
Cooper Is 0 0 0 0.125 0 0.5 0.375 0 0 4
Kimberley Is 0 0 0 0.071 0.25 0.571 0.107 0 0 14
Glennie Is 0 0 0.045 0.273 0 0.545 0.136 0 0 11
Six Mile Is (1998) 0 0 0 0 0 0.5 0.5 0 0 4
Kangaroo Is (1999) 0.023 0.023 0 0.614 0 0 0.341 0 0 22
Dangerous Reef 0 0.125 0 0.5 0.188 0.031 0.094 0.062 0 16
West Is 0 0 0.75 0 0 0.25 0 0 0 2
North Pages 0 0 0 0 0.833 0 0 0.167 0 3
South Pages 0 0 0 0 0.5 0 0.5 0 0 2
Buller Is (1999) 0 0 0 0.688 0.062 0.125 0.125 0 0 8
Beagle Is (1999) 0 0 0 0.955 0.045 0 0 0 0 11
Nth. Fish'man Is (1999) 0 0 0 0.778 0.222 0 0 0 0 9
Six Mile Is (2000) 0.091 0 0 0.318 0.045 0.273 0.273 0 0 11
Kangaroo Is (2000) 0 0 0 0.55 0.1 0.15 0.2 0 0 10

Alleles
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