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Abstract 

Panulirus ornatus is a highly-valued tropical spiny lobster species with an extensive Indo-

West Pacific distribution, ranging from the east coast of Africa through to the central Pacific 

Islands.  The species is intensively fished throughout its range to supply a rapidly growing 

Asian seafood market, where colourful large lobsters are highly prized as a luxury seafood.  

Post-larval and juvenile lobsters are also intensively harvested as seed to supply a 

burgeoning lobster aquaculture industry that began in Vietnam and is quickly spreading, 

especially in Southeast Asia. With intense fishing pressure on wild stocks of P. ornatus, and 

the prospect of new technology for hatchery-raising this species, there is a need to better 

understand the genetic structure of the global population of this species to improve 

management prospects. Therefore, this study aimed to use molecular genetic techniques to 

determine the population structure, connectivity and patterns of seascape genetics in P. 

ornatus throughout its global range.  

A total of 298 specimens were sampled from 17 locations covering the West Indian Ocean, 

Western Australia, Southeast Asia, and the Northwest and Southwest Pacific. From 

sequencing a 461 bp fragment of mitochondrial control region from these samples, high 

levels of haplotype diversity (H=0.99) and overall significant population differentiation 

(Φst = 0.113, P < 0.001) was found. The West Indian Ocean and Western Australia 

populations were the most genetically divergent, with little differentiation among the 

remaining Southeast Asian and West Pacific populations. The Western Australia population 

showed evidence of being a peripherally-isolated population, with significantly lowered 

effective population size and asymmetric gene flow, likely due to prevailing ocean currents.  

Thirteen polymorphic microsatellite loci were also used to examine fine-scale genetic 

structure among the samples of P. ornatus from throughout its range. Significant overall 

population differentiation was observed (F’ST = 0.051, P < 0.001). The patterns of 

microsatellite variation confirmed that the Western Australian population was significantly 

diverged with reduced genetic diversity, likely due to a bottleneck, and also suggested a 

previously unrecognised genetic divergence of the New Caledonia population. The 

previously identified strong mitochondrial DNA divergence of the West Indian Ocean 

populations was only minimally supported in the microsatellite data, suggesting recent 

gene flow across this region has eroded past lineage divergence. Overall, the microsatellite 
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data supported genetic homogeneity of the central Southeast Asian populations, with 

varying degrees of genetic divergence and reduced diversity of a number of peripheral 

populations.  

Seascape genetic analyses were conducted by testing observed patterns of genetic 

variation for association with environmental variables in order to gain some initial insight 

into the possible environmental processes that shape the population genetic structure of P. 

ornatus. The results indicate that common physical and environmental variables, especially 

sea surface temperature and convergence, may be involved in structuring the populations. 

Furthermore, life history characteristics of the species, in combination with environmental 

factors, appear to play a role in driving the small scale patterns of genetic variation seen 

within the population of this species. 

Overall, this research provides additional insights into the processes structuring marine 

populations that extend across the Indo-West Pacific marine environment, and those 

processes contributing to spiny lobster population structure. The results from this thesis 

provide valuable information to assist in more effective fisheries management and 

commercial aquaculture development of this important spiny lobster species. Several 

genetically independent stocks are identified, each of which should receive separate 

fisheries management. The presence of multiple genetically diverged lineages also offers 

the possibility of differentially adapted genetic lines for future breeding programs. This 

highlights the potential commercial importance of the conservation of these existing stocks.  
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1 General Introduction 

Panulirus ornatus is a highly valued tropical rock lobster, not only for its high demand in 

fisheries throughout its distribution, but also for its opportunities for aquaculture. This 

species, along with many other lobsters, has been over-exploited, leading to a decrease in 

global fisheries capture. However, very little is known about P. ornatus genetic variation, 

population genetic structure or evolutionary history. This thesis investigates the 

population structure and connectivity in the species using mitochondrial DNA and nuclear 

DNA variation. This information will be extremely useful not only for a better theoretical 

understanding of the species’ evolutionary history and current population demography, 

but also for practical use in fishery management and aquaculture. It should also be of great 

assistance in improving our understanding of the population structure of marine species 

throughout the Indo-West Pacific. 

Background 

The spiny lobster family (Palinuridae) is a diverse and widely distributed group of 

economically and ecologically important crustaceans, comprising twelve extant genera 

with around 60 species.  Among the genera in this family, Panulirus (White, 1847), has been 

the most successful in terms of species diversity with more than 20 species now recognised 

(George and Main, 1967; George, 1997; George, 2005). 

Panulirus is the most recently evolved genus among the spiny lobsters, the key factor for 

this successful radiation is believed to be that members of this genus inhabit a variety of 

shallow habitats in the tropics and sub-tropical oceans (George, 2005; Kennington et al., 

2013), with different habitat preferences not accessible to congeners (Trendall and Bell, 

1989; Dennis et al., 1997).  Members of the family Palinuridae have long been of interest to 

evolutionary biologists and ecologists due to their high level of species diversity, wide 

geographic distribution, and their importance to commercial fisheries.  

The Indo-West Pacific Ocean has the most species and highest abundance of spiny lobsters 

worldwide (Booth, 2011; Phillips et al., 2013). This is true not only for the spiny lobsters 
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but also for many other marine taxa. This richness is brought about by the geographic 

locations, the presence of both tropical and subtropical conditions, and the diversity of 

suitable habitats that suit a range of spiny lobster species, including sand, mud, rock and 

coral reef habitats (Behringer et al., 2006; Butler et al., 2006). Many Panulirus species have 

overlapping distributions in the Indo-West Pacific region, however, they almost always 

reside in different habitats (Butler et al., 2006). With the highest marine biodiversity in the 

world, many studies in this region have proposed different hypotheses about the processes 

that generate and preserve the observed biodiversity. However, evolutionary relationships 

and the genetic structure of regional populations, along with evaluations of the levels of 

demographic connection between these populations, are important for estimating and 

effectively conserving and managing marine resources (Palumbi, 2004). Genetics can 

inform management in a variety of ways, including the identification of unique genetic 

lineages requiring protection, the estimation of stock structure boundaries, and the 

recognition of populations suffering a bottleneck. 

Over the past two decades there has been an increase in scientific interest in 

understanding the patterns of marine biodiversity in the Indo-West Pacific region. This 

appears to be driven by more than just the improvement in molecular techniques that 

enable such studies. It also appears to be driven by such factors as the recognition of 1) the 

very high biodiversity in this region, 2) previously unknown phylogeographic boundaries, 

and 3) the immediate threats that overfishing, environmental degradation and climate 

change pose to populations in this region. A number of recent studies have examined the 

population genetic and phylogeographic patterns of spiny lobster species in the Indo-West 

Pacific region (Lavery et al., 1996; Carpenter et al., 2011; Chow et al., 2011; Farhadi et al., 

2013; Abdullah et al., 2014; Keyse et al., 2014; Reddy et al., 2014). Genetic markers have 

been employed to elucidate the patterns of genetic structure, as well as to make inferences 

about the underlying processes of variation, demographic history and dispersal. However, 

there are still significant logistical barriers to such studies, due to the sheer size and 

complexity of the marine ecosystems present in the Indo-West Pacific region (von der 

Heyden et al., 2014). 

Various levels of genetic structure have been found within Panulirus species that are found 

in the Indo-West Pacific, ranging from virtually no population structure (Salini et al., 1985; 

Dao et al., 2015) through to the presence of genetically isolated populations within the 
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range of a species.  Moreover, phylogenetic and population structural studies vary in their 

conclusions, clearly dependent on the taxon, methodology and sampling strategies used in 

the study. Hence the common patterns remain enigmatic. With high diversity and a vast 

geographic area, combined with complex oceanographic interactions, the Indo-Pacific 

region poses substantial challenges for understanding spatial genetic structure in Panulirus 

species occurring throughout this region.(Kennington et al., 2013; Keyse et al., 2014). 

Genetic Population Structure and Connectivity in the Marine Environment  

Determining the degree to which marine populations are connected by dispersive 

processes such as larval dispersion and adult migration is one of the greatest challenges for 

a marine ecologist (Largier, 2003; Cowen and Sponaugle, 2009; Selkoe and Toonen, 2011; 

Kough et al., 2013; Treml et al., 2015). Together, the Indian and Pacific Oceans extend over 

two thirds of the globe, with the ranges of a number of Panulirus species encompassing 

much of one or both ocean basins (Booth, 2011). Recently, growing numbers of studies 

using sensitive molecular techniques have found genetic differences between neighbouring 

populations of individual marine species, including those with pelagic larval stages capable 

of significant dispersal (Hellberg, 1996; Carpenter et al., 2011; Keyse et al., 2014). 

Molecular tools are valuable in not only understanding the connectivity and estimating the 

population sub-division within the species but also in assessing the explicit spatial barriers 

that may exist across the Indo-Pacific that cannot be directly observed (Bird et al., 2011; 

Christoph, 2011; Held et al., 2011). 

Formerly, results from genetic studies of various marine organisms in the Indo-Pacific have 

tended to support the traditional view of a lack of significant within region differences over 

long ranges (Palumbi et al., 1997; Bay et al., 2004; Williams et al., 2015). Only small levels 

of divergence had been identified at the periphery of the distribution of species, such as 

seen in Penaeus monodon (Benzie et al., 1993; Benzie et al., 2002) or in those localities that 

are relatively isolated by ocean currents, such as Hawaii (Winans, 1980; Richardson, 1983; 

Benzie and Ballment, 1994). Variations in genetic diversity within populations of species 

have been thought to be the result of founder effects or bottlenecks in population size 

particularly due to fishing pressure (Benzie and Stoddart, 1992), or stochastic variations in 

recruitment (Burnett et al., 1995). 
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In contrast to previous findings, a growing number of modelling and genetic studies have 

reported the restriction of dispersal and gene flow due to oceanographic and geographic 

physical barriers, sometimes in combination with larval behaviour (Butler et al., 2011). The 

hypothesis of the existence of a single panmictic population throughout a species 

distribution has been rejected in many species across a regional level  (Lavery et al., 1996; 

Williams et al., 2015), and instead evidence for larval retention to natal habitats has 

increasingly been reported (Swearer et al., 2002; Jones et al., 2009). Pronounced patterns 

of isolation by distance were observed over a large geographic range in some species, and 

in some cases the presence of cryptic speciation was found (Knowlton, 2000; Meyer et al., 

2005; Barber and Boyce, 2006; Vogler et al., 2008). Divergence of peripheral populations 

has frequently been assigned to isolation due to various physical, oceanographic and 

behavioural factors (Goldsteina and Butler, 2009; Butler et al., 2011).  There is mounting 

evidence of population subdivision across the Indo-Pacific Oceans, even between 

apparently more geographically connected populations (Keyse et al., 2014; Treml et al., 

2015).  

It is clear that not all marine species exhibit significant population genetic structure. Many 

species with considerable dispersal potential do indeed appear to have range-wide 

panmictic populations, particularly pelagic fish with wide-ranging adults e.g., (Grant and 

Bowen, 1998), but also other reef fishes e.g., (Lessios and Robertson, 2006) and 

invertebrates (e.g., (Tolley et al., 2005). However, the expectation that similarly low levels 

of population structure are typical of all marine organisms has proved not to be the case. 

1.1.1 The Link between Population Genetic Structure, Connectivity and Larval 

Dispersal 

Spiny lobsters have a bi-partite life cycle, where relatively sedentary adult stages release 

the larvae that develop in the pelagic environment before recruiting to the benthos. 

Panulirids are characterised by a lengthy larval phase which lasts more than four months 

(Phillips et al., 2013).  Despite hatching in shallow coastal waters, the larvae undertake the 

majority of their development in open oceans, most frequently well beyond the continental 

shelf. Since these larval stages are potentially subject to dispersal by ocean currents, they 

provide opportunity for large scale dispersal (Cowen and Sponaugle, 2009; Kough et al., 

2013)  Such wide spread marine organisms with long pelagic larval stages are traditionally 
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expected to show little, if any, population sub-division even over large geographic distances 

(Palumbi, 1992; Palumbi et al., 1997; Kough et al., 2013). This is expected on the basis that; 

1) the high dispersal potential of the pelagic larval phase should ensure elevated levels of 

gene flow, and 2) oceans can be considered as a massive, open and continuous medium. 

Although marine environments appear to have few barriers for pelagic larval dispersal in 

comparison to fresh water ecosystems (Palumbi, 1994; Waples, 1998), physical 

oceanographic processes, such as topographical eddies, retention zones, coastal boundary 

layers (Largier, 2003), often act as barriers, effectively preventing or restricting larval 

exchange between the populations on either side. Larval dispersal of coastal organisms is 

frequently correlated with either the magnitude or frequency of the onshore and offshore 

currents (Swearer et al., 2002). Moreover, aspects of larval behaviour such as diurnal 

vertical migration may affect the long-distance dispersal of larvae and hence the resulting 

connectivity between populations (Butler et al., 2011). The influence that these retention 

mechanisms have on population structure varies significantly across taxa and locations, 

creating a wide range in the extent of population connectivity throughout the marine 

environment (Largier, 2003; Jones et al., 2009). While it is widely accepted that the 

dispersal process is important in understanding the dynamics of many marine populations, 

recent attention has been focused on the factors that drive the genetic structure of species 

living in marine environments and over the relevant time-scales within which these factors 

operate (Galindo et al., 2006; Galindo et al., 2010; Selkoe et al., 2010; Amaral et al., 2012; 

Riginos and Liggins, 2013). 

1.1.2 Theoretical Considerations of Population Genetic Structure and Connectivity 

The scale of the world’s oceans together with their associated extensive variability in 

physical marine environments poses considerable challenges for understanding the 

processes that determine patterns of genetic structure within species. Hence population 

genetic analyses in marine environments often use theoretical models that are based on 

fundamental and stable population states. These models frequently date back to (Wright, 

1931; Wright, 1951), who proposed the ‘Island model’, where all populations are linked by 

equal rates of migration. The island model is likely to be impractical when attempting to 

represent the structure of most natural populations. The ‘Stepping stone model’ (Slatkin, 

1993) may be a more realistic conceptualisation of the linear distribution of marine 
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populations along a coastline. In this model, individual populations exchange genes with 

adjacent populations at a greater rate than they do with more physically distant 

populations. Under the stepping stone migration model, isolation by distance (IBD) 

patterns are generally observed, where geographically adjacent populations are more 

genetically connected than the distant populations. Furthermore, populations with no 

dispersal barriers are considered to have a panmictic gene pool. 

When genetic structure is among populations, it is mediated by the relative contribution 

and impact of four forces (Hellberg et al., 2002). Gene flow, mutation, selection and random 

genetic drift are the key processes that shape the level of genetic structure among 

populations of species. Of these forces, gene flow measures the connectivity among the 

populations, and may be a strong force in determining genetic variation. Mutation and 

selection are often considered as weak forces in shaping genetic structure within species, 

whereas genetic drift is most significant in relatively small populations with little gene flow 

among populations (Hellberg et al., 2002). It has been suggested that an effective migration 

rate of only one individual per generation may be enough to neutralise the effect of drift 

(Slatkin, 1987), whereas a migratory rate greater than 10% of the population size may be 

needed to ensure populations are ecologically connected  (Hastings et al., 1993). 

In general, marine invertebrate populations are much less affected by genetic drift than 

terrestrial organisms, due to generally large effective population sizes (Ne). However, 

genetic drift should not be ignored in marine species, as there is always a chance of 

isolation of small peripheral populations, as this is a common phenomenon in evolution 

and speciation in marine populations, especially spiny lobsters. Further, high fecundity of 

these species allows the production of numerous seed from a few parents, with the 

associated risk of loss of genetic diversity. Overall, although we don’t expect species like 

lobsters to be threatened by low population sizes or diversity, we cannot ignore its 

potential impact. 

There is a rich literature on the population genetics of marine species, and it is increasingly 

evident that simple theoretical models cannot fully describe the complexity of the patterns 

and processes that have been revealed. A comprehensive understanding of the physical and 

ecological processes, especially their stochastic and highly variable nature, is increasingly 

important for understanding the natural processes that are driving these patterns within 
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populations (Siegel et al., 2008). Multi-disciplinary approaches that can link genetic, 

physical and ecological data are becoming invaluable for improving our knowledge of 

population genetic structure of species and their evolution through time (Selkoe et al., 

2010). 

Indo-West Pacific Context  

The Indo-West Pacific is a biogeographic region of the Earth’s oceans, covering the tropical 

waters of the Indian Ocean across to, and including the West and sometimes the Central 

Pacific Ocean. The tropical Indo-West Pacific contains tens of thousands of islands 

stretching from the east coast of the African continent to Micronesia and Melanesia in the 

Pacific Ocean, with its centre in the geographically highly complex Indo-Malay-Philippine 

Archipelago (Briggs, 1974). In this central region is the Coral Triangle, a global epicentre 

for marine biodiversity. Unfortunately, overexploitation of marine resources in this region 

presents a serious and increasing threat to the Indo-Pacific’s ecosystems (Jackson et al., 

2001; Pyke, 2004). 

The Indian and Pacific Oceans are dominated by interactions between South Equatorial 

Currents and North Equatorial Currents that help in circulating and exchanging nutrient-

rich tropical waters to the continental shelves, and which then divide into numerous 

coastal currents and eddies. Deeper and colder South Pacific waters and warm North 

Pacific waters are transported and mixed via the Indonesian through-flow which greatly 

affects the current and climate of both the Indian and Pacific Oceans. This through-flow 

fluctuates seasonally with monsoons and is associated with annual variations in the Pacific 

such as the EI Nino southern oscillation.
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Figure 1.1 Indo-West Pacific major ocean currents

Marine environments appear to be a vast continuous medium for the dispersal of species, 

however, actual dispersal is frequently more fragmented than might be expected. Dispersal 

barriers may be due to combinations of; 1) biological limitations, such as larval period, 

mortality and competency features (Cowen and Sponaugle, 2009), 2) geographical or 

historical barriers for example land bridges and ocean straits (Treml et al., 2015), 3) ocean 

currents or eddies (Marshall and Shutts, 1981; Barber et al., 2006), 4) environmental 

restrictions such as isolation by distance (Planes and Fauvelot, 2002), or 5) availability of 

suitable habitat (Lessios and Robertson, 2006). It is challenging to estimate the effect these 

complexities may have on the populations of marine organisms inhabiting the tropical 

Indo-West Pacific region (Keyse et al., 2014). However, rich biodiversity and access to 

commercially valuable marine organisms inhabiting the region, makes this region ideal for 

investigating patterns of genetic structure within species. In doing so, it is important to 

attempt to determine how these complex interactions are influencing the emerging 

patterns of genetic structure and connectivity in this ecosystem.  Such knowledge is 

essential for sustainable fisheries management and effective conservation of marine 

biodiversity, as it informs the pattern and extent of dispersal, migration and connectivity, 

all crucial in defining the units to manage and conserve (Doherty, 1982; Bohonak, 1999; 

Hilborn et al., 2003). 

A common research approach is to use genetic methods to identify common and 

unexpected geographic barriers and patterns of connectivity within the range of species, so 
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that hypotheses about the processes involved can be postulated. In such an approach 

studies across multiple species are helpful for understanding how physical and 

environmental factors, as well as species’ life styles, life cycles and behavioural 

characteristics can ultimately affect genetic diversity and partitioning. Congruent patterns 

among species sharing the same geographic topographies can be used to support or refute 

hypotheses of similar population genetic structure due to similar causalities (Knowlton, 

1993; Bird et al., 2011).  Furthermore comparisons among closely-related taxa can help to 

reduce evolutionary variance when estimating the similarities or contrasting features 

between the species (Dawson, 2012). 

Many genetic studies have purposefully co-sampled numerous taxa, in order to understand 

the commonalities or points of difference between species sharing the same ecosystem 

(Keyse et al., 2014). Recently there have been a number of extensive and insightful multi-

species population genetic studies published from the same region, indicating the merits of 

this approach. For example, genetic studies on different intertidal marine species in the 

Northeastern Pacific Ocean found unexpected regional patterns of genetic variation that 

appeared to be related to variations in the habitat (Kelly and Palumbi, 2010). Likewise, 

contradictory patterns of genetic structure were observed among reef fishes in the East 

Pacific Ocean, with high levels of gene flow identified across a previously well-established 

biogeographic barrier which was thought to be largely impermeable to gene flow (Lessios 

and Robertson, 2006). 

There is now an extensive body of literature on the population structure of Indo-Pacific 

marine organisms and the various levels of genetic structure that are found in Indo-Pacific 

marine species, recently summarised in (Carpenter et al., 2011; Keyse et al., 2014). 

Although few invertebrate species in this region do not show significant population 

structure, e.g., sea urchins Tripneuste species(Lessios et al., 2003), a number with high 

dispersal potential do, including the coconut crab, Birgus latro, with a pelagic larval 

dispersal (PLD) of 3+ weeks (Lavery et al., 1995), the giant tiger prawn, P. monodon (PLD 

15-30 days) (Benzie et al., 2002), the crown-of-thorns starfish, Acanthaster planci (PLD 3+ 

weeks)(Benzie, 1999; Vogler et al., 2008; Yasuda et al., 2009; Vogler et al., 2012), and the 

blotched nerite, Nerita albicilla (PLD up to 6 months) (Crandall et al., 2008). Furthermore, 

invertebrate species with shorter PLD have also been found to have genetic subdivisions 

within their populations in the Indo-West Pacific region. Examples include the lemon 
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sponge, Leucetta chagosensis (Vogler et al., 2008) and sea snails Drupella species (Johnson 

and Cumming, 1995).  It appears there is only small level of correlation between PLD and 

genetic diversity. This appears to be due to the fact that dispersal of most pelagic larvae in 

the ocean is effected by more than the prevailing ocean currents (Doherty et al., 1995). 

Hence it appears that a combination of the biological attributes of individual species, such 

as spawning season, mode of feeding, availability of food for larvae, and larval behaviour, 

along with prevailing ocean currents that drives the dispersal, survival and connectivity 

within marine species (Shanks and Wright, 1987; Griffin, 2004; Shanks, 2009) 

In the Indo-West Pacific, the strongest barrier to gene flow for a number of species appears 

to be between the Indian and Pacific Oceans, e.g., in the daisy parrotfish Chlorurus sordidus 

(Bay et al., 2004) and the coconut crab (Lavery et al., 1996). This barrier may be explained 

by historical restrictions of gene flow through sea-level changes over the Sunda and Sahul 

shelves (Lavery et al., 1996). Many studies have reported population subdivision even 

within the Indo-Malay Archipelago. For example, the crocus clam, Tridacna crocea 

(Kochzius et al., 2009) and the ocellaris clownfish, Amphiprion ocellaris (Timm and 

Kochzius, 2008) have both been found to have many genetically distinct populations within 

this region. Although the dominant pattern is the genetic differentiation between the 

Indian and Pacific Ocean populations, several species appear to exhibit significant 

population genetic structure within both the Indian and Pacific Oceans, e.g., Istiompax 

indica (Williams et al., 2015) and reef sharks Carcharhinus species (Geraghty et al., 2013; 

Vignaud et al., 2013). Furthermore, many instances of population subdivision in marine 

species are observed in the West Indian Ocean (see review (Ridgway and Sampayo, 2007). 

Overall, there appears to be only a small degree of consistency in the location of barriers to 

gene flow within marine species found in the Indo-Pacific (Treml et al., 2015).  

Given the vast area and the logistical limitations to field work in the Indo-Pacific, it is 

notable that few Indo-Pacific genetic studies have provided full coverage of the wide 

geographic range of many taxa. Due to these difficulties, many studies, especially older 

research, often had insufficient sample size or less powerful genetic tools to enable a 

reliable examination of any correlation between various geographical and environmental 

factors that may affect genetic diversity within species. Therefore, for a study of the genetic 

structure of the species P. ornatus (which has a wide Indo-West Pacific distribution) it was 

necessary to attempt to secure sufficient samples across the complete distribution, apply 
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genetic tools with sufficient power to identify genetic structure, and be able to interrogate 

the data further for possible factors involved in driving any observed structure. 

Spiny Lobster Genetics  

Different levels of genetic structure have been recorded in spiny lobsters, ranging from 

major genetic differences over large geographic ranges, to population level differentiation, 

and panmixis. Studies on temperate Southern hemisphere spiny lobsters Jasus tristani and 

J. paulensis (Groeneveld et al., 2012), J. frontalis (Porobic et al., 2013), and J. lalandii 

(Matthee et al., 2007) suggested a high degree of panmixis irrespective of geographic 

distance, which is thought to be a result of their high potential for widespread larval 

connectivity and an apparent lack of ocean or geographic barriers within species. However, 

Sagmariasus verreauxi (Brasher et al., 1992) and J. edwardsii studies confirmed significant 

levels of differentiation between populations from Australia and New Zealand, with 

asymmetric gene flow between them (Thomas, 2012; Morgan et al., 2013)(Morgan et al., 

2013; Thomas 2012). 

Similar trends have been observed in Palinurus species. Palinurus gilchristi (Tolley et al., 

2005) has homogeneneous populations along the coast of South Africa, while P. delagoae  

revealed shallow genetic partitioning between four southern sites (South Africa) and two 

northern sites (Mozambique) (Gopal et al., 2006). Likewise Palinurus elephas exhibited 

significant genetic difference between Atlantic and Mediterranean populations (Babbucci 

et al., 2010; Palero et al., 2011).  

For the tropical spiny lobsters, data from Panulirus japonicus (Inoue et al., 2007), P. cygnus 

(Kennington et al., 2013), and P. argus (Naro-Maciel et al., 2011) support the hypothesis of 

panmixia, resulting from ongoing broad larval transport by ocean currents, and historical 

population expansion. Similarly, Panulirus interruptus and P. inflatus , each with much 

smaller distribution ranges, lacked genetic differences along the Californian and Mexican 

coasts respectively (García-Rodríguez and Perez-Enriquez, 2005; García-Rodríguez and 

Perez-Enriquez, 2008). To date, there have been few studies on genetic diversity in 

Panulirus species with wide global distributions. These studies have illustrated major 

genetic differences over large geographic ranges. For example, studies of P. penicillatus 

revealed two completely distinct genetic lineages in the East Pacific versus the Central to 

West Pacific (Chow et al., 2011; Abdullah et al., 2014). The only broadly distributed Indo-
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West Pacific spiny lobster species that has been examined across its full distribution is 

Panulirus homarus (Lavery et al., 2014). This close relative of P. ornatus has a broader 

distribution, extending from South Africa to the Marquesas in the East Pacific, and has a 

somewhat longer PLD (approx. 7 months). Analyses of both mitochondrial and nuclear 

DNA show that there exists not only significant population structure across its range, but 

also genetic divergence from another sub-species lineage in Madagascar (Lavery et al., 

2014; Reddy et al., 2014). Even along its West Indian Ocean range, this species appears to 

be genetically divided into East African and NW Indian Ocean populations (Farhadi et al., 

2013). A very recently published study on P. ornatus was restricted to populations in the 

central part of its distribution, around Southeast Asia, and revealed no significant 

population structure across this range (Dao et al., 2015). 

Background to the Study Species- Panulirus ornatus 

The genus Panulirus in the family Palinuridae is very rich in its species diversity with 20 

well defined species, three of which are further divided into a total of seven sub-species, 

the status of which are uncertain and the cause of taxonomic debate (Ptacek et al., 2001; 

Patek et al., 2007; Phillips et al., 2013). Out of all Panulirus species distributed through the 

Indo-West Pacific the most sought after species commercially is P. ornatus due to its high 

price and demand in China and other Asian seafood markets, mainly due to its large size 

and colourful appearance (Hart, 2009). 

The long term average sale price of spiny lobsters has continued to increase as the demand 

has grown and the supply from wild fisheries has remained static (FAO, 2015).This 

increasing market demand has created strong interest in commercially culturing this 

lobster and that is reflected in significant research interest in this species over the past 

decade. 

1.1.1 Biology and Ecology of the Panulirus ornatus  

 The tropical ornate spiny lobster P. ornatus, grows to a large size throughout its 

distribution, typically well over 2 kg (Phillips et al., 1992; Skewes et al., 1997). This lobster 

species inhabits shallow tropical waters of 1 - 50 m depth from coastal and coral reef areas 

throughout its range.  The distribution of this species is reported to extend from East Africa 

(South to Natal) and the Red Sea right throughout the Indo-West Pacific region as far as 
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Southern Japan, around the tropical and subtropical waters of Australia, Papua New 

Guinea, Solomon Islands and New Caledonia and east as far as Fiji (Figure 1.1). 

Panulirus ornatus becomes sexually mature at around 90 mm carapace length or 800 g 

(MacFarlane and Moore, 1986; Sachlikidis et al., 2005; Vijayakumaran et al., 2005; 

Sachlikidis, 2010; Sachlikidis et al., 2010). In Northeastern Australia spawning is known to 

occur from November through to March, coinciding with warmer water temperatures and 

longer day lengths (Bell et al., 1987). However, captive animals can now be reared 

throughout the seasons under controlled environmental conditions (Sachlikidis et al., 

2005). Each female lobster can produce 200,000-800,000 eggs, with up to four broods of 

eggs per season (Moore and Macfarlane, 1984; MacFarlane and Moore, 1986). 

Palinurus ornatus, like many other spiny lobsters, exhibits five major phases within the life 

cycle: adult, egg, larval stage (phyllosoma), post-larval stage (puerulus) and juvenile. In the 

wild, the female lobsters mate and then extrude and fertilize their eggs before depositing 

them under their tails where they are incubated for 3-4 weeks (Dennis et al., 1997; Dennis 

et al., 2001). Following hatching, the early phyllosoma are thought to move offshore into 

oceanic waters by currents and wind, with subsequent larval development occurring 100’s 

to 1000’s of kilometres away from the hatching site (Moore and Macfarlane, 1984; Pitcher 

et al., 1992; Dennis et al., 1997). Phyllosoma of P. ornatus undergo 11 distinct 

developmental stages including 20 successive moults mostly in the open ocean (Smith et 

al., 2009). The final stage phyllosoma metamorphoses into the puerulus, which is a non-

feeding stage that actively migrates back to the coast seeking suitable habitat in which to 

settle (Figure 1.2). Once settled, the puerulus develops pigmentation and begins moulting 

to the first instar juvenile which is benthic (Phillips et al., 1992; Phillips et al., 2006). The 

juvenile lobsters reach maturity in around one year and after two years reach around 1 kg 

in size (Phillips and Matsuda 2011). As adults, males typically moult once a year, and 

females moult once every two years (Nair et al., 1981). 
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Figure 1.2 Geographical distribution of P. ornatus according to the FAO Species catalogue 

vol. 13: Marine lobsters of the world (reproduced with alteration from (Phillips et 

al., 2013)). 

 

Figure 1.3 Life cycle of P. ornatus in wild.  Image source:  IAN, University of Maryland 

Centre for Environmental Science: Used with permission.  
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The pelagic larval period in P. ornatus is short relative to some other species of spiny 

lobster such as J. edwardsii which is around 18.2±1.6 months (Bradford et al., 2015). Under 

hatchery larval culture conditions, the fastest larval developmental time in P. ornatus is 

recorded as 115 days (Smith et al., 2009; Sachlikidis, 2010). But in the wild the larval 

development from hatch to puerulus may take between four to seven months (Dennis et al., 

1997; Skewes et al., 1997). 

1.1.2 Breeding and Migrations 

In the wild, spawning in P. ornatus varies widely, but is mainly influenced by seasonal and 

environmental factors such as water temperature, and photoperiod (Matsuda et al., 2002; 

Sachlikidis et al., 2005). Spawning typically occurs in the summer months (Moore and 

Macfarlane, 1984; MacFarlane and Moore, 1986; Bell et al., 1987; Dennis et al., 2001), 

although tropical spiny lobsters have been reported to be reproductively active throughout 

the year (Juinio, 1987; George, 2005; Vijayakumaran et al., 2005; Vijayakumaran et al., 

2009; Kumar et al., 2010). Spawning migrations are reported as a breeding strategy in 

many lobsters. Although it is not the case with all species, it is well documented in P. 

ornatus in some locations. Adult P. ornatus have been observed walking in large groups to 

coastal reefs of Papua New Guinea, which is over 500 km away from Torres Strait (Bell et 

al., 1987; Pitcher et al., 1992; Dennis et al., 1997; Dennis et al., 2001). This mass annual 

summer migration can occur in single-file lines of lobsters, with up to 64 individuals in 

each line. A variety of environmental factors like photoperiod and temperature can 

determine the breeding strategy in the species, and these environmental variables are 

crucial to consider when investigating the potential factors shaping genetic structure in the 

species (Shears et al., 2008; Nanninga et al., 2014) 

1.1.3 Management of Spiny Lobster Fisheries 

Many small artisanal fisheries for P. ornatus exist throughout its distribution, with the 

single largest P. ornatus fishery occurring in Torres Strait, between Northern Australia and 

Papua New Guinea (Phillips et al., 2000; McGarvey et al., 2010; Phillips and Matsuda, 2011; 

Phillips, 2013). Although some fisheries are well managed (e.g., the Torres Strait fishery; 

(Pitcher et al., 1992; Pitcher et al., 1997; Pitcher et al., 2001), and the Australian spiny 

lobster fisheries are at their maximum sustainable capacity, the demand for lobster 

continues to rise (Jones, 2010). Global lobster catch rates appear to have stabilised since 
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2002, however there are many instances of lobster fisheries collapsing due to excessive 

fishing pressure (Deshmukh, 2001; Radhakrishnan et al., 2005). The limitations in wild 

fisheries for spiny lobster have created intense interest in the development of lobster 

aquaculture. However, the hatchery rearing of long-lived oceanic larvae has proved 

challenging and has prevented development of an aquaculture seed source independent of 

the wild stocks (Jeffs, 2010; Phillips and Matsuda, 2011). In the absence of a hatchery seed 

source, large numbers of wild puerulus and juveniles are harvested to stock aquaculture 

operations, especially in Vietnam, but also in other Southeast Asian countries (Jones, 2010). 

In some areas, such as the south coast of Vietnam, the intensive harvesting of early stages 

of Panulirus species, especially P. ornatus, has almost eliminated these species from most 

coastal habitats. There have been concerns raised about the long term sustainability of this 

practise, highlighting the need for better management and conservation of the species 

(Juinio-Menez and Gotanco, 2004; Thuy and Ngoc, 2004; Williams, 2004; Jones et al., 2010). 

The life cycle of Panulirus ornatus involves breeding aggregation and migratory behaviours 

which make them particularly vulnerable to over-exploitation. In recent years this has been 

recognised as a high risk to the lobster fisheries (Brown and Caputi, 1983; Butler et al., 

2005), with the decline and collapse of fisheries in some locations, and puerulus 

exploitation in some locations raising concerns about the demographic survival of the 

populations. However, very little is known about connectivity among the P. ornatus 

populations. Understanding the population structure of the species is important to 

determining the number of discrete stocks within the species, and also evaluating the 

degree of connectivity and gene flow between stocks. This will help us understand the 

effects of heavy exploitation, the possibilities for restocking the species, and the best spatial 

plan for effective management (Kennington et al., 2013).  

Research Scope and Predictions 

A previous study of allozyme variation in P. ornatus stocks in Torres Strait and Northeast 

Queensland found no genetic structure in this local population (Salini et al., 1985). A very 

recent study of genetic variation in P. ornatus in the wider Southeast Asian region also 

found no evidence of genetic structure in the species (Dao et al., 2015). It remains to be 

determined if genetically distinct populations of P. ornatus exist within the much wider 

Indo-West Pacific distribution of this species and the levels of divergence, if present, within 

this range. There is limited information about the patterns of larval and adult movements 
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in this species, or the potential physical and environmental factors that may influence any 

divergence in this species. Closer examination using both variable mitochondrial and 

nuclear markers may provide more resolution for describing the genetic structure of this 

species. This information will not only help in estimating the stock structure of the species, 

but also contribute to the growing literature on patterns of genetic structure in the Indo-

West Pacific marine environment. 

To date, most studies on species have primarily focused on determining the broad-scale 

geographic patterns of genetic diversity, with little attempt to quantify rates of gene flow or 

connectivity among populations. Also, few Panulirus studies have attempted to examine the 

factors responsible for population genetic structure within species through analyses of the 

relationships between genetic variation and environmental factors. This study addresses 

both of these lines of investigation. 

Recent advances in both molecular and analytical techniques have made it easier to 

simultaneously examine the multiple factors involved in determining the patterns of 

connectivity among populations. There is a growing understanding of how the biological 

characteristics of species interact with the physical environment to produce the observed 

patterns of genetic structure. The advent of multivariate analyses that correlate genetic 

variation with environmental variation has led to the newly-evolving field of “seascape 

genetics” (Selkoe et al., 2010; Liggins et al., 2013). This approach may be particularly 

helpful in identifying the common processes affecting related species. A multi-faceted 

analyses of the extent of connectivity among populations throughout the entire distribution 

of P. ornatus, and the associated environmental variables that may be driving these 

patterns will provide a more realistic analyses of the complex processes shaping 

populations of this species. 

Aims and Thesis Rationale  

The main aim of this research is to describe the population genetic structure of P. ornatus 

throughout its geographic range and to estimate the rates of gene flow between sampled 

locations. This information will be used for assessing various geographical, environmental 

and behavioural factors that may be drivers of the pattern of gene flow found in this 

species. This information will be valuable for the effective management of P. ornatus 

fisheries. Management of this species is currently limited by a lack of knowledge about the 

location of discrete stocks or recruitment sources and sinks for such stocks (Griffin et al., 
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2001; Griffin, 2004). Additionally this study can also add to the growing literature on Indo-

West Pacific marine population connectivity, in terms estimating the directions and 

degrees by which marine populations are connected across this region. 

Given the background and scope of the present research, the aims of the proposed study 

are outlined below. Each aim has one or more specific questions that can be tested 

statistically. 

Aim 1:  Describe the population genetic structure of P. ornatus throughout its geographic 

range, estimating rates of gene flow among sampling locations- (Addressed in chapters 2 

and 3.) 

 Q1: Given the extremely long period of oceanic planktonic larval dispersal in P. 

ornatus, are there any strong genetic subdivisions, or does it show broad-scale 

panmixis? 

Aim 2: Compare the pattern of population structure in P. ornatus with that of other related 

species, as well as other marine taxa with similar distributions, to determine if similar 

processes may be driving connectivity within all these species.- (Addressed in chapters 2, 3 

and 5.) 

 Q2: Does P. ornatus show population subdivision between the Indian and Pacific 

Oceans, as do a number of other Indo-West Pacific species? 

 Q3: How does P. ornatus compare with other Panulirus species that have shorter or 

longer pelagic larval durations? That is, does P. ornatus show higher or lower levels of 

population subdivision? 

Aim 3: Investigate the potential implications of the genetic patterns found in P. ornatus on 

the future fisheries and conservation management of the species- (Addresed initially in 

chapters 2 and 3 , but in detail in chapter 5) 

 Q4: Are there discrete fisheries stocks requiring separate management? 

 Q5: Given the intensive fishing pressure on this species, is there evidence of reduced 

effective population size within any populations? 

Aim 4: Determine which physical factors may be the most important drivers of the pattern 

of gene flow identified in this species- (Addressed principally in Chapter-4) 
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 Q6: Are the rates of gene flow among populations simply explained by the 

geographic distance between them or better explained by other environmental 

factors? 

Thesis Structure 

This work is part of a much larger research programme funded by the Australian Research 

Council and Nexus Aquasciences Sdn Bhd.  Samples were collected by personnel from a 

range of supporting research organizations (see acknowledgements) or purchased from 

local fisheries, and shipped to the University of Auckland. 

The thesis contains five chapters  

Chapter 1 (present chapter) provides a general introduction of the research topic and an 

overview of the approaches used. 

Chapter 2 presents an examination of the mitochondrial DNA diversity among sampling 

locations throughout the Indo-West Pacific distribution of P. ornatus. A null hypothesis of 

population panmixia (i.e., no genetic structure) is tested. Rates of gene flow among these 

sampling locations and the factors that may shape these patterns are characterized. 

Chapter 3 presents an analyses of microsatellite DNA variation among populations 

throughout the Indo-Pacific distribution of P. ornatus. The development of microsatellite 

markers is described. A null hypothesis of population panmixia is tested. Rates of gene flow 

among these locations and the factors that may shape the patterns were characterized. 

Chapter 4 presents seascape analyses of genetic variation in P. ornatus. Mitochondrial DNA 

and nuclear DNA diversities (determined in Chapters 2 & 3) are used to test for 

associations with a number of geospatial and environmental variables. The results provide 

fresh understanding of how key environmental processes might shape the evolution of P. 

ornatus population structure. 

Chapter 5 summarises the major findings of the research by presenting a synthesis of the 

results from each chapter. Mitochondrial and nuclear DNA population structure and 

connectivity patterns were compared and contrasted to provide insight into the potential 

processes involved in shaping population structure in this species. The results from the 

present study were also compared to those observed in other Indo-West Pacific Panulirus 
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species to identify common patterns that may assist with development of management and 

conservation strategies. The implications for management and conservation of the species 

are discussed, and directions for future research are presented.
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2 Mitochondrial DNA Population Subdivision in Panulirus ornatus 

Introduction  

The tropical Indo-Pacific region is renowned for its high diversity of marine species, but 

was long considered to hold few barriers to dispersal within species (Briggs, 1974; Briggs, 

2005; Briggs and Bowen, 2012). Many marine species are widely distributed throughout 

the Indo-West Pacific, and there has been increasing interest in the patterns of population 

structure and connectivity across this region, especially in species that are dependent on 

larval dispersal for maintaining species cohesion (Crandall et al., 2014; Giles et al., 2014; 

Raynal et al., 2014). There remain ongoing questions about whether there are common 

patterns of population structure across species in this region and the factors that may be 

driving those patterns. Population structure is of great concern in fisheries and aquaculture 

species, where the presence of distinct stocks or genetic sub-populations has important 

implications for management and commercial exploitation (Wilkins, 1981; Knibb et al., 

2014). The spiny lobsters of the genus Panulirus are of particular concern, due to their high 

economic value and intensive exploitation, but with relatively little understanding of their 

potential population subdivision (Jeffs, 2010). Many populations of wild spiny lobsters are 

in decline, and a variety of causes have been proposed, including overexploitation, climate 

change and habitat loss (Fitzgibbon et al., 2014). 

The ornate spiny lobster, Panulirus ornatus (Fabricius, 1798), has one of the widest 

distributions of the more than 30 species of spiny lobster, and is the most commercially 

valuable of all the spiny lobster species due to its attractive colouration. As with all 

Panulirus species, P. ornatus has long planktonic larval period of 6 months, which could be 

expected to maintain high connectivity among all parts of its range, resulting in minimal 

divergence of populations. 

The range of P. ornatus extends through tropical coastal waters from East Africa and the 

Red Sea right through the Indo-West Pacific region as far as Southern Japan and Fiji 

(Holthius, 1991), although it is now uncommon in many parts. Throughout its range 

P. ornatus inhabits mostly shallow, tropical waters most often living among coral reefs, 

although juveniles are frequently found in shallow areas of coral rubble and limestone 

pavement, as well as in estuarine habitats (Holthius, 1991; Dennis et al., 1997). Global 
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annual landings are in excess of 5,000 t, including around 2,000 t that are cultured in 

Vietnam in floating sea-cages from wild-caught juveniles (FAO, 2015). Many small artisanal 

fisheries for a range of tropical lobster species, including P. ornatus, exist throughout its 

distribution (Holthius, 1991), with the largest well documented single P. ornatus fishery in 

Torres Strait (between Papua New Guinea and Australia) with annual landings of up to 

400 t (Ye et al., 2008). Decline in the global landings of spiny lobsters, increasing demand, 

and high market prices have generated growing interest in developing P. ornatus for 

aquaculture (Phillips and Matsuda, 2011b). This species has a range of attributes amenable 

to aquaculture, including a truncated larval development in hatchery conditions (approx. 

150 days) and a tolerance of a wide range of environmental conditions and foods (Smith et 

al., 2009). This strong aquaculture interest has resulted in intense harvesting of wild 

juveniles in some areas of Asia to the point of extirpation of local wild populations (Thuy 

and Ngoc, 2004; Jones et al., 2010; Hung and Tuan, 2009). An understanding of the spatial 

genetic variability in this species would be of considerable benefit through the delineation 

of any effective stock boundaries for improving fisheries management of the species. 

Furthermore, identifying genetically segregated stocks would also offer the possibility of 

utilising differentially adapted strains or greater genetic diversity for brood stock in 

selective breeding for aquaculture. 

Although adult migrations have been documented in P. ornatus in Torres Strait and 

Northeast Queensland (Moore and Macfarlane, 1984; Bell et al., 1987), pelagic larval 

dispersal is likely to play a crucial role in connectivity among populations. There is ongoing 

debate about the strength of the relationship in marine species between pelagic larval 

duration (PLD) and the degree of genetic connectivity (Selkoe and Toonen, 2011). 

However, it is still clear that very long-lived larvae, such as in P. ornatus, promote long 

distance dispersal (Dennis et al., 2001). The final dispersal abilities of the larvae will be 

influenced by many physical, oceanographic and behavioural factors, however, for species 

with extended pelagic dispersal by ocean currents, little genetic divergence between 

subpopulations is expected (Palumbi, 1992). 

In accordance with these expectations, many Panulirus species exhibit low levels of genetic 

population structure. For those species with relatively small, contiguous ranges, little or no 

population substructure has been generally observed in P. cygnus (Kennington et al., 2013), 

P. inflatus (García-Rodríguez and Perez-Enriquez, 2008), P. japonicus (Inoue et al., 2007), P. 

interruptus (García-Rodríguez and Perez-Enriquez, 2005), and P. marginatus, (Iacchei et al., 
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2014). Even over larger, relatively contiguous ranges (approx. 5-10,000 km), Panulirus 

species may show little evidence of genetic population structure, e.g., P. ornatus in 

Southeast (SE) Asia, (Dao et al., 2015); and P. penicillatus in Western and Central Pacific 

(Chow et al., 2011; Adbullah et al., 2014). The principal phylogeographic patterns that have 

been obvious in Panulirus are not in fact population subdivision, but the existence of 

morphologically cryptic genetic lineages that are either distinct species or sub-species. 

These cryptic lineages have generally been observed within “species” that are distributed 

over very large distances (> 10,000 km), but with major gaps in distribution e.g., P. 

homarus, (Lavery et al., 2014); P. penicillatus (Chow et al., 2011; Adbullah et al., 2014); P. 

argus (Naro-Maciel et al., 2011; Tourinho et al., 2012). 

Until recently, P. ornatus had received little genetic study, with the only population genetic 

data being an allozyme study of localised stocks in Torres Strait and Northeast Queensland 

that revealed no population structure (Salini et al., 1985). A very recent study (Dao et al., 

2015) genetically analysed samples from a wider portion of the SE Asian distribution of the 

species. They examined mtDNA and microsatellite variation in 216 individuals from 

Australia, Indonesia and Vietnam, and again found no evidence of population structure 

(mtDNA ΦST = -0.008; microsatellite FST = 0.003). The present study was begun before this 

work was published, and a major difference in the aim of  this thesis was to examine 

samples from the entire Indo-West Pacific distribution of P. ornatus, in the belief that this is 

required in order to provide a proper understanding of population structure of this species. 

At the broader taxonomic and geographic scales, many other marine invertebrate species, 

including decapod crustaceans, do show strong and significant population structure across 

the Indo-Pacific, despite their great potential for long-distance larval dispersal. In 

particular, a number of invertebrates exhibit a genetic division into discrete Indian and 

Pacific Ocean populations. Such species include the coconut crab, Birgus latro (Lavery et al., 

1996), the giant tiger prawn, Penaeus monodon (Benzie et al., 2002) and the crown-of-

thorns starfish, Acanthaster planci (Yasuda et al., 2009). In the Indian Ocean, there has been 

conflicting signals among species in their population structure, with some indication that 

West Indian Ocean (WIO) populations may be genetically divergent, e.g., A. planci (Benzie, 

1999; Vogler et al., 2008; Yasuda et al., 2009; Vogler et al., 2012), P. homarus, (Farhadi et 

al., 2013); P. penicillatus, (Adbullah et al., 2014). 
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This current study aimed to use mitochondrial DNA (mtDNA) sequences to address 

questions of stock structure and connectivity across the entire distribution of P. ornatus. 

Samples were collected as broadly as possible throughout the species’ range, in particular 

sampling in detail across the boundary between the Indian and Pacific Oceans, which has 

previously been identified as a barrier to gene flow in other decapods, and in the WIO, 

which has divergent populations in some species.  

Material and Methods 

2.1.1 Sample Collection 

Panulirus ornatus samples were collected from 17 locations covering a substantial portion 

of the species’ range (Table 2.1, Figure 2.1). Samples were collected from four locations in 

the Indian Ocean (Tanzania, Kenya, Sri Lanka, Western Australia(WA), five locations in the 

Indo-Australian Archipelago (Aceh, Langkawi, Lombok, Semporna, Torres Strait), and eight 

locations in the Western Pacific Ocean (Taiwan, Vietnam, Philippines, Bathurst Heads - 

Queensland, Batt Reef - Queensland, Northeast Queensland, Osprey Reef in the Coral Sea, 

New Caledonia). After preliminary analyses, geographically adjacent locations were pooled 

where sample sizes were small and no genetic differences were detected, leaving 11 pooled 

locations for statistical analyses (Table 2.1). Samples were collected by personnel from a 

range of supporting research organizations (see acknowledgments) or purchased from 

local fisheries, and shipped to the University of Auckland in New Zealand. Due to the fact 

that this species is overexploited, and because this species can be quite rare in many 

locations (e.g., WIO, Arabian Sea) sample sizes were limited in some localities, despite 

considerable efforts to acquire samples. Muscle tissue or part of the pereiopods were 

collected from individuals and stored in vials with >90% ethanol at 5 °C until processing. In 

total 332 lobster specimens were collected across the range, out of which only 298 were 

subsequently identified as P. ornatus by their mtDNA sequence. 
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Figure 2.1. Indo-West Pacific geographic distribution for Panulirus ornatus presented in shade and sampling locations presented in coloured 

dots. Principal regional ocean currents presented in arrows. “LC” off the Western Australia coast refers to the Leeuwin Current, 

referred to in text.

LC
C 
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Table 2.1. Panulirus ornatus sampling information, Abb-Abbreviation. 

Location Sample Code. Total sampling 
Number of 
sequences 

Sample 
Pooling 

Tanzania Tan 20 20 Tan 

Kenya Ken 20 19 Ken 

Sri Lanka Sri 23 23 Sri 

Aceh, Indonesia Ace 20 10 Ace + Lan 

Langkawi, Malaysia Lan 5 4  

Vietnam Vie 20 20 Vie + Tai 

Taiwan Tai 2 2  

Western Australia Wau 8 8 Wau 

Lombok, Indonesia Lom 53 53 Lom 

Semporna, Malaysia Sem 50 50 Sem + Phi 

Philippines Phi 6 6  

Torres Strait, Australia TSt 34 34 TSt + Bhd 

Bathurst Heads, 
Queensland 

Bhd 4 4  

Batt Reef, Queensland Bat 20 17 Bat + Qnl 

Queensland Qnl 4 4  

Osprey Reef, Coral Sea Osp 3 3 Osp + Ncd 

New Caledonia NCd 5 5  

TOTAL 
 

297 282  



 

27 

2.1.2 PCR Amplification 

Total genomic DNA was extracted from muscle tissue using a modified Phenol-Chloroform-

Isoamyl alcohol method (modified from protocol 2, (Hoelzel and Green, 1992). An 

approximately 800bp fragment of the mitochondrial control region (mtCR) was amplified 

using the primers CRL-F and CRL-R primers designed for P. argus (Diniz et al., 2005). 

Amplification was carried out in a total volume of 25 μL containing 10 × PCR buffer, 5 pmol 

of each primer, 1 mM dNTPs, 2.5 mM of magnesium (Mg2+), 0.25 units of Taq Polymerase 

(Platinum Taq; Life Technologies) and 20-50 ng of DNA template. PCR amplifications were 

performed under the following conditions: Initial denaturation at 94 °C for 5 min, followed 

by 30 cycles of 94 °C for 30 s, 58 °C for 30 sec and 72 °C for 30 sec with a final extension at 

72 °C for 5 minutes in a Biometra Thermocycler. Positive and negative controls were 

included for every PCR to check for possible contamination. Prior to sequencing, the PCR 

products were purified via digestion with shrimp alkaline (Werle et al., 1994)phosphatase 

(SAP) and exonuclease-I (Exo-I) (Werle et al., 1994)  

The control region PCR products from 284 individuals were then sequenced. Each cycle 

sequencing reaction was carried out in a 10 μL reaction containing 2 μL of Big Dye, 1 μL of 

primer (5 pmol L-1), 20 ng of PCR product, 2 μL cytokine stabilization buffer (CSB) and 

distilled water (dH2O) to 10 μL. The final clean-up for the products was performed using 

CleanSEQ (Agencourt) according to the basic protocol supplied by the manufacturer. 

Purified amplicons were sequenced at the University of Auckland DNA Sequencing Facility 

on an Applied Biosystems 3130xl Genetic Analyser.  

2.1.3 Data Analysis  

All Sequences were manually reviewed and aligned using the MUSCLE alignment (Edgar, 

2004) and a neighbor-joining tree was constructed in GENEIOUS 7.0.6 (Kearse et al., 2012). 

A Median Joining network was constructed for mtDNA control region sequences using 

NETWORK 4.6.1.3 (fluxus-engineering.com(Bandelt et al., 1999)). Genetic variation was 

described for each location using nucleotide diversity and gene diversity calculated in 

Arlequin 3.4.12 (Excoffier and Lischer, 2010). Mismatch distribution statistics (theta (θ), 

Tau (T), goodness of fit tests: Sum of squares deviation (SSD), Harpending’s Raggedness 

index (HRI) and probabilities (p)) were calculated in Arlequin. Sequences were checked for 

neutrality using Tajima’s D and Fu’s Fs test. The hierarchical patterns of genetic variation 
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among the populations were tested using an analysis of molecular variance (AMOVA) in 

Arlequin. Genetic variation contributed by different data partitions is explained among all 

populations (Φst), among all populations within groups (Φsc), and among groups (Φct). 

Pairwise Φst values were also calculated between all pairs of populations to determine the 

finer-scale inter-population relationships in Arlequin and visualized using a principal 

coordinate analysis (PCoA) using the program GenAlEx ver6. Significance values of 

multiple simultaneous tests were corrected for false discovery rate (Benjamini and 

Hochberg, 1995). 

Isolation by distance was tested using the Mantel test on matrices of standardized pairwise 

Fst value [Fst/(1-Fst)] and pairwise over-water distance (km) among the sites (Slatkin, 

1993). Statistical significance was determined by 1000 permutations. Spatial analysis of 

molecular variance (SAMOVA) was performed to estimate the location, number, and 

magnitude of population subdivision (Dupanloup et al., 2002). In this technique, total 

genetic variation can be explained by showing the contribution of different population 

groups without predefining groupings and the technique also identifies the potential 

locations of barriers between population groups. 

Asymmetric migration rates between populations (Nm) were calculated with the software 

MIGRATE-N 3.6.6) (Beerli and Felsenstein, 2001). This program uses a coalescent-based 

Markov Chain Monte Carlo strategy which explicitly takes into account historical processes 

and asymmetrical gene flow. The populations were pooled into five regions (WIO, Sri 

Lanka, SE Asia, WA, and Southwest (SW) Pacific) in order to optimise the analysis, by 

reducing the number of parameters estimated, and to provide more confidence in the 

estimates. A Bayesian inference strategy was used, with 5 concurrent chains, each using a 

static heating scheme with 4 temperatures (1000000.00, 3.00, 1.50 and 1.00), and 

sampling 100,000 steps with a 100-step increment, and discarding 100,000 trees as burn-

in.   

Results  

2.1.4 Mitochondrial DNA Sequence Variation 

A partial fragment of the mtCR was successfully sequenced for a total of 284 P. ornatus 

individuals. Sequence alignments were trimmed to 461 bp to eliminate a problematic TA 

repeat at the 3’ end, permitting consistent analysis. 
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Haplotype diversity was very high, with most individuals having different mtCR 

haplotypes. The haplotypes varied at 460 sites and of these 153 were parsimony 

informative and 57 were singleton variable sites. A total of 252 haplotypes were defined, 

with a total haplotype diversity of h =0.998 and total nucleotide diversity of π= 0.034. 

Although overall diversity was similar among most populations, both haplotype diversity 

and nucleotide diversity were significantly lower in the sample from WA (Table 2.2). 

The populations differed substantially in their degree of departure from equilibrium 

conditions, as estimated by Tajima’s D and Fu’s Fs (Table 2.2). WA was the only population 

to have a positive value of Fs, indicating fewer haplotypes than expected in neutral 

conditions, suggesting a population bottleneck. WA was also the only population to 

significantly deviate from the expected mismatch distribution of an expanding population 

(as estimated by deviation from a Poisson distribution, and Harpending’s Raggedness 

index, Table 2.2). All other populations had negative values of D and/or Fs, indicating a 

greater number of segregating sites or haplotypes than expected, which is suggestive of 

recent population expansion (Table 2.2). Notably, these negative values were all significant 

for both measures, except for the Indian Ocean populations of Tanzania, Kenya and Sri 

Lanka. No populations besides WA had mismatch distributions that deviated significantly 

from the Poisson, although Tanzania, Kenya, Sri Lanka and New Caledonia had 

distributions that did not fit well. 

2.1.5 Mitochondrial Control Region phylogeography 

A network of phylogenetic relationships among all mtCR haplotypes (Figure 2.2) reveals a 

distinct lineage of haplotypes that is found predominantly in the WIO. Additional details of 

these phylogenetic relationships are shown on a neighbor-joining tree in Figure 2.3). This 

lineage is found throughout the range of the species, but in much lower frequency that in 

the WIO. Some WIO samples have haplotypes from the other major “Eastern” 

mitochondrial lineage. Most other populations have haplotypes from throughout the major 

“Eastern” lineage. The WA sample is distinctive in having a number of individuals sharing 

the one haplotype. 
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Table 2.2. Measures of genetic variation in P. ornatus samples inferred from mtDNA control region sequences. Groupings represent the pooled 

samples. N - Number of individuals, D - Tajima’s D, Fs -Fu’s Fs, H - Haplotype diversity, θ - theta (4Nμ) estimate from Migrate-n, 

Mismatch distribution parameters from Arlequin: Tau (time since expansion), SSD (deviance from expansion model), r, Harpending 

raggedness index (alternative measure of deviance from unimodal expansion model)  * p<0.5,** p<0.01, *** p<0.001. 

Pooled Sample N D Fs H Θ Tau SSD r 

Tan 20 -0.29 -7.18** 1.00+/-0.01 0.095 5.85 0.125*** 0.040 

Ken 19 0.29 -1.47 0.98+/-0.02 0.072 34.05 0.029* 0.034 

Sri 23 -0.67 -0.43 0.97+/-0.01 0.089 10.99 0.008 0.011 

Ace 14 -1.86** -4.23* 1.00+/-0.02 0.058 2.02 0.064* 0.036 

Vie 22 -1.69* -11.09** 1.00+/-0.01 0.069 12.21 0.008 0.017 

Wau 8 -1.26 2.86* 0.64+/-0.18* 0.059 10.80 0.150** 0.247* 

Lom 53 -1.29* -24.19** 0.99+/-0.00 0.082 14.65 0.009 0.003 

Sem 56 -1.61* -24.23** 0.99+/-0.00 0.083 13.59 0.002 0.003 

TSt 38 -1.63* -21.81** 0.98+/-0.01 0.087 3.17 0.074*** 0.008 

Qnl 21 -2.03** -12.06** 1.00+/-0.01 0.067 4.04 0.001 0.007 

Ncd 8 -0.87 -1.20 1.00+/-0.06 0.081 6.76 0.038 0.074 

Mean 
 

-1.17 -9.55 0.96+/-0.03 
 

10.74 0.046 0.044 
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Figure 2.2. Median Joining network for P. ornatus mtDNA control region sequences. Circle sizes are proportional to the frequency of 

haplotypes. Colours indicate geographic locations.  
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Figure 2.3. Neighbour-joining tree of phylogenetic relationships among P. ornatus mtCR 
haplotypes. Individual names are colour-coded by geographic sampling location. 
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2.1.6 Population Structure and Gene Flow 

The AMOVA analysis indicated that there was significant population structure among all 

lobster sampling locations, as measured by Φst (0.113, P < 0.001; incorporating molecular 

distances). The SAMOVA analysis indicated that the Tanzania and Kenya locations were 

distinct from the remainder when sampled were grouped into two regions (Φct = 0.292, P 

<0.001). With three-region grouping in SAMOVA, the New Caledonia location was next 

separated (Φct =0.195, P < 0.001) (Table 2.3 and 2.4). 

Population pairwise analysis of Φst also reveal the major divergence of the WIO locations 

from the remainder. Pairwise Φst between Tanzania or Kenya and Sri Lanka gave values of 

0.19-0.20, while comparisons between Tanzania or Kenya with all other populations 

further East ranged from 0.25 to 0.39 (Table 2.5). It was also clear that both the Sri Lanka 

and WA populations were also significantly diverged from other populations (Table 2.5). A 

Mantel test of isolation-by-distance, correlating genetic distance (linearized Φst) with 

shortest over-water geographic distance was highly significant (P < 0.01), but still 

explained less than 50% of the total variation (r2 = 0.47) (Figure 2.4). Closer examination of 

the plot reveals there are no large FST values between populations up to 2000km distant, 

and there is little relationship between genetic and geographic distance up to 4000kms. 

This is likely to be explained by the fact that over the scale of only a few thousand km, the 

long planktonic duration ensures a high levels of mixing, and that restrictions to 

connectivity largely occur only over larger distances. 

The PCoA of sampling location pairwise genetic distances shows the WIO locations of 

Tanzania and Kenya are the most genetically divergent, with the Sri Lanka location being 

genetically intermediate with those further East in the Indo-Australian archipelago 

(Figure 2.5). The WA sample is also genetically diverged, whereas none of the other 

sampling locations appear to be genetically divergent, including those on the Eastern 

extreme of the species’ distribution (Queensland and New Caledonia). The pattern of 

isolation-by-distance is clearly represented in the PCoA analysis, as the arrangement of 

sampled locations is very similar to their geographic arrangement (Figure 2.5). However, it 

is also clear that the most diverged lobster sampling locations in the West and East Indian 

Ocean are far more divergent than would be expected by geographic distance alone. 

The Migrate-n analysis confirmed many of the patterns already described above. Theta 

values were similar for all locations except WA, which was significantly lower (P < 0.05). 
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Sample locations were pooled into five regions (WIO, Sri Lanka, SE Asia, WA, and SW 

Pacific) in order to optimise the analysis, by reducing the number of parameters estimated, 

and to provide more confidence in the estimates. The estimated asymmetric rates of gene 

flow are relatively high between all regions except to and from the WIO and WA, and are 

particularly diminished flowing away from WA (Figure 2.6). 
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Table 2.3. AMOVA analysis: Partition of genetic variation among P. ornatus sampling 

locations. 

Sources of  
variations 

Degree of 
freedom 

Sum of 
squares 

Variance 
Percentage of 
total Variance 

Among 
populations 

10 352.986 1.085Va 11.31 

Within 
populations 

271 2306.795 8.512Vb 88.69 

Total 281 2659.782 9.597 
 

Fixation index 
FST: 
0.11309    

P value <0.00001 
   

 

Table 2.4. SAMOVA analyses: Indicating the division of populations into geographic regions 

for specified numbers of regions. 

 

 

 

No. of 
Regions 

Population Groupings Φct Φsc Φst 

2 1. Tan and Ken 2. All other pops 0.292 0.008 0.298 

3 1. Tan and Ken 2. Ncd 3 All other pops 0.255 0.009 0.262 

4 
1. Tan and Ken 2. Sri 3. Ace 4. All other 

pops 
0.195 0.000 0.196 

5 
1. Tan and Ken 2.Sri 3.Ace 4.Wau 5. All 

other pops 
0.186 -0.003 0.184 

6 
1.Tan  2.Ncd 3.Wan 4.Ken 5.Qnl 6.All other 

pops 
0.176 0.011 0.185 

7 
1. Tan 2. Ken 3. Sri 4.Vie 5.Wau 6.Ncd 7.All 

other pops 
0.16398 -0.00316 0.16134 
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Table 2.5. Pairwise Φst values among of P. ornatus location. Significant values (P < 0.05) are indicated in bold, and those that remain 
significant after false discovery rate correction are asterisked. 

 
Tan Ken Sri Ace Vie Wau Lom Sem Tst Qnl Ncd 

Tanzania 0 
          

Kenya -0.010 0 
         

Sri Lanka 0.199* 0.188* 0 
        

Aceh 0.280* 0.254* 0.022 0 
       

Vietnam 0.301* 0.279* 0.028 0.003 0 
      

Western Australia 0.394* 0.367* 0.110* 0.075* 0.058 0 
     

Lombok 0.266* 0.245* 0.026* -0.005 0.001                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    0 
    

Semporna 0.344* 0.321* 0.055* -0.009 -0.009 0.029 0.012 0 
   

Torres Strait 0.339* 0.315* 0.047* 0.003 0.008 0.045* -0.004 0.003 0 
  

Queensland 0.275* 0.254* 0.000 -0.004 -0.007 0.074* -0.023 -0.015 -0.002 0 
 

New Caledonia 0.274* 0.248* 0.020 -0.010 -0.009 0.081* -0.005 -0.006 -0.002 -0.012 0 
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Figure 2.4. Results of Mantels test representing correlation between genetic distances mtDNA (ΦST) vs. geographic distance (shortest over-
water distance in km) for P. ornatus sampling locations.
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Figure 2.5. Asymmetric rates of gene flow among pooled sampled locations of P. ornatus as estimated by Migrate-n. Thickness of arrows 
indicate relative rates of gene flow. Significant differences (non-overlapping 95% CIs) between forward and reverse rates indicated by 
asterisks. 
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Discussion 

In the present study the overall population genetic structure of P. ornatus across its range 

is defined based on mtDNA sequences. The analyses produced three major findings 

concerning the biogeographic features of the population structure within the species. 

First, strong evidence of population subdivision at the scale of oceans is observed. There is 

a strong genetic break between lobster locations sampled throughout the WIO and those to 

the east. Second, there is evidence of the genetic isolation of the West Australia population, 

suggesting that this has been effectively isolated from ongoing gene flow with the P. 

ornatus population relatively nearby to the north of WA. Third, despite the very 

fragmented nature of the habitat for P. ornatus in the Indo-Australian archipelago, the 

complex oceanographic connections between them, and evidence from other Indo-Pacific 

crustaceans of a major east-west barrier to gene flow, there appears to be little genetic 

differentiation among any SE Asian or SW Pacific populations. This last finding supports 

other recent results reported from P. ornatus populations in this region (Dao et al., 2015), 

and detailed above. 

The same overall patterns of population differentiation were shown in all the statistical 

analyses undertaken, (AMOVA, pairwise Φst, PCoA, and Migrate-n) and is best 

demonstrated in the PCoA analysis (Figure 2.6). The WIO sampling locations of Tanzania 

and Kenya, are clearly distinct from the remaining Indo-Pacific lobsters. Panulirus ornatus 

from Sri Lanka appear somewhat genetically intermediate between the WIO locations and 

those to the east in the Indo-Australian Archipelago. The WA population appears somewhat 

isolated from all other sampled locations, and has significantly reduced diversity (Table 

2.2). All of the populations from the Indo-Australian Archipelago, East Asia and SW Pacific 

appeared very similar genetically. 
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Figure 2.6. Principle Coordinate analysis (PCoA) presenting the patterns of genetic differentiation among locations P. ornatus locations, with 
inset of geographic locations of populations.  
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2.1.7 Population Genetic Structure 

Panulirus ornatus has a reported continuous distribution in the tropical Indian and West 

Pacific Oceans (Holthius, 1991; Phillips, 2013)but the actual distribution appears to be 

quite fragmented in relation to available habitat. For example, it was not possible to obtain 

samples from the Northwest (NW) Indian Ocean for this study, despite considerable efforts 

over a prolonged period. The continued absence of reports of the species from this region 

suggests that it may be scarce in this region, or due to intense fishing pressure, may have 

been functionally extirpated from much of it. In a similar fashion, it also has proved not 

possible to increase our sample sizes from other critical locations, such as WA, where the 

species appears to occur only in relatively low numbers. Given the sampling restrictions, 

the results from this study may be regarded as requiring additional confirmation, as 

greater sample sizes and additional sampling locations may reveal additional fine-scale 

restrictions to gene flow. However, , even with somewhat limited numbers of individuals, it 

is clear that the major conclusions presented here are sound.   

Despite the prolonged ocean-going larval period in P. ornatus, which should facilitate long-

distance gene flow, this study found significant population structure across the species’ 

Indo-West Pacific range, with strong barriers to gene flow in at least two regions. The 

significant isolation-by-distance pattern in this species may give the impression that 

oceanic distance alone may explain the population genetic divergences among populations 

as a result of a strong stepping-stone effect throughout the species’ distribution (Figures 

2.5 & 2.6). There is no doubt that such an effect is likely to be an important factor in pattern 

of genetic variation seen in this species. However, geographic distance explains less than 

50% of the genetic divergence. The PCoA pattern shows that the genetic pattern of 

relationships among populations is overall quite similar to the geographic pattern of 

relationships, reflecting the significant effect of geographic distance. However there are 

clear differences in the geographic and genetic distances of the WIO populations, and 

particularly the WA population. This highlights that major genetic barriers, well beyond 

geographic distance alone, are driving the divergences of WIO and WA populations (Figure 

2.6). Other factors contributing to these genetic divergences are likely to be the prevailing 

ocean currents that drive the dispersal, survival and connectivity between these regions, as 

well as biological attributes of this species, such as spawning season, mode of feeding, 

availability of food for larvae, and larval behaviour.  
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There is now a rich literature on the population structure of Indo-Pacific marine organisms 

recently summarised in (Carpenter et al., 2011; Keyse et al., 2014). Many other 

invertebrate taxa with Indo-West Pacific distributions do not show significant population 

structure across this range. However, a surprising number of such species with high 

dispersal potential do, and include the coconut crab, Birgus latro, with a pelagic larval 

dispersal (PLD) period of 1-2 months (Lavery et al., 1995), the giant tiger prawn, Penaeus 

monodon (PLD 15-30 days) (Benzie et al., 2002), the crown-of-thorns starfish, Acanthaster 

planci (PLD 3+ weeks)(Benzie, 1999; Vogler et al., 2008; Yasuda et al., 2009; Vogler et al., 

2012), and the blotched nerite, Nerita albicilla (PLD up to 6 months) (Crandall et al., 2008). 

A dominant pattern is the genetic differentiation of Indian and Pacific Ocean populations, 

but several species appear to exhibit significant population genetic structure within the 

Indian Ocean, e.g., A. planci (Benzie, 1999; Vogler et al., 2008; Vogler et al., 2012), P. 

monodon, (Benzie et al., 2002), and the blue star, Linckia laevigata (Crandall et al., 2014).  

Among spiny lobsters, three species have previously been tested for population structure 

across a broad Indo-West Pacific distribution. Very recently, Dao et al (2015) examined P. 

ornatus across its SE Asian distribution using both mtDNA and microsatellite DNA markers, 

and found no evidence of restrictions to gene flow. The present study confirms these 

findings, and shows that all major barriers to gene flow lie beyond the region examined in 

that thorough study. 

Panulirus homarus is a close relative of P. ornatus, with a similar PLD of 7 months (Phillips 

and Matsuda, 2011) but with a broader distribution (extending from South Africa to the 

Marquesas). Mitochondrial and nuclear DNA analyses of this species exhibited not only 

significant population structure across its range, but also genetic divergence from another 

sub-species lineage (P. homarus rubellus) in Madagascar (Farhadi et al., 2013). (Lavery et 

al., 2014; Reddy et al., 2014). Even along its WIO distribution, P. homarus homarus appears 

to be genetically divided into East African and NW Indian Ocean populations (Farhadi et al., 

2013). Panulirus homarus homarus also appears to have a mtDNA lineage that is largely 

confined to the WIO, but it is not the most divergent lineage in that species, and is much 

less diverged than the lineage found in P. ornatus (approx. 1% vs. 4% mtCR divergence, 

respectively) (Farhadi et al., 2013). Thus there are some similarities between these closely 

related species, but the population divergence within Indian Ocean P. ornatus is much 

greater than that observed within P. homarus homarus 
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Thus these related Panulirus species with similar distributions have now been shown to 

exhibit both strong similarities, yet distinct patterns, in their overall genetic population 

structure. Of most relevance to P. ornatus, all three species exhibit strong genetic 

population structure within the Indian Ocean, but not within the SE Asian/West Pacific part 

of their distributions. Yet each species also exhibits idiosyncratic patterns of population 

structure within the Indian Ocean, with different geographic regions displaying the highest 

levels of divergence in each species. Some of these apparent genetic differences are likely 

due to differences in sampling distribution and effort (mostly driven by sample availability 

due to low population sizes), resulting in differing power to detect population divergences. 

However, it is also clear that true differences in population structure exist among these 

species in the Indian Ocean. 

The phylogeographic diversity shown in P. ornatus suggests that there was in the past a 

greater restriction to effective dispersal across the Indian Ocean than currently exists. The 

mitochondrial lineage found largely in the WIO is most likely to have arisen there. This 

lineage has diverged considerably (4%) from the main mtDNA lineage, and could have 

done so only in the long-term complete absence of gene flow across the WIO. However, 

given that this lineage is now present (at very low levels) in more easterly populations, and 

that a small number of WIO individuals possess mitochondrial haplotypes from the main 

“Eastern” lineage, it is clear that in more recent times there has been limited effective 

dispersal and gene flow across the Indian Ocean. The oceanic currents in the Northern 

Indian Ocean are complex, and vary seasonally with the monsoon, but a series of coastal 

and oceanic eddies in the Northwest of the Indian Ocean during the species’ larval period 

(Schott and McCreary, 2001; Ivanochko, 2005) could be sufficient to isolate the East African 

coast at times from a regular supply of larvae from populations to the north and east. The 

significantly more discontinuous habitat for P. ornatus in the Indian Ocean, compared to 

further east, is also likely to have restricted effective larval dispersal in this region (Ludt 

and Rocha, 2015). Similar processes may be driving population divergence in other WIO 

species as well (Vogler et al., 2012). Stochastic gene flow events that occasionally cross 

these ocean barriers may result in the different patterns observed among species. Overall, 

this study once again highlights that the genetic patterns seen in Indo-Pacific marine 

species are often shaped more by past processes rather than current (Benzie, 1999; 

Crandall et al., 2014), and that fluctuating sea levels are likely a major factor in these 

changes in gene flow over time (Ludt and Rocha, 2015). It also appears to confirm that 

similar species often exhibit different genetic responses to marine geographic barriers to 
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gene flow, likely due to stochastic dispersal events over time (Carpenter et al., 2011; 

Toonen et al., 2011; Treml et al., 2015). 

The genetic isolation of the WA population of P. ornatus is also somewhat unusual. This 

pattern is not commonly reported in other marine organisms found throughout this region, 

although a similar relationship has been found in the giant tiger prawn, P. monodon (Benzie 

et al., 1993) and the abalone Haliotis asinina (Imron et al 2007). The genetic results 

together suggest that this population of P. ornatus in WA is a peripheral one for the species. 

The genetic distinctiveness (Table 2.2), the asymmetric rates of gene flow, with much lower 

rates returning north (Figure 5), the low value of theta, and significantly lower haplotype 

diversity (Table 2.2), all point towards this being an isolated remnant population that was 

colonised from the north, and has suffered a population bottleneck. Some other species 

have exhibited this pattern of lowered genetic diversity and effective population size in WA 

populations, including P. monodon (Benzie et al., 1993) and A. planci (Benzie, 1999). In 

general, this pattern concurs with the expectations of the “core-periphery hypothesis” of 

lowered gene flow to small edge-of-range populations (Eckert et al., 2008; Huelsken et al., 

2013). The most likely driver of this scenario is the Leeuwin Current, which intermittently 

sweeps southward close to the coast of WA (strongest in March-November each year), and 

varies in intensity largely in accordance with El Niño cycles (Pearce and Phillips, 1988) 

(Figure 1). 

2.1.8 Genetic Diversity and Demographic Past 

The genetic diversity found within P. ornatus populations may be reflecting past rather 

than ongoing events. High haplotype and low nucleotide diversity is observed in all of the 

P. ornatus sampled for this study, and this may be the remnant signature of a past rapid 

demographic expansion in population size. Such a rapid expansion across about one third 

of globe’s longitude would not be surprising for a species with such a high rate of fecundity 

(Booth and Phillips, 1994). However, this pattern of possible demographic expansion is not 

uniform across the populations of this species that were sampled throughout its range. It 

appears that the populations fall into three demographic categories. The “central” 

populations throughout SE Asia and the Western Pacific, as far as Queensland, display this 

pattern of likely demographic rapid expansion, supported by evidence from significantly 

negative Tajima’s D, Fu’s Fs and mismatch distributions that fit the expected Poisson 

(Table 2.2). These sampling locations are also the ones experiencing the greatest levels of 
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gene flow. The western and far eastern extent of the population (Tanzania, Kenya, Sri 

Lanka and New Caledonia), appear to be more in demographic equilibrium, with slightly 

negative but non-significant D and Fs, and poorer fitting mismatch distributions. Locations 

sampled at the western end of the population are also clearly ones that experience lower 

gene flow. The WA population also shows clear signals of a bottleneck, with positive Fs, 

significantly lower haplotype diversity and a mismatch distribution that does not fit the 

Poisson (Table 2.2). 

2.1.9 Fisheries and Aquaculture Implications 

This study has revealed that there are a number of discrete stocks of P. ornatus throughout 

the species’ distribution. There is no evidence from mtDNA of discrete stocks throughout 

SE Asia or the Western Pacific, which indicates that this whole region could be adequately 

managed as a single stock, especially as there is intensive harvest of post-larvae and 

juveniles for aquaculture in some parts of this region (Jones et al., 2010). However, this also 

implies that individual fisheries throughout this broad and productive region are all 

interconnected and interdependent, such that fisheries declines in one part of the region 

will eventually impact others in the region (Kough et al., 2013; Dao et al., 2015). It may be 

considered that if all populations in this SE Asian/Western Pacific region are 

interconnected, then a decline in one location may not be of major concern, as it could be 

repopulated by larvae from another area. However, this is likely only to be the case over a 

short timescale. In the short term, a decline in one stock in this interconnected region may 

be compensated by others; in the long term, fisheries declines in one part will be likely to 

eventually impact all stocks in the region, as the total brood stock becomes diminished, 

perhaps reaching a tipping point. 

Importantly, there is clear evidence that there are a number of discrete stocks in the Indian 

Ocean, with East Africa (Tanzania & Kenya), Sri Lanka, and WA samples all belonging to 

genetically separate stocks. On the basis of this evidence, fisheries in each of these regions 

should be managed separately  (von der Heyden et al., 2014). Significantly, this implies that 

the relatively small and highly impacted fisheries in most of these locations are likely to be 

regionally closed and self-reliant on local recruits. This may help explain the apparent drop 

in numbers of this species throughout the Indian Ocean, and perhaps the apparent absence 

of the species from the NW Indian Ocean coastlines. These conclusions must of course be 

tempered by the limits of our sampling, and the results being based on only one locus. More 
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extensive sampling and genetic analyses are clearly warranted to confirm these present 

conclusions. 

The discrete Indian Ocean stocks are also of great potential significance for future 

aquaculture development of this species. The presence of multiple genetically diverged 

stocks offers the possibilities of differentially adapted genetic lines for future breeding and 

cross-breeding in this economically valuable species. This places more emphasis on the 

importance of the conservation of these existing stocks of P. ornatus. 

Conclusions 

Despite the high potential for larval connectivity, highly significant restrictions to gene flow 

were found across the Indo-Pacific distribution of P. ornatus. These restrictions to gene 

flow are not simply related to geographic distance, although this plays a major role. The 

two major barriers to effective dispersal, in the WIO and WA, are likely to be driven largely 

by discontinuous habitat, and the intermittent and variable nature of the oceanic currents 

connecting these peripheral populations to the remainder of the species. Most of the 

sampled P. ornatus exhibit high levels of mtDNA diversity, but the WA population appears 

to have suffered a genetic bottleneck. There is little genetic divergence among other 

populations, including those straddling the Indian/Pacific Ocean divide. These observed 

patterns have been determined from mtDNA alone, and thus should be confirmed by 

examining additional nuclear markers, which could potentially reveal further discrete 

populations. The diverged populations within this species reflect both past biogeographic 

phenomena and present day restrictions in gene flow. It is clear that the genetically 

differentiated stocks of P. ornatus require appropriate management in the wild, but can 

also be a valuable resource for future aquaculture breeding programs.
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3 Microsatellite DNA Analyses of Panulirus ornatus 

Introduction 

There are often unexpected patterns of population genetic structure within marine species 

(Palumbi, 1992; Palumbi et al., 1997; Sexton et al., 2014) which  appear to be largely due to 

the complex interaction of oceanographic and geographical factors together with the 

specific biological attributes of individual species, such as pelagic larval duration and 

behaviour, habitat connectivity, adult ecology and demography (Planes and Fauvelot, 2002; 

Butler et al., 2011; Selkoe and Toonen, 2011; Raynal et al., 2014). Unexpected population 

structure frequently occurs within marine species with long-lived pelagic larvae that may 

be expected to show high levels of connectivity throughout their distribution (Williams and 

Benzie, 1998; Barber et al., 2002; Uthicke and Benzie, 2003). One taxonomic group that 

exemplifies this is the commercially valuable spiny lobster genus Panulirus. Members of 

this genus have long pelagic larval durations, frequently with broad distribution ranges in 

tropical and subtropical Oceans that vary for different species. Some species of Panulirus 

have a narrow distribution range covering a few thousand kilometres like P. cygnus, P. 

japonicus and P. interruptus and appear to exhibit little genetic structure within their 

populations (Inoue et al., 2007; Selkoe et al., 2010; Kennington et al., 2013), while those 

Panulirus species with broader ranges may have significant restrictions to gene flow and 

connectivity across their range, such as seen in P. argus, and P. penicillatus (Butler et al., 

2011; Chow et al., 2011; Tourinho et al., 2012; Abdullah et al., 2014). 

In this present study the genetic structure within the population of P. ornatus was 

examined. This species is one of the most highly-prized spiny lobster species due to its 

large size, brilliant colouration and excellent eating qualities. Spiny lobsters in general are 

among the most commercially valuable decapod crustaceans and are also of considerable 

aquaculture interest (Rogers et al., 2010). Previous studies of P. ornatus did not reveal any 

significant restrictions to gene flow within the Southeast (SE) Asian and Northern Australia 

regions (Salini et al., 1985; Dao et al., 2015). However, a mitochondrial DNA (mtDNA) study 

examining nearly its full range (East Africa to the Western Pacific) showed that in the 

western periphery of the population range (i.e., Western Indian Ocean (WIO), Western 



 

48 

Australia (WA) and New Caledonia) lobsters were significantly diverged from the 

remainder of the population, and that lobsters in WA may have suffered a population 

bottleneck (Chapter 2). It is feasible that the genetic divergence of these populations is 

driven simply by geographic distance, with genetic differences accumulating in a step-wise 

fashion across the large oceanic distances to these peripheral populations. However, the 

measured genetic divergences were much greater than expected from geographic isolation 

alone, indicating the likely presence of some strong barriers to larval dispersal to those 

peripheral populations. 

Analyses of genetic structure from mtDNA alone can provide valuable information about 

the evolutionary history of a species, and how past events may have resulted in the 

present-day patterns of distribution and connectivity among populations (Leese and Held, 

2011). However many studies have highlighted that analyses based on only one locus may 

sometimes provide a misrepresentation of the evolutionary history or current connectivity 

in an organism (Shaw, 2002; Ballard and Whitlock, 2004; Bensch et al., 2006; Wahlberg et 

al., 2009). Mitochondrial DNA variation within a species is highly sensitive to random 

genetic drift, and studies based on one locus alone may provide inaccurate estimates of 

overall population genetic structure, as they investigate the maternal lineage only, and can 

misrepresent the monophyly of subpopulations, even in the presence of infrequent ongoing 

nuclear gene flow (Leese and Held, 2011). There are also other potential difficulties with 

studies that rely entirely on mtDNA. For example, nuclear copies of mitochondrial genes 

(Numts/pseudogenes) have been reported in many taxa (Sunnucks and Hales, 1996; 

Bensasson et al., 2001) including crustaceans (e.g., (Williams and Knowlton, 2001; Buhay, 

2009), and may result in unreliable estimates of patterns of gene flow. Other potential 

biases of mtDNA data may result from its lack of recombination, occasional biparental 

inheritance, heteroplasmy, and Wolbachia infections (Rokas et al., 2003; Ballard and 

Whitlock, 2004; Hurst and Jiggins, 2005). Furthermore, it is possible for random lineage 

sorting to sometimes result in genetic patterns that suggest geographic population 

structure when it does not exist (Shaw, 2002; Funk and Omland, 2003). 

Therefore, to obtain more reliable estimates of gene flow requires the use of multiple 

highly variable loci. In recent times, length variations of microsatellite DNA loci have been 

increasingly used for population genetic studies (O'Connell and Wright, 1997). 

Polymorphic microsatellites are renowned for their potentially greater sensitivity to 
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population structure, due to their high levels of intraspecific genetic variability, providing 

them with some advantages over allozymes or mtDNA(Bentzen et al., 1991). 

The use of microsatellite variation has proved valuable in the population genetic study of 

other Panulirus species. For example, a genetic study on P. argus using microsatellite 

markers described significant heterogeneity within the Northwest Atlantic population 

(Tringali et al., 2008) which was not predicted by previous mtDNA studies  (Silberman et 

al., 1994). Similarly, the use of microsatellites in P. interruptus revealed significant 

population differentiation along the Californian coast that was not detected using mtDNA 

alone (Selkoe et al., 2010; Iacchei et al., 2013). With the increasing interest in culturing P. 

ornatus, there has been recent attention on variable genetic markers (including 

microsatellite markers) for this and related species. Fifteen microsatellite loci were 

originally described in the closely related Chinese spiny lobster P. stimpsoni (Liu et al., 

2010) This was followed by the description of two sets of polymorphic microsatellite loci 

for P. ornatus, 15 loci by (Dao et al., 2012), 11 loci by (Liu et al., 2012). 

In this study, the most reliable of these highly polymorphic microsatellite markers were 

deployed to examine the genetic composition and population structure of P. ornatus across 

its broad Indo-Pacific distribution. It is  predicted that microsatellite data from P. ornatus 

would largely confirm the strong patterns of genetic structure across large spatial scales 

that were evident from the mtDNA analyses In this analyses the  aim is to to determine 

whether; (1) Microsatellite loci provide greater resolution of fine-scale genetic structure 

within P. ornatus than mtDNA sequencing methods  (2) Multiple nuclear loci support the 

genetic distinctiveness of lobsters sampled from WIO region as suggested by previous 

mtDNA findings (3) Microsatellite loci support the proposition of a past population 

bottleneck which established a genetically distinct peripheral population of P. ornatus in 

WA  (4) There any other population divisions apparent within the species from 

microsatellite variation, in particular, among any of the other peripheral populations in the 

Northeast & Southwest (SW) Pacific.  

Materials and Methods  

3.1.1 Sampling 

This study used a total of 298 P. ornatus samples collected from 17 locations over the Indo-

Pacific distribution of the species. Pleopod tissue samples were non-lethally collected from 
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the individuals and preserved in 100% ethanol at -20 °C for DNA extractions (Table 3.1, 

Figure 3.1). Due to small sample sizes at some locations, few geographically close locations 

are pooled together for genetic analyses.   Fourteen location were pooled into five 

geographic regions, i.e. West Indian Ocean-WIO (Tanzania and Kenya), East Indian Ocean-

EIO (Sri Lanka, Aceh and Langkawi), Central Indian Ocean (CIO) (Vietnam, Taiwan, 

Philippines, Semporna and  Lombok), West Australia -WA, West Pacific –WP (Torres Strait, 

Queensland, New Caledonia) for regional scale estimates. To enable more reliable 

estimates of allele frequencies and measures of population subdivision, small samples were 

pooled with those from the geographically closest sample, where there were no significant 

differences in allele frequencies (Table 3.1). These preliminary analyses left a remaining 

data set of genotypes from 13 loci over 298 individuals from 11 pooled populations. These 

populations were further grouped into 5 a priori geographic regions for broad-scale 

analyses. Genomic data was extracted from approximately 2 mm2 of muscle tissue using 

modified phenol-chloroform-isoamyl alcohol (PCI) method (Hoelzel and Green, 1992). 

3.1.2 Microsatellite Loci 

A total of 16 microsatellite loci were used in this study (Table 3.2). Twelve loci were 

designed and characterized for P. ornatus (Dao et al., 2012); Orn-01, Orn-05, Orn-08, Orn-

11, Orn-12, Orn-16, Orn-17, Orn-18, Orn-20, Orn-21, Orn-23, Orn-25. Four loci were 

originally described for P. stimpsoni with reported cross species amplification (Liu et al., 

2010); Stimp-05, Stimp-06, Stimp-07, and Stimp-19 (Table 3.2). These 16 microsatellite 

loci are amplified in four independent multiplex polymerase chain reactions (PCR). Each 

multiplex reaction contained four microsatellite loci. All the microsatellite primers were 

florescent labelled (Life Technologies, Carlsbad, USA) and the labels were designated to the 

primers based on the product size and label type to optimize multiplex reactions using 

Multiplex Manager Ver. 1.2 (Holleley and Geerts, 2009). 

PCR artifacts, allele stuttering, Null alleles, low quantity or quality of DNA, and typos are 

common sources of error when scoring genotypes (detailed in Bonin et al. 2004; Hoffman 

and Amos 2005; Pompanon et al. 2005; DeWoody et al. 2006). To assess error rate, positive 

samples were included for every plates and for each multiplex reaction.   Error rate was 

calculated by repeated amplification, genotyping and scoring of a subset of approximately 

5% of the total dataset. Electropherograms and allele sizes were compared between 

original amplifications and re-genotyped amplifications. In order to avoid allele scoring 
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errors, only loci that amplified consistently and that were able to be scored unambiguously 

were included for final analyses.  

There were some difficulties genotyping all individuals for three loci (Orn-05, Orn-08 & 

Stimp-07), such that a considerable proportion of the total sample could not be successfully 

genotyped for these loci, and were subsequently dropped from further analyses. A 

significant proportion of individuals (16%) could not be successfully genotyped from one 

population sample (Aceh), but this sample was retained for further analyses. Some samples 

contained relatively small numbers of individuals, so these were pooled with adjacent 

samples that were not significantly different during further analyses. 
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Figure 3.1. Indo-West Pacific geographic distribution for Panulirus ornatus presented in shade and sampling locations presented in coloured 

dots. Principal regional ocean currents presented in arrows. “LC” off the Western Australia coast refers to the Leeuwin Current, 

referred to in text. 

LC
C 
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Table 3.1. Panulirus ornatus sampling locations and sample sizes with regional grouping. Abb- Abbreviation for each location. 

Location Abb Total sampling 14 pops grouping 11 pops grouping Regional grouping 

Tanzania Tan 20 Tan Tan 
WIO 

Kenya Ken 20 Ken Ken 

Sri Lanka Sri 23 Sri Sri 

EIO Aceh, Indonesia Ace 20 Ace 
Ace 

Langkawi, Malaysia Lan 6 Lan 

Vietnam Vie 20 Vie 
Vie 

CIO/SE Asia 

Taiwan Tai 2 Tai 

Western Australia Sem 50 Sem Sem 

 Lombok, Indonesia Phi 6 Phi 

Semporna, Malaysia Lom 53 Lom Lom 

Philippines Wau 8 Wau Wau WA 

Torres Strait, Australia Tst 34 Tst + Bhd 
Trs 

SWP 

Bathurst Heads, Queensland Bhd 4 
 

Batt Reef, Queensland Bat 20 Bat + Qnl + Osp 
Qnl 

Queensland Qnl 4 
 

Osprey Reef, Coral Sea Osp 3 Osp + Ncd Ncd 

New Caledonia NCd 5 
   

Totals 
 

298 
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Table 3.2. List of Panulirus microsatellite loci screened in this study. 

Locus Repeat motif 
Multiplex 

Reaction 
Primer sequence (5' - 3') Size range (bp) Fluorescent Label Literature source 

Orn_01 (ATCT)8 Reaction-I F:GAGCTTATGTTCAGGGGCAG R:CTTATTCCCGAGACCAGCAG 100-200 NED (Dao et al., 2012) 

Orn_05 (AGG)13 Reaction-I F:CGTCAAGTGTCGTGATGGC R:TTGTTACTGATAGCGTTGTGC 140-230 PET Dao et al., 2012) 

Orn_08 (ACT)13 Reaction-II F:TCACTTAACCATCAGTTGTACCC R:GACACAGACGGGCCAGATG 100-200 PET Dao et al., 2012) 

Orn_11 (CTTT)10 Reaction-I F:AGGCCTCACTGGACGTTTC R:ATTCCTGACGCTACCTCGC 140-225 VIC Dao et al., 2012) 

Orn_12 (ACAT)9 Reaction-IV F:CCCTTAGCTGCTGGAAACC R:TGCTCCTGTAGACCAGATTG 250-400 VIC Dao et al., 2012) 

Orn_16 (AGAT)7 Reaction-IV F:GGATGGCAGAGGAGGCAAC R:ACATCGTGAGGAGGAAGTGG 100-200 PET Dao et al., 2012) 

Orn_17 (AGAT)7 Reaction-II F:AGTAAGGTCCCAAAGGGAATG R:CAGAGTTCTGCAGCTTTGAAATAG 260-320 PET Dao et al., 2012) 

Orn_18 (ACAT)6 Reaction-I F:AGCCGAACGTTTGATTCCG R:CAAATTGGAGGTGGGAGAAC 300-370 FAM Dao et al., 2012) 

Orn_20 (CTGT)6 Reaction-II F:TCAGGTGTAGGACATCCGC R:CAAGGTTAAGAGACGGGACAAC 290-350 NED Dao et al., 2012) 

Orn_21 (AGGT)6 Reaction-III F:CTGCACGAGAAAGTCCAGC R:TGACGGGTGGTAAAGTGGG 200-280 NED Dao et al., 2012) 

Orn_23 (AAGG)6 Reaction-II F:GTCTGGGACGAGGAACCTG R:TACCCTGTGCATAAACGCC 180-250 FAM Dao et al., 2012) 

Orn_25 (ATCT)6 Reaction-III F:CGTAGCTAGGACGCCATTTG  R:TTGAGCCAACGTCCCAGTC 150-22 PET Dao et al., 2012) 

Stimp_05 Dinucleotide Reaction-IV F: TGGCAAGCTGGTGTCATG R: TAGCCTCTGTATAAACATTTGG 150-250 FAM (Li Liu et al, 2010) 

Stimp_06 Dinucleotide Reaction-IV F: CACGGGATGATGGTATCGG  R: GGAGGAAGACCACGGAAA 80-180 NED (Li Liu et al, 2010) 

Stimp_07 Dinucleotide Reaction-III F: GGGAGGAAGACCACGGAAAC R: GCGGCTCTGCTATTATGATTGT 150-250 VIC (Li Liu et al, 2010) 

Stimp_19 Dinucleotide Reaction-III F: ACGGGATGATGGTATCGG R: GGAGGAAGACCACGGAAA 90-180 FAM (Li Liu et al, 2010) 
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3.1.3 Laboratory Analyses 

All PCR reactions are carried out in a final volume of 10 µl containing 10-20 ng of DNA, 10 X 

PCR buffer, 5 pmol of each primer, 1 mM dNTPs, 2.5 mM of magnesium (Mg2+), and 0.25 

units of Taq Polymerase (Platinum Taq; Life Technologies, Carlsbad, USA). PCR cycling was 

performed in an AB Veriti® thermal cycler using the following conditions; initial 

denaturation at 94 °C for 4 min, followed by 30 cycles of 94 °C for 30 s, 59°C for 70 s and 72 

°C for 30 s with a final extension at 72 °C for 5 min. Successfully amplified PCR product was 

diluted 1:10 with ddH2O. Samples were prepared for genotyping by adding 1 μL of diluted 

PCR product to 10 μL of HiDi™ formamide (HiDiTM; Applied Biosystems) and 0.4 μL 

GeneScan™ 600 LIZ® Size Standard (LIZ®; Applied Biosystems). This mix was heated at 95 

°C for 5 min and then cooled at 4 °C until loading into machine. Genotyping was performed 

using an ABI3130xL genetic analyser (Applied Biosystems). Gene scan data from each run 

was imported and allelic determination was made manually in GENEIOUS version R8 

(Kearse et al., 2012) using the Microsatellite plugin version 1.4.0. All the loci were tested 

for probability of null allele and their frequencies, stuttering and large allele dropout across 

the total dataset using MICRO-CHECKER VERSION 2.2.3 (Van Oosterhout et al., 2004). All 

loci were tested for evidence of selection, based on the relationship between 

heterozygosity and FST, using the program LOSITAN (Antao et al., 2008). 

3.1.4 Statistical Analyses 

Markov chain approximates of unbiased estimates of exact test were used to determine the 

probabilities that loci deviated significantly from Hardy-Weinberg equilibrium, as 

implemented in GENEPOP ver. 4.2 (Raymond and Rousset, 1995). Summary statistics were 

calculated by locus for all samples (n=298) for individual sample locations as well as 

pooled regional sample locations. The basic statistics including allele frequencies, number 

of alleles (NA), effective number of alleles (eNA), observed heterozygosity (HO), expected 

heterozygosity (HE) and fixation index (F) were calculated using GenALEx version 6.501 

(Peakall and Smouse, 2012). More accurate measures of unbiased expected heterozygosity 

(uHE) (Nei, 1978), were also calculated using GenALEx . Allelic richness (AR) and gene 

diversity (H), a standard measure of alleles at each locus independent of sample size, were 

calculated in FSTAT version 2.9.3.2 (Goudet, 1995). Inbreeding coefficient (FIS) values were 

estimated using the (Weir and Cockerham, 1984) method in FSTAT, with p-values 
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automatically adjusted to account for multiple simultaneous tests within the program. 

Estimates of gene flow (Nm) were are also calculated in GenALEx. 

Analysis of molecular variance (AMOVA) (Excoffier et al., 1992) was calculated to estimate 

the levels of genetic differentiation within and among sampling locations as implemented 

in GenALEx. The standard measure of genetic differentiation, such as Fst, F’st and Rst (an 

analogue of Fst specific to stepwise mutational model), were calculated for each loci and 

also for all pairs of sample locations. Fst is more conventional estimator of genetic 

differentiation based on variance in frequencies of alleles and it estimates the ratio of the 

total genetic variation present, and thus is influenced by the total level of heterozygosity. In 

contrast, Rst is estimated based on the variance in the allelic size.  F’ST are corrected for the 

total level of heterozygosity, and may be more appropriate measures when comparing 

values of population differentiation between loci with differing levels of heterozygosity 

(Hedrick, 2005; Meirmans and Hedrick, 2011). The significance of pairwise Fst and Rst 

values were assessed using an exact test with Markov chain parameters of 10,000 

dememorization steps, 100 batches and 1,000 iterations in GENEPOP (Raymond and 

Rousset, 1995). Pairwise p-values were adjusted for FDR (Benjamini and Hochberg, 1995). 

Data from the samples were analysed at different levels by grouping them into broad 

regional ocean levels, and also pooling the locations with smaller sample sizes (i.e., n≤ 5) 

together with their geographically neighbouring sample. Standard pairwise F’st and Rst 

estimates were used to perform Principal Coordinates Analysis (PCoA) to visualise the 

genetic distance in two dimensional graphs  

3.1.5 Structure Analyses 

Additional insights into the patterns of gene flow between populations were provided by 

Bayesian analyses implemented in STRUCTURE version 2.1 (Pritchard et al., 2000). The 

number of potential clusters (k) for 11 different sampling locations of P. ornatus were 

assessed from five different runs each using a value of k ranging from 2 to 7. For each run, 

an admixture model with sampling locations specified a priori were used with a 500,000 

burn-in periods and 1,000,000 Markov chain Monte Carlo (MCMC). Graphical outputs from 

this program were examined to determine which k-value bar plot best explained the 

variation among populations. Output from STRUCTURE was then uploaded to the web-

based program STRUCTURE HARVESTER version 0.6.94 (Earl and Vonholdt, 2012) in order 

to determine the most likely number of maximally different genetic groupings. Spatial 
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analyses of molecular variance (SAMOVA) was performed to estimate the location, number, 

and magnitude of population subdivision (Dupanloup et al., 2002). In this technique, total 

genetic variation can be explained by showing the contribution of different groups within 

the population without predefining groupings and the technique also identifies the 

potential locations of barriers between groups within the population. 

3.1.6 Migrate 

Asymmetric migration rates between populations (Nm) were calculated with the software 

MIGRATE-N 3.6.6) (Beerli and Felsenstein, 2001). This program uses a coalescent-based 

Markov chain Monte Carlo strategy which explicitly takes into account historical processes 

and asymmetrical gene flow. The populations were pooled into five regions (WIO, Sri 

Lanka, SE Asia, WA, and SW Pacific) in order to optimise the analyses, by reducing the 

number of parameters estimated, and to provide more confidence in the estimates. A 

Bayesian inference strategy was used, with five concurrent chains, each using a static 

heating scheme with four temperatures (1000000.00, 3.00, 1.50 and 1.00), and sampling 

100,000 steps with a 100-step increment, and discarding 100,000 trees as burn-in. 

Results  

3.1.7 Microsatellite Variation 

Individuals from all samples were genotyped for the final 13 loci optimised for P. ornatus, 

and allele frequencies were calculated. All loci showed high levels of polymorphism, with 

between 2 and 16 alleles present, high effective numbers of alleles and high heterozygosity 

(Table 3.3). Allele discovery curves (Appendix 3), showed that more than 50% of total 

allelic diversity was sampled within the population sample sizes used in the study. The loci 

were largely in Hardy-Weinberg equilibrium, with only one locus (Stimp-05) exhibiting a 

significant deficit of heterozygotes over all sampling locations, but this was not evident 

within individual sampling location. Tests for evidence of selection acting on each locus 

(undertaken in Lositan) revealed that no loci had significantly high or low FST values after 

correction for false discovery rate. Ten of the thirteen loci showed unimodal frequency 

distributions of alleles, which suggested they would fit stepping-stone models of 

microsatellite evolution. 
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Within individual sampling locations, there was generally a high level of genetic variation 

across loci (Table 3.3). Only within the WA sampling location was there evidence of a 

significantly different level of variation, with a lower number of alleles and lowered 

heterozygosity. New Caledonia had a lowered number of alleles and heterozygosity. Only 

one population Aceh, exhibited a significant departure from Hardy-Weinberg equilibrium 

(Table 3.3). This sample also proved the most difficult to successfully genotype, with 16% 

of collected individuals missing genotype data, compared to an average of 0.8% not 

genotyped for the other samples collectively. 

AMOVA analyses revealed significant genetic differentiation among the pooled populations 

(FST = 0.020, P < 0.001; F’ST = 0.051, P < 0.001; RST = 0.030, P < 0.001). A hierarchical 

AMOVA was also conducted, with populations pooled a priori into five larger geographic 

regions (Table 3.1), and this test also proved highly significant (FST = 0.015, P < 0.001; F’ST 

=0.037, P < 0.001; RST = 0.158, P < 0.001) (Table 3.5). A SAMOVA analysis was conducted 

with k (no. genetically distinct populations) set between 2 to 7. Significant geographic 

groupings of the sampled lobsters were detected across all values of k, with individual 

sampling locations identified as genetically distinct at each step: at k=2, WA was separated 

from all other locations, FCT = 0.063, P < 0.001; at k=3, New Caledonia was also separated 

from the remaining locations, FCT = 0.034, P < 0.001; k=4, Kenya separated, FCT = 0.025, P < 

0.001; k=5, Aceh separated, FCT = 0.022, P < 0.001; k=6, Sri Lanka separated, FCT = 0.020, P 

< 0.001; k=7, Queensland separated, FCT = 0.018, P < 0.001) (Table 3.6). 
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Table 3.3. Microsatellite locus details and summary statistics across all P.ornatus locations. N = No of individual scored =298, N missing = no. of 

individuals drooped due to errors, Na=av. no. of alleles per population, Na=effective number of alleles, AR=Allelic richness, H= Gene 

Diversity, Ho=observed heterozygosity, He=expected heterozygosity, uHe= unbiased expected heterozygosity, HWE (P) = Significant 

deviation from Hardy-Weinberg equilibrium, FIS= Inbreed coefficient, F= Fixation Index, Nm=Gene Flow, F’ST – adjusted FST across 

populations. 

Locus 
N 

missing 

% 

missing 
Na Na AR H Ho He uHe HWE (P) FIS F’st F Nm 

Orn-01 1 0.3% 6.182 2.972 3.522 0.665 0.772 0.649 0.669 ns -0.152 0.012 -0.181 10.286 

Orn-11 5 1.7% 10.182 6.315 5.353 0.854 0.839 0.829 0.855 ns 0.020 0.070 -0.011 5.903 

Orn-12 6 2.0% 13.636 8.516 6.143 0.874 0.801 0.847 0.872 ns 0.084 0.143 0.052 4.196 

Orn-16 0 0.0% 7.273 4.079 4.364 0.763 0.783 0.739 0.762 ns -0.030 0.056 -0.060 5.467 

Orn-17 8 2.7% 3.818 1.901 2.657 0.473 0.410 0.459 0.474 ns 0.119 0.061 0.092 5.725 

Orn-18 18 6.0% 4.182 1.927 2.799 0.470 0.440 0.455 0.469 ns 0.034 0.205 0.001 6.373 

Orn-20  2 0.7% 5.182 1.684 2.639 0.385 0.357 0.375 0.385 ns 0.077 0.040 0.050 5.196 

Orn-21 4 1.3% 6.091 4.301 4.367 0.779 0.789 0.756 0.779 ns -0.014 0.038 -0.045 4.530 

Orn-23 0 0.0% 2.000 1.077 1.329 0.064 0.064 0.063 0.064 ns -0.016 0.034 -0.031 4.456 

Orn-25 1 0.3% 7.091 3.777 4.181 0.740 0.693 0.715 0.736 ns 0.052 0.069 0.024 3.931 

Stimp-05 5 1.7% 2.091 1.100 1.282 0.087 0.047 0.083 0.086 ** 0.409 0.009 0.395 5.025 

Stimp-06 6 2.0% 15.727 10.749 6.368 0.907 0.941 0.884 0.910 ns -0.043 0.091 -0.073 5.403 

Stimp-19  19 6.4% 14.909 9.885 6.296 0.897 0.927 0.873 0.900 ns -0.040 0.168 -0.071 4.921 

Mean      7.566 4.483 3.946 0.612 0.605 0.594 0.612 

 

0.039 0.051 0.011 5.493 
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Table 3.4. Summary statistics for each location and total for P. ornatus across all loci. Abbreviation as for Table 3.3, except Na – av. no. of alleles 

per locus. 

Location N Average % missing Max % missing Na Ne AR H Ho He uHe FIS F 

Tan 19.769 0.231 1.154 8.077 5.227 3.976 0.643 0.627 0.627 0.643 0.025 0.000 

Ken 19.769 0.231 1.154 7.462 4.499 3.803 0.608 0.636 0.593 0.609 -0.047 -0.070 

Sri 22.846 0.154 0.669 7.538 4.519 3.723 0.593 0.589 0.580 0.593 0.008 0.006 

Ace 21.923 4.077 15.680 8.538 4.564 4.030 0.663 0.558 0.644 0.660 0.158 0.152 

Vie 21.538 0.462 2.098 7.692 4.752 3.916 0.622 0.579 0.606 0.621 0.068 0.036 

Sem 55.692 0.308 0.549 9.769 5.256 3.931 0.624 0.612 0.618 0.623 0.019 0.064 

Lom 52.769 0.231 0.435 9.846 5.197 3.945 0.633 0.615 0.627 0.633 0.029 0.086 

Wau 8.000 0.000 0.000 3.462 2.468 2.807 0.513 0.558 0.484 0.516 -0.087 -0.092 

Tor 33.923 0.077 0.226 8.385 4.233 3.803 0.629 0.617 0.620 0.629 0.019 0.003 

Qld 30.846 0.154 0.496 9.385 6.034 4.116 0.647 0.676 0.637 0.648 -0.045 -0.056 

Ncd 4.923 0.077 1.538 3.077 2.568 2.932 0.556 0.585 0.503 0.559 -0.052 -0.172 

Mean 
   

7.566 4.483 3.726 0.612 0.605 0.594 0.612 0.009 0.001 
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Figure 3.2. Microsatellite molecular indices and summary statistics across all P. ornatus populations. 
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Table 3.5. AMOVA analysis: Partition of microsatellite genetic variation among P. ornatus sampling locations. A. Fst, B. Rst.  

A. Fst  

 

  

Variance 

components 

Percentage of 

Variance 
 p 

Among 11 populations Among Populations 0.083 2% Fst 0.020 

0.001  
Among Individuals 0.209 5% Fis 0.051 

 
Within Individuals 3.899 93% Fit 0.070 

    
F'st 0.054 

11 pops grouped into 5 regions WIO vs. EIO vs. CIO vs. WA vs. WP 
 

 
Among Regions 0.025 1% Fst 0.015 

0.001 

 

 
Among Populations 0.035 1% Fis 0.049 

 
Among Individuals 0.202 5% Fit 0.063 

    
F’sr 0.023 

5 regions 
     

0.001 

 

 
Among regions 0.057 1% Fst 0.013 

 
Among Individuals 0.242 6% Fis 0.058 

 
Within Individuals 3.898 93% Fit 0.071 

    
F'sr 0.037 
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B. Rst 
 
 

  

Variance 

components 

Percentage of 

Variance   
P 

Among 11 populations Among Populations 5074.234 28% Rst 0.284 

0.001 

  
Among Individuals 11557.138 65% Ris 0.905 

 
Within Individuals 1218.570 7% Rit 0.932 

11 pops grouped into 5 

regions 
WIO vs EIO vs CIO vs WA vs WP 

 

 
Among Regions 908.846 5% Rst 0.291 

0.001 

  
Among Populations 4345.450 24% Ris 0.905 

 
Among Individuals 11557.138 64% Rit 0.932 

Among 5 regions 
  

 
Among regions 2857.129 16% Rst 0.158 

0.001 

  
Among Individuals 14015.088 77% Ris 0.920 

 
Within Individuals 1218.570 7% Rit 0.933 
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Table 3.6. SAMOVA analyses for microsatellite genetic variations among P. ornatus locations: Indicating the division of populations into 
geographic regions for specified numbers of regions 

 
Data Assemblage Delineated genetic grouping Variance components Percentage of Variance Φ-Statistics 

K=2 WA Vs. Rest 
    

 
Among groups 0.07682 6.31 FSC : 0.00842 

 
Among populations within groups 0.0096 0.79 FCT : 0.06311 

 
Within populations -0.05385 -4.42 FIT : 0.02676 

K=3 WA Vs. Ncd Vs. Rest 
    

 
Among groups 0.04025 3.41 FSC : 0.00903 

 
Among populations within groups 0.01031 0.87 FCT : 0.03408 

 
Within populations -0.05385 -4.56 FIT : -0.00279 

K=4 WA Vs. Ken Vs. Ace Vs. Rest 
    

 
Among groups 0.02856 2.46 FSC : 0.00343 

 
Among populations within groups 0.00389 0.33 FCT : 0.02455 

 
Within populations -0.05385 -4.63 FIT : -0.0184 

K=5 Western Australia Vs. Ken Vs. Ac Vs. Sri Vs. Rest 
    

 
Among groups 0.02551 2.2 FSC : 0.00147 

 
Among populations within groups 0.00167 0.14 FCT : 0.02203 

 
Within populations -0.05385 -4.65 FIT : -0.02304 

K=6 Wa Vs. Ken Vs. Ace Vs. Sri Vs. Ncd Vs. rest 
    

 
Among groups 0.02318 2 FSC : 0.00192 

 
Among populations within groups 0.00217 0.19 FCT : 0.02005 

 
Within populations -0.05385 -4.66 FIT : -0.02466 

K=7 WA Vs. Ken Vs. Ace Vs. Sri Vs. Ncd Vs. Qld Vs. rest 
    

 
Among groups 0.02036 1.77 FSC : 0.00056 

 
Among populations within groups 0.00064 0.06 FCT : 0.01768 

 
Within populations -0.05385 -4.68 FIT : -0.02853 

K=8 WA Vs. Ken Vs. Ace Vs. Sri Vs. Lom +Ncd Vs. Qld Vs. Tan Vs. Vie + Semp 
    

 
Among groups 0.02388 2.08 FSC : -0.0077 

 
Among populations within groups -0.00864 -0.75 FCT : 0.02083 

 
Within populations -0.05385 -4.7 FIT : -0.0337 

K=9 WA Vs. Ken Vs. Ace Vs. Sri Vs. Lom Vs. Qld Vs. Tan Vs. Ncd Vs. Vie + Sem 
    

 
Among groups 0.02314 2.02 FSC : -0.00721 

 
Among populations within groups -0.00809 -0.71 FCT : 0.0202 

 
Within populations -0.05385 -4.7 FIT : -0.03387 
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Pairwise population measures of genetic divergence (FST and F’ST) showed that the lobsters 

sampled at WA and Aceh were the most significantly diverged for FST, while those from WA 

and New Caledonia were the most significantly diverged for F’ST (Table 3.7). Some 

additional sampling locations were also significantly diverged (P < 0.05), but these did not 

remain of significance after correcting for false discovery rate (Table 3.7). Pairwise 

sampling location divergences of F’ST and RST were plotted in two dimensions using PCoA, 

and showed the pattern of genetic relationships among locations, with WA, New Caledonia 

and, to a lesser extent Aceh, divergent from the remaining populations (Figure 3.3). 

Although not clearly diverged when measured by F’ST, the RST values revealed that the 

Indian Ocean sampling locations in Kenya, Tanzania and Sri Lanka were somewhat 

divergent from the more easterly populations (Figure 3.3). A Mantel test of genetic 

isolation-by-distance (IBD) did not reveal a significant relationship between genetic 

distance i.e., linearized FST (Φst) and geographic distance (shortest overwater distance in 

km) (r = -0.165, P = 0.310). 

3.1.8 Structure 

A Structure analysis, with k (number of genetically distinct sampling locations) set from 2 

to 7, showed that k=3 was selected by the delta-k method of Structure Harvester as the 

most likely number of genetically distinct sampling locations. The pattern of assignment of 

individuals to the genetically distinct locations showed that the lobsters sampled from WA 

were the most easily assigned to a distinct population (Figure 3.3). At k=3, it can be seen 

that the lobster samples from Aceh were also somewhat distinct.  

3.1.9 Migrate 

Estimates of asymmetric rates of gene flow among regional groupings of lobster samples 

using Migrate-n found significant differences in forward and reverse rates of gene flow 

between several pairs of regions (Figure 3.7). In particular, significantly greater gene flow 

was estimated flowing away from the SE Asian region compared to that flowing toward this 

region (Figure 3.7). 
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Table 3.7. Pairwise of Fst values and F’st for P. ornatus locations. Fst (below diagonal) F’st (Hedrick 2005, Meirmans & Hedrick 2011) (above 

diagoanl). Significant values (P < 0.05) are indicated in bold, and those that remain significant after false discovery rate correction have 

an asterisks. 

 

 Tan Ken Sri Ace Vie Sem Lom Wau Tor Qld Ncd 

Tan  0.008 0.026 0.038 0.018 0.012 0.036 0.141* 0.020 0.016 0.008 

Ken 0.004  0.025 0.045 0.019 0.018 0.033 0.159* 0.026 0.040 0.093* 

Sri 0.009 0.010  0.042 0.007 0.010 0.020 0.143* 0.038 0.027 0.075 

Ace 0.056* 0.066* 0.062*  0.017 0.025 0.033 0.116* 0.039 0.046 0.058 

Vie 0.006 0.007 0.002 0.046  -0.009 -0.011 0.131* 0.022 0.008 0.079* 

Sem 0.004 0.007 0.003 0.059* 0.000  0.010 0.118* 0.014 0.007 0.073 

Lom 0.013 0.012 0.007 0.055* 0.000 0.004  0.161* 0.032 0.014 0.074 

Wau 0.052* 0.066* 0.058* 0.095* 0.052* 0.043 0.060*  0.139* 0.130* 0.157* 

Tor 0.008 0.010 0.014 0.060* 0.009 0.005 0.011 0.053*  0.022 0.080* 

Qld 0.005 0.014 0.010 0.055* 0.003 0.002 0.004 0.048 0.008  0.090* 

Ncd 0.032 0.039* 0.030 0.062* 0.030 0.028 0.029 0.073* 0.032 0.033  
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B.  

 
Figure 3.3. Principle Coordinate Analysis (PCoA) presenting the patterns of genetic differentiation among locations 

Measures of genetic divergence. A: F’ST, B: Rst. 
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Figure 3.4. Results of Mantels test representing correlation between genetic distances microsatellite (Fst) and geographic distance (shortest 

over-water distance in km) for P. ornatus sampling locations 
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a)  k = 1 

b)  k = 2 

c)  k = 3 

d)  k = 4 

e)  k = 5 

f)  k = 6 

Figure 3.5. STRUCTURE bar plots to determine optimum K value. Using k = 1 - 6 (a – f) for regional 

populations to show changes in the model. Each bar represents one individual (x-axis) and 

is broken down in k coloured segments, with the length proportional to each of the k 

inferred clusters (y-axis). Numbered groups reflect sampling locations: Tanzania (1), Kenya 

(2), Sri Lanka (3), Aceh (4), Vietnam (5), Lombok (6), Semporna (7), Western Australia (8), 

Torres Strait (9), Queensland (10), New Caledonia (11).
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Figure 3.6. Graph of mean estimated log-likelihood values at each k value..
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The present results generally support those determined from mtDNA and microsatellite 

studies of SE Asian samples (Dao et al., 2015), and from a broader study of mtDNA in 

P. ornatus from throughout its distribution, which used the same specimens as those 

examined in this study (Chapter 2.). The present results confirm that: (1) there exist 

relatively low levels of population structure across the whole distribution of this species, 

(2) there is no evidence of a major genetic subdivision into Indian Ocean and Pacific Ocean 

regions, as has been found in a number of other Indo-Pacific marine species (Bay et al., 

2004), (3) all SE Asian samples appear relatively uniform, genetically (Dao et al., 2015), (4) 

the more isolated, peripheral populations appear to be the only ones that are genetically 

distinctive, and (5) the WA population is again identified as genetically distinct, with a 

lowered diversity indicative of having experienced a population bottleneck (Chapter 2). 

However, our results also indicate some distinct differences from previous analyses on this 

species: (6) somewhat surprisingly, the very significant mtDNA differentiation of the WIO 

samples is not reflected strongly in the microsatellite data, (7) instead, the microsatellites 

indicate that the most easterly New Caledonia population is significantly divergent, which 

was not apparent in the mtDNA, and (8) there is some evidence that the Aceh/Langkawi 

sample is significantly diverged in microsatellite allele frequencies. . The overall pattern of 

relationships among P. ornatus populations is best shown by the PCoA analyses (Figure 

3.3), which show the peripheral populations as the most distinct. The estimates of gene 

flow (Figure 3.7) suggest, in addition, there is a net flow of genes away from the central SE 

Asian region, and limited connectivity with the peripheral populations.   
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Figure 3.7. Asymmetric rates of gene flow among pooled sampled locations of P. ornatus as estimated by Migrate-n. Thickness of arrows 

indicate relative rates of gene flow. Significant differences (non-overlapping 95% CIs) between forward and reverse rates indicated by 

asterisks. 
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Discussion 

The present results confirm that there exist relatively low levels of population structure 

across the whole distribution of this species, and that there is no evidence of a major 

genetic subdivision into Indian Ocean and Pacific Ocean regions, as has been found in a 

number of other Indo-Pacific marine species (Bay et al., 2004). All of the SE Asian samples 

appear relatively uniform genetically as was identified by (Dao et al., 2015), with the more 

isolated, peripheral sampling locations being the only ones that are genetically distinctive. 

This was especially so for the lobsters sampled from WA which were identified as being 

genetically distinct, with a lowered diversity indicative of having experienced a population 

bottleneck (Chapter 2). However, the results also indicate some distinct differences from 

previous analyses on genetic structure in this species. The very significant differentiation of 

the WIO samples previously identified by mtDNA analyses is not reflected strongly in the 

microsatellite data. Instead, the microsatellites indicate that lobster samples from the most 

easterly New Caledonia location is significantly divergent, which was not apparent in the 

mtDNA, and likewise there is some evidence that the Aceh/Langkawi samples are 

significantly diverged in microsatellite allele frequencies. The overall pattern of 

relationships among P. ornatus sampling locations is best shown by the PCoA analyses 

(Figure 3.3), which show the peripheral populations as the most distinct. The estimates of 

gene flow (Figure 3.7) suggest, in addition, there is a net flow of genes away from the 

central SE Asian region, and limited connectivity with the peripheral populations. 

3.1.10 Status of the West Indian Ocean Populations 

The mtDNA study showed that the lobsters sampled from the WIO region possessed a 

strongly divergent lineage that was largely restricted to the WIO (mtDNA ΦST = 0.29, P < 

0.001), a finding that was not corroborated by microsatellite data. There are several 

possible reasons for this discrepancy. It is possible that there may be some erroneous 

results from either the mtDNA or microsatellite analyses. However, this is unlikely, as both 

mtDNA and microsatellite analyses were particularly thorough, with a substantial 

proportion of WIO individuals (25%) re-sequenced and re-genotyped to confirm the 

results. Furthermore, the sample sizes, although not large, were expected to adequately 

characterise the genetic diversity present, and provide sufficient power to detect major 

genetic divergence in microsatellite alleles. Also, it is not possible for differential sampling 

at locations to have produced the differences in results between marker methods, as both 
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mtDNA and microsatellite studies used the same individuals. It is also possible that the 

maternal inheritance nature of mtDNA may have led to greater divergence of the WIO 

populations in that locus, through greater migration rates among males.  

Therefore, the difference in population structure signal is most likely due to some other 

feature of the two types of marker, such as differences in effective population size, rates of 

mutation, or the types of data and their analyses, e.g., sequence phylogeny versus allele 

frequencies. It is well known that the smaller effective population size in mtDNA loci may 

lead to higher rates of population divergence (Wahlberg et al., 2009; Leese and Held, 2011), 

although the discrepancy here in WIO divergence between the mtDNA and microsatellite 

loci is much larger than expected from small sampling size (mtDNA mean ΦST = 0.29, 

Nuclear DNA mean F’ST = 0.04). A potential explanation is that there may also be a dramatic 

skew in the effective population size of males and females, although there is no reported 

significant sex bias in wild populations of P. ornatus (Bell et al., 1987; Pitcher et al., 1997). 

Another potential explanation is to do with the nature of the different types of data, with 

microsatellite FST analyses relying purely on differences in allele frequencies, and ignoring 

the sequence divergence among alleles, unlike mtDNA ΦST analyses. The RST measure does 

take into account the genetic divergence among alleles, based on allele length (Slatkin, 

1995), and may be a more effective measure of genetic divergence when loci fit a stepwise 

mutation model, as 10 of 13 microsatellite loci in this study appear to fit the stepwise 

mutation model. This measure may be particularly suitable for populations that have 

diverged over a considerable period of time (as lobsters in the WIO region may have), such 

that sequence divergence has accumulated, as well as allele frequency divergence. It is 

therefore noteworthy that pairwise RST values do show a much greater level of divergence 

for the WIO populations than do F’ST values (Figure 3.3), although they are still 

considerably less than those seen for mtDNA. Furthermore, there is a greater number of 

private microsatellite alleles found in only one region, WIO populations with  private alleles 

from 6 loci, which is also indicative of greater genetic divergence, and is not accounted for 

in FST analyses (or necessarily in RST analyses). 

The final, and perhaps most likely, explanation of the discrepancy between the marker 

types in the WIO, is the relative timing of effective migration between the WIO and other 

regions. Sequence-based mtDNA phylogeographic analyses can be most sensitive to signals 

of past genetic divergence and lineage sorting, while microsatellite analyses may often be 

more sensitive to recent signals of migration (Leese and Held, 2011). Mitochondrial DNA 
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patterns indicated that the WIO populations experienced lineage divergence in the past 

during very low levels of migration, but that some low-frequency sharing of the diverged 

lineages indicated a more recent increase in gene flow. The greater gene flow with the WIO 

that is evident in the microsatellite data appears to support this proposition. 

3.1.11 Western Australia Divergence and Bottleneck  

Mitochondrial DNA analyses showed that P. ornatus analysed from WA were significantly 

diverged from the neighbouring sampling locations, and that it had significantly lowered 

genetic diversity and estimated effective population size. The microsatellite results support 

these conclusions with this location being the most divergent of all locations in terms of 

microsatellite variation (Table3.4, Figure 3.3). This location also has a reduced level of 

microsatellite variation compared to other populations, but not as distinct as seen in the 

mtDNA data. 

Altogether, these data suggests that WA is an isolated peripheral population of P. ornatus, 

despite it being in the longitudinal centre of the distribution of this species. This highlights 

that it is not simply IBD that is driving genetic divergence within this species, but that 

specific barriers to gene flow appear to play an important role. The most likely cause of the 

genetic isolation and impoverishment of this population is the Leeuwin Current, which 

seasonally sweeps down the WA coast. It may occasionally bring P. ornatus larvae to WA 

shores, but not permit continual immigration or return migration, thus isolating the 

population. In general, this pattern seen in the WA population concurs with the 

expectations of the “core-periphery hypothesis” of lowered gene flow to small edge-of-

range populations (Eckert et al., 2008; Liggins et al., 2013). This is also supported by a 

significantly asymmetric pattern of mtDNA gene flow into this population, although this 

signal is not significantly shown in similar analyses of microsatellite data. 

3.1.12 New Caledonia Divergence 

Samples of P. ornatus from New Caledonia, exhibited significant divergence in 

microsatellite allele frequencies. This pattern was not seen in the previous mtDNA results, 

and thus may be evidence of a recent reduction in gene flow that is detected in the allele 

frequencies of the more rapidly-evolving microsatellites, but not the mtDNA sequences. 

The microsatellite variability in terms of effective number of alleles (Na) and 

heterozygosity (Ho) was also slightly lower in this sampling location than in the others 
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(Table 3.3), and exhibited a significant signal of a bottleneck suggesting a smaller effective 

population size similar to that seen in WA. However, the sample size from this location is 

small, and further sampling is required to confirm these patterns. At the same time, this 

genetic pattern was not seen in any other small sample from peripheral populations in the 

Western Pacific (e.g., Philippines). 

3.1.13 Aceh/Langkawi Population 

The microsatellite data revealed a significant level of divergence in the pooled 

Aceh/Langkawi population despite previous detailed analyses of samples from this 

location failing to reveal any genetic differentiation at either mtDNA or microsatellite loci 

(Dao et al., 2015)(Table 3.4, Figure 3.2). In fact none of the surrounding SE Asian locations 

have previously exhibited any genetic differentiation in this species or in the closely related 

and sympatric P. homarus (Lavery et al., 2014), or P. penicillatus (Chow et al., 2011; 

Abdullah et al., 2014; Abdullah et al., 2014). 

The indications are that, in this case, this anomalous result may be the result of lower 

quality data. This population sample proved the most difficult to successfully genotype, 

with a significant proportion of individuals (16%) missing genotype data. It appears that an 

increased level of allele dropout is likely to have biased the sample of alleles scored in this 

population, hence making it more genetically distinct. This interpretation can only be 

tested with additional samples from this location, which have so far proved impossible to 

acquire. 

3.1.14 Historical vs. Recent Demographic Changes  

Microsatellite markers are subtle in estimating the historical vs. recent gene flow among 

the populations. They are powerful tools of detecting the history of events that have 

produced present-day patterns of distribution and connectivity among populations. Thus 

understanding the patterns of genetic variations help in estimating both past and present 

genetic composition of a species, and possibly even predict future trends.  

The present genetic study with nuclear microsatellites does not allow us to determine 

exactly how and when the genetic homogeneity was achieved, but it seems likely to be the 

recent historical changes. Both Fst and Rst produced variable results, though both supports 

the IBD, but Rst data demonstrated a greater differences among populations especially in 
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the peripheral WA and New Caledonia populations (Table 3.7). This is expected as the Fst is 

influenced by differences in the allele frequencies among the populations, whereas Rst t is 

based on the variance in the size of microsatellite markers among the populations. It is 

argued Rst takes longer to reach equilibrium than Fst, because it takes longer for the 

mutations to alter the size distribution of the alleles even after the populations are 

expanded. Hence Rst reflects historical relations between the populations and Fst shows 

more recent population structure. Additional sampling of the populations at the peripheral 

of distribution is need for validating the results. 

3.1.15 Fishery and Aquaculture Implications  

A major conclusion from the previous study of genetic structure in P. ornatus across its SE 

Asia distribution was that no populations in that region were genetically distinct, and thus 

coordinated fisheries management was required across that entire region to manage the 

shared resource (Dao et al., 2015). The present study does not contradict these conclusions 

about this region, but reinforces that this is not the case across the entire species 

distribution. Both mtDNA and nuclear DNA (nDNA) studies have now shown that a number 

of the peripheral populations of P. ornatus form distinct stocks, identified by either mtDNA 

or nDNA or both. MtDNA identified the WIO populations of Tanzania and Kenya as being a 

highly diverged stock, the WA population as being diverged, and the Sri Lankan population 

as being moderately diverged. This nDNA study has now also identified WA as highly 

diverged, and New Caledonia as a potentially diverged stock (dependent on further 

sampling). 

Thus, from a fisheries perspective, a number of the peripheral populations of the species 

are likely to represent distinct stocks in need of separate management. Indeed, given that 

there are a number of locations on the margins of the distribution of this species that 

remain to be sampled, and the relatively small sample sizes of some populations, it would 

not be unexpected to find additional distinct stocks. Only the “Central” distribution of the 

species through SE Asia appears to be a genetically uniform panmictic stock (Dao et al., 

2015) 

The existence of discrete genetic stocks also raises the prospect of a number of genetically 

adapted lineages within the species. These may be of considerable importance for 

designing future aquaculture breeding programs either for ensuring the full breadth of 

genetic diversity for the species is captured, or that localised genetic advantages related to 
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the species living under local environmental conditions are retained(Hedgecock et al., 

1979). 

Conclusions 

In summary, microsatellite analyses of P. ornatus throughout much of its distribution 

demonstrated the existence of several genetically distinct peripheral populations. This 

confirms the utility of microsatellites in detecting fine-scale genetic structure within widely 

distributed Panulirus species. This study provided a new perspective on the levels of 

genetic variation within the species, confirming high genetic homogeneity in the SE Asian 

region, and significantly diverged populations at the margins of the distribution of the 

species which may warrant more careful management as their effective population sizes 

appear restricted?. Isolation by distance may be a factor in the genetic divergence of some 

populations, but it is clear that specific restrictions to gene flow are also important in 

explaining the pattern of genetic divergence over the entire spatial scale. Further detailed 

investigation of the specific factors driving those restrictions to gene flow should prove 

valuable in understanding the forces determining marine population structure in the Indo- 

Pacific. 
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4 Seascape Genetic Analyses of Panulirus ornatus 

Introduction  

The present day genetic structure within a species is the result of a combination of 

different forces, including past processes, such as population expansion, population 

bottlenecks, vicariance and migration, as well as ongoing connectivity (gene flow within 

and among populations), and environmental variation (contemporary selection 

pressure)(Galindo et al., 2006; Selkoe et al., 2008; Galindo et al., 2010; Selkoe et al., 2010; 

Riginos and Liggins, 2013). It is a challenging task to determine which forces have been 

responsible for driving genetic diversity within a species. The challenge is even greater in 

marine species, where there are often significant logistic sampling difficulties, scarcity of 

wider genomic resources, and a highly complex marine environment with variable currents 

and other environmental parameters (temperatures, nutrients etc). Moreover, traditional 

theoretical population genetic models often fail to explain the patterns seen in genetic data 

from marine species (Selkoe et al., 2010). However, many of these limitations are slowly 

being overcome through advanced technology and innovative analyses of genetic data. An 

emerging discipline of “seascape genetics” combines genetic, geographic and 

environmental data and uses multivariate statistical tools to test ecologically-based 

hypotheses about the factors driving genetic divergence in the marine environment 

(Riginos and Liggins, 2013). Environmental variables have been used to map the emergent 

patterns of population structure and predict the geographic location and strength of 

concordant dispersal barriers across a species’ distribution range, thereby enabling various 

species dispersal models to be rigorously tested (Riginos and Liggins, 2013). 

The determinants of population structure vary widely among different taxa. In the open 

oceans many factors may drive the biogeographical structure of a species. Oceanographic 

barriers, such as strong ocean currents, can shape the distribution of a species by limiting 

dispersal success due to the effective distance between suitable habitats. Such ecological 

information can guide the design of population genetic studies and providing more insight 

into the processes behind spatial genetic structure. Recent seascape genetic studies have 

included the pairing of genetic data with temporal and spatial data on the presence of 
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larvae and recruitment (Dao et al., 2015), as well as data on larval dispersal behaviour and 

oceanographic simulation (Selkoe et al., 2010). Such analyses have provided new and 

useful insights in attempts to explain the spatial genetic structure found within marine 

organisms. 

In recent times one of the most interesting findings from genetic studies on widespread 

marine organisms has been the presence of much greater than expected genetic 

differentiation among some populations within the species’ range (Lavery et al., 1996; 

Palumbi, 1997; Benzie et al., 2002; Bay et al., 2004). Often these studies have suggested a 

clear difference between present day processes and past events, such as sea level 

fluctuations during glacial periods, which have resulted in cryptic speciation or population 

subdivision (Knowlton, 1993). For example, a sharp genetic break has been found in 

several taxa between the Indian and Pacific Oceans (Lavery et al., 1996; Dawson and 

Jacobs, 2001; Benzie et al., 2002). Although past sea-level changes has been a popular 

causal factor to ascribe to the formation of such genetic breaks, there are many other 

potential drivers of observed marine genetic differentiation, including the influence of 

changing currents and environmental factors that limit or promote dispersal (Treml et al., 

2015). In order to better answer fundamental questions about the evolutionary history of a 

marine species, further investigation of the potential importance of environmental 

variables in shaping their population genetic structure is required. 

In the case of P. ornatus, information on patterns of population structure has previously 

been very limited, despite its importance in fisheries and aquaculture. Results presented in 

Chapters 2 and 3 have shown significant genetic differentiation among populations, but 

although several potential mechanisms were proposed to explain these patterns, it is still 

not clear what could be the most important factors driving these patterns of genetic 

variation. Panulirus ornatus has been shown to display genetic structure that is somewhat 

consistent with its long larval duration, the influence of prevailing ocean currents, and the 

cumulative effects of isolation-by-distance. However, it is also clear that these factors alone 

do not explain all the genetic divergences observed. For example, some population 

divergences are much greater than expected from geographic isolation alone, and 

additional patterns of small-scale genetic differentiation can be observed among several 

Southeast Asian populations that are geographically close. Low but significant levels of 

differentiation are often dismissed as chaotic and considered largely ecologically 

insignificant (Johnson and Black, 1982; Hedgecock, 1994), but more detailed recent 
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analyses have revealed that there may be ecologically relevant factors driving such 

patterns, e.g., (Selkoe et al., 2006; Siegel et al., 2008; Iacchei et al., 2013) and that 

environmental factors may be key  (e.g., (Wei et al., 2013; Nanninga et al., 2014). In the 

present study, a seascape genetics approach may be valuable for increasing our 

understanding of how spatially variable environmental features can contribute to the 

patterns of genetic variation observed in P. ornatus. 

The population genetic results for P. ornatus presented in previous chapters have 

highlighted the complexity of genetic patterns in marine species in the Indo-Pacific region. 

Spatial and temporal variations in the marine environment are generally unaccounted for 

by simple panmictic or stepping stone models (Kinlan and Gaines, 2003; Levin, 2006). The 

statistical power to detect restrictions to gene flow can be low in the case of large 

population sizes, where genetic drift is minimal, and populations are very slow to reach 

equilibrium (Selkoe et al., 2008). With the use of a multi-disciplinary approach, like 

seascape genetics, the genetic studies can be paired with meaningful ecological and 

landscape information for the testing of hierarchical levels of population structure and 

barriers to gene flow. This may help in explaining what otherwise is assumed to be random 

genetic variation that is frequently found among populations. 

A number of studies have used ecological and oceanographic data to reveal important 

insights into how and why marine organisms are spatially structured (Galindo et al., 2006; 

Banks et al., 2007; Gonzalez-Wanguemert et al., 2009; Galindo et al., 2010), especially 

within commercially important species (Jorgensen et al., 2005; Kenchington et al., 2006; 

Coscia et al., 2013; Wei et al., 2013). Such studies revealed strong links between genetic 

variation and environmental variables such as sea surface temperature, and surface 

current direction and velocity. Moreover, they have provided fine-scale detail about the 

locations of oceanographic features limiting gene flow, and how they interact with critical 

life history characteristics of the organism. 

Recently there has been increased interest in understanding the population genetic 

structure in the Indo-Pacific region, and identifying factors driving the observed genetic 

variation within different marine species (Keyse et al., 2014; Liggins et al., 2015). The 

enormous geographic scale and complexity of the Indian and Pacific Oceans, with the 

related large spatial environmental variability, present a good opportunity to test the 
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possible effects of multi-factorial environmental variation on genetic structure (Laing and 

Chiswell, 2003; Shears et al., 2008). 

Many studies have reported on larval dispersal and its correlations with oceanographic 

processes in a variety of spiny lobsters, including P. argus (Kough et al., 2013), P. japonicus 

(Sekiguchi and Inoue, 2002), P. penicillatus (Chow et al., 2011), and P. cygnus (Wang et al., 

2015). The combination of long planktonic larval duration and dispersive ocean currents 

are likely to be important in driving the connectivity between spiny lobster populations 

(Yeung and Lee, 2002). However, retention of the phyllosoma larvae in an inshore system 

is also possible by slow alongshore counter currents and onshore surface drift (Shanks and 

Wright, 1987; Katz et al., 1994). Further, the majority of post-larvae of spiny lobsters have 

been reported to have the ability to orientate towards the shore as a result of using 

orientation cues such as sound, turbulence, chemical and vibrational cues associated with 

the shore (Jeffs et al., 2005; Goldsteina and Butler, 2009; Kough et al., 2014). Dispersal of 

phyllosoma larvae may more likely be a deterministic rather than a random process 

(Shanks and Wright, 1987). It is important to understand the interactions between ocean 

currents and progressive ontogenetic changes in the larval behaviour to explain the 

patterns of population connectivity within species (Butler et al., 2011). This is particularly 

important for commercially and recreationally valuable species such as spiny lobsters, as 

the insight gained from such study can be directly related to the management of the 

fisheries (Kough et al., 2013) . 

In this chapter a variety of different but complementary seascape genetic analyses were 

used to estimate the association between population genetic structure and environmental 

variables in the widely distributed P. ornatus population. Genetic diversity indices from 

both mitochondrial and microsatellite markers were used, as the fine-scale difference in 

markers can provide more detailed information on how these populations have diverged. 

Both Φst and Fst measures of genetic distance from Chapters 2 and 3 were used, as they 

reflect different properties of population differentiation (Bird et al., 2011; Meirmans and 

Hedrick, 2011). Also, raw microsatellite allelic frequencies were used to summarise 

individual locus aspects of population genetic structure. Yearly and monthly average values 

of a variety of environmental variables were acquired from publicly-available data sets for 

incorporation in the analyses. Linear models were used to test the power of a number of 

environmental (predictor) variables to explain genetic differentiation among populations 

(dependent variable). The Biological Environmental Stepwise (BEST) model was then used 
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to analyse the association among resemblance matrices of dependent and predictor 

variables and determine the best explanatory model. Concordance between the results 

from the methods employed across genetic diversity measures can support individual 

variables as being potentially significant factors in determining the observed genetic 

structure in the population. 

In this chapter I aim to further analyse the patterns of spatial genetic structure among P. 

ornatus populations by: 1) Using genetic data from Chapters 2 and 3 to determine the 

relationships between genetic divergence and environmental variables, testing the null 

hypothesis that there are no associations between genetic and environmental variables. 2) 

Determining the explanatory power of each environmental variable, and the best 

combination of variables that predict the genetic divergences among populations. Re-

evaluating patterns of population structure presented in chapters 2 and 3 and to verify if 

the genetic structure identified is significant and consistent with environmental variables. 

3) Deriving hypotheses as to how significantly explanatory variables may be acting on the 

species to influence population divergence. 4) Comparing the results of P. ornatus seascape 

genetic analyses with those from other Indo-Pacific species in order to estimate the 

species-specific responses to environmental variables. 

Methods 

4.1.1 Sample collection and population genetic data collection  

Seascape genetic analyses for P. ornatus were based on 298 samples from 11 locations 

sequenced for the mitochondrial control region as described in Chapter 2 and genotyped 

for 13 microsatellite loci as described in Chapter 3. From these genetic data three 

dependent variables, representing different aspects of population genetic divergence, were 

calculated: 1) mtDNA population pairwise Φst calculated using Arlequin. 2) multi-locus 

population pairwise F’st, calculated in GenALEx, and 3) multi-locus population pairwise 

Rst, calculated in FSTAT (Goudet, 1995). Both F’st and Rst were used in these analyses as 

each appeared to capture different aspects of the nDNA variation among populations, as 

shown in Chapter 3. In addition, to examine the impact of among-locus variation, and to 

enable analyses of site-specific genetic variation (rather than pairwise genetic distance 

variation), allele frequencies for each microsatellite locus calculated in GENEPOP were 

used (Rousset, 2008). 
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4.1.2 Spatial Genetic Analyses  

Site specific environmental data was obtained for each of the 11 sampled population 

locations (Table 4.1). These site specific variables were obtained from the Ocean Surface 

Current Analyses-Real time (OSCAR) dataset, as integrated by the National Oceanographic 

and Atmospheric Administration (NOAA), and generated by Earth Space Research (ESR) 

(http://www.oscar.noaa.gov/index.html and http://www.esr.org/oscar_index.html). The 

variables have a spatial resolution of 1/3 degree grid and are based on the long-term 

averages mostly from the years 2000 to 2014. Values of the environmental variables were 

collected from the 1/3 degree map grid of each sampling location (Appendix 1)..  

Global changes in ocean climate, such as increases in water temperature, wind speeds, the 

frequency of storm events, and decreasing ocean productivity (Chang et al., 2010; Hansen 

et al., 2010; Hoegh-Guldberg and Bruno, 2010; Sumaila et al., 2011; Young et al., 2011) all 

have the potential to influence the successful completion of the puerulus stage in spiny 

lobsters (Fitzgibbon et al., 2014). Furthermore, larvae of the spiny lobsters undergo daily 

vertical migrations, and spend a significant period of time in the near-surface waters 

(George, 2005). Hence site-specific surface environmental variables  (Table 4.1) were used 

in this study as these variables are likely to influence either dispersal or survivability of the 

larvae, and were checked for their effect on the genetic diversity observed. For example, 

chlorophyll-a concentrations are likely to be highly indicative of primary productivity in 

the surrounding waters, which in turn is likely to have a major influence on the growth and 

survival of lobster larvae in those waters. 

The sea surface temperature and chlorophyll-a concentrations were based on observations 

by the MODIS sensors on NASA's Terra and Aqua satellites. Sea surface wind speed, 

vorticity and convergence were recorded by satellite scatterometer radar sensors and are 

derived by the equations explained by (Ramos et al., 1997). 

In addition to the environmental variables, three site-specific geospatial variables were 

obtained: 1) Latitude (Lat), 2) Longitude (Long), and 3) Index of Geographic distance 

(Geo_dist), calculated as the mean of all the shortest overwater distances to all other 

populations (km). The last variable thus provides a site-specific measure of the degree of 

geographic isolation. As well as the site-specific geospatial variables, three different types 

of geospatial population pairwise distances were calculated: 1) direct Euclidean geographic 

distance, 2) shortest overwater distance, and 3) overwater distance calculated along the 

http://www.oscar.noaa.gov/index.html
http://www.esr.org/oscar_index.html
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prevailing ocean currents linking pairs of locations (Figure 2.1). All geospatial distances 

were calculated using Google Maps. The three genetic distance data sets were tested for 

correlation with the geospatial and environmental variables using the Relate routine 

implemented in PRIMER v 7.0 (Clarke and Gorley, 2005). Variables were tested for 

independence using a Pearson correlation test using the software package SPSS and a 

principal component analysis (PCA) was performed among geospatial, environmental and 

genetic variables. 
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Table 4.1. List of: a). Environmental variables, and b) Geospatial variables for P. ornatus 

sampling locations with their abbreviations and respective units used in this study. 

a. Environmental Variable abbreviation units 

 Sea surface temperature SST °C 

 Summer Season Sea surface temperature Ss SST °C 

 Winter Season Sea surface temperature Ws SST °C 

 Chlorophyll-a concentration Chlor mg m-3 

 Summer season - Chlorophyll-a Ss Chlor mg m-3 

 Winter season - Chlorophyll-a Ws Chlor mg m-3 

 Sea Surface current speed Speed m s-1 

 Summer season sea surface current speed Ss Speed m s-1 

 Winter season sea surface current speed Ws Speed m s-1 

 Vorticity Vort m s-1 

 Summer season Vorticity Ss Vort m s-1 

 Winter season Vorticity Ws Vort m s-1 

 Convergence Conv m s-1 

 Summer season Convergence Ss Conv m  s-1 

 Winter season Convergence Ws Conv m s-1 

b. Geospatial Variable   

 Latitude Lat 30°E-180°W 

 Longitude Long 30°N-30°S 

 Geographic distance Geo_Dist km 
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The generalized linear model was run using DistLM routine in PRIMER v 7.0 to test the 

effect of the independent variables (environmental and geospatial) on genetic variables 

(mtDNA Φst and nDNA F’st and Rst). The following models were run for each of the 

pairwise genetic variables as dependent factor: 1) all P. ornatus population samples using 

both environmental and geospatial variables, 2) all P. ornatus population samples using 

only environmental variables, and 3) all P. ornatus population samples using only 

geospatial variables. 

Analyses were run for all variables and then reiterated for only geospatial or only 

environmental variables to estimate the relative weight of the different independent 

variable categories in explaining the genetic variation. Analyses were performed on all 11 

population samples as described in previous chapters.  Models were built using the ‘best 

subsets’ option and all models were ranked by their R2 values. The best fit model was the 

one with the highest R2 score and was considered significant if p-values were less than 

0.05. Results of tests for the contribution of all effects to the model were also generated. 

The BEST (Biological Environmental stepwise) routine from the software package PRIMER 

v 7.0 was used to understand the association between population-specific genetic variation 

(allele frequencies across loci) and the location-specific environmental and geospatial 

variables. Allele frequencies being in the same units, a Bray-Curtis resemblance matrix was 

calculated for the mtDNA pairwise Φst and for microsatellite pairwise F’st and Rst data. 

Euclidean distance resemblance matrices were calculated for the normalized 

environmental and geospatial data. Association between two matrices was calculated using 

Spearman correlation coefficient (Rs) in the BIOENV subroutine in PRIMER v 7.0. This tests 

the null hypothesis of no correlation between genetic and geospatial/environmental 

variables. Additional locus–specific responses to environmental variables were also 

calculated by using allele frequencies (one locus at a time) for all populations against 

environmental and geospatial variables. The DistLM and BEST procedures are compared 

later. This series of analyses are complementary in their approach to estimating how 

genetic variation is best explained by the environmental and geospatial variables. 
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Results 

4.1.3 Correlation of Variables 

Pearson correlation analyses between population pairwise genetic distances, geographic 

distances and overall environmental distances, revealed high correlations among the three 

geographic variables, but low correlations between each of these and the overall 

environmental distances (Table 4.2). Of the three types of genetic distances, only the 

mtDNA Φst distances were moderately correlated with any of the geographic distances. 

Neither of the nDNA distances were correlated highly with any of the geographic distances. 

The overall environmental distances showed very low correlations with any genetic 

distance. 

Pearson correlation test and the PCA revealed which of the environmental variables were 

independent of each other (Table 4.3, Figure 4.1). As expected, the different seasonal 

variations of the same type of data (e.g., summer, winter and overall SST) were highly 

correlated, although there was considerable variation between summer & winter values for 

both Vorticity and Convergence. Almost no environmental variables were highly correlated 

with latitude or Geo_Dist, while all Convergence variables were significantly correlated 

with longitude (Table 4.3, Figure4.1). The environmental variables differentiate most 

populations from each other, with Ken and Tan the most similar to each other, and Vie and 

Trs the most dissimilar from the other populations (Figure 4.1).  
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Table 4.2. Pearson correlations between population pairwise genetic distances, geographic 

distances and overall environmental variable distances. 

 

 

Euclide
an 

Distanc
e 

Overwat
er 

Distance 

Distance 
along 

current 

Mt 
DNA 
Φst 

nDNA 
F'st 

nDNA 
Rst 

Variab
le 

Euclidean Distance 0.0000       
Overwater Distance 0.9770 0      

Distance along current 0.9840 0.971 0     
mtDNA Φst 0.6360 0.616 0.621 0    
nDNA F'st 0.1840 0.119 0.131 0.17 0   
nDNA Rst 0.0930 0.054 0.074 0.047 0.816 0  
Variable 0.1280 0.137 0.162 0.035 0.009 0.069 0 
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Table 4.3. Correlations between site-specific variables as defined by Pearson’s correlation test. Significantly correlated variable at p<0.05 are 

in bold abbreviations as per Table 4.1. 

 
SST 

Ss SST Ws SST Chlor Ss Chlor Ws Chlor Speed Ss Speed 
Ws 

Speed 
Vort Ss Vort Ws Vort Conv 

Ss 

Conv 
Ws Conv Lat Long Geo_Dist 

SST 1.000 
                 

Ss SST 0.906 1.000 
                

Ws SST 0.941 0.748 1.000 
               

Chlor 0.006 0.244 -0.107 1.000 
              

Ss Chlor 0.010 0.217 -0.049 0.967 1.000 
             

Ws Chlor -0.154 0.119 -0.289 0.972 0.914 1.000 
            

Speed 0.384 0.590 0.253 0.454 0.449 0.451 1.000 
           

Ss Speed 0.422 0.579 0.324 0.345 0.335 0.326 0.963 1.000 
          

Ws Speed 0.239 0.509 0.062 0.726 0.684 0.732 0.927 0.861 1.000 
         

Vort -0.365 -0.425 -0.329 0.024 -0.016 0.071 -0.294 -0.133 -0.147 1.000 
        

Ss Vort -0.635 -0.581 -0.589 0.214 0.205 0.332 -0.474 -0.594 -0.284 0.224 1.000 
       

Ws Vort 0.237 0.045 0.398 -0.242 -0.149 -0.337 0.291 0.458 0.097 0.047 -0.724 1.000 
      

Conv -0.226 -0.198 -0.082 0.287 0.351 0.260 0.226 0.382 0.265 0.584 -0.060 0.493 1.000 
     

Ss Conv -0.008 -0.187 0.246 -0.193 -0.100 -0.265 -0.339 -0.164 -0.407 0.465 0.153 0.254 0.628 1.000 
    

Ws Conv -0.180 -0.088 -0.112 0.413 0.454 0.398 0.475 0.598 0.526 0.472 -0.220 0.554 0.937 0.331 1.000 
   

Lat 0.352 0.594 0.166 0.487 0.444 0.501 0.405 0.268 0.474 -0.243 0.254 -0.646 -0.234 -0.178 -0.207 1.000 
  

Long -0.436 -0.479 -0.185 -0.003 0.069 -0.008 -0.141 -0.012 -0.159 0.311 0.166 0.397 0.783 0.723 0.615 -0.432 1.000 
 

Geo_Dist -0.142 -0.032 -0.321 -0.249 -0.367 -0.194 -0.122 -0.181 -0.092 -0.242 -0.192 -0.232 -0.564 -0.677 -0.409 -0.160 -0.476 1.000 
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Figure 4.1. Principal component analysis (PCA) for geospatial and environmental variables 

conducted in PRIMER v.7 for P. ornatus sampling locations. Variable abbreviations 

as per Table 4.1; population abbreviations as per Chapters 2 & 3. 
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4.1.4 Linear Model Analyses 

When constructing distance linear models based on all environmental and geospatial 

variables, the mtDNA population divergences were significantly well explained by the 

predictor variables (Table 4.4). Summer convergence (Ss Conv) was individually the most 

explanatory significant variable, followed by Geo-Dist, Long and Lat. However, once Ss 

Conv was first added to the model, only Geo-Dist added significantly more explanatory 

power (Table 4.4). The SST and Chlor variables were the next most explanatory to be 

added. 

The nDNA F’st divergences were not well explained by all the variables, with Lat being the 

only variable explaining a significant proportion of the variation, with the other geographic 

variables (Long & Geo-Dist) being the next most explanatory added to the model (Table 

4.4). The nDNA Rst values were moderately well explained by the variables, with Ss SST 

being the best, followed by Lat & Long, although Ws SST was the only one that added 

significant explanatory power to the model after Ss SST (Table 4.4). 

When DistL models were run for only environmental variables, similar results were 

obtained to that geospatial and environmental inclusive model (Table 4.5). When the 

variation of mtDNA Φst data was modelled against the environmental variables, only Ss 

Conv individually explained a significant proportion of the variation, with Ws Speed, Ss 

Speed and Ws Chlor being the next most important variables added to the model. When 

testing the nDNA F’st variation against the environmental variables, they had even weaker 

explanatory power for the variation, with Ss SST, SST, Ws SST and Ss Conv providing some 

explanatory power when added to the model in that order, although none of these 

individually explained significant variation in nDNA F’st. When testing Rst, the results were 

identical to F’st except that Ss SST was individually significant (Table 4.5). 

In the absence of environmental variables, when DistL models were run for only the three 

geospatial variables, mtDNA Φst was well explained by Geo_Dist and Long. F’st values were 

only poorly explained by Lat, whereas both Lat and Long appeared to be significant 

explanatory variables for Rst (Table 4.6). 
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Table 4.4. Results of significant cumulative distance linear models (DistLM routine in Primer-7) testing for the contribution of all geospatial 

and environmental variables to explain variation in mtDNA Φst and microsatellite F’st and Rst for Panulirus ornatus. The checkmark 

() indicates which variables were added to each of the models. 1p-value of each model; 2p-value of the marginal tests for each variable; 
3 Proportion of total variation explained by each variable in marginal tests. 

 
R2 

1p 
value 

SST 
Ss 

SST 
Ws 
SST 

Chlor 
Ss 

Chlor 
Ws 

Chlor 
Speed 

Ss 
Speed 

Ws 
Speed 

Vort 
Ss 

Vort 
Ws 

Vort 
Conv 

Ss 
Conv 

Ws 
Conv 

Lat Long Geo_Dist 

mtDNA 
Φst 

0.947 0.015             


   

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

3Propn.   0.064 
0.15

0 
-

0.004 
-

0.010 
-

0.013 
0.015 

-
0.006 

-
0.008 

0.000 0.075 0.005 
-

0.015 
0.29

4 
0.947 

-
0.004 

0.395 0.727 0.818 

2p-
value   

0.442 
0.26

7 
0.766 0.794 0.825 0.688 0.801 0.776 0.713 0.43 0.687 0.807 

0.09
1 

0.001 0.76 0.077 0.006 0.001 

                     

nDNA 
F'st 

0.316 0.017                  

 
0.408 0.015                  

 
0.596 0.010                  

 
0.799 0.005                  

 
0.866 0.003                  

 
0.922 0.002                  

 
1.000 0.000                  

 
1.000 0.000                  

 
1.000 0.000                  

3Propn.   0.043 
0.18

5 
0.002 0.042 0.069 0.024 0.145 0.084 0.130 0.058 0.109 0.053 

0.12
7 

0.140 0.075 0.316 0.116 0.075 

2p-
value   

0.694 
0.15

6 
0.937 0.66 0.578 0.846 0.239 0.425 0.246 0.519 0.369 0.616 

0.27
2 

0.216 0.268 0.027 0.324 0.542 
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Table 4.4. Continuation  

 R2 
1p 

value 
SST 

Ss 
SST 

Ws 
SST 

Chlor 
Ss 

Chlor 
Ws 

Chlor 
Speed 

Ss 
Speed 

Ws 
Speed 

Vort 
Ss 

Vort 
Ws 

Vort 
Conv 

Ss 
Conv 

Ws 
Conv 

Lat Long Geo_Dist 

nDNA 
Rst 

0.755 0.009 


               

                    

 
0.947 0.002 

 
              

 
1.000 0.000  

  


           

 
1.000 0.000      

           

 
1.000 0.000      

           

 
1.000 0.000      

  


       

 
1.000 0.000       

    


    

 
1.000 0.000       

 


       

 
1.000 0.000        

      


 
3Propn.   0.441 0.755 0.157 0.287 0.252 0.211 0.161 

-
0.027 

0.308 0.385 
-

0.221 
0.089 0.156 0.391 0.008 0.699 0.612 -0.026 

2p-
value   

0.072 0.008 0.313 0.157 0.204 0.283 0.282 0.756 0.131 0.104 0.964 0.45 0.338 0.101 0.582 0.011 0.022 0.722 
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Table 4.5. Results of significant cumulative distance linear models (DistLM routine in Primer-7) testing for the contribution of only 

environmental variables to explain variation in mtDNA Φst and microsatellite F’st and Rst for Panulirus ornatus. The checkmark () 

indicates which variables were added to each of the models. 1p-value of each model; 2p-value of the marginal tests for each variable; 
3 Proportion of total variation explained by each variable in marginal tests. 

 
R2 

1p-
value 

SST Ss SST Ws SST Chlor 
Ss 

Chlor 
Ws 

Chlor 
Speed 

Ss 
Speed 

Ws 
Speed 

Vort 
Ss 

Vort 
Ws 

Vort 
Conv 

Ss 
Conv 

Ws 
Conv 

mtDNA Φst 0.947 0.015             




 
0.986 0.004        


   




 
1.000 0.000               

 
1.000 0.000               

 
1.000 0.000   

       







 
1.000 0.000   


 

      




 
1.000 0.000               

 
1.000 0.000               

 
1.000 0.000         

     
3Propn.   0.064 0.150 -0.004 -0.010 -0.013 0.015 -0.006 -0.008 0.000 0.075 0.005 -0.015 0.294 0.947 -0.004 

2p-value 
  

0.421 0.292 0.753 0.793 0.825 0.693 0.774 0.778 0.723 0.384 0.681 0.817 0.086 0.003 0.717 
                  

nDNA F'st 0.185 0.021 


            

 
0.385 0.016               

 
0.520 0.012               

 
0.799 0.005   

         




 
0.864 0.003   

      


 




 
0.899 0.003               

 
0.972 0.001               

 
1.000 0.000   

  
 

 



 



 
0.999 0.000 

 
 


 


 

 
 

3Propn.   0.043 0.185 0.002 0.042 0.069 0.024 0.145 0.084 0.130 0.058 0.109 0.053 0.127 0.140 0.075 
2p-value 

  
0.689 0.156 0.933 0.643 0.567 0.825 0.27 0.371 0.26 0.547 0.354 0.586 0.31 0.261 0.272 
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Table 4.5 Continuation  

 
R2 1p-value SST Ss SST Ws SST Chlor Ss Chlor Ws Chlor Speed Ss Speed Ws Speed Vort Ss Vort Ws Vort Conv Ss Conv Ws Conv 

nDNA Rst 0.755 0.009 


            

 
0.947 0.002               

 
1.000 0.000               

 
1.000 0.000    

          

 
1.000 0.000      

        

 
1.000 0.000               

 
1.000 0.000               

 
1.000 0.000       

 


    

 
1.000 0.000 

 
 


 


 

 
 

3Propn.   0.441 0.755 0.157 0.287 0.252 0.211 0.161 -0.027 0.308 0.385 -0.221 0.089 0.156 0.391 0.008 
2p-value 

  
0.063 0.008 0.269 0.175 0.188 0.258 0.303 0.751 0.143 0.09 0.958 0.457 0.344 0.101 0.576 
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Table 4.6. Results of significant cumulative distance linear models (DistLM routine in 

Primer-7) testing for the contribution of only geospatial variables to explain 

variation in mtDNA Φst and microsatellite F’st and Rst for Panulirus ornatus. The 

checkmark () indicates which variables were added to each of the models. 1p-

value of each model; 2p-value of the marginal tests for each variable; 3Proportion of 

total variation explained by each variable in marginal tests. 

 

 
R2 1p-value Lat Long Geo_Dist 

mtDNA Φst 0.818 0.049   

 
1.000 0.000 




 
1.000 0.000   

3Propn. - - 0.395 0.727 0.817 

2p-value - - 0.065 0.007 0.007 

      

nDNA F'st 0.316 0.017   

 
0.408 0.015   

 
0.596 0.010   

3Propn. - - 0.316 0.116 0.075 

2p-value - - 0.024 0.337 0.515 

      

nDNA Rst 0.699 0.012   

 
0.687 0.012   

 
0.858 0.005   

3Propn. - - 0.699 0.611 -0.026 
2p-value 

 
- - 0.012 0.024 0.701 
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4.1.5 BEST Analyses 

BEST analyses on mtDNA genetic data using all 14 geospatial and environmental variables 

showed that the best fitting model was significant at p < 0.005 and included the variables 

Ss SST, Ss Chlor, Conv, Ss Conv, Long and Geo_Dist (rs =0.694) (Table 4.7). The remaining 

top fitting models had similar Spearman’s Rho values (0.685-0.663), and the variables Ss 

Conv, Long and Geo_Dist were included in most of the models. 

BEST analyses on microsatellite data gave less significant results, with Spearman’s Rho 

values ranging from 0.456-0.43. Microsatellite F’st analysed using 14 geospatial and 

environmental variables showed Ss SST, Ws Speed, Vort, Ss Conv, Lat, and Geo_Dist in the 

best fitting model (rs= 0.456) with Ss SST and Lat included in all the other models (rs = 

0.45-0.43) and Ss Conv included in nine models out of ten. In contrast, analyses of nDNA 

Rst from 13 loci and 11 geospatial and environmental variables showed Ss SST and Vort in 

the best fitting model (rs= 0.495) (Table 4.7). 

When only environmental variables were analysed, BEST analyses showed that the best 

fitting models were less explanatory than with all variables included, and had lower 

Spearman’s Rho values ranging from 0.595 to 0.477 for mtDNA data and 0.495 to 0.406 for 

microsatellite data (Table 4.8). For mtDNA analyses the variable SS conv was included in all 

the models and variables Conv and Ss Conv were included in at least of the eight best fitting 

models. For the nDNA analyses, the variable Ss SST was included in most of the models, 

with the next most important explanatory variables being Ws Speed and Vort, which were 

included in the majority of the models. The F’st analysis varied from the Rst in these BEST 

analyses, with SS Conv occurring in most of the F’st models but not in the Rst models (Table 

4.8). 

When only the three geospatial variables were analysed, BEST analyses on the mtDNA data 

showed that best fitting model included only Long with rs = 0.616 (Table 4.9). The BEST 

analyses on nDNA F‘st and Rst data were much less significant with Lat included in both 

best fitting models, with rs = 0.49 for F’st and rs =0.394 for Rst (Table 4.9). 

BEST analyses of locus-specific data showed the Spearman’s Rho value ranging from 0.554 

in Orn-20 to 0.228 in Stimp-05, suggesting that genetic divergences in some loci (Orn-20, 

Orn-12, and Orn-01) may be affected more by environmental variation than at other loci 

(Table 4.10). The variable Ss SST occurred eight times in the top eight models for six loci, 
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followed by the variables Vort and Lat, which occurred four times in the top eight models 

for four loci. Overall, these BEST analysis results from all loci suggest that, although the 

degree of explanatory power of environmental variables differed to some degree across 

loci, it appears that largely the same variables are the most explanatory for all loci (Table 

4.10).In summary, the main environmental variables explaining the genetic divergences 

were Ss Conv and Ss SST. The geospatial variables Lat, Long and Geo_Dist explained a 

proportion of the genetic divergences in most of the models (Table 4.10). 

Overall, Table 4.11 summarises the outcomes of the DistLM and BEST model results, listing 

the most important variables explaining the observed genetic divergences across all 

analyses. These were determined by integrating the results of model p-values, tests of all 

effect p-values, significance of (Rs) coefficients and the number of times they were included 

in the BEST fitting model.  
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Table 4.7. Results of the ten best fitting models with respective Spearman‘s Rho (Rs) values from BEST routine in Primer-7, testing for the 

contribution of 11 geospatial and environmental variables to explain variation in allele frequencies among P. ornatus locations. The 

checkmark () indicates which variables were included in each model. 

Data Set  N Rs Ss SST Chlor Ss Chlor Ws Chlor Speed Ss Speed Ws Speed Vort Ss Vort Conv Ss Conv Lat Long Geo_Dist 
mtDNA Φst  6 0.694 




     
 


 

 
5 0.685  


     

 


 

 
6 0.681              

 
5 0.673 


      

 


 

 
6 0.672  


     

    

 
6 0.671              

 
4 0.667  


     


 

 

 
6 0.665 


     

  


 

 
5 0.664   


    

 


 

 
4 0.663              

nDNA F'st 6 0.456 
    

 
 

 




 
5 0.45 

    


  
 




 
5 0.447              

 
5 0.444 

  


 


 
 

 

 
6 0.443 

    
 

  
  

 
6 0.442 







 


 
 

 

 
6 0.44              

 
5 0.431 

    


  
  



 
5 0.431 

  


    
  



 
7 0.43              

nDNA Rst 2 0.495              
                

 
5 0.472 

  


 


 
 

 

 
6 0.469              

 
5 0.468 

    
 

 
 

 

 
4 0.465 

  


 


  


 

 
3 0.464              

 
4 0.457 

     








 

 
3 0.452 

     


  


 

 
5 0.448              

 
3 0.446              
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Table 4.8. Results of the ten best fitting models with respective Spearman‘s Rho (Rs) values 

from BEST routine in Primer-7, testing for the contribution of 12 environmental 

variable to explain variation in allele frequencies among P. ornatus location. The 

checkmark () indicates which variables were included in each model. 

 

Data Set N Rs Ss SST Chlor 
Ss 

chlor 
Speed Ws Speed Vort Ss Vort Ws Vort Conv Ss Conv 

mtDNA Φst 2 0.595        
 

 
1 0.579         



 
3 0.535        

 

 
3 0.524  


    

 

 
1 0.501          

 
3 0.5          

 
3 0.5          

 
4 0.49          

 
2 0.486          

 
3 0.477          

            nDNA F'st 4 0.351          

 
3 0.344          

 
3 0.333          

 
4 0.332          

 
2 0.325          

 
5 0.323          

 
4 0.32          

 
5 0.319 

 
  

  


 
3 0.317 

  
 

   

 
4 0.315 

 
 

   


            nDNA Rst 2 0.495          

 
3 0.464          

 
3 0.446          

 
3 0.437          

 
4 0.422 

 
  

   

 
4 0.416 

  
 

 




 
4 0.411 




 


 




 
2 0.409    

 
   

 
4 0.406          
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Table 4.9. Results of the ten best fitting models with respective Spearman’s Rho (Rs) values 

from BEST routine in Primer-7, testing for the contribution of geospatial variable to 

explain variation in allele frequencies among P. ornatus locations. The checkmark 

() indicates which variables were included in each model. 

 

Data Set No of Variables in the model rs Lat Long Geo_Dist 

mtDNA Φst 1 
0.616 






 

2 0.614 



 

 
3 0.571   

 
1 0.492 

 



 
2 0.404  


 

2 0.371 





 
1 -0.064 

      
nDNA F'st 2 

0.294 





 
2 0.283  


 

3 0.277   

 
1 0.24 

 
 

2 0.135 



 

 
1 0.118 






 

1 0.078 

 



     
nDNA Rst 1 

0.169 

 
 

2 0.166  


 

3 0.145   

 
2 0.127 





 
2 0.073 



 

 
1 0.064 






 

1 0.03 
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Table 4.10. Results of the BEST analyses testing for the contribution of 12 geospatial and environmental variables to explain variations in the 

allele frequencies for each locus for Panulirus ornatus for all locations. Top part of the tables represents the best fitting model for each 

locus; the checkmarks () indicates which variables were included in the model. Bottom part of the table indicates the number of 

times that each variable was included in the top best fitting models. 

Locus Rs P-value Ss SST Ws SST Chlor Ss Chlor Speed Ws Speed Vort Ss Vort Ws Vort Ss Conv Lat  Long Geo_Dist 
Orn-01 0.494  




  



   

Orn-11 0.428  
  





 

 
 Orn-12 0.523  

 
 




 
   

Orn-16 0.369  
   

 
 

 



Orn-17 0.379 

     
 

 


 Orn-18 0.288  
   

 
 

 



Orn-20 0.554  

   


    


Orn-21 0.396  
           Orn-23 0.341 




   





   Orn-25 0.442  
    


 

 
 Stimp-05 0.228  

    


 


  Stimp-06 0.466  
  





 

 
 Stimp-19 0.479  

   


      

 
 

              Orn-01 - - 5 0 9 0 0 0 9 1 3 8 9 10 0 
Orn-11 - - 10 0 0 0 7 6 6 0 0 7 10 0 1 
Orn-12 - - 10 0 3 7 4 0 5 0 0 5 0 9 9 
Orn-16 - - 10 0 0 6 4 0 5 0 0 5 8 5 10 
Orn-17 - - 

 
1 0 5 1 3 10 5 0 7 8 0 0 

Orn-18 - - 8 0 0 0 2 3 5 0 0 10 10 0 6 
Orn-20 - - 10 0 0 0 4 9 0 0 0 1 6 9 6 
Orn-21 - - 10 0 0 2 0 0 1 0 0 8 0 0 3 
Orn-23 - - 

 
10 0 0 0 0 8 1 7 3 0 0 2 

Orn-25 - - 10 2 0 0 1 0 10 1 0 6 10 0 0 
Stimp-05 - - 7 0 0 2 0 0 10 0 0 10 6 4 2 
Stimp-06 - - 10 0 0 0 1 0 10 0 0 6 10 4 4 
Stimp-19 - - 10 0 0 2 0 1 1 2 0 0 7 2 0 
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Table 4.11 Summary of DistLM and BEST model results, listing the most important 

variables explaining genetic divergences, based on model p-values, tests of all effect 

p-values, significance of (Rs) coefficients and the number of times they were 

included in the BEST fitting model.  

Test Analyses Important variables 

mtDNA Φst DistLM 
Ss Conv, Geo_Dist, 

Long, Ss SST, 

nDNA F’st DistLM Lat, Long, Geo_Dist 

nDNA Rst DistLm Ss SSt, Lat, Long 

mtDNA Fst BEST 
Ss SST, Ss Chlor, Conv, 

Ss Conv, Long, Geo_Dist 

nDNA F’st BEST 
Ss SST, Vort, Ss Conv, 

Lat, Geo_Dist 

nDNA Rst BEST Ss SST, Vort, Lat  
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Discussion 

In Chapters 2 and 3, significant genetic structure was found over the wide range of the 

global population of P. ornatus using two different genetic markers types– mtDNA and 

nDNA. While some degree of differentiation from west to east was apparent, there was also 

evidence of genetic similarity among the central SE Asian populations, which has been 

confirmed in another study (Dao et al 2015). There was a degree of isolation-by-distance 

apparent in the genetic differentiation among the 11 sampling locations, with this 

relationship clearly being much stronger for mtDNA than for nDNA. However, it was also 

clear that geographic distance alone did not explain the patterns of genetic differentiation, 

and that other factors are likely to be involved. In such instances, seascape genetics can be 

a useful approach to understanding what factors, both geographic and environmental, may 

be involved in driving genetic differentiation within a population (Selkoe et al., 2008; 

Riginos and Liggins, 2013). 

4.1.6 Geographic Variables 

The simplest explanation of genetic divergence among the sample locations from the 

population of P. ornatus is that of isolation-by-distance, which provides a prediction of high 

correlation between genetic and geographic distance. Simple tests of these predictions 

were carried out in previous chapters for both mtDNA and nDNA, using shortest over-

water geographic distances (Chapter 2 & 3). However, this relationship may be more 

complex than can be addressed using this simple approach, and warrants further 

examination using both alternative measures of geographic distance and more 

sophisticated multivariate statistical methods. Variables describing geographic distance 

can be categorised into either population pairwise distance variables or site-specific 

variables. Both types have advantages and disadvantages (see below), and are thus both 

utilised here. 

In the pairwise geographic distance category, the most intuitively relevant for a marine-

dispersed species (and the one used in the previous analyses in Chapters 2 and 3) is 

shortest over-water distance. However, alternative measures of distance may perhaps be 

more explanatory, as has been found in some studies, (Treml et al., 2015). Potentially, the 

most likely alternatives are simple direct Euclidean distances, or over-water distances that 

take into account the impact of ocean currents, especially for an organism with a lengthy 
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pelagic larval phase. Here, both these distances were also calculated, and tested to 

determine if they were more powerful in explaining genetic divergences, either 

individually or in combination. 

Simple correlations among the three geographic distance measures show that they are all 

highly correlated, as might be expected (Table 4.2). However, direct Euclidean distance was 

more highly correlated with all three genetic divergences analysed, compared to either of 

the other two geographic measures of distance, i.e., over-water and along-current. It is hard 

to immediately understand why this may be so. Simple assumptions of dispersal would 

predict that the most likely directions of larval dispersal would follow either over-water or 

along-current paths. Thus it was expected that either of these distances would be the best 

predictor of genetic divergences, rather than direct Euclidean distance which appears to 

have less ecological relevance to marine populations separated by many landmasses.  

Instead, it suggests that simple assumptions about the dispersal paths followed by lobster 

larvae and post larvae (and incorporated into over-water and along-current distances) are 

incorrect. It is also clear from the simple correlations that geographic distance alone 

potentially explains a large proportion of the mtDNA divergences, but very little of either 

nDNA measure of divergence (Table 4.2). 

In the site-specific geographic variables category, the most intuitive variables to describe 

geographic location are obviously latitude and longitude. However, other researchers (e.g., 

(Wei et al., 2013) have also found it useful to incorporate an additional measure of the 

geographic isolation of each population, and this has also been included in these analyses 

(as Geo_Dist). The use of site-specific geographic variables enables them to be included 

directly into the same multivariate analyses as the site-specific environmental variables. 

However, it is also valuable to first consider the explanatory power of the geographic 

variables on their own, and this was undertaken here in both the linear model and BEST 

analyses. The geographic variables are able to explain a large proportion of the mtDNA 

divergences (either individually or in combination), with Geo-Dist or Long being the most 

significantly explanatory (Tables 4.6 & 4.9). In contrast, Lat followed by Long were the 

most significantly explanatory variables of the nDNA divergences, but accounted for much 

less of the nDNA variation in total, even across individual loci (Tables 4.6, 4.9 & 4.10).  

Some of the reasons for this difference between marker types was previously addressed in 

the preceding chapters. The analyses here address the possibility that environmental 
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factors may be part of the explanation for these apparent differences derived from the two 

genetic markers. 

It is evident from analyses of both categories of geographic variables, that although they 

may explain a proportion of the observed genetic divergences, other factors, such as 

environmental variables, must also be involved in determining genetic divergences in this 

species. 

4.1.7 Environmental Variables 

Seascape (or landscape) genetic analyses incorporating environmental variables can be 

undertaken using a variety of different methods (Manel and Holderegger, 2013; Riginos 

and Liggins, 2013). Simple correlations between matrices of genetic and environmental 

distances using Mantel or partial Mantel tests can be informative, but have been heavily 

criticised statistically (Legendre and Fortin, 2010; Guillot and Rousset, 2013). A more 

recognised approach has been to use site-specific environmental data in a multivariate 

format, constructing linear models that choose the most informative variables that explain 

genetic divergences among populations (Selkoe et al., 2010; Wei et al., 2013). This method 

avoids statistical difficulties that arise from correlations between already auto-correlated 

matrices of pairwise distances (Legendre and Fortin, 2010; Guillot and Rousset, 2013). One 

favoured approach in this vein has been the use of generalised linear models (GLM) to 

determine the variables with most explanatory power. However, this approach often also 

requires the conversion of pairwise genetic distance matrices into site-specific variables, 

such as a mean genetic distance from all other populations, e.g., (Selkoe et al., 2010; Wei et 

al., 2013). This conversion also results in the loss of considerable genetic information (the 

original distances cannot be reconstructed from the converted variable), and therefore the 

GLM approach is also deficient. In the current analyses, instead, distance linear models 

have been used. Although they require the internal conversion of site-specific data into 

Euclidean distance matrices, this is considered here to be less deficient than the loss of 

critical genetic information in the dependent variable due to conversion from site-specific 

data. However, they provide a distinct statistical improvement on simple Mantel partial 

correlations. 

Of the environmental variables, only Summer Convergence (Ss Conv) explained a 

significant proportion of the mtDNA divergences in the DistLM analyses, although Ss SST 

and Ss Chlor were also included in the best model (Tables 4.5 & 4.8). For the nDNA 
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divergences, Ss SST was the most explanatory of the environmental variables, although 

Vort and Ss Conv were also included in the best models (Tables 4.5 & 4.8). 

4.1.8 Summary Over all Analyses 

In this chapter, three measures of genetic divergence (mtDNA Φst, nDNA F’st and Rst) and 

allelic frequencies were used to gain more comprehensive insights into how environmental 

variation and geographic distances might be influencing different aspects of genetic 

variation. After incorporating results from all analyses presented in this chapter, many 

significant associations were found between the genetic and environmental variables, 

refuting the null hypothesis of no correlation between genetic and 

geospatial/environmental variables. Overall, results showed that the main variables that 

can help explain the genetic divergences were the geospatial variables (Lat, Long and 

Geo_Dist), and the environmental variables Ss Conv and Ss SST. 

Results showed that the geospatial variables Latitude, Longitude and Geo_Dist (which 

averages the geographic isolation of a population from all others) explains genetic 

variation strongly for mt DNA Φst and partially for nDNA F’st. Even after including the 

geographic variables in the analyses, Ss Conv was still the most explanatory variable of 

mtDNA divergences (Table 4.4). This indicates that, although geographic distance can 

clearly explain a large proportion of the mtDNA distances, Ss Conv can still explain a 

significant additional proportion. The BEST model in fact also includes Ss SST and Ss Chlor 

as well (Table 4.7). For the nDNA F’st analyses, it appears that little additional explanatory 

power (beyond that provided by the geographic variables) comes from any environmental 

variables, even though the variables Ss SST, Vort, and Ws Speed are included in the BEST 

model (Tables 4.4 & 4.7). In contrast, for the nDNA Rst analyses, only environmental 

variables were chosen in the most explanatory models, with Ss SST the most significant of 

these, and Vort being included in the BEST model (Tables 4.4 & 4.7). 

In summary, over all analyses, several environmental variables explain significant 

proportions of the genetic divergences, beyond that explained by geographic factors, with 

Ss Conv, Ss SST and Vort being the most important. 

Oceanographic factors such as current convergence and vorticity were some of the most 

important environmental factors explaining genetic divergence in P. ornatus. Spiny lobsters 

are renowned for their flat-bodied larval phase, which is well-suited to dispersal in oceanic 
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waters (Booth and Phillips, 1994; Palero et al., 2008)(Booth 1994; Palero 2007). 

Phyllosoma larvae of these lobsters spend at least 4 months in the open ocean before 

metamorphosing into the post-larval or puerulus stage (Smith et al., 2009).  Where 

phyllosoma become entrained within eddy systems, characterised by high levels of 

convergence and/or vorticity, this may provide a mechanism for their dispersal to be 

constrained so that they remain closer to their natal origins. This appears to be the case in 

a number of spiny lobster species, including for some regional populations of P. ornatus 

(Chiswell and Booth, 1999; Dennis et al., 2001; Griffin, 2004), Furthermore, the vertical 

migration behaviour of the phyllosoma (Chiswell and Booth, 1999; Butler et al., 2011) 

combined with the remarkable horizontal swimming abilities of the puerulus which appear 

to be strongly directed toward key settlement areas (Jeffs et al., 2005; Goldsteina and 

Butler, 2009), may also serve to further constrain pelagic dispersal and gene flow of P. 

ornatus in ocean eddy systems with potentially high levels of convergence or vorticity.  

Summer season sea surface temperature (SST) has also been identified as an important 

explanatory factor for the observed genetic divergences in this current study. There may be 

several possible connections between sea surface temperature and genetic divergence. One 

possibility is that more rapid larval development times associated with higher sea 

temperatures may result in leading to shorter larval dispersal distances and thus 

promoting greater genetic divergence (Griffin et al., 2001; Smith et al., 2009). Warmer 

water temperatures and especially summer photoperiod is associated with triggering and 

increasing spawning success in P. ornatus (Sachlikidis et al., 2005). SST could potentially 

help explain the differentiation of WIO populations, which are known to be influenced by 

warmer tropical waters from the north, potentially resulting in the development of lobsters 

that are more successful in these warmer waters. Local adaptation to climatic influence has 

been used explain the genetic differentiation among other Palinurus species. For example, 

location adaption and geographic isolation is thought to have resulted from the ability of P. 

homarus megasculpta in the Southwest Indian Ocean to survive in the unique combination 

of oceanographic conditions in this location, i.e., such as cool, upwelled turbid water during 

the south-west/north-east monsoon and clear, warm water with calm conditions in the 

remainder of the year (Ptacek et al., 2001).  

The links discussed between genetic and environmental variation in P. ornatus are 

speculative at present. However, identifying candidate variables can form a good basis for 

further investigating the mechanisms driving genetic divergence in this species. It is also 
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possible that explanatory environmental variables are acting through the process of 

selection and adaptation of localised populations. If so, their selective effects could be 

further examined through analyses of genomic data. Next generation sequencing data 

generated from P. ornatus would provide excellent genomic resources for the identification 

of candidate loci under selection. Establishing the nature of such relationships is a 

promising area of further research in the species. 

The environmental factors included here are those for which data are available, but other 

environmental factors beyond the ones tested in this study could be playing an important 

role in genetic variation in P. ornatus. Moreover, this study did not consider the extreme 

events and temporal variation in the environmental variables, which may be more 

important than average conditions in influencing genetic divergence in the marine realm. 

Comparison with studies of other species with similar distributions may provide valuable 

insights into the factors driving divergence that are in common across species. 

Conclusion 

In general, seascape genetic analyses of P. ornatus highlight the value of using a 

combination of biological, ecological and physical oceanographic approaches to 

determining the forces driving subtle patterns of population genetic divergence. By using 

this approach across the species’ range it is possible to investigate the species-specific 

factors that are driving the genetic structure of P. ornatus in the Indo-West Pacific Ocean. 

By comparison with studies of other species with similar distributions, it may also be 

possible to investigate the factors in common across species. Results from this study 

suggest that a combination of variables might be driving the population genetic structure of 

P. ornatus. There was strong evidence that oceanographic factors such as convergence, sea 

surface temperature and vorticity were correlated with genetic divergence in this species, 

and thus may be factors contributing to population structure in P. ornatus. 

Many population genetic studies of widespread marine species have highlighted the 

patterns of isolation-by-distance among populations. The present study shows some 

support for the existence of an isolation-by-distance pattern in this species, but also 

highlights additional factors that may be influencing genetic divergence. The previous 

chapters highlighted how the species’ life history characteristics (such as long larval 

dispersal) and oceanic currents can interact to modify the genetic structure of widespread 

marine organisms. This chapter highlights observed associations with sea surface 
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temperature, sea surface vorticity and convergence. Ultimately, these environmental 

factors may potentially be just as important as geography for the three genetically 

differentiated groups (WIO, WA, and SE Asia/W Pacific) observed within P. ornatus. 

Like many marine genetic studies to date, the current study also has the obvious limitation 

that it has not been able to test for causation. Advanced techniques such as direct 

observation and tracking of reproduction and larval dispersal, and ultimately functional 

genomic approaches will be required to estimate the relationship between genetic 

diversity and particular spatial or environmental factors (Liggins et al., 2013). Another 

drawback of this study is that extreme events and temporal (yearly) variation in the 

environmental data are not accounted for in the mean values used here, and these 

environmental fluctuations can highly influence the gene flow and genetic diversity in 

marine organisms. Though more environmental and genetic data have become available for 

seascape genetics studies, data are still very patchy, with consequent limitations for the 

interpretations that can be made. However, inferences from seascape genetic analyses can 

be very valuable, particularly for marine species exhibiting relatively weak genetic signals 

such as P. ornatus. By identifying environmental factors that are potentially driving genetic 

variation, the emerging field of seascape genetics provides important clues for further 

research strategies. 
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5 General Discussion 

Context and Aims of the Research 

The Indo-Pacific region is considered a global centre for marine biodiversity (Palumbi, 

1992; Briggs, 2005; Keyse et al., 2014). The complex interaction of oceanographic currents 

and geological processes has led to high levels of species richness in this region and has 

shaped the genetic structure of populations of marine species found in the region. There is 

a growing realisation that an understanding of the genetic structure of marine species in 

the Indo-Pacific is required for their successful management and conservation (Keyse et al., 

2014). This is particularly important for commercially and recreationally valuable species, 

such as Panulirus ornatus, as the insight gained from such studies can be directly utilised in 

the management of the fisheries of this species. Increasingly there is a need for this 

information to help address both the growing exploitation of marine resources and the 

threats that climate change poses to their sustainable ongoing harvest (Waples and Naish, 

2009). The rapid advances in genetic analyses means that it is increasingly easy to use 

genetic tools to address a broad range of ecologically relevant questions about the genetic 

structure of populations of marine organisms. 

In this study, population genetic techniques have been applied to the ornate spiny lobster, 

Panulirus ornatus. The species is known to support recreational, customary and 

commercial fisheries throughout its distribution(Pitcher et al., 1992), but there is limited 

understanding of how stocks of the species are structured throughout the Indo-Pacific, or 

about the patterns of connectivity among these stocks. Furthermore, little is known about 

how adult migrations and larval dispersal affect the stock structure for species (Brown and 

Caputi, 1983; Butler et al., 2005). The decline of lobster fisheries in some locations, as well 

as the increasing harvesting of early stages of spiny for aquaculture grow out have raised 

concerns about the long term survival of those populations (Williams, 2004; Kenway et al., 

2009). There are various levels of management of the existing wild fisheries for P. ornatus, 

with the most well regulated fishery being that in the Torres Strait, which has been 

regulated jointly by the Papua New Guinea and Queensland governments (Phillips, 2013).  

Genetic techniques can help to provide information that can assist the management of all 
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the wild fisheries for this species. Panulirus ornatus has a range of attributes amenable to 

aquaculture, including a truncated larval development in hatchery conditions (approx. 150 

days) and a tolerance of a wide range of environmental conditions and foods (Smith et al., 

2009). A strong aquaculture interest has resulted in intense harvesting of wild pueruli and 

early juveniles in some areas of Asia to the point of extirpation of local wild populations 

(Thuy and Ngoc, 2004; Jones et al., 2010; Hung and Tuan, 2009). An understanding of the 

spatial genetic variability in this species would be of considerable benefit in managing such 

impacts. The delineation of any effective stock boundaries would also be of enormous 

benefit to improving fisheries management of the species. Furthermore, identifying 

genetically segregated stocks would also offer the possibility of utilising differentially-

adapted strains in selective breeding for improving aquaculture performance. 

The general aims of this thesis were to investigate the genetic structure of P. ornatus, 

throughout its Indo-West Pacific distribution, estimate the rates and patterns of migration 

among populations (including the extremes of the distribution range), and examine the 

relationship of these genetic differences to environmental variation. Such an investigation 

should help to identify some of the important processes shaping genetic structure in this 

species. 

In this general discussion each of the broad questions posed in the General Introduction 

are addressed by drawing together the evidence presented in the data chapters. Firstly the 

major findings of this study on the patterns of population structure within the species, and 

the major forces that appear to be driving those patterns are reviewed. Chapters 2 and 3 

addressed the patterns of population differentiation and migration observed in 

mitochondrial and nuclear markers respectively. Chapter 4 addressed the potential 

importance of geographic and environmental factors in determining those patterns. 

Secondly, these findings are compared to what is already known about the population 

structure and connectivity of other Indo-West Pacific marine species, in order to help 

understand how the patterns of population genetic structure arise and are maintained. 

Thirdly, the implications of this research for the management of P. ornatus is discussed. 

Finally, the contributions to the field of marine population genetics, and the potential 

future research directions that arise from this study are summarised. 
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Major Findings of Population Structure 

The patterns of genetic diversity, population genetic structure and connectivity observed 

within P. ornatus were, overall, not greatly dissimilar from what has been commonly 

reported in some other Indo-Pacific marine species (Bay et al., 2004). 

Q1: Given the long oceanic planktonic larval dispersal, are there any strong genetic 

subdivisions in the species, or does it show broad-scale panmixis? 

In general, significant population genetic structure is observed in P. ornatus, with restricted 

gene flow with some peripheral populations, such as the Western Indian Ocean (WIO) and 

Western Australia (WA). There is no strong evidence for discrete stocks throughout SE Asia 

or the Western Pacific, although subtle genetic differences are found among many of these 

locally sampled populations. The results emphasis how connectivity among populations 

within one species can be highly variable over time, evidenced particularly by the 

differences observed in the patterns of mtDNA and nDNA variation. 

The mtDNA data showed strong evidence of population subdivision at the scale of oceans, 

with a pronounced genetic break between WIO populations and the remaining populations 

to the east. There was also evidence of the genetic isolation of the West Australia 

population, suggesting that this has been effectively isolated from ongoing gene flow with 

other populations relatively nearby to the north. Despite the very fragmented nature of the 

habitat for P. ornatus in the Indo-Australian Archipelago, the complex oceanographic 

connections between them, and contrary evidence from other Indo-West Pacific major 

east-west barrier to gene flow (Lavery et al., 1996; Bay et al., 2004; Williams et al., 2015), 

there appears to be little mtDNA differentiation among any SE Asian or SW Pacific 

populations of P. ornatus. This last finding supports other recent results reported from P. 

ornatus populations sampled in this region (Dao et al., 2015). 

It is of particular interest that the strong mtDNA divergence of WIO populations was not 

recounted in the microsatellite data. Low levels of nDNA population structure were 

observed among all sampling locations, with the peripheral population of WA appearing to 

be the only one that is genetically distinct. Significant mtDNA differentiation of the WIO 

samples is not clearly reflected in the microsatellite data. Instead, the microsatellites 

indicate that the most Easterly New Caledonia population is significantly divergent, which 

was not apparent in the mtDNA data. There was some evidence that the Aceh/Langkawi 
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sample is significantly diverged in microsatellite allele frequencies, although several lines 

of evidence suggest that this may be an artefact, and this does not concur with other recent 

analyses from this region (Dao et al., 2015). There appeared to be high levels of both 

mtDNA and nDNA gene flow, and weak population genetic structure among most of the SE 

Asian and SW Pacific populations. 

The most significant overall feature of the P. ornatus population genetic structure was the 

strong differentiation of peripheral populations, in particular the WIO and WA populations, 

from the other sampled locations in the Indo-West Pacific Ocean. It appears that the 

differentiation of the WIO populations may reflect historic rather than ongoing events. A 

largely distinct mtDNA lineage, and private mtDNA haplotypes in the WIO populations 

suggest past population differentiation. On the other hand, the fact that several mtDNA 

haplotypes and many nDNA alleles were shared between WIO and other populations 

suggests considerable recent, and perhaps ongoing gene flow (Wahlberg et al., 2009; 

Rabone et al., 2015). Potential explanations for the divergence of the WIO region can be 

seen in the current patterns of the NW Indian Ocean. Seasonal eddy systems in this region 

are likely to restrict dispersal between the WIO and major populations further to the east, 

and the lack (or disappearance) of large populations of this species in the NW Indian Ocean 

would act to minimise the effects of stepping-stone dispersal between west and east 

(Kimura and Weiss, 1964; Schott and McCreary, 2001). The variability of these currents 

over both short and long timeframes could easily account for the changes in connectivity 

over time suggested by the data. 

The significant differentiation of the WA population was one factor in common across both 

mtDNA and nDNA analyses. Although the degrees of divergence were somewhat different 

between marker types, the consistent differentiation highlights the importance of the 

restrictions of gene flow to this peripheral region. The genetic diversity observed in the WA 

population suggest an asymmetric pattern of gene flow, with much lower rates returning to 

the north. This suggests that this population is an isolated remnant population that was 

colonised from the north, and has since appeared to suffer a population bottleneck. This 

pattern concurs with the core-peripheral hypothesis (Safriel et al., 1994), and is likely due 

to the Leeuwin current that intermittently sweeps southward along the coast of WA 

(Pearce and Phillips, 1988; Griffin et al., 2001; Wang et al., 2015). 
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Although not as strong, the divergence of the New Caledonia population for nDNA loci 

completes the pattern of genetic differentiation of peripheral populations within this 

species. In contrast, many SE Asian locations were largely undifferentiated and long-term 

migration estimates showed relatively high levels of connectivity among them. However, 

this pattern was not entirely consistent across the whole sampled range, as some central 

locations revealed subtle genetic differentiation. This result indicates that while large parts 

of the P. ornatus range were free from restriction to dispersal, barriers do exist in some 

locations, resulting in low levels of population differentiation. 

Another major finding of this study was the overall strong relationship between genetic 

divergence and geographic distance among populations. The significant isolation-by-

distance (IBD) pattern observed in this species suggests that oceanic distance is an 

important factor in the observed genetic divergences among populations, likely as a result 

of a significant stepping-stone effect throughout the species’ distribution (Kimura and 

Weiss, 1964). There is no doubt that such an effect is likely to be an important factor in this 

species’ pattern of genetic variation, and related to a gradual expansion of the species’ 

distribution. Yet geographic distance explains less than 50% of the genetic 

divergence(Slatkin, 1993), and the IBD pattern is clearly much stronger for mtDNA than for 

nDNA. This highlights that additional factors (addressed below) are likely also to be 

involved in driving the population differentiation. 

Overall, the P. ornatus population genetic structure was in substantial agreement with the 

IBD model, which is expected for species with a wide distribution range throughout the 

Indo-Pacific. However, IBD alone cannot explain the patterns of genetic differentiation that 

were observed. It appears that oceanographic features may be significant in determining 

the genetically differentiated population groups. As mentioned above, current patterns in 

the WIO and in WA are likely to be major contributors to the patterns of genetic structure 

by restricting larval dispersal and promoting self-recruitment (Griffin, 2004; Kough et al., 

2013). Behavioural constraints of the species like DVM, as well as potential local 

adaptations, could also be further restricting dispersal (Calinski and Lyons, 1983; Kough et 

al., 2014). In addition, gene flow is likely to be highly variable over time because while 

genetic connectivity among population may be present when averaged over long periods of 

time, over the short-term the levels of connectivity may be very intermittent allowing 

greater divergence in localised populations in the intervening periods (Hellberg et al., 

2002; Cowen et al., 2006; Ludt and Rocha, 2015). 
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The differences seen between the more historical gene flow estimates from mtDNA and the 

more recent estimates from microsatellites are consistent with a “crinkled” model of 

connectivity (Moore and Macfarlane, 1984; Ovenden, 2013). Barriers to dispersal are 

observed at similar locations for both the markers, but rather than being absolute, the 

barriers are permeable and dispersal is restricted, rather than prevented. 

The subtle patterns of population differentiation found within the species’ central SE Asian 

range may perhaps best be described as “chaotic genetic patchiness” (Johnson and Black, 

1982; Hellberg et al., 2002; Selkoe et al., 2006; Kennington et al., 2013). Species 

characterised by chaotic genetic patchiness often show significant genetic differentiation 

over small spatial scales in relation to the site-specific recruitment history, despite genetic 

similarity of populations at larger spatial scales. Furthermore chaotic genetic patchiness 

may also contribute to “sweepstakes reproduction success” (Hedgecock, 1994), whereby 

larval recruitment success to the adult population depends on encountering favourable 

oceanographic conditions. This may account for the spatially variable patterns of 

connectivity that were observed in P. ornatus relative to what has been observed in other 

spiny lobsters. 

Temporal variability in recruitment events, oceanographic currents and high levels of 

exploitation mean that the patterns of chaotic genetic patchiness observed in P. ornatus 

may be present over short time scales and change quickly depending on the balance of 

gene flow and genetic drift (Largier, 2003; Selkoe et al., 2010; Palero et al., 2011). 

Theoretically gene flow can dominate drift when m > 1/4Ne (Wright, 1931). WIO and EIO 

populations may have been isolated for a sufficient period of time for differentiation via 

mutation and drift, however, a sudden pulse of migration may homogenise allele 

frequencies among the two populations. Hence the possibility of non-equilibrium 

conditions must be considered when evaluating the presence of weak population structure 

in this species. Genetic similarity of populations does not necessarily mean they are 

connected by continuous gene flow. There is growing evidence that population genetic 

structure in many marine species has not yet reached equilibrium conditions, and may 

never do so due to the lack of temporal stability in oceanographic processes (Selkoe et al., 

2006; Siegel et al., 2008; Hedgecock and Pudovkin, 2011). The results presented in this 

study suggest a lack of temporal stability in migration for some P. ornatus populations, and 

this possibility may need to be incorporated into management strategies. 
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Q2: Does P. ornatus show population subdivision between the Indian and Pacific 

Oceans, as do a number of other Indo-Pacific species? 

A surprising number of invertebrate taxa with Indo-West Pacific distributions show 

significant population structure between the Indian and Pacific Oceans, despite having high 

dispersal potential (Keyse et al., 2014). These species include the coconut crab, Birgus 

latro, with a pelagic larval dispersal (PLD) period of 1-2 months (Lavery et al., 1995), the 

giant tiger prawn Penaeus monodon (PLD 15-30 days) (Benzie et al., 2002), the crown-of-

thorns starfish Acanthaster planci (PLD 3+ weeks)(Benzie, 1999; Vogler et al., 2008; Yasuda 

et al., 2009; Vogler et al., 2012), and the blotched nerite, Nerita albicilla (PLD up to 6 

months) (Crandall et al., 2008). A dominant pattern is the genetic differentiation of Indian 

and Pacific Ocean populations, but several species appear to also exhibit significant 

population genetic structure within the Indian Ocean, e.g., A. planci (Benzie, 1999; Vogler et 

al., 2008; Vogler et al., 2012), P. monodon, (Benzie et al., 2002) and the blue star, Linckia 

laevigata (Crandall et al., 2014). 

Among spiny lobsters, three species (P. penicillatus, P. homarus and P. ornatus) have so far 

been tested for population structure across a broad Indo-West Pacific distribution. Very 

recently, Dao et al (2015) examined P. ornatus across its SE Asian distribution using both 

mtDNA and microsatellite DNA markers, and found no evidence of restrictions to gene 

flow. The present study confirms these findings, also showing that P. ornatus does not 

reveal any major genetic differentiation between the Indian and Pacific Oceans, and that all 

major barriers to gene flow lie beyond this central, SE Asian region examined in Dao et al 

(2015). 

Comparisons with Other Species 

When devising management and conservations strategies in marine regions, it is valuable 

to understand the common patterns of population genetic structure and connectivity that 

exist across multiple species. This information can be useful in predicting the common 

drivers of genetic population structure and/or to simplify management and conservation 

strategies across similar species. 
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Q3: How does P. ornatus compare with other Panulirus species that have shorter or 

longer pelagic larval durations? That is, does P. ornatus show the expected 

higher or lower levels of population subdivision? 

Panulirus homarus is a close relative of P. ornatus, and has a slightly longer PLD of around 7 

months (Phillips and Matsuda, 2011), but with a broader distribution (extending from 

South Africa in the west to the Marquesas in the east). This suggests that P. homarus has a 

greater dispersal potential than P. ornatus. Mitochondrial and nuclear DNA analysis of P. 

homarus revealed not only significant population structure across its range, but also 

genetic divergence from another sub-species lineage (P. homarus rubellus) in Madagascar 

(Farhadi et al., 2013; Lavery et al., 2014; Reddy et al., 2014). Even along its WIO 

distribution, P. homarus homarus appears to be genetically divided into East African and 

NW Indian Ocean populations (Farhadi et al., 2013). Panulirus Homarus homarus also 

appears to have a mtDNA lineage that is largely confined to the WIO, but it is not the most 

divergent lineage in that species, and is much less diverged than the lineage found in P. 

ornatus (approx. 1% vs. 4% mtCR divergence, respectively) (Farhadi et al., 2013). Thus 

there are some similarities between these closely related species, but the population 

divergence within Indian Ocean P. ornatus is much greater than that observed within P. 

homarus homarus. Thus, the expectations of a similar level of population divergence, based 

on similar PLDs, are not borne out. 

The remaining spiny lobster with a similar distribution that has been examined genetically 

is P. penicillatus. This species has the widest distribution of all Panulirus species (SW Indian 

Ocean to the Eastern Pacific), and has a PLD of at least 8 months (Phillips and Matsuda, 

2011). Like P. homarus, P. penicillatus contains a cryptic species with a diverged mtDNA 

lineage, this time isolated to the East Pacific (Chow et al., 2011; Abdullah et al., 2014). 

Similar to both P. homarus and P. ornatus, there is little, if any, population structure in P. 

penicillatus throughout its West Pacific and SE Asian distribution.  All three of these species 

exhibit significant population structure within the Indian Ocean, but the pattern of this 

structure in P. penicillatus is once again somewhat different in nature (Abdullah et al., 

2014). In this species, a unique Red Sea mtDNA lineage is by far the most divergent (Φst = 

0.51), the Madagascar population is moderately diverged (Φst = 0.026), and a Central 

Indian Ocean population (Maldives) is not genetically different from any populations 

further to the east (Abdullah et al., 2014). Hence, the expected level of population 

divergence based on PLD was not borne out. In this case, the longer PLD and broader 
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distribution in P. penicillatus would predict an overall lower population differentiation, but 

this is not seen. 

Thus these related Panulirus species with similar distributions have now been shown to 

exhibit both strong similarities, yet distinct patterns, in their overall genetic population 

structure. Of most relevance to P. ornatus, all three species exhibit strong genetic 

population structure within the Indian Ocean, but not within the SE Asian/West Pacific part 

of their distributions. Yet each species also exhibits idiosyncratic patterns of population 

structure within the Indian Ocean, with different geographic regions displaying the highest 

levels of divergence in each species. Some of these apparent genetic differences are likely 

due to differences in sampling distribution and effort (mostly driven by sample availability 

due to low population sizes), resulting in differing power to detect population divergences. 

However, it is also clear that true differences in population structure exist among these 

species in the Indian Ocean. 

Implications of this Research  

5.1.1 Fishery and Aquaculture Implications  

Q4: Are there discrete fisheries stocks requiring separate management? 

This study has revealed that there are a number of discrete stocks of P. ornatus throughout 

the species’ distribution. Peripheral populations like the WIO and WA are particularly 

distinct genetically. There is no clear evidence for discrete stocks throughout SE Asia or the 

Western Pacific, although there is some evidence for the distinct status of the New 

Caledonia population. Otherwise, these SE Asian and Western Pacific populations appear 

genetically uniform, which indicates that this whole region could be adequately managed 

as a single stock. However, this also implies that individual fisheries throughout this broad 

and productive region are all interconnected and interdependent, such that fisheries 

declines in one part of the region will eventually impact others in the region (Kough et al., 

2013; Dao et al., 2015). Importantly, there is clear evidence that there are a number of 

discrete stocks in the Indian Ocean, with East Africa (Tanzania & Kenya), Sri Lanka, and WA 

samples all belonging to genetically separate stocks. On the basis of this evidence, fisheries 

in each of these regions should be managed separately (von der Heyden et al., 2014). 

Significantly, this implies that the relatively small and highly impacted fisheries in most of 

these locations are likely to be regionally closed and self-reliant on local recruits. This may 
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help explain the apparent drop in numbers of this species throughout the Indian Ocean, 

and perhaps the apparent absence of the species from the NW Indian Ocean coastlines. 

These conclusions must, of course, be tempered by the limits of our sampling and relatively 

small sample sizes of some populations, as it would not be unexpected to find additional 

distinct stocks within this region. More extensive sampling and genetic analyses are clearly 

warranted to confirm these present conclusions. 

The discrete Indian Ocean stocks are also of great potential significance for future 

aquaculture development of this species. The presence of multiple genetically diverged 

stocks offers the possibilities of differentially adapted genetic lines for future breeding and 

cross-breeding in this economically valuable species (Leber et al., 2008). This places more 

emphasis on the potential commercial importance of the conservation of these existing 

stocks. 

Q5: Given the extreme fishing pressure on this species, is there evidence of reduced 

effective population size within any populations? 

Despite the prolonged period of over-exploitation of many of the local stocks of this 

species, there is surprisingly little evidence of reduced effective population size within 

populations. New Caledonia and WA populations departed significantly from equilibrium 

conditions in nDNA data. WA exhibited a significant signal of a bottleneck suggesting a 

reduced effective population size. This is further confirmed by mtDNA data, where fewer 

mtDNA haplotypes than expected under neutral conditions were observed. However, the 

sample size from this location is small, and further sampling is required to confirm these 

patterns. At the same time, this genetic pattern was not seen in any other small sample 

from peripheral populations in the Western Pacific (e.g., Philippines), suggesting there is 

little other evidence of reduced effective population size in peripheral populations. 

However, this study is somewhat limited in sampling locations, and finer scale studies with 

more extensive sampling can likely provide additional information about effective 

population sizes. 

Management Implications  

The results from this study have implications for management of fisheries for P. ornatus 

and potentially for management of other Indo-Pacific marine species. One surprising 

finding from this study was that even for those species with long pelagic larval durations 
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and high chances for dispersal and connectivity, they showed significant large-scale genetic 

structure. It may seem reasonable to assume that the vast ocean distances with wide gaps 

between suitable habitats (i.e., over 10,000 km between WIO and EIO) are responsible for 

the restricted dispersal. But intermittent gene flow and high self-recruitment is observed at 

many sampling locations. 

WIO populations show a higher degree of population differentiation overall, resulting in 

lower genetic and demographic connectivity. This indicates that fishery management 

should consider a separate stock in this region. There was anecdotal evidence of intense 

fishing pressure in the WIO. Despite considerable efforts to obtain samples from the 

Northwest Indian Ocean, the continued absence of reports of the species from this region 

suggests that it may be very scarce in this region, or due to intense fishing pressure, may 

have been functionally extirpated from much of it (Radhakrishnan et al., 2005) and 

(personal communication with commercial fishers in this region). 

There was evidence for many populations that external sources of recruits play a major 

role. Examples of this include the Vietnamese continental reefs, which attract post-larval 

stocks due to its variety of suitable habitats for these final stage puerulus to settle, establish 

as adults and spawn (Jones, 2010). But the heavy exploitation of stock in this region is a 

serious threat to their sustainability. This is of concern to the local commercial and 

customary fishers who rely mainly on these wild stocks (Thuy and Ngoc, 2004). 

Establishing marine protected areas and lobster sanctuaries would potentially assist in 

stock replenishment and provide a contribution by breeding adults to the regional 

production of larvae. Despite the wide dispersal of larvae, this may still be of very practical 

use for fisheries like P.ornatus, where stocks are exploited at different levels. By 

understanding the source and sink population dynamics of this species, it would be 

possible to place protection measures on brood stock populations that act as sources of 

larvae for recruitment, thus maintaining high levels of larval emigration to sink locations 

(Crowder et al., 2000). Rigorous conservation measures are likely required to ensure the 

sustainability of wild populations. Even in the areas where larval recruitment is high, 

stocks may still need to be managed conservatively where there has been a history of over 

exploitation. Ultimately, fisheries may be unsustainable if the brood stock populations 

become diminished. 
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Many small artisanal fisheries that target a range of tropical lobster species, including P. 

ornatus, exist throughout the species’ distribution range .The single largest P. ornatus 

fishery occurs in Torres Strait, between Papua New Guinea and Australia.  Stocks are 

managed by the Joint Fishery Authority of Papua New Guinea (PNG) and Australia 

(Johannes and MacFarlane, 1991). This lobster fishery is one of the most intensively 

studied, and appears well managed through conservation measures such as the banning of 

trawl nets and “hookah” equipment during the spawning season in order to protect the 

breeding stocks (Pitcher et al., 2001). 

The large spatial distribution and high levels of dispersal capabilities in P. ornatus should 

make this species more resilient to fishing pressure and a changing environment (Cowen et 

al., 2006; Cowen and Sponaugle, 2009). However, this species is probably more vulnerable 

to over-exploitation given their high mortality rates and long PLD. Furthermore, climatic 

change and the obligate use of highly threatened marine habitats (i.e., shallow tropical 

coastal waters) could contribute to a further decline in P. ornatus biomass. Although the 

broad levels of population structure in this species have been effectively determined in this 

study, it is recommended that further small scale investigations of spatial and temporal 

population genetic structure and connectivity be conducted to optimise the appropriate 

scales on which to manage regional fisheries. 

5.1.2 Local Adaptations 

Q6: Are the rates of gene flow among populations simply explained by the geographic 

distance between them or better explained by other environmental factors? 

The identification of local adaptation could be influencing population genetic structure in 

P. ornatus. This information is important for understanding how marine populations evolve 

and speciate. It is significant that the only published study of seascape genetics in Indo-

Pacific marine environments has implicated adaptation to SST and chlorophyll 

concentration as important factors in the genetic structuring of dolphin populations 

(Amaral et al., 2012) and it is likely that further studies will find a similar patterns in other 

species. In addition to evidence that SST is structuring P. ornatus populations, results from 

this study suggest that adaptation to the physical properties such as convergence and 

vorticity are in influencing population structure in P. ornatus. Moreover, the diel vertical 

migration (DVM) behaviour of the phyllosoma larvae reported in many Palinurus species 

(Bradford et al., 2005), may be associated with restricting the dispersal of these long lived 
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larvae when acting in tandem with currents of different directions at differing depths 

(Butler et al., 2011). Thus there may be direct connections between the oceanographic 

variables of convergence and vorticity, and the levels of genetic divergence between 

populations (Kennington et al., 2013). 

The suggestion of local selection in P. ornatus is not surprising given the range of difference 

in the physical parameters of the marine environment of the sampling locations used in 

this study. Significant levels of genetic divergence was observed in WIO and WA 

populations. The oceanographic features such as the tropical westward flowing South 

Equatorial Current towards the African coast, the Mozambique Current, and the Equatorial 

Counter Current which flows from this coast to the east (Longhurst, 2007), may all act to 

retain the long lived larvae within the East African coastal waters, thereby separating the 

WIO populations from the remaining populations. 

Western Australia is another isolated peripheral population, despite it being in the 

longitudinal centre of the species’ distribution. This highlights that it is not simply 

isolation-by-distance that is driving genetic divergence within this species, but that specific 

barriers to gene flow play an important role. The most likely cause of the genetic isolation 

and impoverishment of this population is the Leeuwin Current, which seasonally sweeps 

down the WA coast (Griffin et al., 2001). It may occasionally bring P. ornatus larvae to WA 

shores, but not permit continual immigration or return migration, thus isolating the 

population. In general, this pattern seen in the WA population concurs with the 

expectations of the “core-periphery hypothesis” of lowered gene flow to small edge-of-

range populations (Eckert et al., 2008; Liggins et al., 2013). 

These adaptions may have significant implication for connectivity among populations. 

Populations may receive large number of migrants but if a settlement site has high 

population density then competition and post-settlement mortality are likely to be high 

(Butler et al., 2005; Pecl et al., 2009). Mortality rate can be higher than the self-recruitment 

if the new immigrants are not well adapted to the new environmental conditions at the 

settlement sites.  If immigrants do not survive until maturity then migration is futile and 

genetic signals of connectivity will fade away (Hedgecock, 1986). However, it is important 

to remember that without the knowledge of the mechanistic links between variation and 

adaptation to local environmental conditions, it is difficult to speculate further about the 

relative importance of local adaptations versus other processes that were identified as 
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being potentially important in the genetic structuring of P. ornatus (i.e., larval duration, 

distance between habitats, current patterns, environmental variations). 

The prospect of locally adapted populations also has implications for conservation of 

marine species. It is important to preserve the locally adapted traits as an important 

component of conservation strategies (Conover et al., 2006; Hauser and Carvalho, 2008; 

Nielsen et al., 2009). This study suggests that local adaptation is widespread from WIO to 

the WP Ocean, and such local adaptations can be easily lost through localised over-

exploitation (Pecl et al., 2009). This is particularly relevant in a dynamic marine system as 

the changing climate and associated changes in the sea level can have a high impact on the 

population dynamics (Grant and Bowen, 1998; Walther et al., 2002; Harley et al., 2006). 

Also, fluctuations in SST gradients are expected as a result of climate change, which in turn 

are likely to have an impact on populations adapted to SST regimes. As a result, locally 

adapted populations may face additional stress due to the change in their environment.  

Current Contributions and Future Research 

The outcomes of this research are significant in two primary ways. Firstly, this study has 

revealed valuable and previously unidentified genetic structure and population 

connectivity in P. ornatus that can be used for management of the species. This information 

could also be applicable to fisheries of other spiny lobster species with similar life history 

and ecological characteristics. The findings and recommendations of this study are also 

applicable to other Indo-West Pacific fisheries, and point toward the processes that can 

shape the population genetic structure of species. Secondly, the results of this research 

have contributed to a growing body of knowledge about populations and evolution of 

marine species in the Indo-West Pacific region. 

Few previous genetic studies have focused on the spiny lobsters of the Indo-Pacific so that 

the information provided by the present study helps to fill a gap in our knowledge of 

population genetics of these spiny lobsters inhabiting Indo-West Pacific Oceans. The 

multidisciplinary approach adopted in this current research also highlights the importance 

of considering environmental factors in population genetic studies.  

This study showed that mitochondrial and nuclear markers can reveal different degrees of 

population differentiation, so that comparing the diversity presented by different markers 

is highly valuable as it is possible to reveal a more detailed understanding of how patterns 
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of population genetic structure has emerged (Bird et al., 2011). The approach taken in this 

study was analytically comprehensive compared to the types of population genetic studies 

previously undertaken in spiny lobsters species, this is due to the recent development of 

the molecular methods and computation skills required to handle large multi-locus 

microsatellite data sets (Held et al., 2011). Previous studies have presented standard 

population differentiation statistics, although recently Bayesian methods have become 

more common. Very few studies attempted to quantify rates of connectivity or include 

environmental variables into their analyses. In this study the integrative approach of 

combining traditional population genetics methodology with more progressive 

computational methods that integrate ecologically relevant information was followed in an 

effort to generate new insights (Pearse and Crandall, 2004; Hedgecock et al., 2007; Selkoe 

et al., 2008; Riginos and Liggins, 2013). This approach increases our power to estimate the 

finer details of how and why populations of marine organisms are structured over time and 

space, and helps us to provide biologically significant information for sustainable fisheries 

management and conservation. 

Additionally this study has highlighted several exciting directions for future research. 

Firstly, this study showed different degrees of diversity among the markers used, with 

peripheral populations being identified as being genetically distant and all the SE Asian 

populations appearing to be more genetically uniform. Mitochondrial genetic variations 

indicated that the WIO populations experienced divergence of lineage in the past, but 

microsatellite data indicated a more recent increase in gene flow into WIO populations. 

There are limitation in the results of this study that do not allow us to determine exactly 

how and when the genetic barrier became permeable, but it seems likely to be in the recent 

past. To improve fishery management strategies a better understanding of demographic 

connective pattern is required. This could be achieved by including data from ecological 

studies, modelling of propagule dispersal considering oceanographic process or by 

temporal genetic sampling of populations. Temporal genetic sampling can provide 

information about the population dynamics and would further demonstrate how 

population genetic structure can change over time in response to the environmental 

variables. 

Comparison of P. ornatus population structure reported in this study to that reported by 

Dao et al. (2015) has suggested that genetic structure could be variable and could be 

misleading if sampling over the entire distribution range is insufficient. This study also 
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suffered from limitations of sampling from the Indian Ocean, especially in the 

Northwestern parts of this ocean region. Due to the fact that this species is overexploited, 

and because this species can be quite rare in many locations (e.g., WIO, Arabian Sea) 

sample sizes were limited in some localities, despite considerable efforts to acquire 

samples. Inclusion of these populations would provide further useful information about the 

impact of the commercial fishing on population dynamics and the future sustainability of 

these stocks. 

While this present study provided an overview of Indo-West Pacific Ocean wide population 

genetic structure in P. ornatus populations, small scale sampling would also provide new 

insights of patterns of demographic connectivity. Extensive investigations of population 

genetic structure are highly valuable by being able to provide high resolution identification 

of the location of barriers to dispersal. In this study it was only possible to report a broad 

geographic range for the location of potential barriers. This study has suggested that 

distinct stocks of P. ornatus are present in the wild. So it is crucial to accurately pinpoint 

the location of stock boundaries which can only be achieved through conducting finer scale 

spatial genetic studies. 

For fine scale investigations the higher resolution SNP markers would be highly beneficial. 

Next generation genomic sequencing data provides a good basis for development of these 

markers. A further advantage of SNP markers is the ability to sample genetic variations 

from a higher proportion of the genome compared to microsatellite markers (Morin et al., 

2004). Thus, portions of the genome affected by selection can be identified and used for 

understanding the role of local adaptation in the population genetic structure in the 

species. Furthermore, such SNP methods can be used for quantitative trait locus mapping 

for selective breeding in aquaculture. 

Perhaps the most fascinating line of future research is to estimate the extent to which local 

adaptation is affecting genetic population structure and to verify the links to the specific 

loci that might be under selection. A number of loci have already been associated in 

adaptation to environmental variations in other marine species. This is could be possible in 

P. ornatus from whole genome sequencing. Variations in allele frequencies or expression 

levels across an environmental gradient can be investigated, further comparing the loci 

under selection with the neutral loci would be a good starting point for investigating the 

role of natural selection in shaping P. ornatus population structure. 
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Finally, further comparisons of the population genetic structure in P. ornatus with other 

Panulirus species would help in establishing the phylogenetic relationship among the 

species. This would also help in estimating the evolutionary patterns and cryptic speciation 

among the Panulirus species. Information of the phylogenetic relationships within the 

genus would provide a link between the microevolutionary and local adaptations 

presented in this study and the macroevolutionary process that can lead to speciation in 

marine environment. 
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Appendices 

Appendix 1.  Panulirus ornatus sampling information. 

Location ID N Tissue type Tissue Type GPS Cordinates Date Collector 

Tanzania Tan 20 Wild caught by museum staff Part of pereiopods -6.102, 39.179 18/11/2011 Matt Slater 

Kenya Ken 20 Wild caught by museum staff Part of pereiopods -2.985, 40.202 11/10/2012 John Kochey 

Sri Lanka Sri 23 Wild caught and market specimens Part of pereiopods 9.080, 79.771 26/02/113 Bhargavi 

Aceh, Indonesia Ace 20 Wild caught and farmed Part of pereiopods 5.564, 95.240 26/04/2013 Sharizal Shaarani 

Langkawi, Malaysia Lan 5 Wild caught and farmed Part of pereiopods 6.318, 99.846 26/04/2013 Sharizal Shaarani 

Vietnam Vie 20 Wild caught and farmed Part of pereiopods 12.393, 109.219 3/05/212 Nguyen Thi Bich Ngoc 

Taiwan Tai 2 Museum specimens Part of pereiopods 24.349, 120.601 24/10/2011 Tin-Yam Chan 

Western Australia Wau 8 Wild caught Part of pereiopods -21.916, 114.149 31/05/2012 Stephen Battaglene 

Lombok, Indonesia Lom 53 Wild caught and farmed Part of pereiopods -8.849, 116.456 27/09/2011 Julins Sarria 

Semporna, Malaysia Sem 50 Wild caught and farmed Part of pereiopods 4.4395, 118.649 22/08/2011 Victor Estilo 

Philippines Phi 6 Wild Caught whole  Juveniles 8.217, 126.315 25/07/2013 Julins Sarria 

Torres Strait, Australia Trs 34 Wild caught Part of pereiopods -10.379, 142.244 29/05/2012 Stephen Battaglene 

Bathurst Heads, Queensland Bhd 4 Wild caught Part of pereiopods -15.623, 145.627 18/08/2014 Caleb Cousland 

Batt Reef, Queensland Bat 20 Wild caught Part of pereiopods -12.21118,144.301756 3/07/2014 Brett Arlidge 

Queensland Qnl 4 Wild caught Eggs -21.861499,150.113525 1/07/2013 Brett Arlidge 

Osprey Reef, Coral Sea Osp 3 Wild caught Part of pereiopods -19.390829,155.856078 11/07/2012 Stephen Battaglene 

New Caledonia Ncd 5 Market specimens Part of pereiopods -20.175534,164.053974 27/02/2013 Nguyen Thi Bich Ngoc 
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Appendix 2. PCoA analysis for each of 16 P. ornatus microsatellite loci for 14 sampled locations   
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Appendix 3  Allele discovery curves for all P.ornatus loci . X axis = number of individuals samples, Y axis = 
number of alleles observed.  

 

 

 



 

152 

 

 

 

 

 

 

 



 

153 

 

 

 

 

 

 

 



 

154 

 

 

 

 

 

 

 



 

155 

 

 

 

 

 

 

 



 

156 

 

 

 

 

 

 



 

157 

 

 

 

 



 

158 

Appendix 4. Allele frequencies for 16 P. ornatus microsatellite loci for each location sampled.  

Locus  Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-01 
               

N 
 

20 20 23 19 6 20 2 6 50 53 8 34 31 5 
- 118 0 0 0 0 0 0.025 0 0 0 0.019 0 0.015 0 0 
- 122 0.025 0.1 0 0.026 0 0 0 0 0.02 0.009 0 0.015 0 0 
- 126 0 0 0 0 0.167 0 0 0 0 0.009 0 0 0 0 
- 130 0.575 0.55 0.696 0.447 0.583 0.575 0.75 0.417 0.53 0.5 0.438 0.441 0.371 0.5 
- 134 0.3 0.25 0.217 0.237 0.25 0.175 0.25 0.167 0.25 0.236 0.188 0.235 0.258 0.2 
- 138 0.025 0.025 0.043 0.053 0 0.1 0 0.167 0.04 0.085 0 0.074 0.113 0.1 
- 142 0 0 0 0.026 0 0 0 0 0.02 0.028 0 0.029 0.065 0.1 
- 146 0.025 0.025 0 0 0 0.05 0 0 0.06 0.028 0.125 0.059 0.065 0 
- 150 0.05 0.05 0.043 0.211 0 0.075 0 0.25 0.08 0.085 0.25 0.132 0.129 0.1 

Orn-05 
               

N  14 14 19 8 1 11 2 3 24 44 8 30 18 3 
- 142 0 0 0 0.063 0 0 0 0 0 0 0 0 0 0 
- 157 0 0 0 0 0 0 0 0 0 0 0 0.017 0 0 
- 160 0 0 0 0.125 0 0 0 0 0 0 0 0 0 0 
- 167 0.143 0 0 0 0 0.091 0 0 0.083 0 0 0.1 0.083 0 
- 170 0.179 0.214 0.105 0.375 0 0.318 0.5 0 0.167 0.091 0.125 0.167 0.056 0.333 
- 173 0.179 0.179 0.105 0 1 0.182 0 0.167 0.167 0.091 0 0 0.194 0 
- 176 0.143 0.214 0.053 0.188 0 0.182 0 0 0.208 0.114 0 0.133 0.222 0 
- 179 0.036 0 0.263 0.125 0 0.045 0 0.333 0.021 0.08 0.75 0.25 0.111 0 
- 182 0.143 0.143 0.079 0 0 0.091 0 0 0.25 0.068 0 0.033 0.056 0 
- 189 0 0 0 0 0 0 0 0 0 0.011 0 0 0 0 
- 197 0.179 0.25 0.395 0 0 0.091 0.5 0.5 0.104 0.545 0.125 0.3 0.278 0.667 
- 223 0 0 0 0.125 0 0 0 0 0 0 0 0 0 0 
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Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-08 
               

N  20 20 22 15 5 16 0 1 44 22 8 34 30 5 
- 114 0 0 0 0 0 0 0 0 0.011 0.023 0 0 0 0 
- 117 0.175 0.05 0.091 0 0 0.063 0 0 0.091 0.068 0 0 0 0 
- 120 0.025 0 0.114 0 0 0.031 0 0 0.011 0 0.063 0 0 0 
- 123 0 0 0.023 0 0 0.031 0 0 0.011 0.068 0 0 0 0 
- 126 0 0 0 0 0 0 0 0 0.023 0 0 0 0 0 
- 129 0 0.05 0.068 0 0 0 0 0 0.011 0 0 0 0 0 
- 132 0.025 0.1 0 0.067 0 0 0 0 0 0 0 0.015 0.033 0 
- 135 0.05 0.075 0.227 0.067 0 0.063 0 0 0.193 0.068 0.188 0.25 0.233 0.2 
- 138 0.05 0.05 0 0 0 0.094 0 0 0.068 0.068 0.063 0.235 0.05 0 
- 140 0.15 0 0.068 0.033 0 0.031 0 0 0.045 0.136 0.125 0.015 0.017 0 
- 141 0.075 0.025 0.045 0.033 0 0.031 0 0 0.023 0.023 0.063 0.029 0 0 
- 144 0 0.1 0.114 0.2 0.1 0.094 0 0 0.239 0.25 0 0.132 0.333 0.2 
- 147 0.1 0.225 0.023 0 0.2 0.125 0 0 0.08 0.068 0 0.044 0.05 0 
- 150 0.125 0.025 0.159 0.1 0.3 0.156 0 0 0.034 0.091 0 0.103 0.167 0.3 
- 153 0.1 0.25 0 0.433 0.4 0.25 0 1 0.125 0.068 0.25 0.103 0.05 0.3 
- 156 0.025 0 0.023 0 0 0 0 0 0 0.023 0 0.015 0 0 
- 159 0.05 0 0 0 0 0.031 0 0 0.023 0 0 0.015 0.067 0 
- 162 0 0 0.023 0.033 0 0 0 0 0 0 0 0.015 0 0 
- 165 0.025 0.05 0.023 0 0 0 0 0 0.011 0.045 0.25 0 0 0 
- 168 0.025 0 0 0.033 0 0 0 0 0 0 0 0.015 0 0 
- 192 0 0 0 0 0 0 0 0 0 0 0 0.015 0 0 

Orn-11 
 

20 20 23 18 3 20 2 6 50 53 8 34 31 5 
N 154 0.025 0 0.022 0.056 0 0.025 0 0 0.01 0.057 0 0.015 0.016 0 
- 158 0 0.05 0 0 0 0 0 0 0 0 0 0 0 0 
- 162 0.075 0.025 0.022 0 0 0 0 0 0.02 0.028 0 0 0.032 0 
- 166 0 0 0.043 0.194 0 0.1 0 0 0.04 0.038 0 0.029 0.065 0 
- 168 0.125 0.075 0.174 0 0.167 0.1 0 0.25 0.12 0.151 0.375 0.088 0.081 0.2 
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Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-11 172 0.075 0.05 0.043 0.111 0 0.075 0 0.167 0.11 0.085 0 0.103 0.032 0.2 
N 176 0.175 0.15 0.196 0.167 0.333 0.15 0.25 0.167 0.13 0.189 0.125 0.103 0.242 0.2 
- 180 0.325 0.225 0.217 0.306 0.333 0.3 0 0.333 0.25 0.179 0.438 0.191 0.194 0 
- 184 0 0.1 0.109 0 0 0.05 0.25 0 0.1 0.085 0 0.162 0.065 0 
- 188 0.05 0 0.043 0 0 0 0.25 0 0 0 0 0 0.016 0 
- 202 0.025 0.075 0.022 0.056 0 0 0.25 0 0.04 0.057 0 0.015 0.065 0.1 
- 206 0.025 0 0 0 0 0 0 0 0.04 0.028 0 0.044 0.048 0.1 
- 210 0 0.025 0 0.028 0 0.05 0 0 0.02 0.028 0 0 0.048 0 
- 212 0 0 0 0 0.167 0 0 0.083 0 0.009 0 0 0 0 
- 214 0.1 0.225 0.109 0.083 0 0.125 0 0 0.12 0.066 0.063 0.25 0.097 0.2 
- 218 0 0 0 0 0 0.025 0 0 0 0 0 0 0 0 

Orn-12  20 17 23 18 6 19 2 6 50 53 8 34 31 5 
N 278 0 0 0 0.028 0 0 0 0 0 0 0 0 0 0 
- 286 0 0 0 0.028 0 0.026 0 0 0 0 0 0 0 0 
- 290 0.125 0.147 0.174 0.389 0.167 0.184 0 0.167 0.12 0.16 0.5 0.221 0.129 0.5 
- 294 0.1 0 0.022 0.028 0.083 0.105 0 0.083 0.11 0.075 0.063 0.103 0.145 0 
- 298 0.05 0.059 0 0.028 0.083 0.079 0 0.167 0.03 0.028 0 0.059 0.032 0 
- 306 0 0 0 0.056 0 0.026 0 0 0.02 0.038 0.25 0 0.048 0.2 
- 310 0 0 0.043 0.056 0 0.053 0 0 0.06 0.066 0 0.059 0.065 0 
- 314 0.025 0.059 0.022 0.028 0 0.053 0 0 0.12 0.038 0 0.044 0.048 0 
- 318 0.05 0.118 0.065 0.056 0.167 0.105 0.25 0.167 0.07 0.038 0 0.074 0.097 0 
- 322 0.175 0.029 0.217 0.139 0.167 0.053 0.25 0.167 0.11 0.142 0.063 0.103 0.113 0.3 
- 326 0.075 0.265 0.087 0.056 0 0.053 0 0 0.06 0.104 0 0.147 0.016 0 
- 330 0.075 0.029 0.152 0 0 0.026 0 0 0.06 0.047 0 0.044 0.048 0 
- 334 0 0 0.087 0 0.083 0.079 0 0.083 0.02 0.066 0 0.015 0.048 0 
- 338 0.15 0.088 0 0.028 0 0.053 0.25 0 0.01 0.028 0.063 0.029 0.032 0 
- 342 0.025 0.029 0.022 0.028 0.083 0 0 0.083 0.06 0.047 0 0.015 0.016 0 
- 346 0.05 0.059 0 0.028 0.083 0.053 0.25 0.083 0.04 0.038 0.063 0.015 0 0 
- 350 0.075 0 0 0.028 0 0 0 0 0 0 0 0.029 0.032 0 
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Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-12 354 0 0 0.109 0 0 0.053 0 0 0.03 0.019 0 0.015 0.016 0 
N 358 0.025 0 0 0 0 0 0 0 0.01 0.009 0 0 0 0 
- 362 0 0.059 0 0 0 0 0 0 0.01 0 0 0 0 0 
- 366 0 0.059 0 0 0 0 0 0 0.01 0 0 0 0 0 
- 370 0 0 0 0 0 0 0 0 0 0.038 0 0 0.065 0 
- 374 0 0 0 0 0 0 0 0 0.04 0 0 0 0.032 0 
- 390 0 0 0 0 0.083 0 0 0 0 0.019 0 0.015 0.016 0 
- 394 0 0 0 0 0 0 0 0 0.01 0 0 0.015 0 0 

Orn-16 
               

N 
 

20 20 23 20 6 20 2 6 50 53 8 34 31 5 
- 142 0 0 0 0.025 0 0 0 0 0 0 0 0 0 0 
- 144 0.25 0.15 0.109 0.125 0.25 0.25 0.25 0.25 0.21 0.17 0.125 0.25 0.161 0 
- 146 0.075 0.05 0.022 0.05 0 0 0 0 0.02 0.038 0 0.029 0.065 0 
- 148 0.05 0.025 0 0.025 0 0 0 0 0 0 0 0 0.032 0 
- 150 0.025 0.075 0 0 0 0.05 0.25 0 0.06 0.057 0.063 0.029 0.016 0 
- 152 0 0 0 0.075 0 0 0 0 0.02 0 0 0.044 0.048 0 
- 154 0.15 0.3 0.196 0.075 0.083 0.075 0.25 0.083 0.11 0.075 0.375 0.044 0.097 0.3 
- 156 0.275 0.275 0.5 0.55 0.583 0.375 0 0.583 0.37 0.406 0.438 0.471 0.323 0.4 
- 158 0.075 0 0 0 0 0.1 0.25 0 0.1 0.057 0 0.015 0.081 0 
- 162 0.05 0 0.065 0 0 0.05 0 0 0.04 0.028 0 0 0.081 0 
- 174 0.05 0.125 0.109 0.075 0.083 0.1 0 0.083 0.07 0.17 0 0.118 0.097 0.1 
- 178 0 0 0 0 0 0 0 0 0 0 0 0 0 0.2 

Orn-17  20 20 23 13 6 20 2 6 49 53 8 34 31 5 

N 276 0 0.05 0.043 0 0 0 0 0 0.071 0.057 0 0.029 0.032 0 
- 284 0 0 0 0.192 0 0.025 0 0 0.031 0 0 0.029 0 0 
- 288 0.6 0.725 0.761 0.615 0.833 0.85 0.75 0.833 0.684 0.783 0.625 0.574 0.581 0.7 
- 292 0.35 0.15 0.13 0.192 0 0.1 0.25 0.167 0.153 0.113 0.375 0.206 0.226 0.3 
- 296 0.05 0.05 0.065 0 0.167 0.025 0 0 0.061 0.047 0 0.162 0.161 0 
- 300 0 0.025 0 0 0 0 0 0 0 0 0 0 0 0 
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Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-18                
N  20 20 23 8 2 19 2 6 50 53 8 34 30 5 
- 318 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 
- 330 0.05 0.15 0.087 0.25 0 0.132 0 0 0.11 0.142 0.063 0.044 0.133 0 
- 334 0.075 0.05 0.13 0.125 0 0.184 0.25 0.083 0.09 0.208 0 0.088 0.167 0.2 
- 338 0 0 0 0.063 0 0 0 0 0 0.009 0 0 0 0 
- 340 0 0 0 0 0 0 0 0 0 0 0 0.015 0.017 0 
- 342 0.775 0.75 0.696 0.563 0.5 0.632 0.75 0.75 0.73 0.547 0.875 0.735 0.667 0.8 
- 346 0.05 0.05 0.087 0 0.5 0.053 0 0.167 0.07 0.094 0.063 0.118 0.017 0 

Orn-20 
               

N  20 20 23 16 5 20 2 6 50 53 8 34 31 5 
- 302 0.1 0.025 0.065 0.031 0 0.075 0 0 0.03 0.019 0 0.103 0 0.2 
- 306 0.6 0.75 0.717 0.75 0.9 0.8 0.75 0.917 0.75 0.83 1 0.647 0.806 0.8 
- 310 0.075 0.05 0.043 0.094 0 0 0.25 0.083 0.03 0.066 0 0.059 0 0 
- 314 0.175 0.05 0.022 0.063 0.1 0.075 0 0 0.04 0.047 0 0.074 0.129 0 
- 322 0 0.05 0.043 0 0 0.05 0 0 0.06 0.019 0 0.044 0.065 0 
- 326 0.05 0.075 0.087 0.063 0 0 0 0 0.05 0.009 0 0.015 0 0 
- 330 0 0 0 0 0 0 0 0 0.02 0.009 0 0.044 0 0 
- 338 0 0 0.022 0 0 0 0 0 0.02 0 0 0.015 0 0 

Orn-21 
               

N  20 20 23 16 6 20 2 6 50 53 8 34 31 5 
- 215 0.1 0.125 0.087 0.313 0.083 0.075 0.5 0 0.19 0.094 0.063 0.088 0.081 0.5 
- 219 0 0 0 0 0 0 0 0 0.01 0 0 0 0.065 0 
- 223 0.025 0.025 0.043 0.094 0 0.125 0 0 0.1 0.047 0 0.074 0.048 0 
- 227 0.2 0.175 0.065 0.094 0.167 0.075 0.25 0.167 0.07 0.132 0 0.103 0.129 0 
- 231 0.15 0.175 0.37 0.094 0.25 0.2 0 0.25 0.18 0.142 0.375 0.176 0.226 0.3 
- 235 0.4 0.4 0.261 0.375 0.333 0.275 0 0.333 0.27 0.33 0.375 0.382 0.258 0 
- 239 0.125 0.1 0.152 0.031 0.167 0.25 0.25 0.25 0.16 0.245 0.188 0.176 0.177 0.2 
- 243 0 0 0.022 0 0 0 0 0 0.02 0.009 0 0 0.016 0 



 

163 

Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Orn-23                
N  20 20 23 20 6 20 2 6 50 53 8 34 31 5 
- 193 0 0 0 0.025 0 0 0 0 0 0 0 0 0 0 
- 207 0 0 0 0.05 0 0 0 0 0 0 0 0 0 0 
- 211 1 1 1 0.8 1 0.95 1 0.917 0.99 0.906 1 0.956 0.984 1 
- 215 0 0 0 0 0 0.05 0 0 0.01 0.085 0 0.044 0.016 0 
- 219 0 0 0 0.075 0 0 0 0 0 0 0 0 0 0 
- 231 0 0 0 0.05 0 0 0 0.083 0 0.009 0 0 0 0 

Orn-25  20 20 23 19 6 20 2 6 50 53 8 34 31 5 
N 162 0 0 0 0 0 0 0 0 0 0.009 0 0.015 0.016 0 
- 166 0.025 0 0.043 0.237 0.083 0 0 0.083 0.01 0.009 0.313 0 0.032 0 
- 170 0.025 0 0 0 0 0 0 0 0 0.019 0 0 0 0 
- 174 0.3 0.275 0.326 0.105 0.333 0.225 0.5 0.25 0.32 0.274 0.625 0.368 0.355 0.4 
- 178 0.025 0.075 0.022 0.079 0 0.15 0 0 0.1 0.038 0 0.088 0.081 0 
- 180 0 0 0 0 0 0 0 0 0 0.009 0 0 0 0 
- 182 0.375 0.525 0.37 0.368 0.167 0.3 0.25 0.167 0.35 0.321 0 0.382 0.258 0.4 
- 184 0 0 0.022 0.026 0 0.1 0 0 0.1 0.019 0.063 0.015 0.016 0 
- 186 0.125 0.075 0.087 0.158 0.167 0.075 0 0.25 0.08 0.17 0 0.074 0.081 0.2 
- 190 0.1 0.05 0.109 0.026 0.167 0.15 0 0.167 0.03 0.113 0 0.029 0.161 0 
- 194 0 0 0 0 0 0 0 0 0.01 0 0 0.029 0 0 
- 198 0 0 0 0 0 0 0 0 0 0.019 0 0 0 0 
- 202 0.025 0 0.022 0 0.083 0 0.25 0.083 0 0 0 0 0 0 

Stimp-05 
               

N  19 20 22 20 6 20 2 5 50 53 8 34 30 4 
- 192 0 0.025 0 0.05 0 0.025 0 0 0 0.009 0 0 0 0 
- 204 0.895 0.95 1 0.875 0.917 0.95 1 0.9 0.98 0.972 0.875 1 1 1 
- 210 0.105 0.025 0 0.025 0.083 0.025 0 0.1 0.02 0.019 0.125 0 0 0 
- 228 0 0 0 0.05 0 0 0 0 0 0 0 0 0 0 
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Locus - Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Stimp-06                
N  20 20 23 16 6 19 2 6 50 52 8 34 31 5 
- 108 0 0.025 0 0 0 0 0 0 0.01 0 0 0 0 0 
- 114 0 0 0 0.063 0 0 0 0 0 0 0 0 0 0 
- 116 0.125 0.15 0.087 0.094 0.167 0.158 0 0.167 0.17 0.173 0.188 0.265 0.097 0.4 
- 118 0.05 0.05 0.022 0 0 0.026 0 0 0.01 0.019 0 0 0.016 0 
- 120 0.075 0.075 0.065 0.063 0.083 0.079 0 0.083 0.11 0.067 0.125 0.132 0.097 0 
- 122 0 0 0 0.031 0 0 0 0 0.01 0.01 0 0.059 0 0 
- 124 0.05 0.05 0.022 0 0.083 0 0 0 0.05 0.038 0 0 0.048 0 
- 126 0 0 0 0.063 0 0 0 0 0 0 0 0 0 0 
- 128 0.025 0 0.022 0.125 0 0 0.25 0 0.02 0.038 0.063 0 0.032 0 
- 130 0.05 0.025 0.022 0.031 0 0.026 0 0 0.05 0.038 0 0.015 0.032 0.3 
- 132 0.05 0.05 0.022 0.031 0 0.026 0 0 0.05 0.077 0 0.029 0.032 0 
- 134 0.075 0.025 0.043 0.094 0.083 0.105 0.25 0.083 0.07 0.087 0.063 0.029 0.016 0 
- 136 0.075 0 0.043 0 0.083 0.026 0 0.167 0.01 0.019 0 0.044 0.032 0 
- 138 0 0 0.13 0.031 0 0.105 0 0 0.02 0.087 0 0.088 0.081 0 
- 140 0.05 0.125 0.043 0.031 0 0.079 0 0 0.03 0.077 0 0.029 0.048 0.2 
- 142 0.05 0 0.022 0.094 0.083 0 0.25 0.083 0 0.01 0 0 0.048 0.1 
- 144 0.075 0.075 0.065 0.031 0 0.053 0 0 0.05 0.048 0.25 0.029 0.048 0 
- 146 0.025 0.1 0.043 0.094 0.167 0.105 0.25 0.167 0.08 0.038 0.313 0.088 0.065 0 
- 148 0.1 0.025 0.087 0.031 0.167 0.079 0 0.167 0.11 0.106 0 0.029 0.097 0 
- 150 0.05 0.125 0.152 0.094 0 0.105 0 0 0.06 0.029 0 0.044 0.097 0 
- 152 0.025 0 0.065 0 0 0.026 0 0 0.07 0.01 0 0.074 0.016 0 
- 154 0.025 0.075 0.043 0 0 0 0 0 0.01 0.019 0 0.044 0.032 0 
- 156 0 0 0 0 0.083 0 0 0.083 0.01 0.01 0 0 0.016 0 
- 160 0 0 0 0 0 0 0 0 0 0 0 0 0.032 0 
- 162 0 0.025 0 0 0 0 0 0 0 0 0 0 0.016 0 
- 170 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Locus   Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Stimp-07                

N  14 17 19 12 0 7 0 6 42 45 7 26 28 3 
- 161 0.036 0 0 0 0 0 0 0 0 0 0 0 0 0 
- 167 0 0 0 0.042 0 0 0 0 0 0 0 0 0 0 
- 173 0 0 0 0 0 0 0 0 0 0.011 0 0 0 0 
- 177 0 0.088 0.026 0 0 0 0 0.083 0.012 0 0 0.019 0.054 0 
- 179 0 0.059 0.026 0 0 0 0 0 0 0.011 0 0 0 0 
- 181 0 0 0 0 0 0 0 0 0 0 0 0.077 0.071 0 
- 183 0.071 0.059 0 0 0 0 0 0 0.036 0.056 0 0.038 0.071 0 
- 185 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 
- 187 0.036 0 0.026 0.083 0 0 0 0 0.024 0.056 0 0 0.054 0 
- 189 0.071 0.029 0.026 0 0 0 0 0 0.095 0.033 0 0.038 0.054 0.167 
- 191 0.071 0.059 0 0.042 0 0 0 0 0.048 0.089 0 0.038 0.036 0 
- 193 0.143 0.029 0.053 0.042 0 0.214 0 0.167 0.06 0.1 0 0.038 0.018 0 
- 195 0.036 0 0.079 0.042 0 0 0 0.083 0.036 0.033 0 0.077 0.036 0 
- 197 0.214 0 0.158 0 0 0.071 0 0 0.048 0.1 0 0.096 0.089 0 
- 199 0 0.235 0.053 0.208 0 0 0 0 0.06 0.089 0 0.058 0.071 0.833 
- 201 0.036 0.029 0.053 0.125 0 0 0 0.083 0 0.033 0 0 0.054 0 
- 203 0.036 0.088 0.053 0.125 0 0.071 0 0 0.119 0.1 0.357 0.038 0.018 0 
- 205 0.107 0.059 0.053 0.125 0 0.357 0 0.25 0.095 0.1 0.571 0.173 0.107 0 
- 207 0.071 0.029 0.158 0 0 0.214 0 0.167 0.202 0.111 0 0.058 0.089 0 
- 209 0.036 0.147 0.105 0.167 0 0.071 0 0 0.06 0.044 0 0.038 0.071 0 
- 211 0 0 0.105 0 0 0 0 0 0.048 0 0.071 0.135 0.018 0 
- 213 0.036 0.059 0.026 0 0 0 0 0 0.024 0.022 0 0.077 0.036 0 
- 215 0 0 0 0 0 0 0 0.167 0.012 0.011 0 0 0.018 0 
- 219 0 0 0 0 0 0 0 0 0 0 0 0 0.018 0 
- 221 0 0.029 0 0 0 0 0 0 0 0 0 0 0.018 0 
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Locus   Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Stimp-19  18 20 22 18 0 17 2 6 48 51 8 33 31 5 

N 107 0 0.025 0 0 0 0 0 0 0 0 0 0 0 0 
- 111 0 0 0 0 0 0 0 0 0 0 0 0 0.016 0 
- 113 0 0 0 0 0 0 0 0 0 0 0 0 0.016 0 
- 115 0.139 0.15 0.068 0.222 0 0.294 0 0.167 0.104 0.206 0.188 0.242 0.097 0.4 
- 117 0.056 0.05 0.023 0.056 0 0.029 0 0 0 0.01 0 0 0.016 0 
- 119 0.083 0.075 0.023 0.028 0 0.059 0 0.083 0.042 0.049 0.125 0.167 0.113 0 
- 121 0 0 0 0 0 0 0 0 0 0.01 0 0.045 0 0 
- 123 0.056 0.05 0 0.056 0 0 0 0.083 0.031 0.039 0 0.015 0.048 0 
- 125 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0 
- 127 0.028 0 0.023 0.056 0 0 0.25 0 0.021 0.029 0 0 0.032 0.1 
- 129 0.056 0.025 0.023 0.056 0 0 0 0 0.073 0.029 0 0.015 0.048 0.2 
- 131 0.028 0.05 0 0.056 0 0 0 0 0.052 0.088 0 0.03 0.032 0 
- 133 0.083 0.025 0.045 0 0 0.118 0.25 0.083 0.042 0.059 0 0.03 0.016 0 
- 135 0.028 0.025 0.068 0.056 0 0.029 0 0.083 0.031 0.02 0 0.045 0.032 0 
- 137 0.111 0.025 0.136 0 0 0.088 0 0 0.042 0.088 0 0.061 0.081 0 
- 139 0.028 0.1 0.068 0.083 0 0.029 0 0 0.063 0.078 0 0.03 0.065 0.3 
- 141 0.028 0 0.045 0 0 0 0.25 0.083 0 0.02 0 0 0.048 0 
- 143 0.028 0.1 0.045 0.056 0 0.059 0 0.083 0.094 0.039 0.25 0.03 0.032 0 
- 145 0.056 0.05 0.068 0.111 0 0.147 0.25 0.25 0.125 0.088 0.375 0.121 0.097 0 
- 147 0.056 0.025 0.136 0 0 0.059 0 0 0.156 0.078 0 0.03 0.081 0 
- 149 0.028 0.125 0.114 0.083 0 0.088 0 0 0.052 0.029 0 0.03 0.048 0 
- 151 0.056 0 0.091 0.083 0 0 0 0 0.042 0 0.063 0.061 0.016 0 
- 153 0.028 0.075 0.023 0 0 0 0 0 0.01 0.02 0 0.045 0.016 0 
- 155 0 0 0 0 0 0 0 0.083 0.021 0.01 0 0 0.016 0 
- 159 0 0 0 0 0 0 0 0 0 0 0 0 0.016 0 
- 161 0 0.025 0 0 0 0 0 0 0 0 0 0 0.016 0 
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Appendix 5. Pairwise population Fst values for a) 14 populations across 16 microsatellite loci and b) 11 
populations across 13 microsatellite loci after dropping ambiguous loci. Fst below diagonal, p values above 
diagonal  

a)  

 
Tan Ken Sri Ace Lan Vie Tai Phi sem Lom Wau Tor Qld Ncd 

Tan 0.000 0.135 0.018 0.001 0.001 0.024 0.215 0.004 0.014 0.001 0.001 0.005 0.008 0.011 
Ken 0.005 0.000 0.005 0.001 0.001 0.001 0.050 0.001 0.008 0.001 0.001 0.001 0.001 0.028 
Sri 0.011 0.016 0.000 0.001 0.001 0.001 0.044 0.005 0.001 0.001 0.001 0.004 0.003 0.019 
Ace 0.058 0.063 0.075 0.000 0.001 0.001 0.074 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Lan 0.102 0.131 0.127 0.056 0.000 0.001 0.006 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Vie 0.010 0.019 0.022 0.044 0.061 0.000 0.464 0.035 0.006 0.001 0.001 0.001 0.001 0.011 
Tai 0.019 0.053 0.048 0.042 0.143 0.000 0.000 0.385 0.025 0.446 0.011 0.021 0.011 0.211 
Phi 0.030 0.047 0.034 0.052 0.125 0.019 0.010 0.000 0.006 0.463 0.005 0.001 0.004 0.012 
sem 0.008 0.009 0.014 0.057 0.109 0.010 0.045 0.024 0.000 0.001 0.001 0.001 0.056 0.001 
Lom 0.031 0.032 0.021 0.074 0.127 0.025 0.000 0.000 0.027 0.000 0.001 0.001 0.001 0.001 
Wau 0.076 0.089 0.072 0.122 0.233 0.092 0.163 0.075 0.082 0.095 0.000 0.001 0.001 0.003 
Tor 0.013 0.017 0.013 0.070 0.132 0.024 0.053 0.042 0.018 0.031 0.062 0.000 0.001 0.010 
Qld 0.011 0.017 0.013 0.059 0.115 0.020 0.058 0.029 0.004 0.026 0.078 0.014 0.000 0.008 
Ncd 0.032 0.030 0.032 0.051 0.151 0.034 0.042 0.058 0.033 0.046 0.112 0.033 0.033 0.000 

b)  

 

Tan Ken Sri Ace Vie sem Lom Wau Tor Qld Ncd 

Tan 0.000 0.253 0.045 0.001 0.124 0.122 0.004 0.001 0.051 0.097 0.022 
Ken 0.004 0.000 0.041 0.001 0.088 0.049 0.002 0.001 0.029 0.014 0.021 

Sri 0.009 0.010 0.000 0.001 0.291 0.155 0.028 0.001 0.003 0.024 0.033 
Ace 0.056 0.066 0.062 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Vie 0.006 0.007 0.002 0.046 0.000 0.483 0.441 0.001 0.031 0.235 0.017 

sem 0.004 0.007 0.003 0.059 0.000 0.000 0.031 0.001 0.047 0.183 0.015 
Lom 0.013 0.012 0.007 0.055 0.000 0.004 0.000 0.001 0.003 0.049 0.020 
Wau 0.052 0.066 0.058 0.095 0.052 0.043 0.060 0.000 0.001 0.001 0.024 
Tor 0.008 0.010 0.014 0.060 0.009 0.005 0.011 0.053 0.000 0.024 0.027 
Qld 0.005 0.014 0.010 0.055 0.003 0.002 0.004 0.048 0.008 0.000 0.019 
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Appendix 6. Allele frequency distributions for 16 P. ornatus 

microsatellite loci across all sampling locations  
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Appendix 7. Raw input data used in Distance linear model (DisLM) and biological environmental stepwise 
(BEST) analyses for P. ornatus, as implemented in PRIMER v.7 (Clarke & Gorley 2006).  

mtDNA Φ’st, nDNA F’st and R’st were derived from the average of pairwise multilocus F’st or R’st estimates for each location. Latitude, 

Longitude and Geo_Dist were derived from Google Earth. Environmental variables were derived from National Oceanographic and 

Atmospheric Administration (NOAA), and generated by Earth Space Research (ESR) (see Chapter 4 for details). 

Loc SST  Ss SST  Ws SST Chloro Ss Chloro Ws Chloro Speed Ss Speed  Ws Speed Vort Ss Vort 
Tan 28 29.353 25.814 0.103 0.067 0.164 0.432 0.369 0.474 -1.523 -2.490 
Ken 28 29.353 25.814 0.103 0.067 0.164 0.432 0.369 0.474 -1.523 -2.490 
Sri 28.7 30.050 27.208 0.860 0.502 0.730 0.399 0.305 0.703 -1.209 0.356 
Ace 29.6 30.058 29.242 0.106 0.082 0.110 0.308 0.378 0.299 1.038 -1.523 
Vie 24.3 27.533 20.817 0.480 0.314 0.584 0.387 0.266 0.559 -0.240 4.370 
Sem 29.5 30.158 29.625 0.170 0.117 0.207 0.650 0.630 0.614 -2.702 -1.958 
Lom  28.2 28.808 28.667 0.250 0.292 0.187 0.370 0.306 0.335 -1.554 -1.154 
Wau 26.2 26.956 25.044 0.110 0.071 0.193 0.137 0.136 0.137 0.728 0.694 
Trs 27.11 29.133 25.272 0.600 0.384 0.574 0.821 0.881 1.086 0.377 -3.788 
Qld 26.6 28.431 25.094 0.080 0.076 0.108 0.176 0.185 0.149 -0.883 -1.706 
Ncd 25.02 26.986 23.631 0.080 0.069 0.137 0.129 0.121 0.100 -0.206 0.604 

 

Loc Ws Vort Conver Ss Conv Ws Conv Lat Long Geo_Dist MtDNA ΦST  nDNA F'st nDNA Rst 
Tan -1.290 -7.922 -9.074 -7.683 -6.102 39.180 86159 0.339 0.037 0.040 
Ken -1.290 -7.922 -9.074 -7.683 -2.985 40.202 86129 0.302 0.042 0.049 
Sri -3.376 -2.678 -4.593 -1.282 9.080 79.772 61743 0.074 0.038 0.064 
Ace -1.232 2.411 4.735 1.775 5.564 95.240 49937 0.074 0.042 0.028 
Vie -5.398 -0.233 -3.247 0.855 12.394 109.220 55192 0.081 0.029 0.020 
Sem 0.408 -2.407 -1.341 -1.833 4.440 118.650 51060 0.096 0.027 0.030 
Lom  1.474 0.954 0.742 2.324 -8.850 116.456 43518 0.068 0.039 0.032 
Wau 0.585 -0.537 -0.842 -0.009 -21.916 114.149 51366 0.164 0.127 0.111 
Trs 3.348 10.713 -2.735 25.889 -10.380 142.245 55173 0.096 0.039 0.029 
Qld 0.167 0.604 0.248 0.539 -15.623 145.627 62404 0.072 0.036 0.027 
Ncd -0.584 2.423 1.368 3.472 -20.176 164.054 77283 0.072 0.080 0.122 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
   ekaṁ sad viprā bahudhā vadanti  

—Rig Veda 1.164.46 

  One truth, many paths 
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