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Summary 
Comparative phylogeography seeks to compare phylogeographic patterns of multiple co-

distributed species in order to examine levels of temporal and spatial congruence. 

Comparative assessments can lead to reconstructions of major trends in the recent histories of 

dispersal of a region and can provide significant advances in understanding how behaviour, 

demography and natural histories of species and populations can influence phylogeographic 

patterns. When common spatial patterns of evolutionary sub-division are found between co-

distributed species they are thought to share a biogeographic history. Although concordant 

phylogeographic patterns have been found across multiple taxa, not all comparative 

phylogeographic studies have found evidence of congruence. The influence of dispersal 

potential on the phylogeographic structuring of multiple co-distributed species was the main 

focus of this thesis. 

The main goal was to explore how dispersal potential, based on life history characteristics, 

influenced phylogeographic structure on a large-scale in multiple co-distributed species, and in 

particular how this influenced oceanic island populations. Whilst there are disagreements in 

the biogeographic literature as to whether vicariant or dispersal processes best explain the 

geographic distribution of a species, the colonisation and accumulation of biotic assemblages 

on oceanic islands is unequivocally the result of transoceanic dispersal. The biotic communities 

present on oceanic islands therefore inevitably consist of species that are able to disperse well. 

Genetic variation within island populations is directly influenced by the dispersal potential of 

the species in question. Species that disperse frequently will be more closely related to the 

source population due to continual migration to the islands from mainland (or other island) 

sources; whereas species that do not disperse as often will be more genetically distinct and 

divergent from the source population.  

Life history characteristics were predicted to influence the dispersal potential of each study 

species in a predictable way. Life history characteristics that were predicted to allow for 

frequent dispersal included a free-swimming larval stage and powered-flight, while life history 

characteristics that were predicted to limit dispersal were direct development and 

confinement to a freshwater habitat. In order to test these predictions, the phylogeographic 

histories of six study species distributed on both oceanic islands and mainlands were 

reconstructed.  The study elucidated the large-scale phylogeographic structure of aquatic 

invertebrates from Norfolk Island and Lord Howe Island, two isolated oceanic islands in the 

Tasman Sea, using a combination of mitochondrial and nuclear DNA variation.  
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To explore the relationship between phylogeographic structure and dispersal potential, study 

species represented both freshwater and marine environments and displayed different 

extremes in dispersal potential, based on life history characteristics. The freshwater 

invertebrates represented species that have a winged-adult stage that is terrestrial (two 

species: Hemicordulia australiae and Ischnura aurora) and those that are obligately freshwater 

for their entire life cycle (one species: Amarinus lacustris). The marine invertebrates 

represented species that have direct development without a planktonic larval phase (one 

species: Parvulastra exigua) and those that possess a free-living pelagic larval stage (two 

species: Hinea brasiliana and Alpheus pacificus). A range of statistical methods were used to 

explore the intraspecific phylogeographic patterns of these co-distributed taxa and to compare 

patterns between species. 

Hemicordulia australiae was expected to have efficient dispersal powers due to a winged adult 

stage and it was therefore predicted that this species would exhibit low levels of 

phylogeographic structuring. Long distance dispersal, most probably assisted by West Wind 

Drift, appeared to be frequent in this species, with low levels of differentiation and divergence 

found between the Australian mainland and Norfolk Island. Divergence time estimates 

revealed that dispersal to Norfolk Island has certainly occurred since volcanic emergence of 

the island. It would appear that flight has enabled H. australiae to disperse from Australia as 

far east as Norfolk Island, but not as far as New Zealand (at least not recently), as New Zealand 

was found to harbour a divergent lineage. Either the New Zealand population represented a 

highly distinct and divergent lineage of H. australiae or it could have represented a cryptic 

species with different environmental tolerances.  

Ischnura aurora was expected to have efficient dispersal powers due to adult flight 

capabilities. A lack of phylogeographic structure and low levels of genetic divergence were 

found within I. aurora, which suggested wide stretches of ocean within the study region do not 

present a strong barrier to dispersal. Norfolk Island and Lord Howe Island showed negligible 

levels of divergence from Australia and New Zealand, which implied they have not been 

isolated for a long period of time due to frequent dispersal events. The arrival of the species to 

Norfolk Island and Lord Howe Island was very recent, or at least the latest influx of individuals 

occurred very recently. The source of colonists of these oceanic islands was most likely 

Australia, assisted by the strongly directional West Wind Drift.  

Amarinus lacustris was expected to have severely limited dispersal powers due to its direct 

development and obligately freshwater life cycle. Strong phylogeographic structure was found, 
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with marked differentiation between populations and geographic isolation. Colonisation of the 

oceanic islands occurred very early on in their existence, and may have involved stepping 

stone dispersal on now submerged islands in the region. This study found several very 

divergent lineages restricted to Norfolk Island, Lord Howe Island, Victoria (Australia), and New 

Zealand, each of which may warrant full species status.  

The direct development of benthic egg masses in Parvulastra exigua was expected to severely 

limit dispersal opportunities for this species and it was therefore predicted that P. exigua 

would exhibit strong phylogeographic structuring. Genetic differentiation was significant 

between all regions and moderate levels of phylogeographic structure were detected. 

Populations of P. exigua on Norfolk Island and Lord Howe Island were most closely related to 

Australian populations. Colonisation of these oceanic islands occurred relatively recently, after 

which it appears they have experienced relative isolation. 

The planktonic larval phase of Hinea brasiliana was expected to provide efficient dispersal 

powers that would allow movement between populations and it was therefore predicted that 

H. brasiliana would exhibit a lack of phylogeographic structuring. Extremely low levels of 

divergence and differentiation were found between regions, implying the planktonic larval 

stage of this species provides a very effective means of dispersal. Dispersal is most probably 

assisted by the East Australian Current which carries planktonic larvae from the Australian 

mainland to Norfolk Island and Lord Howe Island. Results suggested that populations on 

Norfolk Island and Lord Howe Island have not been isolated for any length of time.  

The free swimming larval stage of Alpheus pacificus was expected to provide an efficient 

means of dispersal and it was therefore predicted that A. pacificus would exhibit a lack of 

phylogeographic structuring. This was somewhat confirmed, with some lineages being 

distributed across some extremely large oceanic distances, suggesting long distance dispersal 

has occurred. However, this study also found clear evidence for extensive cryptic biodiversity 

in the form of divergent lineages within A. pacificus. A range of DNA-based species 

delimitation methods enabled the discovery of at least seven cryptic, evolutionarily 

independent lineages within A. pacificus.  

This thesis found that in general, predictions of phylogeographic structure based on life history 

characteristics were supported. Flight in freshwater insects and passive larval phases of marine 

invertebrates can allow for seemingly frequent, transoceanic dispersal over hundreds of 

kilometres, resulting in low phylogeographic structuring, whereas movement of organisms 
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with lower dispersal abilities appeared to be less frequent, leading to strong genealogical 

population structure.  

There was little spatial and temporal concordance between phylogeographic patterns across 

species. Neither in the freshwater nor the marine realms were deep and geographically 

concordant patterns found. Phylogeographic patterns were best explained by idiosyncratic 

differences at the species level, i.e. their life history and dispersal characteristics. These 

dispersal characteristics were fairly good approximations of the expected phylogeographic 

structure of a species.  

Dispersal is obviously an extremely important phenomenon for the origin and accumulation of 

island biota. Aquatic invertebrate communities on Norfolk Island and Lord Howe Island have 

assembled solely on the basis of dispersal to the islands. Estimated divergence times indicate 

relatively recent colonisation of the oceanic islands studied here via transoceanic dispersal 

after volcanic emergence. Molecular data suggested that some regional populations, 

particularly those confined to the oceanic islands of Norfolk Island and Lord Howe Island, 

contain a substantial amount of unique genetic variation, which indicated these areas contain 

significant evolutionary units that deserve protection. 
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Chapter 1: General Introduction 

1.1 Dispersal as a valid explanation for the geographic distribution of 

a species: The origin of an island biota 

The term dispersal refers to the movement of an organism away from its parent source and 

can occur at different stages of the lifecycle in different species (Nathan 2001b, Nathan et al. 

2003). Natal dispersal occurs during the early stages of an organism’s life cycle, for example as 

a seed, an egg, or a larva (Nathan 2001b). Breeding dispersal occurs in reproductively mature 

individuals (Nathan 2001b). Dispersal can be broadly categorised into two modes: active 

dispersal, which involves self-generated movement (such as flying), and passive dispersal, 

which involves the use of an external agent (such as an ocean current) (Nathan 2001b). 

Dispersal can also occur through anthropogenic means, where organisms are either 

intentionally or accidentally transferred to regions previously unoccupied by the species 

(Nathan 2001b). 

Dispersal can be triggered by physical and/or biological factors. Physical triggers are caused by 

changes in the surrounding environment such as climatic factors or food availability (reviewed 

in Pechenik 1999, Osbourne et al. 2002, Williamson 2002, Pineda et al. 2007). Biological causes 

of dispersal include intraspecific competition and interspecific interactions (Williamson 2002, 

Pineda et al. 2007). Because habitats and resources are ephemeral in both time and space, 

dispersal is advantageous as it 1) provides a mechanism for tracking changes in environmental 

conditions; 2) reduces competition between close relatives; 3) allows for the location of new 

resources for establishment, growth and reproduction; and 4) minimizes inbreeding by 

reducing the chance of mating with close relatives (Pechenik 1999, Nathan 2001b, Osbourne et 

al. 2002). The main disadvantage of dispersal is the risk associated with translocation away 

from the suitable, parental habitat patch; the probability of locating, and surviving in, another 

suitable habitat patch may be low (Pechenik 1999).  

Barriers are physical and biological restrictions which prevent dispersal  (Nathan 2001b). These 

restrictions can be very specific, since conditions preventing dispersal of one species, or even a 

particular life cycle stage of a species, may not be effective barriers for others (Nathan 2001b). 

The physical and biological conditions that allow the movement of individuals across dispersal 

barriers are known as dispersal routes (Nathan 2001b). Dispersal occurs across a landscape and 

in studies of dispersal, the type of landscape is fundamental (Williamson 2002). In the simplest 
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case, two landscape types can be defined. Homogeneous landscapes are continuous and 

uniform with no variation, within which one panmictic population persists; whereas a 

heterogeneous landscape consists of habitat patches which contain metapopulations, 

separated by inhospitable habitat, which are linked by dispersal (Hastings and Harrison 1994, 

Okamura and Freeland 2002, Williamson 2002).  

A disjunct geographic distribution of a species can be explained either by dispersal or 

vicariance, or by a combination of both. In a vicariant explanation, the ancestral population 

was originally widespread in an area which became fragmented by the development of 

barriers (Morrone and Crisci 1995, de Queiroz 2005a). In a dispersalist explanation, the 

geographical range of a species was extended through the movement of individuals. Where 

the range of a common ancestor was restricted by a barrier, some members of the population 

have been able to traverse it (Morrone and Crisci 1995, de Queiroz 2005a).  

Within the biogeographic literature there is debate about the relative roles that dispersal and 

vicariance play in the geographic distribution of organisms. Some authors vehemently argue 

that vicariance is the dominant explanation (Ebach and Humphries 2002, Parenti 2007, Santos 

2007) and criticise, and even dismiss, dispersalist theories and applications (Humphries 2000, 

Grehan 2007); while others strongly disagree and advocate the importance of dispersal 

(Darwin 1859, Cooper and Cooper 1995, McGlone et al. 2001, Sanmartin and Ronquist 2004, 

de Queiroz 2005a, McGlone 2005, Cowie and Holland 2006, Trewick et al. 2007, Sanmartin et 

al. 2008). Other authors argue that both views are too narrow, advocating that an integrated 

and synthesized approach would generate more accurate reconstructions of biogeographical 

history (Brooks and McLennan 2001, Cook and Crisp 2005, Michaux and Leschen 2005, Riddle 

et al. 2008, Upchurch 2008). 

The main argument against dispersalist theory is that dispersal is a highly stochastic and 

unpredictable phenomenon, whose relationship to the distribution of species is not testable 

(reviewed in Morrone and Crisci 1995). However, as others have highlighted, dispersal 

hypotheses can be tested, and dispersal need not be the default explanation of a 

biogeographical disjunction following rejection of a vicariance hypothesis (de Queiroz 2005a, 

McGlone 2005, Cowie and Holland 2006, Riddle et al. 2008, Crisp et al. 2011). There are 

extreme examples in which disjunctions in the distribution of species are exclusively explained 

by dispersal, such as the colonisation of newly created oceanic islands (Nathan 2001b, de 

Queiroz 2005a). Although a continuum may exist for dispersal and vicariance distribution 
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patterns at a regional scale (McDowall 2008), long distance dispersal processes are a key 

element of the assembly of biotic communities of isolated oceanic islands. 

Oceanic islands can experience extreme isolation and are often situated a long distance from 

continents, separated by very deep sea (Wallace 1998, Gillespie and Roderick 2002). 

Progressive patterns of establishment occur over hundreds of thousands, if not millions, of 

years and the evolving biotic entities are influenced by climatic changes and geographic 

modifications (Holloway 1996, Peck 1996).  

Originating from volcanic action or coralline formation, “Darwinian” islands have never had 

direct contact with any source of colonists. Darwin (1859) believed that many islands were 

formed de novo and that colonists must have arrived via long distance dispersal from other 

landmasses. Dispersal to an oceanic island is the critical initiating step in the generation of 

island diversity (Cowie and Holland 2006, Stuessy 2007) and is the major force shaping the 

evolution of the biota of oceanic islands (Cowie and Holland 2006). Successful colonisation of 

remote islands is largely confined to organisms that disperse well, leading to a poor 

representation of faunas on islands compared to source areas (Gillespie and Roderick 2002, 

Bass 2003, March et al. 2003). Differing faunal compositions on islands have been attributed to 

the variable dispersal abilities of organisms and classic studies of the colonisation of volcanic 

islands have found that pioneer arthropod populations consist of opportunistic species with 

widespread distributions (Thornton 1996, Edwards and Thornton 2001, Thornton 2001, 

Thornton et al. 2001).  

Oceanic islands have fascinated evolutionists for a long time (Emerson 2002, Trewick et al. 

2007) and it is the studies of their insular biogeography that have greatly improved our 

understanding of the mechanisms of evolution (Williamson 1981, Stuessy and Ono 1998) and 

enhanced evolutionary theory (MacArthur and Wilson 1967). Oceanic islands present unique 

opportunities to study patterns of dispersal and colonisation (Nathan 2001b); because of the 

isolation of their biological populations and the determination of the age of islands through 

radiometric dating, oceanic islands are model systems for evolutionary and ecological studies 

(Vitousek 2002, Trewick et al. 2007). Studies of oceanic islands provide opportunities not only 

to address the origins and diversification of an important component of earth’s biodiversity, 

but also to contribute to the advancement of biogeography as a discipline (Cowie and Holland 

2006).  
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Studies of oceanic island biotic communities and reconstructions of their phylogenetic 

relationships are possible because of technological developments in DNA sequencing (de 

Queiroz 2005a). By taking advantage of the wealth of information provided by molecular 

genetic data, hypotheses regarding dispersal to oceanic islands, and their colonisation history, 

can be tested. Modern genetic and molecular methods can be used to trace the ancestry of 

organisms, identify their origins, and estimate the age of lineages (Emerson 2002). 

1.2 Molecular markers as a technique for indirectly measuring 

dispersal 

The direct observation of dispersal in nature is potentially a powerful method for quantifying 

dispersal (e.g. Fraser et al. 2011); although, on a large spatial and temporal scale it is nearly 

impossible, especially when quantifying long distance dispersal (Nathan 2001b, Osbourne et al. 

2002, Trakhtenbrot et al. 2005, Pineda et al. 2007, Cowen and Sponaugle 2009). Indirect 

methods for studying dispersal are much more feasible and involve estimating dispersal from 

its outcome, i.e. recruitment (Nathan 2001b). Therefore, most long distance dispersal studies 

focus on effective dispersal events, i.e. dispersal followed by establishment, rather than 

dispersal per se (Nathan et al. 2003). 

One way of indirectly studying dispersal is through genetic methods. Individuals differ in DNA 

sequences within their genomes and it is this genetic variation applied to population genetic 

models that can be used to infer population and evolutionary processes (Sunnucks 2000). The 

major determinant of genetic variation in a population is the balance between genetic drift 

and mutation, which influence populations differently depending on the number of individuals 

(Franklin 1980). Mutations are changes to the genome that can generate new alleles, and are 

the ultimate source of genetic variation (Avise et al. 1987). However, their persistence in a 

population is related to genetic drift and selection (Avise et al. 1987). Genetic drift is caused by 

chance changes in allele frequency from one generation to the next, and is most significant in 

small populations (Hartl and Clark 1997). Long-term average rates of effective dispersal 

influence the distribution of alleles within and among populations (Nathan et al. 2003). 

Genetic methods utilise the patterns of genetic differentiation between populations to 

estimate connectivity among populations (Hughes et al. 2009).  

Particular sections of DNA that code for specific genes, i.e. molecular markers, are commonly 

used to assess levels of genetic structure and diversity within and between populations 

(Barton 2001, Zickovich and Bohonak 2007). Molecular markers provide an estimate of the 
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level of gene flow, and by inference, movement between populations (Slatkin 1981, Slatkin 

1985), offering an indirect method for inferring the mechanism and pattern of dispersal 

(Hughes 2003). Efficient dispersal between populations increases the rate of gene flow, 

resulting in shared genetic information, with populations converging towards panmixia, thus 

reducing genetic subdivision between populations, restraining speciation (Bilton et al. 2001, 

Nathan 2001b, Okamura and Freeland 2002). In contrast, inefficient dispersal between 

populations results in geographic isolation and tends to increase genetic divergence among 

populations due to drift and/or selection, promoting speciation (Bilton et al. 2001, Nathan 

2001b). At intermediate levels of dispersal, gene flow will occur between regional populations 

with moderate levels of genetic differentiation at a larger scale due to founder effects, genetic 

drift and local selection (Okamura and Freeland 2002).  

The geographic range of a species can limited by ecological and physiological factors (e.g. 

Waters et al. 2013) and current or historical geographic barriers to dispersal (Avise 2009). 

Potentially isolated regions are separated by major geographic features, such as oceans, 

mountain ranges and deserts, which form a network of barriers (Slatkin 1987). Physical 

barriers may permit occasional genetic exchange or prevent contact for substantial periods of 

evolutionary time (Avise 2009). Historical and contemporary impediments to dispersal 

between populations distributed across the landscape promote population structuring (Avise 

2009). Isolation from the original ancestral population can, over time, lead to differentiation 

due to genetic drift if gene flow is sufficiently limited (Morrone and Crisci 1995, Hughes 2003, 

Crisp et al. 2011). Ultimately, if reductions in gene flow are sustained, geographic isolation can 

lead to speciation (Wright 1978).  

Historical biogeography, a discipline concerned with long-term, evolutionary periods of time 

over large areas (Cox and Moore 2005), aims to identify barriers to dispersal and infer the 

effects on the geographic distribution of a species (Slatkin 1987). Within the emergent field of 

integrative biogeography, molecular genetics has played an expanding role in assessing 

biogeographic patterns to explain the distributions of organisms in time and space (Morrone 

and Crisci 1995, Wiens and Donoghue 2004, Riddle et al. 2008, Crisp et al. 2011, Mantooth and 

Riddle 2011). 

1.3 Phylogeography as an integrative approach to biogeography 

One of the increasingly popular interdisciplinary approaches rooted in historical biogeography 

and population genetics, bridging micro- and macro- evolutionary processes, is 

phylogeography (Avise et al. 1987, reviewed in Avise 1998, Beheregaray 2008, Avise 2009, 
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Knowles 2009, Hickerson et al. 2010). Avise (2000) defined phylogeography as ‘a field of study 

concerned with the principles and processes governing the geographical distributions of 

genealogical lineages, especially those within and among closely related species’. 

Phylogeographic studies aim to elucidate the evolutionary and geographic history of genetic 

lineages (Riddle and Hafner 2004, Nielsen and Beaumont 2009). The major goal of 

phylogeography is to decipher the spatial and temporal components of population structure 

and to interpret the evolutionary and ecological processes responsible (Beheregaray 2008). It 

has become a powerful approach for elucidating contemporary geographical patterns of 

evolutionary subdivision within species and species complexes (Arbogast and Kenagy 2001).  

Phylogeographic studies involve the collection of individuals of a species from multiple 

populations distributed throughout its geographical range (Arbogast and Kenagy 2001, Avise 

2009). Molecular markers are used to estimate the level of genetic variation within and among 

populations (reviewed in Mitton 1994).  

The most commonly used molecular marker in phylogeographic studies is mitochondrial DNA 

(mtDNA) (see Moritz et al. 1987), as it has characteristics that are particularly useful when 

examining the geographical distributions of evolutionary lineages (Arbogast and Kenagy 2001). 

Some of the advantages of using mtDNA are: variation is produced solely through mutation 

because it is passed from mother to offspring in a clonal fashion without recombination (Avise 

et al. 1987); mutations arise at a roughly constant rate in a “clock-like” fashion allowing 

divergence time estimates (Page and Holmes 1998); and the haploid, maternally inherited 

features of the mtDNA molecule reduces the effective population size to a quarter, which 

causes genetic drift to occur faster and mutations to become fixed or lost at a faster rate 

(Avise et al. 1987). These features lead to phylogenetic relationships between sequences and 

genetic divergence of geographically isolated populations in the absence of gene flow (Avise et 

al. 1987, Arbogast and Kenagy 2001).  

Mutations accumulate in the mtDNA genome of individuals from the time female ancestors 

were last shared (the coalescence) (Avise 2000). This leads to different mtDNA sequences, 

termed haplotypes, of which several usually coexist within a species due to the fast mutation 

rate of mtDNA (Avise 2000). Phylogeographic reconstructions within a taxon are possible 

because all distinct haplotypes trace back to a common, shared ancestor (Avise 2009). 

Haplotypes are used to infer gene trees which may reflect the evolutionary relationships of the 

individuals and populations sampled (Arbogast and Kenagy 2001) and to infer the historical 



7 

 

and contemporary forces that influence the genealogical structure of populations and closely 

related species (Avise 2009).  

Historical demographic factors can impact gene genealogies in statistically predictable ways, 

therefore the depth and branching structure of gene trees can reveal the demographic history 

of a population (Avise 2009). In the seminal paper that first introduced phylogeography, Avise 

et al (1987) described the possible outcomes of overlaying intraspecific phylogenies onto 

geographic maps. He identified five major outcomes: 1. mtDNA assemblages are genetically 

distinct and are geographically separated; 2. mtDNA assemblages are genetically distinct and 

co-occur geographically; 3. mtDNA assemblages exhibit little to no genetic differentiation and 

are geographically separated; 4. mtDNA assemblages exhibit little to no genetic differentiation 

and are completely overlapping geographically; and 5. mtDNA assemblages exhibit little to no 

genetic differentiation and are geographically nested. Avise et al  (1987) also described the 

likely evolutionary circumstances that lead to these phylogeographic patterns (see Table 1.1 

(from Avise et al. 1987)). 

Table 1.1 - Phylogeographic patterns and corresponding evolutionary circumstances (from Avise et 

al. 1987)  

 Phylogeographic Pattern Evolutionary Circumstance 

1: Phylogenetic discontinuity and spatial 

separation (conspecific populations occupy easily 

recognisable branches on an intraspecific 

evolutionary tree) 

a) Long term extrinsic barriers to gene flow 

and/or 

b) Extinction of intermediate haplotypes (in 

widely distributed species with limited 

dispersal and gene flow) 

2: Phylogenetic discontinuity and no spatial 

separation 

a) Recent, secondary contact or 

b) Intrinsic barriers to gene flow among 

sympatric sibling species 

3: Phylogenetic continuity and spatial separation Limited gene flow 

4: Phylogenetic continuity and no spatial 

separation 

High gene flow (absence of barriers to movement 

and life histories conducive to dispersal) 

5:Phylogenetic continuity and partial spatial 

separation 

Intermediate gene flow 

 

General genealogical population structure has been characterised on the basis of the dispersal 

capability of the species under study.  In reviewing the last 30 years of phylogeography, Avise 

(2009) summarised the typical phylogeographic outcomes of empirical studies based on 

dispersal ability. Species with low dispersal capabilities were typically characterised by strong 

genealogical population structure, with closely similar or identical haplotypes forming 

monophyletic clades, in which deeper genealogical splits in the phylogenetic tree distinguish 

regional sets of populations (Avise 2009). Species with high dispersal potential were typically 

characterised by a lack of phylogeographic population structure. This results in a ‘starburst’ 
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genealogy pattern in which a common and widespread haplotype is considered as ancestral, 

from which rare haplotypes are recently derived by separate mutations (Avise 2009). However, 

deep genetic splits distinguishing populations which do not appear to be presently isolated by 

dispersal barriers can result from historical barriers to dispersal, even within highly mobile 

species (Avise 2009).  

Although  neutral genetic markers, such as mtDNA, can be used to estimate the timing of 

divergences between populations (Riddle et al. 2008, Crisp et al. 2011), some authors criticise 

the use and accuracy of molecular clocks in biogeography because of inconsistent rates of 

divergence, the lack of external calibrations cited when dating divergences or misuse of 

external calibrations, i.e. minimum ages of fossils do not equate to maximum estimates of 

divergence, although this is sometimes how authors report it (Moritz et al. 1987, Morrone and 

Crisci 1995, Grehan 2007, Parenti 2007). However, analytical tools used to date lineage 

divergence are continuing to improve (e.g. Drummond et al. 2006, Drummond and Rambaut 

2007, Drummond et al. 2012) and temporal components are still considered a priority in 

phylogeographic studies when interpreting biogeographic patterns (Beheregaray 2008). The 

temporal component of the spatial patterns under study is acquired through estimates of the 

timing of divergence of lineages relative to the geographical and geological history of the study 

organism (Riddle et al. 2008). Deep splits within gene trees often tend to correlate with known 

historical and geological barriers to dispersal (Avise 2009) (but see Irwin (2002)).  

The discipline of phylogeography was originally built on the useful characteristics of mtDNA, 

which led to the development of single gene trees. However, mtDNA represents one of many 

evolutionary histories (i.e. lineage sampling bias) (Avise et al. 1987). The evolutionary history 

of population lineages may differ between molecular markers due to recombination or lineage 

sorting (Wakeley 2000, Posada and Crandall 2001). The use of multiple loci in phylogeographic 

studies is important because the patterns observed at one locus may not reflect the true 

genetic structure of the species. Using both mitochondrial and nuclear markers also provides a 

more complete picture of population structure. Due to the differences in the rates at which 

mitochondrial and nuclear loci reach genetic equilibrium, they differ in their resolution of 

present and past gene flow and provide a more complete picture of population structure 

(Williams et al. 2002). Different molecular markers reveal different levels of genetic variation 

and show different patterns of geographic variation (Mitton 1994, Sunnucks 2000). 

Phylogeographic studies now typically use a range of molecular markers, both from the 
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mitochondrial genome and the nuclear genome, to examine population history (Arbogast and 

Kenagy 2001).  

Not only should a number of independent measures of genetic divergence be used in 

phylogeographic studies, multiple taxa should also be investigated because a single species 

may misrepresent the general biogeographic history of a region (Knowlton and Weigt 1998). 

Within phylogeography, there has been an increased recognition for the need to examine 

congruence across multiple, co-distributed taxa to explore general events rather than taxon-

specific events (Taberlet et al. 1998, Riddle and Hafner 2007). Comparative phylogeography 

offers this extension and compares phylogeographic patterns of multiple co-distributed 

taxonomic groups, and is formally defined as the ‘geographical comparison of evolutionary 

subdivision across multiple co-distributed species or species-complexes’ (Arbogast and Kenagy 

2001). Avise (1998, 2009) recognised that such comparative assessments would provide 

significant advances in understanding how behaviour, demography and natural histories of 

species and populations can influence phylogeographic patterns.  

Comparative phylogeography provides a framework for developing, recognising, and testing 

hypotheses of historical divergence in a co-distributed biota (Riddle and Hafner 2007, 

Gutierrez-Garcia and Vazquez-Dominguez 2011). Multiple co-distributed taxonomic groups 

that show common spatial patterns of evolutionary subdivision are best explained as sharing a 

biogeographic history (Arbogast and Kenagy 2001). Concentrating on the phylogeographic 

structuring of populations of multiple species within a region can lead to reconstructions of 

major trends in the recent histories of dispersal for that region (Avise 2009). Knowledge of the 

mechanisms of dispersal, such as the trajectories of marine currents and atmospheric 

dynamics, are important components when attempting to model broad-scale patterns of 

passive dispersal of marine biota and wind dispersal of aerial plankton, respectively (Nathan 

2001b). These general dispersal mechanisms can be used to test hypotheses regarding the 

spatial patterns of evolutionary subdivision in multiple co-distributed species (de Queiroz 

2005a, Cowie and Holland 2006).  

Mechanistic transport models have been developed for both the terrestrial and marine 

environments by analysing a large number of trajectories and deriving dispersal kernels (e.g. 

Siegel et al. 2003, Nathan et al. 2005). These models have provided important insights into the 

passive dispersal of aquatic invertebrates. For example, atmospheric transport models have 

demonstrated that rather than wind-dispersal being a random and inefficient transport 

mechanism, organised turbulent flows may be directional and targeted; transporting 
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invertebrates to suitable habitat patches (see Nathan et al. 2005). The model simulation 

demonstrated that in gaps within forested landscape (for example, where freshwater ponds 

are present), regional-scale winds and the small structural change in the canopy amplified 

turbulent eddy production, generating updrafts between the centre of the gap and the upwind 

forest edge, and downdrafts in the opposing half of the gap (Nathan et al. 2005). Updrafts 

were sufficient to transport propagules above the forest canopy and energetic downdrafts 

could lead to a disproportionate deposition of propagules into the gap (where freshwater 

ponds may be located) (Nathan et al. 2005).Transport models in the marine environment, 

including Lagrangian descriptions (which follow a parcel of water to determine larval dispersal 

patterns) (see Chiswell et al. 2003, Siegel et al. 2003) and numerical flow simulations (see 

Cowen et al. 2000) have also provided invaluable insights into the properties of passive 

dispersal of marine invertebrate larvae, and are helping to better explain the genetic 

structuring of marine populations (Selkoe et al. 2010, White et al. 2010, Crandall et al. 2012, 

Liggins et al. 2013, Riginos and Liggins 2013).  

Species with similar ranges and ecologies tend to be consistently genealogically structured in 

similar ways, suggesting that historical biogeographical forces concordantly mould genetic 

structuring in both species and regional biotas (Avise 2009). For example, Page and Hughes 

(2014) found spatially congruent, deep genetic divergences within a range of freshwater taxa 

in south-east Queensland, which may be the result of a single climatic event.  

Comparative phylogeographic analyses can use individual phylogeographic studies as 

replicates and statistically test generalizations about specific processes, such as the historical 

and spatial influences on patterns of species richness, and identify evolutionarily isolated areas 

to inform conservation strategies (Bermingham and Moritz 1998). By comparing historical 

patterns of gene flow and divergence among co-distributed species, studies can inform 

conservation priorities by identifying and delimiting areas with unique evolutionary histories 

(Hickerson et al. 2010).  

Although concordant phylogeographic patterns have been found across multiple taxa, not all 

phylogeographic studies of co-distributed taxa have found evidence of phylogeographic 

congruence (Avise 2009). This has lead to the assumption that the taxa examined have not had 

a long-standing geographical association with one another and have not attained common 

patterns of geographical subdivision (Avise 2009). The most frequently cited reasons for the 

discovery of non-concordant patterns are: a short history of co-association, independent 

genetic evolution, methodological reasons such as inadequate resolution of genetic markers or 
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geographic scope, or idiosyncratic differences in biological and/or ecological features 

(Gutierrez-Garcia and Vazquez-Dominguez 2011). The influence of biological features on 

phylogeographic structure is one the main focuses of this thesis and is discussed below. 

1.4 Dispersal potential: adaptations and mechanisms 

1.4.1 Freshwater invertebrates 

Within the freshwater environment, the surrounding landscape would appear to be extremely 

heterogeneous, with suitable habitat patches (i.e. freshwater) surrounded by inhospitable 

terrain (i.e. terrestrial and marine environments). Dispersal opportunities for freshwater 

invertebrates would appear to be severely restricted.  

Within freshwater invertebrates, life cycles can be complex, with multiple, morphologically 

distinct stages (Palmer and Lake 2001). Freshwater invertebrates predominantly produce 

encapsulated eggs provisioned with yolk, which in some cases are retained in specialised parts 

of the female reproductive tract or in external brood pouches, as freshwater environments are 

unsuitable for larval development due to strong currents and other unstable environmental 

factors (Calow 1981). The retention of eggs limits passive dispersal of some freshwater 

invertebrates in the early life stages. For freshwater species, reproductive mode (sexual versus 

parthenogenetic) and the type of dispersal (passive versus active) have been found to affect 

population structure (Myers et al. 2000).  

In some freshwater insects, the nymph stage is restricted to the aquatic environment, whereas 

the adult stage is often capable of moving into the terrestrial environment. Within the insects, 

the evolution of flight has provided a powerful mechanism for dispersal. Active dispersal of 

freshwater invertebrates is mainly represented by the aerial flight of adult insects (Okamura 

and Freeland 2002) and is expected to result in higher connectivity between populations 

compared to freshwater invertebrates that are incapable of flight (Bohonak 1999, Hughes 

2007, Hughes et al. 2013). Genetic based studies of invertebrates in the freshwater 

environment have confirmed that the ability of flight provides an efficient means of dispersal 

(e.g. Schmidt et al. 1995, Bunn and Hughes 1997). Freshwater invertebrates with a winged 

terrestrial stage have been shown to exhibit very little genetic divergence among populations 

and high levels of genetic diversity (Zickovich and Bohonak 2007). In comparison, invertebrates 

which are obligately freshwater throughout their entire life cycle have shown marked 

differentiation between populations and low levels of genetic diversity within populations 

(Zickovich and Bohonak 2007).  
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Another powerful adaptation for dispersal, which can lead to wide geographic distributions 

and large-scale connectivity between freshwater habitat patches, is the ability of freshwater 

invertebrates to tolerate exposure to saline environments. In particular, amphidromy, in which 

larvae are released in upstream reaches and drift downstream to estuaries or marine 

environments and then migrate back upstream to freshwater habitats as post-larvae, juveniles 

or adults, has been identified as a potentially powerful mechanism of dispersal in some 

freshwater invertebrates, including shrimps and gastropods (Page et al. 2005, Cook et al. 2006, 

Cook et al. 2009, Crandall et al. 2010, Page et al. 2013). 

Passive dispersal of freshwater invertebrates occurs through stream drift, dormant propagules, 

floods, wind (Maguire 1963, Caceres and Soluk 2002, Okamura and Freeland 2002) and rafting 

on debris across marine barriers (e.g. Rodriguez and Lopez 2003). Rafting on favourable 

surface currents with reduced salinity surface waters could be an important mechanism for 

dispersal of non-marine organisms (Measey et al. 2007). Some species of freshwater 

invertebrates, and in some instances particular stages of the life cycle of some species, can 

tolerate a range of salinities, e.g. some decapod crustaceans (Bass 2003, March et al. 2003). 

Another especially important form of passive dispersal for freshwater invertebrates is by a 

vector. Freshwater invertebrates can be transported by other organisms, either internally or 

externally (Okamura and Freeland 2002, Green and Figuerola 2005). External attachment 

occurs via adaptations such as hooks, spines and sticky surfaces and is facilitated in species 

with a tolerance to desiccation (dormancy or diapause). Numerous studies have highlighted 

the importance of migratory waterbirds as dispersal vectors for freshwater invertebrates 

(Castro and Myers 1993, Green and Figuerola 2005, Green and Sanchez 2006, Frisch et al. 

2007). Green and Figuerola (2005) suggest long distance dispersal events occur over hundreds 

of kilometres on a regular basis and transport distances of freshwater invertebrates via 

waterbirds have been reported in excess of 1000km (Green and Figuerola 2005).  

1.4.2 Marine invertebrates 

The surrounding environment has a significant influence on the dispersal of invertebrates. 

Within the marine realm, the surrounding environment would appear to be a homogeneous 

landscape with no physical barriers restricting dispersal. In a genetic based study, Avise et al 

(1986) found no evidence of mtDNA divergence among collections of a marine eel along a 

4000km stretch of coastline. As this was one of the first papers to find such a pattern, little 

comparative information was available to these authors, but they hypothesised that marine 

species may generally exhibit less geographic differentiation than freshwater or terrestrial 
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species because of the potential for continual transport with fewer physical barriers to 

dispersal (Avise et al. 1986, also see Avise 2011). Avise et al (1986) concluded that their 

findings provided “strong rationale for continued genetic analysis of other marine species 

exhibiting a variety of life history patterns”.  

Due to the single, continuous nature of the ocean, which connects all habitats without 

significant environmental gradients (compared to freshwater and terrestrial environments), 

numerous studies have sought to identify the factors influencing the range restrictions, 

persistence and local concentrations of marine invertebrates. The major determinant of the 

transport, range limits and dispersal of marine invertebrates are oceanic currents and flow 

(reviewed in Shanks 1995, Gaylord and Gaines 2000, Pineda et al. 2007). These factors operate 

at different scales and can influence the transport of marine invertebrates differently, for 

example, near-shore flows in shallow environments affect the transport of larvae differently to 

those of coastal and deep-ocean flows (Pineda et al. 2007). Temperature is also an important 

factor influencing dispersal in the marine environment. Larval duration decreases with 

increasing temperatures, therefore maximum predicted dispersal distances are much greater 

in colder water than in warmer water (O'Connor et al. 2007).  

In addition to the properties of the surrounding landscape influencing dispersal potential, 

marine invertebrates have evolved both morphological and behavioural adaptations that can 

drastically influence their opportunities for dispersal. The position in the water column that 

marine invertebrates inhabit can greatly influence their dispersal potential. For example, 

pelagic marine invertebrates, which inhabit the water column, can passively disperse by simply 

floating and drifting, i.e. the plankton (Brusca and Brusca 2003). Whereas benthic marine 

invertebrates, which occur on the bottom of a body of water, are immediately less likely to 

become entrained in currents as adults (Brusca and Brusca 2003).  

When attempting to assess the dispersal potential of marine invertebrates, numerous studies 

have focused on life history traits, which are assumed to greatly influence opportunities for 

dispersal. Variation in life history strategies has been found to be a major determinant of, and 

moderately good predictor of, genetic subdivision (Sherman et al. 2008). In particular, 

population connectivity studies in marine systems have placed considerable focus on the larval 

stage of a species, as it is considered to be the most dominant dispersal stage for marine 

invertebrates (Cowen and Sponaugle 2009). One of the most commonly reported life history 

traits affecting the duration and distance of dispersal is the type of development (Jackson 

1986, Todd 1998). There are three basic patterns of the type of development in sexually 
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reproducing invertebrates (from Brusca and Brusca 2003 who generalised the works of various 

authors):   

1. Indirect development includes free spawning of gametes followed by development of a free 

larval stage and metamorphosis to reach the juvenile or young adult stage. A free larval phase 

is believed to allow for extensive dispersal in the water column, before settlement and 

metamorphosis (Todd 1998). The dispersal distance of species’ with a free larval phase is 

expected to increase proportionately to the length of the free larval stage and nutritional 

independence (Jackson 1986). Two basic forms of larval types are recognised: planktotrophic 

larvae which survive primarily by feeding and lecithotrophic larvae which survive primarily on 

yolk supplied to the egg.  The duration of the free-swimming period in which larvae passively 

drift in the plankton, termed planktonic larval duration (PLD), can be anywhere from a few 

hours to a year or more (Scheltema 1971, Scheltema 1986, Levin and Bridges 1995). In general, 

planktotrophic larvae with an obligatory and often extended period of feeding, growth and 

development before settlement, are assumed to have relatively widespread larvae and 

disperse further than lecithotrophic larvae which are assumed to disperse over shorter 

distances (Havenhand 1995, Todd 1998).  

2. Direct development in which there is no free larval stage in the life cycle; embryos are cared 

for either by brooding or encapsulation until they emerge as juveniles. This type of 

development is expected to severely restrict the species opportunities for dispersal. 

3. Mixed development in which embryos are brooded or encapsulated at the early stages of 

development, where the parent is the initial source of nutrition and protection, and are 

subsequently released as free planktotrophic or lecithotrophic larvae. This type of 

development is assumed to provide intermediate powers of dispersal compared to direct and 

indirect development. 

Early studies of marine invertebrate larval biology stated that the maximum potential dispersal 

distance and likelihood of survival to settlement was directly related to the length of the 

planktonic larval stage, and the rate and direction of oceanic currents (Scheltema 1986). A 

meta-analysis based on individual studies found that much of the variation in genetic dispersal 

estimates can be explained by life history characteristics: organisms with non-planktonic larvae 

and no secondary mechanisms of dispersal (e.g. adult rafting) were found to have genetic 

dispersal estimates of much less than 1km; organisms with non-planktonic larvae but with 

mechanisms for secondary dispersal were found to disperse about 10km in distance; and 
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invertebrates with lecithotrophic larvae were found to have smaller genetic dispersal distances 

when compared to feeding larvae (approximately 30 and 100km respectively) (Kinlan and 

Gaines 2003). Kinlan and Gaines (2003) concluded that more than 50% of the variation in 

genetic dispersal distance can be explained by planktonic larval duration for invertebrates that 

are in the plankton for more than two days. Consequently, planktonic larval duration has 

frequently been used in modelling and genetic based studies which attempt to estimate 

dispersal (Cowen and Sponaugle 2009).  

In a modelling study, Siegel et al (2003) demonstrated a positive relationship between 

planktonic larval duration (PLD) and dispersal distance (Siegel et al. 2003). Siegel et al (2003) 

found that typical dispersal distances for larvae with short planktonic larval durations are 20 to 

40km, as opposed to those with long planktonic larval durations which can disperse 200km 

from their source. Genetic studies of the red rock lobster, Jasus edwardsii, revealed an 

absence of population subdivision throughout Australasia (Ovenden et al. 1992); distances far 

exceeding the typical dispersal distance of 200km modelled by Siegel et al (2003). Trans-

Tasman genetic homogeneity between Australian and New Zealand populations of J. edwardsii  

is believed to be maintained by the species’ long-lived larval phase (one to two years) (Chiswell 

et al. 2003). 

Based on the assumption that planktotrophy and long planktonic development are associated 

with high dispersal potential, it has long been assumed that marine invertebrates with long 

planktonic larval stages are transported vast distances, are widely dispersed, exhibit extensive 

gene flow and homogeneous gene frequencies (Levin and Bridges 1995, see Levin 2006 for 

overview), and ultimately exhibit very limited phylogeographic structure. Lecithotrophic larvae 

are assumed to have reduced gene flow, leading to decreased intra-population variation and 

increased inter-population variation (Havenhand 1995), and are expected to exhibit moderate 

phylogeographic structuring due to their lower dispersal potential. Marine invertebrates which 

lack a free living larval stage altogether have been assumed to exhibit strong phylogeographic 

structuring (see Levin 2006 for overview). 

The dispersal potential associated with early life history traits is only applicable to the larval 

stage in the life cycle and juvenile and adult dispersal abilities may be extremely different 

(Levin and Bridges 1995). For example, in some cases, larval dispersal may not be the primary 

mechanism of gene flow; as the dispersal potential of larvae decreases, other mechanisms of 

dispersal, such as adult rafting and drifting, will become more important (Havenhand 1995, for 

e.g. see Waters and Roy 2004). Adult sessile and sedentary organisms can disperse through 
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growth, active movement, passive transport via detachment and rafting (with the potential 

dispersal distance progressively increasing in this order) (Jackson 1986). Dispersal in the 

juvenile and adult stages of the life cycle can potentially exceed that of the larval stage, 

therefore gene flow or population structure should not be inferred from larval type alone 

(Levin and Bridges 1995). 

1.5 Realised dispersal: revelations from genetic data and changing 

paradigms 

1.5.1 In the marine environment 

Results of some genetic based studies have shown a relationship between life-history traits 

and dispersal. Numerous studies have found high genetic structuring in species with low 

dispersal potential (e.g. Hunt 1993, Todd et al. 1998, Waters and Roy 2004, Samadi et al. 

2006); and others have reported low to no genetic structuring in species with high dispersal 

potential (e.g. Hunt 1993, Ayre et al. 1997, Todd et al. 1998, Waters et al. 2005, Samadi et al. 

2006). Patterns of genetic differentiation have generally followed expectations based on larval 

life history (Palumbi 2004). Due to the wealth of studies reporting results that validated the 

assumptions of genetic structure based on life history traits, for much of the twentieth century 

it was presumed that most coastal benthic populations were demographically ‘open’ and 

highly ‘connected’ through larval transport (reviewed in Pineda et al. 2007). However, 

dispersal potential based on characteristics such as life history traits does not always translate 

into realised dispersal (e.g. Waters et al. 2005, Imron et al. 2007); and with the advent of 

molecular markers, new revelations concerning connectivity, divergence, speciation and 

evolution are emerging.  

There are now a growing number of exceptions to the relationship between life history and 

genetic structure (Havenhand 1995, Palumbi 1995, Palumbi 2004) and the potential for larval 

dispersal has not always been equated to successful migration and hence gene flow. In fact, 

even early studies had identified that the genetic structure of marine invertebrate populations 

could not reliably be inferred from their apparent dispersal potential (Burton 1983, Hedgecock 

1986). To determine the effectiveness of pelagic larvae as agents of gene flow becomes a 

question of whether the dispersing larvae successfully survive and reproduce (Hedgecock 

1986).  

While many studies have focussed on factors thought to have a direct influence on dispersal 

potential, such as planktonic larval duration and position in the water column, increasing 
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evidence suggests retention of larvae in the natal habitat is more frequent than previously 

suspected. For example, Black et al (1991) used numerical modelling to show that the larval 

durations of many coral reef species are similar to the flushing times of individual reefs, 

meaning larvae could potentially be retained on or around their natal reef for their entire 

pelagic stage. Once thought to be a homogeneous landscape without barriers to dispersal, it is 

now extensively reported in the literature that marine populations may commonly be closed 

and ‘self-seeding’ at local spatial scales (Black et al. 1991, Todd 1998, Swearer et al. 1999, 

Cowen et al. 2000, Palumbi 2003, Levin 2006, Becker et al. 2007). Therefore rates of dispersal 

between marine populations may be lower than currently assumed based on estimates of 

dispersal potential from traits such as planktonic larval duration, which would have important 

implications for management and conservation (Swearer et al. 1999, Cowen and Sponaugle 

2009).  

Furthermore, it has now been established that because planktonic larval duration is taxon 

specific and influenced by environmental conditions, dispersal distance can also be species, 

season and location specific as well (Cowen and Sponaugle 2009). Therefore, many additional 

factors contribute to dispersal distance, and planktonic larval duration is considered by some 

authors (e.g. Cowen and Sponaugle 2009, Weersing and Toonen 2009) to be an insufficient 

estimator of connectivity and dispersal distance. However, while it is clear that the effect of 

planktonic larval duration on dispersal ability is a complex relationship, there are others that 

still believe it does correlate well when factors that obscure the relationship are taken into 

consideration (Paulay and Meyer 2006, Selkoe and Toonen 2011).  

Marine invertebrates with highly dispersive planktonic larvae should have few opportunities 

for speciation due to large population sizes and a lack of absolute barriers to gene flow, 

however some marine communities, for example those which inhabit coral reefs, are 

spectacularly diverse (Hurt et al. 2013). Still more profound, overlapping distributions of sister 

species are thought to have evolved through sympatric speciation (i.e. the evolution of new 

species from a single ancestral species within the same geographic region) and the 

phenomenon is surprisingly common in marine communities (see reviews by Palumbi 1992, 

Palumbi 1994, Hellberg 1998, Briggs 1999, Briggs 2005, Krug 2011, Bird et al. 2012). This 

suggests that despite the potential for gene flow in the marine environment, connectivity 

among marine populations may be restricted by ecological or behavioural mechanisms. 

Factors such as spawning time, mate recognition, environmental tolerance, and gamete 

compatibility have all been implicated in marine speciation events (Palumbi 1994).  
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While speciation was typically thought to involve the process of genetic divergence between 

populations accompanied by morphological divergence (Mayr 1963), molecular studies have 

found strong genetic differentiation among evolutionary lineages previously thought to 

represent a single species (Mathews and Anker 2009). Diverging populations can accumulate 

genetic differences without secondary acquisition of morphological differences. Species which 

are genetically distinct without also being morphologically distinct are referred to as cryptic 

species. The presence of cryptic species has been well documented in the marine environment 

by molecular studies for a broad range of taxa: e.g. crustaceans (Anker et al. 2009), 

polychaetes (Barroso et al. 2010), Nermertea (Thornhill et al. 2008), echinoderms (Sponer and 

Roy 2002, Le Gac et al. 2004, Hart et al. 2006, Boissin et al. 2008) and sponges (Worheide et al. 

2008). Genetic analyses are aiding the identification of cryptic taxa and assisting in resolving 

systematic nomenclature (Edwards 2009). 

1.5.2 Across all environments: other factors found to influence connectivity 

With so many conflicting findings, studies have attempted to find other factors which may 

influence the genetic structure of populations where generalisations of the effects of life 

history have not held true. Many other factors and processes have been found to have a more 

significant influence on genetic structuring, some of which can be related back to how they 

influence life history, either directly by affecting transport, or indirectly by affecting the growth 

and survival of early life stages. 

Factors intrinsic to organisms that have been identified to influence dispersal potential 

include: body size (Jenkins et al. 2007); taxonomic group (Kinlan and Gaines 2003); functional 

group (Kinlan and Gaines 2003); relationship to the substrate (Kinlan and Gaines 2003); and 

larval behaviour (Chia et al. 1984, Black et al. 1991, Palumbi 2003, Levin 2006, Pineda et al. 

2007). 

Extrinsic factors that influence dispersal potential, some of which directly influence the 

planktonic larval duration of marine species, and others that have been identified to predict 

genetic differentiation of freshwater invertebrates include: temperature (Scheltema 1986); 

availability of resources (Scheltema 1986); habitat type (Grantham et al. 2003, Marten et al. 

2006, but see Short and Caterino 2009); oceanic variability, coastal topography and sea surface 

temperatures (Banks et al. 2007); and historical events (sea level changes) and contemporary 

processes (life history and oceanography restrictions) (Imron et al. 2007).  
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Another important component that can influence the connectivity of populations is the spatial 

scale of study. It now appears that dispersal distance and genetic structure are linked only at 

certain spatial scales (Levin 2006). Simulations have shown that even populations with high 

dispersal will show increased genetic differences with increased geographic distance (Palumbi 

2003). This relationship may reveal some of the underlying properties of dispersal and show 

the scale at which populations are ecologically linked (Palumbi 2003). These simulations led 

Palumbi (2003) to conclude that ecological connectivity is low in populations over large spatial 

scales. In the marine environment, the greatest influence larval transport has on genetic 

structure is at intermediate scales (approximately 100km); with little genetic differentiation at 

small scales (approximately 10km) and at much larger spatial scales (1000km) genetic structure 

is dominated by historical influences (Palumbi 2003). 

Results of empirical studies reinforce the importance of investigating a range of spatial scales 

to reveal the true genetic structuring of populations. For example, weak genetic differentiation 

was found between samples over thousands of kilometres, but on a finer scale, genetic 

structure was found in some marine invertebrate species (2005, Banks et al. 2007). Larval 

supply and recruitment patterns were thought be influenced differently by oceanographic 

variability, coastal geography and palaeographical barriers at different spatial scales (2005, 

Banks et al. 2007). This phenomenon is not restricted to marine invertebrates, as a similar 

pattern, i.e. very low levels of genetic differentiation at large spatial scales, yet significant 

genetic differentiation at a finer spatial scale, has been found in a number of freshwater insect 

species (Hughes et al. 1998).  

Because geographic patterns of genetic variation can be used to estimate the degree to which 

populations are connected (reviewed in Hellberg et al. 2002), results may allow testing of long-

debated, competing theories of biogeography and inform conservation and management 

decisions (Palumbi 1997, Burton 2009). Management decisions that have previously been 

based on the assumption that invertebrates with high dispersal potential result in well mixed 

populations on both ecological and evolutionary scales may be misguided (Cowen et al. 2000, 

Hughes 2007). 

1.6 Conservation considerations, particularly those relevant to island 

populations: why is genetic variation worth protecting? 

The International Union for Conservation of Nature (IUCN) recognises that biodiversity 

conservation needs to address three levels: genetic diversity, species diversity and ecosystem 
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diversity (referenced in Frankham 1995a). Genetic diversity has important ecological 

consequences at the population, community and ecosystem levels (Hughes et al. 2008a). The 

need to quantify this genetic diversity, and especially to identify genetically divergent areas for 

conservation, has stimulated much research into developing concepts and methods to 

categorise and prioritise areas for monitoring, management and protection (Faith 1992, Moritz 

1994a, Moritz 1994b, Moritz and Faith 1998, Smith et al. 2000, Faith 2002, Kenchington et al. 

2003, Faith et al. 2004).  

In an attempt to quantify or estimate the levels of genetic diversity in island populations, a 

number of models and hypotheses have been established in the literature. Some factors 

responsible for low levels of genetic diversity are characteristic of island populations. The 

spatial distribution of islands and their size have also been implicated as factors influencing the 

genetic diversity harboured by island populations. 

Genetic variation within a species is related to population size, with small populations 

containing less genetic variation than large populations, on average (Frankham 1995a, 

Frankham 1996). Restriction of population size has other genetic consequences in addition to a 

loss of genetic variability, including inbreeding depression (e.g. Cassel et al. 2001) and 

accumulation of deleterious mutations (reviewed in Franklin 1980, Frankham 1995a). A 

reduction in genetic diversity may ultimately decrease fitness and increase the risk of 

extinction (Allendorf and Leary 1986, Frankham 1995a).  

Long distance dispersal usually results in the movement of one or a few reproductive 

individuals, leading to a very small initial population size in the newly founded colony (Nathan 

2001a). Immigrants to oceanic islands harbor a greatly reduced proportion of the genetic 

variation relative to the source population. This event is known as the founder effect 

(Frankham 1997). Founding populations are typically small in size, and can even stem from a 

single, fertilised female individual (Carson and Templeton 1984). Founding populations contain 

a small proportion of the genetic variation in the source population which can potentially 

promote evolutionary change in island populations (Estoup and Clegg 2003). This reduced 

genetic variability within the founding population is referred to as a bottleneck (Cox and 

Moore 2005). Isolated populations on oceanic islands can also contain low levels of genetic 

variation due to a reduction in effective population size that is due to restricted gene flow 

from external sources ((Soule 1976) in Frankham (1996)). Therefore, within a species, island 

populations have significantly less genetic variation than their mainland counterparts 

(Frankham 1997). Frankham (1996, 1997) reviewed results of empirical studies of mammals, 
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birds, reptiles, insects and plants and found island populations have less genetic variation than 

their mainland counterparts (but see Nevo (1978) who did not find this relationship when only 

considering invertebrates).  

Overall, the differentiation and evolutionary trajectory of a colonising population is influenced 

by the number of founding individuals, the duration of small population size, the time to 

recover to a long-term effective population size and the frequency of colonisation attempts 

(Peck 1996; Jordal et al. 2001; Estoup and Clegg 2003). In some circumstances, founder 

events may lead to speciation (Carson and Templeton 1984, Barton 1998, Grant 1998). Due 

to small population sizes and lack of genetic exchange with larger gene pools, rapid genetic 

drift takes place in populations on isolated oceanic islands, accelerating evolutionary processes 

(Barton 1998, Samadi et al. 2006). Speciation on islands has traditionally emphasized 

cladogenesis and adaptive radiation in which founding populations increase in numbers, 

become fragmented and are exposed to intense selection in different habitats (Stuessy 2007). 

However it is now realised that simple geographic speciation, i.e. anagenetic speciation, in 

which an individual arrives on an island and simply diverges through time, is an extremely 

important process (Stuessy 2007).  

1.7 Justification, aims, research questions and structure of thesis 

Information on the extent of dispersal has been identified as an important component of 

conservation and restoration management. Many studies have therefore sought to find factors 

which can be correlated with realised dispersal, in an attempt to develop predictive models 

which can estimate dispersal distance and/or potential to inform planning decisions. However, 

as shown in this introduction, assumptions of the influence of dispersal potential of aquatic 

invertebrates on genetic structure have not always been supported. From reviewing studies 

that investigated factors influencing genetic variation, it appears that variable and conflicting 

results remain. It is still unclear to what extent, and over what spatial scales, factors related to 

dispersal potential influence the biogeography and genetic diversity of aquatic invertebrates.  

As a consequence of the focus on vicariance within biogeography over the past two to three 

decades (Cain et al. 2003, Cowie and Holland 2006), biogeography of continents and 

continental islands has dominated the literature, with the biogeography of oceanic islands 

being considered less worthy of scientific attention due to the dependence on stochastic 

dispersal rendering it uninteresting (Cowie and Holland 2006). The processes and mechanisms 

of dispersal and the initial colonisation of isolated archipelagos are not well known (Cowie and 

Holland 2006). While numerous studies have focused on within archipelago phylogenetic 
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diversification and biogeography, few studies have involved ocean-wide reconstructions of the 

phylogeny of widespread taxa, addressing both geographical origins and routes of colonisation 

(Cowie and Holland 2006). Cowie and Holland (2006) acknowledge oceanic dispersal as 

significant and worthy of research, and stress the importance of researching mechanisms 

which generate oceanic island biodiversity,  especially the detection of general, non-random 

patterns of dispersal, that can explain biogeographical diversity. 

Information on long distance dispersal is important for guiding conservation management 

decisions (Trakhtenbrot et al. 2005). The frequency of long distance dispersal events is 

extremely important in the context of oceanic islands, as it facilitates genetic connectivity and 

promotes long term survival of species (Trakhtenbrot et al. 2005). Dispersal to oceanic islands 

is therefore of great interest and significance and deserves considerable research attention 

(Cowie and Holland 2006). Island populations are susceptible to extinction due to the loss of 

genetic variation at foundation, small population sizes and inbreeding depression (Frankham 

1995b, Frankham 1998). It is therefore important to know the extent of gene flow between 

island populations and populations on surrounding landmasses, to determine their isolation, 

and hence their susceptibility to extinction.  

The main goal of this thesis is to explore how dispersal potential, based on life history 

characteristics, influences phylogeographic structure on a large-scale in multiple co-distributed 

species, and in particular how this influences oceanic island populations. This research project 

aims to use modern molecular methods to trace the ancestry of several freshwater and marine 

invertebrates of two remote oceanic islands in the Tasman Sea, Norfolk Island and Lord Howe 

Island. A number of aquatic invertebrates representing contrasting life histories, and hence 

differing dispersal abilities, will be used to explore the relationships between phylogeographic 

structure and dispersal ability. Phylogeographic reconstructions of each species will be made 

to provide insights into the historical biogeography of the region. Large-scale phylogeographic 

structure will be elucidated using a combination of mitochondrial and nuclear DNA variation.  

To investigate the influence of dispersal potential on large-scale phylogeographic patterns, 

study species were chosen from each environment that displayed different extremes in 

dispersal potential. The freshwater invertebrates represent species that have a winged-adult 

stage that is terrestrial (two species: Hemicordulia australiae and Ischnura aurora) and those 

that are obligately freshwater for the entire life cycle (one species: Amarinus lacustris). The 

marine invertebrates represent species that have direct development without a planktonic 

larval phase (one species: Parvulastra exigua) and those that possess a free-living pelagic larval 
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stage (two species: Hinea brasiliana and Alpheus pacificus). A range of statistical methods will 

be used to explore the intraspecific phylogeographic patterns of co-distributed taxa and 

compared to identify any spatial or temporal congruence across taxa. 

The main research questions addressed in this thesis are: 

1. Are there differences in the genetic structure of freshwater and marine invertebrates? 

It is predicted that marine invertebrates, which are relatively free of extrinsic barriers to 

dispersal in the ocean, will exhibit limited phylogeographic population structure. It is 

predicted that freshwater invertebrates, which are subject to strong extrinsic barriers to 

dispersal as suitable habitat across the region is patchy, will exhibit stronger 

phylogeographic population structure.  

2. How do life history and dispersal characteristics influence phylogeographic structure? 

It is expected that genetic relationships within species, between populations on islands 

and other geographically distinct populations, follow those expected from the apparent 

dispersal ability of the organisms. It is expected that individuals with high dispersal 

capabilities such as flight or free-swimming larvae will show less genetic structuring 

between landmasses than those with lower dispersal capabilities, such as those without a 

free larval stage. 

3. Is there evidence of spatial or temporal congruence across species?  

Rather than the co-distributed taxa having been exposed to strong historical 

biogeographic forces that have concordantly moulded phylogeographic structure across 

taxa, it is expected that there will be a lack of phylogeographic congruence and that 

genetic patterns will be better explained by the life history and dispersal characteristics of 

the study species. Specifically, species with high dispersal capabilities will have diverged 

more recently and will show less spatial divergence than species with low dispersal 

capabilities. 

4. Do the populations studied here harbour different levels of genetic diversity? 

It is expected that island populations will harbour lower levels of genetic diversity 

compared to mainland populations.  
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The overall structure of this thesis consists of nine chapters, including this first chapter which 

provided a general introduction. In chapter 2, the general methods are introduced, including 

an overview of the study region, molecular procedures and data analysis. Six separate, but 

related studies form the data chapters of this thesis (chapters 3 – 8, one data chapter for each 

species). Each study species is assessed separately to determine how they are genetically 

structured across the study region. The results of the data chapters of this thesis will be used 

in the final chapter to present a comparative phylogeographic review (chapter 9). The 

influence of dispersal related parameters on the phylogeographic structure of several aquatic 

invertebrates will be assessed and the depth of genetic breaks observed within different 

species will be compared. It is expected that different life histories will display contrasting 

genetic population differentiation. Special reference will be made to the oceanic island 

populations to identify their degree of isolation which may help to inform conservation 

planning. The general discussion will attempt to elucidate the history of the region as a whole 

by investigating whether any of the phylogeographic patterns of individual species are 

congruent spatially and/or temporally and will identify any areas that are evolutionary isolated 

across study species. 
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Chapter 2: The Study Region and General Materials and Methods 

2.1 The study region 

Before investigating biogeographic patterns, it is important to first describe any processes 

operating in the study region which may have an influence on the historical and contemporary 

geographical distribution of organisms. To achieve this, the following sections detail the 

geological history and tectonic setting of the region and the ocean currents and predominant 

wind patterns in the study region. 

2.1.1 Geological history of the study region  

To test historical biogeographic hypotheses in the Southern Hemisphere, a precise age 

framework for the break-up of Gondwana is needed (McLoughlin 2001). Gondwana was a 

continental entity that amalgamated at the beginning of the Palaeozoic (McLoughlin 2001). 

The initial break-up of Gondwana began 180 million years ago during the Jurassic. Now largely 

submerged, the continent of Zealandia (also known as Tasmantia) separated from the 

Gondwanan supercontinent in the late Cretaceous, 80 million years ago (Trewick et al. 2007) 

(see Figure 2.1). Opening of the Tasman Sea established the current ocean barrier between 

Zealandia and Australia approximately 65 million years ago (Knapp et al. 2007). This New 

Zealand region includes New Caledonia and submerged continental crust beneath the Lord 

Howe Rise, Norfolk Ridge, Chatham Rise and the Campbell Plateau (Cooper and Millener 1993) 

(see Figure 2.2). New Caledonia separated from the Lord Howe Rise 74-65 million years ago 

(Wallis and Trewick 2009). The collision of the Australian and New Guinea plate with the 

Eurasian plate occurred approximately 25mya (Williams and Duda 2008, Carpenter et al. 2011) 

with the northward displacement of New Guinea occurring until about 5mya (Pandolfi 1993). 

The dispersal/vicariance debate has been most intense with regards to explaining the 

distribution of organisms within the Southern Hemisphere, where closely related species are 

disjunct across wide ocean gaps (Wallis and Trewick 2001, McGlone 2005, Crisp et al. 2011). 

The most controversy within the debate has involved the 2000km stretch of ocean now 

separating Australia and New Zealand (McGlone 2005). Vicariant explanations for disjunct 

distributions of organisms are linked to the break-up of Gondwana, in which populations 

formerly widespread across the super-continent were sundered and isolated on the newly 

formed landmasses, subsequently diverging to become different species (Crisp et al. 2011). 

Much of the debate stems from the geological history and biogeography of New Zealand 

(reviewed in Daugherty et al. 1993, McDowall 2008, Wallis and Trewick 2009). New Zealand 

has been described as a highly isolated oceanic archipelago and as an ancient land having 



26 

 

connections to Gondwana (McDowall 2008). Separating from Gondwana about 80 million 

years ago, New Zealand achieved its present distance from Australia about 50-60 million years 

ago (Cooper and Millener 1993, McLoughlin 2001). Many features of New Zealand 

biogeography are not unlike those found for true oceanic island archipelagos (McGlone 2005) 

and many strongly argue that vicariance biogeography is not the principal explanation for the 

origin and relationships of New Zealand’s biota (McDowall 2008). The alternative explanation 

for the connections to the biota of Australia and other landmasses in the region is dispersal 

(McDowall 2008). This explanation has been strongly supported in the literature, especially 

due to the ‘Oligocene drowning hypothesis’ in which the New Zealand continent is 

hypothesised to have been either entirely submerged, causing the entire flora and fauna of 

New Zealand to be derived via long distance dispersal (Cooper and Millener 1993, Perrie and 

Brownsey 2007), or to still have had aerial portions of the archipelago protruding, allowing 

some taxa to survive (Knapp et al. 2007). Some authors also speculate that Oligocene uplift of 

the Norfolk Ridge and Miocene uplift of the Reinga Ridge could potentially have allowed 

terrestrial biota to disperse from New Caledonia to New Zealand through a chain of islands 

(McGlone et al. 2001, McLoughlin 2001, Trewick et al. 2007). 

 

Figure 2.1 - Map of the study region (adapted from Page et al. 2005, Copyright © 2005, John Wiley 

and Sons). The shaded area represents the now largely submerged continent of Zealandia (adapted 

from Wallis and Trewick 2009, © 2009 Blackwell Publishing Ltd). 
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2.1.2 Current tectonic setting of the study region 

Lying between Australia and New Zealand in the Tasman Sea are two small oceanic islands. 

Norfolk Island, located at 29˚ 02'S and 167˚ 56'E (see Figure 2.1 and Figure 2.2), is situated 

675km south of New Caledonia, 772km north-west of New Zealand, 900km north-east of Lord 

Howe Island, 1367km east of Australia and 1635km south-west of Fiji (Cogger et al. 1983, Jurd 

1989). It is 8km long and 5km wide (Jurd 1989), rising to an altitude of just over 300m (Cogger 

et al. 1983). The general elevation of the island is about 100m (Mills 2006).  

Norfolk Island is a deeply weathered erosional remnant of a volcano that was constructed 

during volcanic episodes from 3.05-2.3 million years ago, with several quiescent intervals of 

varied duration (Jones and McDougall 1973, Rahman and McDougall 1973). The island 

protrudes on the otherwise submerged Norfolk Ridge (Jones and McDougall 1973), a 

pronounced narrow bathymetric feature of a rifted Gondwanan continental fragment (Green 

1973, Steadman 2006), which links New Zealand and New Caledonia (Green 1973, McLoughlin 

2001) (Figure 2.2).  

 

Figure 2.2 - The major submarine features within the study region (from Jurd 1989, reproduction 

permitted under Creative Commons Attribution 3.0 licence). 
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Lord Howe Island, located 31˚ 33'S and 159˚ 05'E (see Figure 2.1 and Figure 2.2), is situated 

closer to the Australian continent than Norfolk Island; lying 496km east of Port Macquarie and 

700km north-east of Sydney, and is 1560km north-west of New Zealand (Ponder et al. 2003). It 

possesses the most southerly coral reef in the world. It is 11km long and rises 875m (Ponder et 

al. 2003). Lord Howe Island is the remnant of a large eroded shield volcano which erupted 6.9-

6.4 million years ago (McDougall et al. 1981). A chain of submarine seamounts runs due north 

of Lord Howe Island, which are assumed to get progressively older as they become more 

distant from Lord Howe Island (McDougall et al. 1981).  

The Norfolk Ridge and Lord Howe Rise now have crest depths greater than 1000m below sea 

level and have probably been under shallow seawater since the end of the Cretaceous 

(McLoughlin 2001).  

2.1.3 Prevailing wind directions and ocean currents in the study region 

The large scale climatic processes operating in the region that may influence the dispersal of 

aquatic invertebrates to the oceanic islands under study include the West Wind Drift (also 

known as the Antarctic Circumpolar Current) and the East Australian Current (Figure 2.3A). 

West Wind Drift is the strongly asymmetrical flow of wind and ocean currents from west to 

east in the Tasman Sea (Crisp et al. 2011), and has been identified in studies as an important 

phenomenon assisting in the dispersal of organisms in the region (e.g. Chiswell et al. 2003, 

Waters and Roy 2004, Buden 2010).  

The East Australian Current first flows in a southerly direction along the eastern coast of 

Australia and then separates from the Australian coast and flows in a north-east direction 

across the Tasman Sea (see Ridgway and Dunn 2003, Banks et al. 2007). Although on a large 

scale there is a band of zonal eastward flow from eastern Australia to New Zealand, the flow 

actually consists of a series of current jets which follow different paths across the region 

(Ridgway and Dunn 2003) (Figure 2.3B). The main component of the eastward flow is the 

Tasman Front which occurs between 33˚ and 35˚S (current B in Figure 2.3B), tracing a path to 

the northern tip of New Zealand (Ridgway and Dunn 2003). There is a sequence of four large 

warm core eddies associated with the flow around the northern and eastern coasts of New 

Zealand, one of which occurs in the vicinity of the Norfolk Ridge, the Norfolk Eddy (Ridgway 

and Dunn 2003).  
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Figure 2.3 - Marine currents in the study region. A. The major current systems in the east 

Australian region (image credit: CSIRO). B. Surface currents and eddies within the Tasman Sea: 

The four components of the East Australian Current are denoted A, B, C and D; B represents the 

flow associated with the Tasman Front; I = Norfolk Eddy, II = North Cape Eddy, III = East Cape 

Eddy , IV = Wairarapa Eddy, X and Y = anticyclonic recirculation cells associated with the EAC 

flow, LHI = approximate location of Lord Howe Island, NI = approximate location of Norfolk 

Island. Figure 3A reproduced with permission from CSIRO and sourced from Bureau of 

Meteorology website (accessed on 15 March 2014), Figure 3B reprinted from Progress in 

Oceanography, Vol 56/Issue 2, Ridgway, K. R. and Dunn, J. R., Mesoscale structure of the mean 

East Australian Current System and its relationship with topography, Pages 189-222, Copyright 

(2003), with permission from Elsevier. 

 

Shungo (2001) found that over the last 250,000 years, the Tasman Front has shifted 

latitudinally (Figure 2.4). These shifts have been associated with alternative warming and 

cooling periods, also known as oxygen isotope stages (OIS), which were deduced from oxygen 

isotope data reflecting changes in temperature derived from core samples of benthic and 

planktonic foraminifera collected along the Lord Howe Rise (Shungo 2001). During OIS 7, it was 

situated at  ~ 35˚S, during the penultimate glacial period (OIS 6) it flowed slightly northward of 

its present position, during OIS 5 it returned to   ~ 35˚S, during the last glacial period (OIS4 – 

OIS2) it migrated to ~ 25˚S, and at OIS 1 (post-glacial period) the Tasman Front flowed at ~ 

35˚S.
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Figure 2.4 - Latitudinal shifts in the Tasman Front and major oceanographic and bathymetric 

features (adapted from Shungo 2001). Shading indicates land area during glacial periods. EAC = 

East Australian Current, STC = Subtropical Convergence, TF = Tasman Front, LHI = 

approximate location of Lord Howe Island, NI = approximate location of Norfolk Island. Reprinted 

from Marine Micropaleontology, Vol 41, Shungo, K., Tasman Front shifts and associated 

paleoceanographic changes during the last 250,000 years: foraminiferal evidence from the Lord 

Howe Rise, Pages 167-191, Copyright (2001), with permission from Elsevier. 

 

At a larger geographic scale, within the Indo-West Pacific region, the major currents 

influencing the dispersal of organisms are the North Equatorial Current, the Indonesian 

Throughflow, the South Equatorial Current and the Leeuwin Current (Figure 2.5). The Leeuwin 

Current carries warm tropical water along the west coast of Australia to extend at times as far 

as Tasmania in winter during La Niña phases (De Deckker et al. 2012). The Indonesian 

Throughflow (ITF) flows from the western Pacific and exits into the Indian Ocean. The South 

Equatorial Current, a direct continuation of the ITF, can reach the east coast of Africa. This 

pathway presents a possible continuous route for gene exchange between tropical organisms 

in the Indian and Pacific Oceans (Williams et al. 2002). 
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Figure 2.5 - Ocean currents at a larger scale. Left: Major ocean currents (showing placement of 

inset on right) (from Pidwirny 2006), Right: Detailed Indonesian Throughflow and Leeuwin 

Current directions (Reprinted by permission from Macmillan Publishers Ltd: Nature Geoscience 

(De Deckker et al. 2012), copyright (2012)). 

 

A major change may have occurred to the source of the ITF entering the Indian Ocean about 4-

3mya with the northward displacement of New Guinea, from that of warm South Pacific to 

cold North Pacific waters, leading to a decrease in sea surface temperatures in the Indian 

Ocean (Cane and Molnar 2001) (Figure 2.6). Karas et al (2009) supported Cane and Molnar’s 

(2001) hypothesis that the constriction of the Indonesian seaway led to a major reorganization 

in the ITF but they did not support their assumption that surface throughflow changed and 

decreased sea surface temperatures in the Indian Ocean. Karas et al (2009) instead found 

evidence of a pronounced cooling of 4˚C at the subsurface level from 3.5 to 2.95mya indicating 

a switch in ITF source waters from initially South Pacific to North Pacific subsurface waters. 

These changes may have limited direct dispersal between the south-west Pacific and Indian 

Ocean and increased connectivity between the north-west Pacific and Indian Ocean. 
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Figure 2.6 - Pattern of currents today and 5mya in the ITF area showing that the source of water 

masses entering the Indian Ocean changed considerably (image from Leibniz Institute of Marine 

Sciences IFM-GEOMAR 2009).  

 

2.2 Collecting and obtaining specimens and sequences 

Individuals of each of the study species were sourced primarily from Norfolk Island and Lord 

Howe Island, and in addition from as many surrounding landmasses on which the species 

occurs as possible. Specimens were personally collected on Norfolk Island (Figure 2.7), Lord 

Howe Island (Figure 2.8), New Zealand and in some areas of Australia, but individuals from 

other locations were also sourced from colleagues, researchers, museums and other 

associations with invertebrate collections.  
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Figure 2.7 - Norfolk Island sampling locations. Black circles indicate freshwater sampling sites, 

white circles represent marine sampling sites (n.b. not all streams displayed on this map are 

permanent; streams running through the circled areas above are the major permanent streams of 

Norfolk Island). Map courtesy of Jasons www.jasons.com.  

 

 

Figure 2.8 - Lord Howe Island sampling locations. Black circles indicate freshwater sampling sites, 

white circles indicate marine sampling sites. Map courtesy of the Lord Howe Island Board.  



34 

 

Individuals of Hemicordulia australiae and Ischnura aurora were collected by pulling a dip net 

through the water on the edge of streams or through aquatic vegetation. Individuals of 

Amarinus lacustris were collected using a dip net or by removing them from the underside of 

logs or from the stream substrate by hand. Parvulastra exigua specimens were removed from 

the underside of rocks on exposed reefs at low tide. Hinea brasiliana specimens were removed 

from intertidal rocky outcrops and crushed to extract tissue from the shell before preservation. 

Individuals of Alpheus pacificus were collected by lifting intertidal rocks at low tide and using 

nets to capture individuals. All specimens were preserved in 90% ethanol.  

All sampling on Norfolk Island in the freshwater environment was undertaken in accordance 

with Section 26 of the Public Reserves Act 1997 of the Administration of Norfolk Island (under 

Permit No.’s 379 and 608). Sampling on Lord Howe Island in the freshwater environment was 

undertaken in accordance with Clause 23 of NPW Regulation 2009 and Section 132C, NPW Act 

1974 (under Scientific Licence No. S12894 from DECCW) and in the marine environment in 

accordance with the NSW Marine Parks (Zoning Plans) Regulation 1999, Part 1, Division 3, 

Clause 1.31(1) (under Permit No. LHIMP/R/2010/08 from the LHI Marine Park Authority). 

Details of specimens collected and received for each species are detailed in the following 

sections. Where possible, sequences from GenBank have also been added to sequences 

obtained in this study to add to the coverage of geographic sampling and provide outgroup 

sequences. 

2.2.1 Hemicordulia australiae (Corduliidae): Emerald dragonfly 

Specimens of H. australiae were acquired from areas across the study region (Figure 2.9, Table 

2.1), in addition to a closely related species, Hemicordulia tau which was used as an outgroup 

(Table 2.2). Unfortunately, no specimens were obtained from Lord Howe Island; dragonflies 

are apparently rare on the island (Ian Hutton, pers. comm.) and personal sampling on the 

island did not uncover any larvae nor were any adults seen. Sequences of two genes (COII and 

H3) for H. australiae were also obtained from GenBank (Table 2.1). 
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Figure 2.9 - Locations of Hemicordulia australiae samples used in this study (base map from Google 

Maps Engine Lite, Map Data ©2014 Google, INEGI). Labelled sites refer to specific locations listed 

in Table 2.1. 

 

Table 2.1 - Locality and source information for Hemicordulia australiae specimens and sequences 

Location Map Ref Provider/Source 

Cascade Creek, Cockpit, Norfolk Island 13 Personally collected 

Bumboras Creek, Bumbora, Norfolk Island 13 Personally collected 

Watermill Dam, Kingston, Norfolk Island 13 Personally collected 

Caloundra, Queensland, Australia 3 Bert Orr 

Blackdown Tableland, Queensland, Australia 1 Gunther Theischinger 

Taroom District, Boggomoss, Queensland, Australia 2 Queensland Museum 

Buhot Ck, Burbank, Queensland, Australia 9 Queensland Museum 

Belmont Hills Bushlands, Queensland, Australia 8 Queensland Museum 

Dayboro 0.5km S., Queensland, Australia 4 Queensland Museum 

Gold Creek Reservoir, Queensland, Australia 5 Queensland Museum 

Karawatha Forest, Queensland, Australia 7 Queensland Museum 

Witton Ck, Indooroopilly, Queensland, Australia 6 Queensland Museum 

Pimpama, Queensland, Australia 10 Dr. Tim Page 

North Stradbroke Is., Queensland, Australia 11 Queensland Museum 

Stradbroke Island, Queensland, Australia 11 GenBank £ 

Wilson River, New South Wales, Australia 12 Gunther Theischinger 

Wairua River, Waipapa, North Is, New Zealand 14 Personally collected 

Waipapa River, Waipapa, North Is, New Zealand 14 Personally collected 

Rainbow Mtn, Rotorua, North Is, New Zealand 15 Auckland Museum 

£ Sequences sourced from GenBank (Accession numbers EU055365 (COII) and EU055459 (H3), 

Reference: Bybee et al. 2008) 
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Table 2.2 - Locality and source information for Hemicordulia tau specimens used as an outgroup 

Location Provider/Source 

Stradbroke Island, Queensland Gunther Theischinger 

Chichester State Forest, New South Wales Gunther Theischinger 

Bunjalung National Park, New South Wales Gunther Theischinger 

McIvor Ck, Campaspe River, Victoria, Australia Alison McLean 

Mill Ck, Goulburn River, Victoria, Australia Alison McLean 

Coal River, Richmond, Tasmania, Australia Tom Sloane 

 

Additional samples from a wide geographic coverage in Australia were also provided by CSIRO 

but unfortunately the samples were too degraded for successful DNA extraction. 

2.2.2 Ischnura aurora (Coenagrionidae): Aurora blue-tail damselfly 

Specimens of I. aurora were acquired from areas across the study region (Figure 2.10, Table 

2.3), as was a closely related species, Ischnura heterosticta, to be used as an outgroup (Table 

2.4). Sequences of two genes (COII and EF1a) for I. aurora and one gene (EF1a) for I. 

heterosticta were also obtained from GenBank (Table 2.3). 

 

Figure 2.10 - Locations of Ischnura aurora samples used in this study (base map from Google Maps 

Engine Lite, Map Data ©2014 Google, INEGI). Labelled sites refer to specific locations listed in 

Table 2.3. 
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Table 2.3 - Locality and source information for Ischnura aurora specimens and sequences 

Location Map Ref Provider/Source 

Cascade Creek, Cockpit, Norfolk Island 8 Personally collected 

Watermill Dam, Kingston, Norfolk Island 8 Personally collected 

Old Settlement Creek, Lord Howe Island 7 Personally collected 

Soldiers Creek, Lord Howe Island  7 Personally collected 

Taroom District, South East Queensland, Australia 3 Queensland Museum 

Redlands, Hilliards Ck, Queensland, Australia  6 Queensland Museum  

Lady Elliot Is, Great Barrier Reef, Queensland, Australia 5 Queensland Museum 

Lady Musgrave Is, Great Barrier Reef, Queensland, Australia 4 Queensland Museum 

Macquarie River, Cressy, Tasmania, Australia 2 Tom Sloane 

Oxbow of Brumby's Creek, Tasmania, Australia 1 Tom Sloane 

Waipapa River, Waipapa, North Is, New Zealand 9 Personally collected 

Whakapara River, Whakapara, North Is, New Zealand 10 Personally collected 

Waiapu River, East Cape, North Is, New Zealand 12 Duncan Gray 

Lake Pupuke, Auckland, North Is, New Zealand 11 Auckland Museum 

Vitu Levu, Fiji 13 GenBank¥ 

¥ Sequence sourced from GenBank (Accession numbers AY179161 (COII) and AY179097 (EF1a), 

Reference: Jordan et al. 2003) 

 

Table 2.4 - Locality and source information for Ischnura heterosticta specimens used an as 

outgroup 

Location Provider/Source 

Farm Dam, Campania, Tasmania, Australia Tom Sloane 

Vanua Levu, Fiji GenBank £ 

£ Sequence sourced from GenBank (Accession number AY179098 (EF1a), Reference: Jordan et al. 

2003). 

 

Additional samples from a wide geographic coverage in Australia were also provided by CSIRO 

but unfortunately the samples were too degraded for successful DNA extraction. 

2.2.3 Amarinus lacustris (Hymenosomatidae): Freshwater spider crab 

Amarinus lacustris specimens were acquired from areas throughout the study region (Figure 

2.11,Table 2.5). A number of DNA extractions and sequences were also provided by Dr. Peter 

Teske, Macquarie University, to include in analyses (Table 2.5). Specimens of the sister species, 

Amarinus paralacustris, were obtained from Peter Teske (from Dee Why, New South Wales, 

Australia) and from Rob McCormack (from Williams River, Seaham, New South Wales, 

Australia) and were included as an outgroup.  
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Figure 2.11 - Locations of Amarinus lacustris samples, extractions and sequences used in this study (base map from Google Maps Engine Lite, Map Data 

©2014 Google, INEGI). Labelled sites referred to in Table 2.5. 
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Table 2.5 - Locality and source information for Amarinus specimens (Dr. Peter Teske from Macquarie University provided DNA extractions and sequences) 

Species Location Map Ref Provider/Source 

Amarinus lacustris Bumboras Creek, Bumbora, Norfolk Island 11 Personally collected 

Officers Bath, Kingston, Norfolk Island 11 Personally collected 

Soldiers Creek, Lord Howe Island  10 Personally collected 

Rocky Run, Lord Howe Island 10 Personally collected 

Mount Gower Summit, Lord Howe Island 10 Ian Hutton 

Barongarook, Victoria, Australia 7 Peter Teske 

Fitzroy River, Heywood, Victoria, Australia 1 Peter Teske 

Hopkins River, Alansford, Victoria, Australia 5 Peter Teske 

Shaw River, Yambuk, Victoria, Australia 3 Peter Teske 

Eumeralla River, MacArthur, Victoria, Australia 2 Peter Teske 

Yarrowee River, Ballarat, Victoria, Australia 

Merri River, Woodford, Victoria, Australia 

7 

4 

Peter Teske 

Peter Teske 

Oratia Stream, Waitakere City, North Is, New Zealand 21 Colin McLay 

Awanui River, FNDC watertake, North Is, New Zealand 12 Steve Pohe  

Waiharakeke Stream, Stringers Rd, North Is, New Zealand 13 Steve Pohe 

Whakapara River, Cableway, North Is, New Zealand 14 Steve Pohe 

Mangahahuru Stream, Apotu Rd Bridge, North Is, New Zealand 15 Steve Pohe 

Wairua River, Purua, North Is, New Zealand 16 Steve Pohe 

Mangere Stream, Knight Rd, North Is, New Zealand 17 Steve Pohe 

Waipao River, Draffin Rd, North Is, New Zealand 18 Steve Pohe 

Mangakahia River, Titoki Bridge, North Is, New Zealand 19 Steve Pohe 

Otaika Stream, Otaika Valley Rd, North Is, New Zealand 20 Steve Pohe 

Amarinus n. sp. (?) Sunshine Beach, Sunshine Coast, Queensland, Australia 8 Peter Davie 

Amarinus ? 18 Mile Swamp, Stradbroke Island, Queensland, Australia 9 Rob McCormack 



 

40 

 

2.2.4 Parvulastra exigua (Asterinidae): Five-armed cushion star 

Individuals of P. exigua were personally collected from Bumboras on Norfolk Island (Map Ref 

23, Figure 2.12) and from Little Island, South Reef on Lord Howe Island (Map Ref 22, Figure 

2.12). Many sequences for COI were obtained from GenBank (Table 2.6) from a wide 

geographic distribution (Figure 2.12).
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Figure 2.12 - Locations of Parvulastra exigua samples and sequences used in this study (base map from Google Maps Engine Lite, Map Data ©2014 Google, INEGI). 

Labelled sites referred to in Table 2.6. 



  

42 

 

Table 2.6 - Locality information for Parvulastra exigua sequences sourced from GenBank with 

accession numbers, number of haplotypes (n), locality information and references  

Location Map Ref GenBank Acc. No.'s n Reference 

Lord Howe Island 22 AY397632 - AY397633 3 Waters and Roy 2004 

Bondi, New South Wales, Australia 17 AY397630 2 Waters and Roy 2004 

Mona Vale, New South Wales, Australia 18 AY397628 - AY397629 3 Waters and Roy 2004 

Bermagui, New South Wales, Australia 16 FJ516342 - FJ516346 5 Ayre et al 2009 

Merimbula, New South Wales, Australia 15 FJ516338 - FJ516341 4 Ayre et al 2009 

Mallacoota, Victoria, Australia 14 FJ516334 - FJ516337 4 Ayre et al 2009 

Port Albert, Victoria, Australia 13 FJ516329 - FJ516333 5 Ayre et al 2009 

Walkerville, Victoria, Australia 12 FJ516325 - FJ516328 4 Ayre et al 2009 

Klinbunga Reserve, Victoria, Australia 11 FJ516321 - FJ516324 4 Ayre et al 2009 

Flinders, Victoria, Australia 10 FJ516317 - FJ516320 4 Ayre et al 2009 

Flinders, Victoria, Australia 10 AY397627 6 Waters and Roy 2004 

Lorne, Victoria, Australia 8 FJ516313 - FJ516316 4 Ayre et al 2009 

Skenes Creek, Victoria, Australia 7 FJ516308 - FJ516312 5 Ayre et al 2009 

Williamstown, Victoria, Australia 9 NA 2 Waters and Roy 2004 

Cape Otway, Victoria, Australia 6 AY397626 1 Waters and Roy 2004 

Tasmania, Australia NA EU870015 - EU870017 3 Ward et al 2008 

Taranna, Tasmania, Australia 20 AY397624 - AY397625 2 Waters and Roy 2004 

Woodbridge, Tasmania, Australia 19 AY397622 - AY397623 4 Waters and Roy 2004 

Amsterdam Island, Southern Indian Ocean 5 AY397642 - AY397643 2 Waters and Roy 2004 

Eaglehawk Neck, Tasmania, Australia 21 NA 1 Waters and Roy 2004 

St Helena, South Atlantic Ocean 1 AY397641 4 Waters and Roy 2004 

Cape Town, Southern Africa 2 AY397639 - AY397640 4 Waters and Roy 2004 

Port St. Johns, Southern Africa 3 AY397638 1 Waters and Roy 2004 

Durban, Southern Africa 4 AY397634 - AY397636 3 Waters and Roy 2004 

Southern Africa NA AY370748 1 Waters et al 2004 

Map Ref NA: No specific location information could be found, GenBank Acc. No’s NA: No unique 

sequences for region. 

 

2.2.5 Hinea brasiliana (Planaxidae): Yellow-coated clusterwink 

Individuals of H. brasiliana were acquired from three regions (Figure 2.13, Table 2.7). 

Sequences of Planaxis sulcatus, from China, were sourced from GenBank to serve as an 

outgroup (accession numbers HQ833854 (12S) and HQ834125 (H3), from: Zou et al. 2011). 
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Figure 2.13 - Locations of Hinea brasiliana samples used in this study (base map from Google Maps 

Engine Lite, Map Data ©2014 Google, INEGI). Labelled sites refer to specific locations listed in 

Table 2.7. 

 

Table 2.7 - Locality and source information for Hinea brasiliana specimens and outgroup sequences 

Species Location Map Ref Provider/Source 

Hinea brasiliana Bumboras, Norfolk Island 4 Personally collected 

Emily Bay, Norfolk Island 4 Personally collected 

Cemetery Bay, Norfolk Island 4 Personally collected 

Middle Beach, Lord Howe Island 3 Personally collected 

Old Gulch, Lord Howe Island 3 Personally collected 

Macauley’s Headland, New South Wales, Australia 2 Personally collected 

Emerald Beach, New South Wales, Australia 1 Personally collected 

 

2.2.6 Alpheus pacificus (Alpheidae): Pacific snapping shrimp 

Individuals of A. pacificus were obtained from a wide geographic area (Figure 2.14). Specimens 

were personally collected from Bumboras and Cemetery Bay on Norfolk Island (Map Ref 12 on 

Figure 2.14) and from Little Island, South Reef on Lord Howe Island (Map Ref 11 on Figure 

2.14). Tissue samples of specimens of A. pacificus were also provided by Dr. Arthur Anker for 

use in this study (Table 2.8).  
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Figure 2.14 - Locations of Alpheus pacificus samples used in this study (base map from Google 

Maps Engine Lite, Map Data ©2014 Google, INEGI). Labelled sites refer to specific locations listed 

in Table 2.8, except for: 11. Lord Howe Island, 12. Norfolk Island.  

 

Table 2.8 - Locality and source information for Alpheus pacificus specimens from Dr. Arthur 

Anker  

Location Map Ref Museum Catalogue No. 

Heron Island, Great Barrier Reef, Queensland, Australia 10 FMNH 25105, 25106 

Lizard Island, Great Barrier Reef, Queensland, Australia 9 FMNH 17056 

Waining Reef, Great Barrier Reef, Queensland, Australia 8 FMNH 16983 

Ningaloo Reef, Western Australia, Australia 5 FMNH 21509, 28014, 28040 

Christmas Island, Indian Ocean 4 RMB ZRC-CI-: 017, 31, 33 

Isles Eparse, Indian Ocean 2 FMNH 21214 

Mauritius, Indian Ocean 3 FMNH 26257 

Mayotte, Indian Ocean 1 FMNH 13647, 13641 

Taiwan, Asia 6 AA  -     

Kiritimati, Line Islands, Pacific 17 FMNH 10665 

Palmyra, Line Islands, Pacific 16 FMNH 13810, 13812, 13811 

Vanuatu, Pacific 13 FMNH 8570 

French Frigate Shoals, Hawaii, Pacific 15 FMNH 12231 

Guam, Pacific 7 FMNH 4231, 426 

Marshall Is., Pacific 14 FMNH 13768, 14709, 13763 

Makemo, Tuamotu, French Polynesia, Pacific 19 FMNH 18565 

Moorea, Society Islands, French Polynesia, Pacific 18 FMNH 9984, 10008, 9961 

Where: FMNH = Florida Museum of Natural History, RMB = Raffles Museum of Biodiversity,  

AA = Dr. Arthur Anker's personal collection 

 

In addition to the samples collected and provided for this study, four sequences of A. pacificus 

from BOLD (Ratnasingham and Hebert 2007) were used. All specimens were collected in 

Moorea, Society Islands, French Polynesia. These four sequences fall into three BINs, or 
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operational taxonomic units, as defined by BOLD (see Chapter on A. pacificus for more 

information) (Ratnasingham and Hebert 2013) (Table 2.9). 

Table 2.9 - BOLD BIN numbers and members pertaining to Alpheus pacificus sequences 

BIN number Members 

BOLD:AAE5735 MBMIA318-06 

BOLD:AAE5736 MBMIA481-06 

BOLD:AAE5737 MBMIA587-06, MBMIA483-06 

 

2.3 Molecular methods 

One mitochondrial DNA marker was sequenced for each individual of each of the study 

species. Two nuclear markers were also sequenced for a subset of individuals for five of the six 

study species. DNA was extracted from individuals; amplified using polymerase chain reaction 

procedures; visualised using gel electrophoresis; and sequenced. A range of DNA extraction 

methods and PCR protocols were trialled for each species and gene. The following section 

outlines the molecular methods that gave the most successful results in each case. 

2.3.1 DNA extraction 

Three types of DNA extraction protocols were used in this study in attempts to produce high 

quality DNA extractions that could be used for further laboratory procedures. These were the 

CTAB extraction method, a salt extraction method and a spin-column extraction method. For 

all methods, a small piece of tissue was placed in a 1.5mL eppendorf tube labelled with unique 

codes for reference to individuals. The type of tissue differed for each study species (Table 

2.10). The remainder of each individual was stored in 70% ethanol in separate tubes with 

corresponding labels for storage and as a future database of sampled individuals. Instruments 

that were used for the removal of tissue were sterilised before the next individual was 

sampled. 

Table 2.10 - Tissue sections of each taxon used for DNA extraction 

Species Section of organism used for DNA extraction 

Hemicordulia australiae Heads of larvae, legs of adults 

Ischnura aurora Heads of larvae, legs of adults 

Amarinus lacustris ~½ - 1 leg, half or whole individual if small specimen 

Parvulastra exigua ~½ of a cross-section slice of one arm 

Hinea brasiliana 1mm x 1mm piece of foot tissue 

Alpheus pacificus ~½ - 1 leg or tail of shrimp below pleopods or pleopods/muscle tissue 
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2.3.1.1 CTAB extraction 

One extraction protocol used in this study followed a modified version of Doyle and Doyle’s  

(1987) “CTAB” extraction. Tissue was placed in 700µL of cetyltrimethylammonium bromide 

(CTAB) (x2) for detergent based cell lysis. Samples were ground using individual micro-pestles 

and 5µL of 20mg/mL of proteinase K was used to break open the cells. Samples were then 

gently mixed and incubated at 65˚C overnight. 350µL of 24:1 chloroform-isoamyl and 350µL of 

3:1 phenol:TMS HCl (pH 8) were added to each sample and mixed gently on a rotating wheel 

for 20mins. Samples were then centrifuged at 13,500rpm for 5mins and 600µL of the top layer 

of supernatant was removed by pipette from each sample and added to a new labelled 1.5mL 

eppendorf tube (n.b. if samples were not clear, an additional 350µL of 24:1 chloroform-

isoamyl and 350µL of 3:1 phenol:TMS HCl (pH 8) step was undertaken). 600µL of 24:1 

chloroform-isoamyl was added to the supernatant and samples were again gently mixed on a 

rotating wheel for 15mins, and centrifuged at 13,500rpm for 5mins. The top layer of 

supernatant (approximately 600µL) was removed by pipette, to which approximately 600µL 

(equal to amount of supernatant) of freezer cold isopropanol was added. Samples were mixed 

gently by inverting and stored for 1hr at -20˚C for DNA precipitation. A final clean-up involving 

ethanol was then performed. Samples were centrifuged at 13,500rpm for 25mins to 

concentrate the DNA into a pellet. A glass pipette was used to remove all the fluid leaving the 

DNA pellet in the eppendorf tube. 1000µL of 70% ethanol was added and centrifuged for 

25mins at 13,500rpm. All fluid was again removed using a glass pipette. Tubes were placed in a 

vacuum bell for approximately half an hour or until all the residue had evaporated. 50µL of 

ddH20 was added to each tube and agitated to resuspend the DNA pellet. All extracted 

samples were stored at 4˚C. 

2.3.1.2 Salt extraction 

The salt extraction protocol used in this study was developed by Aljanabi and Martinez (1997). 

Tissue was placed in 600µL of lysis buffer (50mM Tris-HCl pH 8, 20mM EDTA pH 8, 2% SDS). 

Samples were ground using individual micro-pestles and 5µL of 20mg/mL of proteinase K was 

used to break open the cells. Samples were then gently mixed and incubated at 55˚C 

overnight. 200µL of NaCl (5M) was added to each tube which was mixed well to precipitate the 

DNA. Tubes were then centrifuged at 13,500rpm for 5mins and the top layer of supernatant 

was removed by pipette from each sample and added to a new labelled 1.5mL eppendorf tube. 

600µL of freezer cold isopropanol was added to each tube, mixed well and centrifuged at 

13,500rpm for 10mins to concentrate the DNA pellet. A glass pipette was used to remove all 

the fluid leaving the DNA pellet behind. 700µL of 70% ethanol was added and centrifuged for 
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10mins at 13,500rpm. All fluid was again removed using a glass pipette and samples were 

washed in ethanol as in the previous step. Tubes were placed in a vacuum bell for 

approximately half an hour or until all the residue had evaporated. 50µL of ddH20 was added 

to each tube and agitated to resuspend the DNA pellet. All extracted samples were stored at 

4˚C. 

2.3.1.3 Spin column extraction 

The “DIY Spin Column” extraction protocol used in this study was modified from the Qiagen 

Spin Column Protocol: QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) by James Hereward 

(pers. comm.). Tissue was placed in 200µL of lysis buffer (0.5% SDS, 250mM NaCl, 25mM EDTA, 

200mM Tris-HCl pH 7.5). Samples were ground using individual micro-pestles and 5µL of 

20mg/mL of proteinase K was used to break open the cells. Samples were then gently mixed 

and incubated at 55˚C for one hour or until tissue was digested. 100µL of precipitation buffer 

(4M ammonium acetate) and 300µL of binding buffer (2M Gu-HCl, 75% ethanol) were added to 

each tube to remove proteins and mixed well by inversion. 500µL of the solution was then 

transferred using a pipette into individually labelled EconoSpin® All-In-One Silica Membrane 

Mini Spin Columns from Epoch Life Science, which were then centrifuged at 6,000g for 4mins. 

The flow through solution was disposed off. A further 500µL of binding buffer (2M Gu-HCl, 75% 

ethanol) was then added to each spin column sample and centrifuged for a further 4mins at 

6,000g. Flow through solution was again discarded. 500µL of wash buffer (10mM Tris-HCl pH 

7.5, 80% ethanol) was then added to each spin column to remove salts. Spin columns were 

then centrifuged at 20,000g for 5mins or until the membrane in the spin column was dry. Spin 

columns were then inserted into new labelled 1.5mL eppendorf tubes and 100µL of elution 

buffer preheated to 65˚C (10mM Tris-HCl pH 8.5) was added to each spin column. Samples 

were left to allow DNA to resuspend into the buffer and were then centrifuged at 6,000g for 

2mins. Spin columns were then discarded, and the eppendorf tubes containing the DNA 

extractions were stored at 4˚C. 

2.3.2 Polymerase Chain Reaction (PCR) 

For this study, individuals of each species were sequenced for one mtDNA gene and individuals 

of five species were sequenced at two nuclear DNA genes (see Table 2.11 for the genes 

amplified for each species). DNA denaturing and synthesizing was carried out in a GeneAmp® 

PCR System 2700 (Applied Biosystems) thermocycler in an attempt to amplify the genes which 

were chosen on the basis of availability of pre-designed primers and for comparison with 

sequences already deposited on GenBank. Details of PCR mastermixes, primers and 
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requirements for each species that have successfully amplified DNA fragments during the 

course of this study are provided below. For all PCR mastermixes the ddH2O, 10x buffer and 

MgCl2 were aliquotted first and exposed to UV radiation before other reagents were added to 

remove DNA contaminants. 

Table 2.11 - Genes amplified for each study species 

Species Mitochondrial gene Nuclear gene 1 Nuclear gene 2 

Hemicordulia australiae Cytochrome oxidase subunit II (COII) Histone H3 (H3) Elongation factor 1-alpha (EF1a) 

Ischnura aurora Cytochrome oxidase subunit II (COII) Histone H3 (H3) Elongation factor 1-alpha (EF1a) 

Amarinus lacustris Cytochrome oxidase subunit I (COI) Histone H3 (H3) Large ribosomal subunit 28S  

Parvulastra exigua Cytochrome oxidase subunit I (COI) - - 

Hinea brasiliana 12S ribosomal RNA (12S) Histone H3 (H3) Large ribosomal subunit 28S  

Alpheus pacificus Cytochrome oxidase subunit I (COI) Histone H3 (H3) Large ribosomal subunit 28S 

 

2.3.2.1 Mitochondrial DNA 

2.3.2.1.1 COII Gene 

PCR mastermixes that resulted in amplification of the COII mitochondrial gene for H. australiae 

and I. aurora totalled 12.5µL and contained: 1.25µL of 10x polymerase reaction buffer, 2mM of 

MgCl2, 0.4µM of forward primer, 0.4µM of reverse primer, 0.2mM of dNTPs, 0.275 units of 

Fisher White Taq, 0.5µL of template DNA and the rest ddH2O (see Table 2.12 for primer 

sequences).  

Table 2.12 - Primer names, sequences and cycling protocols for the mt gene COII  

Primer Name (Sequence 5' – 3') PCR Requirements 

COII-2a (ATAGAKCWTCYCCHTTAATAGAACA) 94˚C for 5min; (94˚C for 30s, 47-53˚C for 1min, 72˚C 

for 1min) for 35 cycles; 72˚C for 7min, hold 4˚C COII-9b (GTACTTGCTTTCAGTCATCTWATG) 

Primers from Whiting (2002) and Bybee et al (2003); where K=G+T, W=A+T, Y=C+T, H=A+T+C. 

2.3.2.1.2 COI Gene 

PCR mastermixes that resulted in amplification of the COI mitochondrial gene for A. lacustris 

totalled 12.5µL and contained: 1.25µL of 10x polymerase reaction buffer, 2mM of MgCl2, 

0.4µM of forward primer, 0.4µM of reverse primer, 0.2mM of dNTPs, 0.275 units of Fisher 

White Taq, 0.5µL of template DNA and the rest ddH2O (see Table 2.13 for primer sequences). 

Two primer pairs and a range of cycling conditions were used for amplification depending on 

the population individuals came from.  

For P. exigua, mastermixes were as above but also contained 1.8µg of Bovine Serum Albumin 

(BSA), which increased PCR amplification yields (see Table 2.13 for primer sequences). Note 
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that no specimens were sequenced for any nuclear genes as collections were only made on 

Norfolk Island and Lord Howe Island and only COI sequences were available on GenBank for 

inclusion in this study. 

PCR mastermixes that resulted in amplification of the COI mitochondrial gene for A. pacificus 

totalled 10µL and contained: 1µL of 10x polymerase reaction buffer, 1.5mM of MgCl2, 0.5µM 

of forward primer, 0.5µM of reverse primer, 0.2mM of dNTPs, 0.275 units of Fisher White Taq, 

0.5µL of template DNA and the rest ddH2O (see Table 2.13 for primer sequences).  

Table 2.13 - Primer names, sequences and cycling protocols for the mt gene COI 

Primer Name (Sequence 5' – 3') PCR Requirements 

Amarinus lacustris 

CrustCOI-F (TCAACAAATCAYAAAGAYATTGG) 

DecapCOI-R (AATTAAAATRTAWACTTCTGG) 

CR-COI-F (CWACMAAYCATAAGAYATTGG) 

CR-COI-R (GCRGANGTRAARTARGCTCG) 

94˚C for 3-5min; (94˚C for 30-48s, 48-50˚C for 30s, 

72˚C for 45s-1min) for 35-40 cycles; 72˚C for 7-

10min, hold 4˚C  

94˚C for 5min; (94˚C for 30s, 48˚C for 30s, 72˚C 

for 30s) for 40 cycles; 72˚C for 10min, hold 4˚C 

Parvulastra exigua 

Cox1_F (ACNAAHCAYAAGGAYATTGGAAC) 94˚C for 5min; (94˚C for 1min, 50˚C for 30s, 72˚C 

for 1min) for 35 cycles; 72˚C for 7min, hold 4˚C HCO2198 (TAAACTTCAGGGTGACCAAAAAATCA) 

Alpheus pacificus 

LCO1490 (GGTCAACAAATCATAAAGATATTGG) 94˚C for 5min; (94˚C for 30s, 45-47˚C for 30s, 72˚C 

for 1min) for 40 cycles; 72˚C for 7min, hold 4˚C CR-COI-R (GCRGANGTRAARTARGCTCG) 

Primers CrustCOI-F and DecapCOI-R from Teske et al (2006), primers CR-COI-F and CR-COI-R 

from Cook et al (2008), primer Cox1_F from Perseke et al (2008), primers HCO2198 and LCO1490 

from Folmer et al (1994); where Y=C+T, R=A+G, W=A+T, M=A+C, N=A+T+C+G, H=A+T+C 

2.3.2.1.3 12S Gene 

PCR mastermixes that resulted in amplification of the 12S mitochondrial gene for H. brasiliana 

totalled 10µL and consisted of: 1µL of 10x polymerase reaction buffer, 1.5mM of MgCl2, 1.8µg 

of Bovine Serum Albumin (BSA), 0.5µM of forward primer, 0.5µM of reverse primer, 0.2mM of 

dNTPs, 0.275 – 1.1 units of Fisher White Taq, 0.5µL of template DNA and the rest ddH2O (see 

Table 2.14 for primer sequences).  

Table 2.14 - Primer names, sequences and cycling protocol for the mt gene 12S 

Primer Name (Sequence 5' – 3') PCR Requirements 

12S-I (TGCCAGCAGYCGCGGTTA) 94˚C for 5min; (94˚C for 45s, 50˚C for 45s, 72˚C for 

1min) for 39 cycles; 72˚C for 7min, hold 4˚C 12S– (AGAGYGRCGGGCGATGTGT) 

12S-I primer from Oliverio and Mariottini (2001), 12S– primer from Bandyopadhyay et al (2008); 

where: Y=C+T, R=A+G 
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2.3.2.2 Nuclear DNA 

2.3.2.2.1 H3 Gene 

PCR mastermixes that resulted in amplification of the H3 nuclear gene for H. australiae, I. 

aurora, A. lacustris and A. pacificus totalled 12.5µL and contained: 1.25µL of 10x polymerase 

reaction buffer, 2mM MgCl2, 0.4µM of forward primer, 0.4µM of reverse primer, 0.2mM of 

dNTPs, 0.275 units of Fisher White Taq, 0.5µL of template DNA and the rest ddH2O (see Table 

2.15 for primer sequences). For H. brasiliana, mastermixes were as above but also contained 

1.8µg of Bovine Serum Albumin (BSA), which increased PCR amplification yields. 

Table 2.15 - Primer names, sequences and cycling protocols for the H3 nuclear gene 

Primer Name (Sequence 5' – 3') PCR Requirements 

H3-AF (ATGGCTCGTACCAAGCAGACGGC) 94˚C for 5min; (94˚C for 30s, 50˚C for 30s, 72˚C 

for 1min) for 45 cycles; 72˚C for 7min, hold 4˚C H3-AR (ATATCCTTRGGCATRATRGTGAC) 

H3 primers from Colgan et al (1998); where: R=A+G 

2.3.2.2.2 EF1a Gene 

PCR mastermixes that resulted in amplification of the EF1a nuclear gene for H. australiae and I. 

aurora totalled 12.5µL and contained: 1.25µL of 10x polymerase reaction buffer, 2mM of 

MgCl2, 0.4µM of forward primer, 0.4µM of reverse primer, 0.2mM of dNTPs, 0.275 units of 

Fisher White Taq, 0.5µL of template DNA and the rest ddH2O (see Table 2.16 for primer 

sequences). The EF1a gene was sequenced using two primer pairs to obtain two smaller 

fragments that were then concatenated to create one longer fragment per individual.  

Table 2.16 - Primer names, sequences and cycling protocols for the EF1a nuclear gene 

Primer Name (Sequence 5' – 3') PCR Requirements 

EF1-F-2361 (YGGMCACAGRGATTTCATCAA) 94˚C for 5min; (94˚C for 30s, 62˚C for 1min, 72˚C 

for 1min) for 36 cycles; 72˚C for 7min, hold at 4˚C EF1-R-2765 (GGTCGRCTRGGHGGMAGAAT) 

EF1-F-2652 (TTYGTWCCVATCTCMGGCTGGCA) 94˚C for 5min; (94˚C for 30s, 62˚C for 1min, 72˚C 

for 1min) for 36 cycles; 72˚C for 7min, hold at 4˚C EF1-R-3093 (CCAGGRTGGTTRAGCACRATGA) 

EF1a primers from Jordan et al (2003); where: R=A+G, Y=C+T, M=C+A, H=A+C+T, W=A+T ,V=A+C+G 

2.3.2.2.3 28S Gene 

PCR mastermixes that resulted in amplification of the 28S nuclear gene for A. lacustris and A. 

pacificus totalled 12.5µL and contained: 1.25µL of 10x polymerase reaction buffer, 2mM 

MgCl2, 0.4µM of forward primer, 0.4µM of reverse primer, 0.2mM of dNTPs, 0.275 units of 

Fisher White Taq, 0.5µL of template DNA and the rest ddH2O (see Table 2.17 for primer 

sequences). For H. brasiliana, mastermixes were as above but also contained 1.8µg of Bovine 

Serum Albumin (BSA) which increased PCR amplification yields. 
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Table 2.17 - Primer names, sequences and cycling protocols for the 28S nuclear gene 

Primer Name (Sequence 5' – 3') PCR Requirements 

28S-rd1a (CCCSCGTAAYTTAAGCATAT) 94˚C for 5min; (94˚C for 30s, 50˚C for 30s, 72˚C 

for 1min) for 45 cycles; 72˚C for 7min, hold at 4˚C 28S-rd4b (CCTTGGTCCGTGTTTCAAGAC) 

28S primers cited in Crandall et al (2000); where: S=G+C, Y=C+T 

2.3.3 Sequencing 

All PCR products were visualised on 1% agarose gels (80mL of TAE (x50) buffer and 0.8g of 

agarose) using Gel Red stain to determine if the PCR amplification was successful and to detect 

possible contamination using a negative control. Successful PCR products were purified for 

sequencing. For each individual, 0.25µL of Exonuclease 1 (EXO) and 1µL of Shrimp Alkaline 

Phosphatase (SAP) was added to the remainder of the PCR product and placed in the PCR 

machine at a setting of 37˚C for 35mins, 80˚C for 20mins, and held at 15˚C. 

Sequencing was carried out at the Griffith University DNA Sequencing Facility at the Nathan 

Campus in Brisbane, Australia or at Macrogen Inc. in Seoul, Korea. 

2.3.3.1 Sequencing at Griffith University DNA Sequencing Facility 

A sequencing mastermix totalling 10µL was made for each individual, containing 5.5µL ddH2O, 

0.5µL Big Dye v3.1 Terminator Mix, 2µL Sequencing Buffer, 1µM forward primer 

(corresponding to the primer used for PCR) and 1µL of EXO-SAP product in new 0.2mL 

eppendorf tubes for each individual. Samples were placed in the PCR machine for an initial 

temperature of 96˚C for 1min, followed by 30 cycles of 96˚C for 10s, 50˚C for 5s and 60˚C for 

4mins, within an indefinite hold of 4˚C. 

To clean up the reactions and to prepare them for DNA sequencing, 10µL ddH2O and 5µL 

125mM EDTA was added to each individual sequencing reaction sample. This 

mastermix/sequencing reaction was then transferred to new 1.5mL eppendorf tubes which 

contained 60µL of 100% ethanol. Samples were incubated at room temperature for 15mins. 

Samples were then centrifuged at 13,500rpm for 40mins and the supernatant was removed 

with a glass pipette. 60µL of 70% ethanol was then added to each tube, which was centrifuged 

for a further 30mins. The supernatant was removed and the samples were placed in a vacuum 

bell for at least 30mins or until all residue had evaporated. Dried samples were then delivered 

to the Griffith University DNA Sequencing Facility where individuals were sequenced on an 

Applied Biosystems 3130 Genetic Analyser. 
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2.3.3.2 Sequencing at Macrogen in Korea 

Individuals that were sequenced at Macrogen Inc. in Korea only needed to be cleaned up using 

the EXO-SAP procedure. Samples were sent in a 96-well plate with the relevant forward 

primers via courier to the sequencing facility at room temperature. Individuals were 

sequenced on an Applied Biosystems 3730XL Genetic Analyser. 

2.3.4 Sequence editing and preparation for analysis 

Sequenced DNA fragments were edited and aligned in the software program Sequencher® v4.9 

(Gene Codes Corporation Inc. 2000). Primer sequences were removed before analysis. 

Representative sequences were cross referenced with GenBank to confirm sequences 

corresponded to the species of interest (n.b. not all study species had sequences already 

deposited on this database). One dataset containing 28S nuclear DNA sequences for A. 

pacificus contained regions of gaps and was therefore aligned using the online version of 

MAFFT v7 (Katoh et al. 2002, Katoh and Standley 2013) which is a multiple sequence alignment 

program which can be set to consider the secondary structure of RNA (Katoh and Toh 2008). 

Sequences were cut to equal length fragments for most analyses, but a file of unequal 

fragment lengths was used for one analysis (see below). 

For some analyses it was necessary to phase the sequence files of the nuclear gene sequences. 

Phasing of DNA sequence data from individual nuclear loci was performed for haplotype 

inference, by separating the haplotypes in heterozygous individuals. Haplotype reconstruction 

was carried out using PHASE (Stephens et al. 2001, Stephens and Donnelly 2003) in DnaSP 

v5.10.01 (Librado and Rozas 2009) to generate a file of haplotype sequences for each nuclear 

sequence alignment. Default values were used for each file: number of iterations = 100, 

thinning interval =1, and burn-in iterations = 100. DnaSP generates a file with the list of 

possible haplotypes for each sequence with heterozygous sites (Librado and Rozas 2009). 

Haplotypes with a probability of less than 0.6 were removed before some analyses.  

2.4 Data Analysis 

A range of different analyses were carried out for each species. Presented below is a summary 

of analyses that were undertaken for more than one species. Analyses that relate to only one 

species will be presented in the chapter pertaining to that species. Here, the term dataset is 

used to refer to a file of DNA sequences of one gene for one species. A total of 16 datasets 

were obtained (five species were sequenced for three genes each and one species was 

sequenced for one gene). 
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Datasets were primarily analysed with parsimony networks and/or phylogenetic trees. Further 

analyses were carried out when it made logical sense to do so, depending on the patterns 

uncovered by the primary analyses. The analyses carried out for each dataset differed relative 

to their underlying genetic variation and the sample sizes obtained for each dataset. For 

instance, when deep divergences were found between lineages, or obvious geographic 

boundaries were discovered, it was appropriate to use phylogenetic and/or phylogeographic 

analyses, for example - divergence time estimation; when shallow divergence or homogeneous 

allele frequencies were found, it was more appropriate to explore the data using population 

genetic analyses, for example – pairwise FST calculations. 

2.4.1 Measures of diversity and divergence 

Haplotype diversity (h) and nucleotide diversity (π) were calculated in Arlequin v3.5.1.3 

(Excoffier and Lischer 2010) for each geographic area for which a minimum of four individuals 

were sequenced for a particular gene. Pairwise FST and ɸST were also computed between 

geographic areas in Arlequin. The significance of genetic differentiation between geographic 

areas was assessed by permuting the individuals between populations 1,000 times to obtain a 

distribution of each statistic (FST and ɸST); significance was determined at the 0.05 critical level. 

The files used in Arlequin were generated in DnaSP where the groupings of each geographic 

area were defined.  

Pairwise distance matrices were generated in MEGA v5.2 (Tamura et al. 2011). Matrices 

consisted of pairwise percent sequence divergence values between groups of individuals from 

the same geographic area. Group mean differences were computed using the p-distance 

method with 1,000 bootstrap replicates to calculate the standard deviation (all other settings 

were default). 

2.4.2 Neutrality tests 

Neutrality tests were performed in DnaSP based on mtDNA sequences. Four different 

statistical tests were used to assess neutrality in each geographically discrete population 

containing at least 4 individuals (the minimum sample size for neutrality tests as suggested in 

the help contents of DnaSP (Librado and Rozas 2009)): Tajima’s D (Tajima 1989), Fu and Li’s D* 

and F* (Fu and Li 1993), and Fu’s FS (Fu 1997). These statistics test the hypothesis that all 

mutations are selectively neutral (Kimura 1983) by comparing the observed diversity to 

expected (θ) diversity. Four different neutrality tests were undertaken because statistical 

power analyses have shown that these tests have different power to detect different 

demographic changes, for example bottlenecks or expansions, depending on a range of 
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factors, such as sample size (see Simonsen et al. 1995, Fu 1997, Ramos-Onsins and Rozas 2002, 

Ramirez-Soriano et al. 2008). 

Tajima’s D (Tajima 1989) is based on the differences between the number of segregating sites 

(S) and the average number of nucleotide differences (k). The statistical tests D* and F* 

proposed by Fu and Li (1993) are computed using the total number of mutations (η), instead of 

S. D* is based on the differences between the number of singletons, i.e. mutations appearing 

only once (ηs) and  η, while F* is based on the differences between ηs and k (Fu and Li 1993). 

Under the infinite sites model (with two different nucleotides per site) estimates based on S 

(i.e. Tajima’s D (1989)) and on η (i.e. Fu and Li’s D* and F* (1993)) should be the same (S and η 

have the same value). However, if there are sites segregating for more than two nucleotides, 

values of S will be lower than those of η. Fu’s FS test statistic (1997) is based on the haplotype 

frequency distribution. The significance of Fu’s FS was determined using 1000 coalescent 

simulations computed in DnaSP. 

When these test statistics are non-significant, it is assumed that the population is 

demographically stable, i.e. only drift and mutation account for genetic variation, and that 

selection has not affected the fragment. Significantly positive test statistics indicate balancing 

selection with selection maintaining variation or a recent population contraction leading to 

loss of variation in between the spread of variation observed (Tajima 1989, Fu and Li 1993, Fu 

1997). Significantly negative test statistics indicate a selective sweep with selection removing 

variation or a recent population expansion (Tajima 1989, Fu and Li 1993, Fu 1997).  

2.4.3 Haplotype networks 

Haplotype networks depict the genealogical relationships among sequences and illustrate the 

most parsimonious relationship among haplotypes. Each unique DNA sequence (referred to as 

a haplotype) is depicted, with adjoining lines indicating the relationships between them. The 

number of mutational steps between each haplotype is indicated with black dots on the 

adjoining lines, which represent extinct or unsampled haplotypes.  

Parsimony networks were constructed in the software program TCS v1.21 (Clement et al. 

2000). Input files contained all haplotypes sequenced for the mt gene and all phased 

genotypes (i.e. haplotype data) with a probability of >0.6 for nuclear genes. Pairwise 

comparisons of haplotypes used a 95% parsimonious branch connection unless some 

haplotypes did not join into the network, in which case TCS was rerun with 90% probability to 

further explore relationships between haplotypes. Sequences were collapsed into haplotypes 
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and the frequency of each unique haplotype was incorporated in the output. Different colours 

were used to represent distinct geographical areas and the circle depicting each haplotype was 

drawn proportional to the number of individuals that shared that particular haplotype.   

2.4.4 Phylogenetic trees 

BEAST (Bayesian Evolutionary Analysis by Sampling Trees) v1.7.5 (Drummond and Rambaut 

2007, Drummond et al. 2012) simultaneously estimates phylogenies and divergence times, 

while incorporating uncertainty in evolutionary rates and calibration times (Drummond et al. 

2006). BEAST also allows for multiple data partitions (DNA sequences from different genes) to 

be simultaneously analysed with different substitution models and provides Bayesian 

credibility intervals (e.g. 95% hpd reported for divergence times) while accounting for 

uncertainty in topology. Rather than using a single gene, which can be misleading, BEAST is 

capable of using multiple genes with different rates of change, which introduces internal 

constraints, improving the estimate of the true organismal divergence times (Renner 2005). 

For these reasons (and more outlined elsewhere), BEAST is a powerful tool for constructing 

phylogenetic trees and estimating divergence times and was employed here to achieve both of 

these ends. 

Phylogenetic trees were constructed using the software package BEAST which uses Bayesian 

Markov Chain Monte Carlo (MCMC) analysis to generate maximum clade credibility (MCC) 

trees. An MCC tree is one of the trees actually sampled during MCMC analysis that has the 

highest product of all clade credibilities (posterior probabilities) for all the clades in the tree. 

MCC trees were constructed from sequences of individual genes and from sequences of 

multiple genes. Sequences of outgroup species were included wherever possible to root trees. 

Input files contained only unique haplotypes (for mt genes) or genotypes (for nuclear genes). 

Input files used to construct combined gene trees contained individuals which were sequenced 

for at least two of the three genes under study. Input files contained sequences of unequal 

length, which BEAST is able to handle, to maximise the amount of genetic information used in 

the analysis. When constructing MCC trees from nuclear DNA sequence data, information from 

heterozygous positions is not used, these positions are ignored in BEAST analyses.   

Several parts of the BEAST software package and other software programs were used to 

generate the phylogenetic trees and the steps involved in their construction are outlined 

below.  
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2.4.4.1 Estimating divergence times using a substitution rate 

Mutations in mtDNA sequences occur randomly and have been suggested to accumulate at a 

constant rate, allowing estimates of the timing of divergence between lineages using the 

molecular clock model (Page and Holmes 1998). However, the strict molecular clock model is 

now considered biologically unrealistic, as substitution rates can vary among lineages 

(Drummond et al. 2006).  

Intermediate models employing relaxed molecular clocks are available in the software 

program BEAST. The program also provides a measure of the clocklikeness of datasets (see 

below). The relaxed clock models in BEAST have been found to be more phylogenetically 

accurate and precise than strict molecular clock models and unrooted models, whilst also 

having the ability to infer a timescale to evolution (Drummond et al. 2006).  

Estimating divergence times between lineages of a phylogeny can be accomplished if a known 

substitution rate has been estimated independently, derived from some form of age 

calibration (Ho and Phillips 2009). If strong genetic structuring was found between 

populations, divergence time estimates were made using known substitution rates from 

species as closely related to those studied here as possible (see data chapters for details). 

2.4.4.2 Evolutionary models 

An analysis was undertaken of the sequence dataset of each gene for each species to 

determine the probability of observing the data under alternative evolutionary models using 

jModeltest v2.1.4 (Guindon and Gascuel 2003, Darriba et al. 2012). jModeltest is a computer 

program that carries out statistical selection of the best-fit models of nucleotide substitution. 

After computing likelihood scores, one model selection strategy was used: Akaike Information 

Criteria (AIC). The evolutionary model with the smallest AIC score was selected. Due to 

restrictions in model choice, the lowest scoring model that is able to be implemented in BEAST 

was used. Only the models used in the analyses are presented in each chapter with negative 

log likelihood scores (–InL) and Akaike Information Criterion (AIC) scores. The abbreviated 

nomenclature of models used here follows Posada (2008). A summary of the properties of 

these models can be found in Posada (2008). 

2.4.4.3 Creating a BEAST file 

BEAST files were generated in BEAUti v.1.7.5, a program within the BEAST software package. 

Files were created for each dataset to estimate a single gene tree and were also created with 

three data partitions pertaining to the three genes sequenced for each species to estimate a 
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multi-locus tree. Each tree was constructed twice to determine the clocklikeness of the data. 

One file specified a strict clock model and the other specified the lognormal relaxed clock 

(uncorrelated) model (UCLN) (Drummond et al. 2006). The UCLN clock model relaxes the 

assumption of a constant substitution rate and assumes that the substitution rate associated 

with each branch is independent (Drummond et al. 2006).  

For trees estimated for a single locus, the best fitting substitution model (found in jModeltest) 

was set for each dataset in BEAUti.  The strict clock model was set with a fixed substitution 

rate equal to 1 (unless otherwise stated). 

For trees estimated from multiple loci, substitution models were unlinked between partitions 

and the best-fit evolutionary model obtained in jModeltest was entered for each gene. 

Partition trees were linked to obtain one overall output tree. The mtDNA gene of each BEAUti 

file was fixed to a substitution rate of 1.0 (unless otherwise stated) and the two nuclear 

substitution rates were estimated relative to the mtDNA substitution rate. Substitution rate 

priors were set to uniform.  If one or more genes were not behaving in a clock-like manner 

(see below) the analysis was re-run with a mixed clock model set up in BEAUti, with some 

genes set to a strict clock, while others were set to the UCLN clock.   

MCMC settings were initially set to 10,000,000 generations logged at every 1,000 

observations. The tree prior selected for all files was Coalescent: Constant Size (unless 

otherwise stated). All other priors were set to default. 

2.4.4.4 Running BEAST 

BEAST analyses were carried out on XSEDE (Extreme Science and Engineering Discovery 

Environment) in the CIPRES (Cyberinfrastructure for Phylogenetic Research) portal (Miller et al. 

2010). The CIPRES Science Gateway is one of the projects of CIPRES and is a website that 

provides access to XSEDE’s large computational resources, allowing users to run multiple 

analyses simultaneously. In CIPRES, BEAST is run using the Beagle framework on XSEDE on the 

Trestles machine at the University of California in San Diego.  

2.4.4.5 Analysing output of BEAST  

2.4.4.5.1 Tracer 

Another software program, Tracer v1.5 (Rambaut and Drummond 2009) was used to analyse 

the log files generated by Bayesian MCMC runs in BEAST (log.txt files). Tracer presents the 

mean, standard deviation, confidence intervals and other statistics for each of the continuous 
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parameters sampled from the chain. The clocklikeness of the data was determined by 

inspecting the coefficient of variation and ucld.stdev parameters in the trace file of the UCLN 

clock analysis. The coefficient of variation is a measure of clocklikeness, with a value of 0 

implying the sequences are evolving in a clock-like manner; whereas larger values correspond 

to increasing rate heterogeneity. If posterior estimates of the ucld.stdev parameter included 0, 

a strict clock could not be rejected. 

The program also presents the trace of a parameter which can be used to check mixing and 

convergence of chains. It also reports the effective sampling size (ESS) of each statistic 

analysed in BEAST. Small ESS values (<100) are highlighted in Tracer and reflect correlated 

samples which may misrepresent the posterior distributions. If ESS values were low, or trace 

graphs reflected non-converging chains, MCMC settings were increased and analyses were re-

run with increased generation times and/or multiple runs were carried out and combined (see 

below) until ESS values represented independent sampling. 

2.4.4.5.2 Tree Annotator 

The computer program TreeAnnotator v1.7.5 is part of the BEAST software package and was 

used to annotate all the tree files (trees.txt) generated in the BEAST analysis. The first 10% of 

sampled trees were discarded as burn-in, as likelihood scores tend to rapidly change at the 

beginning of an analysis before reaching a stationary position. Posterior probabilities were 

computed from the remaining 90% of sampled trees. Maximum clade credibility trees were 

constructed with node heights equal to the mean height. 

2.4.4.5.3 LogCombiner 

When MCMC output was found to have low ESS values in Tracer, multiple runs were 

undertaken in BEAST and combined using LogCombiner v1.7.5, a computer program which is 

part of the BEAST package. The program combines both .log.txt and .trees.txt files from 

multiple independent runs of BEAST to increase the effective sampling size. Some files 

generated were so large that the posterior distribution was resampled at a lower frequency, 

but all combined files had a minimum of 10,000 trees. When combining log and tree files, 

burn-in was set to 10% (e.g. if MCMC chain length was 10,000,000, burn-in of log files was set 

to 1,000,000; burn-in of tree files was set to 1,000 (10% of trees sampled)). If tree files had 

been generated from multiple runs and combined in LogCombiner, burn-in was set to 0 in 

TreeAnnotator as burn-in had already been removed in LogCombiner.  
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2.4.4.6 Figtree 

Maximum clade credibility trees were imported into FigTree v1.4.0 (Rambaut 2012) for 

formatting and to add posterior probability values to nodes as labels and to set up the scale 

bar to reflect divergence time or adjusted so all trees could be presented on the same scale for 

visualisation and to aid in interpretation.  

2.4.5 Reconstruction of ancestral areas  

Dispersal-Vicariance Analysis (DIVA) (Ronquist 1997) is a parsimony, event-based 

biogeographic method that reconstructs the ancestral distribution in a phylogeny (without any 

prior knowledge of the history of the areas) by optimising a three-dimensional cost matrix, in 

which dispersals and extinctions “cost” more than vicariance (Ronquist 1997). Ancestral areas 

of each node of the phylogeny are reconstructed by minimising the number of duplication and 

extinction events required to explain the current distribution of lineages (Ronquist 1997). The 

method reconstructs ancestral ranges onto a fixed tree topology assumed to be without error 

(Nylander et al. 2008). Since the inception of DIVA (Ronquist 1997), several modifications have 

been incorporated into analyses to accommodate uncertainty in phylogenetic inference and 

uncertainty from DIVA optimisation. Phylogenetic uncertainty is incorporated by utilising the 

posterior distribution and averaging over all trees from an MCMC analysis (Nylander et al. 

2008, Harris and Xiang 2009, Yu et al. 2010).  

Biogeographic inferences were obtained through Bayesian Binary MCMC (BBM) analysis 

implemented in RASP (Reconstruct Ancestral State in Phylogenies) v2.1b (Yu et al. 2010, Yu et 

al. 2012). This method suggests possible ancestral ranges and calculates the probabilities of 

each ancestral range at each node on a phylogenetic tree. The frequencies of an ancestral 

range at a node in ancestral reconstructions are averaged over all trees (Yu et al. 2010). MCMC 

analysis in BBM is modified from source code of MrBayes v3.1.2 (Ronquist and Huelsenbeck 

2003). Specific settings and input files used in RASP are detailed in each data chapter that 

employed this method.  
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Chapter 3: Genetic data reflects morphological differences 
previously found in the widespread emerald dragonfly, 
Hemicordulia australiae 

3.1 Introduction 

3.1.1 Hemicordulia australiae (Rambur 1842): Distribution and life history 

Order: Odonata, Family: Corduliidae 

Synonyms: Cordulia australiae (Rambur 1842) 

Hemicordulia australiae, commonly known as the emerald dragonfly (Figure 3.1), is a 

widespread species distributed in Australia, New Zealand, Norfolk Island, Lord Howe Island, 

Lesser Sunda Islands and the Kermadec Islands (Hawking and Theischinger 1999). In New 

Zealand, H. australiae was first recorded as an occasional immigrant (Rowe 1987). Armstrong 

(1978) reviewed records of this species which was first recorded from New Zealand in 1842 by 

Jules Pierre Rambur, the original describer of the species. Armstrong (1978) inferred that H. 

australiae colonised New Zealand by aerial dispersal and that the first resident populations did 

not become established until the early 1930’s and that by 1960 it had colonised the North 

Island and invaded the South Island. 

 

Figure 3.1 - Hemicordulia australiae images: A. a preserved larval specimen from Norfolk Island, B. 

a preserved adult specimen from Norfolk Island, and C. a resting adult (from Chew 2009, 

reproduced with permission). 

 

Hemicordulia australiae has hemimetabolous development with a winged adult stage, in which 

the freshwater nymphs undergo ecdysis, becoming more and more like the adult. Larvae are 

restricted to freshwater habitats including rivers, riverine pools, lakes and permanent ponds 

and are found among gravel and plants. Larvae that are about to undergo moulting, leave the 

freshwater for a suitable emergence site; emergence takes about one hour to complete (Rowe 

1987). During maturation, adults are known to range far and wide before males return to the 

water to establish territories which are visited by females (Rowe 1987). After copulation, but 
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not immediately following, oviposition occurs; females release up to six or seven hundred eggs 

(0.6x0.4mm) into the water (Rowe 1987). Although most females copulate each time they 

come to the water, a single copulation is probably sufficient to inseminate a female for life 

(Rowe 1987). Eggs sink and become sticky, adhering to detritus and plants (Rowe 1987). Early 

instar larvae occur amongst bottom debris or are even part-buried in mud or sand (Rowe 

1987).  

Rowe (1987) reported that larvae take two years to develop, although under low temperatures 

with scarce food resources, development can take three years. Winterbourn and Pohe (2013) 

found larvae develop in one year. Developmental times are thought to vary between sites 

because water temperature has a strong influence on growth and development (Winterbourn 

and Pohe 2013). Climatic conditions are also thought to influence the geographical range and 

flying season of this species (Rowe 1987). 

3.1.2 Morphological variations 

Winstanley and Brock (1983) noted differences between exuviae of Norfolk Island and New 

Zealand specimens of H. australiae. Exuviae of Norfolk Island specimens had well developed 

dorsal abdominal hooks which beared short setae, which resembled Australian specimens; 

while the dorsal hooks of New Zealand specimens were less well developed. There is some 

uncertainty in the literature concerning the species status of the New Zealand and Norfolk 

Island (and Australian) populations.  

Winstanley (1983) examined material from Mayor Island (35km off the Bay of Plenty coast of 

the North Island of New Zealand), the New Zealand mainland, the Kermadec Islands and 

Norfolk Island and recognised two distinct female forms based on wing colouration. All 

females examined from New Zealand were of one form; all females from Norfolk Island, Mayor 

Island, and the Kermadec Islands were of the other form, which is used as a diagnostic 

characteristic in identifying individuals of the species in Tasmania and Australasia (Winstanley 

1983). However, both forms are present in eastern Australia (Winstanley 1983). Winstanley 

(1983) stated that based on adult characteristics it was not possible to determine whether H. 

australiae is a polymorphic species and the monotypic forms seen in isolated populations (i.e. 

Norfolk Island, Mayor Island (NZ), Kermadec Islands) are due to founder effects, or whether 

the distinct forms represent discrete species.  
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3.1.3 Opportunities for dispersal 

Dragonflies are stout, strong flying insects and are often sighted far from the freshwater in 

which the larvae develop (Watson et al. 1991). Flight is an effective means of dispersal in adult 

odonates. The type of flight, directed or passive, depends on the airspeed of the insect and the 

ambient wind speed. The term flight boundary layer is used to describe the height above the 

ground where ambient wind speeds exceed that of the insects airspeed (Taylor 1958, Taylor 

1974). Below the flight boundary layer, dispersal can occur through directed flight because the 

airspeed of insects exceeds that of the ambient wind speed. Above the flight boundary layer, 

insects become entrained and displaced in the general direction of the wind because wind 

speed exceeds that of the insects’ airspeed. 

The long-distance dispersal of dragonflies occurs above the flight boundary layer and is 

therefore assisted by weather fronts (Corbet 1999). Passive dispersal of odonates by wind can 

potentially result in transport over great distances and long distance dispersal is frequent and 

widespread (Dijkstra 2007). On oceanic islands, the appearance of dragonflies can almost 

certainly be attributed to wind transport (Corbet 1999).  

During long-distance migration, aggregation of individuals is normally essential for colonisation 

of isolated habitats (Corbet 1999). Theischinger and Hawking (2006) report that large swarms 

of H. australiae congregate during periods of mass emergence of terrestrial insects. 

3.1.4 Aims and objectives 

The goal of this chapter is to reconstruct the phylogeographic history of Hemicordulia 

australiae. This chapter aims to: 1. Determine the genetic variation of Hemicordulia australiae 

across its geographic range; 2. Identify the source of Norfolk Island colonists; and 3. Verify the 

species status of populations present within the range of Hemicordulia australiae and 

determine if genetic relationships align with the morphological differences noted between 

New Zealand and Norfolk Island and Australian populations. 

Associated with each of these aims, three specific predictions will be tested:  

1. Wide stretches of ocean do not present barriers to dispersal between populations of 

a strong flying insect on separate landmasses; it is expected that H. australiae will exhibit weak 

phylogeographic structure across the study region due to its high dispersal potential;  

2. Due to the strongly directional currents of the West Wind Drift which influence the 

study region and previous morphological work which found Norfolk Island specimens to 
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resemble Australian specimens rather than New Zealand specimens, it is expected that 

colonisation of Norfolk Island will have occurred through dispersal from mainland Australia; 

3. If more than a single species is found within H. australiae, it is expected that genetic 

differences align with the morphological differences and that if one is confined to Norfolk 

Island, it is expected that speciation occurred recently, after volcanic emergence of the island. 

3.2 Specific Data Analysis 

3.2.1 Diversity, differentiation and divergence analyses 

Estimates of pairwise divergence between populations in separate geographic regions were 

calculated using p-distances in MEGA v5.2 (Tamura et al. 2011) from mtDNA sequence data 

with 1,000 bootstrap replicates. Individuals were also partitioned into the same groupings 

using DnaSP v5.10.01 (Librado and Rozas 2009) to create files for analysis in Arlequin v3.5.1.3 

(Excoffier and Lischer 2010) where haplotype diversity (h) and nucleotide diversity (π) were 

calculated for populations with at least 8 individuals sequenced for each locus. Pairwise FST and 

ɸST were also calculated between populations in separate geographic regions with at least 8 

individuals sequenced for mtDNA in Arlequin. 

3.2.2 Demographic history – neutrality tests 

Four neutrality tests were performed in DnaSP for each population containing at least 8 

individuals sequenced for mtDNA: Tajima’s D (Tajima 1989), Fu and Li’s D* and F* (Fu and Li 

1993), and Fu’s FS (Fu 1997). 

3.2.3 Phylogeographic analyses 

3.2.3.1 Haplotype networks 

A haplotype network was constructed in TCS v1.21 (Clement et al. 2000) with a 90% branch 

connection limit for mtDNA sequence data; connections between networks found to be 

unlinked at the 90% probability of parsimony were determined by increasing the number of 

steps of the fixed connection limit. 

3.2.3.2 Single gene trees 

Aligned sequence data of all three genes sequenced for H. australiae (COII, H3 and EF1a) were 

used to estimate a single tree for each gene using BEAST v1.7.5 (Drummond and Rambaut 

2007, Drummond et al. 2012).   
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For the trees based on COII and H3 sequence data, the model of nucleotide substitution found 

to best-fit each dataset was the HKY model with a proportion of invariable sites (+I) (Hasegawa 

et al. 1985) (COII: -InL = 1352.9571, AIC = 2763.9142, H3: -InL = 450.1612, AIC = 946.3223). For 

the tree based on EF1a sequence data, the model of nucleotide substitution found to best-fit 

the data was the HKY model (Hasegawa et al. 1985) (-InL = 1307.4503, AIC = 2646.9006). Each 

gene tree was based on the strict clock model with a coalescent – constant size tree prior with 

10 million generations sampled every 1,000 states.  

3.2.4 Divergence time estimation using a multi-locus gene tree 

A mitochondrial sequence divergence rate of 2.3% per million years has previously been 

established for arthropods (Brower 1994). Brower (1994) compiled estimates of divergence 

times for recently diverged arthropod taxa based on dated geological events or inferred from 

biogeography and paleoclimatology from various sources. This rate has been widely applied to 

a range of arthropod taxa and was considered as an appropriate rate to apply to the mt gene 

within the multi-locus gene tree of H. australiae in the absence of a previously established rate 

for the COII gene for Odonata.  

For the multi-locus gene tree, the model of nucleotide substitution used for EF1a was that 

described above; the models used for COII and H3 differed slightly as fewer individuals were 

included (for inclusion in the multi-locus gene tree, individuals had to be sequenced for at least 

2 loci). For COII and H3, the model used was HKY + G (Hasegawa et al. 1985) (COII: -InL = 

1338.8265, AIC = 2839.6530; H3: -InL = 452.0171, AIC = 1066.0343). The multi-locus gene tree 

was based on a mix of clock models: the UCLN model for COII and the strict clock model for H3 

and EF1a were used. The substitution rate for COII was set to 0.0115 (2.3% ÷ 2 = 1.15% 

substitution rate per lineage ÷ 100 = 0.0115 per site rate) and the two nuclear substitution 

rates were estimated relative to the mtDNA substitution rate. Tree prior was set to a 

coalescent – constant size with 30 million generations sampled every 3,000 states.  

3.3 Results 

3.3.1 Summary of sequences 

Fragments were sequenced for H. australiae and for an outgroup species Hemicordulia tau. In 

total, the following numbers of individuals were sequenced for each gene: 45 for COII (9 of 

which belonged to H. tau), 40 for H3 (8 of which belonged to H. tau) and 14 for EF1a (none of 

which belonged to H. tau). Two additional sequences (COII: accession number - EU055365, H3: 

accession number - EU055459) were obtained from GenBank for a H. australiae specimen from 
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Stradbroke Island (sequences from Bybee et al. 2008). The number of individuals sequenced 

from each geographic region ranged from 1 to 18 (Table 3.1). Difficulties obtaining EF1a 

sequences from specimens resulted in small sample sizes for this gene. 

Table 3.1 - Summary of sequences by region for Hemicordulia australiae 

Gene Site No. of individuals No. of haplotypes 

COII Norfolk Island 18 2 

 Queensland, Australia 9 2 

 Stradbroke Island, Queensland, Australia 2 2 

 New Zealand 8 5 

H3 Norfolk Island 10 2 

 New Zealand 9 2 

 Queensland, Australia 10 4 

 Stradbroke Island, Queensland, Australia 2 2 

 New South Wales, Australia 2 1 

EF1a Norfolk Island 4 2 

 Queensland, Australia 1 1 

 New South Wales, Australia 1 1 

 New Zealand 6 1 

 

Sequences included in haplotype networks and population genetic analyses were of equal 

length and consisted of: 9 unique haplotypes of 550bp for COII, 7 unique haplotypes of 258bp 

for H3 and 3 unique haplotypes of 412bp for EF1a. Sequences included in phylogenetic trees 

differed in fragment sizes because the analyses used can handle this type of data and consisted 

of: 13 unique haplotypes of COII that spanned 550bp of the gene; 10 unique H3 genotypes that 

spanned 258bp of the gene; and 7 unique genotypes of EF1a that spanned 950bp of the gene.   

3.3.2 Diversity, differentiation and divergence 

The Norfolk Island population harboured low levels of mitochondrial genetic diversity (h = 

0.111 ± 0.096, π = 0.0002 ± 0.0004), as did the Queensland population (h = 0.222 ± 0.166, π = 

0.0012 ± 0.0012). New Zealand was found to harbour the highest levels of mitochondrial 

genetic diversity (h = 0.786 ± 0.151, π = 0.0018 ± 0.0016). Of the 33 individuals of H. australiae 

for which sequence data were available from the H3 locus, 15 individuals were heterozygous 

for at least one nucleotide position: 14 individuals were heterozygous at 1 position and 1 

individual was heterozygous at 3 positions. At the H3 locus, the New Zealand population was 

found to harbour slightly higher genetic diversity (h = 0.503 ± 0.064, π = 0.0020 ± 0.0019) than 

Norfolk Island (h = 0.442 ± 0.088, π = 0.0017 ± 0.0018) and Queensland (h = 0.284 ± 0.128, π = 
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0.0019 ± 0.0019) populations. At the EF1a locus, no positions were identified as heterozygous, 

although all genotypes were unique to single regions. 

Significant ɸST and FST pairwise values showed strong genetic differentiation between New 

Zealand and Queensland, and between New Zealand and Norfolk Island (Table 3.2). Pairwise 

ɸST and FST values between Queensland and Norfolk Island were very low and non-significant. 

Table 3.2 - Genetic differentiation between discrete geographic populations of Hemicordulia 

australiae  (pairwise ɸST above diagonal and FST below diagonal, bold type indicates significance 

(p<0.05))  

 
New Zealand Norfolk Island Queensland 

New Zealand 
 

0.9898 0.9775 

Norfolk Island 0.6517 
 

0.0526 

Queensland 0.5076 -0.0206 
 

  

Pairwise divergence between Queensland and Norfolk Island was very low; however New 

Zealand was 6.6% divergent from both Norfolk Island and Queensland (Table 3.3). When both 

sequences belonging to individuals from Stradbroke Island were combined, pairwise 

divergence values were relatively high (Stradbroke Island (All), Table 3.3). However, when 

analyses were re-calculated for each individual separately, one individual (Stradbroke Island A, 

sequenced in this study) was not divergent from Norfolk Island (0%), and was as divergent to 

the other regions as Norfolk Island. The other individual (Stradbroke Island B, a sequence from 

GenBank) was highly divergent from all regions (Table 3.3).  

Table 3.3 - Estimates of divergence between geographic regions for Hemicordulia australiae using p-

distances based on COII sequence data, with standard errors  

  New Zealand Norfolk Island Queensland Stradbroke A 

Norfolk Island 0.066±0.010 
   

Queensland 0.066±0.010 0.001±0.000 
  

Stradbroke Island (All) 0.095±0.010 0.056±0.006 0.056±0.006 
 

Stradbroke Island A 0.066±0.010 0.000±0.000 0.001±0.000 
 

Stradbroke Island B 0.124±0.014 0.113±0.013 0.112±0.013 0.113±0.013 

 

3.3.3 Demographic history 

New Zealand had a significantly negative Fu’s FS test statistic, which indicated a selective 

sweep or recent population expansion has occurred in the region. However, all other neutrality 

tests were non-significant for this region. Although the majority of the remaining neutrality 

test statistics were negative for all regions, these values were non-significant. Neutrality tests 
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failed to show that the Norfolk Island and Queensland populations were evolving in a non-

neutral manner with no evidence of recent demographic changes, such as sudden expansions 

or bottlenecks in those regions (Table 3.4). 

Table 3.4 - Neutrality tests for geographically discrete populations of Hemicordulia australiae, bold 

type indicates significance  

 New Zealand Norfolk Island Queensland 

n 8 18 9 

η 4 1 3 

ηs 4 1 3 

S 4 1 3 

k 1.000 0.111 0.667 

ɸ1 1.543 0.291 1.104 

ɸ2 3.500 0.944 2.667 

Tajima’s D test 

p-value 

-1.535 

0.10>p>0.05 

-1.165 

p>0.10 

-1.513 

p>0.10 

Fu and Li’s D test 

p-value 

-1.665 

p>0.10 

-1.499 

p>0.10 

-1.683 

 p>0.10 

Fu and Li’s F test 

p-value 

-1.797 

p>0.10 

-1.612 

p>0.10 

-1.829 

p>0.10 

Fu’s FS test 

p-value 

-2.800 

p<0.02 

-0.794 

p>0.10 

1.318 

p>0.10 

n = number of nucleotide sequences, η = total number of mutations, ηs = total number of singleton 

segregating sites, S = number of segregating sites, k = average number of nucleotide differences, 

ɸ1= from S, ɸ2 = from ηs. 

 

3.3.4 Phylogeographic reconstruction 

At the mtDNA locus, H. australiae showed strong phylogeographic structuring between some 

regions. Phylogeographic structure was found between New Zealand, the Australian and 

Norfolk Island populations and Stradbroke Island (Figure 3.2). Three distinct clades were 

found: Clade A contained haplotypes from Norfolk Island, Queensland and Stradbroke Island; 

Clade B contained haplotypes from New Zealand and Clade C contained an individual sequence 

from Stradbroke Island obtained from GenBank. The GenBank sequence which was labelled H. 

australiae was divergent from both Hemicordulia species represented in the MCC tree and did 

not join to either of the haplotype networks formed for Clade A and Clade B when the 

connection limit was set to 50 parsimony steps. 

A common and widespread haplotype was found in Queensland, Norfolk Island and Stradbroke 

Island. Two unique haplotypes were also confined to Norfolk Island and Queensland, but were 

closely related to the widespread haplotype. The New Zealand population was highly divergent 

from all other regions; haplotypes formed an independent haplotype network that was 34 
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parsimony steps different to Clade A and was represented by a strongly supported 

monophyletic clade on the MCC mitochondrial gene tree (Figure 3.2). 
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Figure 3.2 - Mitochondrial MCC gene tree and haplotype networks for Hemicordulia australiae constructed using COII sequences (MCC gene tree on the left, 

haplotype networks on the right).
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At the H3 locus, New Zealand formed a monophyletic clade that contained unique sequences 

that were confined to that landmass (Figure 3.3A). A common widespread genotype was found 

in Norfolk Island, Queensland, Stradbroke Island and New South Wales populations. The 

sequence from Stradbroke Island sourced from GenBank was highly divergent from all other 

regions and from the outgroup species.   

At the EF1a locus, although all genotypes were unique to single regions, there was little 

divergence between sequences (Figure 3.3B). For regions in which more than a single 

individual was sequenced, New Zealand contained a single genotype, whereas three genotypes 

were found on Norfolk Island. 
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Figure 3.3 - Nuclear MCC gene trees for Hemicordulia australiae based on A. H3 and B. EF1a sequence data.
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3.3.5 Divergence time estimates 

The multi-locus MCC gene tree constructed for H. australiae depicted three distinct clades 

(Figure 3.4). Clade A contained individuals from Norfolk Island, Queensland, New South Wales 

and Stradbroke Island which were all closely related and diverged from each other 

approximately 0.51mya. Clade B was a strongly supported monophyletic clade which 

contained New Zealand individuals, distinct from all other regions. Clade A and Clade B were 

estimated to have diverged from each other 1.07mya. Clade C contained an individual from 

Stradbroke Island which was highly divergent from all other sequences of H. australiae 

(represented by sequences from GenBank) and was estimated to have diverged from Clades A 

and B 5mya. Hemicordulia tau specimens were included as an outgroup and formed a 

divergent, well-supported clade, from which H. australiae was estimated to have diverged 

7.31mya. 
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Figure 3.4 - Multi-locus MCC gene tree for Hemicordulia australiae with estimated divergence times based on a mtDNA divergence rate of 2.3% (Brower 1994). The 

blue bars illustrate the extent of the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is labelled with: posterior 

probability (lower right), node age (upper left), and 95% hpd interval for divergence time (lower left). The scale is in millions of years.  
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3.4 Discussion 

3.4.1 Phylogeographic structure and the influence of dispersal potential 

Strong phylogeographic structure was found between some regions for H. australiae. All 

Australian and Norfolk Island populations were closely related, while populations in New 

Zealand were highly distinct, estimated to have diverged from the Australian and Norfolk 

Island populations 1.07mya.  

Very low levels of genetic divergence were found between populations from Queensland, New 

South Wales, and Norfolk Island and one individual from Stradbroke Island. Haplotypes were 

shared between these landmasses which could imply contemporary movement of individuals 

over long distances and on-going gene flow between the areas. The genetic pattern found 

could also be the result of the very recent arrival and establishment of a population in one of 

these areas colonised by one of the other regions. 

The powerful flight abilities of dragonflies and assistance from wind and air currents are 

assumed to enable long distance dispersal (Corbet 1999). The freshwater species studied here 

somewhat conformed to the typical pattern expected for a freshwater invertebrate with a 

winged terrestrial adult stage (Zickovich and Bohonak 2007). The negligible levels of 

divergence and non-significant genetic differentiation found between the mainland Australian 

populations and the Norfolk Island population suggested powered flight or passive transport in 

air currents allowed for frequent long distance dispersal between these areas.  

However, the dispersal potential of this species appeared to be somewhat restricted on a very 

large scale. The distinct, divergent population found in New Zealand suggested that this region 

does not receive immigrants from the other regions studied here, at least not enough to 

influence the genetic variation of the population.  The strong flight ability of H. australiae may 

make it more capable of remaining in situ during strong winds, rather than being blown off 

course and becoming entrained in strong winds and carried to distant areas. Perhaps the New 

Zealand landmass is too distant from the Australian mainland to allow continual migration 

between regions, with the Tasman Sea acting as a barrier to dispersal. Another explanation for 

the distinctness of the New Zealand lineage may not be an effect of limited dispersal, but of 

limited survival. Perhaps the species is able to disperse as far as the New Zealand mainland, 

but due to environmental tolerances is unable to persist.  
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The strong phylogeographic structure found between New Zealand and Norfolk Island and 

Australia was not expected because it was assumed that the strong, robust dragonfly would be 

capable of flight or surviving transport via air currents even across the Tasman Sea.  

3.4.2 Colonisation history and the source of island colonists 

As oviposition does not occur immediately after copulation, and a single copulation event is 

probably sufficient to inseminate a female for life (Rowe 1987), dispersal of a single female 

could potentially result in the establishment of a population. This could be how the 

colonisation of Norfolk Island occurred. However, neutrality tests indicated that the population 

established on Norfolk Island has not undergone any demographic changes, such as a 

population expansion or a bottleneck, nor was there any real evidence of reduced diversity on 

the island, which would suggest that colonisation has not occurred through a single female 

migrant. In addition, individuals are known to aggregate during migration (Corbet 1999, 

Theischinger and Hawking 2006), which would serve to improve the chances of multiple 

individuals successfully establishing a population on a remote oceanic island. 

The close genetic relationship between the Australian mainland and Norfolk Island populations 

implied that Norfolk Island was colonised by Australian migrants, rather than New Zealand, 

which would also suggest that West Wind Drift is responsible for the direction of dispersal. 

Prolonged westerly airstreams have coincided with reports of large influxes of Australian 

Lepidoptera arriving on Norfolk Island and New Zealand (Holloway 1977, Fox 1978). The same 

process may explain the patterns of genetic variation found here for the Norfolk Island and 

Australian populations of H. australiae, although it would not explain the distinct lineage found 

in New Zealand. If dispersal has occurred from Australia to New Zealand via the West Wind 

Drift, it would appear that it is far less frequent than from Australia to Norfolk Island, so the 

New Zealand lineage may be the result of an older dispersal. 

The only discernible pattern of genetic structuring based on geography is that of individuals 

from New Zealand, which were highly distinct from all the other landmasses across all loci. This 

does not mean that there are not populations within New Zealand that are more closely 

related to Australian and Norfolk Island populations which may have arrived recently, but 

these were not sampled here. 

One individual from Stradbroke Island was consistently highly divergent across all loci from all 

other individuals of both H. australiae and the outgroup species H. tau. It was estimated to 

have diverged from all other H. australiae 5mya. This sequence was obtained from GenBank 
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and could either represent a divergent, cryptic species unique to this island or a misidentified 

specimen. 

3.4.3 Congruence with morphological data – a species complex? 

The morphological similarities previously found between Norfolk Island and Australian exuviae 

by Winstanley and Brock (1983) are reflected in the genetic data, as levels of divergence were 

very low between these two regions. The populations on Norfolk Island do not appear to 

represent a separate species based on the similarities found between Norfolk Island and 

Australian populations. Norfolk Island was not significantly differentiated from populations in 

Australia. While the Norfolk Island population of H. australiae did harbour a unique 

mitochondrial haplotype, the majority of individuals were represented by a haplotype shared 

by Australian individuals. The population on Norfolk Island is a further extension in the 

Australian range of the species that has occurred through dispersal relatively recently, i.e. in 

the last 0.51my.  

The morphological differences previously found between the exuviae of New Zealand 

specimens and specimens from the conspecific Norfolk Island and Australian populations by 

Winstanley and Brock (1983) were strongly supported by the genetic data. Genetic data 

suggests the presence of a separate species in the New Zealand region within the described H. 

australiae. Hemicordulia australiae is reportedly a new arrival to New Zealand (Armstrong 

1978, Rowe 1987), which makes it unlikely that diversification occurred in situ as there would 

not have been sufficient time to accumulate the differences observed here. If H. australiae is in 

fact a recent arrival to New Zealand, it did not originate from any populations sampled here. 

Where this divergent lineage evolved is unknown, but it may have originated in an area that 

was not sampled in this study (for example, Tasmania), from which New Zealand was recently 

colonised. The significantly negative Fu’s FS test statistic obtained for New Zealand could be 

evidence of a recent population expansion in the region, which accords well with previous 

observations that dispersal within New Zealand of H. australiae has been recent (Armstrong 

1978). 

Although H. australiae has been suggested to be a new arrival and did not reportedly establish 

in New Zealand until the 1930’s (Armstrong 1978), the findings of this study suggested 

otherwise. The unique variation present in New Zealand populations and the high levels of 

sequence divergence and significant genetic differentiation found between New Zealand and 

the other regions suggest that the populations have been isolated from Australia and Norfolk 

Island for a long time. New Zealand was estimated to have diverged from Norfolk Island and 
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Australian populations 1.07mya, which greatly pre-dates its recorded arrival in New Zealand 

supporting the assumption that the species has had a longer history in the region than 

previously assumed.  

Additional specimens would need to be sequenced from Stradbroke Island to determine if the 

GenBank sequences represent a cryptic species within H. australiae endemic to this island.  

3.4.4 Conclusions 

Hemicordulia australiae was expected to have efficient dispersal powers allowing movement 

between regions due to a winged adult stage and therefore was predicted to show low levels 

of divergence and differentiation, with populations converging towards panmixia. This pattern 

was observed between populations in Australia and Norfolk Island. Dispersal to Norfolk Island 

has certainly occurred since volcanic emergence of the island, most probably assisted by West 

Wind Drift. The low level of divergence from the Australian mainland may be evidence of 

continual migration to the present day. 

However, the distinctness of the New Zealand population suggested dispersal to this region is 

far more restricted. It would appear that flight enabled H. australiae to disperse from Australia 

as far east as Norfolk Island, but not as far as New Zealand (at least not recently). It may be 

that dispersal does occur to New Zealand, but due to different environmental tolerances the 

species does not survive and persist in that region.  

The New Zealand populations were very divergent and distinct from populations on Norfolk 

Island and the Australian mainland, indicating that H. australiae may potentially represent a 

species complex. The genetic data presented here aligned with the previous morphological 

differences found between these areas (Winstanley and Brock 1983), which provided 

additional evidence for the existence of a separate species in New Zealand. 
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Chapter 4: Limited phylogeographic structure across the Tasman 
Sea in the aurora blue-tail damselfly, Ischnura aurora 

4.1 Introduction 

4.1.1 Ischnura aurora (Brauer 1865): Distribution and life history 

Order: Odonata, Family: Coenagrionidae 

Synonyms: Agrion aurora (Brauer 1865) 

Ischnura aurora is a very common species of damselfly, known as the aurora blue-tail (Figure 

4.1) (Hawking and Theischinger 1999). It is an opportunistic species, occurring in almost all 

types of standing water-bodies (Hawking and Theischinger 1999), including desert waterholes 

and saline lakes (Rowe 1987). The species is  widespread throughout the Australo-Pacific 

region, occurring in Eastern Australia, the North Island of New Zealand, Norfolk Island, Lord 

Howe Island and other island systems in the Pacific (Rowe 1987, Rowe 2010). Ischnura aurora 

is thought to be a recent immigrant to New Zealand from eastern Australia or the Pacific 

Islands, becoming established in the 1930’s (Rowe 1987). 

 

Figure 4.1 - Ischnura aurora images: A. preserved larval specimen from Norfolk Island, B. stylised 

larvae (from Winterbourn 1968, URL: http://nzetc.victoria.ac.nz/tm/scholarly/Bio16Tuat02-fig-

Bio16Tuat02_113a.html, reproduced with permission from Tuatara: Journal of the Biological 

Society of Victoria University of Wellington), and C. resting adult (from CSIRO 2004, image credit: 

CSIRO, reproduced with permission). 

 

Ischnura aurora has a short hemimetabolous life cycle (Theischinger and Hawking 2006), with 

a winged adult stage. Development from egg to imago takes 8 to 10 weeks under favourable 

conditions (Rowe 1987). The freshwater larvae occur on submerged macrophytes in still and 

sluggish waters (Hawking and Theischinger 1999). Emergence occurs within 3 centimetres of 

the surface of the water on emergent vegetation (Rowe 1987).  

While most odonates migrate when reproductively immature, females of this species are 

known to undergo insemination before departure (Corbet 1999). Females usually mate only 

C B A 
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once, with enough sperm implanted to fertilise all the eggs produced (Silsby 2001). Mating 

occurs within an hour of the female’s emergence (Rowe 1987). After copulation, females have 

been observed rising into the air having been caught by wind currents (Rowe 1987). Eggs 

develop and are laid 4 to 5 days later (Rowe 1987, Silsby 2001). Eggs (0.75-0.78mm in length) 

are laid in individual incisions on emergent vegetation in ponds and pools which develop 

directly (Rowe 1987). Up to 180 eggs are laid at first, however later batches are smaller and 

can contain fewer than 30 eggs (Rowe 1987). The eggs take 14-21 days to hatch (Rowe 1987).  

4.1.2 Opportunities for dispersal 

Damselflies are slender and fragile flying insects. Flight allows for frequent and widespread 

dispersal of adult odonates (Dijkstra 2007). Females of I. aurora are particularly well-known for 

their propensity and predisposition for dispersal (Silsby 2001). Dispersing females that drift 

with the wind can travel kilometres from freshwater sources (Rowe 1987).  

Passive dispersal of odonates by wind can potentially result in transport of individuals over 

great distances, assisted by weather fronts (Corbet 1999). As I. aurora undergoes insemination 

before maturing and dispersing, a feature not documented for any other species of odonate, a 

single individual is capable of colonising and recolonising widely separated, ephemeral habitats 

(Rowe 1987). 

4.1.3 Aims and objectives 

The goal of this chapter is to reconstruct the phylogeographic history of Ischnura aurora. This 

chapter aims to: 1. Determine the genetic variation in Ischnura aurora across part of its 

Australo-Pacific range; 2. Estimate the timing of divergence between landmasses; and 3. 

Identify the source of Norfolk Island and Lord Howe Island colonists. 

Associated with each of these aims, three specific hypotheses will be tested:  

1. Wide stretches of ocean do not present barriers to dispersal between populations of 

a flying insect on separate landmasses; it is expected that Ischnura aurora will exhibit weak 

phylogeographic structure across the study region due to its high propensity for dispersal;  

2. Due to frequent dispersal events it is expected that Norfolk Island and Lord Howe 

Island will show low levels of divergence from other landmasses and will not have been 

isolated for a long period of time;   
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3. Due to the strongly directional currents of the West Wind Drift which influence the 

study region it is expected that colonisation of Norfolk Island and Lord Howe Island will have 

occurred through dispersal from mainland Australia. 

4.2 Specific Data Analysis 

4.2.1 Diversity, differentiation and divergence analyses 

Estimates of pairwise divergence between populations in separate geographic regions were 

calculated using p-distances in MEGA v5.2 (Tamura et al. 2011) from mtDNA sequence data 

with 1,000 bootstrap replicates.  Individuals were also partitioned into the same groupings 

using DnaSP v5.10.01 (Librado and Rozas 2009) to create files for analysis in Arlequin v3.5.1.3 

(Excoffier and Lischer 2010) where haplotype diversity (h) and nucleotide diversity (π) were 

calculated for populations with at least 4 individuals sequenced for each locus. Pairwise FST and 

ɸST were also calculated between populations in separate geographic regions with at least four 

individuals sequenced for mtDNA in Arlequin.  

4.2.2 Demographic history – neutrality tests 

Four neutrality tests were performed in DnaSP for each population containing at least 4 

individuals sequenced for mtDNA (the minimum sample size for neutrality tests as suggested 

in the help contents of DnaSP (Librado and Rozas 2009)): Tajima’s D (Tajima 1989), Fu and Li’s 

D* and F* (Fu and Li 1993), and Fu’s FS (Fu 1997). 

4.2.3 Phylogeographic analyses 

4.2.3.1 Haplotype networks 

A haplotype network was constructed in TCS v1.21 (Clement et al. 2000) with a 90% branch 

connection limit for mtDNA sequence data. 

4.2.3.2 Single gene trees 

Aligned sequence data of all three genes sequenced for I. aurora (COII, H3 and EF1a) were 

used to estimate a single tree for each gene using BEAST v1.7.5 (Drummond and Rambaut 

2007, Drummond et al. 2012).   

For the tree based on COII sequence data, the model of nucleotide substitution found to best-

fit the dataset was the HKY model with gamma distributed rate heterogeneity (+G) (Hasegawa 

et al. 1985) (InL = 1813.5597, AIC = 3753.1193). For the tree based on H3 sequence data, the 

model of nucleotide substitution found to best-fit the dataset was the HKY model with a 
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proportion of invariable sites (+I) (Hasegawa et al. 1985) (InL = 628.0819, AIC = 1294.1638). For 

the tree based on EF1a sequence data, the model of nucleotide substitution found to best-fit 

the data was the TN93 model with equal base frequencies (ef) and gamma distributed rate 

heterogeneity (+G) (Tamura and Nei 1993) (-InL = 1855.8383, AIC = 3809.6765). Each gene tree 

was based on the strict clock model with a coalescent – constant size tree prior with 10 million 

generations sampled every 1,000 states.  

4.2.4 Divergence time estimation using a multi-locus gene tree 

A mitochondrial sequence divergence rate of 2.3% per million years has previously been 

established for arthropods (Brower 1994) and was considered as an appropriate rate to apply 

to the multi-locus gene tree of I. aurora in the absence of a previously established rate for the 

COII gene in Odonata.  

For the multi-locus gene tree, the models of nucleotide substitution found to best fit the 

dataset of each gene differed to those used above for the construction of the single gene trees 

as a different number of individuals were included (only individuals sequenced for at least two 

loci were included). The models used to construct the multi-locus gene tree were: for COII and 

H3 sequence data the GTR +G (Tavaré 1986) model and for EF1a sequence data the TN93ef 

(Tamura and Nei 1993) model (COII: -InL = 1453.5489, AIC = 3045.0979; H3: -InL = 598.6793, 

AIC = 1335.3586; EF1a = -InL = 1482.2201, AIC = 3052.4402). The multi-locus gene tree was 

based on a mix of clock models: the UCLN model for COII and the strict clock model for H3 and 

EF1a were used. The substitution rate for COII was set to 0.0115 (2.3% ÷ 2 = 1.15% substitution 

rate per lineage ÷ 100 = 0.0115 per site rate) and the two nuclear substitution rates were 

estimated relative to the mtDNA substitution rate. Tree prior was set to a coalescent – 

constant size with multiple independent MCMC runs combined for a total of 300 million 

generations, re-sampled every 3,000 states. Effective sampling sizes for the posterior and prior 

parameters were still low (~100) after combining runs. 

4.3 Results 

4.3.1 Summary of sequences 

Fragments were sequenced for I. aurora, and for an outgroup species Ischnura heterosticta. In 

total, the following numbers of individuals were sequenced for each gene: 53 for COII (4 of 

which belonged to I. heterosticta), 30 for H3 (3 of which belonged to I. heterosticta) and 22 for 

EF1a (1 of which belonged to I. heterosticta). Two additional sequences for I. aurora (COII: 

accession number – AY179161, EF1a: accession number – AY179097) and one additional 
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sequence for I. heterosticta (EF1a: accession number – AY179098) were obtained from 

GenBank for specimens from Fiji (sequences from Jordan et al. 2003). The number of 

individuals sequenced from each geographic region ranged from 1 to 21 (Table 4.1). Sample 

sizes were low for some regions because additional specimens could not be obtained.  

Table 4.1 - Summary of sequences by region for Ischnura aurora 

Gene Site No. of individuals No of haplotypes 

COII Norfolk Island 14 5 

 Lord Howe Island 21 12 

 Queensland, Australia 2 2 

 Lady Musgrave Is, Great Barrier Reef, Queensland, Australia 1 1 

 Lady Elliot Is, Great Barrier Reef, Queensland, Australia 1 1 

 Tasmania, Australia 2 2 

 New Zealand 8 6 

 Fiji 1 1 

H3 Norfolk Island 8 2 

 Lord Howe Island 5 3 

 Queensland, Australia 3 2 

 Lady Musgrave Is, Great Barrier Reef, Queensland, Australia 1 2 

 Lady Elliot Is, Great Barrier Reef, Queensland, Australia 1 2 

 Tasmania, Australia 2 3 

 New Zealand 7 6 

EF1a Norfolk Island 8 15 

 Lord Howe Island 6 10 

 Lady Elliot Is, Great Barrier Reef, Queensland, Australia 1 2 

 Tasmania, Australia 2 2 

 New Zealand 4 8 

 Fiji 1 1 

 

Sequences for I. aurora included in haplotype networks and population genetic analyses were 

of equal length and consisted of: 23 unique haplotypes of 469bp for COII, 9 unique haplotypes 

of 289bp for H3 and 41 unique haplotypes of 818bp for EF1a.  

Sequences included in phylogenetic trees were of differing lengths, as the analysis can handle 

this type of data, and consisted of: 30 unique haplotypes of COII that spanned 469-558bp of 

the gene; 8 unique H3 genotypes that spanned 289bp of the gene; and 24 unique genotypes of 

EF1a that spanned 482-920bp of the gene.  

Two individuals from the New Zealand region that were identified as highly distinct, and were 

probably not I. aurora specimens, were removed before diversity, differentiation, divergence 

and neutrality analyses but were retained for phylogeographic analyses. 



    

83 

 

4.3.2 Diversity, differentiation and divergence 

Genetic diversity at the mitochondrial locus was very high on Lord Howe Island (h = 

0.905±0.048, π = 0.0051±0.0032); of the 21 sequences, 12 were unique haplotypes, of which 9 

were confined to the island. Genetic diversity was also high on Norfolk Island (h = 0.725±0.086, 

π = 0.0058±0.0037); of the 14 sequences, 5 were unique haplotypes, 4 of which were confined 

to this island. Genetic diversity in the Queensland region, including Lady Elliot and Lady 

Musgrave Islands in the Great Barrier Reef, was also high (h = 0.833±0.223, π = 

0.0046±0.0038). New Zealand had the highest mitochondrial diversity levels (h = 0.929±0.084, 

π = 0.0785±0.0437). With the two divergent sequences removed, haplotype diversity 

decreased slightly (h=0.867±0.129) and nucleotide diversity dramatically decreased (π = 

0.0043±0.0032); overall, without these two sequences, genetic diversity was slightly lower in 

New Zealand than on Lord Howe Island. 

Of the 25 individuals sequenced at the H3 locus that were definitely I. aurora specimens, all 

individuals were heterozygous for at least one nucleotide position: 21 individuals were 

heterozygous at seven positions and 4 individuals were heterozygous at six positions. At the H3 

nuclear locus, genetic diversity was higher in New Zealand (h = 0.813±0.074, π = 

0.0618±0.0328) compared to Lord Howe Island (h = 0.664±0.101, π = 0.0134±0.0083), 

Queensland (including Lady Elliot Island and Lady Musgrave Island in the Great Barrier Reef: h 

= 0.556±0.075, π = 0.0135±0.0083) and Norfolk Island (h = 0.533±0.046, π = 0.0129±0.0077). 

Removal of the two highly divergent sequences decreased diversity in New Zealand to levels 

similar in other regions (h = 0.664±0.101, π = 0.0134±0.0083).  

Of the 22 specimens of I. aurora sequenced at the EF1a locus, 19 individuals were 

heterozygous for at least one nucleotide position: 3 individuals were heterozygous at 2 

positions, 4 individuals were heterozygous at 3 positions, 5 individuals were heterozygous at 4 

positions, 2 individuals were heterozygous at 5 positions, 3 individuals were heterozygous at 6 

positions, 1 individual was heterozygous at 7 positions, and 1 individual was heterozygous at 8 

positions. At the EF1a nuclear locus, genetic diversity was very high in most regions including: 

New Zealand (h = 1.000±0.063, π = 0.0046±0.0029), Lord Howe Island (h = 0.955±0.057, π = 

0.0053±0.0032) and Norfolk Island (h = 0.992±0.025, π = 0.0067±0.0038). 

For the purposes of calculating genetic differentiation statistics, Lady Musgrave Island and 

Lady Elliot Island in the Great Barrier Reef were combined with mainland Queensland 

specimens for analysis. There were significant pairwise ɸST values between Norfolk Island and 

New Zealand and between Norfolk Island and Lord Howe Island (Table 4.2). Norfolk Island was 
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significantly differentiated from all regions based on FST values. All other pairwise comparisons 

were small and non-significant (Table 4.2).  

Pairwise divergence values were very low, ≤1%, between all regions (Table 4.3).
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Table 4.2 - Genetic differentiation between discrete geographic populations of Ischnura aurora (pairwise ɸST above diagonal and FST below diagonal, bold type 

indicates significance (p<0.05))  

 
Lord Howe Island Queensland Norfolk Island New Zealand 

Lord Howe Island 
 

-0.0731 0.1737 -0.0151 

Queensland 0.0049 
 

0.0851 -0.0380 

Norfolk Island 0.1742 0.2075 
 

0.1964 

New Zealand 0.0350 -0.0754 0.1968 
 

 

Table 4.3 - Estimates of divergence between geographic regions for Ischnura aurora using p-distances based on COII sequence data, with standard errors  

 
Lord Howe Is Queensland Norfolk Is New Zealand Tasmania Fiji Lady Musgrave Is 

Queensland 0.004±0.001 
      

Norfolk Island 0.007±0.002 0.005±0.002 
     

New Zealand 0.005±0.002 0.003±0.002 0.006±0.002 
    

Tasmania 0.007±0.002 0.006±0.002 0.008±0.003 0.007±0.003 
   

Fiji 0.007±0.003 0.006±0.003 0.008±0.003 0.007±0.003 0.007±0.003 
  

Lady Musgrave Is 0.004±0.002 0.002±0.001 0.004±0.002 0.004±0.002 0.005±0.002 0.006±0.004 
 

Lady Elliot Is 0.007±0.003 0.006±0.003 0.009±0.003 0.007±0.003 0.010±0.004 0.009±0.004 0.006±0.004 
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4.3.3 Demographic history 

Lord Howe Island had a significantly negative Fu’s FS test statistic, which indicated a selective 

sweep or recent population expansion has occurred on the island, although all other neutrality 

tests were non-significant for this region (Table 4.4). All other regions were demographically 

stable with neutrality tests failing to show they were evolving in a non-neutral manner (Table 

4.4). Again, Lady Musgrave Island and Lady Elliot Island in the Great Barrier Reef were 

combined with mainland Queensland specimens to conduct neutrality tests. 

Table 4.4 - Neutrality tests for geographically discrete populations of Ischnura aurora, bold type 

indicates significance  

 New Zealand Lord Howe Island Queensland Norfolk Island 

n 6 21 4 14 

η 4 14 4 8 

ηs 1 9 3 3 

S 4 14 4 8 

k 2.000 2.371 2.167 2.736 

ɸ1 1.752 3.891 2.182 2.516 

ɸ2 0.833 8.571 2.250 2.786 

Tajima’s D test 

p-value 

0.768 

p>0.10 

-1.412 

p>0.10 

-0.065 

p>0.10 

0.331 

p>0.10 

Fu and Li’s D test 

p-value 

0.769 

p>0.10 

-1.808 

p>0.10 

-0.065 

p>0.10 

-0.147 

p>0.10 

Fu and Li’s F test 

p-value 

0.814 

p>0.10 

-1.966 

p>0.10 

0.060 

p>0.10 

-0.023 

p>0.10 

Fu’s FS test 

p-value 

-0.499 

p>0.10 

-6.318 

p<0.02 

0.251 

p>0.10 

0.877 

p>0.10 

n = number of nucleotide sequences, η = total number of mutations, ηs = total number of singleton 

segregating sites, S = number of segregating sites, k = average number of nucleotide differences, 

ɸ1= from S, ɸ2 = from ηs. 

 

4.3.4 Phylogeographic reconstruction 

Ischnura aurora showed low phylogeographic structuring between most regions at the 

mitochondrial locus. The maximum clade credibility gene tree constructed with mtDNA 

sequences for I. aurora showed very low genetic divergence between the majority of unique 

haplotypes (Figure 4.2). Individuals from Norfolk Island, Lord Howe Island, New Zealand, Lady 

Musgrave Island, Lady Elliot Island, Queensland, Tasmania and Fiji all fell into one strongly 

supported clade.  

There were two abundant and widespread haplotypes at the mitochondrial locus. One 

haplotype was shared by Lord Howe Island, Queensland, New Zealand, Norfolk Island and Lady 

Musgrave Island (haplotype D) and the other was shared by Lord Howe Island, Queensland and 

New Zealand (haplotype C) (Figure 4.2). Queensland shared haplotypes with other regions; 
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whilst the Fiji haplotype was unique to that region. Tasmania shared a haplotype with Lord 

Howe Island and also contained a unique haplotype. 

Three lineages were identified in New Zealand. One was closely related to all other regions, 

whilst the other two were highly divergent and unique to the New Zealand landmass. The 

divergent lineages comprised two unique haplotypes from individuals provided by a colleague 

that were tentatively described as I. aurora. These haplotypes were highly divergent from all 

other I. aurora sequences and were probably not from the same species. They did not join to 

the haplotype network at the 90% connection limit and were either more closely related to or 

even more divergent than the outgroup I. heterosticta included in the MCC mitochondrial gene 

tree.  

Overall, there were high levels of genetic diversity as most regions contained unique 

haplotypes, although geographic structuring was not very strong as most haplotypes were 

closely related (except those from New Zealand which were highly divergent and are likely 

from misidentified specimens) (Figure 4.2). 
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Figure 4.2 - Mitochondrial MCC gene tree and haplotype networks for Ischnura aurora constructed using COII sequences (MCC gene tree on the left, haplotype 

network on the right).  
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The MCC gene tree constructed from unique H3 sequences showed low levels of divergence 

within the species across the study region (Figure 4.3A). The majority of individuals sequenced 

shared the same genotype. Tasmanian individuals were distinct from New Zealand, Lord Howe 

Island, Norfolk Island, Queensland, Lady Musgrave Island and Lady Elliot Island. Two H3 

sequences from specimens tentatively described as I. aurora from New Zealand were highly 

divergent from all other sequences.  

The MCC gene tree constructed from EF1a sequences also showed very low genetic 

divergence, although a higher amount of diversity was found as all sequences were unique 

(Figure 4.3B). Again, Tasmanian individuals were distinct and formed a separate clade. 

Overall, the only geographic structure evident in the two nuclear genes was the separate, 

distinct, Tasmanian clade (excluding the New Zealand specimens found to be divergent at the 

H3 locus (these individuals were not sequenced for the EF1a locus) which are probably not I. 

aurora).  
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Figure 4.3 - Nuclear MCC gene trees for Ischnura aurora based on A. H3 and B. EF1a sequence data. 
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4.3.5 Divergence time estimates 

The multi-locus MCC gene tree constructed for I. aurora depicted very low levels of divergence 

within the species (Figure 4.4). Individuals from Norfolk Island, Lord Howe Island, New Zealand, 

Queensland, Lady Elliot Island and Lady Musgrave Island were all closely related and shared a 

common ancestor approximately 580,000 years ago. Tasmania formed a strongly supported 

distinct monophyletic clade and was estimated to have diverged from the large clade 1.26mya. 

The single sample from Fiji was also distinct and was estimated to have diverged from the rest 

of the I. aurora specimens 1.51mya. One of the individuals tentatively described as I. aurora 

from New Zealand was included in the multi-locus MCC gene tree and was more closely 

related to the outgroup species, providing further evidence that it was probably a 

misidentified specimen. Ischnura heterosticta specimens were included as an outgroup and 

formed a divergent, well-supported clade with the divergent New Zealand specimen, from 

which I. aurora was estimated to have diverged 19.24mya. 
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Figure 4.4 - Multi-locus MCC gene tree for Ischnura aurora with estimated divergence times based on a mtDNA divergence rate of 2.3% (Brower 1994). The blue 

bars illustrate the extent of the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is labelled with: posterior probability 

(lower left) and node age (upper left), followed in brackets by the 95% hpd interval for divergence time. The scale is in millions of years.  
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4.4 Discussion 

4.4.1 Phylogeographic structure and dispersal potential 

There was limited phylogeographic structuring in I. aurora across the study region. The 

distinctness of the populations from Tasmania and Fiji at the nuclear level implied limited 

dispersal to these areas. Norfolk Island was significantly differentiated from Queensland, New 

Zealand and Lord Howe Island, which also implied some restricted dispersal to the island. 

Overall, individuals from Australia, New Zealand, Norfolk Island and Lord Howe Island were 

very closely related and shared a common ancestor approximately 580,000 years ago. The very 

low levels of genetic divergence found between regions can be explained by either: 

contemporary movement of individuals over long distances and on-going gene flow between 

the areas; the very recent arrival and establishment of a population in one of these areas 

colonised by one of the other regions; or retention of ancestral haplotypes. 

In addition to reduced population subdivision, widely dispersing invertebrates have been 

found to have high levels of genetic diversity due to prevention of genetic bottlenecks 

(Zickovich and Bohonak 2007). The very high intraspecific variability found within I. aurora in 

most geographic regions was indicative of high rates of dispersal with contemporary 

movement of individuals occurring throughout the study region. Although there were low 

levels of divergence between regions, most areas contained unique haplotypes which most 

likely caused the significant differentiation found between some regions.  

Due to the highly divergent nature of two New Zealand specimens from both I. aurora and the 

outgroup species, these specimens were most likely misidentified. The remaining individuals 

from New Zealand were very closely related to populations in Australia, Norfolk Island and 

Lord Howe Island.  

4.4.2 Life history influences on successful colonisation  

The freshwater insect studied here has an adult life stage which is capable of moving into the 

terrestrial environment through flight. Ischnura aurora conformed to the typical pattern 

expected for such a life-history with a winged terrestrial stage allowing for greater dispersal 

potential (Zickovich and Bohonak 2007). Ischnura aurora exhibited very little genetic 

divergence among populations and high levels of diversity within populations.  

Ischnura aurora has the greatest capacity for dispersal in the adult life stage (i.e. breeding 

dispersal (Nathan 2001b)), compared to the early life stage which is confined to the 
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freshwater. For freshwater insects that have a terrestrial flying stage, successful colonisation of 

an area and establishment of permanent populations greatly depends on whether the adult 

life stages are reproductively mature before dispersing. Females of I. aurora are known to 

undergo insemination before migrating (Corbet 1999) and are therefore potentially capable of 

colonising remote areas, such as oceanic islands, through a single dispersal event.  

4.4.3 Large-scale processes influencing dispersal routes 

Long distance dispersal could potentially occur actively through flight and passively through 

transport in wind currents. This small, fragile damselfly is more likely to become entrained in 

strong winds and carried to distant areas, rather than maintaining active directed flight across 

the study region. From the genetic data presented here, there seem to be very weak barriers 

to dispersal for I. aurora over stretches of ocean spanning thousands of kilometres.  

Due to the low levels of divergence between regions it was difficult to surmise the direction of 

dispersal and colonisation in the study region. However, West Wind Drift, the strongly 

asymmetrical flow of wind and ocean currents from west to east in the Tasman Sea (Crisp et al. 

2011), has previously been identified as an important phenomenon assisting in the dispersal of 

odonates in the region (Buden 2010). If the same process has provided the mechanism of 

dispersal in I. aurora it would seem most likely that colonisation of Norfolk Island, Lord Howe 

Island and perhaps New Zealand has occurred from Australia.   

While very low levels of sequence divergence and no significant differentiation were found 

between Australia, New Zealand and Lord Howe Island, Norfolk Island was genetically 

differentiated from all of these regions.  Although dispersal does not seem to be restricted 

over the 3,000km between Australia and New Zealand, dispersal to Norfolk Island seems to be 

somewhat restricted. While large climatic processes may facilitate directional, continual 

transport of odonates to most regions, smaller scale wind patterns that influence Norfolk 

Island may impede dispersal to the island. Wind patterns at the local scale on Norfolk Island 

are seasonal; during the warmer months, Norfolk Island is influenced by the south-east trade 

winds (Arensburger et al. 2004), which swing to the west or south-west in mid-winter (Cogger 

et al. 1983). Ischnura aurora is most likely to disperse during summer (Rowe 1987, 

Theischinger and Hawking 2006). The local conditions on Norfolk Island that coincide with this 

emergence season may decrease the chances of transport to the island, especially from 

Australia due to the direction of the wind patterns. 
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4.4.4 Conclusions 

Ischnura aurora was expected to have efficient dispersal powers, allowing for movement 

between regions. It was therefore predicted that populations would converge towards 

panmixia. Indeed, a lack of phylogeographic structure and low levels of genetic divergence 

were found within I. aurora across the study region. This genetic pattern is best explained by 

the high propensity for dispersal in this species, which occurs after insemination of females. 

The high dispersal potential of I. aurora based on life history characteristics was found to 

translate into realised dispersal.  

The wide stretches of ocean within the study region do not appear to be a strong barrier to 

dispersal in I. aurora, with the exception of restricted movement to Norfolk Island. Overall, 

populations on separate landmasses were very closely related. Norfolk Island and Lord Howe 

Island showed negligible levels of divergence from other landmasses which implied they have 

not been isolated for a long period of time due to frequent dispersal events. The source of 

colonists of these oceanic islands was most likely Australia, assisted by the strongly directional 

West Wind Drift influencing the study region.  

The arrival of the species to Norfolk Island and Lord Howe Island was very recent, or at least 

the latest influx of individuals occurred very recently. The same conclusion could be drawn for 

New Zealand, if considering only the specimens that were definitively I. aurora. Whilst the New 

Zealand population appears to have been established relatively recently, the observations in 

the literature that the species became established approximately 80 years ago in New Zealand 

(Rowe 1987) are far more recent than the estimated time New Zealand shared a common 

ancestor with Australia, Norfolk Island and Lord Howe Island, some 500,000 years ago.  
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Chapter 5: The phylogeographic history of Amarinus lacustris: a 
freshwater spider crab with an unusual distribution 

5.1 Introduction  

5.1.1 Amarinus lacustris (Lucas 1980): Distribution and life history 

Order: Decapoda, Family: Hymenosomatidae 

Synonyms:  Elamena ? lacustris (Chilton 1881)  

Hymenosoma lacustris (Chilton 1882)  

Halicarcinus lacustris (Kemp 1917) 

Hymenicus lacustris (Tesch 1918) 

Amarinus lacustris, the freshwater spider crab (Figure 5.1), is the most widely distributed 

species of its genus (Lucas 1980), found in Australia in Victoria, South Australia, Tasmania and 

King Island, as well as the North Island of New Zealand, Norfolk Island and Lord Howe Island 

(Walker 1969). There are also records of new Amarinus species from Queensland on 

Stradbroke Island (Marshall et al. 2011) and the Sunshine Coast (Peter Davie, pers. comm.). 

Amarinus lacustris most often occurs in sites with no to low flow and in pools on the 

substratum.  On Lord Howe Island it occurs in streams at sea level and on top of Mount Gower 

(875m). 

 

Figure 5.1 - Amarinus lacustris images: A. stylistic picture based on an individual from Norfolk 

Island (Chilton 1915, reproduction of image permitted by the Royal Society of New Zealand under 

a Creative Commons Attribution 3.0 New Zealand licence), and B. preserved specimen from 

Norfolk Island.  

 

Amarinus lacustris is a small species rarely exceeding 10mm carapace width (Johnston and 

Robson 2005). It occurs over a salinity range of 0.1-9.6‰, but is most commonly found within 

1-6‰ (Walker 1969). Some populations, however, can withstand considerable fluctuations as 

laboratory studies have found that adults had tolerance limits of 0.0-36.3‰, showing marked 

euryhalinity (Walker 1969), since the upper range is that of seawater. 

B A 
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Authors describing and recording the species found on different landmasses have not been 

prepared to give each of them separate species status due to their morphological similarities 

(Chilton 1915), although Fulton and Grant (1902) did note that specimens from different 

localities differed slightly in some characteristics. Lucas (1980) listed the consistent 

morphological differences between specimens from New Zealand and Norfolk Island from 

those of south-east Australia and Tasmania (Table 5.1). However, neither specific nor sub-

specific status was proposed on the basis of these minor differences (Lucas 1980). 

Table 5.1 - Minor differences between Amarinus lacustris specimens from Norfolk Island, New 

Zealand, south-east Australia and Tasmania (from Lucas 1980)  

 Norfolk Island and New Zealand South-East Australia and Tasmania  

Rostral keel  Absent  A small ridge  

Large ramus of antennule  2 segments  3 segments  

Basal tooth of dactylus of 

male chela  

Rarely present  Well developed  

Dactyli of walking legs  Sometimes remnants of dentition  1 small tooth in specimens less than 5mm  

Male abdomen    

a. Telson  Shorter than 3rd segment, semi-

circular  

Equal to 3rd segment, triangular with 

rounded apex  

b. Width 3rd 

segment/width of 1st 

segment  

0.55  0.5  

 

The species has separate sexes (Jones and Morgan 2002) with direct development (Lucas 

1970). Spermatozoa storage in the females allows 1 – 4 fertile egg masses to be produced after 

the first post-puberty impregnation (Lucas 1980), with ovulation to hatching totalling 55 days 

in laboratory studies (Walker 1969), when juvenile crabs emerge from the eggs (Lucas 1970). 

Ovigerous females have been found to migrate to riffle habitats to release their young, which 

drift downstream to areas of low to no flow (Johnston and Robson 2005).  

5.1.2 Opportunities for dispersal 

Dispersal of A. lacustris through the marine environment has been discounted by several 

authors (Paramonov 1960, Lucas 1970, Carpenter 1977). Lucas (1970) and Carpenter (1977) 

stated that it would be very improbable due to the absence of a free larval stage. Paramonov 

(1960) also dismissed the possibility of an earlier life stage dispersing via the ocean and drifting 

to its current localities because the species occurs in land-locked lakes and, on Lord Howe 

Island, on top of a mountain. Chilton (1915) presumed the species had a free-swimming zoea 

stage, but that it would be difficult to assume it could traverse the ocean and ascend other 

freshwaters. Resistant eggs have not been found for A. lacustris which led Lucas (1970) to also 
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discount passive dispersal via the intestinal tracts of birds or in the atmosphere as a means of 

transport.  

Dispersal of A. lacustris has been attributed to transport via waterbirds over ocean barriers. 

With their small size and clinging habit, Lucas (1970) believed transport among feathers or in 

mud and detritus on the feet of birds was the most feasible form of transoceanic transport 

across the Tasman.  Carpenter (1977) believed dispersal via waterbirds was unlikely due to 

wind desiccation or thermal stress. Dispersal via waterbirds has also been discounted because 

of the localised occurrence of A. lacustris in New Zealand and Australia; dispersal via 

waterbirds would presumably result in wider distributions within landmasses (Paramonov 

1960, 1977). However, if dispersal via waterbirds was extremely rare, this may be a valid 

explanation the current disjunct and localised distribution of A. lacustris. 

Rafting on floating debris has also been proposed as a mechanism of dispersal in adult crabs. 

Carpenter (1977) and Walker (1969) believed rafting across the Tasman was feasible due to 

the wide range in salinity tolerance found for A. lacustris. They proposed that A. lacustris 

rafted in the East Australian Current from Australia to New Zealand, Norfolk Island and Lord 

Howe Island, as the general path of the ocean current closely corresponds to the species’ 

distribution. 

Chilton (1915) believed the distribution of A. lacustris reflected its antiquity and, due to the 

difficulties of dispersal across wide tracts of ocean, concluded that the landmasses on which A. 

lacustris is found must have once been connected. Chilton (1915) did note however that these 

land connections may not necessarily have been continuous throughout the length of its area 

of distribution. Chilton (1915) also described the distribution of A. lacustris to be an important 

addition to the evidence of a former northern extension of New Zealand.  

However, there is no evidence for land connections between Australia and New Zealand since 

the Mesozoic era and although there are no fossil records for Hymenosomatidae, other 

families in the Oxyrhyncha evolved much later in Tertiary-Recent times (Lucas 1980). Walker 

(1969) believed that the wide salinity range of A. lacustris was further evidence of a recent 

evolutionary history, as long-associated freshwater species tend to be oligohaline. Lucas (1970) 

also dismissed the alternative explanation that there are in fact several direct-development 

Amarinus-like species on each landmass which have resulted from parallel evolution in 

isolation from a widely distributed ancestor, as no such ancestor has been found on any of the 

landmasses.  
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5.1.3 Origin of the species 

Hymenosomatid crabs are widely distributed in the Indo-West Pacific and although most 

species are marine, six species in two genera are restricted to inland waters; of which only A. 

lacustris is widespread (Carpenter 1977). A brackish water species, Amarinus paralacustris, is 

present only in Australia and is restricted to Victoria, New South Wales and Queensland. 

Relative to A. lacustris, ovigerous females of A. paralacustris carry smaller eggs; larvae emerge 

from A. paralacustris eggs, while juvenile crabs emerge from A. lacustris eggs (Lucas 1970). 

Amarinus lacustris is thought to have either directly arisen from or shared a common ancestor 

with A. paralacustris; in both instances, A. lacustris has acquired a direct life history strategy, 

as opposed to the indirect development form of A. paralacustris (Lucas 1970). Decapods in low 

salinities have been observed to have a suppression of free larval stages (Lucas 1970), which 

may be due to the restricted environment which they inhabit, as dispersal would be 

unnecessary and fatal (Lucas 1971; Lucas 1972). 

Lucas (1970) proposed that A. lacustris and A. paralacustris were sibling species, based on 

results of breeding experiments. While F1 hybrids were produced when A. paralacustris 

females were crossed with A. lacustris males (Lucas 1970), Lucas (1970) believed that 

hybridisation in the field is unlikely due to geographic and reproductive isolation (1970).  

Lucas (1970) believed that the genetic compatibility of these species in Australia strongly 

suggested that A. lacustris had a relatively recent origin, probably in Australia. He thought it 

improbable that A. lacustris would be ancestral to A. paralacustris (Lucas 1970). Walker (1969) 

suggested that A. lacustris had a recent evolutionary history due to its wide salinity tolerance, 

which is thought to be an inherited ancestral characteristic. Several authors believe A. lacustris 

recently originated in south-east Australia (Walker 1969, Lucas 1970, Carpenter 1977).  

5.1.4 Aims and objectives 

The goal of this chapter is to reconstruct the biogeographical history of Amarinus lacustris. This 

chapter aims to: 1. Reconstruct the phylogeographic history of Amarinus lacustris; 2. Estimate 

when lineages diverged; and 3. Infer distributional histories of lineages and in particular, 

identify the centre of origin of the species and the sources of island colonists. 

Associated with each of these aims, three specific hypotheses will be tested:  

1. Amarinus lacustris will exhibit strong phylogeographic structure across the study 

region due to its low dispersal potential, i.e. strong barriers in the form of oceans prevent 
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dispersal, and therefore gene flow, between populations of a direct developing freshwater 

crab on separate landmasses;  

2. Amarinus lacustris will be found to have recently diverged from Amarinus 

paralacustris, as opposed to an ancient divergence, and colonisation of Norfolk Island and Lord 

Howe Island will have occurred through dispersal since the formation of the islands, rather 

than vicariance explaining distributional patterns due to the existence of former land 

connections or now submerged islands;   

3. Amarinus lacustris will have originated in south-east Australia and island lineages 

will have been established from sources that are geographically proximate as a result of 

dispersal via a vector, rather than being established in a sequential fashion across the study 

region which would be expected if dispersal occurred through rafting on oceanic currents. 

5.2 Specific Data Analysis 

5.2.1 Diversity, differentiation and divergence analyses 

Estimates of pairwise divergence using p-distances were calculated in MEGA v5.2 (Tamura et 

al. 2011) between discrete geographic populations based on mtDNA sequence data with 1,000 

bootstrap replicates.  Individuals were also partitioned into the same groupings using DnaSP 

v5.10.01 (Librado and Rozas 2009) to create files for analysis in Arlequin v3.5.1.3 (Excoffier and 

Lischer 2010) where haplotype diversity (h) and nucleotide diversity (π) were calculated for 

populations with at least 10 individuals for each locus. Pairwise FST and ɸST were also 

calculated in Arlequin between populations with at least 10 individuals sequenced for mtDNA.  

5.2.2 Demographic history – neutrality tests 

Four neutrality tests were performed in DnaSP for each geographically discrete population 

containing at least 10 sequenced individuals for mtDNA: Tajima’s D (Tajima 1989), Fu and Li’s 

D* and F* (Fu and Li 1993), and Fu’s FS (Fu 1997). 

5.2.3 Phylogeographic analyses 

5.2.3.1 Haplotype networks 

Haplotype networks were constructed in TCS v1.21 (Clement et al. 2000) for all three loci 

sequenced for A. lacustris using haplotype sequence data. For the COI haplotype sequence 

data, a 90% branch connection limit was employed; connections between networks found to 

be unlinked at the 90% probability of parsimony were determined by increasing the number of 
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steps of the fixed connection limit. For H3 and 28S sequence data a 95% branch connection 

limit was used. 

5.2.3.2 Single gene trees 

Aligned sequence data of all three genes sequenced for A. lacustris (COI, H3 and 28S) were 

used to estimate a single tree for each gene using BEAST v1.7.5 (Drummond and Rambaut 

2007, Drummond et al. 2012).   

For the tree based on COI sequence data, the model of nucleotide substitution found to best-

fit the data was the GTR model with a proportion of invariable sites (+I) and gamma distributed 

rate heterogeneity (+G) (Tavaré 1986) (-InL = 1843.0602, AIC = 3794.1205). The gene tree was 

based on the strict clock model with a coalescent – constant size tree prior with multiple 

independent MCMC runs combined for a total of 80 million generations sampled every 1,000 

states. Effective sampling sizes for the posterior and prior parameters were still low (<100) 

after combining runs. 

For the tree based on H3 sequence data, the model of nucleotide substitution found to best-fit 

the data was the TN93 model with equal base frequencies (Tamura and Nei 1993) (-InL = 

471.6386, AIC = 975.2773). The gene tree was based on the strict clock model with a 

coalescent – constant size tree prior with 10 million generations sampled every 1,000 states. 

For the tree based on 28S sequence data, the model of nucleotide substitution found to best-

fit the data was the HKY model (Hasegawa et al. 1985) (-InL = 1070.5873, AIC = 2177.1746). 

The gene tree was based on the strict clock model with a coalescent – constant size tree prior 

with 30 million generations sampled every 1,000 states.  

5.2.4 Divergence time estimation: gene trees and species trees 

Divergence times were estimated four different ways: using a substitution rate on the multi-

locus gene tree, using a substitution rate on the multi-locus species tree, by calibrating nodes 

on the multi-locus gene tree and by calibrating nodes on the multi-locus species tree. 

5.2.4.1 Constructing a multi-locus species tree 

*BEAST v1.7.5 (Heled and Drummond 2010) is a Bayesian MCMC method which estimates 

species trees using the multi-species coalescent. It is an extension of the BEAST software 

package. *BEAST co-estimates multiple gene trees embedded in a shared species tree  using 

multi-locus data from multiple individuals per species (Heled and Drummond 2010).  
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Heled and Drummond (2010) emphasize that although the word “species” is used when 

describing this method, it is not used as a description of taxonomic rank, but rather as a term 

to describe any group of individuals that have no history of breeding with individuals outside 

that group after some divergence time. Heled and Drummond (2010) state that a species tree 

defines barriers to gene flow, and as such the term “species” can describe taxonomic rank or 

subspecies, or it can be applied to any  diverging populations which exhibit genetic structure. 

A “species” tree was estimated for A. lacustris in *BEAST (details reported below). Here, the 

method was applied to discrete geographic populations identified within A. lacustris, rather 

than described species. Each population was represented on one branch of the tree. 

5.2.4.2 Using a substitution rate to estimate divergence times 

A sequence divergence rate of 1.66% per million years has previously been established for 

terrestrial crabs for the COI gene (Sesarma, Family: Grapsidae), calibrated from transisthmian 

sister species groups using the well constrained dating of the geological closure of the Panama 

landbridge (Schubart et al. 1998). This is the only rate available for terrestrial or limnic crabs 

(Yeo et al. 2007) and was therefore used to date the multi-locus gene tree and the multi-locus 

species tree of A. lacustris.  

To construct the multi-locus gene tree timed using a substitution rate, the models of 

nucleotide substitution used for each gene were those described above for the single gene 

trees, except for the model used for COI which differed slightly due to the different number of 

individuals included. For COI, the model used was GTR + I (Tavaré 1986) (-InL = 1772.8849, AIC 

= 3675.7697). For this particular analysis, the COI dataset was not found to be behaving in a 

clock-like fashion, therefore a mix of clock models (COI = UCLN, H3 = strict, 28S = strict) were 

used. The substitution rate for COI was set to 0.0083 (1.66% ÷ 2 = 0.83% substitution rate per 

lineage ÷ 100 = 0.0083 per site rate) and the two nuclear substitution rates were estimated 

relative to the mtDNA substitution rate by BEAST. Tree prior was set to a coalescent – constant 

size with multiple independent MCMC runs combined for a total of 240 million generations, re-

sampled every 3,000 states. Effective sampling sizes for the posterior and prior parameters 

were still low (<100) after combining runs.  

To construct the multi-locus species tree timed using a substitution rate, *BEAST co-estimated 

three gene trees embedded in a shared species tree based on the following settings. The 

species trait values assigned to individuals were based on their collection site: Norfolk Island, 

Lord Howe Island, Victoria, Stradbroke Island, Sunshine Coast, and New Zealand. Amarinus 
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paralacustris was also assigned its own species trait value to provide a root on the tree. The 

models of nucleotide substitution used for each gene were those described above for the 

multi-locus gene tree timed in the same way. A mix of clock models (COI = UCLN, H3 = strict, 

28S = strict) were used and the substitution rate for COI was set to 0.0083 (1.66% ÷ 2 = 0.83% 

substitution rate per lineage ÷ 100 = 0.0083 per site rate) and the two nuclear substitution 

rates were estimated relative to the mtDNA substitution rate by BEAST. The species tree prior 

was set to Yule Process and the population size model was set to Piecewise Linear and 

Constant Root. Chain length was set to 100,000,000 and logged parameters every 1,000 states. 

Effective sampling size for the COI A-T substitution parameter was still low (<200) after 

100,000,000 generations. 

5.2.4.3 Calibrating node ages with island formation dates to estimate divergence 

times 

Relaxed molecular clocks have also provided flexible techniques for incorporating calibrations 

on phylogenies to estimate divergence times (Ho and Phillips 2009). Calibrations at internal 

nodes of phylogenetic trees, i.e. divergence of coalescent events, can be based on the fossil 

record or dated biogeographic events (Ho and Phillips 2009). BEAST allows for specification of 

the prior age distribution for selected nodes in a phylogenetic tree to model uncertainty in 

calibrations, rather than employing simple point estimates or hard bounds (Drummond et al. 

2006).   

In this chapter, calibrations were based on the dates of volcanic emergence of the two oceanic 

islands included in the study. Two internal nodes, leading to the Norfolk Island lineage and the 

Lord Howe Island lineage, were calibrated. Although the formation of islands can offer 

maximum age bounds, genetic divergence could have still antedated their origin or it may have 

occurred much later (Ho and Phillips 2009).  

Heads (2005, 2011) is very critical of using the age of strata to infer the age of endemic 

lineages, stating “it would not be strange at all for old taxa to be restricted to much younger 

strata” (p. 63, Heads 2005).  Heads (2005, 2011) explains that older organisms can invade 

younger areas, with the areas they arrived from then disappearing or the populations from 

those areas then becoming extinct. Heads (2005) pointed out that volcanic islands are 

produced at subduction zones or hot spots where small, individually ephemeral islands are 

constantly being produced and subducting, providing the opportunity for a metapopulation to 

survive indefinitely. It cannot be ruled out that islands such as these have not occurred in the 

study region, in fact, submerged seamounts on the Lord Howe Rise may have once had aerial 
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portions (Buckley et al. 2009, Chapple et al. 2009). Heads (2005) believes using island age as a 

maximum age limit on any endemic lineages is an error biogeographers commonly make. In 

doing so, investigators make the assumption that the endemic lineage has always lived, and 

only ever lived, on that island, which may not be the case (Heads 2005). Heads (2011) believes 

that using the age of islands to date endemic lineages will often give unreliable results. 

A normal distribution is symmetric around the mean, with most of the probability density 

around the mean, with tails of diminishing probability around the mean (Ho and Phillips 2009). 

For this reason, normal priors were placed on the calibrations to allow for bidirectional 

uncertainty in estimating divergence times based on node calibration of island emergence (Ho 

and Phillips 2009).  It is expected that the most likely divergence is approximately in the centre 

of less likely, but still plausible, older and younger dates, i.e. it is expected that divergence 

occurred when the islands formed, but it is still plausible that divergence occurred before this 

time (on now submerged islands in the region) or after this time (perhaps it was some time 

after volcanic eruption that freshwater habitats were available for colonisation on the islands). 

The earliest date of island emergence was used with a normally distributed prior to allow for 

the possibility that divergence either antedated island formation or colonisation occurred 

sometime after island formation. Using calibrations to date phylogenies does require some a 

priori knowledge about the relationships among the taxa (Ho and Phillips 2009) and this came 

from analyses that did not use any dating method. The prior of the node corresponding to the 

lineages that led to the Lord Howe Island lineage (Node 1) was set to a normal distribution 

with a mean of 6.4 (McDougall et al. 1981) and a standard deviation of 0.5 so that 95% of the 

distribution was between 5.42 and 7.38mya. The prior of the node corresponding to the 

lineages that led to the Norfolk Island lineage (Node 2) was set to a normal distribution with a 

mean of 2.3 (Jones and McDougall 1973, Rahman and McDougall 1973) and a standard 

deviation of 0.5 so that 95% of the distribution was between 1.32 and 3.28mya. When applying 

calibrations to nodes, monophyly had to be enforced for all taxon sets, but this was deemed 

appropriate from posterior probabilities obtained in previous analyses. 

To construct the multi-locus gene tree with nodes calibrated to island emergence, individuals 

were grouped according to geographic area to define taxon sets, for all nodes that were 

strongly supported in previous analyses, and to create the groups of geographic areas that 

were positioned internally to nodes that were to be calibrated. This was undertaken within the 

BEAUti v1.7.5 (Drummond and Rambaut 2007, Drummond et al. 2012) interface of the BEAST 

software package in the “Taxa” tab. The models of nucleotide substitution used for each gene 
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were those described above for the multi-locus gene tree timed using a substitution rate. The 

tree was based on a strict clock model for all genes. Tree prior was set to a coalescent – 

constant size with multiple independent MCMC runs combined for a total of 300 million 

generations, re-sampled every 3,000 states. Effective sampling sizes for the posterior, prior 

and 28S tree.likelihood parameters were still low (<100) after combining runs. 

To construct the multi-locus species tree with nodes calibrated to island emergence,  two 

‘species’ sets were created for the groups of geographic areas that were positioned internally 

to nodes that were to be calibrated within the ‘Species Set’ tab of the BEAUti interface within 

*BEAST. All other procedures and settings followed those for the multi-locus species tree 

timed using a substitution rate described above, except multiple independent MCMC runs 

combined for a total of 600 million generations, re-sampled every 10,000 states.   

5.2.5 A note on low ESS values and priors 

Low ESS values that were obtained for the analyses including the COI dataset above may have 

been due to the rates of some substitution parameters of the GTR model (specified for COI) 

going to zero (e.g. A – T), i.e. rates were not well represented in the COI dataset. Changing the 

default gamma prior on these parameters to the uniform prior resulted in dramatically 

increased ESS values for posterior and prior parameters. For example, ESS values increased 

from <100 to >3,000 in 30 million generations for one of the multi-locus gene trees. This did 

not affect the means of any of the other parameters (almost identical between runs) or the 

topology and estimated divergence times of the multi-locus MCC gene tree.  This indicates that 

the small ESS values obtained are an artefact of the GTR model which is perhaps too complex 

for the dataset. The values do not seem to impact the overall results of the analyses. Only 

results from analyses run using the gamma prior on substitution parameters are presented. 

5.2.6 Reconstruction of ancestral areas  

Biogeographic inferences were obtained by using BBM analysis implemented in RASP v2.1b (Yu 

et al. 2010, Yu et al. 2012). This method suggests possible ancestral ranges and calculates the 

probabilities of each ancestral range at each node on a phylogenetic tree. The frequencies of 

an ancestral range at a node in ancestral reconstructions are averaged over all trees (Yu et al. 

2010). 

Every 10,000 states of the trees from the *BEAST analysis of the un-timed multi-locus species 

tree described above were re-sampled in LogCombiner v1.7.5 (Drummond and Rambaut 2007, 
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Drummond et al. 2012) to obtain a total of 9999 trees. These trees were used as input for the 

BBM analysis with the MCC tree of this file used as the condensed tree for final presentation.  

The geographic range of A. lacustris, and its sister species A. paralacustris, was divided into six 

areas: A – Queensland, B – Lord Howe Island, C – New Zealand, D – Norfolk Island, E – Victoria, 

and F – New South Wales. These areas were assigned to the tips of the species tree as follows: 

Lord Howe Island – B, New Zealand – C, Norfolk Island – D, Stradbroke Island – A, Sunshine 

Coast – A, Victoria – E, A. paralacustris (designated outgroup) – AEF.  

The outgroup, A. paralacustris, was included in the analysis following the advice of Ronquist 

(1996). Optimisations become less reliable closer to the root of the phylogeny and the 

uncertainty in the root node state manifests as a tendency for the root node distribution to be 

large and include most or all of the areas occupied by the terminals (Ronquist 1996). Ronquist 

(1996) suggested that more reliable estimates of the distribution of the root node could be 

obtained by including an outgroup, so that the node of interest (if searching for a centre of 

origin of the focal species) is no longer the root node.   

The BBM analysis runs two independent analyses. The distance between preliminary runs 

(0.0019) indicated a good combined result so settings were kept as default, i.e.: 10 MCMC 

chains were run simultaneously for 50,000 generations with states sampled every 100 

generations, 100 samples were discarded as burn-in, temp was set to 0.1, the model was set to 

fixed Jukes-Cantor with equal among-site rate variation with custom root distribution (as the 

distribution of the outgroup was known). The maximum number of areas for this analysis was 

set to six. 

5.3 Results 

5.3.1 Summary of sequences 

The following numbers of fragments were sequenced for each gene: 91 for COI, 30 for H3 and 

18 for 28S. Thirty-two of the COI fragments were provided by Dr. Peter Teske from samples 

from Victoria for use in this study. The numbers of unique sequences for each gene were: 23 

for COI, 8 for H3 and 8 for 28S. Fragment sizes were: 547bp for COI, 290bp for H3 and 685bp 

for 28S. The number of individuals sequenced from each geographic region ranged from 1 to 

18 (Table 5.2). 
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Table 5.2 - Summary of sequences by region for Amarinus lacustris 

Gene Site No. of individuals No of haplotypes 

COI Norfolk Island 17 1 

 Lord Howe Island 18 5 

 Stradbroke Island, Queensland, Australia 1 1 

 Sunshine Coast, Queensland, Australia 1 1 

 Victoria, Australia 35 6 

 New Zealand 17 6 

H3 Norfolk Island 5 1 

 Lord Howe Island 8 3 

 Stradbroke Island, Queensland, Australia 1 1 

 Sunshine Coast, Queensland, Australia 1 2 

 Victoria, Australia 8 1 

 New Zealand 6 1 

28S Norfolk Island 2 1 

 Lord Howe Island 6 2 

 Victoria, Australia 5 1 

 New Zealand 4 2 

 

5.3.2 Diversity, differentiation and divergence 

At the mitochondrial locus, there was no genetic diversity on Norfolk Island, where only a 

single unique haplotype was discovered. On Lord Howe Island, haplotype diversity was much 

higher (0.712 ± 0.090) and nucleotide diversity was the highest calculated for any geographic 

area (0.0377 ± 0.0195). The highest level of haplotype diversity was found in New Zealand 

(0.794 ± 0.075), however nucleotide diversity (0.0095 ± 0.0054) was less than that observed on 

Lord Howe Island. In Victoria, haplotype diversity (0.649 ± 0.068) and nucleotide diversity 

(0.0083 ± 0.0046) were lower than that found for New Zealand. 

Of the 29 A. lacustris individuals sequenced at the H3 locus, four individuals were 

heterozygous at one nucleotide position. At the H3 locus, genetic diversity was highest for Lord 

Howe Island (h = 0.700 ± 0.051, π = 0.0031 ± 0.0026). All other regions contained a single 

haplotype, either unique to the region or shared among two regions.  

Of the 17 A. lacustris individuals sequenced at the 28S locus, two individuals were 

heterozygous at one nucleotide position. At the 28S locus, genetic diversity was zero for 

Victoria and Norfolk Island, but was higher on Lord Howe Island (h = 0.485 ± 0.106, π = 0.0014 

± 0.0012) and in New Zealand (h = 0.571 ± 0.095, π = 0.0008 ± 0.0009). 



    

108 

 

All pairwise FST and ɸST values calculated between discrete geographic regions were significant 

(Table 5.3). The highest FST calculated was between Norfolk Island and Lord Howe Island, 

whereas the highest ɸST calculated was between Norfolk Island and New Zealand. 

Table 5.3 - Genetic differentiation between discrete geographic populations of Amarinus lacustris  

(pairwise ɸST above diagonal and FST below diagonal, bold type indicates significance (p<0.05))  

  Norfolk Island Lord Howe Island Victoria New Zealand 

Norfolk Island 
 

0.7389 0.8468 0.9220 

Lord Howe Island 0.6365 
 

0.7640 0.7134 

Victoria 0.6014 0.3235 
 

0.8913 

New Zealand 0.6029 0.2471 0.2877 
 

 

Overall, the lowest calculated pairwise divergence, 2.8%, was found between Stradbroke 

Island and the Sunshine Coast (Table 5.4). The highest calculated pairwise divergence, 9%, was 

found between Lord Howe Island and the Sunshine Coast (Table 5.4).  

Table 5.4 - Estimates of divergence between geographic regions for Amarinus lacustris using p-

distances based on COI sequence data, with standard errors  

 
Norfolk Island Lord Howe Island Victoria Stradbroke Island Sunshine Coast 

Lord Howe Island 0.072±0.009 
    

Victoria 0.032±0.007 0.080±0.010 
   

Stradbroke Island 0.043±0.008 0.084±0.010 0.062±0.010 
  

Sunshine Coast 0.047±0.009 0.090±0.010 0.060±0.009 0.028±0.007 
 

New Zealand 0.055±0.009 0.079±0.009 0.073±0.010 0.065±0.010 0.058±0.010 

 

5.3.3 Demographic history 

Neutrality tests failed to show that the Victorian population was evolving in a non-neutral 

manner, as test statistics were not significantly different from zero (Table 5.5). Although 

negative test statistics were calculated for the New Zealand population, these values were not 

significant.  The Lord Howe Island population had significantly positive test statistics for all 

neutrality tests except Fu’s FS test statistic. The significance of neutrality tests for this region 

was probably caused by the presence of two divergent clades restricted to separate areas 

within the island, rather than signifying a recent population contraction or balancing selection. 
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Table 5.5 - Neutrality tests for geographically discrete populations of Amarinus lacustris, bold type 

indicates significance  

 Norfolk Island Lord Howe Island Victoria New Zealand 

n 17 18 35 17 

η 0 40 18 23 

ηs 0 1 4 16 

S 0 38 17 23 

k 0 20.190 4.353 4.868 

ɸ1 0 11.048 4.128 6.803 

ɸ2 0 0.944 3.886 15.059 

Tajima's D test NA 2.267 0.181 -1.139 

p-value NA p<0.001 p>0.10 p>0.10 

Fu and Li's D test NA 1.527 0.094 -1.931 

p-value NA p<0.02 p>0.10 p>0.10 

Fu and Li's F test NA 2.394 0.144 -1.972 

p-value NA p<0.02 p>0.10 p>0.10 

Fu's FS test 

p-value 

NA 

NA 

13.038 

p>0.10 

3.820 

p>0.10 

2.064 

p>0.10 

n = number of nucleotide sequences, η = total number of mutations, ηs = total number of singleton 

segregating sites, S = number of segregating sites, k = average number of nucleotide differences, 

ɸ1= from S, ɸ2 = from ηs. 

 

5.3.4 Phylogeographic reconstruction 

At the mtDNA locus, A. lacustris showed very strong phylogeographic structure with each 

landmass being represented by highly divergent independent haplotype networks and strongly 

supported monophyletic clades on the MCC tree (Figure 5.2). 

Norfolk Island, represented by a single mitochondrial DNA haplotype, was most closely related 

to the clade containing haplotypes from Victoria (Figure 5.2). Haplotypes found on the 

Sunshine Coast (J) and on Stradbroke Island (G) in Queensland were highly divergent from all 

other geographic areas and from one another and were most closely related to the Norfolk 

Island-Victoria clade (Figure 5.2). 
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Figure 5.2 - Mitochondrial MCC gene tree and haplotype networks for Amarinus lacustris constructed using COI sequences (MCC gene tree on the left, haplotype 

networks on the right).
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The Victorian samples contained a highly divergent haplotype (D) restricted to the Fitzroy River 

(Figure 5.3) which was at least 11 parsimony steps different to other Victorian haplotypes 

(Figure 5.3). Six other haplotypes found in Victoria showed some degree of genetic structuring, 

although not entirely geographic (haplotype I, H and E occurred in multiple rivers) (Figure 5.3). 

 

Figure 5.3 - Amarinus lacustris mitochondrial haplotype distribution in Victoria, Australia (base 

map from Google Maps Engine Lite, Map Data ©2014 Google, INEGI). Labelled sites refer to 

specific locations listed in table at the top right corner of the figure.  

 

Two highly divergent groups of haplotypes separated by 36 parsimony steps were uncovered 

on Lord Howe Island: Group 1 contained haplotypes V, T, B and C which were confined to 

Mount Gower and Soldiers Creek (haplotypes V, T and B occurred on Mount Gower, 

haplotypes B and C occurred in Soldiers Creek) and Group 2 contained haplotypes M and U 

which were confined to Rocky Run (Figure 5.4).  
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Figure 5.4 - Amarinus lacustris mitochondrial haplotype distribution on Lord Howe Island. 

 

Pairwise FST values between creeks within Lord Howe Island were significant when 

comparisons included Rocky Run and all pairwise ɸST values were significant (Table 5.6). 

Pairwise sequence divergence between creeks within Lord Howe Island were higher for 

comparisons including Rocky Run (Rocky Run and Soldiers Creek = 0.0736 ± 0.0107, Rocky Run 

and Mt Gower = 0.0751 ± 0.0106), than between Soldiers Creek and Mt Gower (0.0078 ± 

0.0022).  

Table 5.6 - Genetic differentiation between creeks within Lord Howe Island for Amarinus lacustris 

(pairwise ɸST above diagonal and FST below diagonal, bold type indicates significance (p<0.05))  

 Soldiers Creek Mount Gower Rocky Run 

Soldiers Creek  0.3478 0.9947 

Mount Gower 0.1667  0.9850 

Rocky Run 0.7847 0.7399  

 

Within New Zealand, one mitochondrial DNA haplotype was highly divergent and was 

separated from other haplotypes by 13 parsimony steps (haplotype S, Figure 5.2); it was 

restricted to the Awanui River near Kaitaia, the northern most New Zealand site (Figure 5.5). 
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The five remaining New Zealand haplotypes showed some degree of geographic structuring. 

Haplotypes R, O and Q were confined to single locations, while haplotypes L and P occurred in 

multiple but closely adjacent sites with one exception - an individual sampled from 

Waiharakeke Stream near Kawakawa shared a haplotype (P) with three southern sites (Figure 

5.5). Haplotype Q fell in the middle of the network of New Zealand haplotypes (Figure 5.2) but 

was found in a site much further south than any other samples (Figure 5.5). 

 
Figure 5.5 - Amarinus lacustris mitochondrial haplotype distribution in New Zealand (base map 

from Google Maps Engine Lite, Map Data ©2014 Google, INEGI). 

 

Sequence data from the H3 locus revealed distinct genotypes on Lord Howe Island, New 

Zealand, Stradbroke Island and the Sunshine Coast (Figure 5.6). New Zealand and Lord Howe 

Island genotypes grouped together, while genotypes found for Norfolk Island, Victoria, 

Sunshine Coast and Stradbroke Island formed a separate clade. There was some 

phylogeographic structuring as haplotypes from New Zealand, Lord Howe Island and the 

Sunshine Coast were unique to these regions (Figure 5.6). Norfolk Island and Victoria shared a 

single haplotype (D), while Stradbroke Island and the Sunshine Coast also shared a haplotype 

(Figure 5.6). New Zealand was represented by a single haplotype, while Lord Howe Island 
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contained three unique haplotypes: C (restricted to Soldiers Creek), B (shared by Soldiers Creek 

and Mount Gower) and A (restricted to Rocky Run) (Figure 5.6). 

 

Figure 5.6 - Nuclear MCC gene tree and haplotype network for Amarinus lacustris based on H3 

sequence data (MCC gene tree on the left, haplotype network on the right). 

 

Strong phylogeographic structure was also found at the 28S locus, with all haplotypes 

restricted to a single geographic region (Figure 5.7). Lord Howe Island and New Zealand 

contained two haplotypes each. On Lord Howe Island, haplotype F was restricted to individuals 

from Rocky Run which differed from individuals from Soldiers Creek and Mount Gower (which 

share haplotype A) by two mutational steps (Figure 5.7). Lord Howe Island formed a clade with 

Victoria and Norfolk Island (Figure 5.7). The New Zealand haplotypes were closely related but 

highly divergent from haplotypes found in all other areas and New Zealand genotypes formed 

a distinct, divergent clade. 
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Figure 5.7 - Nuclear MCC gene tree and haplotype network for Amarinus lacustris based on 28S 

sequence data (MCC gene tree on the left, haplotype network on the right). 

 

The multi-locus maximum clade credibility tree depicted very strong phylogeographic 

structure, with each region represented by a divergent well supported clade (posterior 

probability = 1.0 for all clades and deeper nodes) (Figure 5.8). New Zealand was the most 

differentiated from all other clades. Lord Howe Island individuals formed a clade which is sister 

to a super-clade which contained Victoria, Norfolk Island, the Sunshine Coast and Stradbroke 

Island. The two distinct clades within Lord Howe Island were strongly supported in the multi-

locus gene tree (posterior probability = 1.0). The clade containing individuals from Norfolk 

Island was most closely related to the clade containing individuals from Victoria. Stradbroke 

Island and the Sunshine Coast super-clade was most closely related to the super-clade 

containing Victoria and Norfolk Island. Sunshine Coast and Stradbroke Island individuals were 

the least divergent populations.  
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The relationships between regions found using a multi-locus species MCC tree (Figure 5.9) 

were identical to those found for the multi-locus gene MCC tree. The species tree also found 

New Zealand to be the most differentiated and divergent region. The next most divergent 

region was Lord Howe Island. Norfolk Island was once again found to be most closely related 

to Victoria. The Sunshine Coast and Stradbroke Island were the most closely related lineages. 

5.3.5 Divergence time estimates 

The four different methods used to date divergences between lineages provided estimates 

that were remarkably similar. Estimates were highly congruent for internal nodes, whilst 

estimates of divergence for the deepest node, i.e. between A. lacustris and the outgroup, A. 

paralacustris, showed the largest discrepancy (see Table 5.7; and Figure 5.8 (Method 1) and 

Figure 5.9 (Method 3), trees for Method 2 and Method 4 not shown). 

Table 5.7 - Estimated divergence times based on four different methods for Amarinus lacustris 

lineages (time in millions of years)  

 Mean divergence time estimates (95% hpd interval) 

Node 

Method 1 

Multi-locus Gene Tree 

Substitution Rate 

Method 2 

Multi-locus Gene Tree 

Island Age 

Method 3 

Multi-locus Species 

Tree Substitution Rate 

Method 4 

Multi-locus Species 

Tree Island Age 

A 
24.11 

(11.71-38.26) 
25.3 

(6.33-58.76) 
30.11 

(11.07-55.4) 
17.66 

(8.68-29.34) 

B 
11.14 

(6.02-17.26) 
11.61 

(5.44-23.8) 
11.29 

(4.72-20.94) 
9.79 

(5.78-15.6) 

C 
7.09 

(3.85-10.35) 
6.34 

(5.34-7.3) 
7.88 

(3.71-13.22) 
6.07 

(5.09-7.17) 

D 
4.64 

(2.46-7.07) 
3.86 

(1.83-6.24) 
5.71 

(2.29-9.85) 
3.69 

(2-5.79) 

E 
3.15 

(1.47-5.07) 
2.25 

(1.33-3.17) 
3.74 

(0.97-7.16) 
2.29 

(1.38-3.41) 

F 
1.54 

(0.39-2.86) 
0.89 

(0-2.89) 
1.79 

(0-3.99) 
1.03 

(0-2.62) 

Nodes correspond to those indicated in Figure 5.8 and Figure 5.9 

 

Norfolk Island was estimated to have diverged from its closest relative, Victoria, from 3.74 

(Method 3) to 2.25mya (Method 2). Lord Howe Island was estimated to have diverged from 

the super-clade containing Victoria, Norfolk Island, the Sunshine Coast and Stradbroke Island 

7.88 (Method 3) to 6.07mya (Method 4). Within Lord Howe Island, the two distinct lineages 

were estimated to have diverged 4.37 (Method 1) (Figure 5.8) to 3.42mya (Method 2). 

Sunshine Coast and Stradbroke Island individuals were estimated to have diverged 1.79 

(Method 3) to 0.89mya (Method 2). The super-clade containing Stradbroke Island and the 

Sunshine Coast was most closely related to the super-clade containing Victoria and Norfolk 
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Island from which they were estimated to have diverged 5.71 (Method 3) to 3.69mya (Method 

4). New Zealand was the most differentiated from all other clades and was estimated to have 

diverged from all other regions 11.61 (Method 2) to 9.79mya (Method 4). All A. lacustris clades 

were estimated to have diverged from A. paralacustris 30.11 (Method 3) to 17.66mya (Method 

4). 

For each node, the confidence intervals (95% hpd interval) of estimated divergence times of 

the four different methods largely overlapped, which indicated the different methods 

estimated highly congruent divergence times. 
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Figure 5.8 - Multi-locus MCC gene tree for Amarinus lacustris with estimated divergence times based on a substitution rate.  The blue bars illustrate the extent of 

the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is labelled with: posterior probability (lower right), node age (upper 

left), and 95% hpd interval for divergence time (lower left). The scale is in millions of years.
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Figure 5.9 - Multi-locus MCC species tree for Amarinus lacustris with estimated divergence times based on a substitution rate. The blue bars illustrate the extent of 

the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is labelled with: posterior probability (lower right), node age (upper 

left), and 95% hpd interval for divergence time (lower left). The scale is in millions of years. 
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5.3.6 Ancestral range reconstruction 

The ancestral range reconstructions obtained by BBM (Figure 5.10, Table 5.8) provided well 

resolved ancestral distributions at all nodes. BBM found that the ancestral range of A. 

paralacustris and A. lacustris was most likely Australian, with the highest frequency being 

attributed to Victoria (Node 13: Victoria 44.83%, Queensland 22.53% and New South Wales 

13.62%). Although not strongly supported, BBM suggested that New Zealand was the most 

likely ancestral range of all A. lacustris lineages (Node 12: New Zealand 43.01%, Queensland 

19.39%, Lord Howe Island 13.93%, and Victoria 12.39%).  

BBM suggested Lord Howe Island (44.26%) and Queensland (35.68%) as the most likely 

ancestral ranges of lineages derived from Node 11. At node 10, BBM strongly suggested the 

ancestral range was Queensland (74.04%). At node 9, an entirely Queensland ancestral range 

was suggested. At node 8, BBM suggested Norfolk Island as the ancestral range of derived 

lineages (Norfolk Island 55.92%), although Victoria was also suggested (29.52%).  

 

Figure 5.10 - Summary of BBM analysis for Amarinus lacustris and its closest relative. The tree is a 

multi-locus species tree. The current distribution of each lineage within Amarinus lacustris 

(designated by name) and for Amarinus paralacustris is indicated before each lineage: A = 

Queensland, B = Lord Howe Island, C = New Zealand, D = Norfolk Island, E = Victoria and F = 

New South Wales. Pie charts represent marginal probabilities for each alternative ancestral area 

integrated over tree topologies, ranges with probabilities of less than 5% are hidden (indicated in 

black).  
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Table 5.8 - Area frequencies of nodes from result of combined BBM analysis for Amarinus lacustris 

Node (terminals) Area: Frequency (%) 

8 (7-4) D: 55.92, E: 29.52, A: 6.58 

9 (5-6) A: 99.61 

10 (7-6) A: 74.04, E: 7.75, D: 7.10, B: 5.32 

11 (2-6) B: 44.26, A: 35. 68, C: 7.16 

12 (3-6) C: 43.01, A: 19.39, B: 13.93, E: 12.39 

13 (3-1) E: 44.83, A: 22.53, F: 13.62 

Where: A = Queensland, B = Lord Howe Island, C = New Zealand, D = Norfolk Island, E = 

Victoria and F = New South Wales 

 

5.4 Discussion 

5.4.1 Phylogeographic history and large-scale relationships 

It was hypothesised that A. lacustris would exhibit strong phylogeographic structure across the 

study region due to its low dispersal potential. Amarinus lacustris showed very strong 

phylogeographic structure across all loci, although the levels of divergence between 

landmasses were lower in the nuclear data. This pattern is probably due to the higher 

resolution of the mitochondrial locus owing to its smaller effective population size and faster 

mutation accumulation rate (Avise et al. 1987). Overall, the phylogeographic structuring found 

for A. lacustris suggests populations have been isolated for a long period of time.  

New Zealand was the most divergent region and was estimated to have diverged from all other 

areas 11.61 – 9.79mya. New Zealand individuals showed phylogeographic structuring within 

the region, implying restricted gene flow and impeded movement of individuals at the local 

scale. Within Victoria, there was also evidence of restricted gene flow and differentiation but 

some mitochondrial haplotypes were shared between different drainages, implying either 

recent dispersal or retained ancestral haplotypes.  

Stradbroke Island and the Sunshine Coast were unique and divergent at the mtDNA locus but 

shared haplotypes at the one nuclear locus sequenced for these two regions. Individuals from 

the Sunshine Coast and Stradbroke Island were distinct from all other regions and were 

estimated to have diverged from each other 1.79 - 0.89mya. They were also consistently 

recovered with the Victoria and Norfolk Island super-clade from which they were estimated to 

have diverged 5.71 – 3.69mya.  

Although Victoria was the most geographically distant landmass from Norfolk Island included 

in the study, it was consistently found to be Norfolk Island’s closest relative across all loci. 

Norfolk Island was constructed during volcanic episodes from 3.05 – 2.3mya (Jones and 
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McDougall 1973, Rahman and McDougall 1973). Victoria and Norfolk Island populations were 

estimated to have diverged 3.74 – 2.25mya.  Based on these estimates it seems Norfolk Island 

was colonised very early in its existence, with the oldest estimated divergence time slightly 

pre-dating the emergence of the island. The population on Norfolk Island harboured no 

genetic diversity, implying the population on the island has undergone a severe bottleneck. 

The relationship between Lord Howe Island and the other landmasses was less clear when 

using a single gene. At the mtDNA locus, Lord Howe Island was recovered as a divergent clade 

separate from a weakly supported super-clade that contained all other regions; at H3, it was 

recovered with the New Zealand clade; and at 28S with Victoria and Norfolk Island. The multi-

locus MCC tree showed a clear relationship, placing Lord Howe Island closer to the Australian 

and Norfolk Island clades than to New Zealand with very high posterior probabilities. Lord 

Howe Island is estimated to have diverged from the super-clade containing Australian lineages 

and Norfolk Island 7.88 – 6.07mya. Again, estimates of divergence times indicate very early 

colonisation of Lord Howe Island, which erupted 6.9 – 6.4mya (McDougall et al. 1981), with the 

earliest estimates of divergence slightly pre-dating island emergence.  

5.4.2 A note on divergence time estimates 

As there is no clear single best method for estimating divergence times (Rutschmann 2006), 

four methods were employed here. The divergence time estimates between lineages of A. 

lacustris were highly congruent across methods, providing confidence in the estimates made.  

Divergence times based on the multi-species coalescent (used in *BEAST) are predicted and 

have been shown to be more accurate than those obtained from single gene trees 

(McCormack et al. 2011, Drummond et al. 2012). Discordance between individual gene trees 

can arise from incomplete lineage sorting (Drummond et al. 2012). McCormack et al (2011) 

were the first to implement calibrated species-tree divergence estimates and showed that 

dates from a species tree using the multi-species coalescent model were more recent than 

those obtained using gene trees, regardless of node age. McCormack et al (2011) stated that 

this finding is consistent with theory, that divergence times based on gene-tree approaches 

can be significantly over-estimated as they do not correct for genetic divergence that pre-

dates speciation.  

When using island age to calibrate nodes, the multi-locus species tree obtained younger, i.e. 

more recent, estimates of divergence time than those obtained using the multi-locus gene tree 

at the four deepest nodes. The opposite pattern was found when using a substitution rate to 
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estimate divergence times, i.e. older estimates were obtained for the multi-locus species tree 

than those obtained for the multi-locus gene tree at all nodes, although these differences were 

not significant. The estimates were remarkably similar and consistent and the confidence 

intervals of these estimates overlapped. 

Two calibrations were used to estimate divergence times here, which should have provided a 

better understanding of the patterns of among lineage rate variation as opposed to using a 

single calibration (Ho and Phillips 2009).  Use of island age as a calibration for estimating 

divergence times was most useful for the internal nodes; for the node representing the 

common ancestor of A. lacustris and A. paralacustris, the 95% hpd spanned some 50 million 

years for the multi-locus gene tree. No calibration information was available for the split 

between these two species but calibrations on deeper nodes, and particularly the root node of 

the phylogeny, would have probably improved estimated divergence dates over the entire 

tree. The multi-locus species tree however, reduced this confidence interval by some 30 

million years.   

5.4.3 Divergence times and geological history of the region 

The age of lineages within taxa can be compared to plate tectonic events (Kraus 2007), and in 

the case of oceanic islands, to volcanic activity (Vitousek 2002). It was assumed that 

colonisation of oceanic islands would have occurred through transoceanic dispersal since the 

formation of the islands, as opposed to vicariant distribution patterns caused by the 

hypothesised existence of landmasses in the form of now submerged islands or terrestrial 

exposure of the Norfolk Island ridge in the past (Jones and McDougall 1973, Otte and Rentz 

1985, Naumann 1990, Glasby and Alvarez 1999). 

Estimates of divergence times between regions in A. lacustris were relatively recent, in 

geological terms. Past geological events and landmasses in the region such as the hypothesised 

occurrence of a Zealandia landmass and the subsequent Oligocene drowning of New Zealand 

(McGlone et al. 2001, McLoughlin 2001, Trewick et al. 2007) have not affected the 

phylogeographic relationships inferred in this study with lineage divergence estimated to have 

occurred well after these events. 

It was expected that the timing of genetic divergence between the oceanic islands and other 

regions would correlate to the volcanic emergence of the islands. Overall, the estimated 

divergence times obtained were remarkably close to the estimated age of island emergence. 

The 95% hpd interval of divergence times of island populations did include the timing of 
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volcanic emergence, and the mean divergence times of clades belonging to oceanic islands 

were remarkably close to the estimated geological age of the islands when using a substitution 

rate to estimate divergence times. Lord Howe Island is estimated to be 6.9-6.4 million years 

old (McDougall et al. 1981) and its crabs were estimated to have diverged from their closest 

relatives (the super-clade containing Australia and Norfolk Island) 7.88 – 7.09mya when a 

substitution rate was used. Norfolk Island is estimated to be 3.05-2.3 million years old (Jones 

and McDougall 1973, Rahman and McDougall 1973) and its crabs were estimated to have 

diverged from their closest relative (Victoria) 3.74 – 3.15mya.  

The estimated divergence times of lineages of A. lacustris confined to these oceanic islands are 

very close to the geological age of the islands. The slightly older estimates of divergence 

compared to island age can be explained in two ways. Firstly, the substitution rate applied to 

the A. lacustris dataset may be too fast.  A sequence divergence rate of 1.66% per million years 

was used which had been established for terrestrial crabs (Sesarma, Family: Grapsidae) 

(Schubart et al. 1998) as this was the only rate available (Yeo et al. 2007). The rate of evolution 

of mtDNA in A. lacustris may be slower than that reported for terrestrial crabs, causing the 

divergence time estimates to be slightly over-estimated. Secondly, the divergence times 

estimated using molecular data may be realistic and the discrepancy has arisen because the 

estimated times of divergence do not represent the timing of colonisation of the islands but 

rather only the timing of divergence from other areas. This could imply that some interim 

populations were residing elsewhere which were the source of the populations now 

established on the islands. These populations could be present in other areas un-sampled 

(within any of the landmasses included or elsewhere) or they could be past populations that 

have since gone extinct. 

One possibility is that populations of A. lacustris inhabited islands that have since disappeared. 

Some authors hypothesised that Norfolk Island’s biota may include elements of older, now 

submerged islands that were once near neighbours as part of a Norfolk Ridge archipelago 

(Naumann 1990) – an island chain that may have existed along terrestrial portions of the 

Norfolk Ridge (Otte and Rentz 1985, Naumann 1990, Glasby and Alvarez 1999). This could 

explain why the oldest estimated mean divergence time of the Norfolk Island lineage of A. 

lacustris slightly pre-dated that of island volcanic emergence.  

The current populations on Lord Howe Island may also be remnants of a previous meta-

population distributed on former islands in the vicinity of Lord Howe Island. A line of reefs, 
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guyots and banks extends about 1000km due north from Lord Howe Island (Figure 5.11) 

(McDougall et al. 1981). Although presently submerged, these seamounts may have at one 

stage had aerial portions providing an opportunity for colonisation of A. lacustris.  McDougall 

et al (1981) predicted the age of these remnants, from south to north as, Elizabeth Reef, 

10.2my; Middleton Reef, 10.7my; Gifford Guyot, 15.6my; Capel Bank, 18.4my; Kelso Bank, 

20.4my; Argo Bank, 21.8my and Nova Bank 23my. If they did indeed provide opportunities for 

colonisation, the slightly older divergence dates of the Lord Howe Island lineage of A. lacustris 

may reflect this. 

 

Figure 5.11 - Bathymetric maps of the Tasman Sea showing location of Lord Howe Island 

Seamount Chain and the Tasmantid Guyots. Left from McDougall et al (1981), published with the 

permission of the Geological Society of Australia, and right image based on McDougall et al (1981) 

from Oregon State University (2010).  

 

Some species endemic to Lord Howe Island have previously been found to greatly pre-date 

island emergence, with far older estimates of divergence than those obtained here for A. 

lacustris (see Page et al (2005) for an exception). Buckley et al (2009) used fossil calibrations to 

date a phylogeny of tree lobsters, including the stick insect, Dryococelus australis, endemic to 

Lord Howe Island. They estimated that the endemic species diverged from its closest relative, 

of Australian origin, at least 22mya. These authors suggested that unless future sampling 

revealed more closely related extant relatives, then the species must have existed elsewhere 

prior to the emergence of Lord Howe Island. They believe this could have possibly occurred on 

the now submerged Lord Howe seamounts, or the adjacent Tasmantid Guyots (Figure 5.11), 
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and noted that the oldest of the submerged islands in the Lord Howe seamount chain (Nova 

Bank, 23my (McDougall et al. 1981)) accorded well with the estimated divergence time 

(Buckley et al. 2009). Buckley et al (2009) concluded that the Lord Howe Island tree lobster 

may have evolved on now drowned islands, progressively dispersing down the island chain, as 

ancestral populations became extinct as those islands eroded away.  

Chapple et al (2009) dated a phylogeny of the New Zealand scincid lizard fauna using 

calibrations from both fossils and the emergence of New Caledonia. Cyclodina lichenigera, a 

skink endemic to Lord Howe Island and Norfolk Island, was estimated to have diverged 25mya 

(Chapple et al. 2009). Chapple et al (2009) explained the presence of an old species on a 

younger island by also postulating that following its divergence from the New Caledonian 

fauna, Cyclodina lichenigera persisted on volcanic islands along the Lord Howe Rise and 

Norfolk Ridge prior to reaching Lord Howe Island and Norfolk Island.  

The findings of Buckley et al (2009) and Chapple et al (2009) provide support for the possibility 

that the present fauna of Lord Howe Island may have had a longer history in the Lord Howe 

region than Lord Howe Island itself has had. Although the divergence estimates obtained here 

for A. lacustris were not as extreme as those obtained by Buckley et al (2009) and Chapple et al 

(2009), in terms of contrasting with the dates of island emergence for Lord Howe Island, they 

still support the possibility that populations, in the past, may have persisted on now 

submerged islands.   

It should be noted that only divergence times that were estimated using a substitution rate 

slightly pre-dated island emergence; using island age, estimated divergence times were closely 

associated, but slightly post-dated, island emergence. However, this method is biased because 

informative priors were used to calibrate the nodes containing the lineages endemic to Norfolk 

Island and Lord Howe Island, so commenting on the ability of this method to date those nodes 

is rather circular and is not discussed. This method was employed to help date the overall tree 

and compare its estimates to those obtained using a substitution rate.  

5.4.4 Origin of the species and colonisation history 

Amarinus lacustris is thought to have either directly arisen from, or shared a common ancestor 

with, A. paralacustris (Lucas 1970). Lucas (1970) believed that the genetic compatibility of 

these species in Australia strongly suggested that A. lacustris had a relatively recent origin, 

probably in Australia. Walker (1969) suggested that A. lacustris had a recent evolutionary 

history, due to its possession of an apparently inherited ancestral characteristic of a wide 
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salinity tolerance.  This study estimates divergence between A. lacustris and A. paralacustris 

occurred 30.11 – 17.66mya (based on the range of estimates from different methods).   

It was hypothesised that A. lacustris originated in south-east Australia but that island lineages 

would have been established from geographically proximate sources. Based on the topology of 

the trees constructed here for A. lacustris, including A. paralacustris as an outgroup, it is hard 

to support the hypothesis that A. lacustris originated in south-east Australia. The multi-locus 

MCC tree positioned the Australian clade of A. lacustris within the clades representing 

separate geographic areas, with strongly supported posterior probabilities. As the Lord Howe 

Island and New Zealand clades are far more divergent, it would appear that these populations 

were not established by individuals from Australia. 

Divergence dating estimated that Norfolk Island and Lord Howe Island were colonised very 

early on in their development, or at least that A. lacustris had a long history in the region 

surrounding the islands. From the results of this study it appears that Victoria has only 

relatively recently, compared to its very long history, been colonised. If A. lacustris did 

originate in south-east Australia, either directly from A. paralacustris or from a common 

ancestor, why then does Victoria sit on an internal branch? 

Perhaps the south-east Australian ancestral A. lacustris lineage was unsampled (unfortunately 

no samples could be obtained from South Australia and Tasmania where A. lacustris is also 

known to occur). Perhaps all south-east Australian populations previously experienced a mass 

extinction and the area has since been colonised from another area (for instance, New 

Zealand, as suggested by BBM). Perhaps A. lacustris was previously widespread from south-

east Australia up to Queensland and has since gone extinct from New South Wales (or remains 

elusive to sampling and has gone unnoticed) resulting in the north/south split that occurred 

5.71 – 3.69mya between the Victoria and Norfolk Island clade and the Stradbroke Island and 

Sunshine Coast clade. These reasons, either unsampled or extinct older lineages in Australia, 

could have been the source of colonists of Lord Howe Island and New Zealand and would 

explain why there are older lineages occupying those particular areas. 

While attempts were made to determine the ancestral range of all A. lacustris lineages, results 

were fairly inconclusive. While BBM found that the ancestral range of A. paralacustris and A. 

lacustris was entirely Australian (with the highest frequency being attributed to Victoria), it 

suggested that New Zealand was the most likely ancestral range of all A. lacustris lineages. If A. 

lacustris evolved from A. paralacustris, as Lucas (1970) and Walker (1969) suggested possible, 
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the BBM results of a New Zealand ancestral distribution seem unlikely. Likewise, if the node of 

the super-clade containing the Victoria and Norfolk Island clade and the Stradbroke Island and 

Sunshine Coast clade represented an Australian ancestor that split north and south and then 

dispersal from Victoria to Norfolk Island occurred, this is not well supported in ancestral area 

reconstructions. BBM gave a very high probability to the node representing Queensland only. 

5.4.5 How did dispersal occur?  

Amarinus lacustris has a wide geographical distribution, occurring on landmasses and islands 

separated by large tracts of ocean (Lucas 1980), despite being a freshwater species that lacks a 

free larval stage for increased dispersal capacity. As noted in the introduction, the peculiar 

distribution of this species has been discussed in the literature with authors offering several 

explanations for its present day distribution. 

The phylogeographic structure found for A. lacustris implies there are very strong barriers to 

dispersal. For obligately freshwater species, the study region is very much a heterogeneous 

landscape, in which habitat patches are separated by inhospitable terrain. The strong 

phylogeographic structure of this species and the monophyletic clades found for each region is 

as predicted for such a landscape, but individuals had to have dispersed at least once to occur 

on oceanic islands in the first place.  

For organisms that are obligately freshwater such as the freshwater crab studied here, 

dispersal over long distances is most likely passive and requires the use of a physical agent, for 

example: rafting on debris; or another organism, for example: attaching to the feet of a bird is 

a widely reported mechanism for dispersal of freshwater crustaceans (Green and Figuerola 

2005).  

For A. lacustris a rafting mechanism is a plausible means of transport, as adults have been 

shown to be able to withstand considerable fluctuations in salinity (Walker 1969); and eggs 

and hatchlings have been found to tolerate high salinities as well (Kefford et al. 2004). Other 

freshwater crabs have been hypothesised to disperse via rafting during periods of heavy 

rainfall and high discharge of freshwater streams (Yeo et al. 2007, Daniels 2011) and in hollow 

tree trunks under conditions of high humidity and rainfall (Daniels et al. 2006) on relatively 

small spatial scales. The hypothesised dispersal trajectory of Walker (1969) and Carpenter 

(1977) of the species in the East Australian Current from south-east Australia to Norfolk Island, 

Lord Howe Island and New Zealand cannot be dismissed by this study. Although, if dispersal 

did occur through this mechanism, it does appear that colonisation of landmasses was not 
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sequential from east to west across the Tasman. Norfolk Island may have been more recently 

colonised by Australian migrants, but if New Zealand and Lord Howe Island populations were 

established from individuals from Australia they have been isolated for a much longer period 

of time.  

However, it seems unlikely that an organism without a free larval stage (Lucas 1970) which 

avoids exposure to fast flowing currents (Johnston and Robson 2005) could passively disperse 

in this manner over the large distances studied here, particularly from the freshwater 

environment to the ocean and to remote oceanic islands such as Norfolk Island and Lord Howe 

Island.  

It is most likely that dispersal occurred via a vector. Waterbirds are known to be able to 

transport freshwater invertebrates over a thousand kilometres (Green and Figuerola 2005), a 

distance longer than the focus islands of this study are from the nearest mainland, so it is 

entirely possible that A. lacustris individuals hitched a ride to the islands. Lucas (1970) 

attributes the distribution of A. lacustris to dispersal via waterbirds over oceanic barriers, 

among feathers or in mud and detritus on their feet. Lucas (1970), citing D. Purchase, pers. 

comm., reports an A. lacustris female surviving in air for more than five days, which he states is 

a sufficient amount of time for a trans-Tasman flight. 

Some authors had dismissed dispersal via the external transport of waterbirds because 

mainland populations were geographically confined and not widespread on the landmasses. 

Carpenter (1977) held this view because at the time of publication, the species was restricted 

within New Zealand, known to occur in only a few lakes in the Auckland region (Melrose 1968, 

Carpenter 1977). However, a more recent publication reveals that A. lacustris populations are 

still being discovered in New Zealand (see Towers and McLay 1995 for an example), so perhaps 

yet more populations across the New Zealand region will be discovered. The same can be said 

of Australian populations, with earlier authors stating that the Australian distribution was 

restricted to Victoria, South Australia and Tasmania, but it is now known to occur in 

Queensland as well. These new findings weaken the arguments made against dispersal via 

birds due to restricted distributions within landmasses. Nevertheless, if dispersal has occurred 

via birds, this mode of transport must be exceedingly rare, otherwise the clear pattern of 

monophyletic clades confined to each region would not have been seen. 
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5.4.6 A note on genetic diversity in islands: Comparison of two islands 

It is normally assumed that genetic diversity in island populations is reduced compared to 

mainland populations (Frankham 1997). It has also been suggested that species with restricted 

dispersal potential exhibit low levels of diversity (Zickovich and Bohonak 2007). In A. lacustris 

the opposite was found. Lord Howe Island harbours more genetic diversity than mainland 

Australia and New Zealand. Across all loci nucleotide diversity was highest on Lord Howe 

Island, and haplotype diversity was highest at one locus on Lord Howe Island and roughly 

equivalent to levels in Australia and New Zealand at the other two loci.  

A high level of genetic diversity was found on Lord Howe Island at all loci, and phylogenetic 

tree construction showed two distinct lineages within the island. Rocky Run was distinct and 

divergent to Soldiers Creek and Mt Gower across all loci. The origin of genetic diversity on Lord 

Howe Island could have been due to two independent colonisation events to separate 

streams, and its maintenance could have been due to the separate founding populations not 

having had any contact within the island. On the mainland, dispersal events are assumed to be 

more frequent to sites within the landmass compared to the long distance dispersal events to 

oceanic islands. Perhaps this leads to higher rates of gene flow between sites within mainlands 

when compared to mainland to island events. If populations can persist on islands that have 

been established by separate colonisation events, and those island populations do not 

interbreed, it is altogether possible to end up with genetically distinct populations on islands 

contributing to an overall higher level of diversity on that particular island. 

However, the two lineages found on Lord Howe Island appear to the be the result of in situ 

diversification rather than two independent colonisation events due to their closer relationship 

with one another than with another potential source population (although, the two lineages 

could derive from independent colonisation events from an unsampled source population). 

High levels of diversity and divergence within Lord Howe Island could also be interpreted as 

evidence that the populations there are indeed remnants of a once diverse population that 

inhabited now submerged volcanic islands along the Lord Howe Rise.  

The Lord Howe Island population had significantly positive test statistics for all neutrality tests. 

The significance of neutrality tests for this region was probably caused by the presence of two 

divergent clades restricted to separate areas within the island, rather than signifying a recent 

population contraction or balancing selection. 
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In stark contrast to the genetic variation found on Lord Howe Island, the Norfolk Island 

population of A. lacustris contains no genetic diversity at all, with the entire population being 

represented by a single haplotype at each locus. This could indicate that Norfolk Island was 

established by a single colonisation event, followed by a severe bottleneck at founding or that 

colonisation involved a single female. Norfolk Island is also of a younger volcanic origin than 

Lord Howe Island, so perhaps it is just an artefact of the age of the island, with the populations 

on Lord Howe Island having had a longer time to accumulate mutations. Genetic variation is 

also related to population size (Frankham 1998), so the low genetic diversity in the Norfolk 

Island lineage could also be the result of continually low effective population sizes. This may be 

the remnants of a bottleneck at founding or more recent pressures that have resulted in 

population crashes.  

Maintenance of genetic diversity within islands may be influenced by in-situ dispersal 

opportunities. The salinity tolerance of A. lacustris may allow passage through the marine 

environment on a small scale. The distance between the streams inhabited by A. lacustris on 

Norfolk Island may allow for exchange of individuals and permit gene flow, which could explain 

the homogeneous pattern uncovered across streams sampled on Norfolk Island. Interestingly, 

other permanent streams on Norfolk Island, which were extensively sampled, did not contain 

any A. lacustris specimens, nor have they previously been reported to occur there. The 

absence of A. lacustris from these streams may be due to the streams entering the ocean as 

waterfalls which act as physical barriers and inhibit the exchange of individuals between 

different streams.  

On Lord Howe Island, the distinct and divergent population at Rocky Run may be isolated from 

potential marine dispersal opportunities to or from populations of other streams for similar 

reasons. Rocky Run enters the ocean over a series of small falls, which may also act as a barrier 

for potentially dispersing individuals within the island. This type of dispersal does not explain 

how A. lacustris came to be established on Mount Gower, 875m above sea level.   

5.4.7 Morphological support or discrepancies with genetic data? 

Although geographically separate populations of A. lacustris have not been elevated to full 

species status, Fulton and Grant (1902) and Lucas (1980) have noted differences between 

populations inhabiting different landmasses. Lucas (1980) listed minor morphological 

differences between specimens from Norfolk Island and New Zealand with those from 

Australia and Tasmania. The genetic data presented here though does not support these 
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groupings, which found Norfolk Island to be more closely related to Australian populations 

than New Zealand populations. 

The Sunshine Coast and Stradbroke Island regions are believed to harbour new Amarinus 

species (Marshall et al. 2011, Peter Davie, pers. comm.). The Sunshine Coast and Stradbroke 

Island lineages were nested within the A. lacustris phylogeny for the two loci sequenced and 

were the least divergent lineages. This suggests that if these lineages do indeed represent new 

species, then the lineages present within Lord Howe Island, Norfolk Island, Victoria and New 

Zealand should also be recognised as distinct species, based on the larger genetic divergences 

observed between these regions.  

5.4.8 Conclusions 

As predicted, this study found strong phylogeographic structure in A. lacustris. The typical 

pattern expected for an obligately freshwater organism with restricted dispersal potential due 

to a direct development life cycle is marked differentiation between populations and 

geographic isolation. A. lacustris certainly conformed to this pattern. 

Amarinus lacustris was found to have recently diverged from A. paralacustris with divergence 

time estimates certainly dismissing an ancient Gondwanan distribution. Colonisation of 

oceanic islands occurred very early on in their existence, and may have involved stepping 

stone dispersal on now submerged islands in the region.  

While ancestral range reconstructions were ambiguous, geographic proximity did not 

determine dispersal pathways or colonisation routes, with the Norfolk Island lineage being 

found to be most closely related to Victoria, the most geographically distant landmass in the 

study. 

If the two lineages from Queensland on Stradbroke Island  and the Sunshine Coast  are each to 

be elevated to full species status (Peter Davie, pers. comm., Marshall et al. 2011), then the 

lineages confined to Norfolk Island, Lord Howe Island, Victoria and New Zealand should also be 

warranted full species status. These lineages are more divergent from one another than the 

two Queensland lineages, which were found to be the least divergent and most closely related.  
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Chapter 6: Phylogeographic structure in Parvulastra exigua: a 
wide-spread direct developing cushion star 

6.1 Introduction 

6.1.1 Parvulastra exigua (Lamarck 1816): Distribution 

Order: Valvatida, Family: Asterinidae 

Synonyms:   Patiriella exigua (Lamarck 1816) 

Asterias exigua (Lamarck 1816) 

Asterina krausii (Gray 1840) 

The five-armed cushion star, Parvulastra exigua (Figure 6.1), is a very widely distributed 

marine species found in southern-temperate waters of the Atlantic, Indian and Pacific Oceans 

(Waters and Roy 2004). It occurs in south-east Australia (in New South Wales, Victoria, South 

Australia and Tasmania), from St. Helena, South Africa to southern Mozambique, including the 

Andaman and Nicobar Islands in the Indian Ocean, and on Pacific Islands (Clark and Rowe 

1971), including Norfolk Island and Lord Howe Island (Etheridge 1889). It is absent from 

Western Australia, New Zealand and South America (Waters and Roy 2004). The species is 

found in rock pools and shallow subtidal waters (at a maximum depth of 3m), underneath 

rocks and in crevices (Waters and Roy 2004).  

 

Figure 6.1 - Parvulastra exigua images: A. adult individual (from Altoff and Falconer 2008), B. 

adult individual (from Altoff and Falconer 2008), and C. stylised benthic brachiolaria, a late stage 

of larval development (redrawn from Byrne 1995). Images A and B © Leon Altoff, reproduced with 

permission.  

 

6.1.2 Life-history characteristics 

Parvulastra exigua adults are potentially capable of breeding throughout the year, although 

spawning is most active in late winter and spring (Lawson-Kerr and Anderson 1978). The 

species lays sticky jelly-coated benthic egg masses which are attached to rocks through oral 

gonopores (Lawson-Kerr and Anderson 1978, Byrne 1995). Fertilisation of deposited eggs 

occurs via pseudocopulation, with sperm being directly released onto egg masses (Byrne 1992, 
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Barbosa et al. 2012). The 390µm eggs are negatively buoyant and contain substantial yolk 

protein and lipid reserves (Byrne and Cerra 2000). 

Parvulastra exigua is a hermaphroditic species capable of self-fertilisation (Barbosa et al. 

2012). Barbosa et al (2012) conducted laboratory studies on isolated individuals and found egg 

masses generated embryos due to self-fertilisation, of which a substantial proportion 

developed to the juvenile stage (Barbosa et al. 2012). Barbosa et al (2012) also noted that the 

expression of hermaphroditism was highly variable among individuals and may vary among 

populations (Barbosa et al. 2012).  

The species has direct development with benthic lecithotrophic larvae remaining attached to 

the substratum until metamorphosis is complete at 18 days (Byrne and Anderson 1994). The 

stages of development have previously been described by Lawson-Kerr and Anderson (1978) 

and Byrne (1995): 1. Embryos develop to the brachiolaria stage before slowly hatching - a 

process that takes several days; 2. At this stage, the larvae have well developed attachment 

complexes including brachiolar arms (Figure 6.1C) and an adhesive disc; 3. Tube feet then 

begin to develop which take over the function of attachment, as the brachiolar arms and 

adhesive disc are reabsorbed; 4. Development to the juvenile stage occurs through a gradual 

morphological transformation that is completed over 2-3 days; 5. At last, with the yolk fully 

reabsorbed, the juvenile starfish moves away from the oviposition site and begins feeding. 

6.1.3 Opportunities for dispersal 

In contrast to marine invertebrates with long-lived planktotrophic larvae, the potential for 

dispersal in P. exigua is not thought to be greater in the larval stage than the adult stage (Hart 

et al. 1997). After hatching, Byrne (1995) observed that brachia stretch in the direction of flow 

in response to a strong current, but that only a concentrated flow from a pipette could 

dislodge larvae. 

As there is no free-swimming, dispersive larval phase during development (Lawson-Kerr and 

Anderson 1978), dispersal of P. exigua is thought to be severely restricted (Hunt 1993). 

However, P. exigua is paradoxically one of the most widely distributed and abundant sea stars 

(Barbosa et al. 2012), implying some form of dispersal is possible.  

The most likely means of dispersal in P. exigua is rafting in ocean currents, perhaps on wood or 

macroalgae, in the juvenile and adult stages (Waters et al. 2004, Waters and Roy 2004). 

Juveniles are negatively geotactic, i.e. they float on the surface of the water (Byrne 1995). This 
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behaviour is thought to be a mechanism for dispersal (Byrne 1995). In the laboratory, Byrne 

(1995) observed individuals climbing the walls of tanks and when they reached the air-water 

interface, they attached their tube feet to the surface of the water and floated attached by 

surface tension for periods of hours to days.  

6.1.4 Past genetic studies 

Despite its apparently limited dispersal ability, P. exigua has a very wide geographic 

distribution (Colgan et al. 2005). This anomaly has raised interest in the genetic structure of 

the species, leading researchers to investigate genetic variation on both small and large spatial 

scales (Hunt 1993, Waters and Roy 2004, Colgan et al. 2005, Ayre et al. 2009, Barbosa et al. 

2013).  Authors expected that P. exigua would show low genetic variation at a local scale and 

high genetic differentiation among local populations due to its direct development.  

In south-east Australia, highly significant levels of differentiation were found among all 

locations sampled, which showed evidence of extremely restricted dispersal (Ayre et al. 2009). 

Significant genetic substructure has been found at fine spatial scales between rock pools less 

than 300m apart and between headlands 5-15km apart (Barbosa et al. 2013). In the same 

region, gene flow was found to occur between nearby populations but was restricted between 

widely separated populations (Hunt 1993, Colgan et al. 2005). Local populations were highly 

genetically heterogeneous and contained less genetic diversity than a closely related species 

with planktonic development (Hunt 1993). Haplotypes were unique to each state, although 

nucleotide distances between populations were very small (Colgan et al. 2005).  

On a much larger spatial scale, including populations from the Indian, Atlantic and Pacific 

Oceans, marked phylogeographic structure was found across both small and large spatial 

scales (Waters and Roy 2004). Haplotypes in island populations were most closely related to 

those on nearby mainlands (Waters and Roy 2004). South Africa was found to contain an 

assemblage that was not monophyletic (Waters and Roy 2004).  

Waters and Roy (2004) interpreted South Africa to be the origin of the species and believed 

that dispersal occurred eastward across the Indian Ocean during the Pleistocene via rafting, 

facilitated by the West Wind Drift. They calculated that it would take approximately 5 months 

to raft between mainland Africa and Amsterdam Island and an additional 6 months to reach 

South Australia in the West Wind Drift, with direct rafting from Southern Africa to south-

eastern Australia taking approximately one year. With such a wide geographic distribution, it 
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was concluded that it was clear that adults of P. exigua were capable of surviving many 

months of rafting in the open ocean (Waters and Roy 2004).  

Overall, results of these studies have shown strong local haplotype differentiation and limited 

gene flow between populations (Hunt 1993, Waters and Roy 2004, Colgan et al. 2005, Ayre et 

al. 2009, Barbosa et al. 2013). 

6.1.5 Cryptic species 

Two broadly distributed and distinctive gonopore phenotypes have been identified in the 

geographic range of P. exigua which are considered to represent cryptic species (Hart et al. 

2006). Hart et al (2006) surveyed the location of the gonopores in African, Australian and 

island populations (Amsterdam Island, St Paul Island, Kerguelen Island, and St Helena) and 

found some African and island populations included a species with oral gonopores that they 

believe is conspecific with Australian populations and at least one other species with aboral 

gonopores that is absent from Australia. Oral gonopores are a distinctive feature of the type 

specimen of P. exigua (Hart et al. 2006). Hart et al (2006) used the full sequence alignment of 

mtDNA sequence data from Waters and Roy (2004) and found that the genetic data was 

consistent with the co-occurrence of multiple species in some parts of the P. exigua range.  

6.1.6 Aims and objectives 

Although a number of studies have previously investigated genetic variation in Parvulastra 

exigua, none of them included samples from Norfolk Island, nor have they included many 

samples from Lord Howe Island. This study seeks to determine levels of genetic variation 

within these two islands and to use previously published sequences to determine the 

relationships between these islands and other areas. 

The goal of this chapter is to reconstruct the phylogeographic history of Parvulastra exigua to 

determine how populations on Norfolk Island and Lord Howe Island fit into the findings of 

previous studies. This chapter aims to: 1. Quantify the levels of genetic diversity in populations 

on Norfolk Island and Lord Howe Island; 2. Determine the relationship between populations on 

Norfolk Island and Lord Howe Island and their relationships to other populations previously 

investigated; 3. Use a method not previously applied to genetic data for Parvulastra exigua to 

reconstruct ancestral ranges and determine the origin of the source of colonists to Norfolk 

Island and Lord Howe Island; and 4. Estimate the timing of arrival of Parvulastra exigua to 

these two oceanic islands. 
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Associated with each of these aims, four hypotheses will be tested: 

1. Norfolk Island and Lord Howe Island populations will be represented by unique and 

divergent haplotypes, due to restricted dispersal from direct development in Parvulastra 

exigua; 

2. Norfolk Island and Lord Howe Island populations will be more closely related to 

Australian populations that contain the oral gonopore phenotype; 

3. Parvulastra exigua originated in South Africa (as Waters and Roy (2004) interpreted) 

and Norfolk Island and Lord Howe Island were subsequently colonised by dispersal from 

Australia, the closest mainland; 

4. Parvulastra exigua will have recently colonised Norfolk Island and Lord Howe Island, 

after volcanic emergence and after dispersal out of Africa to Australia. 

6.2 Specific Data Analysis 

The COI fragments obtained from GenBank and those obtained during the course of this study 

only partially overlapped (i.e. different regions of the gene were sequenced in each study). 

Cutting fragments to an equal length resulted in the loss of information contained within the 

discarded parts of fragments. The fragments used in this chapter from GenBank are therefore 

shorter than those used in the individual studies from which they were sourced. Also, the 

sequences obtained from GenBank that were from Waters and Roy (2004) were only the 

unique haplotypes found in that study; the actual number of individuals per haplotype was 

found in Hart et al (2006) who also used those sequences. The following analyses were carried 

out on an alignment of short fragments of the mt COI gene, the only gene available to study. 

6.2.1 Diversity, differentiation and divergence analyses 

Estimates of pairwise divergence between populations in separate geographic regions were 

calculated using p-distances in MEGA v5.2 (Tamura et al. 2011) with 1,000 bootstrap 

replicates. Individuals were also partitioned into the same groupings using DnaSP v5.10.01 

(Librado and Rozas 2009) to create files for analysis in Arlequin v3.5.1.3 (Excoffier and Lischer 

2010) where haplotype diversity (h) and nucleotide diversity (π) were calculated for 

populations with at least 4 individuals. Pairwise FST and ɸST were also calculated in Arlequin 

between populations with at least 9 individuals. 
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6.2.2 Demographic history – neutrality tests 

Four neutrality tests were performed in DnaSP for each population in separate geographic 

regions containing at least 9 sequenced individuals: Tajima’s D (Tajima 1989), Fu and Li’s D* 

and F* (Fu and Li 1993) and Fu’s FS (Fu 1997). 

6.2.3 Phylogeographic reconstruction and divergence time estimation 

A haplotype network was constructed in TCS v1.21 (Clement et al. 2000) with a 90% branch 

connection limit using mt (COI) sequence data.  

A sequence divergence rate of 1.52% per million years was used to date the mt (COI) gene tree 

of P. exigua.  The rate was based on the slowest observed mtDNA divergence (4.56%) for 

transisthmian Diadema sister species isolated by the Isthmus of Panama (from Lessios et al. 

2001). This divergence rate has previously been applied to a range of echinoderms, including 

Parvulastra species (see Keever et al. 2013).   

A maximum clade credibility (MCC) tree was constructed using BEAST v1.7.5 (Drummond and 

Rambaut 2007, Drummond et al. 2012). The model of nucleotide substitution found to best-fit 

the data was the GTR model with gamma distributed rate heterogeneity (+G) (Tavaré 1986) (-

InL = 1156.0832, AIC = 2426.1665). The gene tree was based on the strict clock model. The COI 

substitution rate was set to 0.0076 (1.52% ÷ 2 = 0.76% substitution rate per lineage ÷ 100 = 

0.0076 per site rate). The tree prior used was the coalescent-constant size model with multiple 

independent runs combined for a total of 1,000,000,000 generations, re-sampled every 10,000 

states.  

6.2.4 Reconstruction of ancestral areas 

Biogeographic inferences were obtained by using BBM analysis implemented in RASP v2.1b (Yu 

et al. 2010, Yu et al. 2012). This method suggests possible ancestral ranges and calculates the 

probabilities of each ancestral range at each node on the phylogenetic tree. The frequencies of 

an ancestral range at a node in ancestral reconstructions are averaged over all trees (Yu et al. 

2010). 

All trees from the BEAST analysis described above were used as input for the BBM analysis 

with the MCC tree used as the condensed tree for final presentation. The geographic range of 

P. exigua was divided into eight areas: A – Lord Howe Island, B – Norfolk Island, C – Tasmania, 

D – Southern Africa, E – New South Wales, F – St. Helena, G – Amsterdam Island and H – 
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Victoria. These areas were assigned to individual sequences represented on the tips of the 

gene tree.  

The BBM analysis runs two independent analyses. The distance between preliminary runs 

(0.0017) indicated a good combined result so settings were kept as default, i.e.: 10 MCMC 

chains were run simultaneously for 50,000 generations with states sampled every 100 

generations, 100 samples were discarded as burn-in, temp was set to 0.1, the model was set to 

fixed Jukes-Cantor with equal among-site rate variation with null root distribution (as no 

outgroup was specified). The maximum number of areas for this analysis was set to six. 

6.3 Results 

6.3.1 Summary of sequences and diversity 

A total of 99 fragments of 451bp of the mt COI gene were obtained (18 sequences were 

generated for individuals of P. exigua from Norfolk Island and Lord Howe Island and 81 

additional sequences were obtained from GenBank). Individuals were from nine geographic 

regions with the number of sequences from each region ranging from 2 to 39 (Table 6.1). 

Haplotype diversity and nucleotide diversity was highest in Southern Africa. Norfolk Island and 

St Helena had no genetic diversity, with a single unique haplotype found in both regions. Lord 

Howe Island had the third lowest level of diversity (Table 6.1).  

Table 6.1 - Summary of sequences and genetic diversity by region for Parvulastra exigua at the 

mtDNA locus (COI)  

Site Number of individuals No of haplotypes h π 

Norfolk Island 10 1 0.000±0.000 0.0000±0.0000 

Lord Howe Island 11 2 0.546±0.072 0.0012±0.0012 

New South Wales, Australia 14 3 0.692±0.065 0.0020±0.0016 

Victoria, Australia 39 8 0.634±0.081 0.0034±0.0023 

Tasmania, Australia 10 4 0.778±0.091 0.0039±0.0028 

Southern Africa 9 4 0.806±0.089 0.0343±0.0192 

St Helena 4 1 0.000±0.000 0.0000±0.0000 

Amsterdam Island 2 2 - - 

 

6.3.2 Differentiation and divergence 

All pairwise ɸST values calculated between geographic regions were significant, as were all FST 

values (Table 6.2). The highest ɸST and FST calculated was between Norfolk Island and Lord 

Howe Island. 
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The highest calculated pairwise divergences were found between Amsterdam Island and all 

other regions (Table 6.3). Southern Africa was also highly divergent from all other regions. The 

remainder of the calculated pairwise divergences between regions were smaller. The lowest 

calculated pairwise divergences were found between New South Wales and Victoria, and New 

South Wales and Norfolk Island (Table 6.3). 
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Table 6.2 - Genetic differentiation between discrete geographic populations of Parvulastra exigua  (pairwise ɸST above diagonal and FST below diagonal, bold type 

indicates significance (p<0.05))  

 Victoria Tasmania New South Wales Southern Africa Lord Howe Island Norfolk Island 

Victoria  0.3118 0.2417 0.6227 0.7193 0.6275 

Tasmania 0.1956  0.4680 0.4505 0.7836 0.7593 

New South Wales 0.1162 0.1989  0.5123 0.8298 0.6925 

Southern Africa 0.3022 0.2086 0.2563  0.5549 0.5301 

Lord Howe Island 0.3980 0.3412 0.3766 0.3311  0.9483 

Norfolk Island 0.5623 0.6111 0.6114 0.6136 0.7163  

 

Table 6.3 - Estimates of divergence between geographic regions for Parvulastra exigua using p-distances based on COI sequence data, with standard errors  

 Victoria Tasmania Southern Africa Lord Howe Island St Helena Amsterdam Island Norfolk Island 

Tasmania 0.005±0.002       

Southern Africa 0.029±0.006 0.031±0.006      

Lord Howe Island 0.010±0.004 0.012±0.004 0.035±0.007     

St Helena 0.014±0.005 0.015±0.006 0.034±0.007 0.020±0.007    

Amsterdam Island 0.047±0.009 0.050±0.010 0.039±0.007 0.055±0.010 0.054±0.010   

Norfolk Island 0.007±0.003 0.008±0.004 0.033±0.006 0.013±0.005 0.016±0.006 0.052±0.010  

New South Wales 0.004±0.002 0.006±0.003 0.030±0.006 0.010±0.004 0.014±0.005 0.048±0.010 0.004±0.003 
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6.3.3 Demographic history 

There was no evidence of demographic change in any populations, with neutrality tests failing 

to show they were evolving in a non-neutral manner, except for Southern Africa (Table 6.4). 

Significantly positive test statistics implied that the Southern African population was either 

experiencing selection which was maintaining variation or it recently experienced a population 

contraction. The results obtained for Southern Africa could also be due to the presence of two 

divergent lineages. 

Table 6.4 - Neutrality tests for geographically discrete populations of Parvulastra exigua, bold type 

indicates significance  

 Victoria Tasmania New South 

Wales 

Southern 

Africa 

Lord Howe 

Island 

Norfolk 

Island 

n 39 10 14 9 11 10 

η 10 4 3 24 1 0 

ηs 3 1 0 1 0 0 

S 10 4 3 24 1 0 

k 1.511 1.733 1.154 12.778 0.545 NA 

ɸ1 2.365 1.414 0.943 8.830 0.341 NA 

ɸ2 2.923 0.900 0 0.889 0 NA 

Tajima’s D test 

p-value 

-1.082 

p>0.10 

0.867 

p>0.10 

0.683 

p>0.10 

2.220 

p<0.05 

1.443 

p>0.10 

NA 

Fu and Li’s D 

test 

p-value 

-0.331 

p>0.10 

0.450 

p>0.10 

1.070 

p>0.10 

1.425 

p<0.05 

0.776 

p>0.10 

NA 

Fu and Li’s F 

test 

p-value 

-0.670 

p>0.10 

0.618 

p>0.10 

1.104 

p>0.10 

1.813 

p<0.02 

1.050 

p>0.10 

NA 

Fu’s FS test 

p-value 

-1.806 

p>0.10 

0.279 

p>0.10 

-0.107 

p>0.10 

5.874 

p>0.10 

1.137 

p>0.10 

NA 

n = number of nucleotide sequences, η = total number of mutations, ηs = total number of singleton 

segregating sites, S = number of segregating sites, k = average number of nucleotide differences, 

ɸ1= from S, ɸ2 = from ηs. 

 

6.3.4 Phylogeographic reconstruction and divergence time estimates 

Two sequences that were too short for inclusion were removed from the dataset to construct 

the haplotype network. Parvulastra exigua COI fragments formed two separate networks, 

referred to as Clade 1 and Clade 2 (Figure 6.2). Clade 2 contained haplotypes unique to 

Amsterdam Island (P, O) and Southern Africa (M, Q and N) which were highly divergent from 

one another. Clade 1 contained all other individuals and formed a starburst pattern haplotype 

network containing haplotypes from Norfolk Island, Lord Howe Island, Victoria, New South 

Wales, Tasmania, St Helena and Southern Africa.  A common, central haplotype (A) in Clade 1 

occurred in Victoria, New South Wales and Tasmania. All of the other haplotypes in this clade 

were unique to a single geographic region, except for haplotype V which was shared by 
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Tasmania and Victoria. The single unique haplotype from Norfolk Island joined to a haplotype 

from New South Wales. Lord Howe Island contained two closely related unique haplotypes. St 

Helena (haplotype L) was genetically divergent from the ancestral haplotype (A) by five 

mutational steps. Southern Africa was represented in both clades.  

 
 

Figure 6.2 - Mitochondrial haplotype network for Parvulastra exigua constructed using COI 

sequences.  

 

The MCC gene tree constructed for P. exigua depicted two distinct clades (Figure 6.3), 

corresponding to the two independent haplotype networks, which were estimated to have 

diverged 4.32mya. The Amsterdam Island population was estimated to have diverged from 

Southern Africa 2.21mya. St Helena was estimated to have diverged from a super-clade 

containing individuals from Southern Africa, Victoria, New South Wales, Tasmania, Norfolk 

Island and Lord Howe Island 1.16mya. Within that super-clade, Lord Howe Island was 

estimated to have diverged from a subset (including various Australian, Southern African and 

Norfolk Island sequences) 0.75mya and Norfolk Island was estimated to have diverged from 

some New South Wales specimens 0.20mya. 
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Figure 6.3 - Mitochondrial MCC gene tree for Parvulastra exigua with estimated divergence times based on a mtDNA divergence rate of 1.52% (Lessios, Kessing et 

al. 2001). The blue bars illustrate the extent of the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is labelled with: 

posterior probability (lower right), node age (upper left), and 95% hpd interval for divergence time (lower left). The scale is in millions of years.  
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6.3.5 Ancestral range reconstruction 

The ancestral range reconstructions obtained by BBM, (Figure 6.4, Table 6.5) were well 

resolved for most internal nodes, although for some deeper nodes multiple equally 

parsimonious optimal distributions were suggested. The deepest node (Node 47) suggested 

four areas as possible ancestral ranges of all P. exigua haplotypes: St Helena: 30.29%, Southern 

Africa: 22.61%, Amsterdam Island: 22.26% and Victoria 13.61%. While BBM could not 

distinguish between areas, the results suggested that the ancestor of present-day P. exigua 

haplotypes mostly likely inhabited the Atlantic/Indian Ocean; with only 13.61% being 

attributed to a Victorian range in the Pacific Ocean.  

At the node leading to Southern African and Amsterdam Island haplotypes (Node 46), BBM 

gave slightly higher preference to a Southern African range (44.16%) than an Amsterdam 

Island range (42.35%). Although the ambiguity at this node did not allow for an overwhelming 

single locality range reconstruction, at the least it could be deduced that the ancestral range 

was entirely within the Indian Ocean.   

At the node leading to Clade 1 (Node 42), BBM suggested St Helena was the most likely 

ancestral range of all other haplotypes (60.56%). At Node 41, BBM suggested Victoria as the 

most likely ancestral range with a high frequency (90.89%) which implied this was the first 

Australian region colonised, from which dispersal to other regions in Clade 1 has occurred.  

Nodes that led to the Lord Howe Island haplotypes (Nodes 39 and 38) consecutively suggested 

Victoria (74.24% at Node 39) and then Lord Howe Island (98.37% at Node 38) as the ancestral 

ranges, which implied Victoria was the most likely origin and source of the Lord Howe Island 

population. The node immediately preceding the Norfolk Island population (Node 32) 

suggested multiple equally parsimonious optimal distributions: Victoria = 44.50%, New South 

Wales = 25.45% and Norfolk Island = 20.68%. It is most likely that the Norfolk Island population 

was established by dispersal from Victoria, as BBM suggested Victoria as the ancestral range 

with very high frequency (96.42%) at the node immediately preceding Node 32 (Node 33). 

With respect to the Southern African haplotypes that were most closely related to those in the 

Pacific Ocean (within Clade 1), rather than to the other haplotypes from Southern Africa 

(within Clade 2), BBM suggested that their ancestral range was Victoria. At the node which led 

to both Southern African haplotypes within Clade 1 (Node 37), Victoria had the highest 

frequency of 86.97%.  
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Table 6.5 - Area frequencies of nodes from result of combined BBM analysis for Parvulastra exigua 

Node (terminals) Area: Frequency (%) 

25 (9-18) H: 93.23 

26 (23-17) EH: 31.94 H: 27.48 E: 26.66 

27 (9-17) H: 89.58 

28 (20-15) H: 97.28 

29 (16-15) H: 98.57 

30 (9-15) H: 96.77 

31 (24-7) E: 99.06 

32 (24-2) H: 44.50 E: 25.45 B: 20.68 

33 (24-19) H: 96.42 

34 (9-19) H: 96.20 

35 (6-5) C: 71.60 CH: 19.73 H: 7.79 

36 (6-8) H: 54.00 C: 22.52 D: 8.81 CH: 7.78 

37 (9-8) H: 86.97 

38 (3-1) A: 98.37 

39 (9-1) H: 74.24 A: 14.23 AH: 5.17 

40 (22-21) H: 99.62 

41 (9-21) H: 90.89 

42 (9-12) F: 60.56 H: 20.68 G: 7.35 

43 (13-14) G: 99.14 

44 (11-10) D: 99.77 

45 (11-4) D: 99.19 

46 (13-4) D: 44.16 G: 42.35 

47 (9-4) F: 30.29 D: 22.61 G: 22.26 H: 13.61 
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Figure 6.4 - Summary of BBM analysis for Parvulastra exigua. The tree is a gene tree constructed using mtDNA (COI) sequences. The current distribution of each 

haplotype is indicated at the tips: A – Lord Howe Island, B – Norfolk Island, C – Tasmania, D – Southern Africa, E – New South Wales, F – St Helena, G – 

Amsterdam Island, and H – Victoria. Pie charts represent marginal probabilities for each alternative ancestral area integrated over tree topologies, ranges with 

probabilities of less than 5% are hidden (indicated in black). Nodes referred to in the text are magnified.  
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6.4 Discussion 

6.4.1 Phylogeographic history 

Strong phylogeographic structure was found for P. exigua with two divergent clades 

represented, one of which is restricted to the Indian Ocean, and the other is more widespread 

and spans the Atlantic, Indian and Pacific Oceans (Figure 6.5). Almost all haplotypes were 

unique to one region. The exception to this was one common haplotype found in Victoria, New 

South Wales and Tasmania. This may be the result of ancestral haplotype retention or present-

day gene flow, although the significant genetic differentiation found between regions implied 

this would be severely restricted. 

The single, unique haplotype found on Norfolk Island indicated either a severe bottleneck or a 

continually low effective population size on the island. Norfolk Island was estimated to have 

diverged 200 000 years ago. If only a small number of individuals colonised the island so 

recently, and have perhaps been undergoing self-fertilisation, this may also explain the low 

diversity found there.  The population on Lord Howe Island contained more diversity and was 

estimated to have diverged much earlier than Norfolk Island, 750 000 years ago. Norfolk Island 

and Lord Howe Island populations were associated with the Australian clade that have oral 

gonopores (Hart et al. 2006) (Figure 6.5). 

 

Figure 6.5 - Distribution of two divergent clades within Parvulastra exigua. Clade 1 indicated with 

orange circles, Clade 2 indicated with blue circles. Map from Waters, J. M. & Roy, M. S., Out of 

Africa: The slow train to Australasia, Systematic Biology, (2004), Volume 53, Issue 1, pages 18-24, 

by permission of Oxford University Press.  

 

Within Clade 1, the most divergent haplotype was found on St Helena which indicated the area 

had been isolated for a longer period of time. St Helena consists of two volcanoes, which were 

formed 7mya and 14mya (Abdel-Monem and Gast 1967, Baker et al. 1967). The St Helena 
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population was estimated to have diverged 1.17mya which is relatively recent considering its 

geological age.  

The highly divergent clade containing haplotypes from Amsterdam Island and Southern Africa 

indicated these areas have had a long history of isolation from other regions, from which they 

were estimated to have diverged 4.32mya.  These two areas were also highly divergent from 

each other, however the estimated time of divergence between these two areas (2.21mya) 

was far older than both the geological age of Amsterdam Island (0.4my: Watkins et al. 1975, 

Doucet et al. 2004) and the estimated divergence date obtained by Waters and Roy (2004) of 

0.6-0.7mya (who stated their estimate accorded well with island formation, which they said 

occurred 0.7mya).  

Although the aerial emergence of Amsterdam Island is relatively recent, the Amsterdam-St. 

Paul (ASP) Plateau, the volcanic rise constructed along the Southeast Indian Ridge, is much 

older (5mya). A chain of seamounts occurring in the region, considered the hotspot track of 

the ASP plume (see Doucet et al. 2004), may have in the past provided environments which 

allowed persistence of populations which are now only submerged islands.  

Alternatively, other areas in the region that were unsampled may harbour divergent 

haplotypes that have recently dispersed to Amsterdam Island causing the pattern observed 

here. The divergent haplotypes on Amsterdam Island may not have evolved in situ but have 

evolved elsewhere and since dispersed to the island, making it appear that an older lineage 

has evolved within Amsterdam Island.  The discrepancy between the date obtained here 

(2.21mya, hpd: 1.18-3.35mya) and that presented in Waters and Roy (2004) (0.6-0.7mya) could 

be due to the shorter fragment used here which may also mean that all divergence time 

estimates made here are unreliable.  

Individuals from Southern Africa were quite distinct, with some haplotypes most closely 

related to Amsterdam Island forming a divergent network, while other individuals were more 

closely related to Norfolk Island, Lord Howe Island, St Helena and all Australian populations in 

the study (Figure 6.5). The significance of neutrality tests for this region was probably caused 

by the presence of two divergent clades, rather than signifying a recent population contraction 

or balancing selection. The individuals in Southern Africa from Clade 2 appear to have had a 

much longer history on the continent than the individuals from Southern Africa in Clade 1. 
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6.4.2 Colonisation history and the source of island colonists 

Overall, populations within the Atlantic Ocean and the Indian Ocean appeared to be the most 

ancestral, and were most probably the original source of Pacific Ocean populations. Dispersal 

to Amsterdam Island from Southern Africa in the Indian Ocean appeared to occur earlier than 

dispersal to the Pacific Ocean. Dispersal to St Helena in the Atlantic Ocean from populations in 

the Indian Ocean also appears to have occurred earlier than dispersal to the Pacific Ocean.  

Ancestral reconstructions suggested St Helena, rather than African or Amsterdam Island 

populations in the Indian Ocean, was the source of Pacific Ocean populations. This is not what 

Waters and Roy (2004) inferred. Waters and Roy (2004) interpreted the paraphyly evident in 

South Africa to mean that this is the area of phylogeographic origin of the species. They 

deduced from the placement of the root in Africa and small genetic divergences between 

some African and Australian haplotypes that dispersal occurred eastward across the Indian 

Ocean. Based on the same data, Hart et al (2006) concluded that ancient dispersal out of 

Australia to other African and island populations has occurred but without recent substantial 

gene flow between populations.  

Information regarding the original source of Pacific Ocean populations is therefore conflicting. 

If St Helena was the source of Pacific Ocean populations, it is hard to imagine how dispersal 

from the Atlantic to the Pacific has occurred. No major ocean currents run in this direction and 

the South American continent presents a large barrier to dispersal. The absence of P. exigua 

from South America is also indicative that the species has not dispersed into that region.  

Ancestral range reconstruction within Clade 1 was clearer. Victoria seems to be the most likely 

source area for the colonisation of the Pacific, including Norfolk Island and Lord Howe Island. 

The dispersal routes within this region are easier to explain as the East Australian Current and 

the Tasman Front could potentially facilitate dispersal of rafting adults to Norfolk Island and 

Lord Howe Island from the Australian mainland. However, these findings could be an artefact 

of sample sizes; Victoria contained more unique haplotypes and was therefore represented on 

more tips of the tree than other areas which may have misled ancestral range reconstructions. 

Victoria was the most likely ancestral range of the Southern African samples within Clade 1. 

This suggests back-dispersal to the Southern African continent from Australia, which may have 

been achieved via adult rafting in the South Equatorial Current (SEC), a direct continuation of 

the Indonesian Throughflow (ITF), that reaches the east coast of Africa, eventually joining the 

Agulhas Current (see Figure 6.5) (De Deckker et al. 2012). However, if dispersal does occur via 
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these currents in a westerly direction across the study region, it is strange that the species 

does not occur in Western Australia.  

Waters and Roy (2004) suggested that dispersal was sporadic, based on the strong 

phylogeographic structure that was evident on small and large spatial scales, which they 

believe may help explain the distribution of P. exigua. If dispersal was common, they believed 

the distribution of P. exigua would include areas such as New Zealand and South America. 

Perhaps dispersal is so rare that intervening areas have never been colonised because they 

were by-passed and the rafting nature of dispersal dictates the final destination of dispersing 

individuals. Also, the species is a temperate species, so temperature may be a factor limiting 

colonisation of more tropical areas within the range of the SEC and ITF currents.  

6.4.3 Life history influences on phylogeographic structure 

The larval stage of the oviparous P. exigua is sessile, which severely restricts its dispersal 

ability. The egg masses of P. exigua are firmly attached to the substrate and are lecithotrophic; 

they are provisioned with a food resource which allows the larvae to stay in position rather 

than entering the plankton to feed (Lawson-Kerr and Anderson 1978, Byrne 1995). This form of 

direct development was expected to limit dispersal and cause strong genetic structuring. 

Indeed, this pattern was uncovered by several previous studies and replicated here.  

Rafting in the juvenile and adult stages is the most likely means of dispersal. Byrne (1995) 

suggested that juvenile rafting may be an important mechanism for enhancing gene flow. 

Waters and Roy (2004) also attribute the distribution of P. exigua to dispersal via rafting, 

facilitated by the West Wind Drift. Hart et al (1997) speculated that if dispersal occurred via 

rafting in adults and juveniles that migration in ocean currents may keep populations 

genetically connected, but that if dispersal was rare, it would result in widely separated and 

evolutionarily divergent populations. 

This study and several previous studies have found strong genetic differentiation between 

regions, implying restricted gene flow (Hunt 1993, Waters and Roy 2004, Colgan et al. 2005, 

Ayre et al. 2009). Therefore, it would appear that dispersal, probably via rafting, is indeed 

sporadic and probably quite rare. It can only be assumed, but it is expected that rafting would 

involve relatively few individuals from a single source, as the opportunity may only present 

itself to individuals in the immediate vicinity of the rafting object. The ability of self-fertilisation 

would in this regard greatly assist establishment of a founding population, allowing even a 

small number of migrants to establish a colony (Barbosa et al. 2012). A single individual 
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dispersal event could theoretically result in an established population, that is, an individual 

would not have to disperse to an area already colonised by the species nor would it need to 

disperse with multiple members of the species to establish a population. This may be the 

cause of the wide, but disjunct, geographic distribution and strong genetic structuring found 

for P. exigua. 

6.4.4 Future work 

A short fragment of the COI gene was used in all analyses presented here. A longer fragment 

would provide greater resolution of the relationships between haplotypes, as longer fragments 

would provide more information and would inevitably reveal more mutations (either unique or 

shared between populations). Here, a strong phylogeographic break between South Africa and 

Amsterdam Island populations and all the other populations was evident even with a small 

fragment. However, using a longer fragment, Waters and Roy (2004) and Hart et al (2006) 

were also able to show very strong structuring within Australia that was not as pronounced as 

that seen here. A longer fragment may reveal that Norfolk Island and Lord Howe Island 

populations are also far more differentiated than suggested here.  

In addition to a longer fragment of a mt gene, sequencing of nuclear genes would provide 

another level of information and another aspect of the history of this species. The history of 

one gene does not equate the history of the species; the phylogeographic history of this 

species would greatly benefit from additional loci. Unfortunately this could not be 

accomplished in the present study because specimens were only personally obtained from 

Norfolk Island and Lord Howe Island. Previously published sequences were used as 

comparative data, of which only one or two sequences are from the nuclear genome. 

6.4.5 Conclusions 

The most ancestral range of all populations of P. exigua was most probably in the Atlantic 

Ocean and the Indian Ocean. The ancestral range of Clade 1 is less clear; whether the Atlantic 

or Indian Ocean was the source of populations in the Pacific Ocean remains to be seen. 

However, the Indian Ocean is the most plausible range, as known dispersal routes, i.e. West 

Wind Drift, can facilitate movement from West to East across the study region; whereas 

potential mechanisms for rafting from the Atlantic to the Pacific are less tangible. 

This study found low levels of genetic diversity on Norfolk Island and Lord Howe Island, but 

levels of diversity were quite low in mainland regions as well. This could have resulted from 

the short fragment used in analysis, but this is unlikely the sole reason as studies which 
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included longer fragments also found low levels of diversity within regions (Hunt 1993, Colgan 

et al. 2005).  

Low levels of genetic diversity may also be due to self-fertilisation, which could potentially 

influence genetic structure (Barbosa et al. 2012). Low diversity could also be the result of a 

recent range expansion within the species with populations having not had enough time to 

accumulate unique mutations through genetic drift (Colgan et al. 2005).  

Populations of P. exigua on Norfolk Island and Lord Howe Island were most closely related to 

Australian populations. In this regard, they undoubtedly represent the morphology of the type 

specimen of P. exigua with oral gonopores. The most likely range of ancestral haplotypes for 

both Norfolk Island and Lord Howe Island was Victoria. Colonisation of these oceanic islands 

occurred relatively recently, after which it appears they have experienced relative isolation.  
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Chapter 7: A complete of lack of phylogeographic structure in the 
marine gastropod, Hinea brasiliana 

7.1 Introduction 

7.1.1 Hinea brasiliana (Lamarck 1822): Distribution 

Order: Cerithimorpha, Family: Planaxidae  

Synonyms:   Buccinum brasilianum (Lamarck 1822) 

Planaxis mollis (Sowerby 1823) 

Planaxis pigra (Forbes 1850) 

Planaxis fulva (Adams 1853) 

Hinea brasiliana is a marine snail, commonly referred to as the yellow-coated clusterwink 

(Figure 7.1). The species is found from southern Queensland to South Australia, on Lord Howe 

Island, Norfolk Island, the Kermadec Islands (Iredale and Allan 1940) and northern New 

Zealand (1987). It is thought that only small, non-self-sustaining populations occur sporadically 

in New Zealand. Powell (1976) listed H. brasiliana among many species of tropical and 

subtropical molluscs that recently invaded northern New Zealand, during the 1960’s and 

1970’s. The influx of warm water molluscs into northern New Zealand was believed to be the 

result of a southward expansion of warm-water species, associated with increased water 

temperatures and surface current fluctuations (Powell 1976, Beu et al. 2004). Powell (1976) 

listed one northern New Zealand location in which a population of H. brasiliana was “firmly 

established”. Morley and Hayward (2009) later reported small, short-lived populations at six 

localities on the north-east coast of North Island, New Zealand.  

 

Figure 7.1 - Hinea brasiliana images: A. Empty shells (from Beechey 2009, reproduced with 

permission), B. Emerging individual (from Beechey 2009, reproduced with permission), and C. 

Aggregated adult colony (from Riek 2011, reproduced with permission). 

 

Hinea brasiliana is gregarious (Figure 7.1C), occurring in discrete populations among rocks and 

rubble (Houbrick 1987). The species occurs on the rocky intertidal shore up to the midlittoral 
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zone, along exposed, high-energy coastlines; however populations are usually found within 

sheltered areas, protected from direct contact with large waves (Houbrick 1987). During low 

tide, individuals are found under rocks, in moist, dark places, but when submerged by 

incoming tides they become very active and rapidly disperse (Houbrick 1987). Hinea brasiliana 

is capable of producing a bright blue-white luminescence when disturbed (Ponder 1988); the 

exact function of bioluminescence in this species is unknown, but it could be a defence tactic 

against predation (Deheyn and Wilson 2011). 

7.1.2 Life history characteristics 

Individuals of H. brasiliana are of only one sex, i.e. the species is gonochoristic, and both male 

and female individuals have been identified in this species; contrary to statements made by 

previous authors who believed reproduction in planaxids was parthenogenetic (i.e. no males) 

(see Houbrick 1987). Fertilisation in H. brasiliana is internal (Beechey 2009).  

Hinea brasiliana has mixed development, partial brooding of embryos is followed by a 

planktonic larval phase (Houbrick 1987). The species stores its embryos in a brood pouch up to 

the veliger stage and then releases free swimming larvae into the plankton (Beechey 2009). 

Newly hatched larvae range in size from 0.2 - 0.3mm (Houbrick 1987).  

Houbrick (1987) studied the comparative anatomy and reproductive biology of several 

planaxids, including H. brasiliana. However, Houbrick (1987) provided contradictory 

information concerning the type of larval development in H. brasiliana; in some sections 

Houbrick (1987) referred to the larval development of H. brasiliana as planktotrophic, and in 

other sections as lecithotrophic.  

7.1.3 Opportunities for dispersal 

Many properties of the ocean can provide means of transport for marine invertebrates, 

including currents, tides, density, wind, fronts and eddies (Shanks 1995, Pineda et al. 2007). 

Due to these factors, barriers to dispersal in the marine environment intuitively seem 

negligible. The ocean would appear to be a homogeneous landscape which allows for frequent 

and widespread dispersal, particularly for marine invertebrates with a free-swimming larval 

stage. 

A planktonic larval phase is thought to provide a highly efficient means of transport in marine 

invertebrates (Kinlan and Gaines 2003, Paulay and Meyer 2006, Pineda et al. 2007). Whilst the 

type of larval development in H. brasiliana is unclear from the accounts of Houbrick (1987), the 
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possession  of a planktonic larval phase presumably facilitates widespread passive dispersal in 

ocean currents.  

7.1.4 Aims and objectives 

The goal of this chapter is to reconstruct the phylogeographic history of H. brasiliana. This 

chapter aims to determine the genetic variation of H. brasiliana across part of its geographic 

range. It is hypothesised that wide stretches of ocean do not present barriers to dispersal 

between populations on separate landmasses of a marine snail with planktonic larvae. It is 

expected that H. brasiliana will exhibit weak phylogeographic structure across the study region 

due to its high dispersal potential. Due to frequent dispersal events it is expected that Norfolk 

Island and Lord Howe Island will show low levels of divergence from the Australian mainland 

and will not have been isolated for a long period of time.   

7.2 Specific Data Analysis 

7.2.1 Diversity, differentiation and divergence analyses 

Estimates of pairwise divergence between populations in separate geographic regions were 

calculated using p-distances in MEGA v5.2 (Tamura et al. 2011) from mtDNA sequence data 

with 1,000 bootstrap replicates. Individuals were also partitioned into the same groupings 

using DnaSP v5.10.01 (Librado and Rozas 2009) to create files for analysis in Arlequin v3.5.1.3 

(Excoffier and Lischer 2010) where haplotype diversity (h) and nucleotide diversity (π) were 

calculated for populations with at least 5 individuals sequenced for each locus. Pairwise FST and 

ɸST were also calculated between populations in separate geographic regions with at least 10 

individuals sequenced for mtDNA in Arlequin.  

7.2.2 Demographic history – neutrality tests and mismatch distribution analysis 

Four neutrality tests were performed in DnaSP for each population in separate geographic 

regions containing at least 10 individuals sequenced for mtDNA: Tajima’s D (Tajima 1989), Fu 

and Li’s D* and F* (Fu and Li 1993), and Fu’s FS (Fu 1997). 

The demographic history of H. brasiliana was further explored using mismatch distribution 

analysis (Rogers and Harpending 1992) in DnaSP. A mismatch distribution is a frequency 

distribution of the observed number of pairwise haplotype differences, and a graphical 

representation of this distribution can be used to infer past population dynamics (Rogers and 

Harpending 1992). In a population that has undergone a recent expansion, the mismatch 

distribution is unimodal and smooth and has a peak; whereas in a population that has 
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experienced long-term stability and demographic equilibrium, the distribution is multimodal 

and ragged (Slatkin and Hudson 1991, Rogers and Harpending 1992, Harpending 1994). The 

observed pairwise nucleotide site differences and the expected values for a constant 

population size and a population growth-decline model were calculated in DnaSP from all 

sequences obtained for H. brasiliana at the mitochondrial locus and graphed in Microsoft Excel 

2007.  

The raggedness (r) statistic (Harpending et al. 1993, Harpending 1994) was calculated to 

quantify the smoothness of the observed mismatch distribution in DnaSP; it describes the 

variation around the curve and is used as a test statistic to evaluate the null hypothesis of a 

population expansion. Failure to reject the null hypothesis, i.e. a non-significant raggedness 

index, indicates there is no support for a stable population which usually produces a multi-

modal (ragged) distribution.  If the null hypothesis of population expansion cannot be rejected, 

there is a good fit between the data and a model of population expansion. The p-value was 

calculated as the probability of simulations producing a value less than that observed. The 

significance of r was determined using 1000 coalescent simulations computed in DnaSP.  

The peak of the mismatch distribution (τ) reflects the time of the population growth 

(Harpending 1994). To estimate the timing of population expansion (t) the following equation 

was used: t = τ/2µ (rearranged from Li 1977), where µ is the mutation rate per gene per 

generation and t is measured in generations. A mitochondrial sequence divergence rate of 2% 

per million years has previously been established for animal mitochondrial DNA (Brown et al. 

1979, Wilson et al. 1985, Avise et al. 1988). This mutation rate equates to 1.0 x 10-8 

substitutions per site per year. This rate has been widely applied to a range of animal taxa and 

in the absence of a previously established rate for the 12S mt gene in Molluscs was considered 

as an appropriate rate to use to estimate the timing of population expansion in H. brasiliana. 

In the absence of specific information, the generation time of H. brasiliana was assumed to be 

one year. Therefore, the equation used to calculate t was: τ/ (2 x 1.0 x 10-8 ÷ 1 x 453) i.e. time 

of population expansion in generations = the peak of the distribution divided by (two 

multiplied by the number of substitutions per site per year divided by the generation time 

multiplied by the length of sequences analysed in base pairs).  
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7.2.3 Phylogeographic analyses 

7.2.3.1 Haplotype networks 

A haplotype network was constructed in TCS v1.21 (Clement et al. 2000) with a 95% branch 

connection limit for mtDNA sequence data. 

7.2.3.2 Single gene trees 

Aligned sequence data of two of the genes sequenced for H. brasiliana (12S and H3) were used 

to estimate a single tree for each gene using BEAST v1.7.5 (Drummond and Rambaut 2007, 

Drummond et al. 2012).  A tree was not constructed with 28S nuclear sequence data as a 

single identical sequence was obtained from all individuals at this locus.   

For the tree based on 12S sequence data, the model of nucleotide substitution found to best-

fit the data was the TN93 model with gamma distributed rate heterogeneity (+ G) (Tamura and 

Nei 1993)  (-InL = 1039.9101, AIC = 2283.8201).  For the tree based on H3 sequence data, the 

model of nucleotide substitution found to best-fit the data was the TN93 model (Tamura and 

Nei 1993) (-InL = 518.6706, AIC = 1079.3413). Both genes were found to be acting in a clock-

like fashion, therefore both gene trees were based on the strict clock model, with a coalescent 

– constant size tree prior with 10 million generations sampled every 1,000 states.  

7.2.4 Divergence time estimation using a multi-locus gene tree 

For the multi-locus gene tree, the models of nucleotide substitution used for both genes was 

the HKY model (Hasegawa et al. 1985) (12S: -InL = 713.0647, AIC = 1518.1244; H3: -InL = 

423.6702, AIC = 939.3405); the models differed due to a different number of individuals being 

included. The multi-locus gene tree was based on the strict clock model. The substitution rate 

for 12S was set to 0.01 (2% sequence divergence rate (Brown et al. 1979, Wilson et al. 1985, 

Avise et al. 1988) ÷ 2 = 1% substitution rate per lineage ÷ 100 = 0.01 per site rate) and the 

nuclear substitution rate was estimated relative to the mtDNA substitution rate. Tree prior was 

set to a coalescent – constant size with 10 million generations sampled every 1,000 states.  

7.3 Results 

7.3.1 Summary of sequences 

Fragments were sequenced for H. brasiliana from three loci. In total, 48 individuals were 

sequenced for 453bp of the mt gene 12S; 22 individuals were sequenced for 300bp of the 

nuclear gene H3 and 20 individuals were sequenced for 689bp of the nuclear gene 28S. Two 

additional sequences (12S: accession number - HQ833854, H3: accession number - HQ834125) 
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were obtained from GenBank for Planaxis sulcatus, a species used as an outgroup (sequences 

from Zou et al. 2011). The number of individuals sequenced from each geographic region 

ranged from 5 to 24 (Table 7.1).  

Table 7.1 - Summary of sequences by region for Hinea brasiliana 

Gene Site No. of individuals No. of haplotypes 

12S Norfolk Island 24 9 

 Lord Howe Island 10 4 

 New South Wales, Australia 14 11 

H3 Norfolk Island 10 4 

 Lord Howe Island 6 5 

 New South Wales, Australia 6 2 

28S Norfolk Island 9 1 

 Lord Howe Island 5 1 

 New South Wales, Australia 6 1 

 

7.3.2 Diversity, differentiation and divergence  

Twenty-one unique haplotypes were obtained from 48 individuals at the mitochondrial locus. 

Genetic diversity at the mitochondrial locus was extremely high in New South Wales (h = 0.934 

± 0.061, π = 0.0045 ± 0.0030); and higher on Norfolk Island (h = 0.815 ± 0.056, π = 0.0030 ± 

0.0022) than Lord Howe Island (h = 0.533 ± 0.180, π = 0.0022 ± 0.0018).  

Of the 22 individuals sequenced at the H3 locus, 8 unique genotypes were identified. Fourteen 

individuals were heterozygous: 10 individuals had a single heterozygous position, 2 individuals 

were heterozygous at two sites and 3 individuals were heterozygous at three positions. At the 

H3 locus, haplotype diversity and nucleotide diversity was higher on Lord Howe Island (h = 

0.803 ± 0.078, π = 0.0050 ± 0.0036) and Norfolk Island (h = 0.647 ± 0.072, π = 0.0027 ± 0.0022) 

than in New South Wales (h = 0.485 ± 0.106, π = 0.0016 ± 0.0017).  

At the 28S locus, diversity was zero in all regions, with a single genotype shared by Norfolk 

Island, Lord Howe Island and New South Wales. All individuals were homozygous at all 

nucleotide positions. 

Pairwise ɸST and FST values between all regions were very low and non-significant (Table 7.2), 

which indicated regions were not genetically differentiated.  
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Table 7.2 - Genetic differentiation between discrete geographic populations of Hinea brasiliana  

(pairwise ɸST above diagonal and FST below diagonal, all non-significant)  

 
Lord Howe Island Norfolk Island New South Wales 

Lord Howe Island 
 

0.0441 -0.0182 

Norfolk Island 0.1024 
 

0.0017 

New South Wales 0.0726 0.0128 
 

 

Pairwise genetic divergence between regions was extremely low, ranging from 0.3-0.4% (Table 

7.3). 

Table 7.3 - Estimates of divergence between geographic regions for Hinea brasiliana  using p-

distances based on 12S sequence data, with standard errors  

 
Lord Howe Island Norfolk Island New South Wales 

Lord Howe Island 
   

Norfolk Island 0.003±0.001 
  

New South Wales 0.003±0.001 0.004±0.001 
 

 

7.3.3 Demographic history 

Lord Howe Island, Norfolk Island and New South Wales had significantly negative test statistics 

for at least one of the four neutrality tests performed for each region, which indicated recent 

demographic changes have occurred. Furthermore, overall, H. brasiliana had significantly 

negative test statistics for all neutrality tests, which indicated the species has experienced a 

selective sweep or the species has undergone a recent population expansion across the study 

region (Table 3.4). The large, negative and highly significant Fu’s FS test statistic obtained for H. 

brasiliana overall provided evidence of a population expansion.  
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Table 7.4 - Neutrality tests for geographically discrete populations of Hinea brasiliana 

 Lord Howe Island Norfolk Island New South Wales Overall 

n 10 24 14 48 

η 5 9 12 20 

ηs 5 6 10 14 

S 5 9 12 20 

k 1.000 1.377 2.055 1.507 

ɸ1 1.767 2.410 3.773 4.507 

ɸ2 4.500 5.750 9.286 13.708 

Tajima’s D test 

p-value 

-1.741 

p<0.05 

-1.405 

p>0.10 

-1.814 

p<0.05 

-2.136 

p<0.05 

Fu and Li’s D test 

p-value 

-2.010 

0.10>p>0.05 

-1.903 

p>0.10 

-2.136 

0.10>p>0.05 

-3.435 

p<0.02 

Fu and Li’s F test 

p-value 

-2.179 

0.10>p>0.05 

-2.043 

p>0.10 

-2.346 

0.10>p>0.05 

-3.543 

p<0.02 

Fu’s FS test 

p-value 

-0.876 

p>0.10 

-4.407 

p<0.02 

-8.598 

p<0.001 

-21.347 

p<0.001 

n = number of nucleotide sequences, η = total number of mutations, ηs = total number of singleton 

segregating sites, S = number of segregating sites, k = average number of nucleotide differences, 

ɸ1= from S, ɸ2 = from ηs. 

 

The mismatch distribution analysis also showed evidence of a population expansion in H. 

brasiliana. The raggedness statistic (r = 0.0696, 95%CI: 0.0139 – 0.2117) was very low, i.e. the 

mismatch distribution was smooth (Figure 7.2) and suggested no significant difference 

between the observed distribution and the distribution expected under a model of sudden 

demographic expansion (p = 0.19177). The peak of the unimodal distribution (τ) was 1.507, 

which corresponded to a population expansion 180, 463 years ago (assuming a generation 

time of one year). 
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Figure 7.2 - Mismatch distribution for Hinea brasiliana. Bars represent observed distribution of 

pairwise differences among haplotypes and the line shows the expected distribution for sudden 

population growth.  

 

7.3.4 Phylogeographic reconstruction 

All mitochondrial DNA haplotypes were very closely related to one another, with a complete 

lack of phylogeographic structure between regions. No distinct clades were uncovered in 

phylogenetic tree reconstruction with extremely low genetic divergence found between 

haplotypes (Figure 7.3).  The haplotype network depicted a starburst pattern, with a central, 

common and widespread haplotype shared by all regions (haplotype E) (Figure 7.3). All regions 

harboured unique, derived haplotypes that were very closely related to the ancestral 

haplotype, the majority of which were singletons. 
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Figure 7.3 - Mitochondrial MCC gene tree and haplotype network for Hinea brasiliana constructed using 12S sequences (MCC gene tree on the left, haplotype 

network on the right).  
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Phylogenetic tree reconstruction showed that all sequences obtained for the H3 locus were 

very closely related with very low divergence between sequences (Figure 7.4). Norfolk Island 

and Lord Howe Island harboured unique genotypes, restricted to each island; whilst the New 

South Wales region did not harbour any unique diversity, with all genotypes shared with at 

least one other region (which could just be an artefact of the low sample size for the region) 

(Figure 7.4).  

 

Figure 7.4 - Nuclear MCC gene tree for Hinea brasiliana based on H3 sequence data. 

 

7.3.5 Divergence time estimates 

The multi-locus MCC gene tree constructed for H. brasiliana using 12S and H3 sequences 

showed extremely low levels of divergence between all individuals, without any evidence of 

phylogeographic structure (Figure 7.5). Individuals from Norfolk Island, Lord Howe Island and 

New South Wales were estimated to have shared a common ancestor 440,000 years ago 

(Figure 7.5).
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Figure 7.5 - Multi-locus MCC gene tree for Hinea brasiliana with estimated divergence times based on a mtDNA divergence rate of 2% (Brown et al. 1979, Wilson et 

al. 1985, Avise et al. 1988). The blue bars illustrate the extent of the 95% highest posterior density (hpd) intervals for each divergence time. Each internal node is 

labelled with: posterior probability (lower right), node age (upper left) and 95% hpd interval for divergence time (lower left). The scale is in millions of years.  
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7.4 Discussion 

7.4.1 Phylogeographic structure 

Barriers in the marine environment intuitively seem negligible, however many properties of 

the ocean that provide a means of transport, i.e. currents, tides, density, wind, fronts and 

eddies (Shanks 1995, Pineda et al. 2007) are also the same properties that may impede 

movement. These factors did not seem to present barriers to dispersal in H. brasiliana.  Across 

all loci, H. brasiliana showed extremely low levels of genetic divergence and no significant 

genetic differentiation. One nuclear locus exhibited a similar pattern, while the other was 

represented by a single genotype in all regions. There was little evidence of phylogeographic 

structure across the study region. Individuals from Norfolk Island, Lord Howe Island and New 

South Wales were estimated to have shared a common ancestor very recently, approximately 

440,000 years ago. 

7.4.2 Demographic history 

The discovery of a widespread, ancestral haplotype with rare, unique, derived haplotypes 

confined to single regions at the mitochondrial locus suggests that H. brasiliana has undergone 

a recent range expansion. It would appear that H. brasiliana has recently undergone a 

population expansion, with significantly negative neutrality test statistics and a smooth, 

unimodal mismatch distribution found when mitochondrial data was combined for all 

geographic regions. Past population expansions typically generate large, negative Fu’s FS values 

due to the large number of new, rare haplotypes. Indeed, a number of unique, recently 

derived haplotypes were sampled in all geographic regions for H. brasiliana.   

Mismatch distribution analysis also revealed that the population expansion occurred 

approximately 180kya. The estimated time of expansion was based on a mutation rate not 

specific to this species and an assumed generation time of one year. These assumptions may 

be wildly inaccurate and therefore the date of expansion should only serve as an 

approximation.  

Hinea brasiliana was estimated to have undergone a population expansion approximately 

180kya. One factor that may have facilitated expansion during this time was the latitudinal 

shifts of the Tasman Front associated with glacial and inter-glacial periods, that have occurred 

over the last 250,000 years (Shungo 2001). In particular, the strengthened mixing and 

convection along the Tasman Front that is thought to have occurred during the interglacial OIS 
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7 may have increased the chances of entrainment and transport of larvae of H. brasiliana in 

the study region. 

7.4.3 Life history characteristics influencing dispersal 

For many marine invertebrates, dispersal in adult stages is potentially possible through passive 

transport via detachment and rafting (Jackson 1986), however the chances of dispersal in 

invertebrates with planktonic larvae are greatest in the early life stages, i.e. natal dispersal 

(Nathan 2001b). This is indeed true of H. brasiliana, where the larval stage is the dispersive 

stage.  

While the adult life stage of H. brasiliana is benthic and therefore restricts the organism’s 

ability to disperse over long distances, the early life stage of this species includes a free-

swimming larval stage in the plankton, that occurs after a period of parental care (Houbrick 

1987). This may explain the very low phylogeographic structure found between regions. The 

planktonic nature of the larvae of H. brasiliana would appear to facilitate frequent dispersal 

events via entrainment in prevailing currents. 

Lecithotrophic larvae are provided with a finite food resource, which forces the larvae to find 

suitable settlement sites, shortening their time in the plankton. Planktotrophic larvae feed 

whilst in the plankton, which allows larvae to spend more time entrained in ocean currents. 

Which type of larval development H. brasiliana possesses is unclear, as is the planktonic larval 

duration (PLD); however the genetic patterns found here suggest that the larval phase of H. 

brasiliana is sufficiently long to allow dispersal over hundreds of kilometres. 

A number of consecutive events need to occur to lead to successful colonisation of a new area 

via a planktonic larval phase, including settlement, metamorphosis, survival to reproductive 

maturity and then mating. As opposed to invertebrates which are sexually mature before 

dispersing, marine invertebrates that disperse in the larval stage arrive in a new territory and 

reproduce at the new site. It is therefore necessary for a group of individuals to disperse to a 

new area, before successful colonisation of new territories can occur. Presumably, the 

mechanism of dispersal in H. brasiliana, i.e. passive larval transport via ocean currents, 

facilitates the movement of many propagules which has allowed for the colonisation of the 

oceanic islands studied here. 
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7.4.4 Ocean currents influencing dispersal  

For H. brasiliana, the study region is appears to be a homogeneous landscape – continuous 

and uniform – with no evidence of phylogeographic structuring. The genetic homogeneity 

found here for populations of H. brasiliana on separate landmasses is most likely due to the 

East Australian Current, the main ocean current influencing the study region. Larvae entrained 

in this ocean current appear to be transported from the Australian mainland, east to as far as 

northern New Zealand. The complete lack of phylogeographic structure between Australia, 

Norfolk Island and Lord Howe Island and the sporadic occurrence of the species in northern 

New Zealand indicate that this current facilitates dispersal over these distances. 

If populations in New Zealand are not self-sustaining, this would be evidence of the high 

dispersal potential of the species, as populations could only be re-established by the arrival of 

new immigrants. The occurrence of the species in New Zealand presumably represents the 

metamorphosis of planktonic larvae, and development to the adult stage, well outside the 

breeding range of the species, as suggested in Beu et al (2004) for a range of molluscs that 

appear to have arrived in New Zealand recently. An influx of warm water molluscs into 

northern New Zealand has been attributed to increased water temperatures and surface 

current fluctuations (Powell 1976). Presumably the species is unable to persist for any length 

of time due to the colder climate. Beu et al (2004) point out that there is no evidence that the 

appearance of some molluscs in New Zealand is recent; larvae could have been extending to 

New Zealand over a long period of time, but only metamorphosed intermittently, as conditions 

permitted. This may explain the sporadic occurrence of H. brasiliana in New Zealand. 

7.4.5 Conclusions 

Species with high dispersal potential are predicted to be characterised by a lack of 

phylogeographic structure (Avise 2009). The planktonic larval phase of H. brasiliana was 

expected to result in efficient dispersal powers, allowing movement between populations and 

was therefore predicted to show a lack of phylogeographic structure with populations 

converging towards panmixia. The dispersal potential of H. brasiliana intuitively based on life 

history characteristics did translate into realised dispersal. It would appear that the planktonic 

larval stage of this species provides a very effective means of dispersal across the study region, 

as extremely low levels of divergence and differentiation were found between all regions. 

Wide stretches of ocean do not present barriers to dispersal between populations of H. 

brasiliana on separate landmasses. A complete lack of phylogeographic structure in the 

species implies frequent dispersal, which is most probably assisted by the East Australian 
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Current which carries planktonic larvae from the Australian mainland to the oceanic islands 

under study. Results suggest that populations on Norfolk Island and Lord Howe Island have not 

been isolated for any length of time. This species showed no historical population isolation and 

divergence, with a population expansion estimated to have occurred approximately 180kya.  
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Chapter 8: The evolutionary history of Alpheus pacificus: 
Phylogeographic structure and species delimitation reveal cryptic 
diversity 

8.1 Introduction 

8.1.1 Alpheus pacificus (Dana 1852) 

Order: Decapoda, Family: Alpheidae 

Synonyms:   Alpheus gracilidigitus (Miers 1884) 

Crangon pacifica (Banner 1953) 

Crangon pacificus (Schmitt 1939) 

Alpheus pacificus, also known as the Pacific snapping shrimp (Figure 8.1), is a marine species 

distributed throughout the Indo-Pacific area; Australia; Red Sea and Madagascar; Mombasa, 

Kenya; eastern Pacific from Gulf of California, Costa Rica, Clipperton Island and Galapagos 

Islands (Kim and Abele 1988). In Australia it occurs in: western Australia from Perth to the 

Northwest Cape, northern Australia in the Gulf of Carpentaria, eastern Australia from 

Cooktown, Queensland to Sydney, New South Wales; and also on Norfolk Island and Lord 

Howe Island (Banner and Banner 1982, Kim and Abele 1988). It is not known from New 

Zealand, but this is not surprising as it is a characteristic coral reef species (Bruce 1985).  

 

Figure 8.1 - Alpheus pacificus image (from Moorea Biocode Project 2010, reproduction permitted 

under Creative Commons Attribution Non-Commercial Share-Alike Licence (CC BY-NC-SA 3.0), 

https://creativecommons.org/licenses/by-nc-sa/3.0/au/).  

 

Alpheus pacificus is largely intertidal, living under rocks on reef flats, but has also been 

collected from dead coral in water up to 20m deep (Banner and Banner 1982). It has been 

found to burrow in clean sand, under rocks and coral heads in areas of moderate surf (Banner 
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and Banner 1982). There are separate sexes (Jones and Morgan 2002) and specimens range up 

to 40mm in length (Banner and Banner 1982). 

The genus Alpheus is a diverse taxon that contains more than 250 species worldwide (Kim and 

Abele 1988). The status of many species is uncertain resulting from difficulties in identifying 

members owing to their small size and ambiguous morphological characters (Kim and Abele 

1988). Although there are more than 250 described species, Williams et al (2001) believe this is 

a serious underestimate of the true diversity because of numerous unresolved complexes and 

cryptic taxa (Knowlton and Weigt 1998, Williams et al. 2001). Indeed, as more work is carried 

out on the genus, more species are being uncovered: Hurt et al (2013) states that there are 

about 300 described species. Alpheus pacificus is no exception to the problems outlined above 

and has been identified as a possible species complex (Dr. Arthur Anker, pers. comm.). 

The genus is divided into five or seven ‘groups’ (different authors have defined different 

groups) without any true systematic focus (see Kim and Abele 1988), of which A. pacificus is a 

member of the edwardsii group. In a phylogenetic study of the genus, Williams et al (2001) 

found three major clades within Alpheus; within one clade the edwardsii group was recovered 

with members of four other groups. Williams et al (2001) recommended that the three major 

clades be given subgeneric status and that the traditional groupings previously made for 

Alpheus be abandoned. In an attempt to add more structure and consistency to the taxonomy 

of the genus, Williams et al (2001) also went on to recommend that any taxa found to be more 

genetically distinct than sister taxa separated by the Isthmus of Panama, known as 

transisthmian sister species, should be elevated to species status because studies of the latter 

have shown them to be reproductively isolated.   

Within the alpheids, three types of larval development have been identified: direct, 

abbreviated and extended (Knowlton 1973, Yang and Kim 1999). The development mode of A. 

pacificus has been described as extended (Knowlton 1973, Yang and Kim 1999). Extended 

larval development is characteristic of most alpheid species with a duration of 2-3 weeks 

(Knowlton 1973). Gurney (1938) first described the last and post-larval stages of what he 

believed to be A. pacificus. Gohar and Al-Kholy (1957) then described nine zoeal stages of what 

they believed to be A. pacificus as they also based their descriptions on planktonic material. 

For this study, the development of A. pacificus is characterised as mixed development, as 

fertilised eggs remain attached to pleopods before hatching as free swimming larvae (Jones 

and Morgan 2002). The exact length of larval life is unknown, but Gohar and Al-Kholy (1957) 

believe it would be a long life cycle as it has nine larval stages. 
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8.1.2 Concepts and Overview of Species Delimitation 

8.1.2.1 The species concept 

There is a long history of debate as to what constitutes a species, the basic unit of biological 

diversity. There is a plethora of species concepts in the literature, of which the most popular 

and well-known include: the biological (Mayr 1942), ecological (Van Valen 1976), evolutionary 

(Simpson 1951) and phylogenetic (Rosen 1979) species concepts (de Queiroz 2007 tabulates 14 

classes of alternative contemporary species concepts). These concepts recognise different 

criteria to identify species (e.g. reproductive isolation, ecological distinctness, morphological 

distinctness, reciprocal monophyly, etc). These alternative and often incompatible definitions 

have been reconciled under a unified species concept introduced by de Queiroz (2005b, 2007). 

de Queiroz (2005b, 2007) simplifies the conflicts by identifying a common thread of all 

concepts – that is, species are lineages. 

All concepts assume that species represent independent metapopulation lineages through 

time (de Queiroz 2005b, de Queiroz 2007). de Queiroz (2005b, 2007) considers the general 

concept of species as metapopulation lineages and rejects that the various alternative 

properties of all other species concepts are necessary or sufficient for the definition of a 

species. Rather, de Queiroz treats these incompatibilities as properties acquired by diverging 

population lineages. The traditional properties of each alternative concept previously deemed 

implicit for defining species are now considered as attributes that accumulate during the 

process of lineage diversification (Figure 1, from de Queiroz 2005b). de Queiroz (2005b) refers 

to these properties as ‘contingent’, stating that ‘they are properties that a metapopulation 

lineage may or may not acquire during its existence (the longer it persists, the more likely it is 

to acquire them)’ (p. 6603, de Queiroz 2005b). 
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Figure 8.2 - Simplified diagram of lineage divergence through time re-illustrated from de Queiroz 

(2005b), originally published in de Queiroz (1998) and reproduced with permission from Oxford 

University Press. Numbered lines indicate the time at which daughter lineages acquire contingent 

properties (e.g. reproductive incompatibility). Before the evolution of the first species criteria, there 

is unambiguous agreement that a single species exists; and after evolution of the final species 

criteria that two species exist; disagreement as to whether one or two species exist lies in between 

these events where alternative concepts come into conflict, requiring different criteria as the basis 

of the definition of a species.  

 

8.1.2.2  Delimiting species boundaries 

Species delimitation, in the broadest sense, is the act of identifying species-level biological 

diversity (Carstens et al. 2013) and has become a major research focus in evolutionary biology 

(Camargo and Sites 2013). As a prerequisite for the study of speciation and the understanding 

of evolutionary mechanisms and processes, species delimitation determines the boundaries 

and numbers of species from empirical data (Sites and Marshall 2003, de Queiroz 2007). 

Traditionally, species have been taxonomically diagnosed using morphological criteria. The 

contingent properties of alternative species concepts (outlined above) are also termed 

‘operational criteria’, and while having nothing to do with species conceptualization, they can 

provide additional evidence of lineage separation aiding species delimitation (de Queiroz 

2007). However, knowledge of these operational criteria (e.g. reproductive isolation, 

morphological distinctness) is often lacking when embarking on a species delimitation study, 

especially when studying cryptic species. New methods that are not tied to these properties 

are now available, taking advantage of universal characters that are easily obtained and 

comparable among all living organisms, that is, DNA sequences. 
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8.1.2.3 Using DNA to delimit species (especially COI) 

Highlighting the limitations of morphology-based identification systems and the short-fall of 

the taxonomists-to-undescribed-species ratio, Herbert et al (2003a, 2003b) advocated for a 

new approach to taxon recognition and the establishment of a sustainable identification 

system based on DNA ‘barcodes’. This approach exploits the diversity among DNA sequences, 

which can be viewed as genetic ‘barcodes’, to identify organisms (Hebert et al. 2003a). 

Using genetic variation in sequence information to delineate discrete groups, establish group 

membership and define species boundaries is the goal of a DNA-based taxonomic system 

(Pons et al. 2006, Monaghan et al. 2009). These discrete groups are often referred to as 

operational taxonomic units (OTU) or molecular operational taxonomic units (MOTU) (Floyd et 

al. 2002).  

The mitochondrial genome has been targeted as it has several qualities that make it useful for 

species identification: it lacks introns, is non-recombining (mostly) and is maternally inherited 

(mostly) (Avise 2009). With respect to the last quality, mtDNA is particularly well-suited 

because newly formed species will be distinct at the mitochondrial level before they are 

distinct at the nuclear level because the mtDNA genome coalesces at a faster rate due to its 

smaller effective population size and a higher rate of mutation accumulation (Wiens and 

Penkrot 2002). 

Mitochondrial DNA sequence variation has been found to be highly structured and partitioned 

into discrete genetic clusters that correspond broadly to species-level entities. In particular, 

the cytochrome c oxidase subunit I (COI) gene has been the most widely used mt gene in 

animal studies. Herbert et al (2003a) listed the advantages of using COI as the basis for a global 

bioidentification system: universal primers for the gene are very robust and it has a greater 

phylogenetic signal than any other mitochondrial gene. Hebert et al (2003b) also 

demonstrated that comprehensive COI profiles assign newly analysed taxa to the appropriate 

species-level. DNA variation has been found to provide sufficient information to identify and 

delineate discrete groups in a wide range of taxa (Matzen da Silva et al. 2011, Kim et al. 2012). 

With DNA barcoding utilising diversity in short sequences of standardised gene regions to aid 

species identification and discovery, an enormous amount of data has been acquired and 

continues to grow. In order to catalogue and maintain all DNA sequences obtained in an 

attempt to barcode all life, the Barcode of Life Data (BOLD) system was established (available 

at www.barcodinglife.org: Ratnasingham and Hebert 2007). It acquires, stores, analyses and 
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publishes DNA barcode records (with 3,234,813 entries as of 20.7.14) with morphological and 

distributional data, including specimen photographs. As a DNA-based registry for all animal 

species, the BOLD system assigns sequences to presumptive species based on nucleotide 

variation in the barcode region of the COI gene. BOLD uses the RESL (Refined Single Linkage) 

algorithm to delineate sequences into BINs (Barcode Index Number). RESL aligns sequences, 

generates primary operational taxonomic unit (OTU) boundaries based on single linkage 

clustering and then refines OTU boundaries using Markov Clustering to assign DNA barcode 

sequences to OTUs (Ratnasingham and Hebert 2013). OTUs resulting from RESL analyses are 

assigned unique alphanumeric codes (BOLD: 3 letters, 4 numbers) referred to as a BIN. 

8.1.2.4 DNA-based methods and approaches to delimiting species 

It is pertinent to state here the distinction between DNA barcoding – the assignment of 

unknowns to a pre-identified reference library, and DNA taxonomy – delimiting and describing 

species. While segments of DNA are referred to as barcodes, this study uses those barcodes for 

DNA taxonomy. 

A range of DNA-based methods for species delimitation are available (reviewed in Sites and 

Marshall 2003, Fujita et al. 2012, Camargo and Sites 2013). Species delimitation approaches 

can be separated into two groups: species discovery approaches which do not require any a 

priori information, and species validation approaches, which groups individuals based on 

support from other lines of evidence, such as geographical, molecular, behavioural, 

morphological, etc (Ence and Carstens 2011). 

Species validation approaches have become very sophisticated, capable of accommodating 

multiple loci, e.g. BPP -  Bayesian Phylogenetics and Phylogeography (Yang and Rannala 2010, 

Rannala and Yang 2013) and SpedeSTEM (Ence and Carstens 2011) - a method that 

incorporates Species Tree Estimation using Maximum likelihood (STEM: Kubatko et al. 2009); 

as well as dealing with confounding factors, such as gene flow (Approximate Bayesian 

Computation - ABC method of Camargo et al. 2012) and ancestral polymorphism retention 

(Knowles and Carstens 2007). However, they do require prior information regarding group 

membership such as described sub-species, races or distinct morphotypes. Other species 

validation approaches, such as Cladistic Haplotype Aggregation - CHA (Brower 1999) and the 

Wiens and Penkrot Method - WP (Wiens and Penkrot 2002), require prior information in the 

form of geographical subdivision and concordance between haplotype groups and geography. 

These kinds of information are not known or present in the current focal taxa and will not be 

dealt with further. Applying these methods instantly constrains possible assignments a priori. 
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Species discovery methods are much more relevant here and methods that are better suited 

to the objectives of this study are still numerous. Several of these approaches have been 

adopted in this study (see Specific Data Analysis section in this chapter for details). 

8.1.3 Aims and objectives 

While the prevalence of cryptic marine taxa is now well known, the evolutionary histories of 

these groups remain poorly understood (Mathews and Anker 2009). The snapping shrimp 

genus Alpheus has been identified as a good model for such investigations because cryptic 

species complexes are very common, indicating widespread genetic diversification with little or 

no morphological change (Mathews and Anker 2009). Numerous studies have reported cryptic 

species within Alpheus taxa (examples:  Anker et al. 2008, Anker et al. 2009, Mathews and 

Anker 2009, Hurt et al. 2013). Mathews and Anker (2009) called for additional analyses of 

other species complexes in the genus to help shed light on the patterns of cryptic radiations in 

snapping shrimps.  

To date, the only previously available sequences of A. pacificus are stored in the BOLD system, 

where four COI sequences (3 unique haplotypes) from Moorea in the Society Islands, French 

Polynesia form three distinct BINs (see General Methods chapter for details).  It is therefore 

important to gain an understanding of, and to document, the current genetic variation present 

in A. pacificus and to identify any independent evolutionary lineages in an attempt to gain an 

understanding of the mechanisms and processes that produced these patterns. 

The goal of this chapter is to utilise DNA sequences as an exploratory tool for A. pacificus, 

thought to represent a species complex (Dr. Arthur Anker, pers. comm.). Alpheus pacificus is a 

species that has not been thoroughly subjected to prior investigations (i.e. published 

information about morphological and genetic variation is lacking), so species discovery 

approaches that do not require any prior knowledge or assumptions of population boundaries 

are valuable here. 

This chapter aims to: 1. Reconstruct the phylogeographic history of Alpheus pacificus; and 2. 

Quantify the number of independently evolving lineages within Alpheus pacificus using 

molecular species delimitation methods. 

For the first objective, a range of phylogeographic methods will be applied to the data to 

investigate the biogeographic and evolutionary history of this taxon. Divergence time 
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estimates will be calculated and compared to the relevant literature to elucidate causes of 

divergence.  

For the second objective, a number of species discovery approaches will be used, following the 

advice of Carstens et al (2013) and other authors who have employed multiple methods 

(Wiens and Penkrot 2002, Barraclough et al. 2009, Camargo et al. 2012, Satler et al. 2013). If 

cryptic lineage diversity is present in A. pacificus, which is thought to be the case, it is assumed 

that a consistent signal will emerge across multiple species delimitation approaches with 

delimitations that are congruent across methods favoured. 

The species concept outlined above by de Queiroz (2005b, 2007) has been termed the ‘general 

metapopulation lineage concept of species’ and is the concept adopted by this study to 

recognise species. In turn, these ‘species’ will be interpreted as ‘evolutionary significant units’ 

sensu Moritz (1994b), so that results of this study are relevant, practical and applicable to the 

conservation of biodiversity.  

8.2 Specific Data Analysis 

8.2.1 Phylogeographic data analyses and divergence time estimation 

Haplotype and nucleotide diversity were calculated for Norfolk Island and Lord Howe Island in 

Arlequin v3.5.1.3 (Excoffier and Lischer 2010) for each locus; diversity could not calculated for 

other regions as sample sizes were too low.  

Haplotype networks were constructed in TCS v1.21 (Clement et al. 2000) using mitochondrial 

(COI) sequence data with a 90% branch connection limit. 

Aligned sequence data of all three genes sequenced for A. pacificus (COI, H3 and 28S) were 

used to estimate a single tree for each gene and a multi-locus tree based on all genes using 

BEAST v1.7.5 (Drummond and Rambaut 2007, Drummond et al. 2012).   

For the tree based on COI sequence data, the model of nucleotide substitution found to best-

fit the data was the TN93 model with a proportion of invariable sites (+I) and gamma 

distributed rate heterogeneity (+G) (Tamura and Nei 1993) (-InL = 4396.1418, AIC = 

8950.2835). The gene tree was based on the UCLN clock model with a coalescent – constant 

size tree prior with 30 million generations sampled every 1,000 states. The four COI sequences 

of A. pacificus available from the BOLD system were included in this analysis. 
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For the tree based on H3 sequence data, the model of nucleotide substitution found to best-fit 

the data was the TN93 model with a proportion of invariable sites (+I) (Tamura and Nei 1993) 

(-InL = 541.0812, AIC = 1154.1625). The gene tree was based on the strict clock model with a 

coalescent – constant size tree prior with 10 million generations sampled every 1,000 states. 

For the tree based on 28S sequence data, the model of nucleotide substitution found to best-

fit the data was the GTR model with gamma distributed rate heterogeneity (+G) (Tavaré 1986) 

(-InL = 1755.3234, AIC = 3553.6468). The gene tree was based on the strict clock model with a 

coalescent – constant size tree prior with multiple independent MCMC runs combined for a 

total of 80 million generations sampled every 1,000 states. Effective sampling sizes for the 

following parameters were still low after combining runs: posterior, prior and the GTR A-C 

substitution parameter. 

Divergence times were estimated in BEAST using a multi-locus gene tree. A known sequence 

divergence rate of 1.7% per million years calculated previously for Alpheus COI data (revised 

up from 1.4% (Knowlton and Weigt 1998) since the discovery and removal of pseudogenes in 

the dataset) was used to date the tree (Williams and Knowlton 2001). The models of 

nucleotide substitution used for each gene differed slightly to those employed for the single 

gene trees as a different number of individuals were used. For COI, the model used was TN93 + 

G (Tamura and Nei 1993) (-InL = 3959.9421, AIC = 8083.8843); for H3 (-InL = 538.5612, AIC = 

1247.1225) and 28S (-InL = 1778.3844, AIC = 3726.7688) the model used was GTR + G (Tavaré 

1986). For this particular analysis, the 28S dataset was not found to be behaving in a clock-like 

fashion, therefore a mix of clock models (COI = strict, H3 = strict, 28S = UCLN) were used 

models.  The substitution rate for COI was set to 0.0085 (1.7% ÷ 2 = 0.85% substitution rate per 

lineage ÷ 100 = 0.0085 per site rate) and the two nuclear substitution rates were estimated 

relative to the mtDNA substitution rate. Tree prior was set to a coalescent – constant size with 

multiple independent MCMC runs combined for a total of 240 million generations, re-sampled 

every 3,000 states. Effective sampling sizes for the posterior and prior parameters were still 

low after combining runs. 

8.2.2 Species delimitation 

8.2.2.1 Fixed molecular distance threshold 

A traditional approach to delimiting species uses a fixed threshold of sequence divergence in 

which individuals separated by more than a pre-described threshold are treated as separate 

species. This method was one of the first used to aid species diagnosis when prior taxonomic 
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work was limited, where the use of a standard COI threshold is particularly appealing (Hebert 

et al. 2003a, Hebert et al. 2003b, Lefébure et al. 2006). 

Two universal thresholds have been proposed: 1% and 3%. The BOLD system (Ratnasingham 

and Hebert 2007) uses a 1% threshold value for identification purposes and was used here 

because the threshold has previously been applied to A. pacificus sequences where 3 distinct 

BINs were identified. Hebert et al (2003a) proposed a threshold of 3% after finding divergence 

values between species to be generally greater than this value (Hebert et al. 2003a) based on 

genetic distance matrices obtained for a large number of animal groups.  

A neighbour joining tree (Saitou and Nei 1987) based on unique COI sequences cut to equal 

length was constructed in MEGA v5.2 (Tamura et al. 2011). The Kimura-2-parameter (K2P) 

substitution model (Kimura 1980) is the most commonly used for constructing genetic distance 

matrices in the threshold approach to species delimitation, however some authors have 

criticised its use in the DNA-barcoding literature (Collins et al. 2012, Srivathsan and Meier 

2012). Therefore, both K2P and p-distance based metrics with uniform rates among sites were 

used to construct trees to determine the influence of model choice on the outcome of the 

analyses. Species were identified as lineages that were more divergent than either the 1% or 

3% divergence thresholds. 

Whilst universal thresholds have been used extensively in species discovery approaches to aid 

delimitation of a wide range of species, studies focusing on sequence divergence between 

crustacean species within a genus have found sequence divergence to be much higher than 

the thresholds described above. For example, Lefébure et al (2006) proposed a COI universal 

threshold for crustaceans of 16% after finding a weak overlap between distances within a 

species and distances between species (within a genus) in crustaceans. They found that in 

crustaceans there is a morphological and molecular entity, that they termed “species”, which 

can be delimited using a rule of 0.16 substitutions/site in the COI gene. Likewise, Costa et al 

(2007) investigated sequence variation in the COI barcode region of decapods and found an 

average congeneric divergence of 17.16% using K2P distances. Similarly, Matzen da Silva et al 

(2011) investigated COI barcode diversity in decapods and reported a mean pairwise COI 

nucleotide divergence within genera of 15.49% using K2P distances.  

The thresholds proposed for crustaceans were also used to help species delimitation. Lefébure 

et al (2006) proposed that two monophyletic groups that are more divergent than 0.16 

substitutions/site in the COI gene have a strong probability of belonging to different species. 
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The divergences obtained by Costa et al (2007) and Matzen da Silva et al (2011) were very 

similar to the threshold proposed by Lefébure et al (2006). To examine if the thresholds 

proposed specifically for crustaceans resulted in a different number of “species” being 

delimited compared to the universal threshold, the following steps were undertaken. 

Estimates of net evolutionary divergence using the K2P substitution model (Kimura 1980) were 

calculated in MEGA v5.2 (Tamura et al. 2011) between groups of sequences identified as 

“species” using the 3% divergence threshold. All sequences of A. pacificus obtained in this 

study were cut to equal length and included in calculations. In addition, this dataset was cut 

down to the length of the sequences available on BOLD for A. pacificus to re-calculate 

estimates of divergence. Calculated distances were then compared to the published distances 

observed in the crustaceans. 

8.2.2.2 Automatic Barcode Discovery Gap (ABDG) 

The ‘barcode gap’ is observed when divergence among organisms within a species is 

considerably smaller than the divergence among organisms from different species, i.e. in a 

distribution of pairwise differences between all sequences (i.e. including duplicate sequences, 

not just unique sequences), a gap - termed the ‘barcode gap’, can be seen between intra- and 

inter- specific diversity (Puillandre et al. 2012). Thus, unlike the universal threshold method, 

this method identifies a limit specific to the dataset at hand. 

The Automatic Barcode Discovery Gap (ABDG) method, developed by Puillandre et al (2012) 

sorts sequences into hypothetical species based on the barcode gap. The method uses a range 

of prior intraspecific divergence to infer a confidence limit. The barcode gap is the first 

significant gap beyond this limit and is used to partition the data. ABDG recursively applies this 

procedure to this primary partition allowing for multiple thresholds to account for variability in 

the mutation rate across taxa. 

A sequence file of all COI sequences cut to equal length was uploaded to the ABGD website 

(available at http://wwwabi.snv.jussieu.fr/public/abgd). Input values were kept as default: P is 

a prior limit to intraspecific diversity and was set to a range (Pmin = 0.001 - Pmax = 0.1) to 

explore the impact of P on the partitions; X is a proxy for the minimum gap width and was set 

to 1.5; and the K2P model was used to compute the matrix of pairwise distances. For each 

partition, the website builds a newick tree using BIONJ software (Gascuel 1997) which is 

visualised using newick_utils (Junier and Zdobnov 2010). 

http://wwwabi.snv.jussieu.fr/public/abgd
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8.2.2.3 jMOTU 

jMOTU (Jones et al. 2011) is a program used to analyse DNA barcode datasets that clusters 

sequences into molecular operational taxonomic units (MOTU). MOTU are derived at a range 

of user specified cut-off values, used as parameters in the clustering algorithm, that allows 

investigation into the behaviour of the analysis (Jones et al. 2011). jMOTU takes a file of 

sequences and a set of parameters for MOTU definition as input. It computes a matrix of 

absolute distances for all analysed pairs from a Needleman-Wunsch algorithm which aligns 

sequences based on maximum similarity (Needleman and Wunsch 1970) and uses it to define 

single linkage clusters for all cut-off values specified as input.  

Multiple cut-off values (1-30bp) were specified here to perform clustering of all COI sequences 

of A. pacificus, to explore a range of plausible values. Sequence alignment overlap was set to 

the absolute number of base pairs (i.e. 809bp) as sequences were aligned and cut to equal 

length) and the low BLAST identity filter was set to 95% permitting inclusion of matches just 

above the maximum cut-off value. 

8.2.2.4 General Mixed Yule Coalescent (GMYC) 

The Generalised Mixed Yule Coalescent (GMYC) method of species delimitation was first 

developed by Pons et al (2006) and modified by Fujisawa and Barraclough (2013) and has 

become a popular delimitation method as it accommodates incomplete lineage sorting, cryptic 

species and hybridisation. It uses the branch lengths on a DNA tree (here an MCC tree) for 

explicit tests of species boundaries based on the difference in branching rates at the level of 

species and populations. The likelihood method determines the point of transition in 

evolutionary processes from species-level (where branch lengths are determined by speciation 

and extinction rates) to population-level (where branch lengths reflect coalescence processes) 

(Pons et al. 2006). The threshold marks the time after which all nodes reflect coalescent events 

(nodes younger than the threshold are assumed to be branching events within species); 

species in the GMYC model are thus delimited by the descendent nodes of branches that cross 

the threshold (nodes older than the threshold are assumed to reflect diversification events) 

(Pons et al. 2006). 

The method determines the locations of ancestral nodes that define putative species and 

applies a likelihood ratio test to assess the fit of the branch lengths to a mixed lineage birth-

population coalescence model. The null model is that all individuals derive from a single 

interacting population in which the pattern of variation conforms to the genealogy of a single 
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population. The alternative model is that individuals represent several independently evolving 

populations. 

A multiple threshold modification developed by Monaghan et al (2009) permits a variable 

transition from coalescent to speciation among lineages,  allowing the depth of the transition 

to vary along individual branches of a phylogenetic tree (Monaghan et al. 2009). 

The GMYC method provides confidence intervals (CI) to the assessment of species limits. It also 

allows for the inclusion of rare species represented by a single individual as it accommodates 

for singleton species by determining whether they split from sister branches before the 

transitional threshold (Lim et al. 2012). The approach is also conservative, detecting isolation 

when gene flow is much lower than that traditionally regarded as sufficient for divergence 

(Papadopoulou et al. 2008). The method is applied to an ultrametric tree and therefore 

corrects for variation in substitution rates and optimises the threshold for the given dataset 

rather than assuming a universal threshold. GMYC’s robustness to a range of departures from 

its assumptions has also been confirmed using simulations of alternative scenarios of true 

patterns of population variation and divergence between species (Fujisawa and Barraclough 

2013). 

Two versions were employed here: a single threshold and multiple thresholds. The method 

was implemented in R v3.0.2 (R Development Core Team 2008), using the GMYC script 

available as a tool within the SPLITS (SPecies’ LImits by Threshold Statistics) package 

(Monaghan et al. 2009 available at http://r-forge.r-project.org/projects/splits/) using functions 

from the APE library. An MCC tree based on unique COI sequences cut to equal length 

(estimated using BEAST) was entered as input data in Newick format. Standard parameters 

(interval = c(0,10)) were used (changing the upper limit of scaling parameters (to interval = 

c(0,5)) did not affect results). SPLITS compares the null (L0) and alternative hypotheses (LGMYC) 

and tests the significance of the likelihood ratio (LR) using a chi-square test with 2 degrees of 

freedom (Fujisawa and Barraclough 2013). SPLITS also infers the location and number of 

genetic clusters and generates lineage-through-time plots (Nee et al. 1992) depicting the 

number of lineages present at successive time points. 

8.2.2.5 Comparison to established species status 

It has been proposed that taxa that are more genetically distinct than sister taxa separated by 

the Isthmus of Panama, i.e. transisthmian sister species, should be recognised at the species 

level (Williams et al. 2001). If divergence between lineages within A. pacificus are found to be 
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older than that between established sister species within the genus, this would provide 

additional support for their elevation to species status. In order to compare the divergence 

between lineages within A. pacificus with other members of the genus, the following steps 

were undertaken. 

8.2.2.5.1 Data Collection 

A search of “Alpheus” in the Nucleotide database (on the 27.12.13) available through the 

GenBank sequence database (Benson et al. 2009, Sayers et al. 2009) resulted in 613 nucleotide 

records of COI sequences belonging to the genus Alpheus. Papers (and book chapters) 

pertaining to these records were read to determine if the sequences came from studies 

investigating known (at the time of publication) transisthmian sister species pairs. This 

criterion was met by four published works: Knowlton et al (1993), Knowlton and Weigt (1998), 

Anker et al (2009) and Hurt et al (2009). These sequences were downloaded from the GenBank 

website in FASTA format. 

The A. pacificus sequences obtained during this study and the downloaded GenBank 

sequences were aligned to the complete mitochondrial genome sequence of Alpheus 

distinguendus (GenBank accession number GQ892049.1 from 2011) using the online version of 

MAFFT v7 –add (Katoh et al. 2002, Katoh and Standley 2013). From this alignment it was 

discovered that the sequences obtained by Knowlton et al (1993) and Knowlton and Weigt 

(1998) aligned to a different region of the COI gene than did the sequences obtained in this 

study for A. pacificus and those from Anker et al (2009) and Hurt et al (2009), and were 

therefore discarded. 

Unfortunately, only two records retrieved from the “Alpheus” search were of H3 (JF346335.1 

from Li et al. 2011) and 28S (EF540850.1 from Mitsuhashi et al. 2007), so there was no 

comparative material available at the other loci studied here to carry out analyses at the 

nuclear  level. 

The aligned COI sequences of A. pacificus (37 unique sequences) and published sequences 

from Anker et al (2009) (5 sequences) and Hurt et al (2009) (95 sequences) (Table 8.1) totalled 

137 COI sequences which covered 870bp of the gene. The sequences of other Alpheus species 

represented 9 transisthmian sister taxa (Table 8.1). 
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Table 8.1 - Locality and source information of Alpheus GenBank sequences with accession numbers 

and references  

Pair Species name N GenBank Accession No. Location Reference 

1 Alpheus hebes 2 FJ937717.1, FJ937718.1 EP A 

Alpheus sp. 3 FJ937719.1 - FJ937721.1 EA/WA A 

2 Alpheus cf. bouvieri 4 FJ013868.1 - FJ013871.1 EP B 

Alpheus bouvieri 5 FJ013872.1 - FJ013876.1 EA/WA B 

3 Alpheus colombiensis 5 FJ013882.1 - FJ013886.1 EP B 

Alpheus estuariensis 9 FJ013897.1 - FJ013905.1 WA B 

4 Alpheus utriensis 7 FJ013887.1 - FJ013891.1, EF092279.1, EF092280.1 EP B 

Alpheus cristulifrons 6 FJ013892.1 - FJ013896.1, EF092276.1  WA B 

5 Alpheus panamensis 4 FJ013928.1, EF532611.1 - EF532613.1 EP B 

Alpheus formosus 6 FJ013906.1, EF532606.1 - EF532610.1 WA B 

6 Alpheus cf. malleator 10 FJ013907.1 - FJ013916.1 EP B 

Alpheus malleator 7 FJ013917.1 - FJ013923.1 WA B 

7 Alpheus millsae 6 FJ013877.1 - FJ013881.1, EF092283.1 EP B 

Alpheus nuttingi 6 FJ013924.1 - FJ013927.1, EF092281.1, EF092282.1  WA B 

8 Alpheus saxidomus 6 FJ013929.1 - FJ013934.1 EP B 

Alpheus simus 4 FJ013945.1 - FJ013948.1 WA B 

9 Alpheus umbo 2 FJ013935.1, FJ013936.1 EP B 

Alpheus schmitti 8 FJ013937.1 - FJ013944.1 WA B 

Reference A: Anker et al (2009), B: Hurt et al (2009). In Anker et al (2009) Alpheus cf. bouvieri 

sequences from Hurt et al (2009) are described and referred to as a new species: Alpheus javieri n. 

sp. Alpheus sp. sequences from Anker et al (2009) are described and referred to in that paper as a 

new species: Alpheus agilis n. sp. EP = Panama, East Pacific, WA = Panama, West Atlantic (except 

for Alpheus sp. where WA = Brazil, Western Atlantic), EA = Sao Tome, East Atlantic (for Alpheus 

sp.) and Sao Tome and Principe, East Atlantic (for Alpheus bouvieri). 

 

8.2.2.5.2 Data analysis 

The aligned COI sequence dataset of A. pacificus and published Alpheus sequences 

representing transisthmian sister taxa were used to estimate a gene tree using BEAST.  The 

model of nucleotide substitution assumed to best-fit the data was the General Time Reversible 

(GTR) model with a proportion of invariable sites (+I) and gamma distributed rate 

heterogeneity (+G) (Tavaré 1986). The gene tree was based on the UCLN clock model with a 

speciation Yule process tree prior (Yule 1925, Gernhard 2008). Multiple independent MCMC 

runs were combined for a total of 180 million generations, re-sampled every 3,000 states. 10% 

of trees were discarded as burn-in. The collection of posterior trees was summarised as the 

consensus tree with the maximum clade credibilities in TreeAnnotator v1.7.5.  Maximum clade 

credibility trees were imported into FigTree v1.4.0 (Rambaut 2012) where clades containing 

individuals of the same species were converted to triangles, representing collapsed branches 

within a clade, for easier interpretation.  
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8.2.2.6 Comparison to nuclear data 

Individuals clustered by the delimitation methods were evaluated for conflict with the 

genotypes sequenced from two nuclear genes. For this, heterozygous sites were ignored, i.e. if 

two genotypes differed at a single site because one individual had an S and another had a G or 

C for example, those individuals were considered to be the same genotype. Not all individuals 

sequenced for the mt gene used for delimitation methods were sequenced at one or both 

nuclear genes, so results are reported for those that were.  

If two or more distinct clusters that were identified as putative species by delimitation 

methods using mtDNA shared a single nuclear genotype they were not considered to be in 

conflict as mtDNA coalesces at a faster rate. Cases of conflict were identified when: 1. One 

single cluster delimited by various methods contained individuals belonging to two or more 

nuclear clusters; or 2. An individual was a member of different mt and nuclear clusters. 

8.3 Results 

8.3.1 Phylogeographic reconstruction and divergence time estimation 

The following numbers of fragments were sequenced for each gene: 39 for COI, 38 for H3 and 

29 for 28S. The number of individuals sequenced from each geographic region ranged from 1 

to 8 (Table 8.2). In one case, a COI sequence for an individual from Vanuatu was too short 

(<809bp) for inclusion in analyses that required equal length fragments, and was removed 

from the dataset for those analyses. When cut to equal length, fragments were 809bp for COI, 

303bp for H3 and 669bp for 28S. Analyses that could handle differing lengths of fragments and 

required only unique sequences used datasets with the following number of unique 

haplotypes or genotypes for each gene:  33 for COI (642-862bp), 16 for H3 (303bp) and 7 for 

28S (653-742bp).  
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Table 8.2 - Overall number of sequences for Alpheus pacificus by region  

Site COI H3 28S 

Norfolk Island 8 4 5 

Lord Howe Island 4 4 4 

Heron Island, Queensland, Australia 1 2 2 

Lizard Island, Queensland, Australia 1 1 1 

Waining Reef, Queensland, Australia 1 1 0 

Ningaloo Reef, Western Australia, Australia 2 3 3 

Guam, Pacific 2 2 1 

Makemo, Tuamotu, French Polynesia, Pacific 1 1 1 

Moorea, Society Islands, French Polynesia, Pacific 3 3 1 

Marshall Islands, Pacific 3 3 2 

Vanuatu, Pacific 1 1 1 

Kiritimati, Line Island, Pacific 0 1 0 

Palmyra, Line Island, Pacific 2 3 2 

French Frigate Shoals, Hawaii, Pacific 1 1 1 

Mauritius, Indian Ocean 1 1 0 

Iles Eparse, Indian Ocean 1 1 1 

Mayotte, Indian Ocean 2 2 1 

Christmas Island, Indian Ocean 3 2 3 

Taiwan, Asia 2 2 0 

 

Sample sizes for most of the regions from which A. pacificus was sequenced were small, so 

diversity indices were only calculated for Norfolk Island and Lord Howe Island (Table 8.3). At all 

loci, Lord Howe Island contained greater haplotype and nucleotide diversity than Norfolk 

Island. 

Table 8.3 - Genetic diversity on Norfolk Island and Lord Howe Island in Alpheus pacificus 

Gene Site Gene diversity(+/-) Nucleotide diversity(+/-) 

COI Norfolk Island 0.786(0.151) 0.0016(0.0012) 

 
Lord Howe Island 0.833(0.222) 0.0773(0.0509) 

H3 Norfolk Island 0.536(0.123) 0.0018(0.0019) 

 
Lord Howe Island 0.643(0.184) 0.0101(0.0067) 

28S Norfolk Island 0.000(0.000) 0.0000(0.0000) 

 Lord Howe Island 0.427(0.169) 0.0305(0.0172) 

 

Of the 38 individuals sequenced at the H3 locus, 26 individuals were heterozygous: 18 

individuals had a single heterozygous position, 4 individuals were heterozygous at two 

positions, 3 individuals were heterozygous at 5 positions and 1 individual was heterozygous at 
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6 positions. All individuals were homozygous for all positions at the 28S locus, with zero 

heterozygous sites identified. 

Although pseudogenes have been reported in ten other species of Alpheus (Williams and 

Knowlton 2001), there was no evidence for COI pseudogenes in this dataset. Fragments were 

sequenced in both forward and reverse directions and produced good quality signals without 

double peaks or ambiguous bases. Translation of the COI sequences to amino acids revealed 

no stop codons, which also suggested that pseudogenes were not a problem in this dataset. 

Very strong genetic structure was found for A. pacificus at the mtDNA locus sequenced (COI). 

Nine independent haplotype networks or singletons (referred to as clades) were recovered 

(Figure 8.3, Table 8.4). Overall, A. pacificus COI sequences were strongly structured, but this 

structure was not based on geography. 

 

Figure 8.3 - Mitochondrial haplotype networks for Alpheus pacificus constructed using COI 

sequences; numerically ordered anti-clockwise beginning in the top left-hand corner.  
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Table 8.4 - Individual specimens of Alpheus pacificus belonging to each independent haplotype 

network (labelled as clades)  

Clade Individuals within each clade Number of individuals 

1 LI1, LI3, FFS 3 

2 C1, C2, C3, C5, C6, C7, C9, B1, LH1, LH2, LH3 11 

3 NR3, IE, MI2, MI3, M, G1 6 

4 MI1, CI1, CI2, CI3, LH4, WR 6 

5 MAU, LI, MO1, MO2, MO3, G2 6 

6 MAY1, MAY2 2 

7 T1, T2 2 

8 HI1 1 

9 NR2 1 

Where: LI1,LI3=Palmyra, Line Island; FFS=French Frigate Shoals, Hawaii; C1-3,C5-

7,C9=Cemetery Bay, Norfolk Island; B1=Bumboras, Norfolk Island; LH1-4=Lord Howe Island; 

NR2-3=Ningaloo, WA; IE=Iles Eparse; MI1-3=Marshall Islands; M=Makemo; G1-2=Guam; CI1-

3=Christmas Island; WR=Waining Reef, QLD; MAU=Mauritius; LI=Lizard Island, QLD; MO1-

3=Moorea; MAY1-2=Mayotte; T1-2=Taiwan; HI1=Heron Island, QLD. 

 

Haplotype network 1 consisted of divergent haplotypes from Palmyra and Hawaii (minimum of 

four mutational steps between haplotypes). Haplotype network 2 was less structured with one 

common, central haplotype (H) observed at both Norfolk Island and Lord Howe Island; with 

unique derived haplotypes also found on each island. Haplotype network 3 depicted highly 

divergent haplotypes present in Iles Eparse and Ningaloo Reef in Western Australia, with 

respect to the other haplotypes in the network which were unique to Makemo, the Marshall 

Islands and Guam. Haplotype network 4 contained a divergent haplotype from Christmas 

Island (AD), which also harboured two other haplotypes: AB which is unique to the island and Z 

which is shared with the Marshall Islands. Waining Reef in Queensland and Lord Howe Island 

were also represented by unique divergent haplotypes in this network. Haplotype network 5 

contained three haplotypes from Moorea, one of which is shared by Guam (N) and a unique 

haplotype from Lizard Island in Queensland. Also present in haplotype network 5 was a unique 

and highly divergent haplotype from Mauritius (J). Haplotype network 6 contained two 

divergent haplotypes from Mayotte. Haplotype network 7 depicted two closely related 

haplotypes from Taiwan. Haplotypes Y from Ningaloo Reef in Western Australia and D from 

Heron Island in Queensland are highly divergent from all other A. pacificus COI sequences and 

did not join into any networks (labelled 8 and 9 in Figure 8.3). 

The mtDNA (COI) gene tree of A. pacificus strongly supported each clade with high posterior 

probabilities (Figure 8.4). High divergence between clades was supported by long branch 

lengths on the tree (scale bar = 0.05% divergence). Some clades were represented by more 
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than one geographic area (Clades 1, 2, 3, 4 and 5); others were represented by a single locality 

(Clades 6, 7, 8 and 9). Clades 1, 2, 7 and 8 are confined to the Pacific Ocean, while Clades 6 and 

9 are confined to the Indian Ocean; and clades 3, 4 and 5 all span the Pacific and Indian 

Oceans. 

The four BOLD sequences were recovered within the other A. pacificus sequences obtained in 

this study. Two sequences which form two distinct BINs were unique and formed their own 

separate clades within the tree (AAE5735 = MBMIA318-06 and AAE5736 = MBMIA481-06). The 

remaining two sequences which form one BIN (AAE5737 = MBMIA587-06, MBMIA483-06) 

were found nested within Clade 5 with other individuals sequenced in this study from Moorea 

in addition to individuals from Mauritius, Guam and Lizard Island. 

 

Figure 8.4 - Mitochondrial MCC gene tree for Alpheus pacificus based on COI sequence data. 

Clades referred to in the text are numbered. BOLD sequences are labelled with their identification 

numbers which fall into three distinct BINs: AAE5735 = MBMIA318-06, AAE5737 = MBMIA587-

06, MBMIA483-06 and AAE5736 = MBMIA481-06.  

 

Overall, the nuclear data also showed very strong structuring that was not related to 

geography. 
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The maximum clade credibility tree constructed using H3 gene sequences for A. pacificus 

contained six distinct and strongly supported clades with a moderate level of divergence 

between clades (scale bar = 0.005% divergence) (Figure 8.5). Clade 5 contained genotypes that 

were closely related to each other but divergent from all other genotypes and was represented 

by Mauritius, Moorea, Lizard Island, Guam and Kiritimati (posterior probability = 1.0). Clade 2-

8 contained two genotypes shared by individuals from Heron Island, Norfolk Island and Lord 

Howe Island (posterior probability = 1.0). Clade 1 contained individuals from Palmyra and 

Hawaii (posterior probability = 0.72). Clade 3-4-6 contained two widespread genotypes 

representing individuals from Waining Reef, Vanuatu, Christmas Island, Lord Howe Island, 

Mayotte, Guam, Iles Eparse, Makemo, Marshall Islands and Ningaloo Reef (posterior 

probability = 0.98). Clade 9 was represented by Ningaloo Reef only (posterior probability = 1.0) 

and Clade 7 was represented by Taiwan only (posterior probability = 1.0). Clades 2-8, 1 and 7 

were confined to the Pacific Ocean, Clade 9 to the Indian Ocean, and Clades 5 and 3-4-6 span 

both the Pacific and Indian Ocean. 

The gene tree constructed for the 28S sequences consisted of six highly divergent lineages 

(scale bar = 0.005% divergence) (Figure 8.5). Lineage 5 contained one unique genotype found 

for individuals sequenced from Lizard Island and Moorea. Lineage 2-8 consisted of a single 

unique genotype shared by individuals sequenced from Norfolk Island, Lord Howe Island and 

Heron Island. Lineage 1 contained individuals from Palmyra and Hawaii (posterior probability = 

1.0) who shared a single genotype. Lineage 3 contained one unique genotype found in 

individuals from Makemo, Guam, Iles Eparse, Marshall Islands and Ningaloo Reef. Lineage 4-6 

contained one unique genotype found in individuals on Christmas Island, Lord Howe Island, 

Mayotte, Marshall Islands and Vanuatu. Lineage 9 represented a unique genotype from 

Ningaloo Reef. Lineage 3 and 4-6 span the Indian and Pacific Oceans, while 5, 2-8 and 1 are 

confined to the Pacific Ocean and 9 is confined to the Indian Ocean. 
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Figure 8.5 - Nuclear MCC gene trees for Alpheus pacificus based on H3 (left) and 28S (right) sequence data. Clades have been labelled to correspond to those 

identified using mtDNA.   
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The combined gene tree constructed for A. pacificus depicted nine highly divergent clades 

which were all well supported (posterior probability = 1.0 for all clades) (Figure 8.6). The 

common ancestor to all clades of A. pacificus existed 25.29mya (95% hpd: 19.81 – 31.42). 

Clade 2 (Heron Island, Norfolk Island and Lord Howe Island) was most closely related to Clade 

8 (Heron Island) and were estimated to have diverged 2.08mya (95% hpd: 1.31 – 2.91). Clades 

2 and 8 were estimated to have diverged from Clade 5 (Mauritius, Moorea, Guam and Lizard 

Island) 18.25mya (95% hpd: 13.12 – 23.53). Within Clade 5, Mauritius is the most 

differentiated and diverged from other members 1.49mya (95% hpd: 0.89 – 2.12). Clade 9 

(Ningaloo Reef) diverged from a common ancestor with Clades 2, 5 and 8 21.67mya (95% hpd: 

16.43 – 27.47). Clade 1 (Palmyra and Hawaii) was the most divergent clade within A. pacificus 

and diverged from other clades 21.78mya (95% hpd: 16.78 – 27.29). Clade 3 (Iles Eparse, 

Marshall Islands, Guam, Makemo and Ningaloo, WA) diverged from Clade 7 (Taiwan), Clade 4 

(Vanuatu, Lord Howe Island, Christmas Island, Marshall Islands and Waining Reef, QLD), and 

Clade 6 (Mayotte) 14.88mya (95% hpd: 11.61 – 18.38). Clade 7 diverged from Clades 4 and 6 

13.35mya (95% hpd: 10.3 – 16.54). Clades 4 and 6 were estimated to have diverged 3.18mya 

(95% hpd: 2.21 – 4.19). Within Clade 3, Iles Eparse and Ningaloo Reef were estimated to have 

diverged from other members of the clade from Makemo, Guam and the Marshall Islands 

0.83mya (95% hpd: 0.45 – 1.25). 

A number of clades included individuals from a wide geographic range with individuals from 

both the Indian and Pacific Oceans being present within a single clade (Clades 3, 4 and 5). 

Clades 1, 2, 7 and 8 were confined to the Pacific Ocean, while Clade 6 and 9 was confined to 

the Indian Ocean. Only Clades 6, 7, 8 and 9 were monophyletic with respect to region.  

An individual from Lord Howe Island was grouped within a clade highly divergent to the other 

individuals from the island; positioned in a clade with individuals from Christmas Island, the 

Marshall Islands, Waining Reef, Vanuatu and Mayotte. Two individuals sampled from Guam 

were also highly divergent from one another, occurring in Clades 3 and 5, as were individuals 

from Ningaloo Reef which occurred in both clades 3 and 9 (which was in itself highly divergent 

to all other clades). 

While all nine highly divergent clades were very well supported, the relationships between the 

clades were less clear with deeper nodes of the tree having lower support. Posterior 

probabilities as low as 0.31 were on deeper nodes of the multi-locus maximum clade credibility 

tree constructed for A. pacificus.



     

 

 

1
93

 

 
Figure 8.6 - Multi-locus MCC gene tree for Alpheus pacificus with estimated divergence times. The blue bars illustrate the extent of the 95% highest posterior 

density (hpd) intervals for each divergence time. Each internal node is labelled with: the posterior probability (lower right), node age (upper left), and 95% hpd 

interval for divergence time (lower left). The scale is in millions of years.  
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8.3.2 Species delimitation 

8.3.2.1 Fixed molecular distance threshold  

The lineages delimited using the K2P distance did not differ from those delimited using the p-

distance model so only the neighbour joining tree based on unique COI haplotypes using the 

K2P model is presented (Figure 8.7). Using a 3% divergence threshold to identify species, nine 

lineages were delimited. The nine clades with less than 3% intraspecific divergence contain the 

exact individuals within each of the groupings partitioned using statistical parsimony analysis, 

i.e. the independent haplotype networks presented previously (Table 8.4), without duplicate 

haplotypes which were removed for this analysis. Clades delimited using the threshold method 

have been numbered 1 to 9 to correspond to the clades from previous analyses and contain 

the individuals listed in Table 8.4. Using a 1% divergence threshold, eleven lineages were 

delimited, with Clades 3 and 5 each being split into two distinct lineages. Within Clade 3, Iles 

Eparse and Ningaloo, Western Australia were separated from the Marshall Islands, Guam and 

Makemo; and within Clade 5, Mauritius was separated from Moorea, Guam and Lizard Island 

(Figure 8.7). 

 

Figure 8.7 - K2P-distance neighbour joining tree for Alpheus pacificus (COI sequence data) 

indicating the 1% and 3% distance thresholds (with dashed lines). Clades correspond to the 3% 

threshold, subclades (marked A and B) correspond to the 1% threshold.  
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Estimates of net evolutionary divergence between Clades 1 – 9 ranged from 3.2% to 21.7% 

(Table 8.5). Clades 2 and 8 (3.2%) and Clades 4 and 6 (4.6%) were the least divergent. 

However, the remaining pairwise estimates of evolutionary divergence (Table 8.5), are very 

similar to those reported previously for crustaceans (i.e. 16% (Lefébure et al. 2006), 17.16% 

(Costa et al. 2007) and 15.49% (Matzen da Silva et al. 2011)). 

The reduced dataset (619bp) that included the BOLD sequences of A. pacificus was divided into 

11 groups, consisting of Clades 1 – 9 as above and two additional groups that contained the 

divergent BOLD sequences, MBMIA318-06 and MBMIA481-06 (the two remaining BOLD 

sequences were included in Clade 5 for calculations) (groupings based on Figure 8.4). The 

reduction of the dataset did not result in any major changes to the estimated divergence 

between Clades 1 – 9 (Table 8.6), as similar estimates were obtained for the longer dataset 

(Table 8.5).  Sequence MBMIA481-06 was 9.7 – 18.8% divergent from Clades 1 – 9 and was 

most closely related to Clades 4 and 6. MBMIA318-06 was more divergent from Clades 1 – 9, 

ranging from 16.8 – 20.5% divergent. The divergent BOLD sequences were, for the majority of 

comparisons, as divergent from Clades 1 – 9 and from one another, as has been previously 

found for other crustacean species within a genus (i.e. (approximately 15-17% (Lefébure et al. 

2006, Costa et al. 2007, Matzen da Silva et al. 2011)). 
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Table 8.5 - Estimates of divergence between groups of Alpheus pacificus sequences identified as “species” using the 3% threshold using the K2P substitution model 

based on COI sequence data, with standard errors  

 
Clade 1 Clade 2 Clade 3 Clade 4 Clade 5 Clade 6 Clade 7 Clade 8 

Clade 2 0.188±0.016 
       

Clade 3 0.202±0.017 0.191±0.017 
      

Clade 4 0.180±0.015 0.171±0.014 0.163±0.016 
     

Clade 5 0.204±0.017 0.162±0.015 0.217±0.018 0.192±0.016 
    

Clade 6 0.189±0.016 0.179±0.015 0.161±0.015 0.046±0.008 0.196±0.017 
   

Clade 7 0.174±0.015 0.177±0.015 0.162±0.015 0.141±0.013 0.171±0.016 0.132±0.013 
  

Clade 8 0.184±0.016 0.032±0.007 0.183±0.017 0.180±0.016 0.161±0.016 0.175±0.015 0.174±0.015 
 

Clade 9 0.185±0.016 0.175±0.016 0.188±0.016 0.182±0.016 0.163±0.014 0.172±0.016 0.172±0.016 0.169±0.016 

 

Table 8.6 - Estimates of divergence between groups of Alpheus pacificus sequences including the BOLD sequences using the K2P substitution model based on COI 

sequence data, with standard errors  

 
Clade 1 Clade 2 Clade 3 Clade 4 Clade 5 Clade 6 Clade 7 Clade 8 Clade 9 MBMIA318-06 

Clade 2 0.205±0.021 
         

Clade 3 0.210±0.021 0.206±0.021 
        

Clade 4 0.181±0.018 0.186±0.019 0.158±0.019 
       

Clade 5 0.209±0.023 0.170±0.020 0.225±0.023 0.202±0.022 
      

Clade 6 0.199±0.020 0.201±0.020 0.165±0.019 0.044±0.009 0.204±0.023 
     

Clade 7 0.185±0.020 0.203±0.021 0.171±0.019 0.148±0.016 0.188±0.021 0.147±0.017 
    

Clade 8 0.200±0.020 0.038±0.008 0.191±0.020 0.199±0.020 0.164±0.020 0.195±0.020 0.193±0.020 
   

Clade 9 0.201±0.022 0.188±0.022 0.202±0.020 0.187±0.021 0.164±0.017 0.184±0.021 0.190±0.021 0.180±0.021 
  

MBMIA318-06 0.205±0.021 0.179±0.020 0.200±0.021 0.183±0.021 0.168±0.020 0.191±0.021 0.190±0.020 0.172±0.020 0.193±0.021 
 

MBMIA481-06 0.174±0.018 0.176±0.018 0.134±0.016 0.097±0.013 0.188±0.021 0.099±0.013 0.138±0.017 0.184±0.019 0.183±0.020 0.149±0.018 
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8.3.2.2 Automatic Barcode Gap Discovery (ABGD) 

The ABGD method was able to identify a barcode gap in the distribution of pairwise 

differences, present between 0.06 and 0.14 (Figure 8.8). 

 

Figure 8.8 - Distribution of pairwise differences between COI sequences of Alpheus pacificus. 

 

ABGD initially partitioned the data into seven groups with the same individuals recovered in 

each partition. Recursive partitions lead to nine groups at P = 0.01 to 0.03 with the same 

individuals in each partition (Figure 8.9). Members of these recursive groups were identical to 

the individuals of each independent haplotype network (Table 8.4), whereas primary partitions 

grouped Clades 2 and 8 together, and Clades 4 and 6 together. 
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Figure 8.9 - Automatic partition of the Alpheus pacificus COI dataset depicting the number of 

groups inside recursive partitions as a function of the prior limit (P) between intra- and inter- 

species divergence.  

 

8.3.2.3 jMOTU 

At a cut-off value of 0bp, 31 MOTU were recovered (i.e. the number of unique haplotypes); 

this number dropped to 26 at 2bp cut-off value (Figure 8.10). At increasing cut-off values, the 

number of MOTU recovered reached an asymptote. Cut-off values at the beginning of this 

asymptote were used to identity clusters. The 17 to 25bp cut-off values recovered 9 MOTU; 26 

– 37bp cut-off values recovered 8 MOTU; and 38 – 97bp cut-off values resulted in 7 MOTU. A 

value of 131bp cut-off led to the recovery of one MOTU (results not shown). 

When jMOTU uncovered 9 MOTU at 17bp cut-off value, individuals within each MOTU were 

those corresponding to the individuals separated into independent haplotype networks (Table 

8.4). When 8 MOTU were identified at 26bp cut-off value, Clades 2 and 8 were combined into 

one MOTU. When 7 MOTU were identified at a cut-off value of 38bp, Clades 2 and 8 were 

pooled into one MOTU as were Clades 4 and 6. 
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Figure 8.10 - Number of MOTU recovered for Alpheus pacificus at a range of cut-off values. 

 

8.3.2.4 General Mixed Yule Coalescent (GMYC) 

Relaxation of the single threshold method did not lead to a significant improvement in model 

fit; the multiple threshold method produced results identical to the single threshold method 

when testing the significance of models and when delimiting individuals into clusters 

(therefore only results of the single threshold method are reported). The GMYC model, that 

individuals represent independently evolving populations, provided a highly significant better 

fit to the data than the null model, that all individuals derive from a single interacting 

population (L0 = 160.47, LGMYC = 173.66, LR = 26.38, p = 1.87e-06***).  

The lineage-through-time (LTT) plot showed a transition in branching rates with a recent shift 

to a higher apparent branching rate near the tips (Figure 8.11) evidenced by the sudden 

increase in the slope of the plot towards the present, marking the transition from between-

species to within-species lineage branching. 
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Figure 8.11 - Lineage through time plot for Alpheus pacificus. Number of lineages (N) present at 

successive time points (time = genetic divergence (substitutions per site)) along the root-to-tip axis. 

Red line shows the maximum likelihood location for the threshold where there is a sharp increase 

in branching rate, corresponding to the transition from inter-species to intra-species branching 

events.  

 

GMYC estimated 10 entities (CI: 7-11, reduced to CI: 8-10 using the multiple threshold method) 

including 7 clusters and 3 singletons (Figure 8.12). GMYC delimited individuals into entities that 

matched the groupings defined using independent haplotype networks (Table 8.4) in all cases 

except for Clade 5, which was split into two by GMYC where Mauritius was identified as an 

independent entity from the remaining individuals.  
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Figure 8.12 - SPLITS tree for Alpheus pacificus. GMYC clusters are shown in red.  

 

8.3.2.5 Comparison to established species status 

The gene tree constructed using the aligned COI sequence dataset of A. pacificus and 

published Alpheus sequences representing transisthmian sister taxa recovered A. pacificus as a 

monophyletic clade (Figure 8.13), which indicated that they are not likely to represent 

misidentified individuals of other species.  

The youngest divergent geminate pair of Alpheus species found was Alpheus agilis and Alpheus 

hebes (Figure 8.13). The time at which these species coalesced was marked with a dotted line; 

all other nodes of the most recent common ancestors of sister species were marked with 

circles. Pairwise sequence divergence calculations found these two species were 6.84% (± 

0.76) divergent. Following Williams et al (2001), any genetic group that showed equal or 

greater genetic divergence than the earliest diverging pair of transisthmian shrimp were 

recognised as separate species.  

Nine lineages of A. pacificus were older and more divergent than the youngest previously 

established transisthmian sister species pair. Compared to the clades identified by 

independent haplotype networks (Table 8.4), this method led to the following: Clade 2 and 
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Clade 8 were combined into one lineage; Clade 5 was recovered with two additional sequences 

from BOLD; Clades 1, 3, 7 and 9 were recovered; and Clade 4 and Clade 6 were combined and 

an individual from Vanuatu (previously not included in species delimitation methods because it 

was a shorter fragment) was also included in this group. Two additional sequences from BOLD 

were identified as two separate lineages more divergent than the youngest geminate pair. 

Although all additional Alpheus species included in this analysis were reportedly transisthmian 

sister species, there was one taxon pair that did not share a most recent common ancestor and 

did not share the same branch on the MCC tree. Alpheus cristulifrons from the Western 

Atlantic and Alpheus utriensis from the Eastern Pacific occupied very separate parts of the tree 

despite reportedly being each other’s closest relative and having a common ancestor that was 

divided by the Isthmus of Panama (Anker et al. 2008, Hurt et al. 2009). Hurt et al (2009) 

selected all of their pairs based on strong evidence supporting their transisthmian geminate 

status including geographic distribution, ecological and morphological similarities, and well-

supported sister-status based on mitochondrial COI sequences. This geminate pair was found 

to be the oldest by Hurt et al (2009) which may explain why they did not share a common 

ancestor node. Hurt et al (2009) also speculated that this geminate pair could represent 

pseudo-sister taxa, i.e. the result of earlier speciation and subsequent extinction of taxa, 

leading to other members being more closely related to the separate species rather than those 

identified here (see Anker et al. 2008). The fact that the MCC tree did not recover these two 

species as sister species, may be evidence for the failure of this species delimitation method to 

accurately identify putative species within A. pacificus.  
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Figure 8.13 - Alpheus transisthmian sister species MCC gene tree. Tips of individuals pertaining to 

one species are collapsed.  

 

8.3.2.6 Comparison to nuclear data 

No conflicts with the nuclear data were found for any delimitation methods. In zero cases were 

multiple H3 or 28S genotypes found within a single cluster (Table 8.7) and no individuals were 

members of different mitochondrial and nuclear clusters. 

The nine clusters delimited by several methods are not in conflict with the nuclear data, but 

two clusters shared a single genotype twice for both nuclear genes investigated: Clade 2 and 8 

were subsumed within a single H3 and 28S genotype, as were Clades 4 and 6 (Table 8.7). The 



      

204 

 

seven clusters delimited by several methods are all represented by a single, distinct genotype 

at both H3 and 28S. 

Table 8.7 - Comparison of species delimitation results to nuclear data for Alpheus pacificus. Clade 

numbers correspond to independent haplotype networks and their individual members (see Table 

3). The number of genotypes present in each clade is reported along with their distinctness, i.e. is 

that genotype unique to that clade or is it shared with another clade. NA – when only one individual 

belongs to the clade or only one individual belonging to the clade was sequenced at a nuclear locus  

 No. of genotypes in cluster Distinct genotype? 

Clade H3 28S H3 28S 

1 1 1 Yes Yes 

2 1 1 No, shared with Cluster 8 No, shared with Cluster 8 

3 1 1 Yes Yes 

4 1 1 No, shared with Cluster 6 No, shared with Cluster 6 

5 1 1 Yes Yes 

6 1 NA No, shared with Cluster 4 No, shared with Cluster 4 

7 1 NA Yes NA 

8 NA NA No, shared with Cluster 2 No, shared with Cluster 2 

9 NA NA Yes Yes 

 

8.4 Discussion 

8.4.1 Phylogeographic history 

8.4.1.1 Phylogeographic reconstruction 

The genetic structure observed in A. pacificus was very strong. At the mtDNA locus nine 

independent clades were discovered and nuclear data supported these distinctions, exhibiting 

very strong differentiation.  

Norfolk Island and most Lord Howe Island individuals formed a separate network at the mt 

locus (Clade 2, Figure 8.14), with a common haplotype to both regions suggesting on-going 

gene flow and movement of individuals between the two islands, or a recent colonisation 

event to one area from the other. Individuals from Norfolk Island and Lord Howe Island were 

most closely related to Heron Island, QLD (Clade 8, Figure 8.14); these clades have recently 

diverged from a common ancestor approximately 2.08mya. At the nuclear level, Norfolk Island, 

most Lord Howe Island individuals and Heron Island, QLD shared genotypes adding support to 

their recent evolutionary association. The life history of the species has perhaps allowed for 

dispersal from the mainland to the islands, a distance of at least 1,000km, with free swimming 

larvae being transported in the EAC as the most likely explanation for the pattern uncovered.  
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Another individual from Lord Howe Island was placed within a clade with the Marshall Islands, 

Christmas Island and Waining Reef, QLD at the mt locus (Clade 4, Figure 8.14). This clade was 

most closely related to a clade containing individuals from Mayotte (Clade 6, Figure 8.14), 

which were estimated to have diverged 3.18mya. Nuclear data showed that these two 

networks shared common genotypes at both loci, highlighting their recent evolutionary history 

and also placed Vanuatu in the same group (not sequenced at the mt locus). The geographic 

distribution of this lineage is somewhat peculiar, stretching over two ocean basins (at least 

10,000km) and by-passing other areas known to harbour other lineages of the species. At a mt 

level, haplotypes were shared by both oceans. 

Palmyra, Line Island and the French Frigate Shoals in Hawaii (Clade 1, Figure 8.14) were 

separated by 2,000km of ocean and together were highly divergent from all other areas across 

all loci and were estimated to have diverged from other members of the taxon 21.78mya.  

 Ningaloo Reef (Clade 9, Figure 8.14) was highly divergent to all other individuals across all loci 

and was estimated to have diverged from other members of the taxon 21.67mya. Another 

individual from Ningaloo Reef, separate to the other individuals from the area, was placed 

within a divergent clade with the Marshall Islands, Iles Eparse, Makemo and Guam at all loci 

(Clade 3, Figure 8.14). This clade was estimated to have diverged from other members in the 

taxon 14.88mya. The geographic distribution of this lineage also stretches over two ocean 

basins (at least 10,000km) and excludes adjacent areas known to harbour other lineages of the 

species. Within this clade, genetic structuring was observed at the mt level with Iles Eparse and 

Ningaloo being at least nine mutational steps different to the nearest haplotype within the 

clade. At the nuclear level, all members of the clade shared a single genotype implying a 

relatively recent cessation of gene flow between the two ocean basins. Iles Eparse and 

Ningaloo located in the Indian Ocean were estimated to have diverged from Pacific members 

of the clade 0.83mya. 

An additional divergent clade at the mt locus also had the same distributional pattern, 

stretching over 10,000km across two ocean basins containing individuals from Mauritius, 

Moorea, Guam and Lizard Island, QLD (Clade 5, Figure 8.14). This clade was estimated to have 

diverged from other members of the taxon 18.25mya. Within the clade, genetic structuring 

was observed with Mauritius being at least 15 mutational steps different to other members at 

the mt locus. At the nuclear level, genotypes were shared between basins, again implying a 

relatively recent cessation to gene flow. Mauritius in the Indian Ocean was estimated to have 

diverged from the other members of the clade from the Pacific 1.49mya. At the nuclear level, 
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one locus grouped these individuals together with Kiritimati, Line Islands (only sequenced for 

one nuclear gene); the other loci could only be sequenced for Moorea and Lizard Island but 

these areas were found to share a genotype. 

Across all loci, Taiwan (Clade 7, Figure 8.14) was recovered as highly differentiated and 

distinct, estimated to have diverged from other members in the taxon 13.35mya. 

 

Figure 8.14 - Distribution of mitochondrial clades within Alpheus pacificus. n.b. At the nuclear 

level: Clade 2 and Clade 8 share genotypes; Clade 4 and Clade 6 share a single genotype with 

Vanuatu (highlighted blue: previously not sequenced at the mt level); and Kiritimati (highlighted 

blue: previously not sequenced at the mt level) shares genotypes with Clade 5 (base maps from 

Google Maps Engine Lite, Map Data ©2014 Google, INEGI). 

The four BOLD sequences included in analyses were positioned on internal branches of the 

tree. Although these sequences represent distinct BIN’s in BOLD, they are by no means 
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representative of the entire diversity and spectrum of divergence levels within A. pacificus, as 

this study has found clades with deeper nodes on the tree. Additionally, while one of the BINs 

was found to be nested within Clade 5, two of the distinct BINs were unique and represented 

diversity that had been un-sampled in this study.  

It should be acknowledged here that the sampling design of this study was far from exhaustive 

and the above figure (Figure 8.14) may not be representative of the true distribution of 

lineages.  Absence of a clade from an area may be the result of incomplete sampling in that 

area; with more extensive sampling, additional clades may be discovered within an area. Some 

lineages that appear to be restricted may in fact be more widespread than reported here; and 

widespread lineages that have been reported to by-pass certain areas may actually reside in 

those areas. 

The relationships between individuals were consistent across all loci, although the clades were 

not monophyletic in some instances, for example, several areas harboured two divergent 

lineages: Ningaloo Reef, Marshall Islands, Moorea, Guam and Lord Howe Island. Additionally, 

areas that were geographically adjacent did not form the distinct clades found, with some 

clades spanning two ocean basins. This evidence supports the species complex hypothesis as 

this genetic diversity and differentiation is being maintained somehow, possibly through 

already established reproductive incompatibility between lineages.  

8.4.1.2 Radiations and speciation across the study region 

The multi-locus MCC tree of A. pacificus has extremely short basal branches and long terminal 

branches.  This structure is identical to that found for the gambarelloides group of the genus 

Synalpheus, which was described by Morrison et al (2004) as suggestive of a relatively ancient, 

but rapid radiation within the group. This same conclusion could be drawn for A. pacificus. It 

appears that A. pacificus radiated into several distinct lineages about 25mya. Like the results of 

Morrison et al (2004), most internal nodes on all trees constructed for A. pacificus were poorly 

supported, while the tips of the trees contained highly supported clades. Morrison et al (2004) 

suggested that the poor resolution of internal nodes adds further support to the rapid but 

ancient radiation hypothesis. Of course, low posterior support could also just be an artefact of 

poor sampling. 

The data indicates that some deeply divergent clades are widespread and broadly overlap in 

geographic distribution. This could either reflect divergences in sympatry or range expansion 

following allopatric divergences. There was no evidence for allopatry in the current ranges of 
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divergent lineages within A. pacificus, as some of the clades substantially overlap in their 

distributions. However, the divergence ages estimated between lineages are sufficiently 

ancient that the overlapping distributions need not be the result of sympatric speciation. 

Mathews and Anker (2009) also discovered several cryptic clades that had broadly overlapping 

geographic distributions in Alpheus armillatus. These authors stated that this pattern may 

reflect secondary contact among previously isolated lineages, which may also be a plausible 

explanation for the distribution pattern found for divergent clades within A. pacificus. 

However, it must again be noted that while the distributions of some lineages appear to be 

sharply discontinuous (Figure 8.14), this may be solely due to the sampling regime and may not 

represent the actual distribution of the lineages identified here for A. pacificus.  

A range of reef-associated invertebrate taxa have been found to show signals in molecular and 

fossil data of rapid radiations in the late Miocene to early Pliocene in the Caribbean and East 

Pacific (Morrison et al. 2004) and in the early Miocene or late Oligocene in the Indo-West 

Pacific (Williams and Duda 2008).  

8.4.1.3 Likely causes for large-scale phylogeographic patterns 

Numerous studies have revealed evidence of a genetic break between Indian and Pacific 

Ocean populations within species referred to as the Indo-West Pacific (IWP) biogeographic 

break, including the blue starfish Linckia laevigata (Williams and Benzie 1998, Williams et al. 

2002, Kochzius et al. 2009), two species of Diadema sea urchin (Lessios et al. 2001), the giant 

clam Tridacna maxima (Nuryanto and Kochzius 2009), the black tiger prawn Penaeus monodon 

(Duda and Palumbi 1999), the mangrove crab Neosarmatium meinerti (Ragionieri et al. 2009), 

three species of Echinolittorina snails (Reid et al. 2006), the crown-of-thorns starfish 

Acanthaster planci (Benzie 1999) and a mantis shrimp Haptosquilla pulchella (Barber et al. 

2002).  

Of the studies that have found intra-specific genetic variation in the Indo-West Pacific, many 

have attributed the patterns to Pleistocene events, but some speciation events within the 

region have been placed prior to the Pleistocene (see Williams et al. 2002 for references). This 

section outlines a timeline of the events that may have influenced the distribution and genetic 

structuring of A. pacificus in the Indo-West Pacific region with reference to the potential 

causes of the IWP biogeographic break and potential mechanisms of divergence and 

speciation. 
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8.4.1.3.1 Global warming (65 – 30mya) 

The gradual cooling of ocean waters at higher latitudes from 65 – 30mya, the establishment of 

the deep, cold Antarctic circumpolar current and the warming of the tropics to higher 

temperatures are factors that have been attributed to the amphi-tropical distributions and 

southern hemisphere endemism of many marine taxa (Newman 1991, Patek et al. 2008). The 

warming of the tropics would have provided opportunities for tropical-climate generalists to 

expand their ranges and disperse to new areas, potentially leading to adaptation and 

speciation. This study found that A. pacificus radiated into several distinct lineages 25.29mya, 

following the warming of the tropics which may have facilitated their widespread distribution. 

8.4.1.3.2 Tectonic activity (25 – 20mya) 

Within the Indo-West Pacific region, rapid radiations have been attributed to the tectonic 

activity that resulted in the collision of the Australian and New Guinea plate with the Eurasian 

plate approximately 25mya (Williams and Duda 2008, Carpenter et al. 2011). The collision led 

to an increase in shallow-water areas and length of coastline, the creation of a mosaic of 

distinct habitats, and the rapid diversification of corals between 25 and 20mya; all of which 

ultimately led to the creation of new habitats for reef-associated invertebrates in the late 

Oligocene to early Miocene, allowing for rapid radiation and speciation in the central Indo-

West Pacific (Williams and Duda 2008). Numerous phylogenetic studies have found that most 

diversification occurred following the plate collision during the Miocene (see Carpenter et al. 

2011); some have also reported a distinct pulse of lineage diversification associated with the 

timing of the collision around 20-25mya (Frey and Vermeij 2008, Williams and Duda 2008). 

These time periods also coincide with the radiation observed for A. pacificus.  

8.4.1.3.3 Shift in marine current water sources (~5mya) 

The northward displacement of New Guinea may have changed the source of the Indonesian 

Throughflow (ITF) entering the Indian Ocean, from that of warm South Pacific to cold North 

Pacific waters, leading to a decrease in sea surface temperatures (Cane and Molnar 2001) or 

subsurface temperatures (Karas et al. 2009) in the Indian Ocean sometime between 4-

2.95mya. The decrease in sea temperature could have acted as a barrier, preventing larvae 

from dispersing into the colder Indian Ocean. This may have contributed to the divergence 

observed within A. pacificus lineages whose distribution spans the two oceans; for example, 

the estimated divergence time of Mayotte from its Pacific counterpart’s falls within this time 

period (3.18mya).  
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8.4.1.3.4 Glaciations and changing sea levels (2.5mya – 11,700mya) 

Although the Indo-West Pacific biogeographic break describes the genetic discontinuity 

between the Indian and Pacific oceans, this boundary is blurred when considering populations 

from Western Australia in the Indian Ocean. Studies that have included Western Australian 

populations in their analyses have found that although there is a break between oceans, 

Western Australian populations often group with Pacific rather than other Indian Ocean 

populations (examples include Linckia laevigata (Williams and Benzie 1998, Williams et al. 

2002), Diadema setosum (Lessios et al. 2001) and Acanthaster planci (Benzie 1999)). These 

authors attributed the Pacific affinity of Western Australian populations to the ITF and Leeuwin 

Current, which flows south along the Western Australian coastline.  

Repeated periods of lowered sea level during the Pleistocene may have prevented or 

restricted dispersal between the two oceans. While the ITF continued throughout the 

Pleistocene at a reduced rate, during glaciations it is believed have been reduced further, 

weakening the Leeuwin Current (Takahashi and Okada 2000), which would no longer have 

warmed the western coast of Australia (Wells and Wells 1994). Williams et al (2002) attributed 

these changes to the affinity that some Western Australian populations have with the Pacific, 

because the cold water would have separated north-western Australia from the rest of the 

Indian Ocean but not the Indo-Malay region. 

The pattern found here for Western Australia was very different. This study found one clade 

from Ningaloo was associated with both ocean basins, which may indicate recent gene flow 

between both oceans and Western Australia. Another clade at Ningaloo was found to be highly 

distinct. Two possible explanations could produce this pattern. The divergent clade may be 

adapted to the Western Australian environment. When describing the evolution of the spiny 

lobster, Panulirus, George (1997) proposed that Panulirus cygnus split off to the west coast of 

Australia and adapted its larval cycle to the unusual mesoscale eddies off that coast and 

attributed the seasonable and variable Leeuwin Current as a factor in its adaptation to the 

eastern Indian Ocean region. Banner and Banner (1982) also believe that endemic alpheid 

species of Western Australian are derived from tropical forms that moved to colder water and 

modified to suit the new ecological niches. The same explanation could be used to support the 

presence and maintenance of a divergent lineage of A. pacificus in Ningaloo.  

Another explanation could be that the divergent lineage identified at Ningaloo may not have 

originated in this area and has evolved elsewhere (an unsampled area of this study) and then 

recruited to Ningaloo. Williams et al (2002) suggested that Linckia laevigata may have only 
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existed in Ningaloo since the last glaciations due to the reefs being likely exposed during low 

sea-level stands (Hatcher 1991 referenced in Williams et al. 2002). The divergent lineage found 

at Ningaloo diverged from all other sampled lineages 21.67mya; it either survived during sea-

level changes in the area or evolved a long time ago and dispersed to the region after 

glaciations (it cannot be discerned which is the more likely scenario).  

8.4.1.3.5 Past and present dispersal 

Finally, while a large number of congruent biogeographic patterns in several taxa is convincing 

evidence of a vicariant event, other studies have also emerged showing no significant 

differentiation between populations with no indication of a break between the Indian and 

Pacific oceans, including the snapping shrimp Alpheus lottini  (Williams et al. 2002), the 

copepod Pleuromamma xiphias (Goetze 2011), the ectoparasite gastropod Thyca crystallina 

(Kochzius et al. 2009), and two species of Echinolittorina snails (Reid et al. 2006).  

The genetic similarity within the one of the three lineages found to be distributed across the 

Pacific and Indian Oceans is not easily explained but two explanations that could account for 

this pattern are considered. Firstly, the distributional patterns observed among the clades 

identified could be reflecting past connectivity and retention of ancestral haplotypes. Nine 

million years ago the Indonesian-Australian seaway was wider than at present, and allowed 

free interchange between the Pacific and Indian Oceans (George 1997, Williams et al. 2002). 

This may have allowed for past range expansion within lineages. 

Secondly, present day dispersal may account for the patterns uncovered. It may be that the 

free swimming larval stage of A. pacificus can be entrained in major ocean currents which 

transport the larvae over these extreme distances. This dispersive larval stage may explain the 

very large geographic distributions of some lineages, some of which occur over 10,000km of 

ocean. The planktonic larval duration (PLD) of this species is unknown, but it must be very long 

to account for the patterns uncovered here. This would be consistent with studies on other 

alpheids that have been found to have extended larval periods of two to three weeks duration 

(Knowlton 1973). 

Although the northward movement of Australia severely restricted the Indonesian 

Throughflow, the closure of the seaway did not present a complete barrier to the dispersal of 

all organisms. Panulirus penicillatus is a widespread spiny lobster, little affected by the 

movements of the Indian and Australian plates, whose larvae are thought to accomplish free 

genetic exchange between the western Pacific and Indian Oceans via the Indonesian 
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Throughflow (George 1997). Therefore, the ITF could potentially still transport A. pacificus 

larvae between ocean basins today.  

8.4.2 Species delimitation within a species complex 

8.4.2.1 Congruence across methods and loci: How many species? 

Although there were some differences among the methods in the number of species identified 

(Table 8.8), all methods estimated a very similar number of species. Where methods estimated 

the same numbers of species, the species limits identified were identical (Table 8.8), 

demonstrating the robustness of the data to different quantitative approaches of species 

delimitation.   

Table 8.8 - Summary of the number of entities identified within Alpheus pacificus by a variety of 

species delimitation methods 

Delimitation method 

Number of 

‘species’ Individuals delimited 

Fixed molecular 

distance threshold  

3% 9 Same as independent haplotype networks (1-9) 

1% 11 
Clade 3 split into 2 

Clade 5 split into 2 

ABGD 
Initial partitions 7 

Clade 2 and 8 amalgamated 

Clade 4 and 6 amalgamated  

Recursive partitions 9 Same as independent haplotype networks (1-9) 

jMOTU 

17bp cut-off 9 Same as independent haplotype networks (1-9) 

26bp cut-off 8 Clade 2 and 8 amalgamated 

38bp cut-off 7 
Clade 2 and 8 amalgamated 

Clade 4 and 6 amalgamated 

GMYC 
Single threshold 10 Clade 5 split into 2 

Multiple threshold 10 Clade 5 split into 2 

Comparison to  

sister species 

 

7 (+2) 

Clade 2 and 8 amalgamated 

Clade 4 and 6 amalgamated 

2 additional entities (BOLD sequences) 

 

The slight incongruence between results predominately stems from disagreement of Clades 2 

and 8 being one or two separate clusters, Clades 4 and 6 being one or two separate clusters, 

and Clade 5 being one or two split clusters. 

The majority of pairwise net evolutionary divergences calculated between Clades 1 – 9 and the 

two divergent BOLD sequences were large and in the order of previous divergences reported 

between crustacean species within a genus (Lefébure et al. 2006, Costa et al. 2007, Matzen da 

Silva et al. 2011). The exceptions to this were divergences estimated between Clades 2 and 8, 

and Clades 4 and 6, which may provide further evidence that these two pairs of clades did not 

represent evolutionary significant units. However, the large K2P distances calculated for the 
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remaining pairwise comparisons are in agreement with averages estimated by meta-analyses 

which used only crustacean species (approximately 15-17% (Lefébure et al. 2006, Costa et al. 

2007, Matzen da Silva et al. 2011)), which provided compelling evidence that these clades 

most likely represent separate species. 

While nuclear markers could not be directly incorporated into the delimitation methods used 

here, they could nevertheless be compared to the mtDNA based delimitations. The two 

nuclear markers used in this study provided support for the delimitation of either 9 or 7 

entities. Each of the seven entities is represented by a single, distinct genotype at both nuclear 

loci providing overwhelming support for their designation as significant evolutionary units. 

When delimitation methods led to nine entities being identified, it was found twice that two 

clusters shared a single genotype (Clade 2 and 8 shared a single nuclear genotype, as did 

Clades 4 and 6, at both nuclear loci). The nuclear loci used here were too conservative to 

establish species-level membership in this particular case with insufficient variation in the 

nuclear genome leading to two clusters being represented by a single nuclear genotype. This 

does not mean that the mtDNA is in conflict with the nuclear data, it merely reflects the fact 

that mtDNA coalesces at a faster rate. Therefore the nuclear data does not disagree with the 

delimitation of nine putative species.   

8.4.2.2 Sampling considerations 

Although a number of divergent lineages were identified, a more complete sampling design 

could potentially reveal a different outcome. Additional samples of both more individuals per 

lineage and more geographic areas may influence the results reported here.  

Sampling additional individuals per lineage (i.e. sampling increased intra-specific variation) and 

more extensive geographic sampling could potentially lead to two alternative outcomes: the 

discovery of more cryptic lineages and divergent areas by uncovering previously un-sampled 

diversity; or the discovery of areas and entities intermediate of those already uncovered 

decreasing the overall divergence levels between lineages or areas (i.e. revealing an isolation-

by- distance pattern).  

Of course, including more loci, more samples and more geographic coverage could have also 

only strengthened the relationships found, and provided additional support to the 

delimitations made here for A. pacificus (see Dupuis et al. 2012 on the importance of more loci 

in closely related species, perhaps not an issue here with such deeply divergent lineages) 

without changing the conclusions drawn. 
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While it is often stated, and seems logical, that a dense sampling regime is necessary to reveal 

the total genetic variation within a taxon, Dupuis et al (2012) found in a comparative literature 

review that increased sampling of intraspecific variability and geographic distribution did not 

affect delimitation success. This is encouraging and allows the conclusions drawn here to be 

confidently accepted.  

While additional sampling was not possible for this study, and may or may not change the 

conclusions of this study, more sampling to capture as much natural variation as possible 

would ultimately increase our knowledge of A. pacificus in a meaningful way (Dupuis et al. 

2012). Although more sequencing would add to our understanding, the aim of this study was 

to use a discovery approach to species delimitation to determine if A. pacificus was a species 

complex, not to identify all of the species or cryptic diversity within the taxon. 

8.4.2.3 Short-comings of methods as potential sources of incongruence between 

results 

Three methods split Clade 5 into two separate entities suggesting strong genetic structuring 

within the clade; however these methods have been criticised in the literature, casting doubt 

on their ability to identify real species limits. For example, if pronounced population structure 

is present it can bias the GMYC model by shifting the population-species transition towards the 

present, resulting in well-supported clades of haplotypes being identified as independent 

lineages, over-estimating the number of species simply due to population-level structure 

(Carstens et al. 2013, Satler et al. 2013). GMYC is also sensitive to sample sizes and the low 

sample sizes of each lineage obtained here could have suppressed or inflated rates in the 

GMYC method. If additional samples were included it could shift the threshold: for example, if 

additional sampling recovered haplotypes intermediate to those delimited as separate clusters 

there could be an overall decrease in the number of GMYC clusters. The other method that 

split Clade 5, the fixed molecular distance threshold, has also been criticised because it 

assumes the threshold is universal, when in reality the depth of coalescence between lineages 

can vary due to population size, mutation rate and time since speciation (Barraclough et al. 

2009). The use of neighbour-joining trees in this method has also been criticised because they 

do not make a quantitative assessment and use genetic information to generate an estimate of 

independent evolutionary lineages (Collins and Cruickshank 2013). 

Comparing divergence times within A. pacificus to divergence times between transisthmian 

sister taxa lead to the identification of nine entities (two of which were additional BOLD 

sequences), but this method may have also led to incorrect inferences. This method favoured 
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the grouping of Clades 2 and 8 into one cluster and Clades 4 and 6 into one cluster. There was 

a lot of variation in coalescent times between the geminate pairs, some of which were older 

than the nine entities delimited, which may imply that this method has overestimated the 

number of species delimited. On the other hand, within each transisthmian Alpheus species 

included, there was a great deal of intra-specific diversity and differentiation, which could also 

imply that these species themselves actually consist of cryptic lineages and are in fact species 

complexes. As previously outlined, cryptic species complexes are not uncommon in this genus 

(Knowlton and Weigt 1998, Williams et al. 2001). If this were true of the species’ that were 

included in this analysis, the coalescent times will have been overestimated and the method 

has ultimately underestimated the number of entities within A. pacificus.  

In addition to problems within species, there have been other issues raised concerning the 

taxonomy of the genus. Williams et al (2001) found such clear separation of clades within the 

genus that they posed the question as to whether the genus itself should be split into several 

genera, which could result in many transisthmian pairs being placed into different genera 

(according to one standard). Clearly, the taxonomy of the genus based on morphology is at 

odds with molecular data, and revisions are being made based on the increasing accumulation 

of molecular data (e.g. Anker et al. 2008, Anker et al. 2009).  

8.4.3 Other evidence for diversification: morphological or otherwise 

Of the work that has been done on A. pacificus, little information is available for comparison to 

the lineages identified here to correlate genetic divergence with any other forms of 

divergence, e.g. morphological or ecological. Some species within Alpheus have been found to 

be remarkably constant across the span of the Indo-Pacific realm, while others have varied 

markedly on the same coral reef (Banner and Banner 1982).  

Alpheus pacificus has been described as the former type, without consistent characteristics 

that distinguish one population from another. For example, very small characteristics in the 

sculpturing of the palm of the large chela, such as the overhanging shoulder above the 

superior saddle, are seemingly consistent throughout the entire range of the species (Banner 

and Banner 1982). Banner and Banner (1982) did note that there was a range in some 

measurements of characteristics within A. pacificus (e.g. ratio of plunger height to dactylar 

height fell between 5.0 and 5.9, but two were found between 3.0 and 3.9 which could not be 

separated on size or sex differences), but because of the variation in measurements they could 

not use this characteristic as a systematic tool.  
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Bruce (1985) examined three specimens from Lord Howe Island and found no differences with 

previously published information. Colour pattern and intensity are known to vary in the same 

locality in this species (Banner and Banner 1982), which may indicate either: sympatric 

distributions of separate species differing in colour pattern or such a range of variation in 

colour pattern to make it an unlikely diagnostic tool. 

A greater variation in the ratio of the fingers to palm in the small chelae of male specimens 

(ranging from 1.2-2.0) was identified by Banner and Banner  (1982) than had been previously 

unreported. They even found male specimens from Queensland and the northern Indian 

Ocean in which the fingers of the small chelae were 2.5 times as long as the palm (Banner and 

Banner 1982).  

Banner and Banner (1982) suspect that other modifications will be found in large groups of 

nominal species, possibly minor in morphology, but greater in ecological requirements, 

behaviour and physiology which may be recognized as a basis for specific separation.  

8.4.4 Future work 

While this study has applied various molecular methods to species delimitation, an integrative 

taxonomic approach would include other non-genetic data as independent lines of evidence, 

such as morphological, geographical or ecological data to propose robust species limits 

(Knowles and Carstens 2007, Fujita et al. 2012). In this particular case, DNA based results could 

not be directly compared to other independent data as it is lacking. Rather this study has 

explored the genetic variation and divergence within the species and aimed to sort sequences 

into putative species, with additional work needed before they can be officially described as 

such.  

It would be particularly useful to examine whether there are any morphological differences 

between the areas identified as harbouring distinct lineages, as well as studying individuals 

from an area that is reported to contain more than one distinct lineage. Within an area, 

studies focussed on how two independent lineages can maintain their distinctness, whether 

through occupying different ecological niche spaces or having developed incompatible mating 

systems, would also be worthy of investigation. The planktonic larval duration of the species 

would also be a worthwhile investigation, to determine whether dispersal via this mechanism 

is a plausible explanation for the patterns uncovered here. It is also possible that there is 

variation between the distinct clades in their planktonic larval duration, which may also help to 

explain the patterns found. 
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8.4.5 Conclusions 

This study presents clear evidence for extensive cryptic biodiversity in the form of divergent 

lineages within A. pacificus. The free swimming larval stage of A. pacificus was expected to 

provide an efficient means of dispersal allowing movement between populations and was 

therefore predicted to show an increased rate of gene flow with populations converging 

towards panmixia. This is somewhat confirmed, with some lineages being distributed across 

some extremely large oceanic distances, suggesting long distance dispersal has occurred. 

However, the very strong structuring between clades is also evidence of at least some form of 

barrier to gene flow, be it biological or physical, maintaining the patterns discovered here. The 

distinct clades found for A. pacificus reveal a cryptic species complex with multiple ‘species’ 

occurring in more than one geographic region.  

The specimens used in this study were all assigned to a single named species, A. pacificus, but 

the range of DNA-based species delimitation methods used here all clearly separate the 

samples into many independently evolving groups. These methods have enabled the discovery 

of at least seven cryptic, evolutionarily independent lineages within A. pacificus. This inference 

is conservative (some methods delimited more than seven putative species), following 

Carstens et al (2013) advice that “in most contexts it is better to fail to delimit species than it is 

to falsely delimit entities that do not represent actual evolutionary lineages” (p. 4369, Carstens 

et al. 2013). The lineages identified here are meaningful units from an evolutionary 

perspective but their elevation to species status requires more work under an integrative 

taxonomic framework.   
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Chapter 9: General Discussion 

Comparative phylogeography as a discipline seeks to compare phylogeographic patterns of 

multiple co-distributed species in order to examine levels of temporal and spatial congruence. 

When common spatial patterns of evolutionary sub-division are found between co-distributed 

species they are thought to share a biogeographic history (Arbogast and Kenagy 2001). Avise 

(2009) pointed out that historical biogeographical forces concordantly mould genetic 

structuring of regional biotas in species which share similar ranges and ecologies. This final 

chapter attempts to provide an overview of results in order to elucidate any common patterns 

among six co-distributed study species within the focal study region. If there is a lack of 

concordance, it could be assumed that historical biogeographic forces did not influence all 

species in the same manner and that idiosyncratic differences at the species level better 

explain the genetic patterns found. 

9.1 Landscape comparison: marine versus freshwater 

One of the major research questions of this thesis was: Are there differences in the genetic 

structure of freshwater and marine invertebrates? Marine invertebrates are assumed to be 

relatively free of extrinsic barriers to dispersal in the ocean, whereas freshwater invertebrates 

are thought to be subject to strong extrinsic barriers to dispersal as suitable habitat across the 

landscape is patchy. Based on these features of the surrounding landscape alone, it was 

predicted that marine invertebrates would exhibit limited phylogeographic population 

structure because the ocean would facilitate high gene flow, compared to freshwater 

invertebrates, which would exhibit strong phylogeographic population structure due to strong 

barriers impeding gene flow (Figure 9.1).  

 

Figure 9.1 - Conceptual diagram of predicted gene flow regimes based on landscape features. 

 

To obtain an overall measure of the geographic structure of mtDNA haplotypes within regional 

populations, a localisation index was calculated for each species (Avise 1992). Following Avise 

(1992) private mtDNA haplotypes, i.e. those that were confined to one region, were further 

classified as those present in a single specimen versus those shared by two or more 
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individuals. The localisation index was calculated as the observed number of private mtDNA 

haplotypes shared by two or more individuals within one region, divided by the difference 

between the total numbers of mtDNA haplotypes found within the species and the number of 

private mtDNA haplotypes confined to one individual (Table 9.1). The localisation index is 

expressed as a percentage with small values indicating dispersal between regions is frequent 

and large values indicating that dispersal between regions is limited. For the purposes of 

calculating localisation indices, outgroups and specimens suspected of being misidentified 

were ignored. Regions were defined as islands or entire mainlands, i.e. Australian individuals 

were pooled. 

Private haplotypes were observed in most species (Table 9.1). Localisation indices ranged from 

0% to 100% (Table 9.1). As predicted from the continuous and uniform nature of the marine 

environment throughout the study region, a marine invertebrate, Alpheus pacificus, exhibited 

the lowest localisation index. As predicted for the more isolated and disjunct nature of 

freshwater habitats across the study region, an obligatory freshwater invertebrate, Amarinus 

lacustris, exhibited one of the highest localisation indices. 

Table 9.1 - Localisation index of each study species: comparative estimates of geographic structure  

   Private haplotypes confined to Localisation index 

Species Landscape 
Total no. 

haplotypes 
1 ind 

> 1 ind, 1 

locale 
Fraction % 

Hemicordulia australiae Freshwater 8 6 1 1/2 50% 

Ischnura aurora Freshwater 21 13 5 5/8 62.50% 

Amarinus lacustris Freshwater 22 9 13 13/13 100% 

Parvulastra exigua Marine 24 9 15 15/15 100% 

Hinea brasiliana Marine 21 17 2 2/4 50% 

Alpheus pacificus Marine 31 28 0 0/3 0% 

 

However, the range of localisation indices within each landscape overlapped; not all marine 

species experienced lower geographic structuring than all of the freshwater species. For 

example, whilst the freshwater crab populations were highly structured by region, genetic 

structuring in the insects was less pronounced. Furthermore, P. exigua had a localisation index 

of the same magnitude as A. lacustris. The nature of the surrounding landscape does not 

wholly explain the rank of the localisation indices across species. 
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9.2 Life history and dispersal characteristics comparison: high 

potential versus low potential dispersal capacity 

One of the major research questions of this thesis was: How do life history and dispersal 

characteristics influence phylogeographic structure? The six species studied here exhibited a 

wide variety of life history and dispersal characteristics (Table 9.2).  

Table 9.2 - Relevant life history and dispersal characteristics of each study species 

Species Type Relevant life history and dispersal characteristics 

Hemicordulia australiae Dragonfly Larval stages obligately freshwater, adult terrestrial flight 

Ischnura aurora Damselfly Larval stages obligately freshwater, adult terrestrial flight 

Amarinus lacustris Damselfly Larval and adult stages obligately freshwater 

Parvulastra exigua Seastar Larval stage benthic and sessile, adult stage benthic and sedentary 

Hinea brasiliana Snail Larval stage pelagic and planktonic, adult stage benthic and sedentary 

Alpheus pacificus Shrimp Larval stage pelagic and planktonic, adult stage benthic and errant 

 

The freshwater nymphs of the insects, Hemicordulia australiae and Ischnura aurora, undergo 

ecdysis becoming more and more like the adult which is capable of moving into the terrestrial 

environment through flight, while the other freshwater species, Amarinus lacustris, has direct 

development and is obligately freshwater throughout its entire life cycle (Lucas 1970). The 

early life stages include a dispersive larval stage in the plankton for Hinea brasiliana (Houbrick 

1987) and Alpheus pacificus (Gurney 1938, Gohar and Al-Kholy 1957), whereas the sticky jelly-

coated egg masses of Parvulastra exigua are firmly attached to the substrate (Lawson-Kerr and 

Anderson 1978, Byrne 1995).  

These life history patterns directly influence the dispersal potential of each species and were 

expected in turn to influence the genetic variation of each species in a predictable way. It was 

expected that genetic relationships within species, between regional populations, would 

follow those expected from the apparent dispersal ability of the organisms. Species with high 

dispersal capabilities, such as flight or free-swimming larvae, were predicted to show less 

genetic structuring than species with lower dispersal capabilities, such as those without a free 

larval stage (Figure 9.2).  
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Figure 9.2 - Conceptual diagram of predicted genetic structure of a species based on dispersal 

capacity.  

 

More specifically, H. brasiliana and A. pacificus are expected to have highly efficient dispersal 

powers due to their free-living larval stage which allows movement between populations. 

These species were therefore predicted to show an increased rate of gene flow, with 

populations converging towards panmixia (Figure 9.3). In contrast, A. lacustris and P. exigua 

are assumed to have less efficient powers of dispersal, markedly less so for the freshwater 

counterpart, due to their direct development which would impede movement between 

populations. These species were therefore predicted to show increased genetic differentiation 

and geographic isolation (Figure 9.3). Hemicordulia australiae and I. aurora with their winged 

adult stage were predicted to show an intermediate level of genetic differentiation (Figure 

9.3). 

 

Figure 9.3 - Study species in order of increasing dispersal potential based on life history 

characteristics. Left to right: Amarinus lacustris, Parvulastra exigua (from Altoff and Falconer 

2008, © Leon Altoff), Ischnura aurora (image credit: CSIRO 2004), Hemicordulia australiae (from 

Chew 2009), Alpheus pacificus (Moorea Biocode Project 2010, reproduced under CC BY-NC-SA 

3.0 licence), Hinea brasiliana (Beechey 2009). All images reproduced with permission. 

 

Overall, the rank of localisation indices (Table 9.1) was better explained by the probable gene 

flow regimes of each species, as predicted from their life history and dispersal characteristics, 

than it was based on landscape features alone. As predicted, the obligately freshwater 

invertebrate, A. lacustris, with limited dispersal opportunities, exhibited one of the highest 

degrees of geographic structure (localisation index = 100%). Furthermore, the marine species 
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with a life history characteristic that was expected to promote highly effective dispersal, i.e. 

planktonic larval phases, exhibited a lower degree of structure, as inferred by the low 

localisation indices found for H. brasiliana (50%) and A. pacificus (0%). In comparison to the 

other marine invertebrates, P. exigua had a much higher localisation index (100%) which was 

also expected for a marine invertebrate with severely limited larval dispersal opportunities due 

to its benthic egg masses.  In addition, the moderate localisation index estimated for I. aurora 

(62.5%) was also reflective of its life history and dispersal characteristics; although the larval 

phase is confined to the freshwater, the adult life stage is capable of dispersing in the 

terrestrial environment and therefore has the ability to traverse ocean gaps to locate suitable 

habitat. The localisation index estimated for H. australiae (50%) was lower than the other 

insect and showed a similar amount of structuring to the marine snail, H. brasiliana. 

Values of sequence divergence were also expected to be lowest between regions for species 

with high dispersal capabilities and highest between regions for species with low dispersal 

capabilities. For the purposes of calculating comparable measures of sequence divergence, 

outgroups and specimens suspected of being misidentified were excluded from calculations. 

Pairwise sequence divergence was calculated in MEGA v5.2 (Tamura et al. 2011) using the p-

distance substitution model between Norfolk Island, Lord Howe Island, New Zealand and 

Australia, with all Australian sub-populations pooled. Sequence divergence ranged from 0.0006 

to 0.1310 between regions (Table 9.3).  

Table 9.3 - Estimates of evolutionary divergence between regions for each study species (mean 

distance calculated using p-distance substitution model, Australian sites pooled)  

Species NI-LHI NI-AUS NI-NZ 
LHI-

AUS 
LHI-NZ AUS-NZ 

Hemicordulia australiae - 0.0006 0.0662 - - 0.0663 

Ischnura aurora 0.0066 0.0067 0.0064 0.0054 0.0046 0.0053 

Amarinus lacustris 0.0753 0.0365 0.0560 0.0857 0.0839 0.0780 

Parvulastra exigua 0.0125 0.0062 - 0.0102 - - 

Hinea brasiliana 0.0030 0.0040 - 0.0030 - - 

Alpheus pacificus 0.0393 0.1316 - 0.1310 - - 

 

When values of evolutionary sequence divergence were ranked in decreasing order for each 

pairwise regional comparison, rather consistently, species with low dispersal capabilities 

generally showed higher sequence divergence values and species with high dispersal 

capabilities showed the lowest levels of sequence divergence values across regional 

comparisons (Figure 9.4). For example, A. lacustris had the highest sequence divergence values 
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observed between Norfolk Island – Lord Howe Island, Lord Howe Island – New Zealand and 

Australia – New Zealand, whereas the lowest sequence divergence values observed between 

Norfolk Island – New Zealand, Lord Howe Island – New Zealand and Australia – New Zealand 

were found for I. aurora and between Norfolk Island – Lord Howe Island and Lord Howe Island 

– Australia were found for H. brasiliana.  

Alpheus pacificus was a species that did not conform to these patterns, having the highest 

sequence divergence values between Norfolk Island – Australia and Lord Howe Island – 

Australia and the second highest sequence divergence value between Norfolk Island – Lord 

Howe Island. The expectation that A. pacificus would represent low values of sequence 

divergence between regions, due to its possession of a free-living larval stage offering an 

efficient dispersal mechanism, was not observed. However, this discrepancy is probably 

explained by the presence of several putative species within Australia and two on Lord Howe 

Island (found in Chapter 8). Sequence divergence values obtained for A. pacificus therefore 

involve inter-specific calculations and are not comparable to the other intra-specific 

calculations obtained for the other study species. Hemicordulia australiae also deviated from 

the pattern expected, but this can also be explained by the inclusion in sequence divergence 

calculations of the divergent lineage within New Zealand. 
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Figure 9.4 - Ranked estimates of sequence divergence between regions in decreasing order, 

compared to the expected order based on life history and dispersal characteristics (total distance 

between regional populations reported in kilometres (km)). All images reproduced with permission: 

Parvulastra exigua (from Altoff and Falconer 2008, © Leon Altoff), Ischnura aurora (image credit: 

CSIRO 2004), Hemicordulia australiae (from Chew 2009), Alpheus pacificus (Moorea Biocode 

Project 2010, reproduced under CC BY-NC-SA 3.0 licence), Hinea brasiliana (Beechey 2009). 
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The geographic proximity of populations was not a reliable indicator of genetic similarity. 

Some Norfolk Island populations were least divergent from Australian populations, 1367km 

distant (for H. australiae and A. lacustris), not the closest landmass, 772km distant, New 

Zealand. Lord Howe Island populations were least divergent from New Zealand (1560km 

distant) for I. aurora or Norfolk Island (900km distant) for A. lacustris, not the closest 

landmass, 496km distant, Australia.  

9.3 Concordant phylogeographic patterns?  

One of the major research questions of this thesis was: Is there evidence of spatial or temporal 

congruence across species? To examine whether any concordant phylogeographic patterns 

could be discerned among taxa, mitochondrial haplotype networks (Figure 9.5) constructed in 

TCS v1.21 (Clement et al. 2000) and phylogenetic trees (Figure 9.6) constructed using BEAST 

v1.7.5 (Drummond and Rambaut 2007, Drummond et al. 2012) were re-examined with 

emphasis on the sampling location of individuals.  

As the main purpose of this thesis was to assess phylogeographic structure on a large-scale, 

sample sizes per area were typically small. Actual frequencies of local haplotypes were 

probably poorly assessed. In addition, it cannot be assumed that the mtDNA haplotype 

networks represent the exact history of the sampled populations, as these networks represent 

only one gene. The evolutionary history of population lineages may differ between genetic 

markers due to recombination or lineage sorting (Wakeley 2000, Posada and Crandall 2001). 

While the haplotype networks only represent one of many histories, when interpreted with 

the geographic distributions of mtDNA clades, their phylogenetic content gives a picture of the 

phylogeographic past of each species, providing a historical perspective to population 

structure and intraspecific evolutionary process (Avise et al. 1987). While mtDNA data provides 

insights into historical events, ideally studies should incorporate other types of genetic 

markers (Hughes et al. 2008b), as was done in this study, where possible. The phylogenetic 

trees presented here were constructed with sequence data from multiple gene loci, including 

nuclear loci, and support, or at least do not refute, the relationships based on mtDNA. 
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Figure 9.5 - Overview of haplotype networks for each study species: A. Hemicordulia australiae, B. 

Ischnura aurora, C. Parvulastra exigua, D. Amarinus lacustris, E. Hinea brasiliana and F. Alpheus 

pacificus constructed with mitochondrial DNA sequences. Haplotypes coloured by region: blue = 

Norfolk Island, green = Lord Howe Island, yellow = Australia, purple = New Zealand; other 

regions are empty. Outgroups and misidentified specimens not included. All images reproduced 

with permission: Parvulastra exigua (from Altoff and Falconer 2008, © Leon Altoff), Ischnura 

aurora (image credit: CSIRO 2004), Hemicordulia australiae (from Chew 2009), Alpheus pacificus 

(Moorea Biocode Project 2010, reproduced under CC BY-NC-SA 3.0 licence), Hinea brasiliana 

(Beechey 2009). 
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Figure 9.6 - Overview of MCC trees for each study species: A. Hemicordulia australiae, B. Ischnura 

aurora, C. Parvulastra exigua, D. Amarinus lacustris, E. Hinea brasiliana and F. Alpheus pacificus. 

A, B, D, E and F are multi-locus MCC gene trees and C is MCC gene tree. Tips coloured by region: 

blue = Norfolk Island, green = Lord Howe Island, yellow = Australia, purple = New Zealand; other 

regions are labelled on tips. Outgroups and misidentified specimens were not labelled. Note that the 

scale of Hinea brasiliana is an order of magnitude smaller than the rest of the trees. All images 

reproduced with permission: Parvulastra exigua (from Altoff and Falconer 2008, © Leon Altoff), 

Ischnura aurora (image credit: CSIRO 2004), Hemicordulia australiae (from Chew 2009), Alpheus 

pacificus (Moorea Biocode Project 2010, reproduced under CC BY-NC-SA 3.0 licence), Hinea 

brasiliana (Beechey 2009). 



      

228 

 

9.3.1 Spatial congruence? 

The genealogical sorting index (Cummings et al. 2008) was employed to quantify the 

genealogical structure of each species by assessing the amount of exclusive ancestry of a 

region on a tree. For pre-defined groups in a gene tree, the gsi is a standardised measure of 

the degree to which they exhibit exclusive ancestry (Cummings et al. 2008). The gsi statistic 

ranges from 1 (monophyly) to 0 (a complete lack of genealogical divergence with other 

groups). When two interbreeding populations initially diverge, their gene copies share many 

ancestors in common; however, over time, the gene copies in the two diverging populations 

will ultimately reach reciprocal monophyly (if genetic drift is unopposed) (Cummings et al. 

2008). In the early stages of two populations diverging, gsi values are at or near 0 and reflect 

absence of exclusive ancestry, whilst at the final stages of lineage sorting, gsi values reach 1 

and represent completely exclusive ancestry (Cummings et al. 2008). The null hypothesis is 

that the degree of exclusive ancestry of individuals is independent of any specific arrangement 

of group labels (here, geographic regions) on the tree, i.e. there is no significant association 

between similarly labelled individuals (regions) (Cummings et al. 2008). In other words, 

labelled groups are of mixed genealogical ancestry for a given tree topology, i.e. no divergence 

between regions, as measured by coalescent patterns in their gene trees. The significance of 

the gsi statistic was evaluated through randomisation of group labels across the tips of a tree 

for each species. The tree topology was held constant while group labels (i.e. regions) 

associated with the individuals were permuted, which randomises the association of members 

of the labelled groups (i.e. regions) (Cummings et al. 2008). A gsi value is calculated for each 

generated permutation, from which the frequency of gsi values equal to or greater than that 

observed from the original data is determined. This frequency is the p-value and is the 

probability of randomly obtaining a gsi value that is equal to or greater than the observed gsi 

value from the original labelled tree (Cummings et al. 2008).  

Cummings et al (2008) defined a measure of relative exclusivity, or genealogical sorting, 

denoted gs, for any group on any tree as: the minimum number of nodes on a fully resolved 

tree required to unite a group (which represents fully exclusive ancestry, i.e. monophyly), 

divided by the number of nodes actually uniting the group (which represents the observed 

amount of exclusivity in ancestry). This measure can be normalized to account for the 

minimum and maximum values the statistic can assume for a given data set. This normalized 

statistic is the genealogical sorting index, gsi, which is defined as gsi = (observed gs − min(gs)) / 

(max(gs) − min(gs)) (see Cummings et al. 2008 for more information on calculations). The gsi 

statistic was calculated using the genealogical sorting index web interface available at 
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(www.genealogicalsorting.org) (Cummings et al. 2008). An MCC tree estimated using BEAST 

was uploaded to the website in Newick format (trees were those estimated using multi-locus 

data for all species except for P. exigua whose tree was estimated using mtDNA data only). 

Geographic regions were assigned as group labels for the taxa and 10,000 permutations tests 

were used.   

This statistic was used to assess the level of genealogical divergence within each study species 

and to compare lineage divergence across species, to evaluate the extent of spatial 

congruence among species. In the absence of dispersal between regions over many 

generations, gsi values are close to one and represent complete lineage sorting. In the 

presence of recent and continuous dispersal, gsi values are close to zero and indicate a 

random assortment of lineages. If phylogeographic structure was spatially congruent across 

species, gsi values were expected to be similar across species within a region. 

Overall, there was considerable variation in measures of genealogical divergence across 

regions within species and across species within a region (Table 9.4). gsi values ranged from 

0.074 to 1, implying phylogeographic structure across species is not spatially congruent. Whilst 

uneven sample sizes can lead to an underestimation of the p-values for small group sizes 

(Cummings et al. 2008), this does not appear to be an issue for this particular analysis. Even for 

under-sampled regions, there was strong power to detect monophyly with p-values of less 

than 0.001 associated with those gsi values. 

For A. lacustris, haplotypes were strongly associated with specific regions, with high and 

significant gsi values obtained for each region for this species (Table 9.4); implying stretches of 

ocean between regions were strong barriers to dispersal. For H. brasiliana, haplotypes were 

not associated with specific regions, with no significant clustering found (Table 9.4). For the 

remaining species, at least one region in each case was found to have high and significant gsi 

values, rejecting the null hypothesis of mixed genealogical ancestry. This suggests that those 

regions have a high level of exclusive ancestry and harbour independently evolving lineages. 

The regions with significant gsi values were not consistent across species. 

http://www.genealogicalsorting.org/
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Table 9.4 - The genealogical sorting index for regional populations across study species 

 Norfolk Island Lord Howe Island Australia New Zealand 

Hemicordulia australiae 
0.427 

p = 0.001 
- 

0.407 

p = 0.001 
1 

p = 0.000 

Ischnura aurora 
0.364 

p = 0.008 

0.25 

p = 0.102 

0.2 

p = 0.2621 

0.176 

p = 0.352 

Amarinus lacustris 
1 

p = 0.000 
1 

p = 0.000 
0.797 

p = 0.000 
1 

p = 0.000 

Parvulastra exigua NA 
1 

p = 0.034 
0.477 

p = 0.003 
- 

Hinea brasiliana 
0.234 

p = 0.171 

0.156 

p = 0.485 

0.074 

p = 0.957 
- 

Alpheus pacificus 
0.568 

p = 0.000 

0.082 

p = 0.723 

0.188 

p = 0.139 
- 

 

For most species, evidence supporting any subdivision between regions was lacking. If there 

has been any separation between these regions, their populations have not yet evolved 

reciprocal monophyly. However, the very closely related haplotypes (identical or nearly 

identical) observed in multiple regions indicates recent gene flow has occurred between 

regions (Figure 9.5). For example, the most common mitochondrial haplotypes found for H. 

australiae, I. aurora and H. brasiliana were observed in multiple regions, suggesting recent 

historical connections between populations on different landmasses. 

Overall, three study species were found to be monophyletic in each region, i.e. H. australiae, A. 

lacustris and P. exigua (Table 9.4), however only A. lacustris exhibited strong subdivision 

between regional populations (Figure 9.6). This suggests that successful colonisation is rare for 

A. lacustris, as expected for the species with the least potential for dispersal. The remaining 

species were of mixed genealogical ancestry for at least one region (Table 9.4) and consisted of 

species with strong dispersal capabilities, i.e. I. aurora, H. brasiliana and A. pacificus. The 

shallower separations between regions found for these species are evidence of more recent 

population subdivisions (Figure 9.6). The lack of evidence of phylogenetic subdivision between 

regions for these species is most likely attributable to high effective gene flow between these 

areas. For example, the life history pattern of H. brasiliana (i.e. a planktonic larval phase that 

disperses passively in ocean currents before settlement in coastal areas) was expected to 

result in a nearly random distribution of haplotypes across the study region and the genetic 

data are consistent with this prediction.  

Of the three species sampled from New Zealand, two showed major phylogeographic 

discontinuities, with the New Zealand populations being highly distinct from other populations 

sampled for H. australiae and A. lacustris (Table 9.4). The independent haplotype networks 
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formed for the region (Figure 9.5), and a split in the multi-locus MCC trees (Figure 9.6), clearly 

distinguishes individuals from New Zealand for these two species.  

Of the six species sampled from Australia, three were found to have significant exclusive 

ancestry (Table 9.4), i.e. H. australiae, A. lacustris and P. exigua. However, only A. lacustris was 

highly distinct (Figure 9.6). The extent of structuring was much less pronounced for the other 

two species. Dispersal appears to be far more restricted for P. exigua, which did not share any 

haplotypes with other regions, unlike H. australiae which shared haplotypes with Norfolk 

Island (Figure 9.5).  

Of the five species sampled from Lord Howe Island, two were found to have significant 

exclusive ancestry for this region (Table 9.4), i.e. A. lacustris and P. exigua. However, once 

again, A. lacustris showed far greater phylogeographic structuring than P. exigua (Figure 9.5, 

Figure 9.6).  

In contrast, Norfolk Island harboured four species that exhibited significant exclusive ancestry 

for this region and, in addition, although a gsi value could not be computed for P. exigua 

(because a single haplotype was identified), it was also technically monophyletic (Table 9.4). 

Only haplotypes of A. lacustris were highly divergent, compared to the other species that 

exhibited exclusive ancestry for Norfolk Island, i.e. H. australiae, I. aurora, A. pacificus and P. 

exigua (Figure 9.6). Whilst Norfolk Island harboured unique haplotypes for all four species, for 

three species it also shared haplotypes with at least one other region (Figure 9.5). 

To identify the limit to dispersal distance within the study region for each species, the extent 

of genetic differentiation between regions was re-assessed. For this purpose, FST and ɸST 

statistics were recalculated in Arlequin v3.5.1.3 (Excoffier and Lischer 2010) with misidentified 

specimens removed and Australian sites pooled.  The genetic differentiation observed for A. 

lacustris and P. exigua between all regions in the focus study region indicated that these 

species experience strong barriers to dispersal (Figure 9.7). In stark contrast, H. brasiliana and 

A. pacificus were not significantly differentiated between regions within the focus study region 

(with the exception of a significant ɸST value between Norfolk Island and Australia for A. 

pacificus which probably reflects species level differences), indicating that barriers to dispersal 

between regions were negligible. Within the flying insects, genetic differentiation was more 

pronounced in H. australiae than I. aurora (Figure 9.7), which implied higher rates of effective 

dispersal between regions for I. aurora.  
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Figure 9.7 - Limits to dispersal distance and identification of boundaries or barriers between 

regions for each study species: A. Hemicordulia australiae, B. Ischnura aurora, C. Parvulastra 

exigua, D. Amarinus lacustris, E. Hinea brasiliana and F. Alpheus pacificus. Black double headed 

arrows indicate no significant differentiation based on FST, black broken lines indicate significant 

genetic differentiation based on FST, red relationships are those based on ɸST that differed from 

FST, otherwise significance of genetic differentiation based on ɸST and FST were in agreement. 

Regions colour coded as blue = Norfolk Island, green = Lord Howe Island, yellow = Australia, 

purple = New Zealand. Norfolk Island and Lord Howe Island are not drawn to scale. Placement of 

arrow heads or broken lines do not indicate specific sampling sites, all calculations were based on 

individuals pooled for each region. All images reproduced with permission: Parvulastra exigua 

(from Altoff and Falconer 2008, © Leon Altoff), Ischnura aurora (image credit: CSIRO 2004), 

Hemicordulia australiae (from Chew 2009), Alpheus pacificus (Moorea Biocode Project 2010, 

reproduced under CC BY-NC-SA 3.0 licence), Hinea brasiliana (Beechey 2009). 

 

These patterns again relate strongly to the dispersal ability of the organisms under study. 

Those with free swimming larvae in the marine environment experience large-scale dispersal 

between regions (Figure 9.7E, F), whereas those with direct development are highly structured 
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(Figure 9.7C, D). The genetic patterns found for the insects reflect their larger scale distribution 

patterns; both species are geographically widespread providing further evidence that they are 

excellent dispersers. The different degree of genetic differentiation observed for the insects at 

first seems paradoxical. The strong, robust flying dragonfly would presumably be able to 

disperse further than the smaller, more fragile damselfly. However, it could be that H. 

australiae is more capable of remaining in situ during strong winds, whereas I. aurora is more 

likely to be blown off course and become entrained in strong winds and carried to distant 

areas. The smaller size of I. aurora may mean it is unable to fly as far as H. australiae actively, 

but it may also mean that it could be dispersed further passively in wind currents. 

Alternatively, the New Zealand lineage identified as H. australiae may represent a different 

species. If this is the case, the genetic distinctness of the New Zealand lineage has nothing to 

do with dispersal and the suggestion that dispersal to New Zealand for H. australiae is 

restricted would be incorrect. This may be plausible given that the relationship between 

Australia and Norfolk Island suggests that dispersal does occur over a large stretch of ocean.  

9.3.2 Temporal congruence? 

Temporal congruence across taxa was not observed. Of the species that showed 

phylogeographic structuring, the depths of genealogical splits were not consistent across the 

study species, suggesting that the timing of historical isolation may be different among species 

(Figure 9.6). Large differences were found in population divergence, estimated using BEAST 

v1.7.5 (Drummond and Rambaut 2007, Drummond et al. 2012) (almost 100 fold). The 

estimated times that two regions last shared a common ancestor were vastly different 

between species, ranging from 0.31 – 25.29mya (Table 9.5).  

Table 9.5 - Estimated time two regions last shared a common ancestor for each study species (time 

in millions of years)  

 
Times of population separation or time to most 

recent common ancestor 

 

Species 
NI-

LHI 

NI-

AUS 

NI- 

NZ 

LHI-

AUS 

LHI-

NZ 

AUS-

NZ 

Overall coalescent 

time of the species 

Hemicordulia australiae - 0.51 1.07 - - 1.07 1.07 

Ischnura aurora 0.58 1.26 0.47 1.26 0.58 1.26 1.51 

Amarinus lacustris 7.09 4.64 11.14 7.09 11.14 11.14 11.14 

Parvulastra exigua 0.75 0.86 - 0.86 - - 4.32 

Hinea brasiliana 0.44 0.31 - 0.44 - - 0.44 

Alpheus pacificus 25.29 25.29 - 25.29 - - 25.29 
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The discrepancies in the estimated times of shared ancestry between regions were most likely 

due to the different dispersal regimes of each species, assuming that the sequence divergence 

estimates are relatively accurate. If temporal congruence across species was not observed, it 

was expected that species with high dispersal capabilities would have diverged more recently 

than species with lower dispersal capabilities. Those that disperse well were estimated to have 

shared a common ancestor most recently, e.g. H. brasiliana with a planktonic larval phase, and 

those with limited dispersal opportunities were estimated to have last shared a common 

ancestor much earlier, e.g. A. lacustris with an obligatory freshwater lifecycle. When species 

were ordered from the oldest to the earliest estimated times that all regions last shared a 

common ancestor (1. A. pacificus, 2. A. lacustris, 3. P. exigua, 4. I. aurora, 5. H. australiae, 6. H. 

brasiliana (see Table 9.5)), their sequence was very similar to that if they were ordered by 

dispersal ability (Figure 9.2), with the exception of A. pacificus. The extremely old estimates for 

A. pacificus were due to the existence of several putative species within the focal study region. 

Furthermore, these inter-species divergences estimated for A. pacificus may be irrelevant to 

the between region divergences, as the speciation could have happened elsewhere. Overall, 

temporal congruence across taxa was not observed, however divergence estimates were well 

explained by the dispersal capabilities of the study species. 

9.3.3 Incongruent patterns: Dispersal potential as a valid explanation 

Overall, spatial and temporal congruence was not observed across taxa, with life history and 

dispersal characteristics explaining much of the variation in phylogeographic patterns. The 

planktonic nature of the larvae of H. brasiliana and A. pacificus allow larvae to be entrained in 

prevailing currents and were therefore much more likely to be dispersed than the sessile 

larvae of P. exigua. Parvulastra exigua did show a greater extent of phylogeographic 

structuring than that observed for H. brasiliana and A. pacificus within the focal study region. 

The winged terrestrial stage of two freshwater invertebrates, H. australiae and I. aurora, allow 

adults greater dispersal potential, compared to A. lacustris which is obligately freshwater and 

has direct development. Hemicordulia australiae and I. aurora exhibited less phylogeographic 

structuring than A. lacustris, which exhibited marked differentiation between populations. 

9.4 Genetic diversity comparison: island versus mainland 

One of the main research questions of this thesis was: do the populations studied here 

harbour different levels of genetic diversity? It was expected that island populations would 

harbour lower levels of genetic diversity compared to mainland populations. Populations on 

oceanic islands are susceptible to extinction due to the loss of genetic variation at foundation, 
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small population sizes and inbreeding (Frankham 1995b, Frankham 1998). The quantification 

of genetic diversity levels within the island populations studied here was therefore considered 

as an important measure. In order to quantify the genetic diversity within species in each 

region, possibly misidentified specimens were removed and Australian sub-populations were 

pooled, before calculating diversity indices in Arlequin v3.5.1.3 (Excoffier and Lischer 2010), 

based on mtDNA sequence data. Only mtDNA sequence data was used, as sample sizes were 

very low for nuclear loci. 

Within some species, mainland populations did harbour the highest levels of haplotype 

diversity. For example, in I. aurora, Australia harboured the highest levels of haplotype 

diversity and in P. exigua, Australia and Southern Africa harboured more haplotype diversity 

than oceanic islands (Figure 9.8). Furthermore, within some species, haplotype diversity was 

lowest on an oceanic island. For example, populations of A. lacustris and P. exigua on Norfolk 

Island harboured no haplotype diversity at all. However, this was not a general trend across 

species (Figure 9.8), with some island populations harbouring higher levels of haplotype 

diversity compared to mainland populations. For example populations of A. lacustris on Lord 

Howe Island harboured more haplotype diversity than the Australian mainland populations 

combined (Figure 9.8). New Zealand, which could be considered both an island and a mainland 

(Daugherty et al. 1993, Wallis and Trewick 2009), contained populations of H. australiae and A. 

lacustris that harboured the highest levels of haplotype diversity for those species.  

For some species, mainland populations also harboured the highest levels of nucleotide 

diversity. For example, populations of I. aurora, H. brasiliana and A. pacificus in Australia, and 

populations of P. exigua in Australia and Southern Africa harboured the highest levels of 

nucleotide diversity (Figure 9.9). Within some species, nucleotide diversity was lowest on an 

oceanic island. For example, populations of H. australiae, A. lacustris, P. exigua, H. brasiliana 

and A. pacificus on Norfolk Island harboured the lowest levels of nucleotide diversity (Figure 

9.9). However, on the other oceanic island studied, one species harboured the highest levels of 

nucleotide diversity, i.e. A. lacustris on Lord Howe Island. New Zealand harboured both the 

highest levels of nucleotide diversity, in H. australiae, and the lowest levels of nucleotide 

diversity, in I. aurora. 
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Figure 9.8 - Haplotype diversity within geographic regions for each study species (± s.d.) 

 
Figure 9.9 - Nucleotide diversity within geographic regions for each study species (note the break in scale of nucleotide diversity for Australia)(± s.d.) 
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To test whether there were significant differences in levels of genetic diversity between islands 

and mainlands, paired t-tests were carried out in the statistical software package R v3.0.2 (R 

Development Core Team 2008). Only one of the oceanic islands was found to harbour 

significantly less haplotype diversity than the Australian mainland. Norfolk Island harboured 

significantly less haplotype diversity than Australia across the six study species sampled in both 

regions (t = -3.12, df = 5, p-value = 0.026), however levels of haplotype diversity were not 

significantly different between Lord Howe Island and Australia (t = -2.24, df = 4, p-value = 

0.089). For Lord Howe Island, levels of haplotype diversity were similar to Australian mainland 

populations across the five study species sampled in both regions. The pattern was not 

expected but may be explained by the distance of the oceanic islands from the Australian 

mainland, presumably the source of all colonists for at least the majority of the study species. 

The significantly lower haplotype diversity on Norfolk Island may be due to its greater degree 

of isolation, lying 1367km from the Australian coastline. Lord Howe Island may experience 

higher rates of immigration of new alleles than Norfolk Island because it is situated closer to 

the mainland, only 469km from the Australian coastline.   

While Norfolk Island harboured the lowest levels of nucleotide diversity compared to all other 

regions, there was no significant difference in nucleotide diversity between Norfolk Island and 

Australia across the six study species sampled in both regions (t = -1.14, df = 5, p-value = 0.31). 

Levels of nucleotide diversity were also not significantly different between Lord Howe Island 

and Australia across the five study species sampled in both regions (t = -0.69, df = 4, p-value = 

0.53). Overall, genetic diversity was not always lowest in island populations.  

Genetic diversity, at the population level, has been found to be significantly correlated with 

population fitness (Reed and Frankham 2003). Genetic variation allows populations to evolve 

in response to environmental change (Frankham 1996). With continuing habitat destruction 

world-wide and the increasing threat of global climate change, all of earth’s organisms face 

extreme peril and immense obstacles to population persistence. Without abrupt policy 

changes to protect the environment, the ability of populations to persist during the effects of 

these threatening processes relies on their ability to track these environmental changes or to 

rapidly adapt to them (Ferriere et al. 2000). The loss of genetic variation increases the 

susceptibility of populations to environmental stochasticity and catastrophes (Frankham 

1995a). As such, species with low genetic variation are expected to have a reduced ability to 

cope with environmental changes (Frankham 1995a).  
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High levels of genetic diversity have been found in other species on Lord Howe Island, for 

example the endemic palm Hedyscepe canterburyana (Simmons et al. 2012). The genetic 

diversity present within species on this particular oceanic island has been inferred to provide a 

short term buffer to climatic variability and the means to genetically adapt in the long term to 

a changing climate (Simmons et al. 2012). Whilst this will also be afforded to A. lacustris 

populations on Lord Howe Island, the same cannot be said of the Norfolk Island population. 

The extremely low levels of genetic diversity within some species on Norfolk Island is 

concerning, particularly for A. lacustris and P. exigua for which each entire population on 

Norfolk Island was represented by a single mtDNA haplotype. The cause of the low genetic 

diversity found within species on Norfolk Island is most likely due to a severe bottleneck at 

founding and continually low effective population sizes, which may have resulted in 

inbreeding.  Inbreeding and loss of genetic variation are believed to increase the risk of 

extinction (Frankham 1995a).  

Inbreeding in island populations has been detected at levels associated with elevated 

extinction risks in laboratory and domestic species (Frankham 1998). The first study 

investigating the effect of inbreeding on extinction in a natural population was undertaken for 

a butterfly metapopulation which also reported that inbreeding (inferred from decreased 

heterozygosity) caused a reduced level of fitness (larval survival, adult longevity and egg-

hatching rates were adversely affected) and increased extinction rates (Saccheri et al. 1998, 

also see Haikola et al. 2001, and Nieminen et al. 2001 for further examples providing 

experimental evidence that inbreeding increases extinction risk).  

The current disjunct distribution of A. lacustris across the study region is best explained by 

transoceanic dispersal to the islands from either Australia or New Zealand, followed by 

geographic isolation. Present day long-distance oceanic dispersal appears negligible due to the 

high levels of genetic divergence between geographically separate populations. It seems 

plausible that the monophyletic clades found on Norfolk Island and Lord Howe Island have 

resulted from single colonisation events. The strongly supported monophyletic clades of A. 

lacustris present on each island (Figure 9.6) suggests populations have been isolated for a long 

period of time, with no recent immigration. 

If the lineages of A. lacustris on Norfolk Island and Lord Howe Island are lost, a large amount of 

genetic diversity will also be lost. Re-colonisation from other areas seems highly unlikely, and 

even if it were possible, dispersing individuals would be genetically distinct from the divergent 
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clades presently on the islands. This highlights the importance of the conservation and 

preservation of genetic diversity. Sound conservation practice involves the protection of 

divergent populations (Moritz 1994a), such as those found for A. lacustris. 

While the identification of low levels of genetic diversity within some species on Norfolk Island 

is disconcerting, there are some management options that could be implemented to either 

preserve the diversity left or attempt to increase levels, such as protecting available habitat 

and restoring degraded freshwater ecosystems. The most important criterion is to preserve 

genetic variability and decrease opportunities that lead to smaller population sizes, as this 

leads to a further loss of genetic variation (Soulé 1980). Developing criteria to determine 

population sizes or minimum areas which provide maintenance of fitness and the adaptive 

potential of a species should be the main goal (Soulé 1980).  

9.5 Conclusions 

Molecular markers have played a central role in our understanding of the patterns and 

mechanisms of dispersal (Bohonak and Jenkins 2003). With the application of genetic data, this 

study found that rather than being a rare event, dispersal over oceanic barriers appears to be a 

common phenomenon over geological time. Whilst vicariant explanations may explain the 

distribution of some species within and between continents, dispersal must be acknowledged 

as the overriding process leading to island biotic assemblages (Cook and Crisp 2005, de 

Queiroz 2005a, Cowie and Holland 2006, Waters 2008, Gillespie et al. 2012). Based on the low 

genetic divergence between populations of separate landmasses found in this study for some 

species, it appears that dispersal is both widespread and frequent. Although rare dispersal 

events of individuals could potentially establish populations on remote islands, results of this 

study imply that frequent dispersal events take place within the study region for some species. 

Overall, there was little spatial and temporal concordance between phylogeographic patterns 

across species. If congruent patterns did emerge for such a diverse group of species, the forces 

responsible for shaping such patterns must have been strongly influential (Avise 1992). The 

lack of spatial or temporal congruence among species indicated that historical biogeographical 

forces have not concordantly influenced species across the study region. Regional populations 

were not commonly distinguished between species. Neither in the freshwater nor the marine 

realms were deep and geographically concordant patterns found. With a lack of concordance 

in phylogeographic patterns it can be surmised that their biogeographic histories are 

independent, there is no evidence of similar histories of population separation. 
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Phylogeographic patterns were best explained by idiosyncratic differences at the species level, 

i.e. their life history and dispersal characteristics. These dispersal characteristics were fairly 

good approximations of the expected phylogeographic structure of a species.  

The heterogeneity of observed genetic variation appears to be primarily related to the life 

history pattern and dispersal capability of a species. High-powered flight in insects and passive 

larval phases of marine invertebrates can allow for seemingly frequent, transoceanic dispersal 

over hundreds of kilometres, whereas movement of organisms with lower dispersal abilities 

appears to be less frequent, leading to genetic divergence. Just as Avise (2009) predicted, this 

study found: 1. species with low dispersal capabilities were characterised by strong 

genealogical population structure, with similar or identical haplotypes forming monophyletic 

clades with deep splits in phylogenetic trees distinguishing regional sets of populations 

(pattern found for A. lacustris); and 2. species with high dispersal potential were characterised 

by a lack of phylogeographic structure (pattern found for H. brasiliana). Life history and 

dispersal characteristics were a moderately good predicator of the structuring observed.   

Dispersal is obviously an extremely important phenomenon for the origin and accumulation of 

island biota. Aquatic invertebrate communities on Norfolk Island and Lord Howe Island have 

assembled solely on the basis of dispersal to the islands. Estimated divergence times indicate 

relatively recent colonisation of the oceanic islands studied here via transoceanic dispersal 

after volcanic emergence. All Norfolk Island lineages have arisen since volcanic emergence of 

the island 3.05 – 2.3 million years ago (Jones and McDougall 1973) and all Lord Howe Island 

lineages have arisen since or coincided closely with the volcanic emergence of the island 6.9 – 

6.4 million years ago (McDougall et al. 1981). Norfolk Island’s and Lord Howe Island’s varying 

degrees of affinity with surrounding landmasses appear to be largely dependent upon the 

organism in question, as a result of their dispersal capacity. Lineages on the oceanic islands 

harbour unique, and in some species divergent, haplotypes, that should be afforded 

protection, particularly in the cases where low levels of genetic diversity were observed. 

An important application of comparative phylogeography is to identify evolutionarily isolated 

areas to inform conservation strategies and priorities (Bermingham and Moritz 1998, 

Hickerson et al. 2010). The results of this thesis provide more evidence that species should not 

be viewed as monotypic taxa, i.e. they should not be considered as entities that do not consist 

of smaller infraspecific taxa, but rather as a series of geographically differing populations with 

ordered, genetic and historic structure (Avise 1992). Molecular data presented here suggest 

that some regional populations, particularly those confined to the oceanic islands of Norfolk 
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Island and Lord Howe Island, contain a substantial amount of unique genetic variation, 

indicating that these areas contain significant evolutionary units that deserve protection (see 

Moritz 1994b). Conservation of this diversity should be a priority of population management.  
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