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ABSTRACT 

 

Major threats to aquatic biodiversity include habitat modification, overfishing, the 

introduction of invasive species and climate change. Often, it is a combination of these 

factors that leads to declines in population size, and ultimately the extinction of wild 

populations. To help preserve aquatic biodiversity, and ensure a sustainable aquatic 

environment, different management strategies are used. These strategies include 

minimum size limits, the establishment of marine protected areas and the removal of 

invasive species. This thesis evaluates the impact of the implementation of various 

management strategies, as well as naturally occurring environmental factors, on the 

genetic composition of locally endemic species of crustacean, the western rock lobster, 

Panulirus cygnus and the hairy marron, Cherax tenuimanus.  

Panulirus cygnus is a species endemic to the Indo-West Pacific Ocean region, 

which supports the most valuable single fishery in Australia. To ensure the sustainability 

of the fishery, strict regulations are in place, including minimum size limits and a ban on 

catching egg-bearing (berried) females. These measures, and the heavy exploitation of 

the species, can result in selective fishing pressures that could lead to genetic changes. 

Additionally, the management of P. cygnus is assisted by an intensive research 

programme that includes, but it is not limited to, the measurement of the levels of puerulus 

(a late larval stage) settlement each season, which are highly correlated with catches 3 - 

4 years later. Since 2006/2007, puerulus recruitment has declined severely, with the level 

recorded in 2008/2009 being the lowest since monitoring began in 1968. Cherax 

tenuimanus is a critically endangered freshwater crayfish, endemic to the southwest of 

Western Australia. This species is under the threat of extinction due to the introduction 

and spread of its closely related sister species C. cainii.  

In Chapter 2, I evaluated the impact of size-selective harvesting on the frequency 

of multiple mating on P. cygnus by comparing marine protected zones (unexploited sites) 

and areas subject to recreational fishing (exploited sites) at Rottnest Island, Western 

Australia. Size-selective harvesting is expected to alter the patterns of multiple mating 

because in many species, including lobsters, body size often determines male mating and 

reproductive success. I found evidence of high levels of multiple mating by females 

(polyandry) at some sites (up to 52% of the mated females sampled) as well as some 

evidence of multiple mating by males (polygyny). However, there was no difference in 

the frequency of multiple mating between the exploited and unexploited zones, despite 
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these areas having significantly different male body size. This study also revealed no 

significant relationships between the mean or variance in male body size within sites and 

the frequency of multiple mating. These results suggest that size-selected harvesting at 

current levels has little impact on the mating system of P. cygnus, although more work is 

needed to understand the full impacts on the breeding system. 

In Chapter 3, I evaluated whether the cases of multiple mating observed in Chapter 

2 translated in multiple paternity. Specifically, I used microsatellite markers to compare 

patterns of multiple mating by females with realised paternity outcomes. The overall aim 

was to assess whether post-mating episodes of sexual selection were affecting fertilization 

outcomes in wild populations of P. cygnus. Surprisingly, my data provided limited 

evidence for multiple paternity; among the 24 clutches sampled in this study, only two 

clutches revealed evidence of multiple paternity. Single inferred paternal genotypes 

accounted for all remaining progeny genotypes in each clutch, including several instances 

when the mother had been shown to mate with two or more males. These findings raise 

the question of whether polyandry in P. cygnus is adaptive (i.e. does it allow females to 

ensure that sperm from intrinsically 'good' males win the race to fertilize their eggs) or is 

it merely a by-product of accumulated matings that take place throughout the breeding 

season?  

In Chapter 4, I used microsatellite markers to test whether the recent declines in 

puerulus recruitment and continued exploitation of the breeding stock has led to a loss of 

genetic diversity in P. cygnus. My data supported the hypothesis that the fishery consists 

of a single population, but provided no evidence of a loss in genetic diversity or 

fluctuations in allele frequency over a 21-year period spanning the episodes of low 

recruitment. A combination of life history traits, such as large effective population size, 

and effective management measures may have prevented the loss of neutral genetic 

diversity after the decline in puerulus settlement. 

Finally, in Chapter 5, I assessed the effectiveness of an introduced species removal 

program on the population structure of a critically endangered freshwater crayfish 

endemic to the southwest of Western Australia. Cherax tenuimanus is under the threat of 

extinction due to the introduction and spread of its closely related sister species Cherax 

cainii. Of particular concern is hybridization and introgression between the two species. 

In a bid to conserve the remaining C. tenuimanus populations, C. cainii and hybrids are 

being selectively removed. To evaluate the efficiency of the removal program, I examined 
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the levels of admixture in three sympatric populations over a period of three years. My 

results showed there was a slight increase in the proportion of pure C. tenuimanus in all 

three sites and that levels of genetic diversity within C. tenuimanus had not changed over 

the duration of the study. My study also revealed that misidentifications based on 

morphological characters were relatively common during the selective removal process. 

This is likely to have limited the impact in the removal program and highlights the 

importance of accurate methods for identifying species. 

Overall, my thesis provides an example of how crustaceans can be remarkably 

resilient in the face of heavy exploitation and the impacts of environmental factors. It also 

shows how some characters (e.g. body size) may respond quickly to changes in human 

activities, while others, such as the mating system, appear to be far less sensitive to 

change.  Lastly, my thesis draws attention to the importance of conservation programs 

aimed at limiting the impact of species introductions and the extinction risk they pose to 

endangered endemics. 

 

  



vi 

 

TABLE OF CONTENTS 

 

Thesis Declaration ……………………………...……………………………………ii 

Abstract …………………………………………………………….....……….....iii 

Table of Contents ………………………………………………………………..…vi 

Acknowledgments ………………………………………………………...…...…..viii 

Authorship Declaration: Co-Authored publications ………………………………..…ix 

Chapter 1. General Introduction …………………………………………………...1 

Introduction …………………………………………………………………...2 

Genetic effects of harvesting in natural populations …………………………...2 

Western Rock Lobster (Panulirus cygnus) …………………………………...5 

Impact and control of invasive species …………………………………………...8 

Marron, Cherax tenuimanus and Cherax cainii ……………………………….…10 

Molecular techniques as a tool to study evolutionary and conservation biology ….15 

Role of genetic monitoring in conservation and sustainable management ….16 

Knowledge gaps ………………………………………………………………….17 

Research objectives ………………………………………………………….18 

Thesis outline ………………………………………………………………….19 

Literature cited ………………………………………………………………….20 

Figures ………………………………………………………………………….30 

Chapter 2. Sanctuary zones have larger males, but no detectable impact on the 

frequency of multiple mating in the western rock lobster (Panulirus 

cygnus)…………………………………………………………………………………37 

Abstract …………………...……………………………………………………..38 

Introduction ………………………………...………………………………..39 

Methods ……………………………………...…………………………………..42 

Results  ………………………………………………………………….47 

Discussion ………………………………………………………………………….50 

Literature cited ………………………………………………………………….55 

Tables and figures ………………………………………………………………….60 

Chapter 3. High levels of polyandry, but limited evidence for multiple paternity, in 

wild populations of the western rock lobster (Panulirus cygnus) ………………….66 

Abstract ……………………...…………………………………………………..67 

Introduction ………………………………...………………………………..68 



vii 

 

Methods ……………………...…………………………………………………..71 

Results  ………………………………………………………………….75 

Discussion ………………………………………………………………………….76 

Literature cited ………………………………………………………………….80 

Tables and figures ………………………………………………………………….87 

Chapter 4. No evidence of a genetic bottleneck following seven consecutive years of 

low recruitment in the western rock lobster (Panulirus cygnus) ………………….91 

Abstract …………………………...……………………………………………..92 

Introduction ………………………………...………………………………..93 

Methods …………………………………………...……………………………..95 

Results  ………………………………………………………………….99 

Discussion ……………………………………………………………………...…101 

Literature cited …………………………………………...……………………105 

Tables and figures …………………………………………………………….......110 

Chapter 5. Assessing levels of admixture in managed and unmanaged populations: 

a required step to save the critically endangered hairy marron (Cherax 

tenuimanus).………………………………………………………………….………117 

Abstract …………………………...…………………………………………....118 

Introduction ………………………………...…………………………...….119 

Methods ……………………………………...……………………………...….122 

Results  ……………………………………………………………...…126 

Discussion ……………………………………………………………………...…129 

Literature cited …………………………………………………...……………135 

Tables and figures ………………………………………………………………...140 

Chapter 6. General discussion ………………………………………………...146 

Summary of main findings  ………………………………………………...147 

Limitations of research ……………………………………………………...…151 

Implications for management perspectives ……………………………….. 153 

Future research ………………………………………………………………...154 

Concluding remarks ………………………………………………………...156 

Literature cited ………………………………………………………………...158 

  



viii 

 

ACKNOWLEDGEMENTS 

 

I would like to thank my supervisors, Jason Kennington and Jon Evans, for their 

tremendous support, guidance and patience over the last three years. Special thanks for 

their statistical assistance and critical advice that greatly improved the writing of this 

thesis. 

I am thankful to Simon de Lestang, Jason How and Rodney Duffy, whose 

expertise in crustaceans largely benefited this thesis. I thank Simon and Jason for giving 

me the opportunity to participate in the fieldwork. It was great to be back in the field! 

Thanks also to Ben Hebiton and Kelvin Rushworth for their help on the boat.  

Special thanks to Yvette Hitchen for being so kind and supportive. Her help in the 

lab has been invaluable along the way. Also, thanks to my office mates, Jacob Berson, 

Tabitha Rudin-Bitterli, Soon Hwee Ng and Fabian Rudin for making our office a great 

workplace. 

I am grateful to the Graduate Research School, in particular to Juniper Sato and 

Gavin Fung. I am thankful for their support and kindness and for understanding that, 

behind an ID number, there is a person…and that life happens.  

I thank my funders. This research was supported by an Australian Government 

Research Training Program (RTP) Scholarship, by the UWA School of Biological 

Sciences and by The Holsworth Wildlife Research Endowment - Equity Trustees 

Charitable Foundation & Ecological Society of Australia. Also, thanks to the Department 

of Primary Industries and Regional Development who provided tissue samples for this 

thesis.  

Thanks to Karl for his support and encouragement throughout this journey. 

Special thanks to my kids for motivating me, cheering me up and understanding that I 

could not always go to the park with them. I am thankful for their “you can do it, mama!” 

They are my joy at the end of long days. 

Thanks to my sisters for their unconditional love and support, for always being 

there for me. Foremost, I thank my parents for fostering a family where education was 

valued and for the sacrifices they made to provide the best for their daughters. I will be 

forever grateful for their love, encouragement and support.  

 

 



ix 

 

AUTHORSHIP DECLARATION: CO-AUTHORED PUBLICATIONS 
 

This thesis contains work that has been accepted for publication and prepared for publication.  

 
Details of the work: 

To be submitted as Loo J, Evans JP, de Lestang S, How J & Kennington WJ. 

Sanctuary zones have larger males, but no detectable impact on the frequency of 

multiple mating in the western rock lobster (Panulirus cygnus). 
 

Location in thesis: 

Chapter 2 

  

Student contribution to work: 

 Data collection (laboratory): 70% 

 Analysis: 65% 

 Writing: 65% 
 

Co-author signatures and date:  

Jonathan Evans                    Simon de Lestang                    Jason How                    Jason Kennington              

     14/11/18                                  14/11/18                           14/11/18                           14/11/18 

 

 

 
Details of the work: 

Accepted by Ecology and Evolution as Loo J, WJ Kennington, de Lestang S, How 

J & Evans JP. High levels of polyandry, but limited evidence for multiple 

paternity, in wild populations of the western rock lobster (Panulirus cygnus). 
 

Location in thesis: 

Chapter 3 

 

Student contribution to work: 

 Data collection (laboratory): 100% 

 Analysis: 100% 

 Writing: 80% 
 

Co-author signatures and date:  

Jonathan Evans                    Simon de Lestang                    Jason How                    Jason Kennington              

     14/11/18                                  14/11/18                           14/11/18                           14/11/18 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

Details of the work: 

To be submitted as Loo J, Evans JP, de Lestang S, How J & Kennington WJ. No 

evidence of a genetic bottleneck following seven consecutive years of low 

recruitment in the western rock lobster (Panulirus cygnus). 
 

Location in thesis: 

Chapter 4 

 

Student contribution to work: 

 Data collection (laboratory): 100% 

 Analysis: 100% 

 Writing: 80% 
 

Co-author signatures and date:  

Jonathan Evans                    Simon de Lestang                    Jason How                    Jason Kennington              

     14/11/18                                  14/11/18                           14/11/18                           14/11/18 

 

 

 

 
Details of the work: 

To be submitted as Loo J, Duffy R, Evans JP & Kennington WJ. Assessing levels 

of admixture in managed and unmanaged populations: a required step to save the 

critically endangered hairy marron (Cherax tenuimanus). 
 

Location in thesis: 

Chapter 5 

 

Student contribution to work: 

 Data collection (laboratory): 100% 

 Analysis: 90% 

 Writing: 80% 
 

Co-author signatures and date: 

 

 

 

 

Rodney Duffy                             Jon Evans                              Jason Kennington              

     14/11/18                                  14/11/18                                      14/11/18                            

 

 

 

Student signature:

Date: 14/11/18 

 

 

I, Jason Kennington, certify that the student statements regarding their contribution to each of the 

works listed above are correct 

 

Coordinating supervisor signature:  

Date: 14/11/18 



1 

 

 

CHAPTER 1 

GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

INTRODUCTION 

Global biodiversity in freshwater and marine ecosystems is declining at high rates due to 

human activities such as habitat loss and degradation, overexploitation, and the 

introduction of invasive species (Pimm, et al. 2014; Pimm, et al. 1995). These factors can 

contribute to a loss of genetic variation, which can reduce the viability and evolutionary 

potential of populations (Frankham 2010). It follows that the maintenance of genetic 

diversity is now considered a major long-term goal in fisheries and wildlife management 

(Olsson 2007). Basic knowledge of genetic diversity and population structure, and 

understanding of the genetic changes and evolutionary responses of natural populations 

are key components of management. There is an urgent need to assess the impact of 

environmental changes and to evaluate the effectiveness of the strategies employed for 

the sustainable exploitation and conservation of natural populations. This thesis evaluates 

the impact of the implementation of various management strategies, as well as naturally 

occurring environmental factors, on the genetic composition of locally endemic species 

of crustacean, the western rock lobster, Panulirus cygnus and the hairy marron, Cherax 

tenuimanus.  

 

GENETIC EFFECTS OF HARVESTING IN NATURAL POPULATIONS 

Harvesting of natural populations in terrestrial and aquatic ecosystems occurs throughout 

the world. Such intense exploitation can cause changes in population structure, loss of 

genetic diversity and selective genetic changes (Allendorf, et al. 2008; Harris, et al. 2002). 

Understanding these changes is key for the development of management plans.  

Changes in population structure 

Many species are composed of subpopulations that are reproductively isolated to some 

degree. Harvest of natural populations can lead to changes in the genetic structure among 

populations by targeting individuals that represent a mixture of several subpopulations 
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(Allendorf, et al. 2008; Harris, et al. 2002). This can lead to the extirpation of one or more 

of these subpopulations, reducing overall productivity. Furthermore, a decline in the 

density of subpopulations may decrease the number of migrants among subpopulations, 

causing genetic drift and loss of genetic variation (Allendorf, et al. 2008; Harris, et al. 

2002). Exploitation can also cause genetic swamping, i.e. the loss of locally adapted 

alleles or genotypes, due to an increase in gene flow. Harvesting mixed populations is 

common in migratory species, which consist of stocks that breed in separate sites, but 

come together in feeding sites where they are exploited. For instance, mixed stocks of 

Pacific salmon Oncorhynchus ssp., which represent reproductively isolated 

subpopulations that spawn in freshwater, are harvested in the ocean (Hilborn, et al. 2003). 

Identifying the subpopulations that are being harvested is key for the design of 

management regulations that prevent their overexploitation.  

Loss of genetic diversity 

Genetic diversity refers to the variation in a DNA sequence between different individuals, 

which contributes to the ability of a species to respond to environmental changes and can 

be assessed by measures of heterozygosity and allelic diversity. (Ellegren and Galtier 

2016). Reduction of the population size due to harvesting can lead to a loss of genetic 

variation. Loss in genetic diversity can affect individual fitness (by a reduction in 

heterozygosity) due to inbreeding and the ability of the population to evolve in the future 

(primarily affected by a reduction in allelic diversity), resulting in an overall decline in 

productivity of the exploited population (Ryman, et al. 1995).  

A key parameter for the maintenance of genetic diversity is effective population 

size (Ne), the number of individuals in a population who contribute offspring to the next 

generation, as a reduction of Ne can lead to genetic drift and inbreeding (Allendorf, et al. 

2008; Hoelzel, et al. 2006). In many marine species, loss of genetic diversity occurs 

despite their large census population size (N) because Ne is often much smaller than N 
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(Allendorf, et al. 2008) due to factors that include variance in reproductive success, 

population flucutations through time and skewed sex ratios (Hauser, et al. 2002). Declines 

in genetic diversity have been reported in several exploited marine species, such as the 

orange roughy (Smith, et al. 1991), the North Sea cod (Hutchinson, et al. 2003), the New 

Zealand snapper (Hauser, et al. 2002), and plaice (Horau, et al. 2005). Furthermore, a 

meta-analysis reported that overfished species have approximately 2% lower 

heterozygosity and 12% lower allelic richness than closely related species that are not 

overfished (Pinsky and Palumbi 2014). These studies indicate that overfishing can lead 

to the reduction of genetic diversity across a wide range of marine species, despite their 

large population size.  

Selective genetic changes 

Harvesting of natural populations is usually non-random, with individuals of certain 

phenotypes, for example larger individuals, being more likely to be targeted than others 

are (Allendorf and Hard 2009; Heino, et al. 2015; Law 2000). Such selective exploitation 

will result in evolutionary change if the selected phenotype has a genetic basis (Heino, et 

al. 2015; Law 2000). For example, the common practice in fisheries of harvesting larger 

individuals has been related to evolutionary changes, such as slower growth, earlier adult 

maturation and smaller size in several exploited fish populations (Conover, et al. 2006; 

Consuegra, et al. 2005; Olsen, et al. 2004; Quinn, et al. 2006; Swain, et al. 2007).  

Selective harvesting has the potential to affect mating systems and sexual 

selection by targeting traits that increase mating success, such as large size or elaborate 

weapons from those of the breeding pool (Allendorf and Hard 2009; Rowe and Hutchings 

2003). Sexual selection affects traits that increase mating success (Andersson 1994), 

including traits that improve males fighting ability, such as horns and claws  (Berglund, 

et al. 1996; Emlen, et al. 2005; Jenssen, et al. 2000; Lappin, et al. 2006; Pratt, et al. 2003; 

Vanhooydonck, et al. 2005); traits that improve mating success during courtship, such as 
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ornaments (McGlothlin, et al. 2005); or traits involved in both, such as body size 

(Berglund, et al. 1996; McGlothlin, et al. 2005). Selective variation will impose direct 

selection against particular traits by targeting individuals with sexually selected traits; and 

indirect selection by affecting the distribution of traits under sexual selection (Hanlon 

1998; Hutchings and Rowe 2008) by decreasing population size or by favouring a 

particular trait (Hard, et al. 2008). Thus, selective exploitation can change both the means 

and variability of traits that determine mating and reproductive success. This can affect 

the dynamics of courtship and mate selection, which may result in a reduction of mating 

success and productivity (Allendorf and Hard 2009). 

Fisheries and wildlife management usually protect the young and females, 

targeting the larger males. Selective harvesting of males can affect sexual selection by 

altering the operational sex ratio, i.e. the ratio of fertilizable females to sexually active 

males at any given time (Emlen and Oring 1977). In this case, it is expected that the 

females will become less choosy in mate choice and more aggressive in competition for 

males (Emlen and Oring 1977). For example, a study of two-spotted gobies (Forsgren, et 

al. 2004) revealed that a skewed sex ratio toward females, caused by a large decline in 

male abundance, resulted in a reversal of “sex roles’, from male-male competition to 

female-female competition and actively courting females.  

 

WESTERN ROCK LOBSTER (Panulirus cygnus)  

Distribution and life history  

The western rock lobster (Panulirus cygnus) is endemic to the Indo-West Pacific Ocean 

region. It is found in temperate to subtropical waters along the Western Australian 

coastline, ranging from Exmouth (21° 55′ 59″ S, 114° 7′ 41″ E) in the north to Albany in 

the south (35° 1′ 22″ S, 117° 52′ 53″ E) (Phillips, et al. 2013) (Fig. 1.1). The life cycle of 

P. cygnus is described in detail elsewhere (Bellchambers, et al. 2017; Chittleborough 
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1976; Phillips, et al. 2013). Briefly, the spawning season commences in early spring, 

when males attach their spermatophores (sperm packets, typically termed ‘tar spots’) to 

the sternums of receptive females (Fig. 1.2). Fertilization takes place when females 

extrude eggs and scratch the spermatophoric mass to release motile sperm. After 

successful external fertilization, females carry the eggs attached to their abdomen for a 

period of 5 – 8 weeks. Remnants of the attached tar spots remain until they are either 

covered by a second mating or removed during moulting (de Lestang and Melville-Smith 

2006). The life cycle of P. cygnus (Fig. 1.3) includes a long (~9-11 months) oceanic larval 

phase, during which natural mortality is high. After hatching, the planktonic phyllosoma 

larvae disperse as far as 1500 km offshore. Helped by winds and currents, the larvae 

subsequently return to the continental shelf where the final-stage larvae metamorphose 

into the free-swimming ‘puerulus’ stage, which swim towards shore and settle on shallow 

coastal reefs. The settlement of puerulus occurs throughout the year, and can vary greatly 

from year to year due to environmental factors. After a few days, puerulus moult into a 

benthic juvenile stage, which are more prevalent in shallow coastal reefs, where they 

remain for 3 - 4 years. Larger juveniles migrate offshore in November to January each 

year. They reach maturity in depths of 30 – 150 m, where mating takes place.  

Fisheries and management 

Panulirus cygnus supports the most valuable single fishery in Australia, with an estimated 

value of AUD $200 - $400 million per year (de Lestang and Rossbach 2017). Until 

recently, the annual commercial catch has oscillated between 8000 to 14500 t (de Lestang 

and Rossbach 2017), which represents estimated exploitation rates larger than 70% of the 

legal-sized biomass for some years (Wright, et al. 2006). Additionally, recreational 

fishers take about 225 t a year (de Lestang, et al. 2009). Since the 1960s, strict regulations 

have been set to ensure the sustainability of the fishery, including a limited fishing season, 

a minimum size limit (carapace length of 76 mm) that provides protection to juveniles of 
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both sexes, and the protection from fishing of female lobsters carrying eggs or with 

spermatophoric masses (Phillips, et al. 2013). These measures and the heavy exploitation 

of the species have resulted in selective fishing pressures that could lead to genetic 

changes. For example, in P. cygnus, size at sexual maturity has declined remarkably over 

the past 35 years, probably as an evolutionary response to the selective removal of large 

males combined with high exploitation rates and increases in water temperature over that 

period (Melville-Smith and De Lestang 2006). 

Additionally, the management of P. cygnus is assisted by a very intensive research 

programme that includes, but it is not limited to, the measurement of the levels of puerulus 

settlement each season (Phillips, et al. 2013). These settlement levels are highly correlated 

with catches 3 - 4 years later (Phillips 1986) and therefore represent a powerful tool to 

predict future catches and to manage the fishery accordingly. Since 2006/2007, levels of 

puerulus recruitment have declined severely, with the level recorded in 2008/2009 being 

the lowest in the long-term data series monitored since 1968 (Caputi, et al. 2010). Recent 

work has revealed that variation in puerulus settlement is related to the timing of 

spawning, storm activity and offshore water temperatures (de Lestang, et al. 2014). This 

explanation for the decline in puerulus settlement is further supported by the latest 

available data (2013/2014), which revealed increased levels of settlement corresponding 

to a later breeding season in 2012 and very frequent storms in 2013 (de Lestang, et al. 

2014).  

Finally, in response to the current threats to marine ecosystems, marine protected 

areas (MPAs) have been established. These areas provide a place for exploited species to 

recover and for habitats affected by fishing to regenerate (Gell and Roberts 2003). Within 

the boundaries of marine reserves, individuals are expected to grow larger, develop 

increased reproductive potential and live longer, while populations are expected to 

increase in size (Bohnsack 1998). Beyond the boundaries, surrounding fisheries are 
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predicted to benefit by the net emigration of juveniles and adults (spillover) and export 

of pelagic eggs and larvae (Bohnsack 1998; Gell and Roberts 2003). The available 

evidence suggests that marine reserves can have profound positive effects on populations, 

including a sustained build-up of biomass and increase in the abundance and average size 

of exploited individuals (Gell and Roberts 2003; Halpern and Warner 2002). 

Furthermore, marine reserves can be used as research sites for monitoring unfished 

populations.  

 

IMPACT AND CONTROL OF INVASIVE SPECIES  

Invasive species endanger ecosystems and habitats and are considered a major factor in 

driving the decline in global biodiversity (Brook, et al. 2008; Clavero and García-Berthou 

2005). Invasive species threaten native species through competition, predation, diseases 

and hybridization (Simberloff 2005). These actions can result in the decline and 

extinction of native species, for example  Clavero and García-Berthou (2005) reviewed 

the extinctions listed in the IUCN Red List database and found that of 680 extinct animal 

species, causes could be assigned for 170 (25%), of which 91 (54%) included the effects 

of invasive species. 

Given the severe impact that invasive species can cause to ecosystems, habitats 

and species, there is an urgent need to develop strategies to prevent their introduction and 

control or eradicate them (Gherardi 2007). Several factors can contribute to the success 

of the control and eradication of invasive species include: (1) early detection and a rapid 

response; (2) the reduction of the population density of the invasive species to a threshold, 

the Allee threshold (Keitt, et al. 2001), below which the population is no longer self-

sustaining; (3) a relatively small area of invasion; (4) absence of potential sources of 

recolonization by the invader and  (5) adequate funds (Gherardi, et al. 2011).  
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Eradication (i.e. complete removal of the invasive species) has been more 

successful in mammals, compared to aquatic organisms, due to their large size and 

relatively small population size (Simberloff 2014). In aquatic organisms, eradication has 

proven particularly difficult, except when the affected populations are restricted to a small 

enclosed body of water, such as lakes. Factors affecting successful removal in aquatic 

organisms include: difficulties detecting the range of the invader; dispersal capacities of 

most aquatic species; and limitations of the removal techniques (for example, pesticides 

and herbicides become diluted very quickly by currents) (Simberloff 2014). This 

highlights the importance of rapid response once an aquatic invasion is detected. For 

example, eradication of the Caribbean black-striped mussel (Mytilopsis sallei) succeeded 

due to the early detection of the invasion and a rapid response that removed the invader 

before it spread beyond an original enclosed site (Bax, et al. 2002). When eradication 

fails or is no longer feasible, several methods can be used, alone or combined, to maintain 

invasive populations at low numbers. These methods include mechanical removal, 

physical methods, biological control methods, biocides and autocidal methods. 

Introduction of non-indigenous crayfish species (NICS) has been extremely 

widespread throughout the world (Gherardi, et al. 2011; Perry, et al. 2001). Although the 

introduction of crayfish has been sometimes accidental, most of the times it has been 

deliberate for aquaculture, food, as aquarium pets, and as live bait (Lodge, et al. 2000). 

Once introduced and kept in outdoor pools, crayfish usually scape (Hobbs, et al. 1989) 

and some are able to establish self-sustaining populations in the invaded habitat, where 

they can remain localized in the site of introduction or spread widely, becoming invasive 

(Kolar and Lodge 2001). Crayfish are good candidates for invading aquatic systems due 

to their capability to integrate into many levels of the web food and to persist on the 

energy reserves of the detrital pool (Moyle and Light 1996). Some species spread easily 

due to their ability to stay out of the water for long periods of time (Gherardi 2007). 
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Control and eradication of NICS can be extremely difficult and expensive, since NICS 

can be hard to detect and disperse rapidly (Gherardi, et al. 2011).  

Freshwater crayfish ecological role and potential as invasive species 

Crayfish are among the largest and longest-lived invertebrate species in freshwater 

environments (Gherardi, et al. 2011). Most species are polytrophic, feeding on a wide 

variety of foods that include benthic invertebrates, detritus, macrophytes and algae 

(Nyström, et al. 1996). In turn, they are consumed by several species including otters, fish 

and birds (Hill and Lodge 1994). Furthermore, crayfish act as major processors of organic 

material that consume and break organic material consumed by other aquatic 

macroinvertebrates (Anderson and Sedell 1979; Huryn and Wallace 1987; Parkyn, et al. 

1997; Usio and Townsend 2001). Because of their central role in food web dynamics, 

they are considered keystone species (Hill and Lodge 1995). Consequently, their 

elimination can severely impact the ecosystem. For instance, the loss of Astacus astacus 

from ponds in Sweden, due to a plague by the crayfish Aphanomyces astaci, caused 

substantial increased in macrophyte growth, as well as in the abundance of molluscs, 

leeches and tadpoles (Abrahamsson 1966). Similarly, translocation of crayfish can have 

severe negative consequences to the ecosystem. For instance, introductions of Orconectes 

rusticus, Pacifastacus leniusculus and Procambarus clarkii have caused a decline in the 

abundance of macrophytes and in the reproductive success of large fish species (due to 

crayfish consuming fish eggs) (Hogger 1988; Huner 1988; Lodge, et al. 1985). 

 

MARRON, Cherax tenuimanus AND Cherax cainii 

Freshwater crayfish in the southwest of Western Australia 

The southwest of Western Australia has been identified as a biodiversity “hotspot” due 

to its exceptional concentration of endemic species (Morgan, et al. 2011). The unique 
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biodiversity of this region is the result of millions of years of isolation by deserts and the 

Southern and Indian Oceans (Morgan, et al. 2011). The freshwater ecosystems in this 

region include rivers, streams and wetlands, which are home to 11 species of freshwater 

crayfish that include six species of the genus Cherax (C. tenuimanus, C. cainii, C. 

quinquecarinatus, C. preissii, C. crassimanus and C. glaber), and five species of the 

genus Engaewa (E. subcoerulea, E. reducta, E. similis, E. walpolea, and E. 

pseudoreducta (Morgan, et al. 2011). All these species are endemic to the Southwest 

Coastal Drainage Division (Horwitz and Adams 2000; Riek 1967). Main threats to these 

animals are habitat destruction, pollution, introduction of invasive species and human 

exploitation (Coughran and Furse 2012). Other potential threats include reduction in 

rainfall, surface flows and groundwater levels due to climate change. Of the eleven 

species listed above, E. reducta and walpolea are listed on the IUCN Red List as 

endangered, and E. pseudoreducta and C. tenuimanus as critically endangered (Morgan, 

et al. 2011). In this thesis, I will focus on the hairy marron C. tenuimanus and the threat 

it faces due to the introduction of the smooth marron, Cherax cainii.  

Distribution and life history 

Cherax cainii (smooth marron) and Cherax tenuimanus (hairy marron) are two closely 

related species of freshwater crayfish, endemic to the south-west of Western Australia. 

The most widespread species, C. cainii, is found in most south-west rivers of Western 

Australia, where it is exploited extensively for recreational fishing and aquaculture 

(Morrissy 1978). In contrast, the distribution of C. tenuimanus is restricted to the upper 

reaches of Margaret River, a 60 km riverine system in Western Australia (Austin and 

Ryan 2002) (Fig. 1.4).  

The spawning season of marron commences in early spring. Females lay eggs 

(between 200 and 400, although large females may produce up to 800) from gonopores 

located on the base of the second pair of walking legs into a brood chamber beneath the 
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abdomen. During mating, males deposit a spermatophore on the ventral surface of the 

female, which is used to fertilize their eggs. After successful fertilization, females carry 

the eggs attached to their swimmerets for a period of 12 - 16 weeks. The eggs hatch into 

larvae that hang under the mother’s tail, clinging to fine hairs. The larvae remain there 

for several weeks and undergo several moults. By summer, they become free-swimming 

juveniles and separate from their mother. Small juvenile marron are highly vulnerable to 

predation from other animals, and cannibalism by larger marron. Marron usually reach 

sexual maturity at two to three years of age (Morgan, et al. 2011). 

Morphology 

Although Cherax tenuimanus and C. cainii were originally described as a single species 

(Smith 1912), they are now recognised as two species based on differences in 

morphological characteristics (Austin 1986) (Fig. 1.5) and based on allozyme data 

(Austin 1986). The marron endemic to the Margaret River was named C. tenuimanus and 

was distinguished by a central ridge on the carapace (the median carina) that is continuous 

to the cervical groove, a thorax without numerous tubercles, and a carapace covered with 

clusters of setae, which gives it his common name “hairy marron” (Austin and Ryan 2002; 

Austin 1986). Its more widespread congener was classified as C. cainii and is identifiable 

by a median carina that does not extend to the cervical groove, but is raised more 

prominently than in C. tenuimanus. It is also distinguished from C. tenuimanus by the 

presence of numerous distinct tubercles on the thorax and an absence of distinct long 

setae, giving it its common name of “smooth” marron (Austin and Ryan 2002; Austin 

1986). Subsequent molecular analyses based on mitochondrial and microsatellite data 

support the classification of C. tenuimanus and C. cainii as separate species (Guildea, et 

al. 2015; Munasinghe, et al. 2003; Nguyen, et al. 2002).  
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Threats to C. tenuimanus 

Prior to 1980, only C. tenuimanus was present in the Margaret River (Austin and Ryan 

2002). In the early 1980s, C. cainii invaded Margaret River and displaced C. tenuimanus 

from the lower and middle reaches of the river within 13 years (Austin and Ryan 2002; 

De Graaf, et al. 2009) (Fig 1.6). It remains unknown if the introduction of C. cainii was 

from a single event, multiple events or even if it is still ongoing (Duffy, et al. 2014). 

However, C. cainii has continued to expand its range and it is now found in sympatry 

with the remaining populations of C. tenuimanus (Bunn 2004; De Graaf, et al. 2009).  

Hybridization is considered one of the major threats to the C. tenuimanus 

population. Evidence for hybridization between the two species has been reported in 

several studies based on morphology and genetics (Austin and Ryan 2002; Bunn 2004; 

Guildea, et al. 2015). A recent genetic study has shown that C. tenuimanus and C. cainii 

interbreed, and that the last stronghold of C. tenuimanus in the upper reaches of the 

Margaret River now consists of both species and a high proportion of hybrids (Guildea, 

et al. 2015). However, it has also been reported that the level of hybridization between 

the two species in the upper reaches of the Margaret River is much lower than expected 

under the assumption of random mating (Austin and Ryan 2002; Guildea, et al. 2015). 

Furthermore, in areas where C. tenuimanus have been completely replaced, hybrids are 

absent (Bunn 2004). The impact of competition and other interactions between the two 

species in the natural remain unknown (reviewed in Duffy, et al. (2014). Still, the 

presence of C. cainii in the Margaret River is considered the main threat to C. tenuimanus 

survival. 

Cherax tenuimanus requires relatively good quality water and it is sensitive to 

high salinity, low oxygen and high temperatures. Unfortunately, poor water quality, 

salinity, low rainfall and environmental degradation in the upper and lower reaches of 
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Margaret River may be contributing to the reduction of C. tenuimanus’ range (De Graaf, 

et al. 2010).  

Conservation status of C. tenuimanus 

Cherax tenuimanus was classified as critically endangered at the state level under the 

Western Australian Naturallife Conservation Act 1950 in 2005 and at the national level 

under the Commonwealth of Australia Environmental Protection and Biodiversity 

Conservation Act in 1999 in 2006. Internationally, the IUCN lists C. tenuimanus as 

critically endangered, i.e. considered to be facing an extremely high risk of extinction in 

the natural (Austin and Bunn 2010). 

The Western Australian Department of Fisheries developed a recovery plan for C. 

tenuimanus that outlines ongoing and future actions, including removing C. cainii and 

their hybrids from the upper reaches of the Margaret River, revegetating stream backs 

where C. tenuimanus still occurs, and re-stocking parts of the river with captive-bred C. 

tenuimanus from the Department of Fisheries Pemberton hatchery. The program aims are 

to increase the proportion of C. tenuimanus to more than 40% of the marron population 

in each of Boomerang, Long and Canebrake Pools, to establish a self-sustaining breeding 

program with at least 1000 breeding animals and to establish at least one self-sustaining 

C. tenuimanus population within the Margaret River catchment (Duffy and Day 2016). 

Given the growing concern that genetic introgression between C. tenuimanus and 

C. cainii will lead to the extinction of the remaining C. tenuimanus population (Guildea, 

et al. 2015), the Department of Fisheries of Western Australia has been carrying out the 

removal of C. cainii from all three pools where C. tenuimanus occur. Such removal is 

expected to decrease the competition with C. tenuimanus and reduce the chance of 

hybridization (Duffy and Day 2016). The removal program, however, faces some 

challenges, for instance traps are biased towards males and large individuals (Gherardi, 

et al. 2011). The bias in the size of captured individuals seems to be related to the elusive 



15 

 

and cryptic behaviour of juveniles that avoid cannibalism by adults (Guan and Wiles 

1996). Females, and in particular ovigerous females, are less active than males (Lowery 

1988), and thus less likely to enter traps (Cullen, et al. 2003). Hence, improvement of trap 

design would increase removal efficacy. Removal is further complicated by difficulties 

of species identification of juveniles and hybrids in the field.  

Further actions of the recovery plan are detailed in Duffy and Day (2016). Briefly, 

to provide insurance against species extinction in the short term and to support restocking 

and translocation activities in the future, a captive breeding population of C. tenuimanus 

is maintained at the Pemberton Freshwater Research Centre, in Pemberton, which is 

managed by the Department of Primary Industries and Regional Development (DPIRD). 

Additionally, there are plans to increase the number of populations in the natural by 

establishing “Ark sites”, where genetically identified individuals will be used to populate 

isolated water bodies on the Margaret River catchment in which C. cainii does not occur. 

Other measures include a fishing ban in the upper reaches of the Margaret River that has 

been in place since 2002, although evidence of poaching is still found, and a partnership 

with community groups to increase awareness and engagement in the removal plan. 

Monitoring the outcome of these measures is required to identify areas of weakness and 

to adjust the implementation of the plan.  

 

MOLECULAR GENETICS AS A TOOL TO STUDY EVOLUTIONARY AND 

CONSERVATION BIOLOGY 

Over the past century, a variety of molecular genetic markers have been developed, such 

as mitochondrial DNA, variable number of tandem repeat loci (minisatellites and 

microsatellites) and single nucleotide polymorphisms (SNPs). Theses genetic markers 

have been used extensively in studies investigating the evolution of behaviour and 

population structure (Hoelzel, et al. 2002). Among the wide range of molecular markers 
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currently available, microsatellites have become increasingly common in population, 

conservation and evolutionary studies. Microsatellite markers, also known as short 

tandem repeats (STRs), consist of a repeated motif of DNA, which are scattered 

throughout eukaryotic genomes (Ciofi, et al. 1998). They are codominant, follow a simple 

mode of Mendelian inheritance, and are highly polymorphic due to variation in the 

number of tandem repeats within an array and caused by high mutation rates (Chistiakov, 

et al. 2006; Ciofi, et al. 1998). Furthermore, alleles at microsatellite loci can be amplified 

from small samples of genomic DNA. These features make them a very powerful tool for 

determining relatedness, assessing mating systems, and elucidating population variation 

and structure (Whitehead, et al. 2000). Microsatellites also allow identification of 

individuals and duplicate samples, which is key for the analysis of migratory movements 

and population size (Palsbøll, et al. 1997). In this thesis, microsatellites are used for 

individual identification, paternity analysis, quantifying genetic diversity and 

investigating population structure analysis.  

 

ROLE OF GENETIC MONITORING IN CONSERVATION AND 

SUSTAINABLE MANAGEMENT 

Genetic monitoring is a valuable tool for monitoring and managing wild populations in a 

rapidly changing environment. Genetic monitoring refers to the quantification of 

temporal changes in population genetic metrics using molecular markers (Schwartz, et al. 

2007). Through the identification of individuals, populations and species, diagnostic 

markers allow monitoring abundance, vital rates (e.g. survival and recruitment), 

geographic ranges and hybridization. Additionally, genetic markers can also be used to 

quantify patterns of genetic variation or differentiation using measures that include 

observed and expected heterozygosity, the number of alleles per locus and effective 

population size (Schwartz, et al. 2007, Tallmon, et al. 2010).  
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Effective management and conservation of wild populations depends on the 

timely information regarding the effects of natural and anthropogenic factors. Given that 

archived material is available (e.g. museum samples), genetic monitoring allows to 

evaluate population characteristics of conservation concern before and after the start of 

management and conservation programs (Schwartz, et al. 2007). This provides a rich 

source of information for more effectively guiding management decisions, monitoring 

the impact of human activities including changes in policy, and providing more insight 

into fundamental biological processes such as responses to global climate change 

(Allendorf, et al. 2008). 

For my thesis research, I used genetic monitoring techniques to determine the 

extent of genetic changes that have occurred in association with management policies for 

the sustainable use of P. cygnus and for the conservation of C. tenuimanus. 

 

KNOWLEDGE GAPS 

Despite the socio-economic importance of Panulirus cygnus in Australia, there are still 

many aspects of lobster mating systems and reproductive behaviour that remain poorly 

understood, with much of our information coming from observations conducted under 

laboratory controlled conditions (Chittleborough 1976, 1974). Furthermore, the genetic 

impact of selective harvesting in P. cygnus has not been thoroughly investigated, with 

only a limited number of studies focused on the effect in body size (Babcock, et al. 2007) 

and size at sexual maturity (Melville-Smith and De Lestang 2006). Commercial fisheries 

inflict an ever-growing pressure on natural populations of targeted species. The 

consequences of this pressure, in particular the potential to cause undesirable evolutionary 

changes, are not always fully understood. The incorporation of evolutionary 

considerations is a critical component of an effective sustainable management strategy 
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because heavy and selective exploitation may be removing phenotypes that are the most 

favoured by natural and sexual selection in nature.  

In the case of marron, several studies have supported the main role of 

hybridization and introgression in the decline of the C. tenuimanus population (De Graaf, 

et al. 2009; Guildea, et al. 2015; Horwitz 1995). However, the effective management to 

prevent extinction of C. tenuimanus requires the monitoring of the outcomes of recovery 

actions. The effectiveness of the removal of the introduced C. cainii and their hybrids has 

yet to be determined. Quantification of temporal changes in levels of admixture of the 

populations of marron will determine whether the proportion of C. tenuimanus has 

changed since the commencement of the removal program. Such assessment needs to be 

based on genetic markers due to difficulties of identify pure species and hybrids based on 

morphological characteristics. Such information is critical to evaluate whether the goals 

set for the recovery of C. tenuimanus are being reached or there is a need to implement 

new actions, as rapid and effective responses increase the chances of survival of the 

species.  

 

RESEARCH OBJECTIVES 

This thesis had to primary objectives. The first one was to evaluate whether selective 

harvesting and low levels of recruitment have cause changes in the mating system and led 

to a decline in the levels of genetic diversity of natural populations of Panulirus cygnus. 

The second one was to evaluate the effectiveness of the removal of the introduced 

crayfish, Cherax cainii, in aiding the recovery of the native and critically endangered 

Cherax tenuimanus. My specific aims were: 

a. To investigate the impact of size-selective harvesting on the mating system of P. 

cygnus by comparing the frequency of multiple mating in exploited and unexploited 

sites (Chapter 2). 
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b. To calculate the frequency of multiple mating and patterns of paternity in natural 

populations of P. cygnus (Chapter 3). 

c. To investigate the impact of an extended period of low recruitment on genetic 

variation of P. cygnus and to look for evidence of a genetic bottleneck (Chapter 4). 

d. To assess levels of admixture (proportion of pure C. tenuimanus and C. cainii and 

hybrids) before and after the removal program commenced in three populations of 

marron from the Margaret River (Chapter 5). 

e. To evaluate levels of genetic diversity of C. tenuimanus and the introduced C. cainii 

(Chapter 5). 

f. To determine the accuracy of field identification of marron species and hybrids in the 

Margaret River (Chapter 5).  

 

THESIS OUTLINE 

This thesis adheres to the rules of the Postgraduate and Research Scholarship Regulation 

1.3.1.33(1) of the University of Western Australia, Australia, and is presented as a series 

of scientific papers, which include independent sections of Abstract, Introduction, 

Material and Methods, Results, Discussion and References. One manuscript has been 

accepted for publication and is included as a PDF, one other paper has been submitted for 

publication and the remaining two are ready for submission. This thesis is composed of 

six chapters: Chapter 1 is a general introduction, Chapters 2 to 5 are data chapters and 

conclusions are drawn in Chapter 6. The general discussion summarizes the main findings 

reported in this thesis, draws together key conclusions and highlights areas for further 

research.  
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Figure Legends 

Figure 1.1. Distribution of Panulirus cygnus along the Western Australian coastline. 

Figure provided by the Department of Primary Industries and Regional Development, 

Western Australia. 

Figure 1.2. Life history of the western rock lobster (Panulirus cygnus). Figure provided 

by the Department of Primary Industries and Regional Development, Western Australia. 

Figure 1.3. a. Spermatophore attached to female. b. Egg-bearing female. Pictures 

provided by the Department of Primary Industries and Regional Development, Western 

Australia. 

Figure 1.4. Current distribution (yellow circle) of C. tenuimanus within the Margaret 

River Catchment. Original distribution is assumed to be all suitable waters within the 

catchment. Figure provided by the Department of Fisheries, Western Australia. 

Figure 1.5. Morphological differences in median carina and setae development of hairy 

marron (Cherax tenuimanus Smith, 1912) and smooth marron. Taken from De Graff, et 

al. 2009. 

Figure 1.6. A, Margaret River catchment and division in lower (residential), middle 

(agricultural), and upper (forest) reaches; B, historical changes in the proportion of hairy 

marron (Cherax tenuimanus Smith, 1912) in the lower, middle, and upper reaches of 

Margaret River. Data for lower reaches in 1979, 1981, 1985, 1992, 1998 from Austin & 

Ryan (2002), and 2002 from Bunn (2004); data for middle reaches in 1998 from Austin 

& Ryan (2002), and 2002 from Bunn (2004); data for upper reaches in 1995 from Imgrund 

(1998) and 2002 from Bunn (2004); C, changes in the proportion of hairy marron in 

November 2005 and January 2008 with increasing distance to the mouth of the river. 

Taken from De Graff, et al. 2009. 
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Figure 1.2 
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Figure 1.3 
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Figure 1.4 
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Figure 1.5 
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Figure 1.6 
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CHAPTER 2 

 

SANCTUARY ZONES HAVE LARGER MALES, BUT NO DETECTABLE 

IMPACT ON THE FREQUENCY OF MULTIPLE MATING IN THE WESTERN 

ROCK LOBSTER (Panulirus cygnus) 
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ABSTRACT 

Selective harvesting of natural populations, where individuals are targeted on the basis of 

sex, age or other phenotypic criteria, has the potential to reduce the intensity of sexual 

selection, which can negatively impact productivity and population viability. Here, we 

evaluate the implications of size-selective harvesting on the mating system of the western 

rock lobster, Panulirus cygnus, a commercially important species subject to intense 

harvesting and management regulations that include minimum size limits and a ban on 

catching egg-bearing (berried) females. By genotyping spermatophores attached to 

female lobsters in exploited and unexploited zones, we found evidence of high levels of 

multiple mating by females (polyandry) at some sites (up to 52% of the mated females 

sampled). We also found spermatophores attached to different females with the same 

multilocus genotype, indicating multiple mating by males (polygyny), though the number 

of genotype matches was very low (five different matches out of 213 spermatophores 

genotyped). There were significant differences in male body size between the exploited 

and unexploited zones. However, there were no differences in the frequency of polyandry 

or levels of genetic diversity between the exploited and unexploited zones. We also failed 

to detect any significant relationships between the mean or variance in male body size 

and the frequency of polyandry, although there was a significant positive relationship 

between male capture rate and the frequency of polyandry suggesting an influence of 

density on the mating system Together these results suggest that size-selected harvesting 

at current levels has little impact on the mating system of P. cygnus, though further work 

is needed to understand the full impacts on the reproductive capacity and long-term 

viability of exploited populations. 
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INTRODUCTION 

Harvesting of wild populations is almost always non-random, with individuals displaying 

certain phenotypes being more likely to be targeted than others (Allendorf, et al. 2008; 

Law 2000). Such selective harvesting can have important ecological and evolutionary 

consequences. For example, selective harvesting that targets large males can reduce the 

mean body size of males, reduce their abundance and consequently change the operational 

sex ratio towards females in the population (Allendorf and Hard 2009; Rowe and 

Hutchings 2003).  

In species where male body size determines mating and reproductive success, size-

selective harvesting can alter the dynamics of courtship and mate selection in the 

harvested population, and consequently result in a reduction of mating success and 

productivity (Hines, et al. 2003; Rowe and Hutchings 2003). These effects are likely to 

affect a wide range of species in which body size predicts mating success and fecundity. 

Larger males are often stronger competitors or more attractive mates for females, or can 

provide more sperm, and thus improve female fecundity (Andersson 1994). As a 

consequence, sexual selection can often favour relatively large males, thus generating 

variance in mating success and leading to high reproductive skew (inequality of mating 

opportunities). When harvesting is sex- and size-biased, it acts as a selective force that 

can potentially disrupt sexual selection by changing the means and variability of body 

size in breeding individuals. These changes can affect mating systems through several 

mechanisms, such as sperm limitation, mate availability and mate choice (Sato 2012). For 

example, a reduction in the abundance and mean size of males can lead to a sperm-limited 

population that will cause females to seek additional matings (Gosselin, et al. 2005) or 

mate more frequently with smaller males than under natural conditions (Carver, et al. 

2005; Ennis, et al. 1990; Milner, et al. 2007; Sainte-Marie 1993). There is also growing 

evidence suggesting that sexual selection protects against the accumulation of deleterious 
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mutations in populations, which can pose a considerable extinction threat (e.g., 

Jarzebowska and Radwan 2010; Lumley, et al. 2015). 

The western rock lobster (Panulirus cygnus) is endemic to the Indo-West Pacific 

Ocean region and found in temperate to subtropical waters along the Western Australian 

coastline, ranging from Exmouth (21° 55′ 59″ S, 114° 7′ 41″ E) in the north to Albany in 

the south (35° 1′ 22″ S, 117° 52′ 53″ E) (Phillips et al. 2013). This species is subject to 

high exploitation rates, with an annual commercial catch that has oscillated between 8000 

to 14500 t (de Lestang, et al. 2012), which represents estimated exploitation rates larger 

than 70% of the legal-sized biomass for some years (Wright, et al. 2006). To protect the 

fishery, a number of regulations have been implemented, including a minimum size limit 

(carapace length of 76 mm) that provides protection to juveniles of both sexes and the 

protection from fishing of female lobsters carrying eggs or with spermatophoric masses 

(Department of Fisheries, 2015). The life cycle of P. cygnus is complex and includes a 

long (~9-11 months) oceanic larval phase, during which natural mortality is high 

(Phillips, et al. 2013). After hatching, the planktonic phyllosoma larvae disperse as far as 

1500 km offshore. Helped by favourable winds and currents, the larvae subsequently 

return to the continental shelf where the final-stage larvae metamorphose into the 

puerulus (a miniature transparent lobster) that swims onshore and settles in shallow reefs. 

The settled pueruli develop into juveniles that live on coastal reefs for 3-6 years. Larger 

juveniles and adults are found in deeper waters offshore, where mating occurs (Phillips, 

et al. 2013). 

Studies on the mating tactics of lobsters have been hindered by the difficulty of 

observing their behaviour in the wild, with most information coming from observations 

under laboratory-controlled conditions. Despite this, it has become evident that lobsters 

have complex and diverse reproductive behaviours that include mate choice and 

competition (Asakura 2009; MacDiarmid and Sainte-Marie 2006). In some lobsters (e.g. 
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clawed species) the mating system is polygynous, with dominant males being more 

successful in obtaining mating shelters and courting females (MacDiarmid and Sainte-

Marie 2006). For their part, females may alter the timing of mating and spawning to 

coincide with moulting schedules, with mating taking place sometime after the female 

moults (Duffy and Thiel 2007). Males may also guard the female for one to several days 

prior to mating (Duffy and Thiel 2007; Subramoniam 2013). In the case of P. cygnus, 

males use their gonopods to deposit a spermatophore (package of sperm) externally on 

the sternal plates of the female’s cephalothorax during mating (Phillips, et al. 2012). The 

mated female extrudes and fertilizes her eggs externally by scratching the spermatophore 

and releasing the sperm. After successful fertilization, the eggs are attached to the setose 

pleopods on the underside of the female’s abdomen, where they are carried until they 

hatch. Remnants of the spermatophore remain attached to the female abdomen until they 

are either covered by a second mating or removed during moulting (Phillips, et al. 2012). 

The characterization of the mating systems of lobsters has been further expanded 

by genetic studies of parentage. Several studies, based on microsatellite markers, indicate 

that female lobsters can be polyandrous, a behaviour that can result in multiple paternities 

of eggs in a single clutch (MacDiarmid and Sainte-Marie 2006). Varying degrees of 

multiple paternities have been observed within and across species of lobster, such as the 

Norway lobster, Nephros norvegicus (Streiff, et al. 2004) and the American lobster, 

Homarus americanus (Gosselin, et al. 2005). This variation in the extent of polyandry 

may be due to ecological or environmental variables that affect the availability of further 

mating opportunities (Taylor, et al. 2014). For example, a genetic study of Homarus 

americanus reported contrasting degrees of multiple paternity within species in response 

to levels of exploitation. The study showed that the incidence of multiple paternity was 

11 – 28% in two heavily exploited populations, whereas no instances of multiple paternity 

were observed in a population where exploitation was significantly lower (Gosselin, et 
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al. 2005). This example shows how exploitation could influence patterns of post-mating 

sexual selection through its effects on the incidence of multiple mating. 

In this study, we evaluate the implications of size-selective harvesting on the mating 

system of P. cygnus. To do this we take advantage of marine protection zones 

(unexploited sites) and areas subject to recreational fishing (exploited sites) at Rottnest 

Island, Western Australia. We predict that male lobsters will be smaller in the exploited 

sites, which may lead to differences in the level of sexual selection, with less reproductive 

skew and more multiple mating by females in the exploited areas. We also expect that 

with sexual selection, genetic diversity in the spermatophores (the genotypes of males 

that have successfully mated) will be lower than in the adult male population because 

only a proportion of males successfully mate. Furthermore, genetic diversity in 

spermatophores should vary among locations if lobsters experience different levels of 

sexual selection. To evaluate whether there are differences in the level of sexual selection 

between exploited and unexploited areas, our aims were to (1) compare levels of genetic 

diversity in spermatophores, and (2) quantify the occurrence of multiple mating by 

females (polyandry). We also look for signatures of skewed size-dependent mating by 

comparing the size of successful males to males with no evidence of mating. 

 

METHODS 

Study area and sample collection 

The study was conducted in Rottnest Island, situated 18 km west of Fremantle, Western 

Australia (32º00’S, 115º30’E; Fig. 2.1). Patches of high relief subtidal and intertidal 

limestone reef, seagrass patches and sand characterize the marine environment 

(Bellchambers, et al. 2009). Rottnest island is a marine protected area (MPA) with a 

zoning plan that allows for different levels of protection, including zones where 

recreational fishing is allowed (exploited zones) and strictly “no-take” zones that are 
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closed to all fishing (sanctuary zones) (Bellchambers, et al. 2009). Recreational fishing 

regulations include restrictions on the number of pots-per licence, pot design, and bag 

limits; and the same closures and size limits as commercial operations (Bellchambers, et 

al. 2012). There are five sanctuaries surrounding the island: Kingston Reef (126 ha, 

established in 1986; extended to 164 ha since 2007), Parker Point (5 ha, established in 

1988; extended to 89 ha since 2007), and three reserves established in 2007: Armstrong 

Bay (82 ha), Green Island (94 ha) and West End (236 ha) (Bellchambers, et al. 2009). 

Sampling was conducted in February 2015 by the Western Australian Department 

of Primary Industries and Regional Development as part of their regular monitoring 

program. Three locations at Rottnest Island were sampled: Armstrong Bay, Kingston 

Reef and Parker Point (Fig. 2.1). At each location, three sites were sampled inside the 

sanctuary boundary and three sites outside of the sanctuary (exploited sites). Sites at each 

location were chosen based on their similarity in biotic factors, such as dominating floral 

community, and abiotic factors, such as water depth, substrate structure and distance 

offshore. Lobsters were sampled from each site using pot based survey, and occasionally, 

dive techniques (Bellchambers, et al. 2009).  

For each lobster, the sex and carapace length (CL, measured to the nearest 0.1 mm 

using a vernier caliper) were recorded. Tissue samples from pleopods were collected from 

all adult males with a CL greater than 64.5 mm (the minimum CL of a mature male 

reported at a Lancelin, Melville-Smith and de Lestang 2006) and females carrying 

spermatophores, as well as a small piece of the spermatophore itself. All samples were 

preserved in 100% ethanol until required for DNA extraction (see below). Lobsters were 

tagged with a t-bar spaghetti tag (to prevent resampling the same individuals) and returned 

to roughly the same location from which they were caught. A total of 526 females and 

489 males were captured and measured across all sites. 
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DNA extraction 

Total genomic DNA was extracted from spermatophores using DNeasy Blood and Tissue 

kit (QIAGEN) following the manufacturer’s protocol. DNA was extracted from pleopods 

using proteinase K digestion followed by an extraction method using DNA binding plates 

(Pall Corporation), as described in Ivanova et al. (2006). The concentration and quality 

of the DNA of each sample was quantified using a NanoDrop ND-1000 

spectrophotometer. DNA was extracted from 489 males and 276 spermatophores. To 

avoid contamination from parent tissue, each spermatophore was rinsed in alcohol prior 

to DNA extraction and the tough outer covering of the spermatophore was not used. 

Nevertheless, DNA was extracted from 27 females carrying a spermatophore to test for 

possible contamination of the spermatophore samples with maternal DNA. 

Microsatellite genotyping 

Samples were genotyped at nine microsatellite loci, which have proven to be polymorphic 

for WRL: Pcyg03, Pcyg04, Pcyg05, Pcyg07, Pcyg11, Pcyg15, Pcyg18 (Kennington, et 

al. 2010), S28 and W25 (Groth, et al. 2009). The 5’-end of the forward primer from each 

locus was labelled with a fluorescent tag (FAM, NED, PET, VIC). PCRs were carried out 

in a 5 µl volume with the following conditions: 1 µL of  template DNA (10 ng), 1x Bioline 

MyTaq reaction buffer (containing 3 mM MgCl2, 1 mM of each dNTP, stabilizers and 

enhancers), 0.4 µM of each primer, and 0.1 U/µl MyTaq DNA polymerase (Bioline). 

Amplifications were completed in an Eppendorf thermal cycler using thermocycler 

protocols described in Kennington et al. (2010) and Goth et al. (2009). PCR products 

were analysed on a 3700 Genetic Analyzer (Applied Biosystems, Inc), using an internal 

size standard (GS500 LIZ, ABI). Microsatellite alleles were identified by their sizes in 

base pairs using the software GENEMARKER v4.0 (SoftGenetics, State College, PA, 

USA). 
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Genetic analysis 

The program MICRO-CHECKER (van Oosterhout, et al. 2004) was used to detect 

genotyping or scoring errors, caused by null alleles, large allele dropout or stutter peaks. 

Genotyping error, for males and spermatophores separately, was evaluated by re-

amplifying and re-typing 5% of the samples, randomly chosen. The mean allelic error 

rate (the ratio between the number of allelic mismatches and the number of replicated 

alleles) and the observed error rate per multilocus genotype (the ratio between the number 

of multilocus genotypes including at least one allelic mismatch and the number of 

replicated multilocus genotypes) were estimated following Pompanon et al. (2005). The 

probability of identity (PI, the average probability of different random individuals sharing 

the same genotype by chance and, a more conservative estimate of PI, PIsibs, which takes 

into account the presence of relatives) were calculated using GENALEX v. 6 (Peakall 

and Smouse 2005). 

Microsatellite variation was quantified for both adult males and spermatophores 

using allelic richness (an estimate of allelic diversity adjusted by the lowest sample size) 

and gene diversity. Deviations from random mating were characterized using the FIS 

statistic (inbreeding coefficient). Positive and negative FIS values indicate a deficit or 

excess of heterozygotes relative to random mating, respectively. Linkage disequilibrium 

between each pair of loci was evaluated by testing the significance of association between 

genotypes. All estimates were performed using FSTAT version 2.9.3 software package 

(Goudet 2001). Estimates of genetic variation and FIS were calculated only in samples 

with a minimum of eight genotypes. 

To evaluate male mating success, male and spermatophore genotypes were 

compared to identify the males that had mated with females in the sampling sites and to 

determine the number of females inseminated by each male. For example, a match 

between spermatophores taken from different females indicates that a male has mated 
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with multiple females (i.e. polygyny). Genotype matches were detected using GENALEX 

v. 6 (Peakall and Smouse 2005). We quantified the frequency of multiple mating by 

females (polyandry) by recording the number of times a spermatophore contained three 

or more alleles at any one locus. 

Data analysis 

All statistical analyses were performed using the R statistical platform, version 3.33 (R 

Core Team 2013). The effects of location (Armstrong Bay, Kingston Reef and Parker 

Point), protection status (within or outside sanctuary) and their interaction on body size 

and the frequency of multiple mating were tested using a linear mixed-effects model and 

generalized linear model (GLM), respectively. The linear mixed-effects model on body 

size included body size as dependent variable, location and protection status as fixed 

effects and sampling site as a random effect. The GLM was fitted with a quasibinomial 

distribution to account for overdispersion. We compared variances in body size between 

locations and between exploited and unexploited areas using a Levene’s test and used 

GLMs to test for relationship between the frequency of multiple mating and the mean and 

variance in body size and the capture rate (a measure of male density calculated by 

dividing the total number of males caught by the number of pot lifts) at each site. 

Spearman rank correlations were used to test for an association between male and female 

body size in cases where the multilocus genotype of a spermatophore was matched to a 

male (i.e. mating pairs). We used Welch two sample t-tests to compare the sizes of males 

with and without spermatophore matches and females that had mated once or multiple 

times. Finally, we used Wilcoxon and Friedman Rank Sum tests (with loci representing 

blocks) to test for differences in genetic variation between samples taken from adult males 

and spermatophores within each site and differences in genetic variation among sites, 

respectively. 
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RESULTS 

Variation in body size among locations and between protected and unprotected 

zones 

Significant differences in male body size were found among locations and between 

protected and unprotected zones (Table 2.2). Males within the protected areas were larger, 

on average, than those in the unprotected areas (Fig. 2.2). In females carrying 

spermatophores (i.e. females that had mated), significant differences in body size were 

found between locations, but not between protected and unprotected zones. There were 

no significant interactions between location and protection zone in males or females 

(Table 2.2). Pairwise tests revealed there were significant differences in male body size 

between Armstrong Bay and Kingston Reef (χ2 = 7.99, P = 0.005) and between 

Armstrong Bay and Parker Point (χ2 = 8.75, P = 0.003), with a smaller mean size at 

Armstrong Bay (Fig. 2.2). In females, there was a significant difference between 

Armstrong Bay and Kingston Reef (χ2 = 34.70, P < 0.001) and between Kingston Reef 

and Parker Point (χ2 = 11.99, P < 0.001). The mean female body size was largest at 

Kingston Reef (Fig. 2.2). 

The variances in male and female body size did not differ among locations (males: 

F2,486 = 2.49, P = 0.084; females: F2,254 = 0.11, P = 0.895) or between protected and 

unprotected zones (males: F1,487 = 0.51, P = 0.477; females: F1,255 = 0.06, P = 0.800). 

Frequency and variation in multiple mating between sites 

Loci with three or more alleles in the expected size range were repeatedly observed when 

scoring spermatophore genotypes (Table 2.1). None of the 489 male genotypes showed 

this pattern and the mean allelic error for the spermatophore dataset was below 1.5%, so 

it is highly unlikely that this pattern was caused by genotyping error. In total, 27 cases of 

females with an attached spermatophoric mass were compared and, amongst them, 15 

spermatophoric masses (55.6%) had three or more alleles at a single locus. All of these 
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15 spermatophoric masses had at least one locus with no maternal alleles and six of them 

(40.0%) had three or more non-maternal alleles at a single locus. These results suggest 

that the high frequency of spermatophore genotypes with three or more alleles at single 

loci were not due to contamination by maternal DNA either. We therefore concluded that 

these spermatophores (n = 15) contained ejaculates from more than one male, indicating 

that the female had mated multiple times (i.e. polyandry). 

The frequency of polyandry varied among locations, ranging from zero to 52% of 

spermatophores genotyped (Table 2.1). A GLM performed on these data showed that 

there were differences in the frequency of polyandry between locations, but not between 

protected and unprotected zones or by their interacting effects (Table 2.2). GLMs between 

pairs of locations revealed significant differences in the frequency of polyandry between 

Armstrong Bay and Kinston Reef (χ2 = 11.71, P < 0.001) and between Armstrong Bay 

and Parker Point (χ2 = 14.97, P < 0.001), but not between Kinston Reef and Parker Point 

(χ2 = 0.91, P = 0.340). While there was no relationship between the frequency of 

polyandry and the mean male size (χ2 = 2.04, P = 0.153) or the variance in male size at 

each site (χ2 = 0.44, P = 0.506), there was a significant positive relationship between the 

frequency of polyandry and the male capture rate (χ2 = 6.29, P = 0.012). Interestingly, the 

body size of multiply mated females was significantly smaller than singly mated females 

(mean CL multiple mated female = 88.8 mm, mean CL single mated female = 93.5 mm, 

t = 2.84, P = 0.006). 

Spermatophores with three or more alleles at a single locus were excluded from 

all subsequent analyses because they do not represent individual samples. 

 

Genetic variation within and between sites 

The Microchecker program indicated that null alleles may be present at locus Pcyg07 in 

all locations and it was therefore excluded from further analysis. No genotypic 



49 

 

disequilibrium was found between any pair of loci (Randomisation tests, P > 0.05 in all 

cases). The mean allelic error rate (ea) was 4.7 x 10-3 and 1.4 x 10-2 in males and 

spermatophores, respectively. The observed error rate per multilocus genotype (eobs) was 

0.02 and 0.06 in males and spermatophores, respectively.  The probability of sampling 

identical genotypes (the Probability of Identify, PI) was 3.64 x 10-27. A more conservative 

estimate of PI, which takes into account the presence of relatives, was also very low, 

PIsibs = 1.65 x 10-10. 

Estimates of genetic diversity within sites are given in Table 2.3. There were no 

significant differences in allelic richness or gene diversity between samples taken from 

adult males and spermatophores at any site (P > 0.05 in all cases). Likewise, there were 

no differences in allelic richness or gene diversity between sites in both males (Allelic 

richness: χ2 = 10.82, P = 0.765; Gene diversity: χ2 = 10.03, P = 0.818) or spermatophores 

(Allelic richness: χ2 = 9.43, P = 0.582; Gene diversity: χ2 = 8.38, P = 0.679). 

Relationship between body sizes of mating pairs 

Comparison of genotypes from 489 males and 213 spermatophores resulted in only 11 

matches. In all cases spermatophores that matched a male genotype were taken from a 

female collected from the same site as the male. Most mating pairs were found within the 

protected areas. In Armstrong Bay, all three mating pairs were found inside the sanctuary 

zones. In Kingston Reef, two mating pairs were found inside the sanctuary and two 

outside the sanctuary zones and at Parker Point all four mating pairs were found within 

the sanctuary zones. These results suggest that only 11 of the 213 spermatophores 

sampled were produced by males that were also sampled, though the high incidence of 

multiple mating may have prevented genotype matches between spermatophores and 

males in some cases. 

Comparison between all 213 spermatophore genotypes resulted in four matches 

and one triple match, indicating four cases of an unidentified male mating with two 
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females and one case of an unidentified male mating with three females, respectively. All 

these matches were found in Kingston Reef sanctuary zones and, in every case, 

individuals involved in a match came from the same site. Of the 489 males genotyped, 

only 11 matched the genotype of a spermatophore attached to a female. The males with 

genotype matches to spermatophores had carapace lengths ranging in size between 77.4 

and 110.3 mm. Their female partners ranged in size between 72.6 and 99.4 mm. On 

average, males were significantly larger than their female partners (t = 2.12, P = 0.0498) 

and successful males were significantly larger than males with no match to a 

spermatophore attached to a female (t = 2.32, P = 0.042). There was no correlation 

between the size of male and female mating pairs (rs = 0.248, P = 0.492). 

 

DISCUSSION 

Our study shows that both male and female P. cygnus mate multiple times during a 

breeding season and that the frequency of polyandry varied greatly between sites. We 

also show that male body size inside protected zones was significantly larger than male 

body size outside of the protected zones. However, the frequency of polyandry did not 

vary between these areas. Our results, therefore, provide no clear link between selective 

harvesting affecting male body size and changes to the mating system (Allendorf and 

Hard 2009). One explanation for our result is that the body size differences between 

protected and unprotected zones were too small to cause a change in the frequency of re-

mating by females. Alternatively, it could be that differences in population density were 

obscuring predicted patterns. Babcock et al. (2007) reported that the density of lobsters 

was up to 34 times higher in the protected areas than in the adjacent unprotected areas at 

Rottnest Island, which may be having strong impacts on mating behaviour. This 

hypothesis is supported by the positive relationship between the frequency of polyandry 

and male capture rate observed in this study. 
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While there was no difference in the frequency of polyandry between protected 

and unprotected areas, we did find significant differences in the frequency of polyandry 

among locations. It is also noteworthy that the highest frequency of polyandry was 

observed in Armstrong Bay, the location where the mean male body size was smallest. 

Other work also suggests that this area has the lowest density of large lobsters (Tuffley 

2015). This supports the idea that sperm limitation may be contributing to the variation 

in the frequency of polyandry between locations, although across all sites there was no 

relationship between the mean or variance in male body size and the frequency of 

polyandry. If sperm limitation was responsible for the differences in the frequency of 

polyandry between it would require a positive relationship between male size and the 

numbers of sperm produced in P. cygnus, which is currently unknown. The factors 

contributing to differences in the frequency of polyandry between locations, therefore, 

remain unclear. 

In addition to polyandry, we also found evidence of polygyny in P. cygnus. There 

were four cases where an adult male genotype matched the genotypes of spermatophores 

attached to two different females and one case where an adult male genotype matched the 

genotypes of spermatophores attached to three different females. The occurrence of 

polygyny and polyandry in lobsters has been inferred from studies under laboratory 

controlled conditions (MacDiarmid and Sainte-Marie 2006) and more recently shown 

with paternity studies using molecular markers (Gosselin, et al. 2005; Streiff, et al. 2004). 

However, it remains to be seen whether the high levels of polyandry observed in P. cygnus 

translate into high levels of multiple paternity as sperm competition and cryptic female 

choice can bias fertilization success towards certain males (Pizzari and Wedell 2013). 

Matches between adult male and spermatophore genotypes also provided a way 

to test for assortative mating on body size. In decapod crustaceans, males have been 

shown to adjust their ejaculate to the size and availability of (MacDiarmid and Butler 



52 

 

1999; Rondeau and Sainte-Marie 2001) and there is some evidence of positive size-

assortative mating in H. americanus based on the size of ejaculate loads (Gosselin, et al. 

2003). By contrast, we found no evidence of a relationship between the size of male and 

female mating pairs, though this result needs to be interpreted cautiously due to the low 

numbers of mating pairs available for this analysis (n = 11). A similar study on P. cygnus 

at a different location also failed to find evidence of size-assortative mating, but again, 

the number of mating pairs used in the analysis was very low (Melville-Smith, et al. 

2009). As in our study, the low number of matches between male and spermatophore 

genotypes occurred despite extensive sampling. Melville-Smith et al. (2009) genotyped 

289 males and 276 spermatophores, but only found six genotype matches between a 

spermatophore and a male. They suggested that this may be due to frequent movement of 

individuals between adjacent reefs or large males being less catchable. In our study, the 

significant difference in male body size between protected and unprotected areas argues 

against the frequent movement of individuals between sites. Data from acoustic telemetry 

also suggest limited movement of individuals after maturation (MacArthur, et al. 2008) 

and genetic data provide some evidence of restricted movement after settlement 

(Kennington, et al. 2013). 

While there was no evidence of size-assortative mating, males were significantly 

larger than their female partners and males that had successfully mated were significantly 

larger than males with no match to a spermatophore attached to a female. This result may 

simply reflect immature males being used in this comparison (we sampled all males with 

a CL > 64.5 mm based on the minimum mature male size reported at Lancelin, Melville-

Smith and de Lestang 2006). Alternatively, the higher mating success of larger males may 

reflect their competitive advantage over smaller males when interacting with other males 

for mates (e.g., Robertson and Butler 2013). Mate choice is also likely to be important. 

In clawed lobsters, mate quality is tightly linked with body size because larger individuals 
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produce higher numbers of eggs and sperm and larger males can provide better protection 

to recently moulted females (MacDiarmid and Sainte-Marie 2006). Indeed, several 

experimental studies have shown female preferences for larger males (Atema 1986; 

Butler, et al. 2015; Robertson and Butler 2013), although comparison of ejaculate loads 

between wild-mated and laboratory-mated females suggest that the wild-mated females 

mate more often with smaller males in H. americanus (Gosselin, et al. 2003). 

We were not able to match spermatophore genotypes from multiply mated females 

to males in this study, so were not able to test whether females mated to smaller males 

were more likely to re-mate. However, we were able to compare the body size of multiply 

mated females with those that had mated once. This comparison revealed that multiply 

mated females were, on average, smaller than singly mated females. The reason for this 

pattern is unclear, but one possible explanation is that smaller females were less able to 

resist pressure from males to re-mate. Alternatively, it could be that smaller females need 

to mate multiple times to compensate for smaller ejaculate loads, a consequence of males 

adjusting the size of their ejaculate loads to female size as seen in H. americanus 

(Gosselin, et al. 2003) and P. argus (MacDiarmid and Butler 1999). Another possibility 

is that larger, more experienced females are simply better at scratching the spermatophore 

to release sperm when fertilising eggs, thereby removing the remnants of previous 

matings. 

In summary, our study provides evidence of both polyandry and polygyny in P. 

cygnus. We also show that the frequency of polyandry can vary greatly between locations 

and that body size has significant effects on male mating success and the likelihood of 

polygyny. However, we found no differences in the frequency of polyandry between areas 

inside and outside of marine protection zones, despite the unprotected areas having 

smaller mean male body size. While the benefits of marine protected areas on biomass 

and abundances are clearly evident (Halpern 2003; Knutsen, et al. 2013; Pande, et al. 
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2008), further work is needed to better understand the impacts of these areas on the 

behaviour and mating system of exploited marine crustaceans. 
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Table 2.1. The frequency of polyandry within each site. n is the number of spermatophores 

genotyped. 

Inside sanctuary Outside sanctuary 

Site n % multiple mating Site n % multiple mating 

Armstrong Bay 

ASW 10 30.0 ACW 13 23.1 

ASM 29 51.7 ACM 1 0.0 

ASE 10 20.0 ACE 3 33.3 

Kingston Reef 

KSE 29 6.9 KCW 1 0.0 

KSM 36 19.4 KCM 3 33.3 

KSS 22 18.2 KCS 27 7.4 

Parker Point 

PSW 16 6.3 PCW 22 9.1 

PSM 20 15.0 PCM 4 25.0 

PSE 12 0.0 PCE 7 0.0 
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Table 2.2. Mixed and generalized linear model results. 

Source Df ChiSq P 

Male size    

Location 2 11.76 0.003 

Protection zone 1 4.78 0.029 

Location × Protection zone 2 0.84 0.657 

    

Female size    

Location 2 18.87 <0.001 

Protection zone 1 1.66 0.198 

Location × Protection zone 2 3.90 0.143 

    

Frequency of polyandry    

Location 2 17.66 <0.001 

Protection zone 1 1.42 0.233 

Location × Protection zone 2 0.72 0.698 
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Table 2.3. Genetic variation within P. cygnus samples based on eight microsatellite loci. n sample 

size, AR allelic richness (based on a sample size of five genotypes), H gene diversity and FIS 

inbreeding coefficient. FIS values that significantly deviate from zero are in bold. 

Site Adult males Spermatophores 

n AR H FIS n AR H FIS 

Armstrong Bay - inside sanctuary 

ASW 57 4.7±1.1 0.55±0.11 -0.05 8 4.5±1.1 0.54±0.12 -0.06 

ASM 61 4.6±1.1 0.56±0.11 -0.02 14 4.6±1.1 0.57±0.12 -0.06 

ASE 34 4.6±1.1 0.55±0.11 -0.04 8 4.9±0.8 0.58±0.10 -0.07 

Armstrong Bay- outside sanctuary 

ACW 23 4.8±1.1 0.59±0.11 -0.01 10 4.4±1.2 0.51±0.13 -0.15 

ACM 17 4.7±1.1 0.57±0.11 -0.03 1 – – – 

ACE 6 – – – 2 – – – 

Kingston Reef - inside sanctuary 

KSE  18 4.7±1.1 0.56±0.11 -0.02 25 4.3±1.1 0.52±0.12 -0.04 

KSM 26 4.7±1.2 0.53±0.12 -0.08 28 4.4±1.0 0.55±0.10 -0.07 

KSS 23 4.6±1.1 0.55±0.12 -0.05 16 4.6±1.1 0.57±0.10 -0.06 

Kingston Reef - outside sanctuary 

KCW 12 4.7±1.1 0.59±0.11 -0.09 1 – – – 

KCM 27 4.6±1.1 0.56±0.11 -0.12 2 – – – 

KCS 49 4.6±1.1 0.57±0.10 -0.06 22 4.6±1.1 0.54±0.11 -0.16 

Parker Point - inside sanctuary 

PSW 53 4.6±1.1 0.55±0.11 -0.03 14 4.5±1.0 0.58±0.11 -0.11 

PSM 38 4.4±1.1 0.53±0.12 -0.02 16 4.5±1.2 0.51±0.11 -0.06 

PSE 13 4.3±0.9 0.52±0.11 -0.02 10 4.4±0.8 0.60±0.09 -0.11 

Parker Point - outside sanctuary 

PCW 21 4.5±1.1 0.54±0.11 -0.01 19 4.5±1.0 0.56±0.10 -0.05 

PCM 8 4.6±1.2 0.51±0.13 -0.04 3 – – – 

PCE 4 – – – 7 – – – 

  



63 

 

Figure Legends 

 

Figure 2.1. Map of the study sites at Rottnest Island, showing the three sampling 

locations. The regions shaded green represent the marine sanctuary zones. n is the number 

of males and females with attached spermatophores sampled at each site. 

Figure 2.2. Mean body size and standard error of a) male and b) female P. cygnus captured 

inside (grey bars) and outside of sanctuary zones (white bars) at Rottnest Island. 
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Figure 2.1 
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Figure 2.2 
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CHAPTER 3 

 

HIGH LEVELS OF POLYANDRY, BUT LIMITED EVIDENCE FOR 

MULTIPLE PATERNITY, IN WILD POPULATIONS OF THE WESTERN 

ROCK LOBSTER (Panulirus cygnus) 
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ABSTRACT 

Polyandry, where multiple mating by females results in the temporal and spatial overlap 

of ejaculates from two or more males, is taxonomically widespread and occurs in varying 

frequencies within and among species. In decapods (crabs, lobsters, crayfish and prawns), 

rates of polyandry are likely to be variable, but the extent to which patterns of multiple 

paternity reflect multiple mating, and thus are shaped by post-mating processes that bias 

fertilization towards one or a subset of mated males, is unclear. Here, we use 

microsatellite markers to examine the frequency of multiple mating (presence of 

spermatophores from two or more males) and patterns of paternity in wild populations of 

western rock lobster (Panulirus cygnus). Our data confirm that >45% of females had 

attached spermatophores arising from at least two males (i.e. confirming polyandry), but 

we found very limited evidence for multiple paternity; among 24 clutches sampled in this 

study, only two arose from fertilisations by two or more males. Single inferred paternal 

genotypes accounted for all remaining progeny genotypes in each clutch, including 

several instances when the mother had been shown to mate with two or more males. These 

findings highlight the need for further work to understand whether polyandry is adaptive 

and to uncover the mechanisms underlying post-mating paternity biases in this system. 
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INTRODUCTION 

Polyandry, where females mate with two or more males, is taxonomically widespread 

(Birkhead and Møller 1998) despite potential costs to females, such as wasted time and 

energy (Watson, et al. 1998), increased predation risk (Rowe 1994), exposure to disease 

(Thrall, et al. 2000) and risk of injuries (Crudgington and Siva-Jothy 2000). The 

maintenance of polyandry has been attributed to material (direct) and genetic (indirect) 

benefits for females. Direct benefits include fertility assurance, provision of resources and 

parental care for the offspring (Sheldon 1994). Indirect benefits include genetic 

incompatibility avoidance, increased genetic diversity of offspring, and the enhanced 

survival and reproductive success of offspring (Jennions and Petrie 2000; Neff and 

Pitcher 2005; Tregenza and Wedell 2000). Polyandry may also occur in the absence of 

benefits to females in order to avoid the costs of male harassment ('convenience 

polyandry'; Thornhill and Alcock 1983).  

A common assumption in the literature in sexual selection is that polyandry will 

inevitably lead to multiple paternity. Indeed, multiple paternity, as estimated by assigning 

parentage of offspring from putatively multiply mated females, is commonly used to 

estimate the level of polyandry in natural populations (Taylor, et al. 2014). Yet, polyandry 

does not always translate into multiple paternity, as a number of post-mating processes 

can ultimately determine which males are successful at fertilizing a female’s eggs. For 

example, polyandry provides the scope for post-mating episodes of sexual selection in 

the form of sperm competition (Parker 1970) and/or cryptic choice (Eberhard 1996; 

Thornhill 1983), which have the potential to affect fertilization outcomes (Pizzari and 

Wedell 2013). Sperm competition is the competition between sperm of different males to 

fertilize a female’s eggs (Parker 1970), whereas cryptic choice occurs when females 

influence the outcome of sperm competition (Eberhard 1996; Thornhill 1983). Sperm 

competition and cryptic female choice play critical roles in post-mating sexual selection 
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and have important consequences at both population and individual levels (Birkhead and 

Pizzari 2002).  

The mating systems of decapod crustaceans are highly diverse and complex 

(Duffy and Thiel 2007; Martin, et al. 2016). In many species, reproduction is 

synchronized with the moult cycle, with females being receptive only for a limited time 

after moulting (Duffy and Thiel 2007). Females approaching their reproductive moult are 

often guarded by males for one to several days before copulation (Duffy and Thiel 2007; 

Subramoniam 2013). Pre-copulatory male guarding is considered an evolutionary 

response to time-limited opportunity for fertilization and to the need to protect recently 

moulted females (Duffy and Thiel 2007). In species with external fertilization (e.g. 

lobsters), males attach their spermatophores on the sternal plates of the female’s 

cephalothorax during mating (Phillips, et al. 2012). After mating, post-mating guarding 

by the male occurs in some species, presumably to reduce the risk that females will mate 

with other males (Duffy and Thiel 2007). 

Parentage studies have revealed that polyandry is widespread in decapods and that 

there is substantial variation in the extent of multiple paternity within and among species, 

ranging from zero in the European lobster, Homarus gammarus (Ellis, et al. 2015) to 

100% in the squat lobster, Munida sarsi (Bailie, et al. 2011). For the most part, however, 

parentage studies on decapods have been conducted on crabs (e.g. Baggio, et al. 2011; 

Jensen and Bentzen 2012; Jossart, et al. 2014; Koga, et al. 1993; McKeown and Shaw 

2008; Pardo, et al. 2016; Reaney, et al. 2012; Sainte-Marie, et al. 2008). In some cases, 

where multiple paternity has been detected, considerable skews in fertilization success 

towards a single male have been reported (Bailie, et al. 2014; Bailie, et al. 2011; Gosselin, 

et al. 2005; Plough, et al. 2014). Such skew may result from a range of post-mating 

processes, including cryptic female choice (e.g. Thiel and Hinojosa 2003) and sperm 

competition (Diesel 1990; Sévigny and Sainte-Marie 1996; Urbani, et al. 1998). For 
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example, in crabs of the infraorder Brachyura, in which spatial segregation of multiple 

paternal ejaculates has been reported, the anatomical structure of the spermathecae 

increases the probability of fertilization for the last male, i.e. last-male precedence (e.g. 

Jensen and Bentzen 2012). Furthermore, in freshwater crayfish, males bias paternity in 

their favour by depositing sperm plugs (Holdich, et al. 1988) diluting sperm (Rubolini, et 

al. 2007) and removing or displacing sperm from previous males (Villanelli and Gherardi 

1998). By comparison, we know little about the mating system of lobsters (Ellis, et al. 

2015; Gosselin, et al. 2005; Melville-Smith, et al. 2009; Streiff, et al. 2004), especially 

regarding female mating strategies and the prevalence of polyandry and multiple paternity 

in natural populations. 

The western rock lobster (Panulirus cygnus) is endemic to the Indo-West Pacific 

Ocean region. It is found in temperate to subtropical waters along the Western Australian 

coastline, ranging from Exmouth (21° 55′ 59″ S, 114° 7′ 41″ E) in the north to Albany in 

the south (35° 1′ 22″ S, 117° 52′ 53″ E) (Phillips 2013). The reproductive behaviour and 

life cycle of P. cygnus is described in detail elsewhere (Chittleborough 1976; Phillips 

2013). Briefly, the spawning season commences in early spring, when males attach their 

spermatophores (sperm packets, typically termed ‘tar spots’) to the sternums of receptive 

females. Fertilization takes place when females extrude eggs and scratch the 

spermatophoric mass to release motile sperm. Remnants of the attached tar spots remain 

until they are either covered by a second mating or removed during moulting. The life 

cycle of P. cygnus includes a long (~9-11 months) oceanic larval phase, during which 

planktonic phyllosoma larvae disperse as far as 1500 km offshore. Helped by favourable 

winds and currents, the larvae subsequently return to the continental shelf where the final-

stage larvae metamorphose into the puerulus (post-larvae) that swim toward the shore and 

settle in shallow reefs. The settled pueruli develop into juveniles and subsequently adults 

in 5-6 years. 
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Here we provide new insights into the mating systems and reproductive behaviour 

of P. cygnus, which until now has been limited mainly to observations conducted under 

laboratory controlled conditions (Chittleborough 1976, 1974). Our recent work on wild 

populations of P. cygnus (Loo et al. unpubl. data) found evidence of high levels of 

polyandry in natural populations, with up to 52% of mated females at some locations 

carrying spermatophores from two or more males. However, this previous study did not 

genotype fertilised eggs, and therefore was unable to confirm whether multiple mating 

translated into multiple paternity. In the present study, we use microsatellite markers to 

examine patterns of paternity in two wild populations of P. cygnus. By focusing on both 

singly and multiply mated females (i.e. females carrying spermatophores from one male 

or two or more males, respectively) we are able to test whether multiple mating leads to 

multiple paternity. In this way, our study combines data on multiple mating and offspring 

paternity to provide insights into the likely importance of post-mating sexual selection in 

this system.  

 

METHODS 

Study area and sample collection 

The study was conducted in Rottnest Island, located 18 km west of Fremantle, in south-

west Western Australia (32º00’S, 115º30’E). Sampling was conducted over 16 days in 

February 2015 by the West Australian Department of Primary Industries and Regional 

Development; Fisheries Division as part of their regular monitoring program. Lobsters 

were sampled at two locations (Fig. 3.1), using dive and pot based survey techniques 

(Bellchambers, et al. 2009).  

For each lobster captured during these collections, the sex and carapace length 

(CL, measured to the nearest 0.1 mm using a dial calliper) were recorded. Tissue samples 

from pleopods were collected from all males with a CL greater than 64.5 mm (the 
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minimum CL of a mature male reported at a Lancelin; Melville-Smith and de Lestang 

2006) and from females carrying spermatophores and/or eggs. A small piece of 

spermatophore and a cluster of eggs were removed from females (see below). All tissue 

samples were preserved in 100% ethanol.  

DNA extraction 

Total genomic DNA was extracted from spermatophores using DNeasy Blood and Tissue 

kit (QIAGEN) following the manufacturer’s protocol. Total genomic DNA was extracted 

from pleopods and individual eggs using proteinase K digestion followed by a DNA 

extraction method using DNA binding plates (Pall Corporation), as described in Ivanova 

et al. (2006). The concentration and quality of the DNA of each sample was quantified 

using a NanoDrop ND-1000 spectrophotometer. 

Microsatellite genotyping 

Samples were genotyped at seven microsatellite loci, which have proven to be 

polymorphic for WRL: Pcyg03, Pcyg04, Pcyg05, Pcyg11, Pcyg15, Pcyg18 (Kennington, 

et al. 2010), and S28 (Groth, et al. 2009). The 5’-end of the forward primer from each 

locus was labelled with a fluorescent tag (FAM, NED, PET, VIC). PCRs were carried out 

in a 5 µl volume with the following conditions: 1µl of template DNA (10 ng), 1x Bioline 

MyTaq reaction buffer (containing 3 mM MgCl2, 1 mM of each dNTP, stabilizers and 

enhancers), 0.4 µM of each primer, and 0.1 U/µl MyTaq DNA polymerase (Bioline). 

Amplifications were completed in an Eppendorf thermal cycler, after optimization of 

published annealing temperatures (Groth, et al. 2009; Kennington, et al. 2010). PCR 

products were analysed on a 3700 Genetic Analyzer (Applied Biosystems, Inc), using an 

internal size standard (GS500 LIZ, ABI). Microsatellite alleles were identified by their 

sizes in base pairs using the software GENEMARKER v4.0 (SoftGenetics, State College, 
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PA, USA). The genotypes of the males (n = 489) were sourced from a previous study 

(Loo et al., unpubl. data). 

Genetic analysis 

The program MICRO-CHECKER (Van Oosterhout, et al. 2004) was used to detect 

genotyping or scoring errors, caused by null alleles, large allele dropout or stutter peaks 

in the maternal genotypes. Duplicate samples were detected from the probability of 

genotype identity using GENALEX v. 6 (Peakall and Smouse 2006). The probability of 

identity (PI, the average probability of different random individuals sharing the same 

genotype by chance) and a more conservative estimate of PI, PIsibs, which takes into 

account the presence of relatives, were also calculated using GENALEX. The same 

software was used to estimate the number of alleles and observed and expected 

heterozygosity for each locus from the maternal genotypes. Deviations from random 

mating were characterized using the FIS statistic (inbreeding coefficient). Positive and 

negative FIS values indicate a deficit or excess of heterozygotes relative to random mating, 

respectively. Linkage disequilibrium between each pair of loci was evaluated by testing 

the significance of association between genotypes. Inbreeding coefficient estimates were 

performed using FSTAT version 2.9.3 software package (Goudet 2001). The program 

GENEPOP 3.1 (Raymond and Rousset 1995) was used to assess conformity to Hardy-

Weinberg equilibrium (HWE). Probability values for deviation from HWE were 

estimated using the Markov chain method with 10 000 iterations. 

Paternity was investigated by genotyping ~20 fertilised eggs obtained from each 

of the sampled females (see Table 3.2 for sample sizes). This level of sampling was based 

on analytical methods for calculating statistical power to detect multiple in highly fecund 

decapods (Veliz, et al. 2017), although the number of females sampled in our study was 

below the recommended 50 females in that analysis (see discussion). However, power 

analysis of sampling 20 eggs per female indicates that we had the ability to detect multiple 
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spawning more than 99% of the time, if the contribution of sperm from two males was 

roughly equal. Even under the scenario of one male contributing the majority of sperm 

used to fertilise the egg mass (e.g. 90% of all sperm) our detection probability was still 

as high as 90%. Three different approaches were used to evaluate paternity: initial 

inference, the GERUD 2.0 software package (Jones 2005) and the COLONY 2.0 software 

package (Wang and Santure 2009; Wang 2004). For the initial inference approach, 

paternal genotypes were inferred from non-maternal alleles observed in the offspring. 

Multiple paternity was assumed only if more than two non-maternal alleles occurred in 

more than one locus in the offspring, to allow for the possibility of mutation at one locus. 

We analysed paternity with GERUD by using it to reconstruct the minimum number of 

possible paternal genotypes. GERUD uses an exhaustive algorithm that takes into account 

information from patterns of Mendelian segregation and genotypic frequencies in the 

population. Since GERUD does not accept missing data, the number of loci used in the 

present study varied from 4 to 7. The parameter for the maximum number of fathers was 

set to four and the runs were conducted with known maternal genotypes. Initial inference 

and GERUD assume that males are heterozygotes and that there is no allele sharing 

among fathers or between mother and father(s) and, consequently, they may be 

underestimating the number of fathers. Lastly, we used COLONY to assign parentage 

based on a maximum-likelihood model. Unlike GERUD, this program accepts missing 

data. We used the default setting and all runs were performed with known maternal 

genotypes. Inferred paternal genotypes were compared to the genotypes of all sampled 

males. Multiple paternity was inferred for a clutch if at least two of the three methods 

(initial inference, GERUD, COLONY) detected more than one father. 

In addition to the paternity analysis, inferred paternal genotypes for each clutch 

were compared to the genotype of the spermatophore attached to the corresponding 
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mother. Genotype matching was carried out by using the genotype identity option in 

GENALEX.  

 

RESULTS 

A total of 25 females carrying eggs (15 from Armstrong Bay and 10 from Kingston Reef) 

were genotyped. Based on genotype identity, one female from Kingston Reef was 

sampled twice. Of the remaining 24 females, 11 (~46%) had attached spermatophores 

with genotypes consisting of more than two alleles at a locus, indicating the presence of 

DNA from more than one male. (Note that we have previously confirmed that 

spermatophores consisting of multiple genotypes are unlikely to result from genotyping 

errors or contamination of female DNA and are therefore likely to result from multiple 

mating; Loo et al., unpubl. data.) A further five females had spermatophores with 

genotypes from a single male that did not match the genotype of the inferred sire, 

suggesting that these females had also mated with two or more males during the 

reproductive season. The maternal genotypes showed no evidence of null alleles and there 

were no significant deviations from HWE at any locus (P > 0.05 in all cases). The 

probability of sampling identical maternal genotypes (PI) was 3.5 x 10-7 and a more 

conservative estimate of PI, which takes into account the presence of relatives, PIsibs, 

was 5.2 x 10-3. The number of alleles per locus ranged from 2 to 26, with observed 

heterozygosity ranging from 0.042 to 0.917 (Table 3.1).  

Based on initial inference, only one of 24 clutches showed multiple paternity. 

According to initial inference and GERUD, the minimum number of sires per clutch was 

one in 22 cases, with 2 cases of multiple paternity detected (minimum number of sires of 

two and three). The analysis in COLONY suggested three instances of multiple paternity 

(Table 3.2). Following a consensus approach, multiple paternity was identified only in 

the two clutches where at least two of the three methods used detected more than one sire. 
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Interestingly, none of the 489 males that were sampled in this study was identified by 

COLONY as being a putative father of the 24 clutches examined. 

Inferred paternal genotypes (from fertilized eggs) were compared with the 

genotypes of the spermatophores collected from the corresponding egg-carrying females 

(Table 3.2). Of these, eight (33%) matched the genotype of the spermatophore attached 

to the mother. The remaining inferred paternal genotypes did not match the genotype of 

the spermatophore attached to the mother (17%) or could not be compared to the genotype 

of the spermatophore attached to the mother because the spermatophore contained 

ejaculates from more than one male.  

 

DISCUSSION 

Our study confirms that while multiple mating by female P. cygnus is relatively common, 

incidences of multiple paternity are extremely rare. We found that spermatophores 

attached to females often came from two or more males, confirming our previous 

evidence that polyandry is widespread in natural populations of P. cygnus (Loo et al., 

unpubl. data). Despite this evidence for female multiple mating, however, we found 

limited evidence of multiple paternity. 

One simple explanation for the disparity between patterns of female multiple 

mating and the incidence of multiple paternity is that our sampling protocol may have 

resulted in low statistical power. Recently, Veliz et al. (2017) developed an analytical 

method that assessed the statistical power to detect multiple paternity in crabs. According 

to their analysis, sampling 20 eggs from n=50 females yields very high statistical power 

to detect multiple paternity, even in highly fecund species with 1x106 eggs per clutch. In 

our study we were restricted to approx. half this number of females, possibly restricting 

our ability to fully detect cases of multiple paternity. However, Veliz et al. (2017) also 

found that studies employing reduced levels of sampling (in terms of clutch size and 
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number of females sampled) also had high power (~98%) to detect multiple paternity. In 

the present study, we suspect that even if we had improved our statistical power with 

greater levels of sampling, based on our power analysis, cases of multiple paternity would 

still have been rare and/or paternity would have been heavily skewed towards a single 

male in most cases. 

A second possible explanation for the disparity between patterns of female 

multiple mating and the incidence of multiple paternity is that females mate consecutively 

with individual males each time they produce a batch of eggs, and that our observed 

patterns of (largely single) paternity reflect a pattern of serial monogamy over the course 

of the breeding season. As we note above, in P. cygnus mating entails the attachment of 

the male’s spermatophore (tar spot) to the underside of the female, which is partially 

eroded by the female during fertilisation and is only sloughed off in the following 

moulting. Subsequent matings within the same reproductive season (moult cycle) involve 

a male depositing a fresh spermatophoric mass on top of the previously eroded (used) 

spermatophore (de Lestang and Melville-Smith 2006). This can lead to the 

spermatophoric mass on a female being dominated by a single sire (by virtue of their 

positioning and numerical supremacy) whilst still containing the DNA from multiple 

sires. This is reflected by the high incidence of multiple mating and low occurrence of 

multiple paternity. However, when double spawning has been observed, it is more likely 

to occur in the larger females (Chittleborough 1976; Chubb 1991; de Lestang and 

Melville-Smith 2006). This pattern of larger females spawning twice in a season has also 

been observed in other spiny lobsters (Briones-Fourzán and Lozano-Alvarez 1992; 

Gomez, et al. 1994; Macfarlane and Moore 1986). While these observations support the 

idea of serial monogamous matings, we have confirmed elsewhere that females carrying 

spermatophores from more than one male had a wide range of body sizes (carapace length 
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69.5 to 106.5 mm) and there was no evidence of higher rates of multiple mating in larger 

females (Loo et al., unpubl. data). 

A final explanation for the high levels of polyandry observed in this study is that 

females mate with multiple males between fertilization events and sperm competition 

and/or female cryptic choice function to refine fertilization success in favour of a subset 

of mated males. This explanation also accounts for the disparity between patterns of 

multiple mating (high incidence) and multiple paternity (low incidence). In species where 

females store spermatophores externally, sperm competition can occur when a male 

displaces or removes the spermatophore from the female. For example, in the freshwater 

crayfish Austropotamobius italicus, males remove and consume all (or most) of the 

spermatophores from previously mated males before releasing their own sperm (Galeotti, 

et al. 2007). The occurrence of cryptic female choice is often more difficult to infer due 

to the diversity of possible underlying mechanisms and their interactions with sperm 

competition (reviewed by Firman, et al. 2017). Consequently, evidence of cryptic female 

choice in decapods is limited, but compelling examples of the phenomenon come from 

studies of other marine species with external sperm deposition (e.g. Japanese pygmy 

squid, Idiosepius paradoxus; Sato, et al. 2017) or external fertilization (ocellated wrasss, 

Symphodus ocellatus; Alonzo, et al. 2016). Cryptic female choice has been proposed in 

decapods based on behavioural observations, including failed copulations (Bauer 1996; 

Diesel 1990; Ra'anan and Sagi 1985) and delayed oviposition (Thiel and Hinojosa 2003). 

However, such observations do not demonstrate cryptic female choice by themselves. 

More direct evidence of cryptic female choice in decapods comes from observations of 

females removing or displacing spermatophores. For example, removal of sperm has been 

reported for rock shrimps, R. typus (Thiel and Hinojosa 2003) and anecdotally in the spiny 

lobster Panulirus guttatus (Magallon-Gayon, et al. 2011). In P. cygnus, spermatophores 

are attached externally to the female and fertilization is temporally decoupled from 
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mating, suggesting that there is some opportunity for cryptic female choice in this system. 

We clearly require further observational and/or experimental studies to identify the 

mechanisms that generate paternity biases in this system. 

 In summary, this study revealed limited evidence of multiple paternity in P. 

cygnus, despite the high frequency of multiple mating. This suggests that although 

females mated with more than one male, fertilization was attained by only a subset (one 

or two) of these males. We have yet to determine whether female multiple mating is 

adaptive (for example because it enables females to ensure that sperm from intrinsically 

'good' males win the race to fertilize their eggs; Curtsinger 1991; Yasui 1997) or is a by-

product of accumulated matings that take place throughout the breeding season. However, 

our observations of high levels of female multiple mating reveal the potential for post-

mating sexual selection to operate in this system. We eagerly await follow-up studies 

designed to elucidate such mechanisms and test for possible reproductive benefits of 

polyandry. 
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Table 3.1. Genetic variation at microsatellite loci used in this study. Estimates are based on 

maternal genotypes pooled across locations. n, sample size; Na, number of alleles; HO, observed 

heterozygosity; HE, expected heterozygosity and FIS inbreeding coefficient (P > 0.05 for all). 

Locus n Na HO HE FIS 

Pcyg03 24 5 0.250 0.323 0.25 

Pcyg04 24 26 0.917 0.953 0.06 

Pcyg05 24 7 0.708 0.710 0.02 

Pcyg11 23 8 0.826 0.733 -0.11 

Pcyg15 24 2 0.375 0.430 0.15 

Pcyg18 24 2 0.042 0.041 0.00 

S28 24 9 0.625 0.641 0.05 

W25 22 9 0.591 0.543 -0.06 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

Table 3.2. Minimum number of sires per clutch as estimated by initial inference, GERUD 2.0 and 

COLONY 2.0 runs with known maternal genotype. POLY indicates cases of polyandry where the 

spermatophore consisted of more than one genotype (i.e. 3 or more alleles at least one locus). 

Criteria to determine multiple paternity: detection of a minimum of two sires per clutch by at least 

two of the three methods. 

Clutch 

No. of 

embryos 

analysed 

Initial 

inference 

GERUD 

2.0 

COLONY 

2.0 

Spermatophore 

matched inferred 

parent 

Multiple 

paternity 

Kingston Reef 

1 20 1 1 1 yes no 

2 20 1 1 1 POLY no 

3 40 1 1 1 no no 

4 20 1 1 1 yes no 

5 19 1 1 1 yes no 

6 18 1 1 2 POLY no 

7 19 1 1 1 POLY no 

8 20 3 3 3 no yes 

9 20 1 1 1 POLY no 

Armstrong Bay 

1 18 1 1 1 yes no 

2 20 1 1 1 yes no 

3 19 1 1 1 POLY no 

4 19 1 1 1 no no 

5 19 1 1 1 POLY no 

6 20 1 1 1 yes no 

7 20 1 2 2 POLY yes 

8 18 1 1 1 no no 

9 19 1 1 1 POLY no 

10 20 1 1 1 yes no 

11 20 1 1 1 yes no 

12 19 1 1 1 no no 

13 20 1 1 1 POLY no 

14 20 1 1 1 POLY no 

15 20 1 1 1 POLY no 
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Figure Legend 

 

Figure 3.1. Map showing the sampling sites at Rottnest Island. The areas shaded green 

represent marine protection zones. 
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Figure 3.1 
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CHAPTER 4 

 

NO EVIDENCE OF A GENETIC BOTTLENECK FOLLOWING SEVEN 

CONSECUTIVE YEARS OF LOW RECRUITMENT IN THE WESTERN ROCK 

LOBSTER (Panulirus cygnus) 
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ABSTRACT 

Anthropogenic and environmental factors can lead to drastic reductions in population 

size, culminating in the loss of genetic variation. Here, we use microsatellite markers to 

test for evidence of a genetic bottleneck in the commercially exploited western rock 

lobster (Panulirus cygnus) following a prolonged period of low puerulus (an early post-

larval life stage) settlement from 2006/2007 to 2012/2013. Our data support the 

hypothesis that the fishery consists of a single population of P. cygnus, but provides no 

evidence of a loss in genetic diversity or large fluctuations in allele frequency over a 21 

year period spanning the episodes of low recruitment. A combination of life history traits, 

such as large effective population size, and effective management measures may have 

prevented the loss of neutral genetic diversity after the decline in puerulus settlement. 
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INTRODUCTION 

Anthropogenic activities and natural factors can cause drastic reductions in the population 

size of natural populations leading to a decline in genetic diversity (Amos and Harwood 

1998). This loss of genetic diversity is of particular concern as it can affect individual 

fitness in the short-term (due to a reduction in heterozygosity causing inbreeding 

depression) and the ability of the population to evolve in the future (due to a loss of allelic 

diversity) (Allendorf, et al. 2008; Ryman, et al. 1995). In many marine species, loss of 

genetic diversity can occur despite their large population size (N) because the effective 

population size (Ne) is often much smaller than N (Allendorf, et al. 2008). For example, 

very small ratios of Ne/N, in the range of 10-5 and 10-3, have been reported in the North 

Sea cod (Hutchinson and Reynolds 2004), red drum (Turner, et al. 2002) and plaice 

(Hoarau, et al. 2005). Low Ne/N ratios such as these can arise when there is high female 

fecundity and high juvenile mortality causing high variance in the reproductive success 

of individuals (Hedgecock 1994). 

In the face of ongoing threats of declines in population size and high rates of 

environmental change, it is becoming increasingly important to undertake genetic 

monitoring of wild populations. Unlike genetic assessments, which provide a snapshot in 

time, genetic monitoring requires a temporal component (Schwartz, et al. 2007). By 

quantifying changes in population genetic parameters such as Ne, genetic variation and 

gene flow over time, it is possible to gain insight into the demographic and evolutionary 

processes influencing natural populations. Such information is valuable for understanding 

the impact of anthropogenic and environmental factors on the genetic ‘health’ of natural 

population and for evaluating when management action is required (Schwartz, et al. 

2007). 

The western rock lobster (Panulirus cygnus) is endemic to the Indo-West Pacific 

Ocean region. It is found in temperate to subtropical waters along the Western Australian 
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coastline, ranging from Exmouth (21° 55′ 59″ S, 114° 7′ 41″ E) in the north to Albany in 

the south (35° 1′ 22″ S, 117° 52′ 53″ E) (Phillips, et al. 2013). The life cycle of P. cygnus 

is complex and includes a long (~9-11 months) oceanic larval phase, during which natural 

mortality is high (Phillips, et al. 2013). After hatching, the planktonic phyllosoma larvae 

disperse as far as 1500 km offshore. Helped by winds and currents, the larvae 

subsequently return to the continental shelf where the final-stage larvae metamorphose 

into a non-feeding ‘puerulus’ stage, which swim towards shore and settle on shallow 

coastal reefs where they develop into juveniles. Larger juveniles and adults tend to be 

found in deeper waters offshore and reach maturity approximately 6–7 years after 

settlement (Phillips, et al. 2013). 

Panulirus cygnus supports the most valuable single fishery in Australia, with an 

estimated value of approximately AUD $400 million per year (de Lestang and Rossbach 

2017). Until recently, the annual commercial catch oscillated between 8000 to 14500 t 

(de Lestang, et al. 2012), which represented estimated exploitation rates in excess of 70% 

of the legal-sized biomass for some years (Wright, et al. 2006). Since the 1960s, strict 

regulations have been set to ensure the sustainability of the fishery. Management of P. 

cygnus is assisted by a very intensive research programme that includes the measurement 

of the levels of puerulus settlement each season (Caputi, et al. 2003). These settlement 

levels, recorded at several locations (Figure 4.1), are highly correlated with catches 3 – 4 

years later (Caputi, et al. 1995; Phillips 1986) and therefore represent a powerful tool to 

predict future catches and manage the fishery accordingly (Phillips, et al. 2013). In 

2006/2007, levels of puerulus recruitment declined severely, with the level of settlement 

in 2008/2009 being the lowest recorded since records began in 1968 (Caputi, et al. 2010; 

Figure 4.2). The decline in puerulus settlement has been attributed to an early onset of 

spawning, which caused a mismatch with environmental factors, such as storms that 

would otherwise help the larvae to return to the coast (de Lestang, et al. 2014). 
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Additionally, the intensive fishing targeting the breeding stock may also have been a 

contributing factor in the decline of puerulus settlement (de Lestang, et al. 2014), although 

the level of settlement has increased since the 2011/2012 season (Figure 4.2). 

The impact of the dramatic decline in recruitment in P. cygnus has yet to be assessed 

genetically. A recent study (Kennington, et al. 2013b), based on microsatellite and 

mtDNA markers, found no evidence of a decline in genetic diversity or evidence for a 

genetic bottleneck in P. cygnus since the mid-1990s. The study, however, assessed pueruli 

sampled in 2009, which while during the period of low recruitment, were from an adult 

population established well before the decline in recruitment observed between 

2006/2007 and 2012/2013. In the present study we extended these analyses to compare 

levels of genetic variation in pueruli collected in 2013, 2015 and 2016 to those collected 

in 2009 and the 1990s. Importantly, these more recent samples represent an adult 

population that would have passed through episode of low recruitment (i.e. the pueruli 

are from adult lobsters that settled between 2006/2007 and 2012/2013). Our overall aim 

is to determine whether the low recruitment events and continued exploitation of the 

breeding stock has led to a loss of genetic diversity in P. cygnus.  

 

METHODS 

Study area and sample collection 

Sampling of P. cygnus pueruli was conducted by the Western Australian 

Department of Primary Industries and Regional Development of as part of their regular 

monitoring program. Samples were collected from three locations along the coast of 

Western Australia: Rat Island, Seven Mile Beach and Jurien (Figure 4.1). These locations 

represent each of the three management zones of the fishery, including the very different 

offshore Abrolhos Islands region. The collected material included samples of pueruli 

from 2013 (Rat Island, n = 6, 29 and 23; Seven Mile Beach, n = 9, 18 and 27 and Jurien, 
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n = 10), 2015 (Rat Island, n = 29; Seven Mile Beach, n = 18 and Jurien, n = 24), and 2016 

(Rat Island, n = 23; Seven Mile Beach, n = 27 and Jurien, n = 23). After collection, the 

samples were stored in 100% ethanol until required for DNA extractions (see below). 

Additionally, genetic data obtained from pueruli samples collected in 1995 (Seven Mile 

Beach, n = 40), 1997 (Seven Mile Beach, n = 40), 1999 (Rat Island, n = 40; Seven Mile 

Beach, n = 40) and 2009 (Rat Island, n = 25; Seven Mile Beach, n = 37 and Jurien, n = 

16) were obtained from Kennington et al. (2013b) and used for the temporal analyses.  

DNA extraction 

Total genomic DNA was extracted from the antennae of individual pueruli using 

proteinase K digestion followed by a DNA extraction method using DNA binding plates 

(Pall Corporation), as described by Ivanova et al. (2006). The concentration and quality 

of the DNA of each sample was quantified using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific).  

Microsatellite genotyping 

 Samples were genotyped at eight microsatellite loci, previously shown to be highly 

polymorphic in P. cygnus: Pcyg03, Pcyg04, Pcyg05, Pcyg11, Pcyg15, Pcyg18 

(Kennington, et al. 2010), S28 and W25 (Groth, et al. 2009). The 5’-end of the forward 

primer from each locus was labelled with a fluorescent tag (FAM, NED, PET, VIC). 

PCRs were carried out in a 5 µL volume with the following conditions: 1 µL of  template 

DNA (10 ng), 1x Bioline MyTaq reaction buffer (containing 3 mM MgCl2, 1 mM of each 

dNTP, stabilizers and enhancers), 0.4 µM of each primer, and 0.1 U/µL MyTaq DNA 

polymerase (Bioline). Amplifications were completed in an Eppendorf thermal cycler 

using thermocycler protocols described in Kennington et al. (2010) and Groth et al. 

(2009). PCR products were analysed on a 3700 Genetic Analyser (Applied Biosystems, 

Inc), using an internal size standard (GS500 LIZ, ABI). Microsatellite alleles were 
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identified by their sizes in base pairs using the software GENEMARKER v4.0 

(SoftGenetics, State College, PA, USA).  

Genetic analysis 

All data analyses were carried out on two data sets. The first consisted of the genotype 

data obtained from the samples collected during in this study (samples collected 2013-

2016, hereafter referred to as the contemporary data). We used these data to compare 

genetic variation spatially. The second data set was used to test for temporal variation. It 

consisted of pooled samples for each collection year and included data from this study 

and Kennington et al. (2013b), although the genotypes from this prior study were re-

scored to ensure consistency among samples. All genetic data used in this study have 

been deposited on the DRYAD website. 

We used the program MICROCHECKER (van Oosterhout, et al. 2004) to screen 

the data for genotyping or scoring errors, caused by null alleles, large allele dropout or 

stutter peaks. We evaluated genotyping errors by re-amplifying and scoring a haphazardly 

selected sample comprising 15% of the original collections. The mean allelic error rate 

(the ratio between the number of allelic mismatches and the number of replicated alleles) 

and the observed error rate per multilocus genotype (the ratio between the number of 

multilocus genotypes, including at least one allelic mismatch and the number of replicated 

multilocus genotypes) were calculated following Pompanon et al. (2005). The probability 

of identity (PI, the average probability of different random individuals sharing the same 

genotype by chance) was calculated using GENALEX v. 6 (Peakall and Smouse 2005). 

Genetic variation was quantified using allelic richness (a measure of the number 

of alleles independent of sample size) and gene diversity. Differences in estimates of 

genetic variation among samples were tested using Friedman’s analysis of variance 

(ANOVA) and Wilcoxon’s signed-rank tests. Deviations from random mating were 

characterised using the FIS statistic (inbreeding coefficient). Significant positive and 
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negative FIS values indicate a deficit or excess of heterozygotes relative to random mating, 

respectively. Estimates of genetic variation and FIS were calculated only in samples with 

a minimum of 7 and 25 individuals for the spatial and temporal samples, respectively. 

Linkage disequilibrium between each pair of loci was evaluated by testing the 

significance of association between genotypes. All analyses mentioned above were 

performed using FSTAT version 2.9.3 software package (Goudet 2001).  

Genetic differentiation between samples was assessed by counting the number of 

different alleles between two genotypes, the equivalent of estimating weighted FST over 

all loci (Weir and Cockerham 1984), with an analysis of molecular variation (AMOVA) 

(Excoffier, et al. 1992). Tests for significance were carried out by permutation tests of 

100 000 replications. These analyses were performed using the program ARLEQUIN 

v.3.5.1.2 (Excoffier, et al. 2005). The statistical power of tests for genetic differentiation 

was assessed using POWSIM v 4.1 (Ryman and Palm 2006). This program uses 

parameters from the actual data (the number of loci, allele frequencies and sample sizes) 

to test a hypothesis of genetic homogeneity using Fisher’s exact and Chi-squared tests. 

Simulations assessed a range of FST values (0.015 to 0.005). Statistical power was 

evaluated by calculating the proportion of significance tests (P < 0.05) over 1000 replicate 

runs. 

Genetic differentiation was further investigated using a Bayesian model-based 

clustering method, implemented in the program STRUCTURE 2.3.4 (Pritchard, et al. 

2010). This method uses allele frequencies across loci to identify genetically distinct 

clusters (K). All analyses were performed without prior information about the origin of 

the samples and using an ancestry model that assumed admixture and correlated 

frequencies. Ten independent runs were performed for each value of K (1 – 10) with a 

burn-in of 10 000, followed by 100 000 Markov Chain Monte Carlo (MCMC) iterations. 
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The most likely number of clusters was assessed by comparing the likelihood of the data 

for different values of K and using the K method of Evanno et al. (2005).  

The software package BOTTLENECK (Piry, et al. 1999) was used to test for 

recent reductions in effective population size in each spatial and temporal sample. Two 

different methods of analysis were used. The first method was based on the principle that 

the number of alleles decreases faster than expected heterozygosity after a bottleneck 

(Maruyama and Fuerst 1985). In such a scenario, expected heterozygosity should be 

higher than the heterozygosity predicted from the observed number of alleles at each 

locus, assuming mutation-drift equilibrium. This heterozygosity excess should not be 

confused with that underpinning FIS that represents excess of heterozygotes relative to 

proportions expected under Hardy-Weinberg equilibrium (Meirmans and Hedrick 2011). 

Analyses were run using a two phase model with 95% single step mutation and 5% 

multiple step mutations and a variance among multiple steps of 12. The probability of 

significant excess of heterozygosity in a sample was determined using Wilcoxon’s 

signed-rank test. The second method was a qualitative test based on allele distributions. 

This tests discriminates between a sample exhibiting a full range of common and rare 

alleles (producing an L-shaped distribution) and one that has lost rare alleles (producing 

a shifted distribution), which is indicative of a bottleneck event (Luikart, et al. 1998).  

 

RESULTS 

Genetic variation within samples 

No loci were identified to have null alleles in more than one sample using 

MICROCHECKER.  The mean allelic error rate was 0.8%, whereas the observed error 

rate per multilocus genotype was 3%. All samples were in Hardy-Weinberg Equilibrium, 

except the 2013 sample from Jurien, which had a significantly negative overall FIS value, 
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indicating an excess of heterozygotes (Table 4.1). There was no significant genotypic 

disequilibrium between any pair of loci. 

Genetic diversity estimates are presented in Table 4.1. There were no significant 

differences in allelic richness or gene diversity among collection sites in 2013 (Allelic 

richness: Z = 0.11, P = 0.917; Gene diversity: Z = 0.17, P = 0.866) and 2016 samples 

(Allelic richness: 2 = 2.52, P = 0.308; Gene diversity: 2 = 0.58, P = 0.764). However, 

a significant difference among collection sites was found in the 2015 sample for allelic 

richness (2 = 6.25, P = 0.047). The difference in gene diversity between collection sites 

in 2015 was marginally non-significant (2 = 5.25, P = 0.079). Further pairwise testing 

using Wilcoxon’s signed-rank tests revealed that, in 2015, the population sample from 

Rat Island had significantly lower allele richness compared to the population sample from 

Seven Mile Beach (Z= -2.10, P = 0.036).  

There were no significant differences in allelic richness (2 = 0.389, P = 0.999) or 

gene diversity (2 = 3.040, P = 0.821) among the temporal samples.  

Genetic differentiation among samples 

The POWSIM simulations indicated that the sample sizes and levels of polymorphism 

were sufficient for detecting population structure at low levels of divergence in both the 

contemporary and temporal data sets. The proportion of significant tests was 0.996 for an 

FST = 0.010 and 0.772 for an FST = 0.005 in the contemporary samples and all tests were 

significant for these levels of divergence in the temporal data. Despite the high level of 

statistical power, the AMOVA showed no evidence of genetic differentiation among 

samples. Overall, FST values were low and non-significant among the contemporary 

samples (FST = -0.0058, P = 1.000) and among the pooled temporal samples (FST = 

0.0003, P = 0.999). Pairwise testing revealed no significant differences between sites 
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within the contemporary samples (Table 4.2), although a significant difference was 

detected between the 1999 and 2016 pooled samples (Table 4.3).  

The Bayesian clustering analysis implemented in STRUCTURE gave similar 

results to the AMOVA. Both the contemporary and temporal data sets were characterised 

by decreasing log probability estimates, with increasing values of K and small 

fluctuations in K indicating that the probable number of clusters was one (Figure 4.3). 

Furthermore, when K > 1, the proportion of individuals assigned to each cluster was fairly 

even with most individuals admixed, suggesting that all individuals came from one 

genetically distinct population, with no detectable differences in allele frequencies 

(Pritchard, et al. 2010).  

Assessment of genetic bottleneck 

There was no evidence of a recent bottleneck event in any population sample. No 

significant heterozygosity excesses were detected (Wilcoxon P-values ranged between 

0.812 and 0.996 for the contemporary samples, and between 0.973 and 0.998 for temporal 

samples). Furthermore, all population samples exhibited normal L-shaped distributions, 

as expected under mutation-drift equilibrium.  

 

DISCUSSION 

Our study shows that despite historically low puerulus settlement over several breeding 

seasons, and traditionally high levels of commercial exploitation, which had the potential 

to cause a genetic bottleneck, P. cygnus continues to maintain high levels of neutral 

genetic variation. We found no evidence of a decline in genetic diversity among pooled 

samples collected from 1995 to 2016, which spans the episodes of low recruitment in 

2006 to 2012. There was also no evidence of heterozygosity excesses or skewed allele 

frequency distributions, which are expected after a genetic bottleneck (Maruyama and 

Fuerst 1985). Furthermore, allele frequencies remained stable, although we did detect a 
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significant divergence between two pooled temporal samples and between two sites 

within one collection year, which were not temporally stable. 

The maintenance of genetic variation and stable allele frequencies suggests that 

the extent and duration of the reduction in puerulus settlement was not sufficient to cause 

genetic changes to the population. This is somewhat surprising given the magnitude and 

duration of the episode of low recruitment. Several factors may contribute to the 

maintenance of genetic variation in P. cygnus. These include a large Ne, high levels of 

gene flow, overlapping generations and high mutation rates (Kennington, et al. 2013b). 

Additionally, it is possible that the impact of low pueruli settlement was minimized by 

the recovery in recruitment after 2012, which may have been aided by the decisive 

response by management to protect the breeding stock. After the initial decline in 

puerulus settlement, a range of management measures were taken to reduce fishing 

pressure, including a reduction in the catch limit (from 9200 t in 2008/2009 to 5500 t in 

2009/2010), and a closure of the northern deep-water region of the fishery. In addition to 

the potential role of  P. cygnus life history in minimizing the effect of a population 

decline, it is possible that a recent bottleneck was not detected due to low statistical power 

(Perry, et al. 2012; Hoban, et al. 2013). P. cygnus population may have undergone a 

bottleneck that was not severe enough to be detected with eight microsatellite loci. A 

population genomic approach has the potential to overcome the limitations associated 

with a small number of genetic markers. For example, a genome-wide approach using 

SNP genotyping arrays revealed the genetic signature of bottlenecks in populations of 

European gray wolves, Canis lupus (Pilot, et al. 2014). 

The lack of genetic divergence between sites supports the hypothesis of panmixia 

in P. cygnus (Kennington, et al. 2013a; Kennington, et al. 2013b; Thompson, et al. 1996). 

Such a result is not unexpected at neutral genetic markers given the likelihood of a large 

Ne that limits genetic drift (Kennington, et al. 2013b) and the long (~9-11 month) oceanic 
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larval phase that favours dispersal (Phillips, et al. 2013), and significant movement of the 

adult population (de Lestang 2014). Nevertheless, significant genetic divergence was 

detected between pooled samples collected in 1999 and 2016, providing some evidence 

of temporal fluctuations in allele frequency. Temporal genetic variation has been reported 

previously in P. cygnus. An allozyme study by Thompson et al. (1996) on adults reported 

allele frequency changes at one locus between 1980 and 1994. A subsequent study by 

Johnson and Wernham (1999) on pueruli collected from two sites nearly 350 km apart 

also found temporal variation in allele frequencies at one allozyme locus, although the 

allele frequencies at the two sites were indistinguishable at each sampling time point. 

Such patterns could arise through selection (Johnson and Wernham 1999) or large 

variation in the reproductive success of individuals due to sweepstakes-like chances of 

matching reproductive activity with oceanographic conditions that are favourable for 

larval survival (Hedgecock 1994). When combined with different recruitment patterns 

among sites, temporal genetic variation can give rise to fine-scale genetic heterogeneity 

that is temporally unstable (Johnson and Black 1984). Similar evidence for genetic 

‘patchiness’ has been reported previously in P. cygnus, as well as other spiny lobsters 

(Iacchei, et al. 2013; Johnson and Wernham 1999; Kennington, et al. 2013a; Villacorta-

Rath, et al. 2017). 

In conclusion, we have shown that P. cygnus pueruli collected after a severe 

decline in settlement maintained levels of genetic variation found in samples collected 

prior to the episode of low recruitment. Furthermore, we found no evidence of genetic 

bottlenecks or changes in allele frequencies that were temporally stable. While the lack 

of genetic changes may reflect long established protection measures of the breeding stock, 

our study illustrates that genetic signatures of large scale demographic events may not 

always be immediately apparent. Nevertheless, there are many examples in commercially 

exploited marine species where genetic declines have been detected (Hauser, et al. 2003; 
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Hutchinson, et al. 2003; Smith, et al. 1991). Future studies should aim to monitor diversity 

in adaptive loci. Whereas microsatellites provide information about demographic 

processes, they are not informative about patterns of adaptive genetic diversity, which 

forms the basis of evolutionary change and local adaptation. Such an assessment is 

necessary to gain a more complete insight into local adaptation and evolutionary 

consequences of rapid environmental changes (Nielsen, et al. 2009). 
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Table 4.1. Genetic variation within P.cygnus samples based on eight microsatellite DNA loci. N 

sample size, H gene diversity, AR allelic richness (based on a sample size of 7 or 25 individuals 

for the contemporary and temporal samples respectively), FIS inbreeding coefficient (in bold 

when significantly different to zero after correction for multiple comparisons). Standard errors 

are presented in parentheses. Results from bottleneck tests are based on Wilcoxon sign-rank 

tests for an excess of heterozygosity and assessments of allele frequency distributions. 

     Bottleneck tests 

Site/Year N H AR FIS 

Excess of 

heterozygosity 

Allele frequency 

distribution 

Contemporary samples 

2013 
    

  

Seven Mile 

Beach 
9 0.53 (0.11) 4.3 (1.1) -0.01 ns Normal L-shaped 

Rat Island 6 NA NA NA NA NA 

Jurien Bay 10 0.53 (0.13) 4.3 (1.0) -0.19 ns Normal L-shaped 
       

2015       

Seven Mile 

Beach 
18 0.60 (0.09) 4.9 (1.1) 0.02 ns Normal L-shaped 

Rat Island 29 0.56 (0.10) 4.6 (1.0) -0.02 ns Normal L-shaped 

Jurien Bay 24 0.59 (0.10) 4.8 (1.1) 0.02 ns Normal L-shaped 
       

2016       

Seven Mile 

Beach 
27 0.57 (0.10) 4.8 (1.0) -0.06 ns Normal L-shaped 

Rat Island 23 0.58 (0.11) 4.9 (1.1) 0.09 ns Normal L-shaped 

Jurien Bay 23 0.53 (0.11) 4.4 (1.0) 0.04 ns Normal L-shaped 
       

Temporal variation 

1995 40 0.56 (0.10) 7.7 (2.5) 0.01 ns Normal L-shaped 

1997 40 0.55 (0.11) 7.8 (2.6) 0.03 ns Normal L-shaped 

1999 80 0.57 (0.11) 7.4 (2.2) 0.03 ns Normal L-shaped 

2009 78 0.56 (0.11) 7.5 (2.2) 0.01 ns Normal L-shaped 

2013 25 0.54 (0.12) 7.5 (2.2) -0.01 ns Normal L-shaped 

2015 71 0.58 (0.10) 7.9 (2.5) 0.00 ns Normal L-shaped 

2016 73 0.56 (0.10) 7.5 (2.3) 0.02 ns Normal L-shaped 
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Table 4.2. Pairwise FST estimates between population samples collected in this study. All values 

were non-significant (P > 0.05). 

 
Seven 

Mile 

2013 

Seven 

Mile 

2015 

Seven 

Mile 

2016 

Rat 

Island 

2015 

Rat 

Island 

2016 

Jurien 

Bay  

2013 

Jurien 

Bay  

2015 

Seven Mile 2013 -       

Seven Mile 2015 -0.0131 -      

Seven Mile 2016 -0.0073 -0.0068 -     

Rat Island 2015 -0.0138 -0.0213 -0.0040 -    

Rat Island 2016 -0.0116 -0.0137 -0.0069 -0.0070 -   

Jurien Bay 2013 -0.0082 -0.0207 -0.0083 -0.0127 -0.0091 -  

Jurien Bay 2015 0.0040 -0.0221 0.0060 -0.0038 -0.0058 0.0070 - 

Jurien Bay 2016 0.0005 -0.0094 0.0040 -0.0084 -0.0039 -0.0009 -0.0064 
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Table 4.3. Pairwise FST estimates between temporal samples of P. cygnus. Significant values 

are highlighted in bold text. 

  1995 1997 1999 2009 2013 2015 

1995 -      

1997 0.0013 - 

    
1999 -0.0032 0.0047 - 

   
2009 -0.0009 -0.0044 0.0022 - 

  
2013 -0.0098 -0.0008 -0.0047 0.0000 - 

 
2015 -0.0027 -0.0013 0.0030 0.0002 -0.0023 - 

2016 0.0025 -0.0028 0.0051 -0.0017 -0.0003 0.0006 
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Figure Legends 

Figure 4.1. Sampling locations used to monitor P. cygnus puerulus settlement by the 

Western Australian Department of Fisheries. Solid circles represent sampling locations 

used in this study. 

Figure 4.2. Annual average puerulus settlement in artificial seagrass collectors maintained 

by the Western Australian Department of Fisheries. Data from Alkimos/Warnboro/Cape 

Mentelle (Blue), Jurien/Lancelin (green), Seven Mile/Port Gregory (red) and Rat Island 

(black). Adapted from chart available at http://www.fish.wa.gov.au/Species/Rock-

Lobster/Lobster-Management/Pages/Puerulus-Settlement-Index.aspx 

Figure 4.3. Mean estimates of the log probability (solid circles) and Delta K (open 

squares) for each K arising from the Bayesian clustering analysis of the temporal data (A) 

and the contemporary samples collected from multiple sites in 2013 (B), 2015 (C) and 

2016 (D). Error bars for Ln(K) are standard deviations. 
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Figure 4.1 
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Figure 4.2 
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Figure 4.3 
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CHAPTER 5 

 

ASSESSING LEVELS OF ADMIXTURE IN MANAGED AND UNMANAGED 

POPULATIONS: A REQUIRED STEP TO SAVE THE CRITICALLY 

ENDANGERED HAIRY MARRON (Cherax Tenuimanus) 
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ABSTRACT 

Invasive species can contribute to the decline of native populations by competition, 

predation, disease and hybridization. The hairy marron, Cherax tenuimanus, is a critically 

endangered crayfish, endemic to the Margaret River in Western Australia. It is under 

threat of extinction due to the introduction and spread of the closely related smooth 

marron, Cherax cainii. An important component of the conservation effort to protect the 

remaining C. tenuimanus in the wild is the removal of C. cainii and hybrids. To evaluate 

the effectivity of the removal program, we used a Bayesian model-based clustering 

method to assess the levels of mixing between the two species and estimate the 

proportions of each taxa (pure C. tenuimanus, pure C. cainii and their hybrids) in three 

pools in the Margaret River over a period of three years. We also used the genetic data to 

estimate levels of genetic diversity in each species and test for reductions in effective 

population size. Our results showed there was a slight increase in the proportion of C. 

tenuimanus at all three sites during the study period and no loss of genetic diversity or 

evidence of a genetic bottleneck. The level of genetic diversity in the introduced C. cainii 

was higher than that observed in natural populations, suggesting the occurrence of 

multiple introductions. We also used the genetic data to assess the accuracy of taxonomic 

identifications based on morphological characters. Surprisingly, a large number of 

misidentifications were detected, mostly involving C. cainii and hybrids. These 

misidentifications are likely to have limited the impact in the removal program and 

highlight the importance of developing accurate methods for identifying species in the 

field. 
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INTRODUCTION 

The introduction of invasive species is regarded as a major threat to biodiversity (Clavero 

and García-Berthou 2005; Sala, et al. 2000). Invasive species can cause the local 

extirpation and complete extinction of native species by competition, predation, disease 

and hybridization (Mack, et al. 2000). Among these factors, hybridization is the most 

underestimated threat to native species and can be of particular concern when it leads to 

introgression (Olden, et al. 2004). Introgression may act as a creative evolutionary force 

by acquisition of higher fitness and competitive adaptive advantage of introgressed 

genotypes, or conversely it may lead to introgressed genotypes having lower fitness, 

which is commonly referred to as outbreeding depression (Arnold 1997; Rieseberg, et al. 

2003; Rogers and Bernatchez 2007). Endangered species are particularly vulnerable to 

introgression, especially when they come into contact with more abundant species 

(Allendorf and Luikart 2007; Kingston and Gwilliam 2007). Under these conditions, 

introgression may lead to extinction of the endangered species through genetic 

assimilation or outbreeding depression.  

Biological invasions not only threaten native species, but they also endanger 

communities and ecosystems (Cox 2004; Mooney 2005). Consequently, the eradication 

of invasive species is a key management option for eliminating or alleviating the severe 

impacts caused by biological invasions (Genovesi 2005; Wittenberg and Cock 2001). 

Eradication success relies in a set of conditions that include removing sufficient 

individuals to ensure their extinction (by reaching a density threshold, the Allee threshold, 

below which the population will cease to be self-sustaining) and an area of invasion 

relatively small and isolated from potential sources of recolonization by the invasive 

species (Gherardi, et al. 2011).  Consequently, the most successful eradication programs 

have involved the eradication of vertebrates, especially mammals, from isolated islands 

(Gherardi, et al. 2011; Veitch and Clout 2002). For instance, Genovesi (2005) reported 
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37 successful eradication programs against vertebrates in Europe, mostly in islands; and 

in Western Australia mammal eradications have been completed in 48 islands since 1969 

(Burbidge and Morris 2002). Eradication in aquatic ecosystems has proven much more 

difficult than in terrestrial environments (Gherardi, et al. 2011). Aquatic invasive species 

can be hard to detect and disperse rapidly due to high reproduction rates and connectivity 

among populations (Williams and Grosholz 2008). Once established, eradication of these 

species is no longer feasible, and a control program aiming to reduce the density of the 

species and to maintain it below an impact threshold is considered a better option (Mueller 

2005).  

The hairy marron, Cherax tenuimanus, is a freshwater crayfish endemic to the 

southwest of Western Australia. The distribution of C. tenuimanus is restricted to the 

upper reaches of Margaret River, a 60 km riverine system in the southwest of Western 

Australia. The species is listed as critically endangered under the Western Australian 

Wildlife Conservation Act 1950 and the IUCN Red List of Threatened Species. Cherax 

tenuimanus requires relatively good quality water and it is sensitive to high salinity, low 

oxygen and high temperatures. Unfortunately, poor water quality, salinity, low rainfall 

and environmental degradation in the upper and lower reaches of Margaret River are 

contributing to the reduction of C. tenuimanus’ range (De Graaf, et al. 2009). However, 

the main threat for this species is its rapid displacement by the introduced Cherax cainii 

(smooth marron), with hybridization and introgression being of particular concern (Duffy, 

et al. 2014), 

The smooth marron, Cherax cainii, is a close relative of C. tenuimanus, which is 

found in most major rivers in the southwest of Western Australia and is used extensively 

for aquaculture in Australia and overseas. In the early 1980s, C. cainii invaded Margaret 

River and displaced C. tenuimanus from the lower and middle reaches of the river within 

13 years (Austin and Ryan 2002; De Graaf, et al. 2009). Since then, C. cainii has 
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continued to expand its range and it is now found in sympatry with the remaining 

populations of C. tenuimanus in the upper reaches of the Margaret River (Bunn 2004; De 

Graaf, et al. 2009). Evidence of hybridization and introgression between the two species 

has been reported in several studies based on morphology and genetic markers (Austin 

and Ryan 2002; Bunn 2004; Guildea, et al. 2015). Cross-breeding experiments carried 

out in a captive population have also shown that the fertile female hybrids can be 

produced when female C. tenuimanus are mated to male C. cainii (Lawrence 2007), 

although simulations based on the proportion of hybrids found in a sympatric population 

suggest that there may be a partial reproductive barrier between the two species (Guildea, 

et al. 2015). 

The most recent genetic study on marron from the upper reaches of the Margaret 

River revealed that the proportion of pure C. tenuimanus was less than 20% of the total 

population. Accordingly, there is growing concern that genetic introgression between C. 

tenuimanus and C. cainii will lead to the extinction of the remaining C. tenuimanus 

population (Guildea, et al. 2015). In a bid to lessen this threat, the Department of Fisheries 

of Western Australia has been carrying out removal of C. cainii and hybrids from several 

admixed populations. However, it is still unknown whether the selective removal of adult 

C. cainii is decreasing the levels of intermixing between the two species and increasing 

the proportion of pure-bred C. tenuimanus in the remaining populations. 

Since the removal of C. cainii and hybrids is an important component of the 

conservation efforts to protect C. tenuimanus, the correct identification of pure animals 

and hybrids is a priority. In C. tenuimanus, the central ridge on the carapace (the median 

carina) is continuous to the cervical groove, whereas in the C. cainii, the median carina 

does not extend to the cervical groove, but is raised more prominently than in C. 

tenuimanus. Also, in C. tenuimanus, the carapace is covered with clusters of setae, giving 

it its common name “hairy marron”; these clusters are absent in the smooth C. cainii 
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(Austin and Ryan 2002). In the field, identification of the two marron species is 

confounded by the presence of hybrid/backcrossed individuals displaying a range of 

characteristics from each of the species (Bunn 2004; Lawrence 2002). Variations in 

morphology due to sex, maturity and size add to the difficulties of field identification 

(Bunn, et al. 2008). In such cases, the use of molecular markers is particularly helpful for 

identifying hybrids and introgressed individuals. Furthermore, molecular analyses can be 

used to determine whether admixed individuals are first, second or higher order hybrid 

generations or backcrosses (Allendorf, et al. 2001). 

The aim of this study is to evaluate the effect of removing C. cainii and hybrids on 

the genetic composition of three admixed marron populations in the upper reaches of the 

Margaret River: Boomerang Pool, Canebrake Pool and Long Pool. At the first two sites, 

Boomerang Pool and Canebrake Pool, the removal of C. cainii and hybrids commenced 

in 2014. The removal of C. cainii and hybrids began in 2015 at Long Pool. The marron 

removed from these sites were translocated to a site downstream, towards the mouth of 

the river where pure C. tenuimanus are no longer found. Specifically, our aim is to assess 

whether the population genetic structure (proportions of hybrids and pure-bred 

individuals of each species) of the admixed populations has changed since the 

intervention (2014-2016). We will also evaluate the level of genetic variation in each 

species and test for evidence of genetic bottlenecks in pure C. tenuimanus.  

 

METHODS 

Study area and sample collection 

Marron were captured from three locations in the upper reaches of the Margaret River: 

Boomerang Pool, Long Pool and Canebrake Pool (Fig. 5.1), using black box traps baited 

with chicken layer pellets. The traps were set between one and four metres along the 

perimeter of each pool, spaced approximately 20 metres apart. The traps were set each 
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afternoon, left overnight and checked the following morning. Captured individuals were 

identified as C. tenuimanus, C. cainii or hybrid using morphological characters. A tail 

clip was taken from each animal and stored in 100% ethanol. All samples were collected 

and provided by the Department of Primary Industries and Regional Development from 

Western Australia. 

A random sample of 40 individuals, from each pool, were selected from the 

individuals collected in 2014, 2015 and 2016 for genetic analysis; except in the case of 

Boomerang Pool, where collections were only available from 2015 and 2016. Given that 

a small number of pure C. tenuimanus was expected in each sample, 90 additional 

individuals identified as C. tenuimanus in the field were genotyped to increase the sample 

size for assessing levels of genetic diversity. These samples were from all three pools and 

were collected between 2014 and 2016. To provide reference material for C. tenuimanus, 

genetic data from eight C. tenuimanus collected from Margaret River (Kennington, et al. 

2014), as well as 38 C. tenuimanus from a captive breeding population were included in 

the study. Reference material for C. cainii was based on genetic data obtained from 

individuals sampled from the Shannon (n = 20; 34.76345°S, 116.37501°E) and Warren 

Rivers (n = 20; 34.50561°S, 115.93629°E). We also included genetic data from 115 

marron collected from Boomerang Pool in 2012. The reference material and sample from 

Boomerang Pool in 2012 were taken from Guildea, et al. (2015). The reference material 

and sample from Boomerang Pool in 2012 were taken from Guildea, et al. (2015). To 

prevent some of the problems associated with the exchange of microsatellite data (Moran, 

et al. 2006; Ellis, et al. 2011); our data was generated using the same microsatellite 

markers, under the same conditions, and in the same laboratory than the data from 

Guildea, et al. (2015). Furthermore, the data from Guildea, et al. (2015) were re-scored 

manually to ensure that allelic designations were consistent with the ones used in the 

current study. No differences were detected between the original and re-scored genotypes. 

file:///E:/TO%20REVIEW/Thesis_FINAL_Loo_Jul2018.docx%23_ENREF_24
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DNA extraction 

Total genomic DNA was extracted from pleopods using proteinase K digestion followed 

by a DNA extraction method using DNA binding plates (Pall Corporation), as described 

by Ivanova, et al. (2006). The concentration and quality of the DNA of each sample was 

quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific).  

Microsatellite genotyping 

Samples were genotyped at 13 microsatellite loci: Cher01, Cher05, Cher06, Cher07, 

Cher08, Cher10, Cher14, Cher15, Cher19, Cher20, Cher21, Cher24 and Cher26 

(Kennington, et al. 2014). The 5’-end of the forward primer from each locus was labelled 

with a fluorescent tag (FAM, NED, PET, VIC). PCRs were carried out in a 5 µL volume 

with the following conditions: 1 µL of  template DNA (10 ng), 1x Bioline MyTaq reaction 

buffer (containing 3 mM MgCl2, 1 mM of each dNTP, stabilizers and enhancers), 0.4 µM 

of each primer, and 0.1 U/µL MyTaq DNA polymerase (Bioline).  Amplifications were 

completed in an Eppendorf thermal cycler (Eppendorf, Hamburg, Germany) using 

thermocycler protocols described in (Kennington, et al. 2014). PCR products were 

analysed on a 3700 Genetic Analyzer (Applied Biosystems, Inc), using an internal size 

standard (GS500 LIZ, ABI). Microsatellite alleles were identified by their sizes in base 

pairs using the software GENEMARKER v4.0 (SoftGenetics, State College, PA, USA). 

Data analysis 

The program MICRO-CHECKER (Van Oosterhout, et al. 2004) was used to screen the 

data for genotyping or scoring errors caused by null alleles, large allele dropout or stutter 

peaks. We investigated population structure (i.e. proportion of pure-bred C. tenuimanus 

and C. cainii, and hybrids) of the admixed populations using a Bayesian model-based 

clustering method, implemented with the program STRUCTURE 2.3.4 (Pritchard, et al. 

2000). This method uses allele frequencies across loci to identify genetically distinct 
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clusters (K). All analyses were performed without prior information about the origin of 

the samples and using an ancestry model that assumed admixture and correlated 

frequencies. Ten independent runs were performed for each value of K (1 – 10) with a 

burn-in of 10 000, followed by 100 000 Markov Chain Monte Carlo (MCMC) iterations. 

The most likely number of clusters was assessed by comparing the likelihood of the data 

for different values of K and using the K method of Evanno, et al. (2005). We classified 

an individual as pure C. tenuimanus or pure C. cainii if they had ≥ 90% membership to a 

single cluster. All other individuals were classified as hybrids. Differences in the 

proportions of C. tenuimanus, C. cainii and hybrids between collection years and sites 

were tested using heterogeneity Chi Square analyses. 

The ancestry of each individual was assessed further using the program 

NEWHYBRIDS (Anderson and Thompson 2002). This program uses a Markov Chain 

Monte Carlo (MCMC) procedure to assign individuals to six different generational 

classes: pure species 1 or 2, F1 or F2 hybrids and F1 backcrosses to each parent. Analyses 

were run using Jeffreys priors with 500 000 sweeps and a 50 000 burn-in value. No prior 

allele frequency information was used in the analysis. A posterior probability value of 0.5 

was used as a threshold value for assignment of an individual to a generational class. 

Genetic variation within individuals identified as pure C. tenuimanus or pure C. 

cainii in the STRUCTURE analysis (threshold value of ≥ 90% membership to a single 

cluster) was quantified using allelic richness (a measure of the number of alleles 

independent of sample size) and gene diversity. Differences in estimates of genetic 

variation among samples were tested using Friedman’s analysis of variance (ANOVA). 

Deviations from random mating were characterised using the FIS statistic (inbreeding 

coefficient). Significant positive and negative FIS values indicate a deficit or excess of 

heterozygotes relative to random mating, respectively. Genotypic disequilibrium (GD) 

between each pair of loci was evaluated by testing the significance of association between 
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genotypes. All analyses mentioned above were performed using FSTAT version 2.9.3 

software package (Goudet 2001). 

The software package BOTTLENECK (Piry, et al. 1999) was used to test for 

recent reductions in effective population size in each sample. Two different methods of 

analysis were used. The first method was based on the principle that the number of alleles 

decreases faster than expected heterozygosity after a bottleneck (Maruyama and Fuerst 

1985). In such a scenario, expected heterozygosity should be higher than the 

heterozygosity predicted from the observed number of alleles at each locus, assuming 

mutation-drift equilibrium. Analyses were run using a two phase model with 95% single 

step mutation and 5% multiple step mutations and a variance among multiple steps of 12. 

The probability of significant excess of heterozygosity in a sample was determined using 

Wilcoxon’s signed-rank test. The second method was a qualitative test based on allele 

distributions. This tests discriminates between a sample exhibiting a full range of 

common and rare alleles (producing an L-shaped distribution) and one that has lost rare 

alleles (producing a shifted distribution), which is indicative of a bottleneck event 

(Luikart, et al. 1998).  

Individuals identified as pure C. tenuimanus, C. cainii and hybrids by 

STRUCTURE were also used to evaluate the accuracy of species identification in the 

field. Each individual collected in the field is identified as C. tenuimanus, C. cainii or 

hybrid based on morphological characters. To calculate the proportion of 

misidentifications, the number of incorrectly identified individuals were divided by the 

number of individuals identified using both morphological character and microsatellite 

markers. 
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RESULTS 

Population structure and genetic introgression 

As expected, Bayesian clustering analysis indicated K = 2 as the most likely number of 

clusters according to plots of L(K) and K across different values of K (Appendix 1). 

These clusters represent C. tenuimanus and C. cainii, as indicated by the assignment of 

all individuals from the C. tenuimanus control and captive populations to one cluster and 

all C. cainii individuals taken from the Shannon and Warren Rivers to the other cluster 

(Fig.5.2). Individuals from the three pools in the Margaret River were assigned to one of 

the two genetic clusters or were a mixture of both clusters (Fig. 5.2). 

Proportions of pure C. tenuimanus, C. cainii and hybrids in each pool and 

sampling year are presented in Table 5.1. Heterogeneity Chi-square analyses were 

performed to test for differences in the relative proportions between samples. First, we 

looked at temporal variation in the proportion of each generational class within site. No 

significant differentiation between collection years was found in Boomerang Pool (2 = 

5.69, P = 0.223). The samples size at Canebrake and Long Pools were too small to test 

for differences between collection years. When we pooled data across sites, there was 

significant difference between collection years (2 = 18.32, P = 0.005). Next, we looked 

at variation between sites. The sites for 2015 were too small to perform the test. However, 

there was significant difference between sites in the 2012/2014 collections (prior to 

removal) (2 = 9.58, P = 0.048). Interestingly, there were no significant differences 

between sites in 2016 (after removal) (2 = 1.88, P = 0.758). When data were pooled 

across sampling years within each site, there was also significant difference between sites 

(2 = 11.60, P = 0.020).  

Results from NEWHYBRIDS analysis are presented in Table 5.1. Overall, most 

individuals identified as hybrids in the STRUCTURE analysis (i.e. <90% assignment to 

a single genetic cluster) were identified as a F1 or a C. cainii backcross generation. Across 
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all samples, the frequencies of F2 and backcrosses to C. tenuimanus were low compared 

to the frequencies of the other generational classes. 

Genetic variation 

Individuals identified by STRUCTURE as pure C. tenuimanus and C. cainii were used to 

evaluate their genetic variation. As we identified a small number of C. tenuimanus across 

all three pools (2014 n = 6; 2015 n = 7; and 2016 n = 18), we genotyped 90 additional 

samples identified as C. tenuimanus in the field (2014 n = 31; 2015 n = 27; and 2016 n = 

32). Unfortunately, only 26 of these extra samples were identified as C. tenuimanus 

following a STRUCTURE analysis (2014 n = 10; 2015 n = 8; and 2016 n = 8). The 

remaining individuals were identified as C. cainii or hybrids. All samples from C. 

tenuimanus and C. cainni were in Hardy-Weinberg Equilibrium. There was no significant 

genotypic disequilibrium between any pair of loci and there was no evidence of null 

alleles. 

Estimates of genetic diversity in the C. tenuimanus and C. cainni samples are 

presented in Table 5.2. In the C. tenuimanus samples from the Margaret River, there was 

a trend towards an increase in allelic richness and gene diversity over time, although these 

differences were not significant (Allelic richness: 2 = 2.65, P = 0.449; Gene diversity: 

2 = 6.93, P = 0.074). Pairwise comparisons between C. tenuimanus captive population 

and C. tenuimanus from the Margaret River revealed significant differences between C. 

tenuimanus captive population and C. tenuimanus from the Margaret River from 2015 

(only Allelic richness: Z = -1.96, P = 0.05; Gene diversity: Z = -1.96, P = 0.05) from and 

2016 (only Gene diversity: Z = -1.96, P = 0.05). All remaining pairwise comparisons were 

no significant. In the C. cainii samples, there were significant differences in allelic 

richness and gene diversity when samples from the Shannon and Warren Rivers were 

included (Allelic richness: 2 = 19.46, P = 0.002; Gene diversity: 2 = 20.28, P = 0.001). 

However, when only sites from the Margaret River were compared, these differences 
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were no longer significant (Allelic richness: 2 = 0.63, P = 0.890; Gene diversity: 2 = 

2.58, P = 0.461). These results indicate that genetic diversity was higher in the Margaret 

River population of C. cainii than in the C. cainii populations from the Shannon and 

Warren Rivers.  

There was no evidence of a recent bottleneck event in any population sample. No 

significant heterozygosity excesses were detected (Wilcoxon P-values ranged between 

0.936 and 1.000). Furthermore, all population samples exhibited normal L-shaped 

distributions, as expected under mutation-drift equilibrium. 

Accuracy of field-based identifications of C. tenuimanus and C. cainii 

Comparisons between the number of C. tenuimanus, C. cainii and hybrids 

identified in the field, based of morphological traits, and those identified by 

STRUCTURE, based on microsatellite data, showed that misidentifications were 

common. Out of 233 individuals identified as C. cainii based on microsatellite data, 110 

(47%) were misidentified as hybrids, 6 (3%) as C. tenuimanus and 7 (3%) left as 

unknown. Out of 56 individuals identified as hybrids by microsatellite data, 13 (23%) 

were misidentified as C. Cainii, 13 (23%) as C. tenuimanus and 4 (7%) left as unknown. 

By contrast, out of 31 individuals identified as C. tenuimanus by molecular data, only 1 

(3%) was misidentified as hybrid and 1 (3%) left as unknown. 

 

DISCUSSION 

Levels of hybridization and introgression 

Overall, when samples were pooled together across sites, differences in levels of 

admixture between collection years were significant. In 2016, proportions of C. cainii and 

hybrids were the lowest and proportion of C. tenuimanus was the highest since 2014, the 

year when the removal program commenced. These results suggest that the removal of 

C. cainii and hybrids has had a positive effect on the recovery of C. tenuimanus in these 
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populations. Changes to the population size of invasive and native species following the 

initiation of a species removal program have been observed in other crayfish species, for 

example, the number of introduced Orconectes rusticus caught in the United States 

declined from 6,500 to 206 six weeks after the commencement of continuous trapping 

program (Bills and Marking 1988). It is worth noting, however, that to achieve enduring 

beneficial outcomes species removal programs need to be conducted over a long period 

of time, which implies considerable costs. For example, populations of Pacifastacus 

leniusculus in carp ponds in England were reduced from 4,000 to 1,500 individuals, but 

the numbers of P. leniusculus in these populations returned to their former levels within 

a couple of breeding seasons after the removal program was discontinued (Holdich, et al. 

1999). 

When samples were pooled together by years, there was also significant 

differences in the levels of admixture between sites. Canebrake Pool showed the lowest 

proportion of C. tenuimanus compared to Boomerang and Long Pools. This result may 

be due to a less efficient removal of hybrids at Canebrake compared to the other pools. 

The number of misidentified individuals in Canebrake Pool was 20% higher than in 

Boomerang and Long Pools. Many of these involved hybrids being wrongly identified as 

C. tenuimanus and consequently were not removed. Misidentification of individuals is 

discussed further below.  

In Boomerang Pool, the proportion of C. cainii was the lowest and the proportion 

of hybrids was the largest compared to the other pools, when only the 2012/2014 

collections (prior to the removal process) were compared. But, differences between sites 

in 2016 were no longer significant. It is not clear why Boomerang Pool initially had lower 

and higher levels of C. cainii and hybrids respectively, than the other pools. However, 

these results suggest that the removal program caused a homogenization in the levels of 

admixture between populations in just a couple of years. 
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Genetic diversity 

Our results showed that genetic diversity in C. tenuimanus has remained stable during the 

last six years. While the level of genetic diversity in C. tenuimanus was lower than the 

level found in the introduced population of C. cainii, it was comparable to the levels found 

in the populations of C. cainii from Shannon and Warren Rivers. These comparable levels 

of genetic diversity between C. tenuimanus and C. cainii do not rule out the possibility 

that the former has experienced a loss of genetic diversity. The current population of C. 

tenuimanus may represent the remnants of a population that once had greater genetic 

diversity. An alternative hypothesis is that the decline in population size has not reach the 

point where has started to cause a large decline in genetic diversity.  

The finding that genetic diversity in between C. tenuimanus captive population 

and C. tenuimanus from the Margaret River is of major concern. The maintenance of 

genetic variation is recognized as a major problem in captive breeding programs 

(Frankham, et al. 2002), as genetic diversity can be potentially lost due to the accelerated 

rate of genetic drift and inbreeding depression in small populations (Allendorf 1987; 

Allendorf and Phelps 1980; Cross and King 1983; Ryman, et al. 1995). Individuals from 

native populations of C. tenuimanus could be used to attempt to increase genetic variation 

in the captive breeding program.  

Theory predicts that invasive species undergo reductions in genetic diversity as 

they experience founding events (Nei, et al. 1975). We found that the introduced 

populations of C. cainii in the Margaret River have higher levels of genetic diversity than 

the C. cainii populations in the Shannon and Warren Rivers. This can be indicative of 

multiple introductions, as new alleles are introduced from genetically distinct populations 

(Dlugosch and Parker 2008; Jason Kennington, et al. 2012; Moritz 1999; Sigg 2006). The 

increase in genetic diversity will be greater if there is geographical differentiation among 

populations in the source region. Although the source population of C. cainii introduced 
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to the Margaret River remains unknown, there is evidence of genetic divergence between 

C. cainii from the Shannon River and the Warren River (Guildea, et al. 2015). Thus, it is 

possible that the success of C. cainii as an invasive species is in part due to increased 

levels of genetic diversity caused by multiple introductions from divergent source 

regions. 

Identification of C. tenuimanus and C. cainii 

The ability to correctly identify the native C. tenuimanus, introduced C. cainii and their 

hybrids is an important component of the conservation efforts to save the remaining wild 

populations of C. tenuimanus. Our study confirmed that C. tenuimanus, C. cainii and their 

hybrids are often misidentified in the field. We found that almost 50% C. cainii were 

misidentified as hybrids, and 50% of hybrids were misidentified as C. tenuimanus or C. 

cainii. By contrast, 94% of C. tenuimanus were correctly identified. These results are 

partially consistent with an allozyme study by Bunn, et al. (2008) who reported 90% of 

accuracy in the identification of C. tenuimanus and C. cainii, and 70% accuracy in the 

identification of hybrids. The higher levels of inaccuracy when identifying C. cainii and 

hybrids reported in this study may be due to microsatellites being more effective in 

detecting hybrids due to their higher levels of polymorphism. 

Confusion in field identification has been attributed to hybrid/backcrossed 

individuals displaying a range of characteristics from each of the species (Bunn, et al. 

2008; Lawrence 2002) and variations in morphology due to sex, maturity and size 

identification (Bunn, et al. 2008). The misidentification of C. cainii with hybrids are of 

lesser concern in the context of management since both of them are being removed. 

However, the misidentification of hybrids as C. tenuimanus indicates that hybrids are not 

being removed efficiently. Furthermore, misidentifications have important implications 

in the interpretation of population data and breeding studies based on morphological data 

(Duffy, et al. 2014). Our study therefore highlights the need for an accurate and user-
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friendly method of field identification of marron in the Margaret River. This is especially 

critical if future management relies heavily on volunteers and community groups to 

remove C. cainii from the C. tenuimanus home range. 

Conclusions and management implications 

Our study suggests there has been an overall increase in the proportion of C. tenuimanus 

since the beginning of the removal of C. cainii and hybrids. Furthermore, it shows that 

genetic diversity of C. tenuimanus has remained stable over recent years. One of the main 

objectives of the removal plan was that the proportion of C. tenuimanus will reach more 

than 40% of the marron population in each of the study sites. Our study showed there was 

no more than 20% of C. tenuimanus in all three populations. Hence, in this respect a 

primary objective of the original management plan has not been met. As previously 

discussed. once an invasive species is well established, eradication is often impossible 

and mitigation and control can be very difficult and expensive (Gherardi 2007; Gherardi, 

et al. 2011). Indeed, eradication and control of freshwater invertebrates has been achieved 

only in a few cases (Gherardi, et al. 2011).  

Despite our findings, there is still hope for the recovery of C. tenuimanus, as 

efforts for its conservation are now shifting toward the development of isolated refuge 

sites, known as “Ark sites”, which aim to create wild self-maintaining populations. In this 

context, our study underscores the need for potential founders to be genetically identified 

to ensure the purity of the population and avoid the type of genetic contamination that has 

plagued attempts to implement this strategy in other species. For example, a captive 

breeding program of Asiatic lions was terminated after it was discovered that several of 

the founders were hybrids between Asiatic-African lions and when substantial resources 

had already been expended in its development (Frankham, et al. 2002). 

Our study also showed that gene diversity was significantly lower in the captive 

population when compared to the native populations of C. tenuimanus in 2015 (both 
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allelic richness and gene diversity) and 2016 (only gene diversity). It is important that this 

is taken into account when selecting individuals to establish the new Ark sites. Ideally, 

the founder population should contain a high proportion of the total genetic diversity 

within the species, which will require the inclusion of C. tenuimanus from natural 

populations. This highlights the importance of evaluating genetic diversity in both captive 

and wild populations before establishing new populations. The case of C. tenuimanus 

provides an example of the importance of continued education, vigilance and the use of 

genetic data when carrying out invasive species eradication programs involving closely 

related taxa that are capable of interbreeding. 
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Table 5.1. Percentage of individuals identified as C. tenuimanus, C. cainii or hybrid in each of 

the study sites. 

Analysis BP 

2012 

BP 

2015 

BP 

2016 

CP 

2014 

CP 

2015 

CP 

2016 

LP 

2014 

LP 

2015 

LP 

2016 

N 115 40 40 40 40 40 40 40 40 

          

STRUCTURE 
         

C. cainii (%) 55.7 75.0 67.5 77.5 77.5 75.0 75.0 72.5 67.5 

C. tenuimanus (%) 18.3 7.5 12.5 5.0 2.5 15.0 10.0 7.5 17.5 

Hybrids (%) 26.1 17.5 20.0 17.5 20.0 10.0 15.0 20.0 15.0 
          

NEWHYBRIDS 
         

C. cainii (%) 60.9 72.5 67.5 75.0 80.0 75.0 72.5 67.5 67.5 

C. tenuimanus (%) 18.3 7.5 12.5 7.5 2.5 15.0 10.0 7.5 17.5 

F1 (%) 5.2 5.0 12.5 5.0 0.0 5.0 7.5 5.0 0.0 

F2 (%) 10.4 2.5 0.0 0.0 0.0 0.0 0.0 2.5 0.0 

Backcross to C. cainii (%) 5.2 12.5 7.5 12.5 12.5 5.0 10.0 15.0 15.0 

Backcross to C. tenuimanus (%) 0.0 0.0 0.0 0.0 5.0 0.0 0.0 2.5 0.0 
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Table 5.2. Genetic variation within C. tenuimanus and C. cainii samples. N, sample size; AR, 

allelic richness; H, gene diversity and FIS, inbreeding coefficient. Standard errors are in 

parentheses. FIS estimates significantly greater than zero after correction for multiple comparisons 

are highlighted in bold. GD, genotypic disequilibrium, indicated by the number of pairs of loci 

out of 78 in significant GD. 

Site N AR H FIS 

C. cainni 
    

Shannon River (SR) 20 2.0 (0.3) 0.25 (0.08) 0.13 

Warren River (WR) 20 2.5 (0.5) 0.32 (0.09) -0.03 

Margaret River (MR) 
    

MR 2012 64 3.6 (0.6) 0.53 (0.07) 0.09 

MR 2014 61 3.8 (0.6) 0.51 (0.07) -0.03 

MR 2015 90 3.7 (0.6) 0.52 (0.07) 0.02 

MR 2016 82 3.8 (0.6) 0.52 (0.07) 0.04 
     

C. Tenuinamus 
    

Controls (CON) 8 1.9 (0.3) 0.16 (0.06) 0.08 

Captive breeding  CB) 38 1.6 (0.2) 0.12 (0.04) -0.11 

Margaret River (MR) 
    

MR 2012 21 1.8 (0.2) 0.15 (0.05) 0.04 

MR 2014 16 1.9 (0.4) 0.15 (0.06) -0.10 

MR 2015 15 2.2 (0.4) 0.25 (0.08) 0.10 

MR 2016 26 2.0 (0.3) 0.22 (0.07) 0.25 

 

  



142 

 

Figure Legends 

Figure 5.1. Map showing the location of each study in the Margaret River: Boomerang, 

Canebrake and Long Pools. The star indicates the location where translocated C. cainii 

were released.  

Figure 5.2. Mean estimates of the log probability (solid circles) and Delta K (open circles) 

for each K arising from the Bayesian clustering analysis. Error bars for Ln(K) are standard 

deviations.  

Figure 5.3. Summary of the clustering results assuming two admixed populations (K = 

2). Each individual is represented by a bar showing the individual’s estimated 

membership to a particular cluster (represented by different colours). Black lines separate 

samples from different populations. SR, Shannon River (C. cainii); WR, Warren River 

(C. cainii).; CB, Captive breeding (C. tenuimanus); CON, controls (C. tenuimanus); BP, 

Boomerang Pool (mixed); CP, Canebrake Pool (mixed); and LP, Long Pool (mixed). 

 

 

  



143 

 

Figure 5.1 
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Figure 5.2  
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Figure 5.3 
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SUMMARY OF MAIN FINDINGS 

Globally, human activities, such as overexploitation and introduction of invasive species 

are causing environmental changes that threaten global biodiversity. Monitoring the 

consequences of these changes on natural populations has become increasingly important 

given the fast rate at which they are occurring.  My thesis consists of two broad 

components. First, I evaluated the genetic effects of selective exploitation on the mating 

system of P. cygnus. I also quantified the impact of a period of low recruitment, between 

2006 and 2010, in the levels of genetic variation of the population.  Second, I evaluated 

the effectiveness of removing an invasive species, the smooth marron C. cainii, in the 

recovery of the native and critically endangered hairy marron, C. tenuimanus.  

The impact of selective fishing on P. cygnus 

Panulirus cygnus is the most valuable single fishery in Australia, and is subject to 

regulations that facilitate the exploitation of larger males. Such selective harvesting may 

act antagonistically to sexual selection, which is likely to favour larger body size. 

Furthermore, any reduction in the mean and variation in male body size caused by 

selective harvesting is likely to result in changes in the dynamics of courtship and mate 

selection (Allendorf and Hard 2009). In some species of lobsters, body size determines 

male mating and reproductive success because females prefer larger males (Debuse, et al. 

2003; Robertson and Butler IV 2013) Furthermore, spermatophore size and clutch size 

vary positively with male body size (MacDiarmid and Butler IV 1999). Due to the 

predicted reduction in the strength of sexual selection on body size, I expected a greater 

frequency of multiple mating by females in exploited populations in order to facilitate 

post-mating sexual selection. To test this hypothesis, I evaluated the impact of size-

selective harvesting on the frequency of multiple mating on P. cygnus by comparing 

marine protection zones (unexploited sites) and areas subject to recreational fishing 

(exploited sites) at Rottnest Island, Western Australia. I found that male body size was 
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larger in unexploited zones compared to exploited zones, highlighting the benefits of 

marine protected areas on biomass. However, contrary to my expectations, although 

results revealed high levels of multiple mating by females (polyandry) at some sites, I 

detected no difference in the frequency of multiple mating between the exploited and 

unexploited zones. Despite this, significant differences in the frequency of polyandry 

were found between locations, with the highest frequency of polyandry reported in 

Armstrong Bay, the location where mean male body size was smallest. Although these 

data supported the idea that sperm limitation may be contributing to the variation in the 

frequency of polyandry between locations, I found no correlation between the mean or 

variance in male body size and the frequency of polyandry across all sites. The factors 

contributing to differences in the frequency of polyandry between locations therefore 

remain unclear. Overall, my data failed to support the hypothesis that size-selected 

harvesting at current levels would impact the mating system of P. cygnus. In addition to 

evidence of polyandry, I found some evidence of multiple mating by males (polygyny). 

These results contribute to our knowledge of the mating system of P. cygnus, which until 

now has relied mostly in observations under controlled conditions.  

Given the high levels of polyandry found in Chapter 2, the next step was to 

evaluate whether those cases of polyandry translated into multiple paternity. A common 

assumption in the literature in sexual selection is that polyandry will inevitably lead to 

multiple paternity. However, a number of post-mating processes, including sperm 

competition and/or female cryptic choice, can ultimately determine which males are 

successful at fertilizing a female’s eggs (Birkhead and Møller 1998). Such post-mating 

sexually selected processes would inevitably result in a disparity between patterns of 

multiple mating and the number of sires contributing towards each brood. I compared 

patterns of multiple mating by females with realised paternity outcomes in order to assess 

whether post-mating episodes of sexual selection were affecting fertilization outcomes in 
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wild populations of P. cygnus. I found that out of 24 clutches sampled in this study, only 

two revealed evidence of multiple paternity. The progeny genotypes in each of the 

remaining clutches could be assigned to single inferred paternal genotypes, even when 

the female was known to have mated with two or more males. These results are consistent 

with the idea that sperm competition and/or cryptic female choice biased the fertilization 

success in favour of a subset of mated males. In species where females store 

spermatophores externally, sperm competition can occur when a male displaces or 

removes the spermatophore from the female (Thiel and Hinojosa 2003; Magallon-Gayon, 

et al. 2011). The occurrence of cryptic female choice is often more difficult to infer due 

to the diversity of possible underlying mechanisms and their interactions with sperm 

competition (reviewed by Firman, et al. 2017). In P. cygnus, spermatophores are attached 

externally to the female and fertilization is temporally decoupled from mating, suggesting 

that there is some opportunity for cryptic female choice in this system. An alternative 

explanation is that females undergo double spawning and mate multiple times within a 

single breeding season. According to this scenario, a female spawns and mates with a 

male, but after successful fertilization of her eggs, remnants of the male spermatophore 

remain attached to her. The female subsequently spawns and mates with a second male, 

which attaches his spermatophore on top of the spermatophore of the first male. This may 

result in a spermatophore sample containing more than one genotype, but in the progeny 

exhibiting single paternity.  However, I found that females carrying spermatophores from 

more than one male had a wide range of body sizes and there was no evidence of higher 

rates of multiple mating in larger females.  

Finally, part of the management of P. cygnus includes the measurement of the 

levels of puerulus (a late larval stage) settlement each season, which are highly predictive 

of catches 3 - 4 years later. Between 2006 and 2009, puerulus recruitment declined 

severely due to a combination of environmental changes. I evaluated whether the recent 
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declines in puerulus recruitment and continued exploitation of the breeding stock caused 

a reduction in the levels of genetic diversity in P. cygnus. My data supported the 

hypothesis that the fishery consists of a single population, but provided no evidence of a 

loss in genetic diversity or fluctuations in allele frequency over a 21 year period spanning 

the episodes of low recruitment. A combination of life history traits, such as large 

effective population size, and effective management measures, may have prevented the 

loss of neutral genetic diversity after the decline in puerulus settlement.  

The effect of removing the introduced C. cainii on a native population of C. 

tenuimanus 

Invasive species can contribute to the decline of native populations by competition, 

predation, disease and hybridization. Cherax tenuimanus, a crayfish endemic to the 

Margaret River in Western Australia, is critically endangered due to introduction and 

spread of the closely related C. cainii. Studies have shown that hybridization and 

introgression between the species plays a major role in the decline of C. tenuimanus 

decline (De Graaf, et al. 2009; Guildea, et al. 2015; Horwitz 1995). Consequently, an 

important component of the conservation effort to preserve C. tenuimanus involves the 

removal of C. cainii and hybrids. I evaluated the effectivity of the removal program, by 

determining the levels of admixture (proportion of pure C. tenuimanus, pure C. cainii and 

their hybrids) in the three main populations from the Margaret River, where C. 

tenuimanus still occurs, during a period of three years. My results showed a slight increase 

in the proportion of C. tenuimanus and maintenance of its genetic diversity in all three 

populations during the study period. These results suggest that the removal program is 

having a positive effect in the recovery of the population of C. tenuimanus. However, it 

is known that field identification of the two marron species is confounded by the presence 

of hybrid/backcrossed individuals displaying a range of characteristics from each of the 

species (Bunn 2004; Lawrence 2002); and by variations in morphology due to sex, 
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maturity and size (Bunn, et al. 2008). To determine the accuracy of field identification of 

pure animals and hybrids, I compared field identification of individuals, based on 

morphology, to their identifications based on microsatellites. I found that 

misidentifications in the field are common, mostly involving C. cainii and hybrids. The 

misidentification of C. cainii with hybrids is of lesser concern in the context of 

management since both of them are being removed. However, the misidentification of 

hybrids as hairy marron indicates that hybrids are not being removed efficiently. 

Furthermore, misidentifications have important implications in the interpretation of 

population data and breeding studies based on morphological data. Overall, the increase 

in the proportion of C. tenuimanus did not fulfil the goals set by the recovery program. 

Efforts to save the species are now moving towards the establishment of Ark sites. It is 

noteworthy that my study revealed that levels of genetic diversity were lower in the 

captive bred population of C. tenuimanus when compared to the native population. This 

result has important implications in the selection of the founders of Ark sites, as they are 

intended to represent most of the genetic diversity of the natural populations.  

 

LIMITATIONS OF RESEARCH 

The main findings of this thesis have been discussed above. However, my research faced 

some limitations that are briefly discussed below, as more comprehensive discussions are 

contained within each data chapter. 

 Samples of P. cygnus used in Chapter 2 and Chapter 3 were collected during February, 

i.e. at the end of the spawning season, when many large females may be undergoing 

their second spawning. This raises the possibility that some of the cases of 

spermatophores containing multiple genotypes are the result of females double 

spawning and mating multiple times within a single breading season (i.e. a female 

may mate once each time she spawns, resulting in clutches with single paternity, but 
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will have mated multiple times over the season), instead of the result of multiple 

mating (i.e. a female mating with multiple males after one spawn, which may result 

in clutches with multiple paternity in the absence of post-copulatory processes). 

However, it is unlikely that the number of double-spawning females is significant, as 

a wide range of body sizes was found among the females carrying spermatophores 

from more than one male and no evidence of higher rates of multiple mating in larger 

females was found. A study including samples taken early during the breeding season 

would give more insight into this matter.  

 Sample size in the paternity study of P. cygnus (Chapter 3) may have affected the 

number of cases of multiple paternity detected. A study by Veliz, et al. (2017) 

developed an analytical method that assessed the statistical power to detect multiple 

paternity in crabs. According to their analysis, sampling 20 eggs from n = 50 females 

yields very high statistical power to detect multiple paternity, even in highly fecund 

species with 1x106 eggs per clutch. In my study, I used approximately half this 

number of females, possibly restricting my ability to fully detect cases of multiple 

paternity. However, despite the sample size, I found evidence of multiple paternity. 

Improving the statistical power by increasing the number of females sampled will 

unlikely produce a different overall result, i.e. much less multiple paternity than 

multiple mating by females instances. 

 In Chapter 4, I evaluated levels of neutral genetic variation before and after a severe 

decline in the level of recruitment between 2006 and 2010. It remains unknown 

whether the observed patters apply to adaptive genetic variation. This is further 

discussed in the next section.  

 

 

 



153 

 

IMPLICATIONS FOR MANAGEMENT PERSPECTIVES 

Basic principles in fishery management include increasing selectivity, i.e. harvesting 

sexes and sizes in proportions that do not correspond to their occurrence in the ecosystems 

(Garcia, et al. 2012). Large individuals are caught to increase yield, juveniles are 

protected to ensure that they reproduce before being harvested and females are protected 

to allow them to spawn (Sissenwine, et al. 1987; Beverton and Holt 2012). Still, the 

efficiency of these strategies in maximizing production and minimizing impacts remains 

controversial, as some question the yield benefits (Halliday and Pinhorn 2002; Borrell 

2013) and evidence of fishery-induced evolution grows (Borrel 2013).  

My study in P. cygnus joins a large number of publications that associates 

reductions in body size with exploited populations (Heino and Dieckmann 2008; 

Conover, et al. 2009), an effect that is expected from evolutionary theory (Roff 1984; 

Jensen 1996; Charnov, et al. 2001; Law 2007; Mangel, et al. 2007; Marty, et al. 2014).  

However, I did not find evidence that by targeting large males, fishery-induced evolution 

lead to a weakening of sexual selection.  Given the limitations of my study, discussed 

above, I consider that further studies of the effect of fishery-induced evolution in sexual 

selection are needed. In fact, a recent study in European lobster, Homarus gammarus, 

comparing reserve and fished areas, revealed that sexual selection acted positively on 

both body size and claw size in males in the protected areas, whereas it was non-

significant in fished areas (Sørdalen, et al. 2018).  

Management strategies to develop productive and sustainable fisheries should aim 

to increase long-term yield while minimizing the effects of fishery-induced evolution and 

the loss of adaptive potential, through the conservation of genetic diversity, in populations 

(Jørgensen, et al. 2007). Changing the selectivity of fishing by protecting large males may 

be a first step. However, I acknowledge that any shift in fisheries management requires 

extensive research. Therefore, I advocate for a continued program of genetic monitoring 
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as a valuable source of information for management and conservation policy decisions, 

in particular in a rapidly changing marine environment. 

Genetic monitoring of genetic diversity in P. cygnus is important to ensure the 

maintenance of genetic diversity. Even if population sizes are large, loss of alleles can 

occur due to fishery-induced selection. This reduction in genetic diversity can 

compromise the ability of populations to cope with environmental change or disease. My 

study provides baseline levels of genetic diversity for three marine reserves in Rottenest 

Island.  

In the case of C. tenuimanus, the survival of the Margaret River population 

depends in the establishment of Ark sites. In this case, monitoring genetic changes within 

captive populations is critical, as the loss of genetic variation due to the use of not optimal 

founders can compromise recovery efforts (Waples and Drake 2004). For example, a 

study monitoring the hatchery population of the endangered Rio Grande silvery minnow, 

Hybognathus amarus, from 2001 to 2003, revealed heterozygosity levels equal to, but 

allelic diversity much lower than, that of the wild population (Osborne, et al. 2006), a 

sign of a population bottleneck. 

 

FUTURE RESEARCH 

In this thesis, I used population genetics and paternity analysis based on microsatellite 

markers, to understand the genetic impact of selective harvesting and invasive species in 

two species of crustaceans. Future studies would benefit from scaling up to genome-wide 

data, in particular by the increased resolution offered by genomic tools and by identifying 

adaptive loci (Shafer, et al. 2015). High-throughput sequencing makes it possible to 

analyse thousands of markers spread over the genome (Ellegren 2014). Hence, the 

precision and accuracy of estimation of parameters using neutral loci will increase 
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significantly (Allendorf, et al. 2010; Avise 2010; Narum, et al. 2013). Furthermore, 

genomic techniques allow the identification of functionally important genes that can be 

used to study the genetic basis of local adaptation and inbreeding depression (Allendorf, 

et al. 2010; Shafer, et al. 2015). 

 Fine scale population structure. As with many marine species, lobsters have large 

effective population sizes, pelagic larvae and wide distributions (Kennington, et al. 

2013). These characteristics result in low levels of genetic differentiation among 

populations (Waples 1998). A genomic approach allows for a significant increase in 

the number of variable genetic markers used, providing higher statistical power in 

detecting fine-scale population structure (Miller, et al. 2010). For instance, a study of 

the American lobster, Homarus americanus, based on more than 10,000 SNP 

identified from RAD sequencing, revealed significant finer-scale genetic structure 

than a previous study based on microsatellite markers (Benestan, et al. 2015; 

Kenchington, et al. 2009). A population genomic approach can provide increased 

statistical power for evaluating population structure in P. cygnus.  

 Adaptive genetic variation. Whereas microsatellites provide information about 

demographic processes, they are not informative about patterns of adaptive genetic 

diversity, which forms the basis of evolutionary change and local adaptation 

(Marsden, et al. 2012). A direct assessment of adaptive markers is necessary to gain 

insight into local adaptation and evolutionary consequences of selective harvesting 

(Reed and Frankham 2001). In the last decade, the use of adaptive markers alongside 

neutral markers have increased in studies of local adaptation and differences in 

evolutionary potential between populations (Evans, et al. 2010; Marsden, et al. 2012; 

Miller, et al. 2010). For instance, a study of Atlantic cod (Gadus morhua) showed 

almost no genetic differentiation (FST = 0.003) at nine microsatellite loci, but major 

differentiation (FST = 0.261) at the Pan I locus, which previous studies have reported 
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to be under selection (Pampoulie, et al. 2006; Pogson and Fevolden 2003). Candidate 

genes involved in traits of interest, such as growth and size at maturity, can be used 

to evaluate the distribution of adaptive variation across populations and its relation to 

fishing selective pressure (Nielsen, et al. 2009). It is noteworthy that a small number 

of putative candidate genes related to growth and reproduction have already been 

identified in crustaceans (Jung, et al. 2013). In P. cygnus, intensive and selective 

exploitation, directed to larger males, has been associated to phenotypic changes that 

include reduction of body size (Babcock, et al. 2007) and earlier size at maturity 

(Melville-Smith and De Lestang 2006). A genomic approach would make it possible 

to test whether these observed phenotypic changes in P. cygnus have a genetic basis. 

These changes can be tested over time or between exploited and non-exploited areas. 

 Genetic variation and evolutionary genetics of C. cainii. Further studies on the genetic 

variation of the introduced population of C. cainii and native populations of the 

species may provide some insight regarding the origin of the invasive population. 

Furthermore, a genomic approach may allow for the identification of genes that 

contribute to the success of an invasive species and provide insight into the rapid 

adaptation to novel environmental conditions. To identify genes underlying invasive 

traits, Stinchcombe and Hoekstra (2008) proposed an approach that uses a genome 

scan in combination with QTL mapping. This approach scans the genomes of 

populations from the native and introduced range of invasive species (Prentis, et al. 

2008). This approach has the potential to give us some insight into the genetic basis 

of traits that have been involved in the successful invasion of C. cainii.  

 

CONCLUDING REMARKS 

Overall, my thesis provides an example of how different species exhibit different 

sensitivities when faced with environmental changes. My study revealed that Panulirus 
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cygnus is a remarkably resilient species despite heavy exploitation and the impacts of 

environmental factors. However, although no impact of selective exploitation on the 

mating system of P. cygnus was observed, my results supported the expected pattern of 

reduction in body size in exploited sites. Should management regulations shift towards a 

protection of larger individuals, which may enhance the survival and reproductive success 

of the population? Further studies in adaptive variation may be needed to change a 

multimillionaire industry. Also, my thesis draws attention to the importance of the use of 

a molecular approach in conservation programs aimed at limiting the impact of species 

introductions and the extinction risk they pose to endangered endemics. In particular, it 

emphasizes the importance of quantifying the levels of genetic variation of potential 

founders used to reintroduce species in the wild. Lastly, together, the studies presented in 

this thesis highlight the importance of monitoring genetic changes as part of fisheries 

management and conservation of natural populations. 

 

 

 

 

 

 

 

 

 

 



158 

 

LITERATURE CITED 

Allendorf FW, Hard JJ 2009. Human-induced evolution caused by unnatural selection 

through harvest of wild animals. Proceedings of the National Academy of Sciences 106: 

9987-9994.  

Allendorf FW, Hohenlohe PA, Luikart G 2010. Genomics and the future of conservation 

genetics. Nature Reviews Genetics 11: 697.  

Avise JC 2010. Perspective: conservation genetics enters the genomics era. Conservation 

genetics 11: 665-669.  

Babcock R, Phillips J, Lourey M, Clapin G 2007. Increased density, biomass and egg 

production in an unfished population of Western Rock Lobster (Panulirus cygnus) at 

Rottnest Island, Western Australia. Marine and Freshwater Research 58: 286-292.  

Benestan L, Gosselin T, Perrier C, Sainte‐Marie B, Rochette R, Bernatchez L 2015. RAD 

genotyping reveals fine‐scale genetic structuring and provides powerful population 

assignment in a widely distributed marine species, the American lobster (Homarus 

americanus). Mol Ecol 24: 3299-3315.  

Beverton RJ, Holt SJ 2012. On the dynamics of exploited fish populations. Section 19: 

Principles and methods of fishery regulation. Springer Science & Business Media 

Birkhead TR, Møller AP. 1998. Sperm competition and sexual selection: Academic Press. 

Borrell B 2013. A big fight over little fish. Nature 493: 597. 

Bunn JJ 2004. Investigation of the replacement of Margaret River hairy marron Cherax 

tenuimanus (Smith) by smooth marron C. cainii Austin.  

Bunn JJ, Koenders A, Austin CM, Horwitz P 2008. Identification of hairy, smooth and 

hybrid marron (Decapoda: Parastacidae) in the Margaret River: morphology and 

allozymes. 

Charnov EL, Turner TF, Winemiller KO 2001. Reproductive constraints and the 

evolution of life histories with indeterminate growth. Proceedings of the National 

Academy of Sciences 98: 9460-9464. 



159 

 

Conover DO, Munch SB, Arnott SA 2009. Reversal of evolutionary downsizing caused 

by selective harvest of large fish. Proceedings of the Royal Society of London B: 

Biological Sciences 1. doi:10.1098/rspb.2009.0003 

De Graaf M, Lawrence C, Vercoe P 2009. Rapid replacement of the critically endangered 

hairy marron by the introduced smooth marron (Decapoda, Parastacidae) in the Margaret 

River (Western Australia). Crustaceana 82: 1469-1476.  

Debuse VJ, Addison JT, Reynolds JD 2003. Effects of breeding site density on 

competition and sexual selection in the European lobster. Behavioral Ecology 14: 396-

402.  

Ellegren H 2014. Genome sequencing and population genomics in non-model organisms. 

Trends Ecol Evol 29: 51-63.  

Evans M, Neff B, Heath DD 2010. MHC genetic structure and divergence across 

populations of Chinook salmon (Oncorhynchus tshawytscha). Heredity 104: 449.  

Firman RC, Gasparini C, Manier MK, Pizzari T 2017. Postmating Female Control: 20 

Years of Cryptic Female Choice. Trends in Ecology & Evolution 32: 368-382. doi: 

10.1016/j.tree.2017.02.010 

Garcia SM, Kolding J, Rice J, Rochet MJ, Zhou S, Arimoto T, Beyer JE, Borges L, Bundy 

A, Dunn D, Fulton EA 2012. Reconsidering the consequences of selective fisheries. 

Science 335:1045-7. 

Guildea C, Hitchen Y, Duffy R, Dias PJ, Ledger JM, Snow M, Kennington WJ 2015. 

Introgression threatens the survival of the critically endangered freshwater crayfish 

Cherax tenuimanus (Decapoda: Parastacidae) in the wild. PLoS One 10: e0121075.  

Halliday RG, Pinhorn AT 2002. A review of the scientific and technical bases for policies 

on the capture of small fish in North Atlantic groundfish fisheries. Fisheries Research 57: 

211-22. 

Heino M, Dieckmann U 2008. Detecting fisheries-induced life-history evolution: an 

overview of the reaction-norm approach. Bulletin of Marine Science 83: 69-93. 

Horwitz P 1995. The conservation status of Australian freshwater crayfish: review and 

update. Freshwater Crayfish 10: 70-80.  



160 

 

Jensen AL 1996. Beverton and Holt life history invariants result from optimal trade-off 

of reproduction and survival. Canadian Journal of Fisheries and Aquatic Sciences 53: 

820-822. 

Jorgensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, Ernande B, 

Gardmark A, Johnston F, Matsumura S, Pardoe H 2007. Ecology-Managing evolving fish 

stocks. Science 318: 1247-1248.Jung H, Lyons RE, Hurwood DA, Mather PB 2013. 

Genes and growth performance in crustacean species: a review of relevant genomic 

studies in crustaceans and other taxa. Reviews in Aquaculture 5: 77-110.  

Kenchington EL, Harding GC, Jones MW, Prodoehl PA 2009. Pleistocene glaciation 

events shape genetic structure across the range of the American lobster, Homarus 

americanus. Mol Ecol 18: 1654-1667.  

Kennington WJ, Melville‐Smith R, Berry O. 2013. Genetics of wild and captive lobster 

populations. In:  Phillips B, editor. Lobsters: Biology, Management, Aquaculture and 

Fisheries, Second Edition. Oxford, UK: Wiley-Blackwell p. 36-63. 

Law R 2007. Fisheries-induced evolution: Present status and future directions. Marine 

Ecology Progress Series 335: 271-277 

Lawrence C. 2002. Margaret River Marron: morphology and hybrids. In:  Molony B, 

editor. Scientific Workshop on the Margaret River Marron, Perth, Australia: Department 

of Fisheries, Government of Western Australia. p. 20-23. 

MacDiarmid A, Butler IV MJ 1999. Sperm economy and limitation in spiny lobsters. 

Behavioral Ecology and Sociobiology 46: 14-24.  

Magallon-Gayon E, Briones-Fourzan P, Lozano-Alvarez E 2011. Does size always 

matter? Mate choice and sperm allocation in Panulirus guttatus, a highly sedentary, 

habitat-specialist spiny lobster. Behaviour 148: 1333-1358. doi: 

10.1163/000579511x605740 

Mangel M, Kindsvater HK, Bonsall MB 2007. Evolutionary analysis of life span, 

competition, and adaptive radiation, motivated by the Pacific rockfishes (Sebastes). 

Evolution 61: 1208-1224. 

Marsden CD, Woodroffe R, Mills MG, McNutt JW, Creel S, Groom R, Emmanuel M, 

Cleaveland S, Kat P, Rasmussen GS 2012. Spatial and temporal patterns of neutral and 



161 

 

adaptive genetic variation in the endangered African wild dog (Lycaon pictus). Mol Ecol 

21: 1379-1393.  

Marty L, Dieckmann U, Ernande B 2014. Fisheries-induced neutral and adaptive 

evolution in exploited fish populations and consequences for their adaptive potential. 

Evolutionary Applications. doi:10.1111/eva.12220. 

Melville-Smith R, De Lestang S 2006. Spatial and temporal variation in the size at 

maturity of the western rock lobster Panulirus cygnus George. Marine Biology 150: 183-

195.  

Miller HC, Allendorf F, Daugherty CH 2010. Genetic diversity and differentiation at 

MHC genes in island populations of tuatara (Sphenodon spp.). Mol Ecol 19: 3894-3908.  

Narum SR, Buerkle CA, Davey JW, Miller MR, Hohenlohe PA 2013. Genotyping‐by‐

sequencing in ecological and conservation genomics. Mol Ecol 22: 2841-2847.  

Nielsen EE, Hemmer‐Hansen J, Larsen PF, Bekkevold D 2009. Population genomics of 

marine fishes: identifying adaptive variation in space and time. Mol Ecol 18: 3128-3150.  

Osborne MJ, Benavides MA, Alò D, Turner TF 2006. Genetic effects of hatchery 

propagation and rearing in the endangered Rio Grande silvery minnow, Hybognathus 

amarus. Reviews in Fisheries Science 14: 127-38. 

Pampoulie C, Ruzzante DE, Chosson V, Jörundsdóttir TD, Taylor L, Thorsteinsson V, 

Daníelsdóttir AK, Marteinsdóttir G 2006. The genetic structure of Atlantic cod (Gadus 

morhua) around Iceland: insight from microsatellites, the Pan I locus, and tagging 

experiments. Canadian Journal of Fisheries and Aquatic Sciences 63: 2660-2674.  

Pogson GH, Fevolden SE 2003. Natural selection and the genetic differentiation of 

coastal and Arctic populations of the Atlantic cod in northern Norway: a test involving 

nucleotide sequence variation at the pantophysin (PanI) locus. Mol Ecol 12: 63-74.  

Prentis PJ, Wilson JR, Dormontt EE, Richardson DM, Lowe AJ 2008. Adaptive evolution 

in invasive species. Trends in plant science 13: 288-294.  

Reed DH, Frankham R 2001. How closely correlated are molecular and quantitative 

measures of genetic variation? A meta-analysis. Evolution 55: 1095-1103.  



162 

 

Robertson DN, Butler IV MJ 2013. Mate choice and sperm limitation in the spotted spiny 

lobster, Panulirus guttatus. Marine Biology Research 9: 69-76.  

Roff D. 1984. The evolution of life history parameters in teleosts. Canadian Journal of 

Fisheries and Aquatic Sciences 41: 989-1000.Shafer AB, Wolf JB, Alves PC, Bergström 

L, Bruford MW, Brännström I, Colling G, Dalén L, De Meester L, Ekblom R 2015. 

Genomics and the challenging translation into conservation practice. Trends Ecol Evol 

30: 78-87.  

Sissenwine MP, Shepherd JG. 1987. An alternative perspective on recruitment 

overfishing and biological reference points. Canadian Journal of Fisheries and Aquatic 

Sciences 44: 913-918. 

Sørdalen TK, Halvorsen KT, Harrison HB, Ellis CD, Vøllestad LA, Knutsen H, Moland 

E, Olsen EM. 2018. Harvesting changes mating behaviour in European lobster. 

Evolutionary Applications 11: 963-977. 

Stinchcombe JR, Hoekstra HE 2008. Combining population genomics and quantitative 

genetics: finding the genes underlying ecologically important traits. Heredity 100: 158. 

Thiel M, Hinojosa IA 2003. Mating behavior of female rock shrimp Rhynchocinetes typus 

(Decapoda : Caridea) - indication for convenience polyandry and cryptic female choice. 

Behavioral Ecology and Sociobiology 55: 113-121. doi: 10.1007/s00265-003-0677-1  

Veliz D, Duchesne P, Rojas-Hernandez N, Pardo LM 2017. Statistical power to detect 

multiple paternity in populations of highly fertile species: how many females and how 

many offspring should be sampled? Behavioral Ecology and Sociobiology 71: 12.  

Waples RS 1998. Separating the wheat from the chaff: patterns of genetic differentiation 

in high gene flow species. Journal of Heredity 89: 438-450.  

Waples RS, Drake J 2004. Risk-benefit considerations for marine stock enhancement: a 

Pacific salmon perspective. In: Leber KM, Kitada S, Blankenship HL, Svåsand  T, editors. 

Stock Enhancement and Sea Ranching: Developments, Pitfalls and Opportunities, Second 

Edition. Blackwell Publishing Ltd. 260–306.  

 

 




