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Abstract
Hydrophiine sea snakes are the most speciose group of extant marine reptiles. Species occur in
a variety of shallow-water habitats throughout the Indo West Pacific with highest species
diversity in northern Australia and South East Asia. Each of these regions hosts a suite of
endemics but they also share widespread taxa. Viviparity distinguishes hydrophiine sea snakes
from many other marine taxa, and reproductive outputs are low and dispersal potentially
restricted. These life-history characteristics predict strong population subdivision for marine
hydrophiine species. Nonetheless, species preferentially occur in different habitat types that are
predicted to restrict dispersal and gene flow to varying degrees and result in divergent genetic
signatures among species. These ecological, evolutionary and life-history characteristics make
marine hydrophiines an excellent group for comparative study, yet surprisingly little is known
about their genetics, evolution and conservation. In this thesis I use molecular genetic
techniques to explore the evolutionary history of the marine hydrophiine lineage, and
population genetic processes for two sea snake species in northern Australian waters, and
discusses the implications of results for conservation.

Evolutionary relationships among marine hydrophiines were first formalised using
morphological characters and traditionally three lineages have been recognised: the Aipysurus
lineage (nine species in two genera), the Hydrophis lineage (~40 species: ~27 in the genus
Hydrophis and the remainder in ten additional genera), and three ‘primitive’ monotypic genera.
While taxonomic revisions and controversies abound, none has been based on modern
molecular techniques. This study used mitochondrial DNA sequencing to infer evolutionary
relationships among representative marine hydrophiine species from the Aipysurus lineage (six
species), Hydrophis lineage (15 species), and two ‘primitive’ genera. Parsimony, likelihood and
Bayesian analyses of cytochrome b (1080 bp) and 16S rRNA (510 bp) sequences yielded the
same optimal tree that grouped Aipysurus and Hydrophis species into strongly supported
reciprocally monophyletic clades. Relationships among species and genera in the Aipysurus
lineage were well resolved however the same was not true for the Hydrophis lineage. The ratio
of phenotypic to genetic diversity for the Hydrophis lineage was four to seven times greater
than for the Aipysurus lineage. This evidence, together with the poorly resolved relationships
among Hydrophis lineage species, suggests that this lineage is a rapidly diverged adaptive
radiation, probably driven by sea level fluctuations in South East Asia that promoted vicariance
and speciation. In contrast, the Aipysurus lineage appears evolutionarily stable.
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Sea level perturbations not only influenced speciation patterns in South East Asia and
northern Australia, they also left footprints on the population genetic signatures of marine
taxa in this region. The cyclic emergence of the Torres Strait land bridge between Australia
and New Guinea, repeatedly sundered east and west coast populations in Australia, with
subsequent range expansions into new shallow water marine habitats as sea levels rose. These
biogeographical perturbations invoke three broad scenarios regarding the directions of interglacial range expansion (west to east, east to west, or bi-directional). These hypotheses were
evaluated for two widespread and abundant hydrophiine species that differ in their habitat
preferences, distributions and evolutionary histories. The olive sea snake, Aipysurus laevis, is
restricted to Australasian waters where it occurs primarily on reefs, a relatively discontinuous
habitat with potential barriers to dispersal. In contrast, the range of the spine-bellied sea
snake, Lapemis curtus, (Hydrophis lineage) extends from Australia to the Arabian Gulf, and
this species occupies a variety of shallow-water habitats with fewer barriers to gene flow.

A fragment of the mtDNA ND4-tRNA region (726 bp) was sequenced for A. laevis (n = 354)
from 14 locations in three regions - the Great Barrier Reef (GBR), the Gulf of Carpentaria
(GoC) and Western Australia (WA). Forty-one variable sites defined 38 putative haplotypes.
Each region was characterised by a unique suite of haplotypes that comprised one or two
common and numerous rare haplotypes. There was marked population subdivision (FST =
0.61, p <0.001; φST = 0.78, p <0.001) and coalescent analyses revealed no migration between
regions. Genetic diversity in the GBR and GoC was low and within-region ‘star’ phylogenies
indicated range expansions consistent with recent marine transgressions ~7,000 years ago. In
contrast, genetic diversity on most WA reefs was higher with no signal of recent expansion
events. Phylogenetic reconstruction indicated that GBR and GoC haplotypes were derived
from WA haplotypes, suggesting west to east dispersal. However, network analysis supported
range expansion in the GBR and GoC by refugial east coast populations, possibly from the
Coral Sea. Patterns of gene flow within regions reflected the potential connectivity among
sub-populations afforded by regional habitat types. Taxon-specific microsatellite primers
were developed for repeat regions sequenced from positive clones screened from unenriched
and enriched genomic libraries. Population genetic analyses of five microsatellite loci
revealed weaker population subdivision (FST = 0.059, p < 0.001: RST = 0.029, p < 0.0013) but
similar patterns of population structure. Bayesian clustering analyses identified two
populations with individuals from a combined GBR - GoC group distinct from WA.
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Sequences of the ND4-tRNA region (706 bp) for L. curtus (n = 62) revealed 20 variable sites
and 17 haplotypes from seven Australian locations and Thailand (n = 2). Six locations in the
GBR and GoC shared one common haplotype, however the 14 rare haplotypes were not
shared between regions and generally not shared among locations. Phylogenetic and network
analyses revealed a classical ‘star’ phylogeny with rare haplotypes arranged around the
widely distributed common haplotype, and genetic diversity was low, suggesting that
Australian waters were colonised recently by one L. curtus matriline, probably from South
East Asia. Two divergent haplotypes sampled in Thailand indicated strong population
subdivision at larger spatial scales. Population subdivision in Australia was low (FST = 0.097,
p < 0.032; φST = 0.039, p > 0.05), yet the relationship between genetic and geographical
distance revealed a pattern of isolation-by-distance along a geographical gradient consistent
with the continuous habitat types used by L. curtus. This pattern of isolation-by-distance was
not found for A. laevis suggesting that habitat discontinuities between reefs within regions act
as barriers to gene flow, particularly in WA and the GBR. Microsatellite loci for Australian L.
curtus individuals were either monomorphic or had very low allelic diversity. By contrast, the
two individuals from Thailand had private alleles at several loci.

The conservation status of hydrophiine sea snakes is poorly known, however, recent reports
suggest declining abundances and loss of endemic aipysurids on protected Australian reefs.
Threatening processes for reef-associated species, such as A. laevis, are unclear but must
include habitat degradation and loss. Aipysurus laevis typically occurs at discrete reefs and
may be influenced by metapopulation dynamics. Factors driving spatial and temporal stability
of local populations are poorly understood and it is not clear whether specific conservation
strategies, such as networks of marine protected areas, will ensure the persistence of this
species. Classification tree analyses of distribution data of A. laevis on 90 reefs in the
southern GBR (surveyed 1 to 11 times over 35 years) indicated that its status on reefs (present
= 38, absent = 38, changed = 14) was related to reef location, exposure, and area (data on
potential biotic factors were not available). Perhaps more importantly, the prior protection
status of reefs did not account for A. laevis’ distribution. Despite the ability of A. laevis to
expand its range into new marine habitats, contemporary gene flow appears restricted. The
regional distinctiveness of mtDNA lineages suggests that the GBR, GoC and WA comprise
separate management units warranting independent conservation strategies for this species.
Lapemis curtus had higher levels of gene flow; however, this species accounts for > 50% of
sea snake by-catch in Australian trawl fisheries, with tens of thousands caught annually. The
direct impact on populations is unknown but reduction in by-catch is undoubtedly desirable.
xi
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Chapter 1

General Introduction
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1.1 Introduction
Northern Australia’s tropical marine environments are biologically diverse. The nature and
importance of historical and contemporary processes for shaping patterns of biological and
genetic diversity are receiving increasing attention by research scientists. Concerns about the
loss of biodiversity, both at organismal and genetic levels, are partly driving these research
endeavours. Studying the effects of Pleistocene paleoclimatic perturbations on the
distribution of biological and genetic diversity can provide invaluable insights about the
ways in which micro- and macro-evolutionary processes have shaped and maintained
biodiversity. Phylogeographic patterns can reveal historical divergences within species that
represent important components of biodiversity but are not reflected in species diversity
(Avise et al., 1987; Rissler et al., 2006). Thus, intra-specific evolutionary lineages
(phylogroups) may warrant specific conservation status as either evolutionarily significant
units (ESU’s) or management units (MU’s) (Moritz, 1994). More importantly, congruent
phylogeographic patterns may be used to identify key regions for conservation (Avise, 1995;
Moritz & Faith, 1998; Rissler et al., 2006). Similarly, patterns of contemporary population
genetic structure and gene flow represent an importance source of information about levels
of connectivity among populations which are, in turn, critical for the design of effective
conservation strategies, such as networks of marine protected areas (Palumbi, 2003, 2004).

Tropical marine ecosystems are heavily impacted by a range of threatening processes, such
as the degradation and loss of critical habitats, over-fishing, climate change and disease.
Most tropical marine habitats are located in developing nations that have high human
population densities in coastal areas and where these impacts can prove challenging to
manage. Australia, by contrast, has relatively low population densities in tropical regions
and is in a better position to conserve critical tropical marine habitats and species than many
poorer developing nations. A program to establish a national network of marine protected
areas around Australia is currently underway and, as part of this process, research effort is
being directed into better understanding patterns of connectivity among populations in
Australian marine ecosystems. This research has focused on certain taxonomic groups,
particularly fishes (Doherty et al., 1995; Jones et al., 1999, 2005; Bode et al., 2006; Cowen
et al., 2006) and corals (Ayre & Hughes, 2000, 2004), while other taxonomic groups have
received far less attention. A group that has previously received no attention is the
hydrophiine sea snakes.
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1.2 Hydrophiine sea snakes
Hydrophiine sea snakes are viviparous predatory marine reptiles that inhabit the shallow
tropical waters of reefal, inter-reefal or inshore habitats throughout the Indo-West Pacific
(IWP). There are ~ 54 species in ~13 genera, with highest species diversity occurring in
northern Australia and South East Asia (SE Asia). More than half of all species are assigned to
one or other of the two largest genera [Aipysurus (~ seven species); Hydrophis (~27 species)],
and each genus is represented by both widespread and endemic species. However, patterns of
distribution and endemism differ markedly between the two genera. Species diversity of the
genus Hydrophis is highest in SE Asia, with just six to eight species reliably reported from
Australian waters, and five of these species appear to be Australasian endemics (Cogger,
2000). By contrast, six of the seven Aipysurus species are restricted to Australasian waters,
while the seventh extends its range from northern Australia into SE Asia (Cogger, 2000). In
addition, three ‘primitive’ monotypic genera occur exclusively in northern Australian waters.
Hydrophiine sea snakes account for ~ 85% of extant marine reptile species: the remainder
comprise seven species of sea turtles, the saltwater crocodile, Crocodilus porosus, the marine
iguana, Amblyrinchus chrystatus, and four other lineages of marine snakes. Although
terrestrial snakes have colonised the marine environment on five separate occasions
(Heatwole, 1999), the marine hydrophiine lineage is the most diverse marine serpentine
invasion and the only extant group of marine reptiles to have completely freed itself from
land. The evolutionary uniqueness and diversity of Australia’s hydrophiine sea snakes is
recognised as having significant biodiversity and conservation value, and formalised by the
inclusion of all hydrophiine sea snake species as listed marine species in the Environment
Protection and Biodiversity Conservation Act (Commonwealth) 1999 (EP&BC Act)
(Commonwealth of Australia, 1999). As listed marine species, hydrophiine sea snakes are
afforded special protection under the provisions of this legislative act. The EP&BC Act (1999)
also recognises that key biological and ecological information is needed for evaluating a
species’ conservation status. When this information is not available for a taxonomic group, its
acquisition becomes a priority. Basic biological, distributional, and ecological information is
limited for most sea snake species and long-term distributional data are virtually non-existent.
Moreover, prior to this study no information was available on the molecular ecology and
evolution for marine hydrophiines. The overarching aim of this thesis was, therefore, to use
modern molecular approaches to explore the evolutionary history of hydrophiine sea snakes
and to compare patterns of phylogeography, population structure and gene flow around
northern Australia for two representative widespread species.
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1.3 Evolutionary history and systematics of marine hydrophiines
Hydrophiine sea snakes arose within the Australo-Papuan terrestrial elapid lineage (Keogh,
1998; Keogh et al., 1998). The family Elapidae comprises two subfamilies: the Elapinae, a
paraphyletic group that includes all African and Asian elapids (cobras, coral snakes, mambas
etc.), and the Hydrophiinae, a monophyletic lineage comprising terrestrial Austalo-Papuan
elapids, marine hydrophiines, and an additional marine genus, Laticauda (Slowinski &
Keogh, 2000). Marine hydrophiines (‘true’ sea snakes) and Laticauda (sea kraits) evolved
from two independent invasions of the marine environment by terrestrial elapids: marine
hydrophiines arose within the viviparous Australian ‘Notechis group’ (Slowinski et al.,
1997; Keogh et al., 1998), whereas the amphibious genus Laticauda arose within a poorly
defined oviparous Australo-Melanesian clade (Keogh et al., 1998) and has retained its
ancestral oviparous condition. Due to lack of fossil evidence, the timing of the origin and
divergence of the marine hydrophiine radiation remains obscure. Nonetheless, fossil
evidence from the Riversleigh deposits of northern Australia documents the existence of
ancestral terrestrial hydrophiines in the early Miocene (Scanlon et al., 2003); thus, the origin
of the marine hydrophiine radiation may have occurred as early as 25 to 30 million years
ago, but may also have begun more recently (Voris, 1977).

All elapid snakes are united by their proteroglyphous condition (McDowell, 1968;
McCarthy, 1985) and most marine hydrophiines have retained the characteristic fixed front
fangs, specialised venom delivery apparatus, and toxic venom of their ancestors. Many
morphological characteristics of snakes, such as an elongate body ideal for swimming and an
elongate right lung allowing infrequent breaths, are ‘pre-adaptive’ for an aquatic lifestyle
(Heatwole, 1978). In addition, hydrophiine sea snakes have evolved specialised adaptations
for the marine environment that include: 1) a flattened paddle tail that enhances aquatic
locomotory prowess; 2) cutaneous respiration allowing extended dive times (Dunson, 1975a;
Heatwole & Seymour, 1975); 3) nasal valves that prevent water entering the lungs; and 4) a
posterior sublingual gland for excretion of excess salt (Dunson, 1975b). However, viviparity
and the ability to deliver toxic venom probably contributed most to the establishment and
highly successful radiation of the marine hydrophiine lineage (in terms of species diversity
and geographical distribution) compared with other serpentine marine invasions.

The first comprehensive description and classification of hydrophiine sea snakes was
Smith’s (1926) monograph, which placed the ‘true’ sea snakes, together with the sea kraits,
into the Family Hydrophiidae and recognised two major evolutionary lineages, here called
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the Aipysurus and Hydrophis lineages after the most speciose genus in each group. Until
recently, most studies retained the Family status of marine hydrophiines, and phylogenetic
estimates based on morphology (Burger & Natsuno, 1974; Voris, 1977; Rasmussen, 2002)
or immunological evidence (Cadle & Gorman, 1981) have recovered the same major
lineages. At the same time, there has been considerable controversy regarding the validity
and taxonomic composition of some genera, particularly in the Hydrophis lineage (~ 40 in
11 genera), and the affinities of the three putatively primitive monotypic genera (Greer,
1997). These controversies reflect, in part, the challenges of using morphological characters
(number and structure of scales and vertebrae, cranial characters, venom gland musculature,
visceral anatomy, and hemipene morphology) to infer phylogenetic relationships among
snakes (Keogh, 1999). Many morphological adaptations of snakes are the evolutionary
legacy of a process of simplification and reduction of structures of their lizard ancestors;
thus, morphological characters tend to be extremely uniform across a wide range of taxa.
Morphological homogeneity is compounded for lineages that have undergone adaptive
radiations, such as the ‘advanced snakes’ or colubroids in general (Keogh, 1999) and
Australia’s terrestrial hydrophiines in particular (Keogh, 1998; Keogh et al., 1998). The
resultant high levels of homoplasy create challenges for correctly polarising characters,
identifying appropriate outgroups, and inferring evolutionary relationships among lineages.

Modern molecular genetic approaches are extremely powerful for inferring evolutionary
relationships and testing previously hypothesised relationships based on morphology (Avise,
2006). In order to infer inter-specific and inter-generic relationships for hydrophiine sea
snakes and address taxonomic issues within the group, I generated mitochondrial DNA
(mtDNA) sequences of the cytochrome b and 16S rRNA genes, which were used to
construct a phylogenetic hypothesis for the marine hydrophiines. Relationships among
species and genera were explored using maximum parsimony, likelihood (ML), and
Bayesian criteria, and the results of these analyses form the basis of Chapter 2. The best
molecular phylogenetic estimate was used to test the validity of controversial taxonomic
groupings or relationships, by comparing the best ML tree with trees constructed from the
data to represent alternative hypothesis. The molecular phylogeny recovered the same two
major hydrophiine lineages long recognised morphologically. Moreover the phylogenetic
reconstruction indicated that each lineage has experienced a different evolutionary history.
These differences are expected to have impinged on lineage-specific phylogeographic
patterns that were subsequently explored.
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1.4 Comparative phylogeography and the effects of Pleistocene sea level fluctuations
The interplay between historical biogeography and the biological characteristics of marine
organisms has strongly shaped contemporary species distributions and the phylogeographic
signatures of marine species (Palumbi, 1997; Avise, 1998a). Geographic patterns of lineage
divergences may signal the location of historical vicariance boundaries, while the depths of
lineage divergences between species or phylogroups provide insights into the temporal
windows during which evolutionary processes have occurred. Shallow divergences among
lineages are indicative of recent evolutionary processes whereas deep lineage divergences
signal temporally distant events (Avise, 1989; Palumbi, 1996; Grant & Bowen, 1998). While
both temporally distant (Springer, 1982; Springer & Williams, 1990) and recent (Rosen,
1988) biogeographical events have undoubtedly contributed to the high species diversity in
Australia’s tropical marine habitats, contemporary patterns of population genetic structure
and distribution of genetic diversity are more likely the result of recent Pleistocene glaciation
cycles and attendant sea level fluctuations (Benzie, 1994, 1999a; Chenoweth et al., 1998b).

The past decade has seen a burgeoning of studies exploring the effects of Pleistocene sea
level fluctuations, shifting coastlines, and the cyclic emergences and marine transgressions
of land bridges on a range of marine species in the North Pacific (Marko, 2004; Hickerson &
Cunningham, 2005; Harlin-Cognato et al., 2006); North Atlantic (Reeb & Avise, 1990; Hare
& Avise, 1996; Bucklin & Wiebe, 1998; Wares & Cunningham, 2001; Govindarajan et al.,
2005; Provan et al., 2005; Kelly et al., 2006); Gulf of California (Riginos, 2005); Indo-West
Pacific (McMillan & Palumbi, 1995; Palumbi, 1996, 1997; Barber et al., 2000, 2002) or with
global distributions (Grant & Bowen, 2006). These studies have revealed genetic signatures
of cyclic population bottlenecks and expansions, with some studies also documenting
phylogeographic congruence among multiple taxa (Wares & Cunningham, 2001; HarlinCognato et al., 2006) and temporal congruence among lineage divergences and the timing of
glaciation events (Provan et al., 2005; Harlin-Cognato et al., 2006). Nonetheless, divergent
genetic signatures for co-occurring species with shared biogeographic histories have also
been revealed (Palumbi, 1997). Discordant patterns of gene flow are often attributable to the
combined effects of biogeography and differences in species’ ecologies, life-history traits or
dispersal potentials (Doherty et al., 1995; Schneider et al., 1998; Ayre & Hughes, 2000;
Wares & Cunningham, 2001) on historical and contemporary levels of gene flow (Avise,
1998b, 2004). Nonetheless, divergent genetic signatures have also been uncovered for
seemingly similar co-occurring species (Marko, 2004) and maybe the result of stochastic
forces shaping the distribution of genetic diversity and population structure (Palumbi, 1996).
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Pleistocene sea level fluctuations resulted in extreme shifts in the location of coastlines and
distribution of shallow water habitats around northern Australia, which were summarised by
Voris (2000) in a series of maps based on the combined estimated sea levels of three
temporal windows [(Fairbanks, 1989) past 17,000 years; (Bloom & Yonekura, 1990) past
150,000 years; (Chappell & Shackleton, 1986) past 250,000 years] and present day
bathymetric depth contours, used as proxies for the locations of previous coastlines. The
salient features are that during glacial maxima, when sea levels were more than 100 m below
present levels (BPL), vast areas of Australia’s northern continental shelf were exposed, and
northern Australia and New Guinea were connected by the extensive Torres Strait land
bridge. The cyclic contraction and expansion of tropical shallow-water marine habitats
around northern Australia, and repeated vicariance and reconnection between east and west
coast marine populations, are expected to have profoundly influenced their patterns of
genetic diversity and population structure (Benzie, 1994, 1999a; Chenoweth et al., 1998b).

One overarching paradigm of marine population genetics is that marine organisms will
typically have low levels of population genetic structure as the result of the highly dispersive
larval stages, high reproductive outputs, and/or extensive adult migratory capabilities (and
correspondingly large geographic ranges), characteristic of many marine taxa (Waples,
1998). However, a striking finding of recent molecular studies is that this paradigm does not
hold for many marine taxa. Numerous species with dispersive larval stages and large
geographic ranges display population genetic subdivisions, which occur at various spatial
scales (Palumbi, 1996; Grant & Bowen, 1998; Graves, 1998; Marko, 2004). Of course, not
all marine taxa have dispersive larvae; however, some species with highly vagile adults, such
as egg-laying marine turtles that disperse over vast oceanographic expanses, display strong
lineage divergences (Bowen et al., 1992, 1994; FitzSimmons et al., 1997b). Viviparous
hammerhead sharks have similarly strong population structure between ocean basins, but
high gene flow among adjacent nursery grounds (Duncan et al., 2006). The behavioural
ecologies, life-history strategies, and geographical distributions of marine species differ
enormously and are expected to result in divergent phylogeographic structures.

Patterns of population subdivision and gene flow around northern Australia have been
documented for a range of marine organisms with dispersive larvae including fishes
(Keenan, 1994; Chenoweth et al., 1998a, b); echinoderms (Williams & Benzie, 1998;
Benzie, 1999b; Uthicke & Benzie, 2003); and crustaceans (Benzie et al., 1992, 2002; Lavery
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et al., 1996). In addition, phylogeographic patterns for egg-laying marine turtles (Norman et
al., 1994; FitzSimmons et al., 1997b; Dethmers et al., 2006) have received considerable
attention. However, very few studies have concerned themselves with taxa that give birth to
live young (but see Lavery & Shaklee, 1989). Viviparity distinguishes all hydrophiine sea
snakes from marine organisms with larval dispersal and from egg-laying marine reptiles.
Reproductive outputs, although variable between species, tend to be low (Lemen & Voris,
1981). Details about movement patterns and dispersal abilities of adults and juveniles are
largely unknown, but basic ecological and distributional information suggest that dispersal is
considerably more restricted than for marine organisms with either dispersive larval stages
and/or highly vagile adults. For example, marine hydrophiines do not undertake seasonal
migrations between feeding and breeding grounds, and adults appear to occupy relatively
small home ranges where they spend most of their time (Burns & Heatwole, 1998).
Throughout their geographic ranges marine hydrophiine species are characteristically highly
aggregated, with notable discontinuities between populations, despite the availability of
seemingly suitable habitats (Heatwole, 1975). These distributional discontinuities occur over
a range of spatial scales and suggest limited connectivity among populations, giving rise to
the expectation that moderate to strong population genetic subdivision will be observed for
hydrophiine sea snake species.

The evolutionary, distributional, and reproductive characteristics of hydrophiine sea snakes
make them an excellent taxonomic group for the study of comparative phylogeography in
tropical marine environments around northern Australia. Marine hydrophiines comprise two
major lineages that have experienced divergent evolutionary histories: the Hydrophis lineage
has undergone a rapid adaptive radiation, whereas the Aipysurus lineage appears to have
experienced a relatively stable evolutionary history. Each lineage has widespread and endemic
species, but is divergent in terms of geographic patterns of species diversity and endemism,
providing opportunities for interesting comparisons among hydrophiine species with cooccurring distributions. Moreover, the reproductive characteristics of hydrophiine sea snakes
enable comparisons with marine organisms that have different life-history traits,which have
been the focus of previous studies. The two sea snakes species I chose to explore the effects of
paleoclimatic events on phylogeographic patterns, genetic diversity, population structure and
gene flow across northern Australia were the olive sea snake, Aipysurus laevis, and the spinebellied sea snake, Lapemis curtus. These species represent the Aipysurus and Hydrophis
lineages respectively. Details on their distributions, ecologies, habitat preferences, and lifehistory characteristics are provided in the relevant chapters and will not be repeated here.
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Chapter 3 details the effects of Pleistocene sea level fluctuations on landmass configurations
and the distribution of shallow-water marine habitats around northern Australia, and reviews
the findings of previous studies on the impact of Pleistocene processes for the genetic
signatures of tropical marine species in northern Australian waters. Three competing
hypotheses emerged regarding patterns of range expansion and their consequences for
distributions of genetic diversity and population structure. These hypotheses were tested for A.
laevis using mitochondrial DNA (mtDNA) sequences of the ND4 gene and adjacent tRNA’s
from 354 individuals sampled from the southern Great Barrier Reef to Western Australia,
using statistical analyses derived from both equilibrium and coalescent theory. Chapter 4
further explores patterns of genetic diversity, population structure and gene flow in the Great
Barrier Reef and Gulf of Carpentaria, for L. curtus. Mitochondrial DNA sequences of the
same ND4-tRNA fragment were analysed for 62 individuals using equilibrium and coalescentbased statistics. Resultant patterns from analyses of molecular variance (AMOVA), F
statistics, isolation by distance (IBD), and coalescent-based estimates of divergence times and
migration rates were compared with those documented for A. laevis. Congruence, and lack
thereof, between species-specific population genetic structures are discussed in terms of their
divergent evolutionary histories, geographical distributions and habitat preferences.

1.5 Evidence from mitochondrial and nuclear markers
Patterns and levels of population genetic structure and gene flow derived from one class of
molecular marker may produce estimates that are biased by characteristics of that marker
class, such as mutation rate and mode of inheritance, or by stochastic sampling processes
(Buonaccorsi et al., 2001). Because of the four-fold lower effective population size for
mitochondrial than nuclear loci, population processes for mitochondrial loci are likely to be
more strongly influenced by genetic drift than for nuclear loci (Birky et al., 1983, 1989). In
addition, phylogeographic patterns derived from mitochondrial DNA tend to reflect historical
rather than contemporary processes, in part because of the lower mutation rates at some
mitochondrial regions compared with some nuclear loci. In order to evaluate contemporary
patterns and levels of gene flow for A. laevis and L. curtus using highly polymorphic nuclear
markers, and to compare patterns of genetic divergence and gene flow between marker
classes, I developed species-specific nuclear microsatellite markers for these two species.
Details about the development and characterisation of these microsatellite loci, and trials of
cross-species amplification are presented in Chapter 5. Many of the loci that were reliably
amplified and screened had low to intermediate levels of allelic diversities and observed
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heterozygosities. In order to explore whether low microsatellite polymorphism is typical for
snakes, I review allelic diversities and heterozygosities published for microsatellite loci
developed for terrestrial snakes from three divergent lineages: elapids, viperids and colubrids.

A panel of seven co-dominant polymorphic A. laevis microsatellite loci was used to genotype
the individuals previously sequenced for the mtDNA ND4-tRNA region. Single and multilocus genotype data were analysed using exact tests, conventional F statistics, AMOVA and
Mantel tests, and population structure was further explored using model-based Bayesian
clustering analyses of multi-locus genotypes. The resultant patterns of population structure
and gene flow are presented in Chapter 6, which also compares patterns and levels of
population subdivision recovered from microsatellites with mtDNA. The effects of mutation
rate and model for microsatellite-based estimates of genetic divergence were explored by
comparing F statistics (and corresponding patterns of isolation by distance) derived for the
infinite allele model (IAM) and stepwise mutation model (SMM): FST and RST respectively. As
it was not possible to obtain a suite of reliably amplifying polymorphic loci for L. curtus,
population structure based on microsatellite markers could not be evaluated for this species.

1.6 Conservation issues
Concerns about the adverse human impacts on tropical marine biota have resulted in the need
for detailed information about patterns and levels of connectivity among populations. These
data have previously been unavailable for any hydrophiine sea snake species. The research for
this thesis found restricted gene flow following a pattern of isolation by distance for the spinebellied sea snake, Lapemis curtus (Ch. 4), and strong hierarchical population subdivision and
restricted gene flow for the olive sea snake, Aipysurus laevis (Ch. 3 & Ch. 6). Local A. laevis
populations appear to be relatively isolated and, if subject to extinction, are unlikely to reestablish by dispersal. Long-term distribution patterns have also previously been unavailable
for any hydrophiine sea snake species. While conducting the molecular research for this thesis
I was given the opportunity to analyse 35 years of distributional data (collected primarily by
Harold Heatwole) for two hydrophiine species in the southern GBR. This opportunity
coincided with reports that populations of two geographically restricted Australian endemic
Aipysurus species had become locally extinct. In order to augment the 35-year dataset, I
conducted surveys of previously surveyed reefs in the southern GBR and, in Chapter 7,
present the first detailed analyses of the metapopulation dynamics of a marine hydrophiine
species. Classification tree analyses, used to explore spatial and temporal distribution patterns
for A. laevis on 90 reefs in the southern GBR, indicate a decline of local populations.
26

1.7 Future directions
In undertaking the research for this thesis, I aimed to address the lack of information about the
molecular ecology and evolution of hydrophiine sea snakes using molecular genetic
techniques and phylogenetic, phylogeographic and population genetic analyses. I hope that the
results provide novel insights into the evolutionary history of a highly successful group of
marine reptiles and a firm foundation for conservation initiatives. Almost inevitably, research
into a previously unexplored taxonomic group will stimulate many new ideas and avenues for
future research, and this study of the molecular genetics of marine hydrophiines has been no
exception. In Chapter 8, I present a brief synthesis of the thesis results and then outline key
areas and approaches for future research that were identified during the course of my thesis
research, focusing on the information required to address conservation issues for this
fascinating group of marine reptiles.
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Chapter 2
Molecular phylogeny of hydrophiine sea snakes
reveals a rapidly diverged adaptive radiation
The evolutionary relationships among
hydrophiine sea snakes were first formalised
in a ‘Monograph of the Sea Snakes’ by
Smith in 1926, based on a suite of
morphological characters. Numerous
taxonomic rearrangements and revisions
have been published since then however
none have employed modern molecular
genetic methods or analyses. In this chapter
I present the first molecular-based
phylogenetic hypothesis of the evolutionary
relationships among members of the marine
hydrophiine lineage and address some of the
taxonomic controversies of the past. As the
molecular and morphological data
recovered highly congruent phylogenetic
reconstructions, it was possible to evaluate
the hypothesis put forward by Voris in 1975
that Pleistocene processes have driven the
rapid radiation of the one of the two marine
hydrophiine lineages.

This chapter has been published as follows:

Lukoschek, V. & Keogh, J.S. (2006)
Molecular phylogeny of sea snakes reveals
a rapidly diverged adaptive radiation.
Biological Journal of the Linnean Society
89: 523–539
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2.1 Introduction
Hydrophiine or ‘true’ sea snakes are a diverse radiation of fully marine venomous species that
arose within an evolutionary lineage of viviparous Australian terrestrial elapids. Elapid snakes
are a monophyletic clade of approximately 300 species in 61 genera (Golay, 1985), and they are
defined primarily by their unique venom delivery system of two permanently erect canaliculate
fangs at the end of the maxilla (McCarthy, 1985). Relationships both among and within major
elapid clades have been the subject of considerable discussion, with a focus on the relationships
between sea snakes and terrestrial elapids. Detailed morphological appraisals (McDowell,
1969a, 1970, 1972, 1974) resulted in the division of the elapid snakes into two major lineages
based on cranial kinesis: the ‘palatine draggers’ comprising the terrestrial Australo-Papuan
elapids (except Parapistocalamus) plus the ‘true’ sea snakes; and the ‘palatine erectors’
comprising all Asian, African and American terrestrial elapids (and Parapistocalamus) and the
sea kraits Laticauda. This division was formalised by elevating ‘palatine draggers’ and ‘palatine
erectors’ to the status of families: Hydrophiidae and Elapidae respectively (Smith et al., 1977).
Recent molecular data (Keogh et al., 1998) largely supported this taxonomic arrangement,
however most authors retain the family Elapidae for all elapids, and place the ‘palatine
draggers’ and ‘palatine erectors’ into the subfamilies Hydrophiinae and Elapinae respectively.

The relationship between the fully marine hydrophiine sea snakes (a diverse group comprising
16 genera and as many as 53 species) and the partially terrestrial Laticauda (comprising five
species) has been the subject of considerable debate (reviewed in Rasmussen, 1997). Boulenger
(1896) included Laticauda in his initial description of the hydrophiine sea snakes as a cohesive
group, and Smith (1926) placed both the ‘true’ sea snakes and Laticauda into the Hydrophiidae.
This taxonomic arrangement was popular for many years. However, most studies since the
major revisions of McDowell (1970) and Smith et al. (1977) have recognised Laticauda as a
distinct evolutionary lineage based on data from both morphology (Voris, 1977; McCarthy,
1986) and molecules (Minton & da Costa, 1975; Cadle & Gorman, 1981; Cadle & Sarich, 1981;
Schwaner et al., 1985; Slowinski et al., 1997; Keogh, 1998; Keogh et al., 1998; Slowinski &
Keogh, 2000). This arrangement implies two separate invasions of the marine environment
(Keogh, 1998). Most studies also support the ‘palatine dragger’ and ‘palatine erector’ lineages
proposed by McDowell (1970), but the close affinity of Laticauda with the Asian, African and
American terrestrial elapids has not been supported (Cadle & Gorman, 1981; Cadle & Sarich,
1981; Mao et al., 1983; Slowinski et al., 1997; Keogh, 1998; Keogh et al., 1998; Slowinski &
Keogh, 2000) and Slowinski et al. (1997) formally moved Laticauda from the elapine to the
hydrophiine lineage.
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While the relationships between the hydrophiine sea snakes and Laticauda have received
considerable attention, relationships within the marine hydrophiine lineage are poorly
understood. Hydrophiine sea snakes occur exclusively in tropical and subtropical waters
throughout the Indo-West Pacific region. Species diversity is highest in the tropical coastal
waters of Australia (30 species in 12 genera; (Cogger, 2000) and Malaysia and the
Indonesian archipelago (27 species in 10 genera; (Heatwole, 1999). Smith’s (1926)
monograph on sea snakes included descriptions of 45 hydrophiine species in 14 genera, and
this represented almost all currently known sea snake species. Based on detailed morphology
of skull osteology, Smith (1926) classified the sea snakes into two subfamilies: Laticaudinae
(including the genera Laticauda, Aipysurus - 7 species, and Emydocephalus - 2 species) and
Hydrophiinae (12 genera including the species rich Hydrophis - 23 species). Most remaining
Hydrophiinae genera were monotypic. While it is now clear that Laticauda and the ‘true’ sea
snakes do not comprise a monophyletic group, most authors agree that the ‘true’ sea snakes
are monophyletic based on morphological (Voris, 1977; Gopalakrishnakone & Kochva,
1990) and molecular evidence (Minton & da Costa, 1975; Cadle & Gorman, 1981; Schwaner
et al., 1985; Slowinski et al., 1997; Keogh, 1998; Keogh et al., 1998).

Although there is strong evidence suggesting that hydrophiine sea snakes originated from a
single invasion of the marine environment by an ancestral Australian-Papuan terrestrial
elapid from within the viviparous lineage that also gave rise to the swamp snakes Hemiaspis
(McDowell, 1969a; Keogh, 1998; Keogh et al., 1998), one challenge to monophyly of the
marine hydrophiines has been raised. Based on morphological data, Rasmussen (2002)
argued that hydrophiine sea snakes are paraphyletic, and the two subfamilies recognised by
Smith (1926) represent separate invasions of the marine environment. This conclusion has
not been supported by two molecular studies. Based respectively on 344 base pairs of 12S
rRNA sequence and more than 3500 base pairs of five mitochondrial loci, Nock (2001) and
Keogh (unpublished data) demonstrated that the marine hydrophiines form a well-supported
monophyletic clade within the Australio-Papuan radiation.

The aim of this chapter was to generate a robust molecular phylogeny for the major marine
lineages and address two primary issues concerning the evolutionary history of hydrophiine
sea snakes. First, the molecular data were used to provide an independent test of previous
hypotheses regarding the phylogenetic relationships among and within the major marine
hydrophiine clades based on morphology. As there was a high degree of congruence
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between the phylogenetic reconstructions based on the molecular and morphological data, I
went on to further explore Burger and Natsuno’s (1974) and Voris’ (1977) hypotheses that
the genus Hydrophis and allied genera represent a rapidly diverged adaptive radiation and
evaluate processes occurring throughout the Indo-West Pacific that may account for the
rapid speciation of the Hydrophis lineage and the wide range of morphological adaptations
found among its species.

2.2 Materials and methods
2.2.1 Taxonomic sampling
Numerous classification systems have been proposed for the ‘true’ sea snakes at all
taxonomic levels, and some contemporary authors (Cogger & Heatwole, 1981; Heatwole &
Cogger, 1994; Heatwole, 1999; Cogger, 2000) still follow Smith’s (1926) traditional
classification of the family Hydrophiidae. For this thesis, however, the terminology follows
the more widely accepted sub-family status of the hydrophiine sea snakes. In addition, this
thesis follows the terminology proposed by McDowell (1969) for the two main marine
hydrophiine lineages: the Aipysurus group for Smith’s (1926) Laticaudinae, excluding
Laticauda, and the Hydrophis group for Smith’s (1926) Hydrophiinae, excluding Hydrelaps.

Tissue samples were obtained from 74 individuals that represented 25 species: ten
hydrophiine sea snake genera and two outgroup species (Table 2.1 & Fig. 2.1 show
sampling locations). The Aipysurus group was represented by five Aipysurus species and
Emydocephalus annulatus. The Hydrophis group was represented by 15 species from six
genera. These comprised nine species of Hydrophis, four monotypic genera represented by
Acalyptophis peroni (Boulenger, 1986), Astrotia stokesi (Fisher, 1856), Lapemis curtus
(Gray, 1835) and Pelamis platurus (Daudin, 1803) and two species of Disteira: D. major
(Shaw, 1802) and D. kingii (Boulenger, 1896). Most Hydrophis species included occur in
Australian waters; however, H. brookii (Guenther, 1872), H. spiralis (Shaw, 1802), H.
lapemoides (Gray, 1894) and H. cyanocinctus (Daudin, 1803), which occur exclusively in
SE Asian waters, were also sampled (Fig. 2.1). Three of the five species of McDowell’s
(1972) Leioselasma (subgenus of Hydrophis) [H. cyanocinctus, H. spiralis and H. elegans
(Gray, 1842)], as well as H. pacificus (Boulenger, 1896), previously placed in synonymy
with H. elegans by McDowell (1972), were sampled to allow testing of various hypotheses
(see below). Hydrelaps darwiniensis (Boulenger, 1896) and Parahydrophis mertoni (Roux,
1910) represented the ‘primitive’ sea snakes. Hemiaspis signata (Jan, 1859) and H. damelii
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Figure 2.1. Sampling locations of species included in the molecular phylogeny of marine hydrophiines.
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A. stokesii (4)
Disteria kingii

A. laevis (2)*
A. laevis (3)
A. laevis (4)
A. laevis (5)
A. laevis (6)
A. laevis (7)
A. laevis (8)
A. laevis (9)
A. laevis (10)
Astrotia stokesii

A. fuscus (2)
Aipysurus laevis

A. eydouxii (2)
A. eydouxii (3)
Aipysurus fuscus*

A. duboisii (2)*
Aipysurus eydouxii*

A. peronii (2)
A. peronii (3)
Aipysurus apraefrontalis
Aipysurus duboisii

Museum Voucher No/Source

Taxon
Ap001
Ap005
Ap007
Aa001
Ad004
Ad016
Ae001
Ae005
Ae008
Af003
Af032
Al003
Al008
Al009
Al067
Al219
Al223
Al226
Al229
Al230
Al233
As002
As004
As007
As008
Dk001
Dk002
Dk003
Dk004
Dm002
Dm008
Dm020
Dm024
Ea002
Ea003
Ea007

Vanderlin Island, Gulf, NT, Australia
Mornington Island, NT, Australia
Ashmore Reef, WA, Australia
Ashmore Reef, WA, Australia
Vanderlin Island, NT, Australia
Scott Reef, WA, Australia
Groote Eylandt, NT, Australia
Bundaberg, Qld, Australia
Groote Eylandt, NT, Australia
Ashmore Reef, WA, Australia
Scott Reef, WA, Australia
Ashmore Reef, WA, Australia
Townsville, Qld, Australia
Townsville, Qld, Australia
Swain Reefs #21-441, Qld, Australia
Vanderlin Island, NT, Australia
Vanderlin Island, NT, Australia
Cartier Islet, WA, Australia
Vanderlin Island, NT, Australia
Vanderlin Island, NT, Australia
Mornington Island, NT, Australia
Mornington Island, NT, Australia
Groote Eylandt, NT, Australia
Vanderlin Island, NT, Australia
Ashmore Reef, WA, Australia
Mornington Island, NT, Australia
Townsville, Qld, Australia
Mornington Island, NT, Australia
Weipa, Qld, Australia
Mornington Island, NT, Australia
Weipa, Qld, Australia
Mackay, Qld, Australia
Mornington Island, NT, Australia
Swain Reefs #21-104, Qld, Australia
Swain Reefs #21-104, Qld, Australia
Cartier Islet, WA, Australia

Sample No Location
15.20
16.90
12.10
19.68
15.13
14.00
13.28
24.68
13.29
12.10
14.00
12.31
18.75
18.76
21.55
15.69
15.37
12.31
15.28
15.60
16.35
15.98
12.52
15.53
12.10
16.05
19.28
16.10
12.45
15.82
12.52
20.83
15.98
21.10
21.10
12.31

137.49
140.20
123.00
116.70
137.35
121.50
136.47
152.25
136.64
123.00
121.50
123.29
146.98
146.02
151.75
137.93
137.70
123.29
137.53
137.94
138.67
139.62
136.90
137.71
123.00
139.70
147.40
139.73
141.56
139.73
141.52
148.97
138.32
151.30
151.30
123.29

Latitude Longitude

GenBank Accession Nos.
16S rRNA
Cytochrome b
DQ233923
DQ234004
DQ233924
DQ234005
DQ233925
DQ234006
DQ233905
DQ233981
DQ233906
DQ233982
DQ233907
DQ233983
DQ233908
DQ233984
DQ233909
DQ233985
DQ233910
DQ233986
DQ233911
DQ233987
DQ233912
DQ233988
DQ233913
DQ233989
DQ233914
DQ233990
DQ233915
DQ233991
DQ233916
DQ233992
DQ233917
DQ233993
DQ233918
DQ233994
DQ233919
DQ233995
DQ233920
DQ233996
DQ233921
DQ233997
DQ233922
DQ233998
DQ233926
DQ234007
DQ233927
DQ234008
DQ233928
DQ234009
DQ233929
DQ234010
DQ233930
DQ234011
DQ233931
DQ234012
DQ233932
DQ234013
DQ233933
DQ234014
DQ233934
DQ234015
DQ233935
DQ234016
DQ233936
DQ234017
DQ233937
DQ234018
DQ233938
DQ233999
DQ233939
DQ234000
DQ233940
DQ234001

Table 2.1: Details of specimens and sequences used for molecular phylogeny of hydrophiine sea snakes. CSIRO = Commonwealth Scientific & Industrial Research Organisation
(Fish Number); FMNH = Field Museum of Natural History; NTM = Northern Territory Museum; SAM = South Australian Museum. Individuals denoted with * were used to
estimate intergeneric genetic distances (also shown in Fig. 2.3).
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Table 2.1: Details of specimens and sequences used in this study continued.
Taxon
Museum Voucher No/Source
Sample No
Collected by V. Lukoschek
Ea009
E. annulatus (4)
Collected by V. Lukoschek
Ea088
E. annulatus (5)
Parahydrophis mertoni
NTM 13607 - ABRC 28239
Pm001
Hydrelaps darwiniensis
SAM No # - ABRC 29188
Hd001
NTM
16471
ABRC
28875
Hd002
H. darwiniensis (2)
Hydrophis brookii
FMNH 252511
Hb001
Hydrophis cyanocinctus
FMNH 249391
Hcy001
FMNH 249392
Hcy002
H. cyanocinctus (2)*
Hydrophis czeblukovi
CSIRO 1158
Hc001
Hydrophis elegans
CSIRO 1117
He004
CSIRO 1083
He005
H. elegans (2)
CSIRO 1160
He010
H. elegans (3)*
Hydrophis lapemoides*
FMNH 249584
Hl001
FMNH 249585
Hl002
H. lapemoides (2)
Hydrophis mcdowelli
CSIRO 1157
Hm001
CSIRO 2628
Hm002
H. mcdowelli (2)*
Hydrophis ornatus
CSIRO 1190
Ho002
CSIRO 2357
Ho010
H. ornatus (2)
CSIRO 1153
Ho011
H. ornatus (3)
SAM 23496 - ABRC 55606
Ho013
H. ornatus (4)
CSIRO 2529
Ho014
H. ornatus (5) *
Hydrophis pacificus
CSIRO 1149
Hp001
CSIRO 2581
Hp006
H. pacificus (2)*
CSIRO
2589
Hp007
H. pacificus (3)
Hydrophis spiralis
FMNH 249656
Hsp001
Lapemis curtus*
FMNH 249631
Lc001
L. curtus (2)
Reef HQ Townsville
Lc002
L. curtus (3)
SAM 23494 - ABRC 55605
Lc003
L. curtus (4)
CSIRO 1265
Lc089
L. curtus (5)
CSIRO 2282
Lc111
L. curtus (6)
CSIRO 2284
Lc112
L. curtus (7)
CSIRO 2328
Lc129
Pelamis platurus
CSIRO - no number
Pp001
SAM 55127
Pp002
P. platurus (2)
SAM No # - NR8918
Pp003
P. platurus (3)*
SAM No # - NR8922
Pp004
P. platurus (4)
Hemiaspis damelii
SAM catalog 5 No.4
Hemiaspis signata
SAM catalog 5 No.1
Location
Ashmore Reef, WA, Australia
Scott Reef, WA, Australia
Palmerston boat ramp, NT, Australia
Dinal Beach, NT, Australia
Bing Bong Station, NT
Songkhla, Thailand
Phuket, Thailand
Phuket, Thailand
North West Shelf, WA, Australia
Mackay, Qld, Australia
Townsville, Qld, Australia
Weipa, Qld, Australia
Phuket, Thailand
Phuket, Thailand
North West Shelf, WA, Australia
Mornington Island, NT, Australia
Groote Eylandt, NT, Australia
Groote Eylandt, NT, Australia
North West Shelf, WA, Australia
Gulf of Carpentaria, NT, Australia
Mornington Island, NT, Australia
Mornington Island, NT, Australia
Mornington Island, NT, Australia
Groote Eylandt, NT, Australia
Phuket, Thailand
Phuket, Thailand
Yongala, Qld, Australia
Gulf of Carpentaria, NT, Australia
North West Shelf, WA, Australia
Groote Eylandt, NT, Australia
Groote Eylandt, NT, Australia
Groote Eylandt, NT, Australia
Gulf of Carpentaria, NT, Australia
Broken Head, NSW, Australia
Richmond River, NSW, Australia
Sth Ballina, NSW, Australia
Dalby, Qld, Australia
Harrington, NSW, Australia
7.13 N
8.00 N
8.00 N
20.20
20.88
19.32
12.41
8.00 N
8.00 N
19.38
15.62
14.46
15.37
19.93
14.80
15.98
16.07
16.45
14.61
8.00 N
8.00 N
19.29
14.80
11.08
14.49
14.45
14.48
14.80
28.80
28.80
28.80

100.37
98.28
98.28
116.85
149.05
147.07
141.56
98.28
98.28
118.53
137.95
136.47
137.70
116.00
138.00
138.32
139.70
138.79
137.07
98.28
98.28
147.59
138.00
130.63
136.33
136.30
136.01
138.00
153.55
153.55
153.55

Latitude Longitude
12.10
123.00
14.00
121.50
DQ233941
DQ233942
DQ233974
DQ233947
DQ233948
DQ233943
DQ233945
DQ233946
DQ233944
DQ233949
DQ233950
DQ233951
DQ233954
DQ233955
DQ233956
DQ233957
DQ233958
DQ233959
DQ233960
DQ233961
DQ233962
DQ233963
DQ233964
DQ233965
DQ233966
DQ233967
DQ233968
DQ233969
DQ233970
DQ233971
DQ233972
DQ233973
DQ233975
DQ233976
DQ233977
DQ233978
DQ233952
DQ233953

DQ234002
DQ234003
DQ234048
DQ234046
DQ234047
DQ234028
DQ234031
DQ234032
DQ234019
DQ234020
DQ234021
DQ234022
DQ234033
DQ234034
DQ234029
DQ234030
DQ234023
DQ234024
DQ234025
DQ234026
DQ234027
DQ234035
DQ234036
DQ234037
DQ234038
DQ234039
DQ234040
DQ234041
DQ234042
DQ234043
DQ234044
DQ234045
DQ234049
DQ234050
DQ234051
DQ234052
DQ233979
DQ233980

GenBank Accession Nos.

(Guenther, 1876) were used as outgroup species based on their close phylogenetic
relationship to hydrophiine sea snakes (Keogh 1998; Keogh et al. 1998).

Tissue samples were obtained from live sea snakes, museum collections and a trawl fishery
by-catch study conducted by Commonwealth Scientific and Industrial Research Organisation
(CSIRO) in 1996, 1997 and 2001 (Table 2.1). Live sea snakes were caught in fish catch bags,
on SCUBA or on snorkel, and swum to a tender where they were placed in a large container of
seawater. Each snake was removed from the seawater in order to obtain a small sample of
muscle tissue from the flattened ventral surface of the tail and to verify the species’ identity.
Where possible, only museum samples of entire specimens with vouchers were included. All
tissue samples were stored at room temperature in 70% ethanol or in a solution of 20% DMSO
(dimethylsulfoxide) saturated with sodium chloride.

2.2.2 DNA extraction and mtDNA amplification
Tissue samples were digested with proteinase K in a CTAB buffer [100mM Tris-HCl, pH 8,
1.4 M NaCl, 20 mM EDTA, 2% CTAB (hexadecyl-trimethyl-ammonium bromide), 0.2% 2mercaptoethanol). Total cellular DNA was purified by extraction with neutralised
chloroform-isoamyl-alcohol (24:1), precipitated with ethanol and dissolved in TE buffer.
The cytochrome b and the 16S rRNA mitochondrial genes were targeted as they have
previously provided good resolution for similar studies of other elapids (Keogh, 1998;
Keogh et al., 1998). Primers used to amplify and sequence cytochrome b (1150 bases) and
16S rRNA (530 bases), are shown in Table 2.2. Target fragments were amplified using 40 µl
PCR reactions that contained 10 ng template DNA, 2 units Taq-polymerase (Qiagen), 4 µl
10 x Qiagen reaction buffer, 100 mM MgCl2, 1.0 mM dNTP’s and 2 pmol of each primer.
PCR amplification of double-stranded product was done using a MJ Research Peltier
Thermal Cycler 2000 using a step-down cycling profile that consisted of an initial
denaturing step of 94 °C for 5 min followed by 1 cycle of 94°C for 30 s, annealing at 70°C
for 15 s, and extension at 72°C for 90 s. During each subsequent cycle the annealing
temperature was dropped by 2.5°C until the annealing temperature reached 50°C (8 cycles).
This was followed by 32 cycles at 50°C. A final extension step at 72°C was done for 7 min.
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Table 2.2: Primers used to generate PCR products and DNA sequences.
Region

Name

Cytochrome b tRNA-Glu
L14968
Elapid Cytb Lb
Elapid Cytb H
H15951
tRNA-ThrA
16S rRNA
L2510
H3056

Sequence: 5' to 3'

3' position

TGATMTGAAAACCACCGTTG
CCTTATTATTCTCCAACCTTCTAC
GGACAAATATCATTCTGAGCAGCAACAG
TTGTAGGAGTGATAGGGATGAAATGG
TGATTGAGGCTGTTTGACTGATT
CCRTCTTTGGTTTACAAYAACAATG
CGCCTGTTTATCAAAAACAT
CTCCGGTCTGAACTCAGATCACGTAGG

14909
14968
15337
15559
15951
16070
1847
2351

Source
Scott & Keogh (unpublished)
This study
Scott & Keogh (unpublished)
Scott & Keogh (unpublished)
This study
Scott & Keogh (unpublished)
Palumbi 1996
Palumbi 1996

Note: The letters L and H refer to the light and heavy strands. tRNA-Glu is a light strand primer and tRNA-ThrA is a heavy strand primer. Elapid Cytb H
& Lb are internal primers used only for sequencing. Values in the "3' position" refer to the position of the 3' base of the primer in the complete Dinodon
mtDNA sequence ( Kumazawa et al. 1998)

2.2.3 DNA sequencing
PCR products were gel purified using the UltraClean 15 DNA purification kit (Geneworks)
and complimentary strands were cycle sequenced using ABI PRISM BigDye (Perkin Elmer)
cycle sequencing reaction kit. Due to the length of the cytochrome b gene, internal primers
were used to obtain reliable sequences from complimentary strands (Table 2.2). Reactions
were done using 4 µl of reaction premix, 2 pmol of amplification primer, and approximately
50-80 ng purified PCR product as template. Cycle sequencing was done using a MJ
Research Peltier Thermal Cycler 2000 and the following profile: 96°C for 1 min followed by
24 cycles of 96°C for 30 sec, 50°C for 15 s, 60°C for 4 min. Ramping was set at 1°C/sec.
Extension products were purified using isopropanol precipitation and dried. Sequencing
products were electrophoresed on one of the following automated DNA sequencers: ABI
PRISM® 310, ABI PRISM® 377 or MegaBACE™ 1000 Amersham Biosciences.

2.2.4 Phylogenetic analyses
Sequence data were edited using Sequencher 4.1 (Gene Codes Corporation) and
provisionally aligned with ClustalX (Thompson et al., 1997) and then refined by eye.
Following alignment, cytochrome b sequences were translated into amino acid sequences
using the vertebrate mitochondrial genetic code. No premature stop codons were observed,
indicating that the cytochrome b sequences obtained were mitochondrial in origin and not
nuclear copies. The 16S rRNA sequences also displayed no obvious signs of nuclear copies.

Prior to phylogenetic analyses, a partition homogeneity test was performed in PAUP*4.0b10
(Swofford, 2000) to test whether the individual data sets were heterogeneous with regard to
phylogenetic signal. The null hypothesis that the data were homogeneous was not rejected (p
> 0.05) and the data from both genes were combined for all phylogenetic analyses. The 16S
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rRNA data set contained two small adjacent hyper-variable regions, totalling 15 base pairs in
length, for which it was not possible to align sites or identify site homologies across all taxa,
so these were excluded from further analyses.

The complete combined data set was analysed using unweighted parsimony, maximumlikelihood (ML) and Bayesian approaches. The objective criteria provided by the computer
program ModelTest 3.06 (Posada & Crandall, 1998) were used to select the most appropriate
model of molecular evolution for the combined data set. The estimates of the empirical
nucleotide frequencies, substitution rates, gamma distribution (G), and proportion of
invariant sites (I) provided by ModelTest were used in the ML analyses implemented in
PAUP* (Swofford, 2000). Two unweighted parsimony analyses also were performed using
PAUP*. The first analysis included data from all codon positions. For the second analysis
the third codon bases from the cytochrome b data set (343 characters) were excluded to test
for saturation and evaluate the effect on tree topology. A strict consensus tree was
constructed for each of the analyses. In addition, ModelTest was used to select the most
appropriate models of evolution for the separate cytochrome b and 16S rRNA data sets.
These models were used to estimate interspecific and intraspecific ML genetic distances (for
species represented by more than one individual).

The Bayesian analyses were implemented using the same combined data set as the ML
analyses and the computer program MrBayes (v3.0b4) (Huelsenbeck & Ronquist, 2001).
Two strategies were used for these analyses. In the first, the substitution rates for the GTR
model, gamma distribution, proportion of invariant sites and character state frequencies were
estimated for all the data combined. All analyses were conducted using the default value of
four Markov chains per run and each analysis was replicated five times to ensure that overall
tree-space was well sampled and to avoid being trapped in local optima. Each analysis was
run for 1,000,000 generations and sampled every 100 generations, resulting in 10,000
sampled trees. The Markov chain reached stationarity after approximately 100,000
generations (1,000 sampled trees), so the first 2,000 trees were discarded as the burn-in
phase and the remaining 8,000 trees were used to construct a 50% majority rule consensus
tree and estimate Bayesian posterior probabilities. In the second approach the data were
partitioned into four character sets: the 16S rRNA gene and one for each codon position for
the cytochrome b gene. The substitution rates for the GTR model, gamma distribution,
proportion of invariant sites and character state frequencies were unlinked and estimated
independently for each data partition. Four Markov chains were run for 7,000,000
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generations, sampled every 100 generations and first 10,000 sampled trees were discarded as
the burn-in phase. This analysis was run twice and posterior probabilities for clades were
plotted against one another. There was low variance in estimated posteriors probabilities for
focal clades suggesting that chains had reached stationarity.

Bootstrap values (both parsimony and non-parametric ML) and Bayesian posterior
probabilities were used to evaluate branch support. Two unweighted parsimony bootstrap
tests, comprising 10,000 replicates each, were performed. The first was on the entire
combined data set and the second with cytochrome b third codon position excluded. Two
maximum likelihood bootstrap tests also were performed. The first comprised one or two
individuals to represent each species (detailed in Table 2.1) and 500 non-parametric ML
bootstrap replicates. The second included all 74 individuals, and 100 non-parametric ML
bootstrap replicates were performed. In addition, Bayesian posterior probabilities provided a
third measure of branch support and may represent a better estimate of phylogenetic
accuracy than bootstrap values (Wilcox et al., 2002; Reeder, 2003). A conservative
statistical approach was taken in which branches were only considered supported if they
received bootstrap values ≥ 70% (Hillis & Bull, 1993) and posterior probabilities ≥ 95%
(Wilcox et al., 2002).

2.2.5 Hypothesis testing
I tested the significance of log-likelihood differences between the optimal ML tree and a
number of alternative topologies (listed below) representing various alternative hypotheses
suggested previously by authors based on morphology. Maximum likelihood trees,
constrained to represent each of the alternative hypotheses, were built in PAUP* using the
same settings and model of evolution as in the previous searches for optimal trees.
Constrained and constrained trees were compared using the Shimodaira-Hasegawa test in
PAUP* (Shimodaira & Hasegawa, 1999; Goldman et al., 2000) using full optimisation and
10,000 bootstrap replicates. This tests whether the optimal tree is significantly better than
each of the alternative hypotheses.

1). Phylogenetic affinities of Emydocephalus
McDowell (1972) questioned the validity of the genus Emydocephalus, and suggested that it
was related more closely to Aipysurus eydouxi than A. eydouxi was related to its congeners.
He concluded that Emydocephalus should be reduced to a subgenus of Aipysurus. To test
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2.2a: Emydocephalus subgenus of Aipysurus
Aipysurus laevis
Aipysurus
fuscus
s
Aipysurus duboisii
Aipysurus apraefrontalis
Aipysurus eydouxii
Emydocephalus annulatus

2.2b: Hydrelaps/Parahydrophis
sister group to all other hydrophiines
Hydrelaps/Parahydrophis
Hydrophis group
Aipysurus group

2.2c: Hydrelaps/Parahydrophis
sister group to Aipysurus group
Hydrophis group
Hydrelaps/Parahydrophis
Aipysurus group

2.2d: Genus Hydrophis monophyletic
Acalyptophis peronii
Disteira kingii
Disteira major
Lapemis curtus
Pelamis platurus
Astrotia stokesii
Hydrophis ornatus
Hydrophis mcdowelli
Hydrophis czeblukovi
Hydrophis brookii
Hydrophis pacificus
Hydrophis cyanocinctus
Hydrophis spiralis
Hydrophis lapemoides
Hydrophis elegans

Figure 2.2. Diagrammatic representations of hypothesised evolutionary relationships based on
morphology. Shimodaira-Hasegawa tests were used to test trees that reflected these hypotheses
and included all samples used in this study to compare with the best maximum-likelihood (ML) tree.
See text for details.
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this hypothesis the ML tree was compared to an alternative topology where Emydocephalus
and Aipysurus eydouxi together form a sister clade to the remaining Aipysurus (Fig. 2.2a).

2). Phylogenetic affinities of Hydrelaps and Parahydrophis
Authors have generally agreed that Hydrelaps and Parahydrophis represent ‘primitive’
lineages, however their evolutionary relationships to the Aipysurus or Hydrophis groups
have remained unclear (McDowell, 1969a, 1972, 1974; Voris, 1977). Indeed, they have been
variously placed, separately or together, ancestral to the Aipysurus or Hydrophis groups, or
to both major lineages (McDowell, 1969a 1972, 1974; Voris, 1977).

The ML tree was compared to a number of alternative topologies. The first hypotheses tested
were that the combined Hydrelaps/Parahydrophis clade was either the sister taxon to all
remaining sea snakes (Fig. 2.2b), or sister taxon to the Aipysurus group (Fig. 2.2c). The
following hypotheses were subsequently tested: Hydrelaps as sister taxon to the Hydrophis
group, and Parahydrophis as sister taxon to the Aipysurus group and vice versa, and
Hydrelaps as ancestral to all other sea snakes and Parahydrophis monophyletic with either
the Aipysurus group or the Hydrophis group and vice versa.

3). Monophyly of Hydrophis
To address questions regarding monophyly of Hydrophis and one of its subgenera,
Leioselasma (McDowell 1972), the ML tree was compared to three alternative topologies. In
the first, all surveyed Hydrophis species were constrained into monophyletic clade (Fig.
2.2d). In the second, a monophyly constraint was imposed all species of the subgenus
Leioselasma included in this study (H. spiralis, H. cyanocinctus, H. pacificus and H.
elegans). The hypothesis of McDowell (1972), that H. pacificus and H. elegans are the same
species, was tested by forcing these two species into one monophyletic clade.

4). Monophyly, composition and phylogenetic affinities of Disteira
Disteira was resurrected by McDowell (1972) to include Hydrophis major, H. kingii,
Astrotia stokesii and Enhydrina schistosa (Daudin, 1803). However, most subsequent
classification schemes retain the monotypic genera Astrotia and Enydrina and recognise
Disteira and assign to it D. major and D. kingii (Cogger, 1975; Minton, 1975; Heatwole &
Cogger, 1994; Cogger, 2000). These hypotheses were tested by comparing the ML tree to
the following two alternative topologies: In the first a monophyly constraint was imposed on
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the two Disteira species sampled and in the second Disteira and Astrotia were constrained
into a monophyletic clade.
2.3 Results
The edited alignment comprised 1518 characters of which 1503 were suitable for
phylogenetic analyses. Of these, 544 nucleotide sites (36%) were variable (82 in 16S rRNA,
462 in cytochrome b) and 458 nucleotide sites (84%) were informative under parsimony (57
in 16S rRNA, 401 in cytochrome b). For the ingroup alone, 496 characters were variable of
which 445 were informative under parsimony.
2.3.1 Genetic distance
ModelTest supported the General Time Reversal (GTR) model with gamma distributed rate
variation (G) and proportion of invariant sites (I) as the best-fit substitution model for each
individual data set. These parameters were used to estimate maximum likelihood (ML)
genetic distances. Interspecific ML genetic distances for cytochrome b ranged widely
(Tables 2.3 & 2.4). The largest distances were in comparisons between species of the
Aipysurus and Hydrophis lineages (ca. 39% to 55%) whereas the lowest genetic distances
were among species within the Aipysurus lineage (ca. 3.3% to 17.6%) and within the
Hydrophis lineage (1.4% to 12.2%). Genetic distances between the Hydrelaps/
Parahydrophis clade and the Aipysurus lineage were higher (39% to 51%) than those
between the Hydrelaps/Parahydrophis clade and the Hydrophis lineage (25% to 35%)
(Tables 2.3 & 2.4). Hydrelaps and Parahydrophis differed by approximately 25%. As
expected, interspecific ML genetic distances for 16S rRNA were considerably smaller but
proportional to the cytochrome b distances (Tables 2.3 & 2.4).

2.3.2 Phylogenetic relationships
ModelTest supported GTR+G+I as the best-fit substitution model for the combined data set,
so these parameters were used for the ML analysis in PAUP*. The optimal ML tree (-ln L =
8684.3) was identical in topology to the five Bayesian consensus trees recovered from
estimating one set of parameters for the combined data. The two Bayesian analyses based on
the fully partitioned data set also produced virtually identical consensus trees to the ML
phylogeny except for minor branch swapping in the Hydrophis lineage. Posterior
probabilities were similar for the seven consensus trees produced using both Bayesian
approaches. The unweighted parsimony analysis resulted in 769 most parsimonious trees and
the unweighted parsimony analysis excluding nucleotides at the third codon positions of
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Table 2.3: Percent sequence divergences (ranges) for within and between lineage divergences,
and intraspecific genetic distances for species represented by more than one individual. Genetic
distances were calculated using the GTR+I+G model of substitution with parameters indicated
by ModelTest 3.0 as best fitting each data set.
Taxon
Within lineage divergences
Aipysurus lineage
Hydrophis lineage
Hydrelaps/Parahydrophis clade
Between lineage divergences
Hydrophis vs. Aipysurus
Hydrelaps/Parahydrophis vs. Aipysurus lineage
Hydrelaps/Parahydrophis vs. Hydrophis lineage
Intraspecific genetic distances
Acalyptophis peronii
Aipysurus duboisii
Aipysurus eydouxii
Aipysurus fuscus
Aipysurus laevis
Astrotia stokesii
Disteira kingii
Disteira major
Emydocephalus annulatus within GBR
Emydocephalus annulatus within WA
Emydocephalus annulatus GBR vs. WA
Hydrelaps darwiniensis
Hydrophis elegans
Hydrophis lapemoides
Hydrophis mcdowelli
Hydrophis ornatus
Hydrophis pacificus
Lapemis curtus within Australia
Lapemis curtus Australia vs. Thailand
Pelamis platurus

16S rRNA

Cytochrome b

0.39 - 4.37
0.19 - 4.32
6.51 - 10.83

3.29 - 17.58
1.36 - 12.23
25.25 - 25.96

5.01 - 9.65
4.77 - 8.62
4.90 - 7.52

39.68 - 54.57
39.03 - 50.58
24.62 - 34.57

0
0
0 - 0.20
0
0 - 0.21
0 - 0.62
0
0
0
0 - 0.21
0.84 - 1.10
3.44
0
0
0.20
0 - 0.81
0 - 0.39
0
0.19
0

0.09 - 0.66
0.63
0.10 - 0.20
0
0 - 0.29
0.09 - 0.76
0 - 0.28
0 - 0.11
0
0 - 0.48
0.58 - 0.67
2.11
0.19 - 0.48
0.09
0.37
0 - 0.28
0 - 0.19
0 - 0.28
0.81 - 0.92
0 - 0.28

Note: Emydocephalus annulatus and Lapemis curtus genetic distances are presented for within and
between regions. See text for more details.
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23 Hydrophis czeblukovi (001)
24 Pelamis platurus (003)

21 Hydrophis ornatus (014)
22 Hydrophis brookii (001)

19 Hydrophis cyanocinctus (002)
20 Hydrophis mcdowelli (002)

17 Hydrophis pacificus (006)
18 Hydrophis spiralis (001)

15 Hydrophis elegans (010)
16 Hydrophis lapemoides (001)

12 Lapemis curtus (001)
13 Parahydrophis mertoni (001)
14 Hydrelaps darwiniensis (001)

10 Disteira kingii (002)
11 Disteira major (008)

9 Acalyptophis peronii (001)

7 Emydocephalus annulatus (002)
8 Astrotia stokesii (004)

5 Aipysurus duboisii (016)
6 Aipysurus eydouxii (001)

3 Aipysurus laevis (008)
4 Aipysurus fuscus (032)

1 Hemiaspis damelii (C5#4)
2 Aipysurus apraefrontalis (001)

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

-

-

-

-

-

-

-

-

-

-

-

0.104 0.064 0.050 0.053 0.071 0.071 0.059 0.015 0.015 0.014 0.008 0.008 0.049 0.054 0.017 0.012 0.012 0.015 0.015 0.024 0.027 0.024 0.012

-

-

0.100

0.083 0.093

0.095 0.078 0.095

0.119 0.075 0.061 0.064 0.077 0.077 0.062 0.030 0.024 0.015 0.017 0.017 0.068 0.068 0.030 0.015 0.019 0.022 0.022 0.024 0.029 0.030

0.124 0.081 0.063 0.067 0.089 0.083 0.062 0.028 0.037 0.022 0.034 0.029 0.073 0.073 0.038 0.032 0.032 0.035 0.029 0.038 0.044

-

0.086 0.088 0.070 0.099

0.096 0.102 0.088 0.087 0.090

0.121 0.090 0.074 0.078 0.092 0.097 0.082 0.035 0.023 0.022 0.027 0.034 0.072 0.075 0.035 0.027 0.027 0.036 0.030 0.031

0.134 0.084 0.075 0.078 0.092 0.083 0.078 0.037 0.036 0.026 0.024 0.024 0.075 0.071 0.043 0.026 0.032 0.035 0.034

-

0.033 0.092 0.089 0.088 0.077 0.088

0.032 0.014 0.102 0.099 0.099 0.097 0.099

0.106 0.065 0.052 0.055 0.073 0.073 0.059 0.027 0.026 0.024 0.024 0.019 0.055 0.052 0.025 0.015 0.002 0.013

0.100 0.060 0.047 0.050 0.065 0.068 0.059 0.028 0.022 0.024 0.024 0.019 0.056 0.059 0.025 0.015 0.010

-

0.076 0.063 0.070 0.092 0.090 0.077 0.082 0.084

0.067 0.087 0.072 0.084 0.078 0.086 0.082 0.074 0.080

0.111 0.069 0.055 0.058 0.077 0.076 0.062 0.030 0.024 0.022 0.021 0.017 0.059 0.056 0.022 0.013

0.090 0.060 0.050 0.053 0.068 0.068 0.053 0.030 0.019 0.017 0.017 0.019 0.058 0.058 0.017

-

0.251 0.306 0.271 0.270 0.287 0.311 0.304 0.325 0.326 0.268

0.253 0.275 0.324 0.268 0.278 0.246 0.301 0.320 0.304 0.311 0.254

0.102 0.070 0.056 0.059 0.078 0.078 0.066 0.028 0.024 0.027 0.027 0.024 0.056 0.068

0.112 0.070 0.066 0.070 0.086 0.080 0.070 0.065 0.058 0.064 0.067 0.060 0.065

-

0.346 0.274 0.082 0.090 0.099 0.088 0.095 0.097 0.109 0.102 0.079 0.095

0.082 0.292 0.281 0.065 0.071 0.079 0.073 0.074 0.065 0.059 0.069 0.053 0.078

0.112 0.048 0.056 0.064 0.055 0.068 0.072 0.063 0.053 0.064 0.049 0.055

0.115 0.067 0.053 0.056 0.074 0.062 0.067 0.024 0.023 0.019 0.012

-

0.070 0.106 0.310 0.277 0.081 0.079 0.099 0.094 0.091 0.080 0.083 0.089 0.079 0.091

0.099 0.073 0.118 0.341 0.350 0.095 0.104 0.108 0.089 0.098 0.085 0.038 0.108 0.080 0.122

0.109 0.064 0.057 0.060 0.072 0.072 0.066 0.025 0.019 0.019

0.113 0.072 0.058 0.061 0.080 0.080 0.072 0.022 0.016

-

0.112 0.103 0.090 0.110 0.324 0.295 0.073 0.083 0.100 0.085 0.093 0.109 0.102 0.108 0.095 0.101

0.418 0.480 0.419 0.433 0.397 0.459 0.390 0.403 0.425 0.426 0.397 0.441 0.453 0.450 0.420 0.421 0.415

0.117 0.076 0.061 0.064 0.084 0.083 0.071 0.027

0.118 0.072 0.057 0.060 0.080 0.071 0.068

-

0.152 0.483 0.542 0.434 0.461 0.447 0.460 0.454 0.464 0.498 0.507 0.485 0.519 0.500 0.482 0.498 0.450 0.433

0.095 0.157 0.460 0.507 0.445 0.439 0.431 0.476 0.462 0.442 0.455 0.476 0.429 0.490 0.467 0.464 0.482 0.467 0.420

0.086 0.039 0.033 0.036 0.044 0.035

0.109 0.029 0.024 0.029 0.034

-

0.104 0.103 0.176 0.535 0.539 0.463 0.483 0.487 0.485 0.490 0.483 0.514 0.487 0.455 0.509 0.506 0.498 0.527 0.467 0.493

0.033 0.110 0.110 0.175 0.535 0.546 0.476 0.479 0.486 0.488 0.497 0.482 0.514 0.509 0.488 0.522 0.512 0.509 0.511 0.490 0.479

0.106 0.010 0.026 0.029

0.087 0.022 0.004

-

0.106 0.112 0.068 0.111 0.167 0.433 0.492 0.419 0.409 0.430 0.506 0.477 0.420 0.417 0.463 0.432 0.474 0.448 0.456 0.434 0.440 0.404

0.479 0.451 0.490 0.455 0.519 0.455 0.419 0.462 0.459 0.454 0.470 0.368 0.490 0.434 0.465 0.444 0.435 0.425 0.427 0.443 0.483 0.446 0.405

0.083 0.017

0.108

-

1

Table 2.4: Interspecific genetic distance matrix based on cytochrome b sequences (above diagonal) and 16S rRNA sequences (below diagonal). Genetic
distances estimated using model of best fit selected by ModelTest 3.0 for each data set (GTR+I+G). Individuals used as indicated in Table 2.1.

Hydrophis ornatus 002 Groote Eylandt
Hydrophis ornatus 010 Groote Eylandt
Hydrophis ornatus 013 Gulf of Carpentaria
95//94/100
100
Hydrophis ornatus 014 Mornington Island
Hydrophis ornatus 011 NW Shelf
100/95/100/100
Acalyptophis peronii 001 Vanderlin Island
100
Acalyptophis peronii 005 Mornington Island
//54/75
Acalyptophis peronii 007 Ashmore Reef
Disteira kingii 001 Mornington Island
Disteira kingii 002 Townsville
100
Disteira kingii 003 Mornington Island
//78/100
Disteira kingii 004 Weipa
Disteira major 002 Mornington Island
Disteira major 008 Weipa
100
Disteira major 020 Mackay
//64/60
Disteira major 024 Mornington Island
Hydrophis mcdowelli 001 NW Shelf
100
//67/89
Hydrophis mcdowelli 002 Mornington Island
Hydrophis czeblukovi 001 NW Shelf
Hydrophis brookii 001 Thailand
50//67/89 Hydrophis pacificus 001 Mornington Island
99/78/100/100 Hydrophis pacificus 006 Mornington Island
100/88/100/100
Hydrophis pacificus 007 Groote Eylandt
98/80/100/100
Hydrophis cyanocinctus 002 Thailand
///98
Hydrophis spiralis 001 Thailand
Hydrophis cyanocinctus 001 Thailand
100/98/100/100
Hydrophis lapemoides 001 Thailand
Hydrophis lapemoides 002 Thailand
100/99/100/100
Lapemis curtus 003 Gulf of Carpentaria
///86
Lapemis curtus 002 Yongala
Lapemis curtus 089 NW Shelf
83/64/85/79
Lapemis curtus 111 Groote Eylandt
100/98/100/100
Lapemis curtus 112 Groote Eylandt
Lapemis curtus 129 Groote Eylandt
Lapemis curtus 001 Thailand
///74
Pelamis platurus 001 Gulf of Carpentaria
100/99/100/100
Pelamis platurus 003 Richmond
Pelamis platurus 004 Sth Ballina
Pelamis platurus 002 Broken Head
Astrotia stokesii 002 Mornington Island
100/98/100/100
90/86/94/88
Astrotia stokesii 004 Groote Eylandt
100
Astrotia stokesii 007 Vanderlin Island
Astrotia stokesii 008 Ashmore Reef
/55/59/79
81/89/91/100
Hydrophis elegans 004 Mackay
Hydrophis elegans 005 Townsville
100/99/100/100
Hydrophis elegans 010 Weipa
Hydrelaps darwiniensis 001 Dinal Beach NT
100
Hydrelaps darwiniensis 002 NT
65/68/52/69
Parahydrophis mertoni 001 Palmerston NT
Aipysurus laevis 003 Ashmore Reef
53//65/88
Aipysurus laevis 219 Vanderlin Island
Aipysurus laevis 226 Cartier Islet
Aipysurus laevis 008 Townsville
Aipysurus laevis 009 Townsville
100/92/100/100
Aipysurus laevis 067 DJ Reef
Aipysurus laevis 223 Vanderlin Island
Aipysurus laevis 229 Vanderlin Island
100/98/100/100
Aipysurus laevis 230 Vanderlin Island
Aipysurus laevis 233 Mornington Island
Aipysurus fuscus 003 Ashmore Reef
70//98/100
100/98/100/100 Aipysurus fuscus 032 Scott Reef
93/96/100/100
Aipysurus duboisii 004 Vanderlin Island
100
Aipysurus duboisii 016 Scott Reef
97/65/99/100
Aipysurus apraefrontalis 001 NW Shelf
73/64/58/65 Aipysurus eydouxii 001 Groote Eylandt
100
Aipysurus eydouxii 008 Groote Eylandt
100/96/100/100
Aipysurus eydouxii 005 Bundaberg
74/63/62/99 Emydocephalus annulatus 007 Cartier Islet
67//76/99
Emydocephalus annulatus 008 Cartier Islet
89/82/81/99
Emydocephalus annulatus 088 Scott Reef
100
Emydocephalus annulatus 009 Ashmore Reef
Emydocephalus annulatus 002 Swain Reefs
96/91/95/99 Emydocephalus annulatus 003 Swain Reefs
Hemiaspis signata C5#1
Hemiaspis damelii C5#4
70/63/71/98

98/89/100/100

0.01 substitutions/site

Figure 2.3. Maximum likelihood/Bayesian tree from combined cytochrome b and 16S rRNA data
under the best fitting model GTR+I+G. Numbers above or below branches represent parsimony bootstrap
values for all characters included / with cytochrome b third codon position excluded / non-parametric ML
bootstrap values / Bayesian posterior probabilities. Nodes for which all measures of support were 100 are
indicated by 100 on the corresponding branch. Where support was less than 50% values are not shown.
Sampling locations are shown in Fig. 2.1 Samples in bold were used to calculate ML bootstrap values.
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cytochome b resulted in 788 most parsimonious trees. The strict consensus of these trees for
each of these analyses again were virtually identical to the optimal ML tree with only minor
branch swapping in the Hydrophis lineage. The minor topology differences between the
analyses occurred only at nodes with no bootstrap support and low posterior probabilities.

The results of the phylogenetic analyses are summarised as the ML/Bayesian phylogram
(Fig. 2.3). Branch supports for each node from the combined data set are given in the
following order: parsimony bootstrap values first for the entire data set and then for the data
set with cytochrome b third codon positions excluded (also reported in this order in the text);
non-parametric ML bootstrap values; and Bayesian posterior probabilities. For nodes where
all four measures of support were 100, this value is summarised by one number on the tree
for the sake of simplicity.

The hydrophiine sea snakes comprised two strongly supported monophyletic lineages (Fig.
2.3). Monophyly of the Aipysurus lineage was strongly supported by high bootstrap values
and a high Bayesian posterior probability. Within the Aipysurus lineage, E. annulatus
formed a strongly supported sister group to Aipysurus. Aipysurus eydouxi formed the sister
species to its four congeners, and the hypothesis that A. eydouxi is related more closely to
Emydocephalus than to all other Aipysurus (Fig. 2.2a) was rejected (p = 0.036). The
remaining four Aipysurus species formed two well-supported sister groups, one comprising
A. laevis and A. fuscus, the other comprising A. duboisii and A. apraefrontalis (Fig. 2.3). The
Aipysurus lineage as a whole formed a well-supported sister group to the clade comprising
the Hydrophis lineage plus Hydrelaps darwiniensis and Parahydrophis mertoni.

Athough monophyly of the clade comprising the Hydrophis lineage plus the Hydrelaps/
Parahydrophis clade was strongly supported by bootstrap values and posterior probabilities,
the alternate topologies in which H. darwiniensis / P. mertoni group formed a sister clade to
either the Aipysurus lineage (p = 0.135) (Fig. 2.2b), or to both the Aipysurus and Hydrophis
lineages (p = 0.113) (Fig. 2.2c) could not be rejected. Monophyly of the Hydrelaps /
Parahydrophis clade itself was poorly supported (parsimony bootstrap values 65% and 68%
respectively; ML bootstrap 52%; Bayesian posterior probability 69%) and the alternate
hypotheses that place Hydrelaps as sister taxon to the Hydrophis lineage and Parahydrophis
as sister taxon to the Aipysurus lineage (p = 0.159) or ancestral to both lineages (p = 0.184)
were also not rejected. By contrast, the ability to reject the hypotheses of Parahydrophis as
sister taxon to the Hydrophis lineage and Hydrelaps as sister taxon to the Aipysurus lineage
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(p = 0.062) or ancestral to both lineages (p = 0.074) was weaker. Finally, the hypothesis that
Parahydrophis is ancestral to both lineages and Hydrelaps monophyletic with the Aipysurus
lineage (p = 0.099) could not be rejected, based on these data, the hypothesis that Hydrelaps
is ancestral to all sea snakes and Parahydrophis is monophyletic with the Aipysurus lineage
(p = 0.053) is unlikely.

Monophyly of the Hydrophis lineage was very strongly supported, however most species
were characterised by long branches, and species level and inter-generic relationships were
poorly resolved (Fig. 2.3). Moreover, it is clear that the genus Hydrophis, as currently
understood, is not monophyletic (p = 0.0001) (Fig. 2.2d). Only two well-supported clades
were identified within the Hydrophis group, one comprising Hydrophis ornatus and
Acalyptophis peronii and the other comprising Hydrophis pacificus, H. cyanocinctus and H.
spiralis (Fig. 2.3). Hydrophis pacificus, H. cyanocinctus and H. spiralis all belong to
McDowell’s 1972 subgenus Leioselasma and, while H. elegans (also ascribed to the
subgenus Leioselasma) was not included in this clade in best phylogenetic hypothesis, it was
not possible to reject the hypothesis that the subgenus Leioselasma comprises a
monophyletic group (p = 0.285). McDowell’s (1972) synonymy of H. pacificus with H.
elegans was, however, strongly rejected (p = 0.0001). Disteira kingii and D. major did not
form a monophyletic group (Fig. 2.3) but it was not possible to reject the hypothesis that
Disteira is, in fact, monophyletic (p = 0.214): however, Disteira and Astrotia are unlikely to
be a monophyletic lineage (p = 0.039). The very poor resolution among species and genera
within the Hydrophis lineage, combined with the long branches that characterise most
species, suggests that the Hydrophis lineage represents a rapidly diverged adaptive radiation.

2.3.3 Intraspecific phylogeography
With only one exception, all branches leading to conspecific individuals were supported by
Bayesian posterior probabilities of 100% and bootstrap values ranging from 78% to 100%
(Fig. 2.3). For several species specimens were obtained from multiple parts of their range,
and in most cases the intraspecific tree topologies reflected these geographic distributions
(Figs. 2.1 & 2.3). In particular, H. ornatus, A. peronii and A. stokesii from the Gulf of
Carpentaria (GoC) formed sister groups to conspecifics from the Western Australia (WA). In
addition, A. eydouxi from the GoC formed a sister group to a conspecific individual from the
Great Barrier Reef (GBR). Hydrophis elegans from the GBR formed a sister group to an
individual from the GoC, and L. curtus from Australia formed a sister group to a conspecific
individual from Thailand. Emydocephalus annulatus also divided into two groups, WA and
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two groups, WA and the GBR, and individuals from WA separated out according to the reef
from which they were sampled (Figs. 2.1 & 2.3). In addition, intraspecific genetic distances
for L. curtus and E. annulatus were much lower within than between regions (Table 2.3).

2.4 Discussion
The robust molecular phylogeny generated for the hydrophiine sea snakes revealed a number
of strongly supported matrilineal clades. The topology of the phylogenetic gene-tree
corroborates the existence of the long-recognised Aipysurus and Hydrophis lineages,
provides resolution among the Aipysurus group species included in this study, and
demonstrates that genus Hydrophis, as currently understood, is not a monophyletic clade
(McDowell, 1969b, 1972, 1974; Burger & Natsuno, 1974; Voris, 1977; Rasmussen, 1994).
While the evolutionary relationships of H. darwiniensis and P. mertoni remain unclear, this
phylogenetic reconstruction suggests that these species represent sister taxa to the Hydrophis
group (McDowell, 1972). Finally, this molecular phylogeny strongly supports the hypothesis
that the Hydrophis lineage represents a rapidly diverged adaptive radiation (Burger &
Natsuno, 1974; Voris, 1977). These issues are considered in turn.

2.4.1 Aipysurus lineage
The Aipysurus lineage comprises nine species and has been taxonomically stable since
Smith’s (1926) description of Aipysurus and Emydocephalus. The molecular data strongly
support monophyly of this group (Fig. 2.3) and corroborate the distinctive morphological
features of the Aipysurus lineage that are not found in species of the Hydrophis lineage.
These include broad ventral scales in 1:1 correspondence in number with vertebral number, a
median keel, caudal vertebrae with haemapophyses meeting to form complete haemal
arches, and a thick cylindrical body (Smith, 1926; McDowell, 1969b, 1972; Burger &
Natsuno, 1974). These are all primitive characters, however there are very few uniquely
derived characters in the sea snakes in general, and none that unite the Aipysurus lineage
(Voris 1977).

Smith (1926) recognised two species of Emydocephalus and seven species of Aipysurus. The
molecular phylogeny grouped A. laevis with A. fuscus, and A. duboisii with A.
apraefrontalis, into two reciprocally monophyletic and well-supported clades, with A.
eydouxi as a sister group (Fig. 2.3). While previous studies have not resolved relationship
among Aipysurus species (McDowell, 1969a, 1972, 1974; Burger & Natsuno, 1974; Voris,
1977), the molecular data agree with both McDowell (1972) and Voris (1977) who
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suggested that A. eydouxi represents a stem lineage. Aipysurus eydouxi occurs in turbid
deeper waters (30-50m) throughout northern Australia and the Indo-Malay archipelago. It is
the only member of this genus that feeds almost exclusively on fish eggs (Voris & Voris,
1983) and is not endemic to the coral reefs of Australia (Cogger, 2000). Emydocephalus
species also feed exclusively on fish eggs (Voris, 1966) and share morphological
specialisations for egg eating with A. eydouxi, including extreme fang and venom apparatus
reduction (Voris, 1977; Voris & Voris, 1983). Despite these shared dietary and
morphological specialisations, the molecular data do not support McDowell’s (1972)
proposed sister group relationship between Emydocephalus and A. eydouxi to the exclusion
of other Aipysurus species, nor the allocation of Emydocephalus to a subgenus of Aipysurus
(Fig. 2.2a). The phylogenetic reconstruction does suggest that egg eating may be the
ancestral condition in the Aipysurus group; nonetheless, it is also plausible that the
specialisation for exclusive egg eating evolved twice in this group, particularly considering
that the extreme fang and venom apparatus reduction associated with this dietary
specialisation is not found in other species of the Aipysurus group, all of which include fish
eggs in their diets to some extent (Voris, 1972; Voris & Voris, 1983)

2.4.2 Hydrophis lineage
The molecular phylogeny strongly demonstrated that the Hydrophis lineage is monophyletic.
However, unlike the Aipysurus lineage, the evolutionary relationships among species and
genera in this much larger lineage remain poorly understood (Fig. 2.3). Similarly, while the
Aipysurus lineage has been taxonomically stable since Smith (1926), the genera that
comprise the Hydrophis lineage have been revised numerous times (Smith, 1926;
McDowell, 1969a, 1972, 1974; Burger & Natsuno, 1974; Voris, 1977). This somewhat
chaotic taxonomic history of the Hydrophis lineage is partially the result of difficulties in
identifying phylogenetically useful morphological and molecular characters for groups that
represent rapidly diverged adaptive radiations (Schluter, 2000).

The genus Hydrophis represents a good example of the difficulties associated with the
taxonomy of this radiation. In an effort to resolve the evolutionary relationships within this
genus, McDowell (1972) grouped its 21 species into three subgenera: Leioselasma, Aturia
(Chitula) and Hydrophis. Cogger (1975) subsequently regarded these as natural groups and
Kharin (1984) suggested they be elevated to genera. Although the molecular data supported
the natural grouping of McDowell’s smallest subgenus Leioselasma, (even with the
inclusion of H. elegans, Leioselasma could not be rejected as a natural group), Rasmussen
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(1994) showed that McDowell’s subgenus Aturia (9 species) was paraphyletic based on
cladistic analysis of the characters used by McDowell to define the subgenera. The
phylogenetic topology demonstrates clearly that the genus Hydrophis, as currently
understood, is not monophyleic and this result corroborates others who have come to the
same conclusion based on other types of data (Cadle & Gorman, 1981; Rassmussen, 1994).
Indeed, Hydrophis has been described as ‘a taxonomic parking place for species whose
relationships are not yet understood’ (Greer, 1997), and probably comprises all the species in
the Hydrophis lineage included in this study. However, it seems premature to propose yet
another taxonomic revision of the genus at this stage. Instead I suggest that a taxonomic
revision of the Hydrophis lineage be delayed until a molecular phylogeny is available that
includes all currently recognised genera (if not species) in this lineage. Moreover, additional
mitochondrial and nuclear loci will be needed to resolve the evolutionary relationships
within this challenging group.

There were only two well-supported clades within the Hydrophis group resolved by the
molecular phylogeny. The first was the clade comprising Hydrophis ornatus and
Acalyptophis peronii to the exclusion of other Hydrophis species, a close relationship that
has not been identified in previous studies. The second was the group comprising Hydrophis
cyanocinctus, H. spiralis and H. pacificus (from McDowell’s, 1972 subgenus Leioselasma,
Fig. 2.3). Hydrophis pacificus was placed in synonymy with H. belcheri by Smith (1926),
moved to the synonymy of H. elegans by McDowell (1972), and resurrected by Cogger
(1975). Based on the molecular data, H. pacificus and H. elegans, both of which are
Australian endemics with overlapping distributions, are distinct species. However the
relationships among H. pacificus, H. cyanocinctus and H. spiralis are less clear. Within this
clade, H. spiralis (represented by individual Hsp001) and one H. cyanocinctus individual
(Hcy001) formed a well-supported group, while the second individual representing H.
cyanocinctus (Hcy002) formed a well-supported clade with H. pacificus (Fig. 2.3).
Intraspecific genetic distances for H. cyanocinctus (1.5% for 16S rRNA and 3.4% for
cytochrome b) also were higher than those between most other species (Table 2.3). The most
probable explanation of this incongruous grouping is misidentification, as there is no
agreement on the distinguishing features of H. cyanocinctus and H. spiralis (McDowell,
1972). Unfortunately only dried heads remain of the H. cyanocinctus specimens used in this
study (H. Voris pers. comm.) and more work is needed to clarify the relationships among
these closely related species.
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While some monotypic genera such as Acalyptophis, Astrotia and Pelamis have been
recognised since they were first described, the status and/or species composition of other
genera such as Disteira and Lapemis have been more controversial. McDowell (1972)
resurrected Disteira and assigned to it four species (D. major, D. kingii, Astrotia stokesii and
Enhydrina schistosa) based on the common possession of ‘an adductor mandibulae externus
superficialus muscle with very broad dorsal portion which completely conceals the adductor
externus medialis’ (McDowell, 1972). Burger and Natsuno (1974) agreed that Disteira,
including Astrotia and Enhydrina, comprised a natural group but, as it was only
distinguished from Hydrophis by one character, they reduced Disteira to a fourth subgenus
of Hydrophis. Most subsequent classifications have retained Disteira but only assign to it D.
major and D. kingii. Based on the molecular data, monophyly of D. major and D. kingii was
not rejected; however, if Disteira does represent a natural group, then it does not include
Astrotia.

The phylogenetic affinities of Hydrelaps, Ephalophis and Parahydrophis have been
problematical because they display a series of morphological attributes that have been
interpreted as ‘primitive’ among sea snakes (McDowell, 1969, 1972, 1974). McDowell
(1969) considered Ephalophis as ancestral to the Aipysurus group, and considered Hydrelaps
ancestral to either the Hydrophis group or to both major lineages. Voris’ (1977) phylogenetic
analysis of detailed morphological data found that both Ephalophis and Hydrelaps were
ancestral to the Hydrophis group. By contrast Burger and Natsuno (1974) placed Hydrelaps,
Ephalophis and their newly created genus, Parahydrophis (previously Ephalophis mertoni),
as ancestral to the Aipysurus group that together formed a new subfamily Ephalophiinae or
‘Thick Sea Snakes’, which was placed ancestral to their other newly created subfamily
Hydrophiinae or ‘Flat Sea snakes’ (Hydrophis group). Although the
Hydrelaps/Parahydrophis clade formed a sister taxon to the Hydrophis group in the
phylogenetic reconstruction, it was not possible to exclude the alternate hypotheses.
However some topologies, particularly those that placed Hydrelaps ancestral to all sea
snakes or monophyletic with the Aipysurus group, were in the boarderline rejection region.
The evolutionary affinities of the ‘primitive’ genera may be clarified by including
Ephalophis and/or additional mitochondrial or nuclear loci in future phylogenetic analyses.

2.4.3 The Hydrophis lineage as a rapidly diverged adaptive radiation
An adaptive radiation comprises a group of species that inhabit a variety of environments,
differ in morphological and other traits important in utilizing these environments, and are
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descended from a common ancestor that rapidly speciated over a short period of time
(Schluter, 2000). The Hydrophis lineage satisfies all four criteria set out by Schluter (2000) to
identify an adaptive radiation including common ancestry (Keogh, 1998), phenotype –
environment correlation and trait utility (Voris, 1977; Voris & Voris, 1983), and rapid
speciation as demonstrated by the molecular phylogeny. The topology of the phylogenetic
hypothesis, lack of resolution between species, non-monophyly of genera, similar levels of
genetic divergence between taxa, and short internodes all support a rapid speciation model.

This is perhaps best exemplified by examining genetic diversity relative to phenotypic
diversity (Schluter, 2000). Even though overall genetic diversity is similar for the Aipysurus
and Hydrophis lineages (Table 2.3), phenotypic diversity relative to genetic diversity is
much greater in the Hydrophis lineage. For example, mean ML interspecific genetic distance
estimates for representatives of the Hydrophis and Aipysurus lineages for 16S rRNA were
2.37% and 2.73%, and for cytochrome b were 8.60% and 11.86%, respectively. The
Aipysurus lineage comprises two genera and nine species, while the Hydrophis lineage
comprises 11 genera (mostly monotypic) and 23 species. Ratios of phenotypic to genetic
diversity were calculated for each lineage using the number of genera within each lineage as
a proxy for phenotypic diversity (Schluter, 2000) and assuming the genetic diversity of each
lineage was well sampled in this study. These ratios indicated that, compared to genetic
diversity, phenotypic diversity of the Hydrophis lineage was approximately seven (6.32 –
7.59) times that of the Aipysurus lineage. A more conservative approach, using the genera
sampled in the phylogeny (six genera from the Hydrophis lineage, two from the Aipysurus
lineage) still revealed that levels of phenotypic diversity relative to genetic diversity were
approximately four (3.45 – 4.14) times higher in the Hydrophis lineage. A similar result was
obtained by using the number of species in each lineage as proxies for phenotypic diversity.

Burger and Natsuno (1974) and Voris (1977) pointed to the possibility of an adaptive
radiation of the Hydrophis lineage in the tropical waters of northern Australian and South
East Asia, where they now occur in a wide range of habitats and forage on a wide range of
prey items (Voris & Voris, 1983). Voris (1977) hypothesised that ancestral Hydrophis
populations were isolated repeatedly due to fluctuating sea levels associated with Pleistocene
glaciation cycles, promoting speciation. The molecular data are consistent with Voris’
(1977) hypothesis, which is further supported by distributional data. Most members of the
Aipysurus lineage are endemic to the coral reefs of Australia, New Guinea and New
Caledonia. Voris (1977) suggested that ancestral widespread members of the Aipysurus /
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Emydocephalus complex experienced the same repeated isolations as the Hydrophis lineage.
It is, however, also possible that the Aipysurus / Emydocephalus complex represents an
endemic Australian element (Cogger, 1975) and that A. eydouxi and Emydocephalus later
dispersed into SE Asian waters. Alternatively, species of the Aipysurus lineage may be relics
of an early adaptive radiation (Burger & Natsuno, 1974).

While fluctuating sea levels, and associated repeated isolation of populations over long
periods, is a convincing hypothesis to explain the rapid diversification of the Hydrophis
lineage, these molecular data also are fully consistent with the phenotypic and ecological
diversity displayed within this lineage, particularly with regard to diet specialisation and
habitat preference. The Hydrophis lineage displays a high level of specialisation with respect
to prey size and shape, reflected in its associated morphological specialisations (Voris &
Voris, 1983). For example, a suite of long-necked microcephalic Hydrophis species feed
exclusively on burrowing eels (Voris & Voris, 1983). These ecological factors, combined
with sea level fluctuations in SE Asia acting to isolate populations, together represent the
most likely explanation for the diversity displayed in this radiation.

2.5 Chapter Summary
This chapter explored the evolutionary history of the hydrophiine sea snakes using a robust
molecular phylogeny of 23 species from the three lineages historically recognised based on
morphology, and demonstrated congruence among the molecular and morphological data.
Parsimony, ML, and Bayesian analyses of two mitochondrial genes (cytochrome b - 1080bp;
16S rRNA - 510bp) recovered virtually the same tree and confirmed that hydrophiine sea
snakes comprise at least three evolutionary lineages. The Aipysurus and Hydrophis lineages
formed strongly supported and well-resolved monophyletic clades, and the two ‘primitive'
Hydrelaps darwiniensis and Parahydrophis mertoni formed a sister clade to the Hydrophis
lineage. The molecular data also demonstrated that the Aipysurus and Hydrophis lineages
have experienced divergent evolutionary histories. Relationships among genera and species
of the Hydrophis lineage were poorly resolved whereas relationships within the Aipysurus
lineage were well resolved. Moreover, phenotypic diversity relative to genetic diversity was
four to seven times higher for the Hydrophis lineage than the Aipysurus lineage. In
combination, the topology of the phylogenetic hypothesis and the levels of morphological
diversity relative to genetic divergence, demonstrated that the Hydrophis lineage represents a
rapidly diverged adaptive radiation whereas the Aipysurus lineage has (at least recently)
been evolutionarily more constrained or stable. These data are consistent with the hypothesis
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that the adaptive radiation of the Hydrophis lineage has been driven by historical sea level
fluctuations in Southeast Asia, which isolated populations and promoted speciation. In the
next two chapters I explore the combined effects of (relatively) recent Pleistocene sea level
fluctuations, habitat preferences, and evolutionary history on the phylogeographies,
population genetics and levels of gene flow of two hydrophiine species, Aipysurus laevis and
Lapemis curtus, each a common and abundant species from the Aipysurus and Hydrophis
lineages respectively, in northern Australia waters.

53

Chapter 3
Phylogeography of the olive sea snake, Aipysurus laevis,
indicates Pleistocene range expansion around northern
Australia but low contemporary gene flow
Pleistocene sea level perturbations not only
influenced speciation patterns in the IndoWest Pacific, they also left footprints on the
population genetic signatures of marine
species in this region. Around northern
Australia east and west coast marine
populations were repeatedly sundered by the
emergent Torres Strait land bridge with
subsequent range expansions into new
shallow water marine habitats as sea levels
rose. Three competing hypotheses have been
proposed regarding the directions of range
expansion following marine transgressions
for tropical marine species in this region. In
this chapter I explore the phylogeography of
the charismatic olive sea snake, Aipysurus
laevis, throughout its Australian range and
evaluate the alternative range expansion
hypotheses for this species. I also discuss
the interplay between habitat type, levels of
population subdivision, contemporary gene
flow, and the implications for conservation.
This chapter has been published as follows:

Lukoschek, V., Waycott, M. & Marsh, H.
(2007) Phylogeography of the olive sea
snake, Aipysurus laevis (Hydrophiinae)
indicates Pleistocene range expansion
around northern Australia but low
contemporary gene flow. Molecular
Ecology 16: 3406-3422
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3.1 Introduction
Paleoclimatic events during the Pleistocene epoch have profoundly influenced species’
distributions (Webb & Bartlein, 1992) and have had genetic consequences for species and
populations (Hewitt, 2000). Over the past two million years at least ten major glaciation
cycles have given rise to prolonged periods of global cooling, interrupted by warmer
conditions similar to present day climates (Hays et al., 1976). In the marine realm,
Quaternary sea-level fluctuations and the associated cyclic emergence and subsidence of
land-bridges, repeatedly sundered and rejoined populations resulting in cyclic range
contractions and expansions, local extinctions of species and populations, and influenced
population genetic patterns and processes (Hewitt, 2000).

Northern Australia is surrounded by extensive shallow water marine habitats that stretch
over its vast continental shelf. Consequently, Pleistocene sea level fluctuations resulted in
extreme shifts in the locations of coastlines and changed levels of connectivity among
populations of shallow-water marine species. During glacial maxima, when sea levels were
more than 100 m below present levels (BPL), Australia’s continental shelf was exposed (Fig.
3.1, Inset A). Northern Australia and New Guinea were connected by the massive Torres
Strait land-bridge (Voris, 2000); the Great Barrier Reef (GBR) did not exist (Davies, 1994);
and the region that is now the Gulf of Carpentaria (GoC) was dry until a fresh water or
brackish lake, Lake Carpentaria, formed at sea levels around 75 m BPL (Torgersen et al.,
1985; Chivas et al., 2001). As sea levels rose, the Torres Strait land-bridge gradually
narrowed; however, it still connected Australia and New Guinea at sea levels just 10 m BPL
(Voris, 2000) and separated east and west coast marine habitats until around 7,000 years ago
when sea levels reached present levels. At this time the east coast continental shelf was also
transgressed and the current manifestation of the GBR formed (Davies, 1994). Ashmore,
Scott and other reefs that lie at the edge of the continental shelf in the Timor Sea, and reefs
on the Marion and Queensland plateaus in the Coral Sea (Fig. 3.1), persisted during glacial
maxima then became increasingly isolated as sea levels rose.

The cyclic emergence and marine transgression of Australia’s continental shelf is predicted to
have left strong imprints in the genetic signatures of tropical marine species around northern
Australia, particularly those reliant on coastal or shallow water marine habitats (Chenoweth et
al., 1998b). Vicariance events and population bottlenecks during lowered sea stands, followed
by range expansions and demographic growth, are expected to have left congruent genetic
signatures among co-occurring marine species (Avise et al., 1987; Avise, 2000, 2004).
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Documented patterns of population genetic structure around northern Australia have revealed
varying degrees of genetic divergence congruent with vicariance between eastern and western
Australian marine populations for invertebrate (Benzie et al., 1992, 2002; Benzie & Stoddart,
1992; Williams & Benzie, 1997, 1998; Benzie, 1999; Gopurenko & Hughes, 2002) and
vertebrate species (Keenan, 1994; Norman et al., 1994; Chenoweth et al., 1998a, b).

Despite this broadly congruent pattern of east-west divergence, these studies also revealed
divergent patterns of genetic diversity and population structure. For example, decreasing
genetic diversity from east to west around northern Australia for the crown-of-thorns
starfish, Acanthaster planci (Benzie et al., 1992, 2002; Benzie, 1999) and the tiger prawn,
Penaeus monodon (Benzie et al., 1992, 2002), and strong affinities between west coast and
Pacific Ocean populations (compared with Indian Ocean populations) for the parrotfish,
Chlorurus sordidus (Uthicke & Benzie, 2003; Bay et al., 2004) and the holothurian,
Holothuria nobilis (Uthicke & Benzie, 2003) suggest that populations in the west were
established by dispersal from the east. In contrast, strong genetic affinities between green
turtle, Chelonia mydas, rookeries in the GoC and the Indian Ocean, and large differences
between GoC and east coast rookeries, suggest that GoC rookeries were established from
Indian Ocean populations (Norman et al., 1994). Alternatively, the intra-specific phylogeny
and pattern of genetic diversity (highest in the GoC) of the estuarine barrumundi, Lates
calcifer, suggested vicariance and subsequent secondary intergradation between east and
west coast populations (Chenoweth et al., 1998a, b). The reasons for these diverse responses
of species to a shared biogeographical history are unclear but may be related to taxonspecific dispersal potentials or life-history traits (Doherty et al., 1995; Schneider et al., 1998;
Ayre & Hughes, 2000) and/or divergent responses to changing water temperatures or current
flows associated with eustasy (Reid et al., 2006). However, they may also reflect the effects
of stochastic forces on marine populations or species (Palumbi, 1996).

Irrespective of their underlying causes, the documented genetic signatures can be grouped
into three broad alternate biogeographic hypotheses: east to west dispersal, west to east
dispersal, and bi-directional dispersal from east and west coasts. These competing
hypotheses generate predictions regarding the genetic signatures of populations based on
their relative ages and recent demographic histories. For example, genetic diversities are
predicted to be higher in older populations, in which more time has elapsed for mutations to
accumulate, or in admixtures of previously isolated populations, although high diversity may
also be attributable to larger effective population sizes (Palumbi, 1997). In contrast,
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populations that have recently undergone range or demographic expansions tend to have low
nucleotide diversities and low to intermediate haplotype diversities (Grant & Bowen, 1998).
Moreover, phylogeographic analyses of the relationships amongst haplotypes are predicted
to reveal the geographic locations of basal (old) and derived (young) populations, the effects
of vicariant events (Avise et al., 1987; Avise, 2000, 2004), and signals of recent population
expansion, such as poorly resolved phylogenies.

Specific predictions associated with west to east dispersal, therefore, include Western
Australian (WA) populations having basal haplotypes (possibly in several structured clades)
and higher genetic diversity, whereas populations in the GoC and GBR would be
characterised by low genetic diversities, derived haplotypes with poorly resolved
relationships, and an excess of rare haplotypes. The reverse pattern would be expected for
east to west dispersal. Patterns for bi-directional dispersal are more complex to predict:
nonetheless it is expected that the GoC would share haplotypes with (or derived from) both
GBR and WA populations, and have higher genetic diversity due to admixture. The strength
of this pattern will depend on the time since east and west coast lineages diverged, the
subsequent degree and frequency of mixing between them, and the life-history traits of the
taxa studied.

The olive sea snake, Aipysurus laevis (Lacepede 1804), has many characteristics that make it
ideal for exploring these alternate biogeographical hypotheses. The genus Aipysurus
comprises seven species that all occur in Australian waters. Six aipysurids are endemic to
Australasian waters (including New Caledonia and New Guinea) and four are endemic to
WA: only A. eydouxii has a range that extends into South East Asia (Heatwole & Cogger,
1994; Cogger, 2000). Aipysurus laevis is the most abundant, widespread sea snake species
on Australian coral reefs and also occurs over soft sediment habitats where it is sometimes
captured in trawls. Its Australian range extends from Shark Bay, WA around northern
Australia to the southern GBR, and includes some Timor and Coral Sea reefs (Fig. 3.1, Inset
A). Beyond Australia its range extends to New Caledonia, the Loyalty and Chesterfield
Islands (Ineich & Laboute, 2002) and the south coast of New Guinea (O'Shea, 1996).

All hydrophiine sea snakes are viviparous and give birth at sea. Viviparity, therefore,
distinguishes A. laevis from marine species with a dispersive larval phase (the focus of
previous studies, such as those outlined above) and from marine reptiles that lay eggs on
land (e.g. sea turtles), potentially allowing insights into the effects of divergent life history
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strategies on population genetic structure. Hydrophiine sea snakes tend to occur in dense
aggregations throughout their ranges with large discontinuities, and potentially low
dispersal, among populations. Adult A. laevis have small home ranges, with some evidence
of site fidelity (Burns & Heatwole, 1998); however, movement patterns have not been well
documented. Juvenile A. laevis are secretive during their first year of life (Zimmerman &
Shohet, 1994) but it is unclear whether they disperse during this period. Aipysurus laevis
exhibits the aggregated distribution typical of hydrophiines at several spatial scales. For
example, in the Swains region (Fig. 3.1) patchiness occurs at the level of individual reefs: A.
laevis is abundant on some reefs, yet absent on adjacent reefs, despite reefs being in very
close proximity (see Ch. 7). At a larger scale, A. laevis aggregations occur at many reefs in
the southern GBR, yet similar aggregations are not found on reefs in the northern or central
regions (Dunson, 1975; Limpus, 1975). In WA, A. laevis occurs at some offshore reefs in the
Timor Sea and some coastal locations, however, it is notably absent at others, such as the
Rowley Shoals (Fig. 3.1). Trawling by-catch studies also indicate a patchy distribution in the
GoC (Stobutzki et al., 2000; Fry et al., 2001).

Pleistocene shifts in the shallow-water habitats preferred by A. laevis, combined with its
extant patchy distribution, provide an interesting system for evaluating the relative
contributions of historical Pleistocene forces and contemporary patterns of gene flow around
northern Australia. I used an hierarchical sampling design and mitochondrial DNA
sequencing to: 1) investigate the intra-specific phylogeny and population genetic structure of
A. laevis throughout its range and test the three competing biogeographical hypotheses
regarding the direction(s) of range expansion events as sea levels rose; 2) evaluate the
relative contributions of historical and contemporary female-mediated gene flow, over small,
medium and large spatial scales, using both equilibrium and coalescent models; and 3) test
whether isolation by distance or discrete barriers to gene flow are influencing contemporary
population genetic structure.

3.2 Materials and Methods
3.2.1 Sampling design and collection of tissue samples
Samples were collected from 354 olive sea snakes, comprising 148 females, 199 males and 7
samples for which sex was not determined. The hierarchical sampling design used allowed
population genetic inferences at large, medium and small spatial scales throughout most of
this species’ range. Samples were obtained from a total of 14 locations in three geographic
regions (Fig. 3.1). Sample sizes for each location ranged from eight to 54 individuals (Table
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3.1), with the exception of Broome (WA) where only one sample was obtained, and was
therefore excluded from some analyses. One sample was also obtained from the Torres Strait
(Fig. 3.1) but it had the most common haplotype found in the GoC and was grouped with
Mornington Island (GoC) for analyses.

Tissue samples from the GBR and WA were collected from live snakes caught in fish catch
bags on SCUBA or snorkel. Small tissue samples (about the size of a scale) were obtained
from the flattened ventral surface of the paddle tail using a surgical biopsy punch sterilised
in 100% ethanol or a sterile scalpel blade. Snakes were sexed by examining the paddle tail
for presence of hemipenes and scale tubercles (males), or absence of these features
(females), and subsequently released. Juveniles are rarely seen but easily distinguished from
adults by their size and a strong banding pattern that has completely disappeared in adult
snakes: juveniles were not sampled in this study. Previously sampled snakes were
recognisable by the small notches visible on the ventral surface of the tail: these marks
ensured that individuals were not re-sampled. Observations of sampled snakes confirmed
that snakes did not suffer obvious adverse effects from this capture and biopsy sampling
procedure. Tissue samples from the GoC were obtained from trawl fishery by-catch studies,
conducted in 1996, 1997 and 2001 by Australia’s Commonwealth Scientific and Industrial
Research Organisation (CSIRO) (Stobutzki et al., 2000). Sea snakes were frozen
immediately after capture and returned to CSIRO where they were identified and muscle
tissue obtained for molecular analyses. Tissue samples from two individuals of each of three
congeneric species also were collected as follows: A. fuscus from live snakes on WA reefs,
and A. duboisii and A. eydouxii from the CSIRO. All tissue samples were stored at room
temperature in 70% ethanol.

3.2.2 DNA extraction, mitochondrial DNA amplification and sequencing
Total genomic DNA was extracted from muscle tissue using a modified organic protocol
(Ch. 2). A fragment of the mitochondrial genome (850 base pair) that targeted the 3’ half of
the ND4 gene and most of the adjacent tRNA cluster comprising the Histidine and Serine
tRNA genes was amplified in 40 µl PCR reactions containing 10 ng template DNA, 2 units
Taq-polymerase (Qiagen), 4 µl 10x Qiagen buffer, 100 mmol MgCl2, 10 mmol dNTP’s, and
2 pmol of each primer: ND4 (L) 5’-TGACTACCAAAAGCTCATGTAGAAGC-3’ and LEU
(H) 5’-TACTTTTACTTGGATTTGCACCA-3’ (Forstner et al., 1995). PCR amplifications
of double-stranded products, and gel purifications and cycle sequencing of amplicons, were
performed following the protocols described in Chapter 2.
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3.2.3 Data analysis
3.2.3.1 Phylogenetic analyses
Sequence data were edited and aligned by eye using Sequencher 4.2.2 (Gene Codes
Corporation). Three single indels occurred in the Histidine and Serine tRNA genes that did
not complicate alignment. Following alignment, the ND4 region was translated into amino
acid sequence using the vertebrate mitochondrial genetic code. No premature stop codons
were observed, indicating that the sequences obtained were mitochondrial in origin and not
nuclear copies. Phylogenetic analyses were conducted using parsimony, maximumlikelihood (ML) and Bayesian approaches. The data set comprised one sequence
representing each unique haplotype, and phylogenies were rooted using sequences from the
three congeners. The computer program ModelTest 3.06 (Posada & Crandall, 1998) selected
the Tamura-Nei model (Tamura & Nei, 1993) based on Akaike Information Criterion as the
most appropriate model of molecular evolution for the data set. The Tamura-Nei model with
the rate matrix [1.0, 19.9, 1.0, 1.0, 36.3] and proportion of invariant sites (I = 0.6933) was
used in the ML analyses implemented in PAUP* (Swofford, 2000). An unweighted
parsimony analysis was also conducted using PAUP*.

Bayesian analyses were implemented in the computer program MrBayes V3.0 (Huelsenbeck
& Ronquist, 2001) using the default value of four Markov chains per run and the same
character state frequencies, proportion of invariant sites and substitution rates used for ML
analyses. Five replicate analyses (each 1,000,000 generations, sampled every 100
generations, that recovered 10,000 sampled trees) were run to ensure that overall tree space
was well sampled. The Markov chain reached stationarity after approximately 100,000
generations (1,000 sampled trees), so the first 2,000 trees were discarded as the burn-in
phase and the remaining 8,000 trees were used to construct a 50% majority rule consensus
tree and estimate Bayesian posterior probabilities. Branch supports were evaluated using
unweighted parsimony bootstrap (10,000 replicates) and ML bootstrap (500 non-parametric
ML bootstrap replicates) tests, and Bayesian posterior probabilities. All analyses recovered
trees with very similar topologies; thus, the ML best tree is presented with all three measures
of branch support shown.

Sequence divergence (p) values were estimated among A. laevis regional phylogroups and
corrected for within phylogroup diversity following Avise & Walker (1998). Dates of
divergences among regions were calculated using a conventional mtDNA clock of 2%
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sequence divergence between a pair of lineages per million years (Brown et al., 1979). As
reptilian lineages have been shown to have lower mtDNA rates of evolution, divergence
times were also estimated using a rate of 0.5% sequence divergence between a pair of
lineages per million years, which is the lower end of the range of reptilian mtDNA rates
(0.47-1.32%) estimated by Zamudio & Greene (1997).

3.2.3.2 Gene genealogies and population genetic analyses
Gene genealogies were estimated with statistical parsimony criteria in TCS 1.13 (Clement et
al., 2000) and the geographical origins of sampled haplotypes were mapped onto the
resulting parsimony network. Population genetic analyses were conducted using the
computer program ARLEQUIN 3.01 (Excoffier et al., 2005). Levels of DNA polymorphism
within locations and regions were summarised with haplotype and nucleotide diversity
statistics (Nei, 1987).

A hierarchical analysis of molecular variance (AMOVA) framework (Excoffier et al., 1992)
was used to estimate three molecular variance components (between regions, between
locations within regions, and within locations) and investigate population subdivision.
AMOVA based on raw haplotype frequencies yields a statistic FST analogous to Weir and
Cockerham’s (1994) unbiased estimator θ, which is not affected by sample size. AMOVA
analyses were also conducted taking percent sequence divergence (based on the Tamura-Nei
model) into account (φST). Pairwise FST and φST values were calculated for the 78 possible
comparisons among the 13 locations (Broome, WA individual excluded) and the three
comparisons between geographic regions. P values were adjusted with sequential Bonferroni
corrections for multiple comparisons (Rice, 1989). Tajima’s D tests (Tajima, 1989a) were
used to assess evidence of population expansion. Significantly negative Tajima’s D values
indicate excesses of low-frequency haplotypes, generally ascribed to population expansion
following a severe reduction in population size (bottleneck), whereas positive values indicate
secondary contact among previously differentiated lineages (Tajima, 1989a). Fu’s F values
were also calculated as an alternative test for population expansion (Fu, 1997).

3.2.3.3 Coalescent estimation of migration and population isolation
Migration and population divergence between adjacent populations were analysed using
MDIV, a Bayesian Markov Chain Monte Carlo method that jointly estimates migration rates
and isolation times between pairs of populations (Nielsen & Wakeley, 2001). MDIV
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estimates migration rates, M, and divergence times, T, in units of 2Ne generations (where Ne
is the effective population size); thus, M is the number of migrants per generation scaled by
2Ne and T is the divergence time scaled by 2Ne generations (Nielsen & Wakeley, 2001).
Comparisons were conducted on two spatial scales, between regions (2 comparisons) and
between locations within regions (WA-six comparisons; GoC-three comparisons; GBR-three
comparisons, using the four Swain reef samples pooled as one location). All datasets were
analysed using the finite sites model and analyses for each of the 14 comparisons were
conducted three times to ensure that parameter space was well sampled and to avoid being
trapped in local optima. The first analysis (of each set of three) comprised 2,000,000
replicates with the first 200,000 replicates discarded as burn-in, while the second and third
comprised 3,000,000 replicates and the first 300,000 were discarded as burn-in. The
likelihood of divergence times was estimated for values from 0.02 to 5 in increments of 0.02,
while migration likelihood was estimated for values from 0.02 to 10 using the same
increments. Estimated migration rates within the GoC appeared to be much larger than 10
from the first run; thus, the range of possible values was adjusted to 0.02 to 20 for the second
and third runs. The parameter with the highest probability (maximum likelihood) was taken
as the best estimate and the 90% credibility limits were the upper and lower values that
encompassed 90% of the area under the curve of the integrated likelihood function around
the maximum likelihood estimate. Divergence times were evaluated as significantly different
from zero when ± 2 log (L) (where L is the likelihood function) of the best estimate, did not
include zero (Nielsen & Wakeley, 2001). Replicate parameter estimates and credibility
limits for each comparison were highly congruent and were averaged over runs.

3.2.3.4 Isolation by Distance
Mantel tests of correlations between genetic and geographic distance matrices, implemented
in the computer program Isolation by Distance Web Service (IBDWS) (Jensen et al., 2005),
were used to test for significant relationships between genetic and geographic distance
matrices. Reduced Major Axis (RMA) regressions (implemented in IBDWS) were used to
evaluate isolation by distance (IBD) and estimate the slopes and intercepts of relationships.
RMA regression has been shown to better estimate slopes in IBD analyses than ordinary
least squares regression (Hellberg, 1994) and is more appropriate when both the dependent
and independent variables are measured with error (Sokal & Rohlf, 1995). Genetic distances
were defined as φST/1-φST (Rousset, 1997). Geographic distances were measured as the
shortest over-water distances between pairs of locations in the Universal Transverse
Mercator (UTM) projected co-ordinate system, and were log10 transformed prior to analyses
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(Slatkin, 1993). A global IBD analysis was conducted across all 13 locations (Broome
individual excluded) and separate analyses were conducted within each geographic region.
The shortest geographic distances between pairs of locations within regions generally
traversed suitable marine habitats for A. laevis (water depths less than 50 m); however, in the
GBR, the Swain reefs and Keppel Islands are separated by a deep-water channel (> 100 m)
approximately 150 km wide (Fig. 3.1). To test whether distances through suitable habitats
correlated better with gene flow than the shortest distances for the GBR, a partial Mantel test
was conducted that used geographic distances across shallow water habitats to the north as
an indicator matrix (shown on Fig. 3.1) (Bohonak, 2002).

3.3 Results
3.3.1 Genetic diversity
Sequence analysis of 726 bases of the ND4-tRNA fragment revealed 41 variable sites that
defined 38 putative haplotypes (GenBank Accession # EF506638-75) among 354 individual
olive sea snakes (Table 3.1). Thirty-three variable sites were transitions, five were
transversions and three were indels. The minimum number of base pair differences between
any two haplotypes ranged from one to three, with the exception of two divergent
haplotypes, each sampled from just one individual: ALH17 (Groote Eylandt, GoC) and
ALH38 (Broome, WA) that differed by a minimum of eight base pairs to all other sampled
haplotypes. As genetic diversity measures were artificially inflated by the inclusion of these
divergent haplotypes, two sets of genetic diversity measures (including and excluding the
divergent haplotypes) were calculated for WA, Groote Eylandt and the GoC (Table 3.1), and
values excluding these unusual haplotypes are reported below.
Overall nucleotide diversity was low (% π = 0.49 ± 0.2 SE), with the lowest within-region
nucleotide diversities occurring in the GBR (% π = 0.12 ± 0.10 SE) and GoC (% π = 0.07 ±
0.07 SE) and the highest occurring in WA (% π = 0.46 ± 0.30 SE) (Table 3.1). Withinlocation (reef) nucleotide diversities were also lowest in the GBR (range 0.03-0.16) and GoC
(range 0.05-0.14); by comparison, nucleotide diversities in WA reefs were almost an order
of magnitude higher (range 0.10-0.61) (Table 3.1). Overall haplotype diversity (h = 0.81)
was high (Table 3.1); however, within-region haplotype diversities were lower and followed
a similar pattern to nucleotide diversities, with lowest haplotype diversities occurring in the
GBR (h = 0.55 ± 0.03 SE) and GoC (h = 0.57 ± 0.07 SE) compared with WA (h = 0.62 ±
0.03 SE). Within-location haplotype diversities ranged from 0.15 to 0.71, with the lowest
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Location

3
6
8
7
12
11
4
4
3
4
1
10
9
38
36

8
34
15
14
57
56
54
9
9
23
1
96
95
354
352

15-17°S; 138-140°E
15-16°S; 137-138°E
13-15°S; 136-137°E

1

2

Values excluding Groote Eylandt individual with unusual haplotype, ALH17.
Values excluding Broome individual with unusual haplotype, ALH38
3
Values excluding both unusual haplotypes, ALH17 & ALH38

1

Total (excluding ALH17 & ALH38)3

Region Total (excluding ALH38)2
Total

Region Total (excluding ALH17)
Western Australia
Ashmore Reef
12°15'S; 123°05'E
Hibernia Reef
12°01'S; 123°20'E
Cartier Islet
12°33'S; 123°34'E
Scott Reef
14°01'S; 121°40'E
Broome
17°55'S; 122°05'E
Region Total

All

5
5
4
7
6
3
16

N

48
36
38
34
37
8
201

n

23°11'S; 150°58'E
21°06'S; 151°15'E
21°07'S; 151°05'E
21°33'S; 151°46'E
21°23'S; 152°01'E
18-20°S; 146-148°E

Lat - Long

Groote Eylandt (excluding ALH17)1
Region Total

Great Barrier Reef
Keppel Island
21104 Turtlehead Reef
21109 Whitetip Reef
21441 D-J Reef
21258 Mystery Cay
Central GBR
Region Total
Gulf of Carpentaria
Mornington Island
Vanderlin Island
Groote Eylandt

Region

0.46 ± 0.06
0.58 ± 0.18
0.67 ± 0.10
0.32 ± 0.12
N/A
0.63 ± 0.03
0.62 ± 0.03
0.81 ± 0.02
0.82 ± 0.0.2

0.58 ± 0.07
0.57 ± 0.07

0.61 ± 0.16
0.52 ± 9.21
0.73 ± 0.12
0.69 ± 0.14

0.23 ± 0.08
0.30 ± 0.10
0.15 ± 0.07
0.46 ± 0.10
0.26 ± 0.09
0.71 ± 0.12
0.55 ± 0.03

h ± SE

0.44 ± 0.26
0.61 ± 0.37
0.14 ± 0.12
0.10 ± 0.09
N/A
0.52 ± 0.30
0.46 ± 0.26
0.59 ± 0.32
0.49 ± 0.27

0.18 ± 0.13
0.07 ± 0.07

0.05 ± 0.05
0.06 ± 0.06
0.55 ± 0.33
0.14 ± 0.11

0.04 ± 0.04
0.06 ± 0.06
0.03 ± 0.03
0.14 ± 0.10
0.04 ± 0.05
0.16 ± 0.13
0.12 ± 0.10

π ± SE (%)
PFS

D

< 0.001
< 0.001
0.009
< 0.001

-1.055
-1.747
-2.115
-1.889

PD

0.039
0.009
0.005
0.012

0.012
0.045
0.011
0.036
0.008
0.846
0.007

S

1.814
-0.061
-0.108
-2.269
N/A
-1.117
-0.805

0.833
0.457
0.382
0.006
N/A
0.351
0.401

0.512
-0.526
0.196
-1.881
N/A
-1.117
-0.056

0.726
0.347
0.696
0.011
N/A
0.127
0.537

-11.050 < 0.001 -2.363 < 0.001
-14.010 < 0.001 -2.077 < 0.002

-2.185
-5.839
-3.379
-5.925

-4.164 0.001 -1.664
-3.137 0.004 -1.494
-3.791 < 0.001 -1.720
-3.673 0.004 -1.630
-5.311 < 0.001 -1.754
0.204
0.467 1.104
-10.163 < 0.001 -1.845

FS

Table 3.1: Population summary statistics for Aipysurus laevis : latitude and longitude of sampling locations (Lat - Long), sample size (n ),
number of haplotypes (N ), haplotypic (h ± SE) and nucleotide ( π ± SE (%)) diversities. Results of tests of population expansion: Fu's F
(F S ) and Tajima's D (D) and corresponding significance levels (PFS and PD).

haplotype diversities occurring in the Swain reefs and Keppel Island, southern GBR (range
0.15-0.46) (Table 3.1), however, the central GBR had the highest haplotype diversity (0.71).

3.3.2 Phylogeny and tests of biogeographical hypotheses
Monophyly of A. laevis was strongly supported by parsimony and likelihood bootstrap
values and Bayesian posterior probabilities; however, intra-specific clades were poorly
resolved (Fig. 3.2). ML bootstrap values were low (51-63%) and parsimony bootstrap values
over 50% supported just one clade (comprising four WA haplotypes): only Bayesian
posterior probabilities provided strong support (> 80%) for most intra-specific clades.
Nonetheless, the three inference methods recovered very similar best trees with haplotypes
from WA forming two clades basal to a derived monophyletic clade comprising all GBR and
GoC haplotypes except haplotype ALH17. The two divergent haplotypes, ALH17 and
ALH38, were consistently basal to all other haplotypes: however, this may reflect the
divergence of these haplotypes rather than their true phylogenetic position (Felsenstein,
1978). Analyses were conducted with these two haplotypes excluded (tree not shown) and
recovered identical relationships among all other haplotypes as the best tree (Fig. 3.2).

3.3.3 Sequence divergence
Sequence divergences among the 38 haplotypes ranged from 0.14 to 1.89% (mean = 0.64%)
and from 0.14 to 1.11% (mean = 0.54%) when divergent haplotypes were excluded. Withinregion sequence divergences (divergent haplotypes excluded) were lower in the GBR
(0.31%) and GoC (0.22%) than in WA (0.41%). The uncorrected between-region divergence
for the GBR vs. GoC (0.58%) was lower than the between-region divergence for WA vs.
GoC (0.66%); however, after correction for within-region variation, between-region
divergences were almost identical (GBR vs. GoC, 0.32%; GoC vs. WA, 0.34%). Based on
corrected sequence divergences and a divergence rate of 2% per million years estimated
divergence times were 160,000 years between the GBR and GoC and 170,000 years between
the GoC and WA: the slower rate of 0.5% per million years recovered estimated betweenregions divergences of 640,000 and 680,000 years respectively.

3.3.4 Gene geneologies and population expansion
Statistical parsimony revealed that each geographic region was characterised by a unique
suite of haplotypes. Within each region there were a few common haplotypes and numerous
rare haplotypes, which differed by just one or two base pairs from the common haplotypes
and formed the star-shaped patterns typically associated with recent population expansion
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A duboisii 001

100/100/100

A duboisii 004
A eydouxii 005
A eydouxii 006

100/73/77
100/100/100
A fuscus 003
A fuscus 032

100/85/97

ALH01
ALH02
ALH03
ALH06
ALH07
ALH08

/56/92
/61/99

ALH09
ALH25
ALH28
ALH29

Haplotypes unique to
Great Barrier Reef

ALH30
ALH31
ALH32

/58/99

ALH04
ALH27

Most common haplotype
found in central GBR

ALH05
ALH10

/51/86
/60/71
/51/81

ALH11
ALH12
ALH13
ALH14
ALH15
ALH33

Haplotypes unique to
Gulf of Carpentaria

ALH16
ALH18
ALH34
ALH35

/63/95
55/61/82
//57
97/87/98

0.005 substitutions/site

ALH19
ALH24
ALH26
ALH37
ALH36
ALH20
ALH21

Haplotypes unique to
Western Australia

ALH22
ALH23
ALH17 Groote Eylandt, GoC
ALH38 Broome, WA

Divergent haplotypes

Figure 3.2. Aipysurus laevis gene tree showing best ML estimate of the phylogenetic relationships among
38 haplotypes (GenBank Accession # EF506638-75) and rooted with A. fuscus, A. duboisii and A. eydouxii
(GenBank Accession # EF506632-37) Haplotypes were not shared among regions and regions from which
haplotypes were sampled are shown. Measures of branch support greater than 50 % are shown in the following
order: parsimony bootstraps / non-parametric ML bootstraps / Bayesian posterior probabilities. ML analysis
excluding haplotypes ALH17 & ALH38 recovered identical relationships among the remaining 36 haplotypes.
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ALH 13
ALH 14

ALH 16
ALH 18

ALH 11

ALH 15
ALH 34
ALH 17
ALH 33

ALH 35

ALH 10

ALH 12

ALH 36

ALH 37
ALH 21
ALH 19

ALH 22

ALH 5

ALH 23

ALH 2

ALH 24

ALH 20

ALH 26
ALH 4
Alternative to link
between ALH19 & ALH5

ALH 1

ALH 27

ALH 3
ALH 38

ALH 6

Central GBR
Swain Reefs, GBR
Keppel Island, GBR
Gulf of Carpentaria
Timor Sea, WA
Broome, WA

ALH 7
ALH 8
ALH 9

ALH 32
ALH 31

ALH 25
ALH 28

ALH 29

ALH 30

Figure 3.3. Statistical parsimony haplotype network for Aipysurus laevis constructed using TCS 1.13. Each
haplotype is represented by an oval, and the size of each oval is proportional to the number of individuals with
that haplotype. Haplotypes are numbered as per Fig. 3.2 and shaded according to the regions from which they
were sampled, with the GBR partitioned further into three locations (Keppel Island, Swain reefs & central GBR).
Each line connecting two haplotypes represents a single mutation, with open ovals indicating hypothetical missing
haplotypes. A minimum spanning network recovered an alternative link to the link between ALH19 and ALH5.
This alternative link, between haplotypes ALH21 and ALH19, is shown in grey.
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(Fig. 3.3). Again, the WA haplotypes comprised two clades but, unlike the phylogenetic tree,
one clade was linked to the GoC haplotypes while the other clade was linked to the GBR
haplotypes. However, a minimum-spanning network (not shown) recovered an alternative
link between the two WA clades (shown in Fig. 3.3) to the link between the WA and GBR
clades. There was further population subdivision within the GBR, with few shared
haplotypes between the Swain reefs and Keppel Islands (Figs. 3.3 & 3.4). These two
locations were characterised by one common haplotype (87.5% of Keppel Island individuals
shared ALH1 and 84% of Swain reef individuals shared ALH3), and numerous rare
haplotypes (Figs. 3.3 & 3.4). By contrast, the central GBR had no unique or rare haplotypes
(Fig. 3.4). Both common haplotypes found in the Swains and Keppels occurred in the central
GBR, and the most common central GBR haplotype (ALH5) also occurred at some Swain
reefs, though not the Keppels (Figs. 3.3 & 3.4). Fu’s F and Tajima’s D tests showed
congruent signals of population expansion for all locations in the GoC (including and
excluding ALH17) and all GBR locations, except the central GBR (Table 3.1). By contrast,
Scott Reef was the only location in WA with an excess of low frequency haplotypes (Fig.
3.4) and where population expansion was indicated by Fu’s F and Tajima’s D (Table 3.1).

3.3.5 Population genetic structure, migration & isolation: estimates from equilibrium &
coalescent models
The genetic structure in the haplotype tree was confirmed by hierarchical AMOVA, which
revealed strong (and statistically highly significant) population subdivision at all levels
(among regions, among locations within regions, and within locations) based on both raw
haplotypes frequencies and taking percent sequence divergences into account (Table 3.2).
While genetic variation was similarly structured in both sets of analyses, some differences
are worth noting: the analysis treating haplotypes as equidistant partitioned less variation
among regions (33.9%) than when sequence divergence among haplotypes was included
(63.9%), confirming that molecular distances are larger for pairs of haplotypes drawn from
different regions than from the same region (Excoffier et al., 1992) and suggesting some
underlying separation of evolutionary lineages. Conversely, molecular variation based on
haplotype frequencies alone was larger among locations within regions (27.3% cf. 16.1%)
and among individuals within locations (38.8% cf. 20.0%) (Table 3.2) than those based on
sequence divergence.
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Figure 3.4. Proportional abundances of Aipysurus laevis mtDNA haplotypes for each of thirteen sampled locations in three regions. The haplotypes unique to each region,
Western Australia, Gulf of Carpentaria, Great Barrier Reef, are shown in the same order along the X-axis for each location within the same region. Graphs are aligned to
allow immediate among-location comparisons of haplotype frequencies (as proportions). Numbers in brackets following location names correspond to numbers marking
locations on the map. Sample sizes (n) for each location are given below the location name.
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43.14
35.72
64.97
143.83

2
10
340
352

Among regions FCT

Among locations within regions FSC

Within locations FST

NB: Individual from Broome excluded for AMOVA's

Total

SS

df

Source of variation

0.492

0.191

0.134

0.167

Variance
component

38.8

27.3

33.9

%
variation
P

0.612 <0.0001

0.413 <0.0001

0.338 <0.0001

FST

Raw haplotype frequencies only

720.36

194.31

122.15

403.90

SS

2.86

0.57

0.46

1.83

20.0

16.1

63.9

Variance
%
component variation

P

0.800 <0.0001

0.447 <0.0001

0.639 <0.0001

ØST

Sequence divergence taken into account

Table 3.2: Hierarchical analysis of molecular variance (AMOVA) of 13 locations of Aipysurus laevis in three regions (Great Barrier Reef, Gulf of
Carpentaria and Western Australia) based on raw haplotype frequencies (FST) and percent sequence divergence (ØST). P values based on 10,000 Markov
chain permutations.

Table 3.3: Coalescent model based estimates of migration and time of divergence between pairs of populations as
indicated by MDIV analyses. M is the estimated number of migrants per generation scaled by effective population
size [M = (migration rate)*(2xNe)], with associated upper and lower 90 % credibility limits of M. T, the
estimated time divergence between two populations, is measured in terms of 2Ne generations. T ! 0 indicates that
±2 log(L) of the best estimate did not encompass zero; thus, divergence time is significantly different from zero
(Nielsen and Wakeley 2001).
Comparison

Time

Credibility limits

T

M

Credibility limits

GBR - Gulf of Carpentaria

0.82

0.36 - 4.01

T!0

0.03

0.00 - 0.29

0.787*

Gulf of Carpentaria - WA

0.76

0.32 - 3.89

T!0

0.02

0.00 - 0.33

0.510*

Keppel Is - Swain Reefs

1.03

0.26 - 4.47

T!0

0.35

0.07 - 0.77

0.683*

Central GBR - Swain Reefs

0.93

0.08 - 4.49

T!0

0.65

0.08 - 2.88

0.614*

Central GBR - Keppel Is

0.61

0.04 - 4.49

T!0

0.70

0.03 - 5.67

0.438*

Mornington Is - Groote Eylandt

0.23

0 - 4.45

T = 0 12.49

2.91 - 19.80

-0.061

Mornington Is - Vanderlin Is

0.18

0 - 4.49

T=0

8.76

1.54 - 19.43

0.020

Vanderlin Is - Groote Eylandt

0.02

0 - 4.51

T = 0 11.57

3.42 - 19.72

-0.031

Hibernia Reef - Scott Reef

0.11

0.01 - 4.67

T=0

2.63

0.79 - 9.41

0.122

Hibernia Reef - Ashmore Reef

0.33

0.03 - 4.49

T=0

1.32

0.25 - 7.54

0.276

Hibernia Reef - Cartier Islet

2.73

0.18 - 4.61

T=0

0.38

0.00 - 6.37

0.676

Ashmore Reef - Cartier Islet

0.74

0.07 - 4.48

T!0

0.18

0.00 - 3.95

0.322

Scott Reef - Ashmore Reef

2.65

0.38 - 4.67

T!0

0.56

0.07 - 2.11

0.561*

Scott Reef - Cartier Islet

3.70

1.28 - 5.00

T!0

0.10

0.00 - 0.62

0.918*

ØST

Between regions

Within Regions
Within Great Barrier Reef

Within Gulf of Carpentaria

Within Western Australia

Global FST values were very high for raw haplotype frequencies (FST = 0.61, p < 0.001) and
when accounting for evolutionary distances amongst haplotypes (φST = 0.78, p < 0.001).
Estimates of migration rate and divergence time between adjacent regions revealed that
migration rates were very low (GBR vs. GoC, M = 0.03; GoC vs. WA, M = 0.02) and that
divergence times were significantly different from zero (Table 3.3). FST and φST values for
comparisons among pairs of regions were also high and highly significant (Table 3.4). FST
and φST values between pairs of locations encompassed a wide range (FST:-0.052 to 0.794;
φST:-0.061 to 0.957) and, while all comparisons between regions and pairs of locations from
different regions were highly significant (p < 0.001), there were striking differences in
patterns of divergence between locations within regions (Table 3.4). In the GoC, FST and φST
values for all comparisons between the three locations were extremely low (FST:-0.052 to
0.001; φST:-0.061 to 0.020), divergence times were not significantly different from zero, and

72

73

0.289
0.478
0.430
0.600

DJ Reef

Mystery Cay

Turtlehead Reef

Whitetip Reef

0.339
0.414

Mornington Island

Vanderlin Island

0.465
0.353
0.546

Ashmore Reef

Hibernia Reef

Scott Reef

0.734

0.680

0.647

0.657

0.639

0.679

0.602

0.794

0.717

0.740

0.646

0.438

KpI

0.601

0.500

0.539

0.471

0.510

0.494

0.430

0.052

0.005

0.008

0.595

0.401

DJ

0.437
0.415

Gulf of Carpentaria

Western Australia

Great Barrier Reef
0.393

0.787

0.510

0.679

Table 3.4 (cont): Comparsions between regions
GBR
Gulf
WA

NB: Individual from Broome not included in pairwise comparisons.

0.310

Cartier Islet

Western Australia

0.275

Groote Eylandt

Gulf of Carpentaria

0.520

Keppel Island

Central GBR

Great Barrier Reef

Cent

0.718

0.654

0.629

0.628

0.616

0.652

0.570

-0.005

-0.008

-0.003

0.747

0.637

Myst

0.689

0.614

0.607

0.587

0.589

0.612

0.534

0.015

0.008

0.021

0.714

0.581

Thd

0.780

0.739

0.674

0.714

0.670

0.740

0.645

0.034

0.011

0.029

0.799

0.724

Wtip

0.650

0.423

0.546

0.739

0.001

-0.036

0.772

0.731

0.744

0.674

0.705

0.304

Grt

0.856

0.554

0.594

0.924

-0.052

-0.061

0.950

0.902

0.927

0.813

0.907

0.703

Morn

0.874

0.730

0.672

0.938

0.020

-0.031

0.932

0.901

0.916

0.844

0.893

0.764

Vand

0.548

0.307

0.224

0.429

0.362

0.296

0.967

0.943

0.957

0.907

0.953

0.867

Cart

0.453

0.318

0.322

0.513

0.498

0.441

0.751

0.718

0.735

0.716

0.696

0.513

Ash

0.005

0.276

0.676

0.458

0.405

0.333

0.837

0.791

0.813

0.734

0.782

0.410

Hib

0.122

0.561

0.918

0.568

0.585

0.499

0.930

0.900

0.914

0.851

0.896

0.770

Scott

Table 3.4: Pairwise FST (below diagonal) and ØST (above diagonal) values for 78 pairwise comparisons between 13 populations and between
three regions. ØST values were calculated using the Tamura-Nei model of substitution with alpha-shape gamma correction (0.015).
Significance was tested after 10,000 permutations. Cells shaded light grey indicate non-significant comparisons after P values were adjusted
using sequential Bonferroni corrections. All other comparisons were highly significant (p < 0.001)

migration rates were high (8.76–12.19), with upper credibility limits approaching 20 (Table
3.3). The four Swain reefs were also not significantly differentiated from each other (FST:0.008 to 0.052; φST:-0.003 to 0.034) and were, therefore, combined into one population for
MDIV estimates of within-GBR divergence times and migration rates. FST and φST values
among the Swains, Keppels and central GBR were much higher (FST: 0.289 to 0.794; φST:
0.401 to 0.799), migration rates were low, and divergence times were significantly different
from zero (Table 3.3). Comparisons between pairs of locations in WA revealed a more
complex picture: a number of comparisons were not significant, even though (some)
corresponding FST and φST values were not small (FST = 0.005 to 0.307; φST: 0.122 to 0.675;
Table 3.4). Moreover, estimated divergence times and migration rates did not directly reflect
the F statistics or distances between reefs. In particular, Scott Reef, which lies isolated from
the Ashmore/Cartier/Hibernia cluster (Fig. 3.1), was differentiated from Ashmore and
Cartier reefs, based on F statistics and divergence times, and migration rates were low
(Tables 3.3 & 3.4); yet, migration rates between Scott and Hibernia reefs were highest in this
region and corresponding F statistics were low (Table 3.3).

3.3.6 Isolation by Distance
The global Mantel test revealed a significant correlation between the genetic and geographic
distance matrices (r = 0.44, p < 0.0001) and RMA regression recovered a positive
relationship between genetic and geographic distances across all 13 locations (Fig. 3.5).
However, the relationship (r2) only explained 19.2% of the variance and the pattern of
regression of genetic versus geographical distance across the entire region sampled showed
greatly increased variance in genetic distances at large geographical distances (Case IV from
(Hutchison & Templeton, 1999) suggesting that populations are influenced to varying
degrees by persistent genetic drift and ongoing gene flow. There was no significant withinregion relationship between genetic and geographic distances for the GoC (r = -0.45, p <
0.506) due to panmixia, or WA (r = 0.39, p < 0.375) due to the anomalies between φST values
and geographic distances outlined above. Partial Mantel tests for the GBR indicated that
genetic distances were significantly correlated with geographic distances that traversed
suitable sea snake habitats (r = 0.773, p < 0.017) but not with the shorter over-water
distances between locations (r = -0.47, p < 0.928; Figs. 3.1 & 3.5).
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Figure 3.5. Reduced Major Axis regressions showing relationships between Aipysurus laevis genetic & geographic
distances for all 13 locations combined (Broome not included) and separately for each region. Comparisons between
locations within and between regions are indicated by different symbols shown in the key. Mantel tests indicated that
there was a significant global effect of isolation by distance (IBD) but no effect of IBD within each region.
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3.4 Discussion
The molecular data presented in this chapter demonstrated strong population subdivision for
the olive sea snake, A. laevis, at several spatial scales across the three regions that comprise
most of its Australian range. Low nucleotide and low to moderate haplotype diversities
across much of this species’ range strongly supported recent population expansions
consistent with regional Pleistocene histories. Low haplotype and nucleotide diversities are
uncommon in marine organisms but have been documented for sharks (Duncan et al., 2006;
Stow et al., 2006) and some teleost fish species (Grant & Bowen, 1998). The genetic
patterns revealed in the intra-specific phylogenies, geographic distribution of genetic
diversity and structure, and signals of range expansion, are explored in relation to the
patterns predicted by the competing hypotheses. Considered separately, each line of
evidence did not unequivocally support one biogeographical hypothesis over both others;
however, when taken in combination, the genetic patterns revealed in this study most
strongly supported dispersal from east and west coasts, albeit at different temporal scales.
Interestingly, while signals of recent expansion events corresponded with Pleistocene habitat
shifts around northern Australia, genetic structure also reflected regional habitat types. These
results imply that unsuitable habitats present strong barriers to contemporary femalemediated gene flow for A. laevis, with implications for the conservation of this potentially
low dispersal marine species.

3.4.1 Evaluation of biogeographic hypotheses
3.4.1.1 Tree and network geneologies
Phylogenetic reconstruction indicated that haplotypes in the GoC and GBR were derived
with respect to WA haplotypes, suggesting interglacial colonisation of the GBR-GoC from
WA and supporting west to east dispersal. Tree-based phylogenies are, however, not
necessarily as suitable as network methods for evaluating relationships within poorly
resolved intra-specific geneologies (Posada & Crandall, 2001). Population genetic theory
predicts that older haplotypes will have more descendant haplotypes associated with them
(Posada & Crandall, 2001) and consequently occupy interior positions within a network
(Crandall et al., 1994). The most common haplotype sampled in the central GBR (ALH5)
held an interior position in the statistical parsimony network (Fig. 3.3) and was basal to all
other GBR-GoC haplotypes in the phylogenetic tree (Fig. 3.2); thus, both analyses support
its ancestral position in the GBR-GoC clade. However, in contrast to the phylogenetic tree,
the network placed WA haplotypes in exterior (tip) positions (Fig. 3.3) suggesting that they
were younger and derived from the GBR-GoC, thus supporting east to west dispersal.
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3.4.1.2 Genetic diversity and population expansion
The high genetic diversities on most WA reefs are inconsistent with recent colonisation from
east coast populations (Table 3.1) and, although high diversities may be attributable to larger
effective population sizes (Palumbi, 1997), there is no evidence that WA reefs support larger
A. laevis populations than other locations sampled. Non-significant Tajima’s D and Fu’s F
tests for Ashmore, Cartier and Hibernia reefs indicated that, rather than having been recently
colonised, populations persisted on these reefs during the Pleistocene. Patterns of endemism
in the genus Aipysurus also support the persistence of Aipysurus species on reefs in this
region. Aipysurus apraefrontalis (WA endemic) is the sister species to the widespread A.
duboisii, and A. fuscus (WA endemic) is the sister species to A. laevis (Ch. 2). These sisterspecies pairs are reciprocally monophyletic and within-clade divergences (between each
widespread and restricted species pair) are considerably shallower (younger) than betweenclade divergence (Ch. 2) suggesting that neo-endemics were derived in-situ in WA waters
from widespread species.

The GoC and southern GBR locations had low genetic diversities and highly significant
Tajima’s D and Fu’s F tests (Table 3.1), supporting recent expansion events in these regions,
and the two star phylogenies that characterised the Keppels and Swain reefs, with almost no
shared haplotypes (Figs. 3.3 & 3.4), suggest that inshore and offshore southern GBR locales
were colonised by different maternal lineages, probably following the most recent marine
transgression 10,000 years ago. Early studies (with limited sampling) documented the
Swains as genetically distinct from the rest of the GBR for various taxa (reviewed by
Benzie, 1994); however, recent studies, with inshore and offshore sampling, did not
document a major inshore-offshore genetic divide in the southern GBR (Doherty et al.,
1994; Worheide et al., 2002). Rather, a genetic divide (when it existed) separated the
southern GBR from northern and central regions (Doherty et al., 1994; FitzSimmons et al.,
1997b; Worheide et al., 2002; Dethmers et al., 2006; Smith-Keune & van Oppen, 2006)
attributable to cyclic the retraction and expansion of northern and southern GBR populations
to the Queensland (northern) and Marion (southern) plateaus respectively (Fig. 3.1). It is
likely that A. laevis retracted to the Marion plateau during Pleistocene perturbations, as it
currently occurs at several Marion plateau reefs (Heatwole, 1975); however, its present and
historical occurrence on Queensland plateau reefs is unclear. In contrast to the southern GBR
and GoC, the central GBR had high genetic diversity and no signals of recent population
expansion (Table 3.1). Higher haplotype diversity may be a sampling artefact: the eight
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snakes from the central GBR were sampled from a broad geographic range (18ºS to 20ºS)
rather than discrete reefs (due to the absence of large A. laevis aggregations on reefs in the
central or northern GBR). High genetic diversity may, however, also indicate that the central
GBR population is older or larger than southern populations (Palumbi, 1997) or represents
an admixture of divergent lineages (Chenoweth et al., 1998b). Based on these data, it is not
possible to determine whether the central GBR is part of a larger population; however, the
ancestral position of the most common central GBR haplotype (ALH5) (Figs. 3.2 & 3.3),
suggests that, rather than being a region of secondary contact, the central GBR was
colonised from populations in the Coral Sea, with subsequent range expansion into the
southern GBR and the GoC.

3.4.1.3 Timing of divergences
Corrected sequence divergences and rates of mtDNA evolution of 2% and 0.5 % per million
years, suggest that A. laevis regional lineages diverged between 160,000 and 650,000 years
ago. These dates place lineage divergences well within the Pleistocene and divergence times
based on the 2% rate of mtDNA evolution correspond with the penultimate glacial
maximum, which occurred approximately 150,000 years ago (Chappell & Shackleton, 1986;
Williams et al., 1998). Both estimates place divergences before the most recent glaciation
and marine transgression cycle of Australia’s continental shelf (10,000 to 17,000 years ago):
divergence rates of 20% per million years would be needed for lineages to have diverged this
recently, which seems unlikely given the slower rates of mtDNA evolution documented for
reptilian lineages (Zamudio & Greene, 1997).

These dates not only provide a first approximation to the timing of lineage divergences:
perhaps more importantly, they also indicate that regional lineages have been isolated for
similar periods of time. This result is potentially reconcilable with both the east to west and
west to east dispersal hypotheses: three isolated lineages may have persisted in either eastern
or western Australian waters and independently colonised the GBR, GoC and WA.
However, given the other lines of evidence, the similar between-region divergences most
strongly supports dispersal from both east and west coasts: the GoC and GBR having been
colonised by two east coast matrilines that were isolated around the same time that east and
west coast lineages were isolated from each other.
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3.4.2 Population subdivision reflects historical processes and contemporary gene flow
The fixed differences among regional haplotypes indicate that, since being colonised,
between-region gene flow has been insufficient to overcome the effects of local genetic drift,
thus allowing the development of regional lineages through mutation and lineage assortment
(Gopurenko et al., 1999). Equilibrium and coalescent models confirmed strong population
subdivision and extremely limited contemporary female-mediated gene flow among regions.
Global FST and φST values were high, as were values between locations pairs from different
regions (Table 3.3 & 3.4), and migration rates between regions were effectively zero (Table
3.3). Within regions, however, marked differences in the extent of population subdivision
and divergence times reflected differences in regional habitat types.

All sea snake species (with the notable exception of the pelagic Pelamis platurus) are
associated with benthic habitats and all need to surface to breath; sea snakes are, therefore,
essentially confined to shallow water habitats. Large deep-water expanses are, therefore,
predicted to present barriers to dispersal, and the genetic data of this study confirmed this
prediction. Regional differences in gene flow reflected the potential connectivity afforded
sea snakes by regionally different habitat types. The GoC is a large shallow water lagoon
(water depths mostly <20 m and rarely >70 m) and all lines of evidence indicated extremely
high gene flow (panmixia) for A. laevis in this region. By contrast, the Timor Sea oceanic
shoals bioregion (Fig. 3.1) comprises isolated reefs separated by deep water. Water depths
around Ashmore, Hibernia and Cartier reefs are generally less than 200 m but reach 2000 m
around Scott Reef. The overall genetic picture in this region is one of low gene flow among
populations that have been diverging for some time (Table 3.3). Only Scott Reef had a
genetic signature consistent with recent population expansion, possibly following
colonisation from the Ashmore/Cartier/Hibernia cluster facilitated by the southwest-flowing
Leeuwin Current (Simpson, 1991).

Strong population subdivision between the central GBR, Keppels and Swain reefs is
partially attributable to historical processes (described above) but also to low contemporary
gene flow among these locations (Table 3.3). The Swains region is geographically unusual
within the GBR, being comparatively isolated from inshore reefs by a deep-water channel
which lacks reefs (Fig. 3.1), is intruded by colder Tasman Sea waters in winter (Burrage et
al., 1996) and appears to act as barrier to female-mediated gene flow for A. laevis.
Restricted gene flow across this channel has also been reported for the live-bearing
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damselfish, Acanthochromis polyacanthus (Doherty et al., 1994); thus, the Swain reefs may
be genetically isolated for taxa that give birth to live young. By contrast, high levels of gene
flow have been reported throughout the GBR for many organisms with dispersive larvae
including reef fish (Dudgeon et al., 2000; van Herwerden et al., 2003; Bay et al., 2004),
echinoderms (Benzie & Stoddart, 1992) and molluscs (Benzie & Williams, 1992). Genetic
and geographic distances were better correlated over suitable habitats in the GBR than for
over-water distances, suggesting a gradient of more recent gene flow along the mosaic of
reefs that form the GBR. There was no effect of isolation by distance in the panmictic GoC
or among populations on isolated WA reefs.

3.4.3 Caveats
The above discussion comes with several caveats that will be addressed in turn. 1) Limited
sampling at the extremes of A. laevis’ current range. Aipysurus laevis has not been reported
as occurring on the north coast of New Guinea (O'Shea, 1996) and is unlikely to have
occurred there during lowered sea levels as much New Guinea’s north coast shallow water
habitat was lost (the north coast mostly comprises a narrow continental shelf that descends
steeply into deep water). If A. laevis persisted in waters to the west and east of Australia
during glaciation cycles (as suggested by these data), its distribution would have repeatedly
been sundered by the emergence of the Torres Strait land-bridge with potentially greater
divergences between east and west coast lineages than recovered in this study. The two
divergent haplotypes (AL17 and AL38) suggest the existence of un-sampled lineages:
further sampling of A. laevis in coastal WA, southern New Guinea, New Caledonia, and on
Coral Sea reefs may recover these and other divergent lineages and potentially an
unequivocal genetic signal regarding this species’ biogeographic history. 2) Small sample
sizes. Four locations had small sample sizes and haplotypes frequencies may not have been
representative for those locations; however, despite some minor inconsistencies in patterns
of gene flow among WA reefs, these small sample sizes are unlikely to have influenced the
overall interpretations for WA, the GoC, or the three regions combined. As outlined above,
the small sample size from a large area in the central GBR makes interpretation of the high
genetic diversity in this location equivocal: further sampling throughout the northern and
central GBR is needed to resolve patterns of genetic diversity and gene flow in this region.
3) Mitochondrial DNA coding region. The ND4 gene is potentially under selection and may
have undergone one or more selective sweeps in the past that resulted in the observed low
genetic variation. The non-coding mitochondrial control region is often used in intra-specific
phylogeography studies, as it tends to be highly variable and is regarded as not being under
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selection. However, the control region has undergone a gene duplication event within the
mitochondrion in all advanced snake lineages (Douglas et al., 2006) making amplification of
homologous fragments more difficult. Moreover, Ashton & de Queiroz (2001) compared the
utility of the control region and the ND2 gene for resolving intra- and inter-specific
phylogenetic relationships among viperid snakes and found that the control region had lower
levels of intra-specific variation than ND2 third codon bases, suggesting either a lower
mutation rate or selective constraints. Mitochondrial DNA is also maternally inherited and
does not reflect male-mediated gene flow; thus, further research incorporating nuclear
markers is needed to verify the patterns of genetic variation and relationships among
regional lineages, and the strong geographic structuring recovered in this study.

3.4.4 Conclusions and implications for conservation
The biogeographical history of A. laevis around northern Australia is probably best
described in two temporal windows. In the more distant past (probably the Miocene and
Pliocene) aipysurids persisted and underwent speciation on reefs in the Timor Sea or at other
Western Australian locales. Some species, such as A. laevis, expanded their ranges around
Australia’s tropical coast and into the Coral Sea and New Caledonia. During recent
Pleistocene glaciation cycles the range of A. laevis expanded and contracted, with
populations persisting in eastern and western locales during lower sea levels and
recolonising suitable habitats as they became available. Further sampling at the extreme of
this species’ range is needed to confirm and determine the specific details of this scenario.
Despite the ability of A. laevis to undergo range expansion into new marine habitats, strong
population subdivision exists among regions around northern Australia. Contemporary
female-mediated gene flow subsequent to colonisation has, therefore, been extremely
restricted across this large spatial scale. Similar large-scale genetic subdivision across deep
ocean basins has been documented for viviparous hammerhead sharks (Duncan et al., 2006)
and among rookeries for highly philopatric marine turtles (FitzSimmons et al., 1997a). The
mtDNA genetic structure of A. laevis suggests that the three regions sampled (GBR, GoC,
WA) comprise distinct management units (MU) that warrant separate conservation strategies
for this species (Moritz, 1994).

3.5 Chapter Summary
This chapter explored the population genetic structure of the olive sea snake, Aipysurus
laevis, around northern Australia and documented strong population subdivision at several
spatial scales attributable to the combined effects of historical Pleistocene processes and
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restricted gene flow. The cyclic emergence of the Torres Strait land bridge repeatedly
sundered Australia’s east and west coast marine populations and invokes three possible
scenarios regarding the directions of inter-glacial range expansion: west to east, east to west,
or bi-directional. An evaluation of these scenarios for A. laevis most strongly supported bidirectional range expansions, albeit with range expansion from each coast occurring at
different times. Geographic regions (GBR, GoC, WA) were characterised by unique suite of
mtDNA haplotypes; thus, regional genetic subdivision was very strong and coalescent
analyses revealed no migration between regions. Genetic diversity was low in the GBR and
GoC and the genetic signatures of these regions indicated range expansion events consistent
with their recent marine transgressions. In contrast, genetic diversity on WA reefs was
higher with no signals of recent expansion events. Phylogenetic analyses indicated that GBR
and GoC haplotypes were derived from WA haplotypes; however, statistical parsimony
suggested that recent range expansion in the GBR-GoC probably occurred from eastern
populations. Levels of female-mediated gene flow varied strongly within regions and
reflected the potential connectivity among populations afforded by the different regional
habitat types. In the next chapter I explore whether congruent genetic signals of recent range
expansion and strong population structure are revealed for the spine-bellied sea snake,
Lapemis curtus, a common and abundant species from the Hydrophis lineage. Lapemis
curtus has similarities and differences to A. laevis that provide interesting insights into the
effects of evolutionary history and habitat preference on the population genetic processes of
hydrophiine sea snakes.
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Chapter 4
Comparative phylogeography and population genetic
structure of two sea snake species in Australasian waters
Paleoclimatic events are expected to have
left similar patterns in the phylogeographic
signatures of co-occurring species. Other
factors, such as taxon-specific dispersal
potentials, habitat discontinuities, and
effects of isolation-by-distance may,
however, act singly or together to generate
divergent population genetic structures in
seemingly similar taxa with overlapping
distributions. In this chapter I explore the
effects of evolutionary history, habitat
preference and dispersal potential for two
common, widespread, generalist marine
hydrophiine species, Lapemis curtus and
Aipysurus laevis, that have overlapping, but
not conterminous, ranges around northern
Australia. The genetic signatures of these
species have similarities consistent with
recent paleoclimatic events and sea level
fluctuations in this region yet they also differ
in ways that reflect the divergent ecologies
and evolutionary histories of these taxa.

A version of this chapter will be submitted
to the Journal of Biogeography to be
considered for publication
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4.1 Introduction
The genetic structures of co-occurring marine organisms are predicted to reflect their shared
biogeographical histories. Congruent phylogeographic patterns across taxa (Wares &
Cunningham, 2001; Harlin-Cognato et al., 2006), and temporal congruence between lineage
divergences and paleoclimatic events (Provan et al., 2005; Harlin-Cognato et al., 2006),
provide strong evidence that shared biogeographical histories have similarly influenced the
genetic signatures of co-occurring species (Avise, 2000, 2004). However, numerous,
potentially interacting, factors impinge on the genetic patterns observed for marine taxa.
These factors include (but are not limited to) reproductive strategies and dispersal potential
(Doherty et al., 1995; Ayre & Hughes, 2000; Riginos & Victor, 2001), habitat discontinuities
(Ward et al., 1994; Riginos & Nachman, 2001), and isolation-by-distance (Hellberg, 1996;
Karns et al., 2000; Planes & Fauvelot, 2002). While dispersal may occur at any stage of life,
in marine species it typically occurs by highly dispersive larvae. Viviparous species that lack
dispersive larvae are predicted to have lower dispersal and restricted gene flow than species
with larval dispersal. This prediction has been confirmed for corals (Ayre & Hughes, 2000)
and fish (Doherty et al., 1995): levels of gene flow for viviparous species were lower than for
sister taxa with larval dispersal. The extent to which gene flow differs among closely related
viviparous marine taxa is unclear. In addition, species that occupy habitats with marked
discontinuities are predicted to have restricted gene flow compared with species that utilise
relatively continuous habitats (Ward et al., 1994; Riginos & Nachman, 2001). Divergent
genetic signatures among co-occurring taxa are, therefore, likely to reflect underlying
differences in the biology of species. Nonetheless, lack of genetic congruence may also be the
result of stochastic forces (Palumbi, 1996).

The effects of historical biogeography, habitat discontinuity and dispersal potential on cooccurring marine species in northern Australia are explored further in this chapter.
Hydrophiine sea snakes have many characteristics that make them ideal for comparative
study. Species variously inhabit reefal, inter-reefal or inshore shallow-water habitats and the
strength of habitat association differs among species (Heatwole, 1999). Although all species
are viviparous, species-specific dispersal potentials probably vary and are predicted to result
in divergent population genetic structures. Chapter 3 presented the first information about
phylogeographic patterns and population subdivision for a hydrophiine sea snake species, A.
laevis. Patterns of genetic diversity and population structure in three regions of northern
Australia were consistent with recent range expansion events in two regions, the Great
Barrier Reef (GBR) and Gulf of Carpentaria (GoC) and there was strong regional genetic
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structure. At the same time, contrasting patterns of gene flow within regions corresponded to
differences in regional habitat type, particularly the degree to which habitat discontinuities
might act as barriers to dispersal for A. laevis. Thus, gene flow was highest in the lagoonal
GoC, intermediate for the reef mosaic of the GBR, and lowest among reefs separated by
deep water in Western Australia (WA) (Ch. 3). In order to evaluate the generality of recent
range expansion documented for A. laevis for other hydrophiine species, and to compare
patterns of genetic heterogeneity and gene flow for two co-occurring marine species, the
phylogeography and population genetic structure was evaluated for the spine-bellied sea
snake, Lapemis curtus, across much of its Australian range.

Lapemis curtus and A. laevis have similarities and differences that make for interesting
comparison. These species represent the Hydrophis and Aipysurus lineages respectively and
their genetic signatures will have been influenced by the divergent evolutionary histories of
their lineages: the speciose Hydrophis lineage being the result of recent adaptive radiation
whereas the Aipysurus lineage is evolutionarily more constrained or stable (Ch. 2). Lapemis
curtus and A. laevis are each widespread and abundant members of their respective lineages
however the two lineages have different geographic ranges. The Aipysurus lineage has a
smaller range centred over Australia (Heatwole, 1999) whereas the larger geographic range
of the Hydrophis lineage is centred over SE Asia (but also includes Australia). Thus, the
range of L. curtus extends from the Arabian Gulf to northern Australia (Gritis & Voris,
1990) where it occurs from the southern GBR to Broome, WA (Cogger, 1975; Wilson &
Swan, 2003). Unlike A. laevis, L. curtus has not been recorded as far south as Shark Bay,
WA (Storr & Harold, 1990) or east of the GBR, with the exception of one record from New
Caledonia (Ineich & Laboute, 2002).

Differences in habitat preference and reproductive outputs for A. laevis and L. curtus are
predicted to result in different patterns of gene flow. Lapemis curtus inhabits a range of
habitat types without major discontinuities that include the turbid waters of soft sediment
inter-reefal habitats, inshore environs and estuaries (Cogger, 2000). In addition, it
occasionally is also found in the clear reef waters typically inhabited by A. laevis. Fine-scale
distribution patterns are not known for L. curtus but distributional data from trawler by-catch
suggest that abundances differ across trawling areas around northern Australia (Redfield et
al., 1978; Wassenberg et al., 1994; Ward, 1996a, b, 2000; Stobutzki et al., 2000). It is not
clear, however, whether these differences reflect a discontinuous distribution or other
ecological factors, such as seasonal movement patterns (Shuntov, 1972; Wassenberg et al.,
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1994). In addition, although both species are viviparous, available data suggest that L. curtus
has higher reproductive outputs than A. laevis. Aipysurus laevis matures later, has small
clutch sizes (mean ~ 3), and probably reproduces bi-annually (~50% of adult A. laevis
females dissected during the breeding season were gravid) (Burns & Heatwole, 2000; Fry et
al., 2001) whereas L. curtus matures early, has larger clutch sizes (mean ~ 8) and reproduces
annually (Fry et al., 2001; Ward, 2001). The high reproductive output of L. curtus may
account, in part, for its large geographic range and high abundance in sea snake assemblages
as inferred from its high by-catch rates in trawlers (Stobutzki et al., 2000).

Lapemis curtus and A. laevis have similar distributions around northern Australia and are
expected to display congruent phylogeographic patterns attributable to shared
biogeographical histories. In particular, the genetic signature of L. curtus in northern
Australia is predicted to be consistent with recent range expansion into newly available
shallow-water marine habitats subsequent to marine transgressions of this region.
Nonetheless, patterns of range expansion around northern Australia differ among marine
taxa (Ch. 3) and may therefore differ for L. curtus and A. laevis. In addition, these species
differ in terms of their evolutionary histories, geographic ranges, habitat preferences and
reproductive outputs, and are predicted to exhibit divergent patterns of gene flow and
population genetic structure. The large geographical range of L. curtus undoubtedly reflects
its evolutionary history but, in combination with its preference for a variety of continuous
habitat types and high reproductive output, also indicates high dispersal potential.
Consequently gene flow is expected to be higher for L. curtus than for A. laevis and
population subdivision is predicted to occur at different spatial scales. As geographic
distance rather than habitat discontinuity is likely to be the predominant barrier to dispersal
for L. curtus, gene flow is expected to follow a pattern of isolation-by-distance. The aim of
this chapter is to explore these predictions by comparing the population genetic structures of
L. curtus and A. laevis across similar ranges in northern Australian waters.

4.2 Materials and Methods
4.2.1 Sampling design and collection of tissue samples
Samples were collected from 65 L. curtus individuals: 30 females, 29 males and 6 samples
for which sex was not available. Samples were obtained from three Great Barrier Reef
(GBR) locations (northern, central and southern); three Gulf of Carpentaria (GoC) locations
(Groote Eylandt, Mornington Island and Vanderlin Island); and Western Australia (WA)
(Fig. 4.1). Sample sizes ranged from four to 23 individuals per location (Table 4.1), with the
86

87

100∞ 0’ E

1000 km

Phuket

110∞ 0’ E

Shark
Bay

Indian Ocean

120∞ 0’ E

Western
Australia

Broome

Timor
Trench

Gulf
of
Carpentaria

140∞ 0’ E

AUSTRALIA

Northern
Territory

Vanderlin Is.
Mornignton Is.

Groote
Eylandt

130∞ 0’ E

500km

150∞ 0’ E

Queensland

Southern
GBR
Swain
Reefs

Central
GBR

Northern
GBR
Coral Sea

” 2000 The Field Museum

0

?

160∞ 0’ E

Chesterfield Is.

170∞ 0’ E

NEW
CALEDONIA

Loyalty
Islands

Pacific Ocean

?

Figure 4.1. Map indicating eight locations from where Lapemis curtus tissue samples were collected (underlined) and other key locations mentioned
in the text. Inset A: Map showing extent of land above sea level (shaded area) when sea levels were 120 m below present levels (Voris, 2000).
Map © Field Museum of Natural History, Chicago and modified with permission. The black dashed line indicates the current distribution of L. curtus.
The grey dashed line around New Caledonia indicates that it is unclear whether L. curtus has an established breeding population in this location or whether
the one specimen collected from New Caledonian waters (now housed in the National Museum of Natural History, Paris) was a vagrant or recent migrant.

20∞ 0’ S

10∞ 0’ S

0∞ 0’

10∞ 0’ N

THAILAND

?

Inset A

exception of WA (n = 1), which was therefore excluded from some analyses. Tissue samples
were obtained from trawl fishery by-catch studies conducted by Australia’s Commonwealth
Scientific and Industrial Research Organisation (CSIRO) (Stobutzki et al., 2000). Two
samples were also obtained from Phuket, Thailand (n = 2) to compare the extent of genetic
divergences within Australia to a more distant location. The Phuket samples came from
dried specimens courtesy of Harold Voris and the Field Museum of Natural History. As the
genus Lapemis is monotypic (Gritis & Voris, 1990), tissue samples were obtained (also from
the CSIRO) from two additional species from the Hydrophis lineage, Hydrophis ornatus and
Pelamis platurus. These species are sister-taxa to L. curtus (Ch. 2) and were used as
outgroup taxa in phylogenetic analyses (see below). Fresh tissue samples were stored at
room temperature in 70% ethanol.

4.2.2 DNA extraction, mitochondrial DNA amplification and sequencing
Extraction of total genomic DNA, PCR amplification and sequencing were conducted using
the protocols described in Chapter 3. The identical 850 bp fragment of mtDNA sequenced
for A. laevis (comprising the 3’ half of the ND4 gene and adjacent tRNA’s) was also
targeted for L. curtus, H. ornatus and P. platurus using the same primer pair, ND4 (L) and
LEU (H) (Forstner et al., 1995).

4.2.3 Data analysis
4.2.3.1 Phylogenetic analyses
Sequence data were edited using Sequencher 4.2.2 (Gene Codes Corporation) and aligned by
eye. Protein translation of the ND4 region in MacClade version 4.06 (Maddison &
Maddison, 2000) found no premature stop codons, indicating that the sequences obtained
were mitochondrial in origin. Phylogenetic analyses were conducted using parsimony and
maximum-likelihood (ML) approaches and rooted using H. ornatus and P. platurus
sequences. ModelTest 3.06 (Posada & Crandall, 1998) selected the Hasegawa-Kishino-Yano
model (Hasegawa et al., 1985) with gamma distributed rate variation (γ = 0.1797) as the
best-fit substitution model based on Akaike Information Criterion and Likelihood Ratio
Tests and this model was used in the ML analyses implemented in PAUP* (Swofford, 2000).
An unweighted parsimony analysis was also conducted in PAUP*. Branch supports were
evaluated using unweighted parsimony bootstrap (10,000 replicates) and ML bootstrap (500
non-parametric ML bootstrap replicates) tests. Sequence divergence (p) values were
estimated among L. curtus phylogroups and corrected for within phylogroup diversity (Avise
& Walker, 1998). Dates of divergences between regions were calculated using the
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conventional mtDNA clock (2% per million years, Brown et al., 1979) and a slower rate of
0.5% sequence divergence between lineage pairs per million years, which is probably more
applicable to reptiles (Zamudio & Greene, 1997).

4.2.3.2 Gene geneologies and population genetic analyses
Genetic diversity within locations and regions were summarised by calculating haplotype
and nucleotide diversity statistics (Nei, 1987). A minimum-spanning tree based on pairwise
sequence divergence was created using the MINSPNET algorithm employed in ARLEQUIN
3.01 (Excoffier et al., 2005) and the geographical origins of sampled haplotypes were
mapped onto the resulting network. Alternative links were examined and, as they did not
alter the network topology, are not discussed further. The GBR and GoC portion of the
minimum spanning network generated for A. laevis is also presented for comparison.

Analyses of molecular variance (AMOVA) (Excoffier et al., 1992) were used to examine
population genetic structure for two hierarchical designs based both on raw haplotype
frequencies (FST) (Weir & Cockerham, 1994) and taking percent sequence divergence (using
the Kimura-2 parameter model) into account (φST). The first nested design, based only on
Australian samples and excluding the WA individual, comprised two regions (GBR and
GoC) with three locations per region (Table 4.1). Although sampling locations for A. laevis
in the GBR were not the same as for L. curtus, this AMOVA design was also implemented
for the nine A. laevis populations from the GBR and GoC (Ch. 3) to provide some (albeit
imperfect) comparison between species. The second nested AMOVA design for L. curtus
included Phuket and Australian samples were grouped into two (rather than six) locations,
GBR and GoC; thus, for this analysis the among-region level partitioned genetic variation
between Phuket and Australia while the location-within-region level partitioned genetic
variation between the GBR and GoC. As samples from only two individuals were available
from Phuket this AMOVA is best regarded as exploratory.

Pairwise FST and φST values were calculated for 15 comparisons among six Australian
locations (WA individual excluded) and also for the six comparisons between Australian
locations and Phuket (again noting the small sample size for Phuket). P values were adjusted
with sequential Bonferroni corrections for multiple comparisons (Rice, 1989). Tajima’s D
(Tajima, 1989b) and Fu’s F (Fu, 1996) values were calculated for Australian locations and
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regions, as a means of evaluating population expansion (Tajima, 1989a; Fu, 1997). All
population genetic analyses were conducted using ARLEQUIN 3.01 (Excoffier et al., 2005).

4.2.3.3 Coalescent estimation of migration and population isolation
Migration and population divergence for L. curtus between the GBR and GoC was analysed
using MDIV (Nielsen & Wakeley, 2001) using the finite sites model. Migration rates and
divergence times are both measured in units of 2Ne generations (where Ne is the effective
population size); thus, M = per generation migration rate x 2Ne and T = divergence time in
years/2Ne generations. The L. curtus analysis was conducted three times with each analysis
comprising 3,000,000 replicates (the first 300,000 discarded as burn-in). Likelihood values
of divergence times were estimated for values between 0.02 and 5, and of migration rates for
values between 0.02 and 10, each in increments of 0.02. The maximum likelihood estimate,
90% credibility limits, and tests to determine whether divergence times were significantly
different from zero were calculated as described in Chapter 3. Replicate parameter estimates
and credibility limits were highly congruent and averaged over runs, and compared with A.
laevis results from Chapter 3.

4.2.3.4 Isolation by Distance
Mantel tests of correlations between genetic and geographical distance matrices,
implemented in the computer program Isolation by Distance Web Service (IBDWS) (Jensen
et al., 2005), were used to test for significant relationships between genetic and geographical
distance matrices. Genetic distances were defined as φST/1-φST (Rousset, 1997) and
geographic distances were measured as distances along coastlines between pairs of locations
(as described in Ch. 3) and log10 transformed prior to analyses (Slatkin, 1993). The first L.
curtus analysis comprised the six Australian locations and the second analysis comprised
Australian locations and Phuket. A Mantel test was also conducted for A. laevis that included
the nine locations sampled in the GBR and GoC to enable a between-species comparison for
these two regions (again noting that different GBR locations were sampled for A. laevis and
L. curtus).

4.3 Results
4.3.1 Genetic diversity
Sequence analysis of 706 bases of the ND4-tRNA fragment revealed 20 variable sites that
defined 17 putative haplotypes among 65 L. curtus individuals (Table 4.1). There were 16
transitions, three transversions and one indel, which occurred in the tRNA region. The 63
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Phuket

Location

18-20°S; 146-150°E
20-24°S; 148-153°E

Central GBR

Southern GBR

13-15°S; 136-137°E

Groote Eylandt

65

All

Total

63

1

35

Australian Total

Western Australia

Region Total

6

15-16°S; 137-138°E

Vanderlin Island
23

6

27

4

17

6

2

n

Mornington Island 15-17°S; 138-140°E

Gulf of Carpentaria

Region Total

14-18°S; 145-146°E

7.53°N; 98.24°E

Lat - Long

Northern GBR

Great Barrier Reef

Thailand

Region

17

15

1

8

8

1

1

7

3

6

2

2

N

1.00 ± 0.01

1.00 ± 0.01

N/A

0.41 ± 0.10

0.58 ± 0.12

N/A

N/A

0.70 ± 0.08

0.83 ± 0.22

0.78 ± 0.07

0.33 ± 0.22

1.00 ± 0.50

h ± SE

0.16 ± 0.12

0.10 ± 0.08

N/A

0.06 ± 0.06

0.11 ± 0.09

N/A

N/A

0.12 ± 0.09

0.14 ± 0.14

0.15 ± 0.12

0.05 ± 0.06

0.43 ± 0.49

π ± SE (%)

N/A

N/A

N/A

-1.043

-0.612

-0.949

-0.933

N/A

D

N/A

N/A

N/A

-2.118

N/A

<0.0001 -2.089

<0.0001 -2.015

N/A

N/A

0.007

0.089

0.021

0.089

N/A

PFS

-34.028 <0.0001

N/A

-6.915

-5.838

N/A

N/A

-3.370

-0.887

-2.424

-0.003

N/A

FS

N/A

0.001

N/A

0.003

0.006

N/A

N/A

0.163

0.378

0.202

0.263

N/A

PD

Table 4.1: Population summary statistics for Lapemis curtus : latitude and longitude of sampling locations (Lat - Long), sample size (n ),
number of haplotypes (N ), haplotypic (h ± SE) and nucleotide ( π ± SE (%)) diversities. Results of tests of population expansion: Fu's
FS (FS) and Tajima's D (D) and corresponding significance levels (PFS and PD).

Australian samples comprised 15 haplotypes that differed by either one or two base pairs. By
contrast, the two Phuket individuals had different haplotypes, which differed by three bases
pairs from each other and by seven to ten base pairs from any Australian haplotype. Overall
nucleotide diversity was low (% π = 0.16 ± 0.12 SE) and among Australian samples was
lower still (% π = 0.10 ± 0.08 SE). The GoC had the lowest within-region nucleotide
diversity (% π = 0.06 ± 0.06 SE) followed by the GBR (% π = 0.12 ± 0.09 SE), with the
highest occurring in Phuket (% π = 0.43 ± 0.49 SE) (Table 4.1). Within-region haplotype
diversities followed a similar pattern, with the lowest haplotype diversities in the GoC (h =
0.41) and GBR (h = 0.70) compared with Phuket (h = 1.0). Within-location nucleotide and
haplotype diversities were lowest in the southern GBR, highest in the northern and central
GBR, and intermediate for Groote Eylandt, GoC. Mornington and Vanderlin Islands (GoC)
were fixed for the same haplotype (Table 4.1).

4.3.2 Phylogeny and sequence divergence
Both the ML and parsimony analyses recovered trees with very similar topologies and the
ML best tree is presented with parsimony and likelihood bootstrap values shown.
Monophyly of L. curtus was strongly supported by both branch support measures however
only two intra-specific clades were resolved (Fig. 4.2). Individuals from Phuket formed one
clade with 95% MP and 87% ML bootstrap support and Australian individuals comprised a
reciprocally monophyletic clade. The Australian clade was, however, poorly supported with
just 61% ML and less than 50% MP bootstrap support (Fig. 4.2). Uncorrected sequence
divergences between L. curtus haplotypes from Australia and Phuket (1.042%) were an
order of magnitude higher than between the GBR and GoC (0.104%) and, after correction
for within-region variation (Avise & Walker, 1998), differences in between-region
divergences were even more pronounced (Australia vs. Phuket, 0.779%; GBR vs. GoC,
0.005%). Based on corrected sequence divergence and a divergence rate of 0.5% per pair of
lineages per million years, estimated divergence between the GBR and GoC L. curtus
populations occurred approximately 10,000 years ago. Higher sequence divergence rates
(2%) place divergence times as even more recent. Estimated divergence between Phuket and
Australia, based on corrected sequence divergence and 2% sequence divergence rate,
occurred approximately 400,000 years ago: a slower sequence divergence rate (0.5%) dates
the separation between Australia and Phuket as more than 1.5 million years ago.
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Hydrophis ornatus
Pelamis platurus

95/87

100/94

0.001 substitutions/site

LCH001 Phuket
LCH002 Phuket

LCH004 GBR
LCH005 GBR
LCH006 GBR
LCH007 GBR
LCH008 GBR
LCH009 GBR
LCH003 GBR and GoC
-/61
LCH010 GoC

Thailand

Australia

LCH011 GoC
LCH012 GoC
LCH013 GoC
LCH014 GoC
LCH015 GoC
LCH016 GoC
LCH017 WA

Figure 4.2: Lapemis curtus gene tree showing best ML estimate of the phylogenetic relationships among
17 haplotypes and rooted with Hydrophis ornatus and Pelamis platurus. Haplotypes were not shared among
countries and, with the exception of the common Australian haplotype LCH03, between Australian regions.
Countries and locations from which haplotypes were sampled are shown. Measures of branch support greater
than 50 % are shown in the following order: parsimony bootstraps / non-parametric ML bootstraps.
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Fig 4.3b. Aipysurus laevis

Western Australia

Fig 4.3a. Lapemis curtus

Figure 4.3: Minimum-spanning network for Lapemis curtus (Fig.4.3a) and Aipysurus laevis (Fig. 4.3b) constructed using the MINSPNET algorithm in ARLEQUIN.
Each haplotype is represented by one circle, and the size of each circle is proportional to the number of individuals with that haplotype (the same scale was used for
both networks). Haplotypes are coloured according to the locations from which they were sampled and each cross line on a line connecting two haplotypes represents
a single mutation. For A. laevis only the haplotypes sampled in the Great Barrier Reef and Gulf of Carpentaria locations are shown, with connections to Western
Australian haplotypes indicated in grey.

Phuket, Thailand

Western Australia

Groote Eylandt
Vanderlin Island
Mornington Island

Swain Reefs
Southern GBR - Keppel Is.
Central GBR
Northern GBR

4.3.3 Gene geneologies and population expansion
The minimum-spanning network showed that L. curtus in Australia was characterised by one
common haplotype and numerous rare haplotypes that differed by just one base pair from the
common haplotype and form the classical star-shaped pattern associated with recent
population expansion (Fig. 4.3a). However, while the GBR and GoC shared the same
common haplotype, they did not share any rare haplotypes, suggesting that these two regions
are in the process of diverging following recent colonisation by one maternal lineage (Fig
4.3a). Fu’s F and Tajima’s D tests supported recent population expansion in the GoC and the
GBR, and across all Australian locations (Table 4.1). In contrast to the Australian
haplotypes, three base pair differences separated the two Phuket haplotypes. The small
sample size precludes inference regarding the population genetics of L. curtus in Thailand:
nonetheless, the two divergent haplotypes sampled from two individuals in Phuket suggest
that Thailand harbours higher genetic diversity for this species than Australia.

4.3.4 Population genetic structure, migration & isolation: estimates from equilibrium &
coalescent models
Hierarchical AMOVA confirmed the genetic structure of the L. curtus haplotype tree.
Among the Australian samples (AMOVA design excluding Phuket), the proportion of the
genetic variation attributable to regional differences between the GBR and GoC was a small
(< 10%) and non-significant (Table 4.2), and most of the genetic variation (> 90%) was
within locations. Genetic variation was partitioned similarly by AMOVA based on haplotype
frequencies and taking sequence divergences into account (Table 4.2); however, only FST
(based on haplotype frequency) was statistically significant. This result was driven by the 13
rare haplotypes, which were generally not shared among Australian locations (LCH04 was
shared between northern and central GBR and LCH05 was shared between central and
southern GBR) (Fig. 4.3a). In contrast, sequence divergences among haplotypes were similar
for all locations (either one or two base pairs) resulting in non-significant φST. The AMOVA
design that included Phuket and grouped GBR and GoC samples into two locations
recovered strong and statistically significant population subdivision between Phuket and
Australia, between the GBR and GoC, and within locations, for analyses based on
haplotypes frequencies and sequence divergences (Table 4.2).

The patterns of genetic subdivision for A. laevis across the GBR and GoC were in stark
contrast to those for L. curtus across similar spatial scales. Hierarchical AMOVAs revealed
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Table 4.2: Hierarchical analyses of molecular variance (AMOVA) for Lapemis curtus and Aipysurus laevis
based on raw haplotype frequencies (FST) and taking percent sequence divergence into account (ØST). P values
based on 10,000 Markov chain permutations.
%
variation

FST

P

%
variation

ØST

P

Great Barrier Reef vs Gulf of Carpentaria
Lapemis curtus
1
Among regions FCT
4
Among locations within regions FSC

6.15
3.53

0.062
0.038

0.1028
0.2104

8.16
-4.27

0.082
-0.047

0.0994
0.9088

56

90.33

0.097

0.0323

96.11

0.039

0.2906

1
7
249

36.04
27.48
36.48

0.361
0.430
0.635

0.0128
0.0150
<0.0001

74.51
11.23
14.26

0.745
0.441
0.857

0.0108
<0.0001
<0.0001

1
1
61

33.80
5.05
61.14

0.338
0.076
0.389

<0.0001
0.0121
0.0018

89.90
0.62
9.50

0.899
0.056
0.904

<0.0001
<0.0001
<0.0001

Source of variation

Among locations FST
Aipysurus laevis
Among regions FCT
Among locations within regions FSC
Among locations FST

df

Lapemis curtus including Thailand
Three populations in two regions
Among regions FCT
Among locations within regions FSC
Among locations FST

NB: Individual from Western Australia excluded for all L. curtus AMOVA's

strong and statistically significant population subdivision for A. laevis at all levels (among
regions, among locations within regions, and within locations, Table 4.2). In addition, A.
laevis FST and φST values (FST = 0.635, φST = 0.857) were more than an order of magnitude
larger than for L. curtus (FST = 0.097, φST = 0.039) across all Australian locations. There
were also species differences in the way genetic variation was partitioned by analyses based
on haplotype frequencies compared with sequence divergence. Genetic variation among
regions for L. curtus was partitioned similarly by analyses based on haplotype frequencies
and sequence divergence (6.15% and 8.16% respectively) indicating similar molecular
distances between pairs of haplotypes drawn from different regions (Excoffier et al., 1992).
By contrast, regional divergences for A. laevis accounted for 74.5% of the genetic variation
when sequence divergence was taken into account, but only 36% of variation in haplotype
frequencies (Table 4.2), and reflect the evolutionary divergence between the GBR and GoC
lineages for this species (Fig. 4.3b). Estimated migration rates between the GBR and GoC
for L. curtus were an order of magnitude higher than for A. laevis and had much wider 90%
credibility limits (Table 4.3). Corresponding regional FST and φST values were an order of
magnitude lower for L. curtus than A. laevis (Table 4.3). Although divergence times were
lower for L. curtus than A. laevis, both were significantly different from zero (Table 4.3).
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Table 4.3: Coalescent model based estimates of migration and time of divergence from MDIV analyses and pairwise FST and ØST
values between Great Barrier Reef and Gulf of Carpentaria for two hydrophiine sea snake species. M is the estimated number of
migrants per generation scaled by effective population size [M = (migration rate)*(2xNe)], with associated upper and lower 90 %
credibility limits of M. T, the estimated time divergence between two populations, is measured in terms of 2Ne generations. T ! 0
indicates that ±2 log(L) of the best estimate did not encompass zero; thus, divergence time is significantly different from zero
(Nielsen and Wakeley 2001).
Species

Time

Credibility limits

T

M

Credibility limits

FST

p

ØST

p

Lapemis curtus

0.36

0.03 - 4.60

T!0

0.43

0.00 - 6.67

0.078

0.0127

0.062

< 0.0001

Aipysurus laevis

0.82

0.36 - 4.01

T!0

0.03

0.00 - 0.29

0.437

< 0.0001

0.787

< 0.0001

Species also differed for FST and φST values between location pairs (Table 4.4). Most L.
curtus pairwise FST and φST values were small and not significant at p = 0.05, and only one
comparison (φST between the central GBR and Groote Eylandt, GoC) remained significant
after sequential Bonferroni correction (Table 4.4). Small sample sizes will have reduced the
power to detect statistical significance among location pairs (Vollmer & Palumbi, 2007): the
statistically significant φST value was between the two locations with largest sample sizes in
their respective regions. All significant FST values at p = 0.05 were comparisons between
GoC locations and the central GBR (n = 17) although some FST values between GoC
locations and the southern GBR (n = 4) were larger (Table 4.4), again suggesting an effect of
sample size on statistical power. Increased sample sizes in GBR and GoC locations may
reveal significant divergences between location pairs in different regions for L. curtus. At
the same time, small sample size can overestimate the magnitude of genetic differentiation
(Ward et al., 1994), possibly driving the magnitude of FST and φST values between Phuket (n
= 2) and Australian location (Table 4.4). In particular, φST values were large but not highly
statistically significant. In addition, the large φST (0.841) for the comparison between Phuket
and the southern GBR (n = 4) was not significant at p = 0.05. FST and φST values for A. laevis
were generally large and highly significant for comparisons between locations in different
regions and within the GBR (FST: 0.275 to 0.711; φST: 0.304 to 0.907). In contrast, FST and
φST values for comparisons within the GoC were very small (FST: - 0.052 to 0.001; φST: 0.061 to 0.020) and not significant (Table 4.4).

4.3.5 Isolation by Distance
The Mantel test for L. curtus revealed a significant correlation between genetic and
geographic distance matrices (r = 0.566, p < 0.0103) for Australian locations. RMA
regression recovered a positive relationship between genetic and geographic distances across
the six locations (slope 0.13 ± 0.03 SE, r2 = 0.321; Fig. 4.4a) with a monotonically
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Table 4.4: Pairwise FST (above diagonal) and ØST (below diagonal) values for Lapemis curtus and
Aipysurus laevis for comparisons between six locations from two regions in Australia. Comparisons
between Australian locations and Phuket, Thailand were also calculated for L. curtus. Lapemis curtus
ØST values were calculated using the Kimura-2 parameter model of substitution and A. laevis ØST
values using the Tamura-Nei model of substitution. Significance was tested with 20,000 permutations.
Note that shaded cells have different meanings in each species table.
Lapemis curtus

Nth GBR Cent GBR Sth GBR
Northern GBR
0.089
0.043
Central GBR
0.007
-0.069
Southern GBR
0.020
-0.087
Groote Eylandt
-0.031
0.081*
-0.025
Mornington Island
0.000
0.008
0.112
Vanderlin Island
0.000
0.008
0.112
Phuket, Thailand
0.510
0.170
0.111

Groote
-0.032
0.074*
-0.010
-0.077
-0.077
0.340

Morn Is. Vand Is.
0.000
0.000
0.207*
0.207*
0.214
0.214
0.041
0.041
0.000
0.000
0.807*
0.807*

Phuket
0.886*
0.839*
0.841
0.886*
0.925*
0.925*

Values in bold with * were significant at p < 0.05 Only one comparison remained significant after sequential Bonferroni correction
(cell shaded grey).

Aipysurus laevis

Cent GBR Keppel Is. Swain Rfs
Central GBR
0.520
0.485
Keppel Island
0.438
0.711
Swain Reefs
0.615
0.683
Groote Eylandt
0.304
0.705
0.839
Mornington Island
0.703
0.907
0.891
Vanderlin Island
0.764
0.893
0.893

Groote
0.275
0.602
0.603
-0.061
-0.031

Morn Is. Vand Is.
0.339
0.414
0.679
0.639
0.650
0.641
-0.036
0.001
-0.052
0.020

All comparisons in bold highly significant and remained significant after sequential Bonferroni correction of P values.
Only comparisons between location pairs within the GoC were not significant (cells shaded grey).

increasing relationship between genetic and geographic distance (Case I from Hutchison &
Templeton, 1999) suggesting a pattern of isolation-by-distance in which the relative
influences of gene flow and genetic drift change along a cline with geographic distance:
genetic drift becoming increasingly important as populations become more geographically
distant (Hutchison & Templeton, 1999). The Mantel test for A. laevis also indicated a
significant correlation between genetic and geographic distances between the GBR and GoC
(r = 0.589, p < 0.001) and the correlation (r2) explained 35% of the variance; however, the
regression of genetic versus geographic distances showed a pattern of greatly increased
variance in genetic distances at large geographical distances (between regions). This pattern
(Case IV from Hutchison & Templeton, 1999) was also documented for A. laevis across all
13 Australian locations (i.e., including Western Australia, Ch. 3) and indicates that, rather
than a gradual change in the relative effects of gene flow and genetic drift with increasing

98

0.17

Lapemis curtus

0.14
Within Gulf of Carpentaria
Within Great Barrier Reef
Between GBR and Gulf

øST/1 - øST

0.11
0.08
0.05
0.02
-0.01
-0.04
-0.07
-0.10
2.0

2.4

2.8

3.2

3.6

4.0

Fig. 4.4a

30

Aipysurus laevis

øST/1 - øST

25
20
15
10
5
0
-5
1.0
Fig. 4.4b

1.6

2.2

2.8

3.4

4.0

Geographic Distance (Log10)

Figure 4.4. Reduced Major Axis (RMA) regressions showing relationships genetic and geographic distances.
Fig. 4.4a. Lapemis curtus RMA for six locations from Great Barrier Reef (GBR) & Gulf of Carpentaria (GoC).
Fig. 4.4b. Aipysurus laevis RMA for nine locations from GBR and GoC. Mantel tests indicated that there was
a significant isolation-by-distance (IBD) effect among Australian locations for both species; however, the
patterns of these relationships differed markedly between species. There was no effect of IBD for L. curtus
when Phuket was included (not shown). Comparisons are indicated by different symbols shown in the key.
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geographic distance (as seen in L. curtus), A. laevis populations are influenced primarily by
ongoing gene flow at smaller spatial scales and persistent genetic drift at large spatial scales.

There was no significant relationship between genetic and geographic distances for L. curtus
when Phuket samples were included (p > 0.1). Genetic distances between Phuket and
Australian locations were orders of magnitude higher than among Australian locations, yet
geographic distances between Phuket and Australian locations (along coastlines) were just
three times larger than distances between GBR and GoC locations. The large genetic
distances between Phuket and Australia (based on φST values) were probably artificially
inflated due to small sample sizes (as explained in the previous section). Larger sample sizes
and samples from additional SE Asian locations are needed to determine isolation-bydistance patterns for L. curtus outside Australia.

4.4 Discussion
Phylogeographic and population genetic analyses for two sea snake species with overlapping
distributions around northern Australia revealed contrasting patterns of population structure
and gene flow. The spine-bellied sea snake, L. curtus, had low genetic subdivision within
Australia but strong genetic subdivision between Australia and Thailand. Nonetheless, gene
flow among sampled Australian locations was restricted (FST = 0.097, p < 0.05) and followed
a pattern of isolation-by-distance along a geographical gradient (Fig. 4.4a; Type I from
(Hutchison & Templeton, 1999). In contrast, the olive sea snake, A. laevis, exhibited strong
genetic heterogeneity between the GBR and GoC and between locations in the GBR, and the
relationship between genetic and geographical distances followed a different pattern than
documented for L. curtus (see also Ch. 3). Despite their contrasting population genetic
structures, both species had low genetic diversities and genetic signatures consistent with
recent range expansions in the GBR and GoC. Nonetheless, colonisation patterns of these
regions following their most recent marine transgression differed between species. The lack
of shared haplotypes between A. laevis individuals from the GBR and GoC suggests that
these regions were colonised independently by different maternal lineages (see also Ch. 3)
whereas the common haplotype shared by L. curtus individuals from the GBR and GoC
points to colonisation of both regions by the same maternal lineage (Fig. 4.3a).

4.4.1 Species differences in population structure and patterns of gene flow
The differences in the genetic signatures of L. curtus and A. laevis are readily interpretable in
terms of their divergent ecologies and evolutionary histories. Lack of regional population
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subdivision and the pattern of isolation-by-distance documented for L. curtus are consistent
with this species preference for continuous habitat types where gene flow is more likely to
occur between proximate than distant locations. Rare haplotypes shared between adjacent
locations in the GBR (Fig 4.3a) further support a pattern of isolation-by-distance in one
dimension. Isolation-by-distance has also been reported for the estuarine barramundi, Lates
calcarifer, around northern Australia (Keenan, 1994) and for the viviparous, inter-tidal,
colubrid snake, Cerberus rynchops, in SE Asia (Karns et al., 2000). Although the
relationship between genetic and geographical distances for A. laevis was also significant
(Fig. 4.4b), genetic distances between geographically distant locations were large and had
large variances. Differences in the relative importance of genetic drift and gene flow for A.
laevis among geographically distant locations (Type IV from Hutchison & Templeton, 1999)
are best explained by the combined effects of historical processes, namely colonisation of
the GBR and GoC by divergent maternal lineages, and restricted gene flow across habitat
discontinuities between reefs in the GBR (Ch. 3). The relationship between genetic and
geographical distances documented for C. rynchops was also attributed to the combined
effects of historical and contemporary processes (Karns et al., 2000). Indeed, the inter-tidal
habitats occupied by C. rynchops are potentially separated by unsuitable habitats that act as
barriers to gene flow in the same way that inter-reefal habitats limit gene flow for A. laevis.

Factors other than habitat preference are also likely to account for the observed patterns of
population structure and gene flow for L. curtus and A. laevis. Both species have broad
generalist diets (Voris & Voris, 1983) thus dietary requirements are not expected to restrict
movement patterns or gene flow. However, despite sharing the same mode of reproduction
(viviparity) L. curtus has higher reproductive output, and therefore potentially increased
dispersal, compared with than A. laevis. In addition, earlier reproductive maturity and more
frequent reproduction for L. curtus than A. laevis (Burns & Heatwole, 2000; Fry et al., 2001;
Ward, 2001) suggest shorter generation times and larger effective population sizes for L.
curtus. In the absence of migration, these demographic factors are expected to influence
genetic drift, but in different ways: larger effective population sizes are expected to reduce
the effects of genetic drift (Hedrick, 2000) whereas shorter generation times should increase
the rate at which genetic drift occurs.

4.4.2 Lapemis curtus range expansion in Australian waters
The lack of genetic structure among Australian L. curtus haplotypes precludes specific
inference about directions of range expansion around northern Australia. Nonetheless, the
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‘star’ phylogeny centred on one common widely distributed haplotype (Fig. 4.3a) suggests
that Australian waters were colonised by one maternal lineage. Furthermore, Tajima’s D and
Fu’s F (Table 1.4) indicate that this lineage recently expanded its range around northern
Australia, while estimated divergence times between the GBR and GoC (< 10,000 years ago)
suggest that range expansion occurred subsequent to the most recent marine transgression.
Sequence divergence between Phuket and Australia (~10,000 km) for L. curtus (~1%) was
low, particularly in comparison with other species. For example, the viviparous C. rynchops
had a similar level of sequence divergence (0.7%) between two locations separated by less
than 250 km (Phuket and Satun on Thailand’s west coast) and higher divergences (1.3 2.8%) between SE Asian locations separated by less than 4, 500 km along present day
coastlines (Karns et al., 2000). In addition, the starfish, Linkia laevigata, had higher mtDNA
sequence divergences (1.36 - 1.47%) between Phuket and the GBR (Williams & Benzie,
1998) despite its high larval dispersal potential.

The low genetic divergence between Australia and SE Asia (Phuket) and the current
distribution of L. curtus, centred over SE Asia and restricted in Australia, suggests that range
expansion into Australia has occurred from SE Asia. The Australian range of L. curtus does
not extend as far south or east as for many other marine hydrophiines and recent extensive
surveys of the GBR (using baited remote underwater video stations) confirmed that L. curtus
predominantly occurs in the northern and central GBR (Cappo et al., In Press). Moreover, L.
curtus has not been reported from the Coral Sea (Cogger, 1975, 2000; Minton & Dunson,
1985; Ineich & Laboute, 2002) and the one L. curtus specimen collected from New
Caledonia (Bauer & Sadlier, 2000; Ineich & Laboute, 2002) may have been a vagrant.
Alternatively, L. curtus may currently be undergoing range expansion in Australasian
waters, and the individual collected from New Caledonia a recent immigrant. Northern
Australia and SE Asia are, however, separated by the deep waters of the Timor Trench (>
2000 m, Fig. 4.1), which potentially act as a strong barrier to ongoing gene flow for
viviparous shallow-water marine species with limited vagility, such as sea snakes. Thus,
while the low genetic divergence between Australia and Phuket supports the historical
affinities of Australia and SE Asia, the lack of shared haplotypes and the degree of haplotype
divergence between these locations (albeit based on just two Phuket samples) suggests that
contemporary gene flow is restricted.

4.4.3 Taxonomic considerations
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The genus Lapemis is often divided into two allopatric species, L. curtus in the Indian Ocean
and L. hardwickii in Australia and the Pacific Ocean (Cogger, 1975, 2000). These species
were initially defined based on the condition of parietal and ventral scales (Smith, 1926).
However, Gritis & Voris (1990) examined the geographical distribution of variation in these
scale characters for over 1,400 Lapemis throughout its range, and concluded that Lapemis is
one polytypic species that should be designated L. curtus (Shaw). The molecular data
support this conclusion. Phuket lies on Thailand’s Indian Ocean coast (Fig. 4.1) and on the
other side of the proposed species’ boundary between the Pacific and Indian Oceans. If
Lapemis comprises two allopatric species, sequence divergence between Phuket and
northern Australia is expected to be larger than the low sequence divergences reported for
the ND4 gene (~1%), and even lower ML genetic divergences reported for 16S rRNA
(0.19%) and cyt b (0.81-0.92%) (Ch. 2). For example, sequence divergences for C. rynchops
between locations in SE Asia (including Phuket) and northern Australia (6-7.2%) were much
higher than for L. curtus and, based on their data, Karns et al., (2000), restored Australian C.
rynchops to its former species status, C. australis. Of course, a species boundary within the
genus Lapemis may occur elsewhere throughout its range and only further sampling will
determine whether this is the case.

4.4.4 Caveats and future directions
The phylogeographic patterns and population genetic structures of two marine hydrophiine
species in Australian waters documented in this chapter (and in Ch. 3) reflected what is
known about their divergent evolutionary histories and ecologies. Nonetheless, this study
has several limitations (see also Ch. 3 Discussion). The first is undoubtedly the small sample
sizes for L. curtus from some Australian locations, especially the southern GBR and WA.
Despite this, aspects of the recovered phylogeographic pattern, particularly the ‘star’
phylogeny, are unlikely to change with increased sample sizes, unless a divergent (and unsampled) lineage occurs at other coastal WA locations. Nonetheless, larger sample sizes and
increased density of sampled locations are needed to resolve details of the spatial scale at
which isolation-by-distance is restricting gene flow and improve estimates of population
subdivision and their statistical significances.

Perhaps more importantly, differences in the habitat preferences and distributions of A.
laevis and L. curtus around Australia made obtaining samples from identical locations
impossible. This limitation could be partially resolved by obtaining A. laevis samples from
trawl by-catch in the GBR and WA, thereby sampling the same locations for both species.
103

However, A. laevis is rarely caught in trawls and sample sizes would be small. In addition,
samples would then be available for just one habitat type (inter-reefal), as it would be
challenging to obtain L. curtus samples from reefs in the GBR and WA, where this species
rarely occurs. In addition, genetic patterns have, thus far, been documented for only one
representative species from each evolutionary lineage. As such, it is not possible to separate
and definitively attribute the relative effects of evolutionary history, habitat discontinuity
and biogeography on the genetic signatures of these species. In order to achieve this at least
two co-occurring reef-associated and inter-reefal species from each evolutionary lineage
need to be sampled from numerous identical locations around northern Australia (Riginos &
Nachman, 2001). Candidate widespread inter-reefal species include Hydrophis elegans, H.
ornatus and Aipysurus eydouxi, whereas reef-associated species include Hydrophis coggeri
and Emydocephalus annulatus (Aipysurus lineage), although E. annulatus has a disjunct
distribution and does not occur in the GoC (Cogger, 2000). An additional widespread
Aipysurus lineage species, found both on reefs and in inter-reefal habitats is A. duboisii.
Representative samples of these six species, combined with increased sampling for A. laevis
and L. curtus, would provide the requisite information needed to partitioning the relative
contributions of evolutionary history, biogeography (Hickerson et al., 2006) and habitat
discontinuities on population structure and gene flow for viviparous marine snakes around
northern Australia. Such a research endeavour would be an ambitious but not unfeasible.

4.5 Chapter Summary
This chapter compared the population genetic structures of two viviparous marine species in
northern and eastern Australian waters. Phylogeographic patterns indicated that range
expansion into the GBR and GoC by L. curtus was by one maternal lineage, most probably
from SE Asia. In contrast, several A. laevis matrilines, probably from the Coral Sea,
variously expanded their ranges into the GBR and GoC. Patterns of population structure
were partially attributable to these historical differences. Nonetheless, population
subdivision also reflected differences in levels of gene flow for L. curtus and A. laevis,
attributable to the dispersal potential afforded by preferred habitat types and the reproductive
outputs of these species. In particular, habitat discontinuities between preferred reefal
habitats appeared to present barriers to dispersal and result in restricted gene flow for A.
laevis. In contrast, gene flow among Australian locations was higher for L. curtus and
followed a pattern of isolation-by-distance along a gradient throughout relatively continuous
habitat types preferred by this species. Larger reproductive outputs for L. curtus may also
contribute to its increased dispersal potential. The next two chapters focus on a different
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class of molecular markers, nuclear microsatellites, and explore the effects of markerspecific modes of inheritance, and rates and mechanisms of mutation, on patterns of
population subdivision. Specifically, Chapter 5 describes the isolation of species-specific
microsatellite markers, characterises levels of polymorphism, and documents the results of
cross-species amplification trials. In Chapter 6, a suite of polymorphic microsatellite
markers is used to explore population subdivision and infer levels of gene flow for A. laevis
across the same sampling locations screened for mitochondrial DNA in Chapter 3.
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Chapter 5
Isolation and characterization of microsatellite loci from the
Australasian sea snake, Aipysurus laevis, & the cosmopolitan
sea snake, Lapemis curtus , and cross-species amplification
The phylogeographic patterns described in
the previous two chapters provide important
insights into the effects of historical
processes and ecological factors for the
population genetic structures of two sea
snake species around northern Australia. To
further explore patterns of gene flow in
these species I aimed to use co-dominant
nuclear loci to resolve population structure
at finer spatial scales and evaluate the
contribution of males to gene flow. Primers
for microsatellite loci were not available for
any marine hydrophiine species so I
developed microsatellite markers, using
enriched and unenriched gDNA libraries,
for Aipysurus laevis and Lapemis curtus.
Characterisation of loci developed for these
species revealed lower than anticipated
polymorphism. The generality of low
polymorphism for snake microsatellites is
evaluated by reviewing microsatellite allelic
diversities and heterozygosities published
for three terrestrial snake lineages.
Parts of this chapter have been published as:

Lukoschek, V., Waycott, M. & Dunshea, G.
(2005) Isolation and characterization of
microsatellite loci from the Australasian sea
snake, Aipysurus laevis. Molecular Ecology
Notes 5: 879-881
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5.1 Introduction
Patterns of population genetic structure inferred from mitochondrial DNA for Aipysurus
laevis and Lapemis curtus provided important information about the effects of historical
processes on intra-specific matrilineal relationships and the effects of ongoing gene flow for
population subdivision (Ch. 3 & 4). However, levels of gene flow and population
subdivision inferred from different classes of molecular markers will be influenced by the
mechanisms and rates of mutation of the marker and its modes of inheritance (Buonaccorsi
et al., 2001). Mitochondrial DNA effectively comprises one maternally inherited haploid
genome, much of which is protein coding and, therefore, potentially under selection and not
evolving sufficiently rapidly to infer the effects of contemporary gene flow. In addition,
maternal inheritance of mtDNA obscures the effects of male-mediated gene flow on
population structure. Highly polymorphic, biparentally inherited, nuclear microsatellites are
expected have sufficient information content to resolve fine-scale patterns of population
genetic structure, and provide insights into contemporary levels and patterns of gene flow,
and the contribution of male-mediate gene flow. This information can be used (albeit
indirectly) to infer dispersal and movement patterns, with important implications for
conservation strategies, including marine reserve size and configuration (Palumbi, 2004). I,
therefore, aimed to explore fine-scale patterns of population subdivision and contemporary
levels of gene flow using polymorphic nuclear microsatellite loci.

Microsatellites are short tandem repeats of simple DNA sequences, one to six base pairs in
length, which are found in greater or lesser abundance in the genomes of most organisms.
They are sometimes also referred to as simple sequence repeats (SSR’s). Microsatellite loci
are typically highly polymorphic with respect to both number of alleles per locus and locus
heterozygosity. The rapid accumulation of mutations probably occurs in accordance with a
two-phase model (Di Rienzo et al., 1994) in which most mutations give rise to the gain or
loss of one or more repeat units (stepwise mutation model) as a result of slipped strand
mispairing during DNA replication (Levinson & Gutman, 1987; Schlotterer & Tautz, 1992),
but large changes in repeat number also occur, albeit relatively rarely (Di Rienzo et al.,
1994). Microsatellites are reported to be rare, or very rare, in coding regions of genomes
(with the possible exception of trinucleotide repeats associated with human diseases)
(Chambers & MacAvoy, 2000) and are, therefore, generally regarded as being selectively
neutral. Markers associated with microsatellite repeats act as codominant nuclear loci, which
are inherited (i.e. segregate) in a Mendelian fashion. The combined features of codominance,
high polymorphism, and locus neutrality has resulted in the popularity of microsatellite
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markers for a wide range of biological applications, including the inference of contemporary
inter-specific population genetic processes over small to large spatial scales (Chambers &
MacAvoy, 2000; Balloux & Lugon-Moulin, 2002).

One challenging aspect of working with microsatellites is the commitment of time and
resources needed for de novo development of arrays of polymorphic, reliably amplifying
microsatellite loci for the species of interest (Chambers & MacAvoy, 2000). There is
potential to circumvent this challenge through the use of heterologous loci developed for
closely related taxa (Primmer et al., 1996; Anderson, 2006) in which the flanking regions
may be highly conserved. Some empirical studies have demonstrated highly conserved
microsatellite loci over large evolutionary distances [e.g. marine turtles, 300 million years
(MY) (FitzSimmons et al., 1995); fish, 450 MY (Rico et al., 1996); pythons, 40 MY (Jordan
et al., 2002); cetaceans, 20 to 40 MY (Schlotterer et al., 1991)]. Other studies have,
however, demonstrated a strong inverse relationship between the evolutionarily distances
among taxa, and the retention of priming sites and levels of polymorphism in heterologous
loci (Primmer et al., 1996; Bushar et al., 2001).

In 2001, when I commenced this PhD, published primers for microsatellite loci were
available for two elapid species, both from the viviparous Australian terrestrial lineage: the
tiger snake, Notechis scutatus (Scott et al., 2001) and the broad-headed snake,
Hoplocephalus bungaroides (Burns & Houlden, 1999). Seven loci developed for N. scutatus
were highly polymorphic (14 to 52 alleles per locus in the source species) (Scott et al., 2001)
and were, therefore, tested for a panel of seven A. laevis and three L. curtus individuals.
These preliminary trials revealed that primers for some N. scutatus loci amplified A. laevis
and L. curtus DNA successfully, however, levels of polymorphism appeared to be low. At
the same time Scott et al. (2001) reported reduced levels of polymorphism for these seven N.
scutatus loci when screened in a closely related elapid species, H. bungaroides (10 – 14
individuals): most loci had only two alleles (although one locus had 14 alleles) and
heterozygosities for some loci were extremely low (Scott et al., 2001). Notecus scutatus and
H. bungaroides are more closely related to each other than N. scutatus is to the marine
hydrophiine lineage (Keogh, 1998; Keogh et al., 1998); thus, it seemed unlikely that the N.
scutatus loci would not be sufficiently polymorphic to resolve population genetic structure
for hydrophiine sea snake species and were, therefore, not screened further. The
microsatellite loci developed for H. bungaroides had low levels polymorphism in the source
species (Burns & Houlden, 1999) and were not screened for A. laevis or L. curtus.
108

As heterologous loci from related elapid species appeared to be insufficiently polymorphic
to explore fine-scale patterns of gene flow and population subdivision in A. laevis and
L.curtus, I set out to develop and characterise microsatellite loci for each species. My overarching aim was to construct a panel of polymorphic, biparentally inherited, diploid nuclear
markers that would be used to genotype the same suites of A. laevis and L. curtus individuals
previously sequenced for the mitochondrial ND4 region (Ch. 3 & 4). The results obtained
from analyses of the microsatellite data were expected to augment and extend interpretations
of the patterns of population genetic structure and gene flow inferred from mtDNA, thereby
providing a more complete picture of the molecular ecology and evolution of these species.

5.2 Materials and methods
5.2.1 Development of markers
Genomic DNA was extracted from muscle tissue of A. laevis and L. curtus using a modified
organic protocol (Sambrook & Russell, 2001). Two partial genomic DNA libraries were
constructed for each species: the first using an unenriched and second other using an
enriched1 protocol. All four libraries utilised the Hamilton linker system to minimise and
identify concatenated genomic fragments in the final products (Hamilton et al., 1999). Each
library was constructed using two DNA aliquots. Each aliquot contained at least 200 ng
genomic DNA and was digested either with RsaI /NheI or AluI/NheI and then combined for
each library and size selected in the 300–1200 bp range by gel purification. SNX linkers
were ligated to the DNA fragments of each combined aliquot (four in total - one per library
per species) and then PCR amplified following Hamilton et al. (1999). DNA fragments for
the enriched library were enriched for the tetramer (AAAC)8 using streptavidin-magnetic
capture (following (Glenn et al., 2000)) and the enriched products were again PCR
amplified.

Amplified SNX linker-ligated DNA fragments from enriched and unenriched genomic DNA
fragments were ligated into plasmid DNA (pMOSBlue, Amersham-Pharmacia) according to
manufacturer’s instructions. Ligated products were transformed into electrocompetent

1

The enriched libraries were constructed and screened for positive clones by Glenn Dunshea, as part of a large
project to develop microsatellites for 11 species for Michelle Waycott and her research students. Glenn
Dunshea also conducted some preliminary sequencing of positive clones from the enriched library. He was
paid as a laboratory technician for his work. I constructed and screened the unenriched library independently
and took over from Glenn on the enriched library at the stage of sequencing positive clones. I designed primers
for all loci and conducted all amplification trials and screening.
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Escherichia coli JM109 (Promega) (unenriched libraries) or pMOS Blue competent cells
(Amersham Biosciences) (enriched libraries) according to manufacturer’s instructions.
Approximately 1100 colonies from each unenriched library were streaked onto new agar
plates and lifted onto Hybond N+ nylon membrane (Amersham-Pharmacia), while plasmid
DNA was extracted from approximately 1200 colonies of each enriched library by boil-lysis
(Sambrook & Russell, 2001). Plasmid inserts from enriched libraries were PCR amplified
using pMOS T7 and U19 vector primers in 15 µL reactions containing 20 mM Tris-HCl, 10
mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton X-100 (1X New England Biolabs
Thermopol buffer), 0.13 µM each primer, 1.5 mM MgCl2, 0.1 mM dNTP, 0.5 units Taq
DNA polymerase (New England Biolabs ) with 1 µL of boil-lysed plasmid template.
Thermocycler conditions were 94°C for 2 min, followed by 35 cycles of 94°C for 1 min,
55°C for 1 min, 72°C for 2 min, and a final extension of 72°C for 5 min.

Detection of plasmids containing microsatellite motifs in all four libraries was performed by
hybridisation using T4 polynucleotide kinase end labelled [γ- 32P] dATP common di, tri and
tetramer oligonucleotide repeat motifs [(GT)16; (CT)16; (CTT)10; (GAT)10; (GCT)10; (CGCT)7;
(GTTT)7; (AATT)7; (GTCT)8] over colony lifts (unenriched libraries) or dot blots of PCR
amplified plasmid inserts (enriched libraries) (Sambrook & Russell, 2001). Hybridisation
results were visualised using a phosphor-imaging system (Molecular Dynamics) or by
exposure to X-ray film. Hybrid positives were sequenced using Amersham ET DYnamic™
sequencing chemistry according to manufacturer’s instructions and analysed on a
MegaBACE™ 1000 automated sequencing system (Amersham Biosciences™).

A total of 122 putative positive recombinants were detected from the unenriched A. laevis
library and 53 clones were sequenced. Although most recombinants contained highly
repetitive DNA, only two inserts were suitable for primer design (i.e., contained perfect,
interrupted or compound microsatellites and had sufficient flanking sequence for primer
design). Similarly, 140 putative positive recombinants were detected from the unenriched L.
curtus library and 64 clones were sequenced; however, only two of the highly repetitive
inserts sequences proved suitable for primer design. The enriched A. laevis library yielded 43
positive clones and 41 were sequenced: 26 contained microsatellite repeats and 15 were
suitable for primer design. The enriched L. curtus library yielded 41 positive clones and 40
were sequenced: 17 contained microsatellite repeats and 13 were suitable for primer design.
Primer sets (for some loci more than one forward or reverse priming region was tested) were
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designed using OLIGO 4.0 (National Biosciences Inc.), using parameters to reduce primer
complimentarity and to yield amplicons with differing fragment length for enhanced
multiplexing capabilities.

Loci were PCR amplified in 15 µL reactions containing approximately 10 ng of template, 5
pmol sequence-specific forward and reverse primers, 20 mM Tris-HCl (pH 8.4), 50 mM
KCl, 2 mM MgCl2, 0.3 mM dNTP’s and 0.5 units Taq DNA polymerase (Qiagen). The
touchdown cycling profile used for each primer pair varied in final annealing temperature;
however, all started with 94°C for 5 min, followed by 1 cycle of 94°C for 30 s, 65°C for 20
s, and 72°C for 40 s. In each subsequent cycle, the annealing temperature was dropped 1°C,
until the final annealing temperature was reached (44°C to 50°C ~ 15–19 cycles), followed
by 20 cycles at the final annealing temperature, and a final extension step at 72°C for 7 min.

Species-specific preliminary amplification trials for unlabelled primer sets were conducted
for 32 loci (A. laevis – 17 primer sets; L. curtus – 15 primer sets) using DNA from 12
individuals per species. Twenty-two primer pairs (A. laevis - 11 primer pairs: L. curtus – 11
primer pairs) consistently amplified and produced clear bands; thus, one primer from each
pair was labeled at the 5’-end with a 6-FAM, HEX or TET (GeneWorks Pty. Ltd.)
fluorophore according to fragment size, to allow multiplexing.

PRC amplification of fluorescent-labelled primer pairs proved highly erratic, with many loci
failing to amplify reliably across samples and with extreme variation in the concentrations of
PCR products. A modified Taguchi optimisation strategy (Cobb & Clarkson, 1994) was,
therefore, employed to determine the optimal reaction conditions for each primer pair.
Taguchi trials use an orthogonal array design that minimises the number of experiments
needed to generate sufficient information for establishing the optimal conditions for a
particular process. Such trials are widely used in industrial process design (Cobb &
Clarkson, 1994). As applied to the PCR, the modified Taguchi method allows the
simultaneous optimisation of the concentrations of four PCR reaction components (MgCl2,
dNTP’s, primers, and template DNA) using just nine different reaction combinations (Cobb
& Clarkson, 1994), each of which is replicated using template DNA from three individuals
(27 PCR reactions in total). The modified Taguchi method was implemented for most
fluorescent-tagged loci and used the touchdown cycling profile (described above). The
optimal final annealing temperature (Tm) calculated for each primer pair using the formula
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Tm = 81.5 + (16.6 x log [Na+]) + (0.41 x %GC) – (675 / L)
where %GC is the GC content of the primer, L is the primer length and assuming 0.1M Na+
(GeneWorks Pty. Ltd.). Further trials, using a range of annealing temperatures, were
conducted for loci that amplified poorly in the first round of trials. Taguchi optimisation
trials and subsequent screenings were done using either PLATINUM® Taq-DNA
polymerase (GibcoBRI Life Technologies) or IMMOLASE™ DNA polymerase (BIOLINE).
Despite extensive attempts at optimisation, two of the 11 A. laevis primer pairs and seven of
the 11 L. curtus primer pairs failed to amplify reliably and were not screened further. The
optimal reaction conditions and annealing temperatures for the 15 loci (A. laevis – 11 loci; L.
curtus – 4 loci) that progressed to the screening stage are shown in Table 5.1.

5.2.2 Screening of species-specific loci and cross-species amplification trials
Thirty-two A. laevis individuals (two or three individuals from each of 14 locations sampled
in Ch. 3) were used to screen each of 11 species-specific primer pairs. Similarly, 41 L. curtus
individuals (one to eight from the eight locations sampled in Ch. 4) were used to screen each
of four primer pairs. Cross-species amplifications of primer pairs for the seven most
polymorphic A. laevis loci were attempted initially for 12 L. curtus individuals using optimal
reaction conditions (Table 5.1). Two loci failed to amplify and further Taguchi optimisation
trials did not resolve this problem. The five A. laevis loci that amplified successfully were
screened for all 41 L. curtus individuals used for species-specific screening. Amplification
trials for all four L. curtus primer pairs were done for 16 A. laevis individuals, again using
optimal reaction conditions (Table 5.1). Two loci amplified successfully and were screened
for 45 A. laevis individuals from six locations. Despite extensive Taguchi optimisation trials,
the primer pairs (several were designed) for the only polymorphic L. curtus locus failed to
amplify for A. laevis.

Multiplexes comprised no more than five loci of different colour and size, and included an
ET 550-Rox (Amersham Biosciences™) internal size standard. Multiplexes were
electrophoresed on a MegaBACE™ 1000 system (Amersham Biosciences™). Allele sizes
were scored using Fragment Profiler v1.2 and binned manually. Estimates of heterozygosity
were conducted using GenAlEx (Peakall & Smouse, 2001), while tests for Hardy–Weinberg
equilibrium and linkage disequilibrium were conducted in GENEPOP 3.4, using 2,000,000
Markov chain permutations with intervals of 10,000 dememorization steps to estimate exact
P-value (Raymond & Rousset, 1995a).
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Table 5.1: Optimal PCR reaction conditions determined using the modified Taguchi optimisation method (Cobb and
Clarkson 1994) for seven Aipysurus laevis and four Lapemis curtus microsatellite loci. Reaction conditions are also
presented for four A. laevis loci not optimised using the Taguchi method (marked *). Tm Calc = Annealing
temperatures calculated using the formula Tm = 81.5 + (16.6 x log [0.1]) + (0.41 x %GC) – (675 / L) where %GC is
the GC content of the primer and L is the primer length. Tm = optimal final annealing temperatures determined
experimentally. Optimal reaction conditions and final annealing temperatures were identical for both species for which
primer pairs amplified successfully. For primer pairs that failed to amplify across species, a range of rection conditions
and annealing temperatures were tested but failed to produce PCR products.
Locus

Primers

Fluorophore

AL093

F: ATTGTAACCTATGGCTATCA

TET

R: GCACTTCCTACTCTTTCAGA

AL104_f6

F: AGCCATTCTTTCCCTACTATTG

TET

R: GCCATTCACTTGTCTCTTTCA

AL106_d11

F: CCAAAATAAACAGGTCATT

6- FAM

R: GTTGCCTAAAGAAAAGATT

AL105_c4

F: ATTTCCCACCCGTCTTCT

TET

R: TATACCTAACGCCCACAA

AL28_h4

F: ATCTGGAAATGTGGGTGTG

6- FAM

R: ATGCTTACCGAGGAACTAC

AL102_c4

F: CATTGTCATTGTGCCCTTAG

6- FAM

R: AAGTTGCCAGGTTTGAAGAG

AL28_e1

F: CAAGGAAGTATGATGAGAAAGC HEX
R: AAGAGGGAGGGGGTTTAGA

AL29_f6*

F: AATGTAATGTCTAACTCCCTCT HEX
R: CCGATGGAACACTGCTAT

AL28_f6*

F: AAGGTATTTTAGAGCAGTGTG

TET

R: AGAGGGTTACGCTTGTTTA

AL106_g10* F: CTTGAGATGTATGGCTGATT

6- FAM

R: AAACAAAGGACTGGATACTC

AL107_c2*

F: CTCTTTGATTAGTTTCCAT

TET

R: ATGATAGCAGTTTCCAGTA

Lc58_f5b

R: GAATGATGATGGTGAATG

6- FAM

R: CCTAATGTCTCTAACTCAAC

Lc_069

F: AGTCTATTCATCCATCAA

6- FAM

R: AACTTTCTTTTCTGATTTAG

Lc22_e3b

F: GGTTGCCCTGATGCTGAT

TET

R: CCATTCTGTCGTTCCTCTAAG

Lc57_a8

F: TACTTTGCCACACCTATTA
R: GTGAGACCTGGAGAGTGTA

TET

Tm Calc
(°C)

Tm
(°C)

Mg2+
(mM)

dNTP's Primers
(mM)
(µM)

45.5
49.6
51.0
50.3
42.3
42.3
47.9
45.6
48.8
48.8
49.6
49.6
51.0
51.0
49.1
47.9
48.4
46.6
47.6
47.6
42.3
44.5
43.3
47.6
41.1
41.4
50.2
52.3
44.5
51.0

46

2.5

0.20

0.33

44

5.0

0.20

0.33

46

5.0

0.13

0.33

48

5.0

0.13

0.50

46

2.5

0.20

0.33

48

5.0

0.20

0.50

46

2.5

0.13

0.67

44

2.0

0.33

0.50

44

2.0

0.33

0.50

46

2.0

0.33

0.50

44

2.0

0.33

0.50

44

5.0

0.20

0.67

48

5.0

0.20

0.67

50

5.0

0.20

0.67

50

5.0

0.20

0.67
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5.3 Results
5.3.1 Screening of Aipysurus laevis loci
Only four of the 11 A. laevis loci screened had more than three alleles, and only two loci,
AL093 and AL104_f6, were highly variable (12 and 9 alleles respectively) (Table 5.2).
Moreover, three of the seven loci with just two or three alleles were essentially fixed for one
allele, resulting in extremely low observed heterozygosities (Ho: 0.036 - 0.074, Table 5.2)
and heterozygosities for two other loci with three alleles were also low (0.167 - 0.194). Five
loci had intermediate to high heterozygosities (0.357 - 0.857, Table 5.2). The only locus that
did not meet Hardy-Weinberg expectations (AL104_f6 with nine alleles) exhibited a
heterozygote deficit (Table 5.2). While this result may be attributable to a Wahlund effect
(individuals from more that one population analysed together), it is more likely to reflect the
presence of null alleles. Moreover, fragment sizes at this locus were larger than for other loci
(438 - 468 bp, Table 5.2), and large fragment sizes have been correlated with PCR failure
and increased allele dropout rates (Sefc et al., 2003; Hoffman & Amos, 2005). Furthermore,
deviations from Hardy-Weinberg expectations may have been missed in loci with lower
levels of polymorphism, as Mendelian inconsistencies are more difficult to detect in loci
with low variability (Hoffman & Amos, 2005). Four loci pairs were in linkage
disequilibrium (LD) at p < 0.05; however, all were in equilibrium at p < 0.01 (Table 5.2),
suggesting that larger sample sizes are needed to estimate LD effectively for these loci.

5.3.2 Screening of Lapemis curtus loci and trials of cross-species amplification
Three of the four L. curtus-specific loci screened were monomorphic (fixed for one allele);
however, the fourth locus was highly polymorphic, with 22 alleles detected in 41 L. curtus
individuals (Table 5.2). Observed heterozygosity at this locus was 0.9 and genotype
frequencies were not significantly different from Hardy-Weinberg expectations (Table 5.2).
Five of the seven A. laevis primer pairs successfully amplified L. curtus DNA; however,
levels of polymorphism and heterozygosities were low (Table 5.2). The two most
polymorphic loci (AL093 - seven alleles; AL102_c4 - four alleles) did not meet HardyWeinberg expectations (p < 0.0001) and both exhibited heterozygote deficit (Table 5.2).
Two A. laevis loci pairs were not in linkage equilibrium at p < 0.05 for L. curtus (Table 5.2),
and one pair was not in linkage equilibrium at p < 0.01; however, these two loci pairs not the
same as any of the four pairs in LD for A. laevis (Table 5.2), again suggesting an effect of
small sample sizes rather than true estimates of LD.
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Repeat

115, 125

261#, 267

384#, 396

(CCT)8GCT

(AC)11

Lc22_e3b

Lc57_a8

failed

219

295

16

45

45

16

31

28

27

n/a

1

1

n/a

2

2

2

3

3

3

3

4

5

9

12

Na

Ho
0.875

He

n/a

1

1

n/a

n/a

n/a

n/a

n/a

1.21 0.194

1.04 0.036

1.04 0.037

1.08 0.074

1.19 0.167

2.10 0.680

2.12 0.571

1.71 0.458

1.67 0.357

n/a

n/a

n/a

n/a

0.175

0.035

0.036

0.072

0.156

0.525

0.528

0.414

0.411

5.12 0.407* 0.807

8.02 0.857

Ne

284

219

295

180 - 279

not tested

not tested

not tested

not tested

157#, 159

308 - 318

214, 216

failed

failed

365, 369#

41

41

41

41

n/a

n/a

n/a

n/a

40

40

41

12

12

41

Size range N
(bp)
233 - 278
41

1

1

1

22

n/a

n/a

n/a

n/a

2

4

2

n/a

n/a

2

7

Na

1

1

1

He

0.232

n/a

n/a

0.048

n/a

n/a

n/a

n/a

0.025

n/a

n/a

n/a

n/a

n/a

n/a

0.945

n/a

n/a

n/a

n/a

0.025

0.350* 0.555

0.268

n/a

n/a

0.049

0.293* 0.473

Ho

18.29 0.900

n/a

n/a

n/a

n/a

1.03

2.25

1.30

n/a

n/a

1.05

1.90

Ne

Lapemis curtus

†Microsatellite loci developed from the unenrcihed gDNA library as described in this chapter. All other microsatellites were developed from the enriched gDNA library. *Deviation from Hardy-Weinberg equilibrium, p
< 0.01 a,b,c,d Pairs of loci in linkage disequilibrium for A. laevis at p < 0.05 e,f Pairs of loci in linkage disequilibrium for L. curtus at p < 0.05. # Indicates alleles that were found in only one individual: for L. curtus this
was always one of the two individuals sampled in Thailand

(AAT)4AAA(AAT)

30

25

28

24

28

27

21

N

309#, 313#, 319 27

157#, 161, 163

323, 327#, 329

210#, 212, 214

331 - 339

353 - 361

438 - 468

233 - 288

Size range (bp)

(AGA)11GGAGAAAGA(GGA)3(AGA)23AAG failed

(GT)7(GA)27AA(GA)6

(GA)6

(GT)6T(GT)3(AT)2GTGC(GT)3

(TC)10TT(TC)2(TCCC)2TC(TCCC)3

(GT)9

(CTCTGT)2(CT)5GT(CT)2GC(CT)7

(TG)7

(TC)11

(AC)12TAAT(CAC)5

(CT)2(GTCT)8(GCCT)7(TCCA)6(GCCA)6

(ATTCT)16

Lc_069†

Lc58_f5b

DQ109953

AL107_c2a,b

DQ109952

AL106_g10d

DQ109955

AL28_f6d

DQ109957

AL29_f6

DQ109954

AL28_e1c

DQ109948

AL102_c4c,e,f

DQ109956

AL28_h4b,f

DQ109950

AL105_c4

DQ109951

AL106_d11

DA109949

AL104_f6a,e

DQ109947

AL093†

Locus

Aipysurus laevis

Table 5.2: Attributes of 11 microsatellites developed for Aipysurus laevis and four microsatellites developed for Lapemis curtus and cross-species amplification trials. N
is the number of samples scored for each locus. Na is the number of alleles scored for each locus for each species. Ne is the number of effective alleles at each locus for each
species. Ho & He refers to observed & expected heterozygosity calculated by GenAlEx (Peakall & Smouse 2001). not tested indicates that loci were not screened for L.
curtus

Interestingly, allele sizes for the locus AL104_f6 were between 67 to 103 bp shorter in L.
curtus (365 and 369 bp) than in A. laevis (436 to 468 bp) (Table 5.2). The original allele
sequenced for this locus was 112bp long (27 repeats of four different tetra-nucleotide plus
two dinucleotide repeats): thus, between-species variation in allele length may be
attributable to an accumulation of repeat units in A. laevis but not in L. curtus. Alternatively,
a large deletion event may have occurred in the flanking region or the microsatellite in L.
curtus (FitzSimmons et al., 1995). It is also possible that primer pair did not amplify
homologous loci across species. Direct sequencing of a subset of alleles from both species is
needed to confirm homology and the nature of mutation events that have occurred. Further
insight into to the direction of evolutionary events (e.g. gain or loss of repeat motifs) would
require analyses of homologous sequences for a range hydrophiine species in a phylogenetic
framework (FitzSimmons et al., 1995; Zhu et al., 2000)

Two of the four L. curtus primer pairs amplified successfully for A. laevis, however, both
loci were fixed for the same allele (fragment length) amplified for L. curtus. Attempts to
amplify the highly polymorphic locus Lc58_f5b for A. laevis were unsuccessful, with no
amplicons produced under a wide range of reaction conditions and annealing temperatures.

5.4 Discussion
Two partial genomic DNA libraries, one enriched and one unenriched, for each of two sea
snake species, were screened for hypervariable microsatellite loci. Despite this extensive
development work, only four loci with more than three alleles were recovered for A. laevis
and just one hypervariable locus was recovered for L. curtus (Table 5.2). Heterozygosities
for these five polymorphic loci (in their source species) were moderate to high (0.357 to
0.900), as were heterozygosities at two A. laevis loci with effectively two alleles (AL28_h4,
Ho = 0.571: AL102_c4, Ho = 0.680). Most loci, however, had few alleles and low observed
heterozygosities (Table 5.2). Burns and Houlden (1999) suggested that reptilian
microsatellites generally have low levels of polymorphism, and cited the Komodo dragon,
Varanus komodoensis, (Ciofi & Bruford, 1998) and the timber rattlesnake, Crotalus
horridus, (Villarreal et al., 1996) as examples. However, Fitzsimmons et al., (1995)
documented highly polymorphic microsatellites for three marine turtle species, with high
heterozygosities (0.757 - 0.932) and numbers of alleles per locus (9 - 25). Novel
microsatellites have now been published for snake species from several lineages: thus, an
evaluation of the generality of low polymorphism for microsatellites developed for snakes is
possible. I reviewed allelic diversities and observed heterozygosities for microsatellites
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developed for snake species from three lineages (elapids, viperids and colubrids) and
compared them with polymorphism found in this study. Other factors that may account for
the low observed allelic diversities and heterozygosities include the numbers of individuals
screened and geographic range represented; variable mutation rates associated with
microsatellite type (perfect, interrupted, compound) and the number and length of repeat
motifs; and selective constraints acting on microsatellite loci as the result of their close
proximity to (or linkage with) gene regions under selection. These factors are discussed in
turn.

5.4.1 Comparison with levels of polymorphism for published snake microsatellites
Average observed heterozygosities (in the source species) for microsatellites developed for
13 snake species (Table 5.3) were higher than the average observed heterozygosity in A.
laevis (0.349). Only C. horridus had comparably low heteozygosities (0.382): however, this
could be attributable to a loss of genetic diversity associated with recent population declines
in this threatened viperid species (Villarreal et al., 1996). Aipysurus laevis also had one of
the lowest average numbers of alleles per locus (4.6): the three species with comparably low
numbers of alleles [broad-headed snake, Hoplocephalus bungaroides (4) (Burns & Houlden,
1999); smooth snake, Coronella austriaca (4.7) (Bond et al., 2005); and C. horridus (4.8)
(Villarreal et al., 1996)] are all reported to have experienced recent population declines.
Nonetheless, not all species believed to have undergone recent population declines had low
levels of polymorphism: two threatened viperid species, the New Mexico ridge-nosed
rattlesnake, Crotalus willardi obscurus, and the eastern massasauga rattlesnake, Sistrurus
catensis catensis, had moderate numbers of alleles per locus (9.7 and 7.9 respectively) and
high heterozygosities (0.696 and 0.610) (Gibbs et al., 1998; Holycross et al., 2002).

It is possible that some studies did not report loci with very low polymorphism and that the
comparatively low A. laevis values (over 11 loci) were sampling artefacts, so I recalculated
the average observed heterozygosity and allelic diversity for the six most variable A. laevis
loci (Table 5.3). The resultant average observed heterozygosity (0.583) was in the middle of
the range documented for other studies (0.382 to 0.725), however, the number of alleles per
locus (6.0) remained comparatively low (range for other studies 4.0 to 29.1). The most
striking difference in polymorphism between species was the numbers of alleles per locus
for A. laevis (2 – 14) and the tiger snake, N. scutatus (14 – 52) (Scott et al., 2001); however,
the polymorphic L. curtus locus had a comparable number of alleles (22) to N. scutatus.
Genetic diversity may be reduced as the result of population declines, with allelic diversities
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Small-eyed snake

Rhinocephalus nigrescens

Black rat snake

Dice snake

Northern water snake

Common garter snake

Western terrestrial garter snake

Common garter snake

Elaphe obsoleta

Natrix tessellata

Nerodia sipedon sipedon

Thamnophis sirtalis

Thamnophis elegans

Thamnophis sirtalis

European adder

Vipera berus

6

6

6

6

6

4

5

1

8

8

11

16

5

7

3-8

10

2 - 19

4 - 11

9 - 40

2-8

3 - 27

14 - 52

2-7

59 - 62

72 - 74

53 - 54

149

32

2 - 38

4 - 12

5 - 24

5 - 41

2-8

not reported 4 - 18

41

41

50†

29

~ 350

23

93

62 - 70

16

11.3

7.8

9.7

20.2

4.8

11.3

5.0

10.0

9.7

6.8

18.2

4.7

12.8

29.1

4.0

6.0

4.6

0.382

0.513

0.546

0.590

0.725

0.451

0.654

0.508

0.534

0.532

0.484

0.583

0.349

0.610
0.627

0.21 - 0.83

0.696
0.26 - 0.87

0.32 - 0.91

0.24 - 0.98* 0.651

0.10 - 0.69

0.27- 0.82

0.49 - 0.61

0.59

0.28 - 0.90

0.28 - 0.90

0.07 - 0.87

0.09 - 0.91

0.24 - 0.82

0.27 - 0.70

0.00 - 0.75

0.17 - 0.86

0.04 - 0.86

Carlsson et al. (2003)

Gibbs et al. (1998)

Holycross et al. (2002)

Goldberg et al. (1996)

Villarreal et al. (1996)

McCracken et al. (1999)

Garner et al. (2004)

Garner et al. (2004)

Prosser et al. (1999)

Gautschi et al. (2000)

Blouin-Demers & Gibbs (2003)

Bond et al. (2005)

Stapley et al. (2005)

Scott et al. (2001)

Burns & Houlden (1999)

Lukoschek et al. (2005)

Lukoschek et al. (2005)

Reference

* Allele frequencies were reported for a total of 149 individuals screened. Heterozygosities were calculated separately for five populations. This result is for the populations with the largest number of individuals screened (n = 62)

† This study reported allele frequencies and heterozygosities for three populations, each comprising 50 individuals. Results were very similar across populations.

Viperinae

Crotalinae

Eastern massasauga rattlesnake

Sistrurus catenatus catenatus

Crotalinae
Crotalinae

Tiger rattlesnake

Crotalus tigris

Crotalinae

Natricinae

Natricinae

Natricinae

Natricinae

Natricinae

Colubrinae

Colubrinae

Hydrophiinae

Hydrophiinae

Crotalus willardi obscurus

Timber rattlesnake

Crotalus horridus

Viperidae

Smooth snake

Coronella austriaca

Colubridae

Tiger snake

5

3 - 12

Notechis scutatus

Hydrophiinae

21 - 30

Broadheaded snake

6

Hoplocephalus bungaroides

Hydrophiinae

Olive sea snake

21 - 31

Aipysurus laevis

11

2 - 12

Hydrophiinae

Olive sea snake

Average

Observed
heterozygosity

Average Range

# loci # genotyped Number of alleles

Aipysurus laevis

Subfamily
Range

Common name

Elapidae

Target species

Table 5.3: Levels of microsatellite polymorphism reported for 14 snake species in three families. # loci - number of loci reported; # genotyped - number of individuals genotyped;
Range - range of values reported; Average - average across all loci.

expected to decline before observed heterozygosities (Luikart et al., 1998). Recent, and
potentially undetected, population declines may have occurred for some sea snake species
(see Ch. 7) and the observed pattern of low average allelic diversity but moderate
heterozygosity for the six polymorphic A. laevis loci is congruent with recent reductions in
population sizes. Low polymorphism may also be attributable to small effective population
sizes (Ne) (Rubensztein et al., 1995); however, it is unlikely that long-term effective
population sizes for A. laevis or L. curtus have been small given that both species are
common and abundant throughout their ranges, have equal sex ratios, and don’t appear to
have a strongly polygamous mating system (Heatwole, 1999; Cogger, 2000; and personal
observations).

5.4.2 Screening strategy: numbers of individuals & geographic range
The numbers of alleles at microsatellite loci are expected to increase as more populations
and/or individuals are sampled. The geographic range of A. laevis individuals screened
comprised most of this species’ range, and included the two individuals with divergent
mtDNA haplotypes (ALH17 and ALH38 sampled from Groote Eylandt and Broome
respectively), which may belong to divergent lineages (see Ch. 3). The geographic range
sampled for L. curtus was similar to that of A. laevis: however, it represents a small
proportion of L. curtus’ total geographic range (Ch. 4). Interestingly, the two L. curtus
individuals from Thailand had private alleles at four of the six loci screened (AL28_e1,
AL102_c4, AL104_f6, Lc58_f5b), indicating that broader geographic sampling would reveal
more alleles for L. curtus at these loci. In contrast, there were no private alleles at any loci of
the two divergent A. laevis individuals. Moreover, further screening of 354 A. laevis
individuals (Ch. 6, Table 6.1) resulted in only a few, small increases in the numbers of
alleles per locus from those reported in this chapter, suggesting that the initial screening
provided representative estimates of allelic diversity for this species.

5.4.3 Variable mutation rates: microsatellite type, length & repeat motif
Differences in mutation rates associated with microsatellite type (perfect/interrupted/
compound) or length of repeat motif (di-, tri-, tetra-, pentanucleotide) may also influence
polymorphism (Schlotterer & Tautz, 1992). Despite evidence of occasion large gains or
losses in microsatellite repeat number (Di Rienzo et al., 1994), microsatellites probably
primarily evolve according to a stepwise mutation model, with increases or decreases of one
or two repeat units, as the result of slippage during replication (Schlotterer & Tautz, 1992;
Strand et al., 1993). Slippage has been estimated to occur more frequently as the number of
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tandem repeats increases (Wierdl et al., 1997). Insertions or deletions in repeat regions that
interrupt stretches of perfect repeats (interrupted microsatellites) or point mutations that alter
the basic repeat motif (compound microsatellites), are likely to decrease the frequency of
slippage (Richards & Sutherland, 1995; Zhu et al., 2000). There is mixed evidence regarding
the relationship between mutation rate and the length of the repeat motif: some studies have
documented higher mutation rates for dinucleotide repeat arrays (Schlotterer & Tautz, 1992;
Chakraboty et al., 1997) whereas other studies observed more rapid evolution in
microsatellites comprising longer repeat motifs (tetranucleotides) (Weber & Wong, 1993).

The most important factor influencing levels of polymorphism in the 15 microsatellites
isolated for A. laevis and L. curtus appeared to be the total number of repeat units:
irrespective of microsatellite type (perfect, interrupted or compound) longer microsatellites
tended to be more variable than shorter microsatellites (Table 5.2). This pattern has also
been documented in other studies (e.g. (Wierdl et al., 1997; Zhu et al., 2000). The compound
microsatellite, Lc58_f5b, with four different repeat motifs (AGA, GGA, GAA, AAG), was
most polymorphic among the 15 loci screened (22 alleles); however, this locus has a perfect
(AGA)23 repeat embedded within the other repeat motifs (Table 5.2) and most mutations
may be occurring in this region. Still, the compound dinucleotide microsatellite, AL107_c2,
which has a perfect (GA)27 repeat embedded within other repeat motifs, had just two alleles
(Table 5.2). The five perfect dinucleotide loci (AL105_c4, AL28_e1, AL28_h4,
AL106_g10, Lc57_a8) had fewer alleles (one to four alleles per locus) (Table 5.2) than the
perfect penta-nucleotide locus, AL093 (12 alleles); however, the dinucleotide loci invariably
comprised fewer repeats (6 to 11) than the pentanucleotide locus (16) and it is not possible to
attribute differences in mutational rates to repeat motif length or number.

5.4.4 Selective constraints
Low levels of polymorphism at microsatellite loci may be driven by selective constraints if
microsatellite loci are associated with or linked to gene regions under selection. As a means
of exploring whether any of the 15 microsatellites occur in or near protein coding regions,
GenBank BLASTN searches were conducted for sequences of the 15 clone inserts (including
the flanking regions) used to isolate the loci. No matches were found for 13 clone insert
sequences. Matches were, however, found for the clone inserts of two loci, AL093 and
AL107_c2 and these matches were with sequences from other snake species. The AL093
sequence matched a portion of the 5’ upstream promoter region of a Group 1B
phospholipase A2 (PLA2) gene isolated from Laticauda semifasciata (GenBank AB111959:
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bases 2883 to 3543) (Fujimi et al., 2004), with 79% sequence homology. This region also
contained a penta-nucleotide microsatellite, (CAGAA)4(TAGAA)(TAGGA)(AAGAA)
(TAGGA)2(TAGAA)12, similar to the microsatellite isolated in A. laevis (TAGAA)16 (Fig 5.
1a). Surprisingly, the GenBank search also recovered a match for the same microsatellite,
isolated independently by Stapley et al. (2005) from an Australian terrestrial elapid,
Rhinoplocephalus nigrescens (Rn117: GenBank AY714262). Although the repeat motif
(TAGAA)3(TGGAA)5(TAGAA)(CAGAA)9(TAGAA)3 was not identical with the A. laevis
microsatellite, there was 80% sequence homology between the two DNA fragments, and
72% sequence homology between the R. nigrescens microsatellite and the PLA2upstream
promoter region isolated from L. semifasciata (Fig 5. 1a).

Sequence homology of the 3’ flanking region directly adjacent to this microsatellite was
extremely high across all three species (Fig 5. 1a); however, further downstream where the
AL093F primer was located (forward and reverse primers are in reverse orientation when
aligned with the L. semifasciata sequence), sequence homology decreased and some priming
sites were not retained (Fig 5. 1a). In contrast, sequence homology in the 5’ flanking region
was extremely low and less than half the priming sites were retained in the priming region
(Fig 5. 1a): thus, it is unlikely that the AL093 primers will amplify this DNA fragment in the
other two species or that a suitable primer for all species could be designed in the 5’ flanking
region. Yet the AL093 primers amplified L. curtus DNA and allele sizes were consistent
with a pentameric repeat and comparable with A. laevis allele sizes, suggesting that priming
sites are highly conserved among the marine hydrophiines. There is, however, an alternate
explanation. Phospholipase A2s are a diverse class of enzymes with a wide range of
functions (including toxic PLA2s found in venom) and are generally classified into 12 groups
and many subgroups (Jeyaseelan et al., 2000; Fujimi et al., 2004). Comparative analyses
across groups, subgroups, and snake lineages indicated that PLA2 genes comprise a mosaic
of conserved and divergent regions (Fujimi et al., 2002a, b). It is, therefore, feasible that the
DNA fragment isolated in A. laevis is from a different subgroup of the Group 1B PLA2s
(than the subgroup isolated from L. semifasciata), and is yet to be characterised or submitted
to GenBank. If this is the case, then priming sites may be retained in R. nigrescens (and
other Australian elapids) and possibly also Laticauda. Despite being embedded within the
promoter region of Group 1B PLA2s’, the AL093 locus was highly polymorphic in A. laevis
and L. curtus: promoter activity is located ~ 3 Kb downstream from the microsatellite
(Fujimi et al., 2004) which may account for this. The Rn117 locus was not screened in R.
nigrescens so polymorphism levels are unknown (Stapley et al., 2005).
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Fig. 5.1a
AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

??????????????????????????????????????????????????
ATGGATGACAGTAGCAATAATAATTAATAAAAAAGTCTTATTTTCAAGGG
GGTCTATAGAGTGATATATATATACTGCAATGTTTTTTTTAGTATACAGT

[50]
[50]
[50]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

??????????????????????????????????????????????????
CCGTGTGGCCTGCCTTATTGCATGCGTAAATTAAATATTTAATAGAATAG
ATTAAAATTCATCCAGTATACAAGTATAGAAAATAGTGACTATAAAAATG

[100]
[100]
[100]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

????AAGTAAAAATATTAACATTTTTAGCACTTCCTACTCTTTCAGAAAA
AGAAT..-..T.GA.CAG.ATAGAA...A.TAGAA..GG-GAAG.AC.G.
TTTTTTT.T....A.A..GGGC.....AA....TT.T..-.A.G.AT.G.

[150]
[148]
[149]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

GAAGCACCCCGTTGCAT-GT-TAGAATAGAATAGAATAGAATAGAATAGA
AC..A..AGAACA.A..A.AA...G.A.......G....G..........
AT..A.TAGAA.G.A..G.AA.G....G....G........C....C...

[198]
[198]
[199]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

ATAGAATAGAATAGAATAGAATAGAATAGAATAGAATAGAATAGAATAGA
..................................................
.C....C....C....C....C....C....C..................

[248]
[248]
[249]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

ATTCTTTATTGGCCAAGTGTGATTGGACACACAAGGAATTTGTCTTGGTG
............T...A..........................T..T...
...........A......................................

[298]
[298]
[299]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

CAAATGCTCTCAGTGTACATAAAAGAAAAGATACATTCGTCAAGAGTCAA
.............................T..........T....A.-..
..............A.......................A...........

[348]
[347]
[349]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

GAATCATCAGGTACAACACTTAATGATAGCCATAGGTTACAATAAGCAAT
---...G---.....-.-.--...A....T......G.............
.......T.T.....G........AC...T......G......T......

[398]
[387]
[399]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

CAAATCATACTAGGAAACAGTCAATAAAAATAGTTAGGAG-CAACAAACA
..........A.T.............T....CA.A....TA...GC....
....AA.................G..T.G..C..A....TT...GC....

[447]
[437]
[449]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

A-GCAACAAACTTACAGTCATAAGTGGGAGGAGATGGGTGA-AAGGAAGG
.G.TT...GT.A..T.....C..........G.........T.....GT.
.A.TT...GT.A........C......A...G.........T.....GT.

[495]
[487]
[499]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

ATGGGAGGATTCATAATAATAGTAATGCAGACTTTA--TAA-ATAGCCAG
...A..A....A.C.G..................-.G-...-...ATTG.
...A..A....A...G........G........AC.AA.G.G...TTT.T

[542]
[534]
[549]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

ACAGTGTTGAGGGAATTATTTCTTTAGCAGAGTGATGGCGTTCAGG-AAA
.......G...........C.G.....AT.---..........G..G...
.TTACA.GC.????????????????????????????????????????

[591]
[581]
[599]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

AAA-CTTC--TTGTGTCTCGTTCTGGTGTGCAGTACTCTATAGCGTTGTC
...A..C.CC........A..............GG....G......CA.T
??????????????????????????????????????????????????

[638]
[631]
[649]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

TTGAGGGAAGGA-TTGAAACAGGA-ATAGCAGGCAACCGA-ATATCATAT
....A.......G.........TTT..GT.CA.G.TGT..C...AG....
??????????????????????????????????????????????????

[685]
[681]
[699]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

TGACGTTTAATGTTTCGCATCCCCCAGAACATGAAAATGAACTTAATTTT
.TTA.A.-.-.-....A..G...T.TTTTG.CTCG--..C.G.AG.CAG??????????????????????????????????????????????????

[735]
[725]
[749]

AL093
Laticauda semifasciata
Rhinoplocephalus nigrescens

GAAATCCCGAGATCC
.TCC...ATG..AGG
???????????????

[750]
[740]
[764]
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Fig. 5.1b
AL107
Vipera_ammodytes

GGTTCTTAAGAAATATTGAATCAGACCCCTGGGTGGCAGGAATTGAATAT
..C-..GG...CCA.AA..TA..A.GAA-...C.-..G.A.C...G..T.

[50]
[47]

AL107
Vipera_ammodytes

GTCTGGTTTAATGAAAAGAAGGAATTGGAGTGATATGATAGCAGT-TTCC
.G..A..C...A.........A...A..G.A..C...........A....

[99]
[97]

AL107
Vipera_ammodytes

AGTATCTGAGGGGCTGTGACAGAG--AAGGGG-----TCTCTCTCTCTCT
................CC...AG.CT.G....GAGGG-------------

[142]
[134]

AL107
Vipera_ammodytes

TTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCACACACACACACACT
----TGTCAGG.TGT..A.CAGAG.A.CAGAGGGA.GGAGG.G.A...G.

[192]
[180]

AL107
Vipera_ammodytes

AGATGGAAACTAATCAAAGAGAGAGCCAACCTAGAAATTAGGAGAAATTT
G.T........G.....G......AT......G...T.A........C..

[242]
[230]

AL107
Vipera_ammodytes

CTTGACTTAGTAATTTATCAGTGGAAAGGTTTAATTT----CAGAGATTG
AC....CGT.AGGACA.A..ACCAGTG.AACA.C..ATCCC....A....

[288]
[280]

AL107
Vipera_ammodytes

TGGGTGCTCCATCACTGAAGG
....C.........T.CT.TT

[309]
[301]

Figure 5.1: Alignments between two Aipysurus laevis clone inserts and matching sequences
found using the BLASTN search in GenBank. Matching bases are indicated by a period (.),
missing sequences by a question mark (?), and indels by a hyphen (-). Sequence positions of
the A. laevis primers are shown in boxes, and priming sites further highlighted in bold type.
Note that designated 5’ to 3’ directions of GenBank sequences have been maintained resulting
in the reversal of positions of forward and reverse primers of A. laevis loci (as published in
Lukoschek et al., 2005). Fig. 5.1a. Alignment of the AL093 clone insert with the 5’ upstream
promoter region of a Group 1B phospholipase A2 (PLA2) gene isolated from Laticauda
semifasciata (GenBank AB111959: bases 2883 to 3543) and the Rn117 microsatellite
(GenBank AY714262) isolated for the small-eyed snake, Rhinoplocephalus nigrescens.
Fig. 5.1b. Alignment of the AL107_c2 clone insert with a transposable element, the Bov-B
LINE, isolated from Vipera ammodytes (GenBank AF332697: bases 312 to 632).
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The AL107_c2 sequence matched a transposable element, the Bov-B long interspersed
nuclear element (LINE), isolated from Vipera ammodytes (GenBank AF332697: bases 312
to 632) (Fig 5. 1b). Evolutionary rates in Bov-B LINEs tend to be very low, particularly in
ectotherms, and Bov-B lines are highly conserved among squamates (Zupunski et al., 2001).
Sequence homology (for the 321bp alignment) between the V. ammodytes Bov-B LINE and
the AL107_c2 sequences was just 65%, which is lower than expected for a highly conserved
region. Moreover, the Bov-B LINE did not contain a CA or CT repeat region, suggesting
that these are not homologous DNA fragments (Fig 5. 1b). Considerably more work is
needed to determine whether the AL107_c2 fragment is, in fact, embedded within an elapid
Bov-B LINE retrotransposon. Nonetheless, most AL107_c2 priming sites were retained in
the Bov-B LINE sequence (Fig 5. 1b): thus, these primers may amplify this, potentially nonhomologous, Bov-B LINE fragment under non-stringent PCR conditions, again highlighting
the importance of sequencing putative microsatellites amplified across lineages.

5.4.5 Technical considerations
It is unclear why primers labelled with fluorophores failed to amplify consistently (or at all)
given that primer pairs were only labelled if they had reliably amplified and produced clear,
strong bands (prior to labelling). Taguchi optimisation resolved this issue for some (but not
all) primer pairs. The use of ‘spiked’ PCR cocktails, with labelled and unlabelled aliquots of
the same primer in a 1:3 ratio, also did not result in successful PCR amplification of
problematic loci. (Anderson, 2006) achieved successful amplification of previously nonamplifying primer pairs for rattlesnakes by adjusting PCR buffer formulas and their pH’s;
this strategy may work for sea snake primer pairs with further optimisation of PCR
conditions.

Redesigning primers for loci that failed to amplify is probably the best means of resolving
this issue; however, this will not be possible for loci with short flanking regions and the
expense of purchasing numerous labelled primers is a potential limiting factor. (Schuelke,
2000) described a method for generating fluorescent-labelled PCR products that reduces the
cost of designing multiple primers for the same locus. The nested PCR strategy uses a locusspecific forward primer with a M13 (-21) tail, a locus-specific reverse primer, and a
universal fluorescent-labelled M13 primer. Thermo-cycling conditions are set such that the
M13-tagged forward primer (initial concentration less than half of other primers) is
incorporated into PCR products first and, when used up, the fluorescent M13 primer ‘takes
124

over’. This strategy is more cost effective overall and allows new primers to be designed and
tested at a fraction of the cost of using locus-specific labelled primers (Schuelke, 2000)
thereby circumnavigating the limitations of restricted funds for the development of
additional markers.

5.4.6 Conclusions
Aipysurus laevis and Lapemis curtus represent each of the two main evolutionary marine
hydrophiine lineages and cross-lineage amplification of heterologous microsatellite loci in
both directions (albeit only for two monomorphic L. curtus loci in A. laevis) suggests that
these primers will amplify heterologous loci in other marine hydrophiines, particularly
within their source lineages but also across lineages. Highly conserved microsatellite loci
have been reported for marine turtles (FitzSimmons et al., 1995) and fishes (Rico et al.,
1996), and successful cross-species amplification in snakes has been reported for elapids
(Scott et al., 2001; Stapley et al., 2005); colubrids (Hille et al., 2002; Blouin-Demers &
Gibbs, 2003; Bond et al., 2005); viperids (Prosser et al., 1999; Bushar et al., 2001; Garner et
al., 2004; Anderson, 2006) and pythonids (Jordan et al., 2002). Future strategies for
increasing the number of polymorphic loci available for hydrophiine sea snakes (apart from
screening additional genomic libraries) include designing new primers for loci that failed to
amplify for L. curtus, and cross-species screening of the four A. laevis loci not tested to date.
(Jordan et al., 2002) documented higher levels of polymorphism in non-source species than
source species for some microsatellite loci for pythons, and recommended a strategy of
including all developed loci in cross-species amplification trials (rather than the subset of
loci that were polymorphic in their source species). Cross-species screening of the
hypervariable N. scutatus loci (Scott et al., 2001) and the 14 microsatellite loci developed
for R. nigrescens (Stapley et al., 2005) may also reveal levels of polymorphism comparable
with (or higher than) those documented for the A. laevis and L. curtus microsatellites, and
may prove to be useful markers for population genetic studies in hydrophiine sea snakes.
Homology among cross-species loci must be confirmed by sequencing a representative set of
alleles for all locus-species combinations; this strategy will also determine the nature and
composition of microsatellite repeat motifs and guard against size homoplasy among
lineages. This work is, however, for the future.

5.5 Chapter Summary
This chapter described the development of codominant microsatellite markers for the olive
sea snake, Aipysurus laevis, and the spine-bellied sea snake, Lapemis curtus. Enriched and
125

unenriched gDNA libraries were screened for repeat regions, and primers designed for 17
loci for A. laevis and 15 loci for L. curtus. A subset of reliably amplifying loci (A. laevis - 11
loci; L. curtus – 4 loci) were screened in their source species using a panel of ~ 40
individuals. Numbers of alleles per locus for A. laevis ranged from 2 to 12 and observed
heterozygosities from 0.036 to 0.857. One L. curtus locus was highly polymorphic (22
alleles; Ho = 0.900), however, the other three loci were monomorphic. Trials of crossspecies amplifications were successful for some loci but levels of polymorphism were lower
in non-source species than in source species. Levels of polymorphism at the 15 loci
developed for A. laevis and L. curtus were lower than most published observed
heterozygosities and allelic diversities for microsatellite loci developed for 13 snake species
from three lineages: elapids, viperids and colubrids. Snake species with low levels of
microsatellite polymorphism similar to A. laevis and L. curtus had recently experienced
population declines. It is not clear, however, whether population declines have occurred for
A. laevis or L. curtus. Additional polymorphic loci for these two sea snake species may be
obtained by redesigning primers for loci that failed to amplify. Heterologous loci developed
for closely related terrestrial elapids may also prove to be polymorphic in hydrophiine sea
snakes. However, for the purposes of this thesis, I chose a panel of the seven most
polymorphic A. laevis loci and screened the suite of 354 individuals previously subjected to
mtDNA sequencing (Ch. 3). These data are presented in the next chapter, which compares
population subdivision and gene flow in A. laevis inferred from two classes of molecular
markers: nuclear microsatellites and the mitochondrial genome.
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Chapter 6
Similar patterns but lower levels of genetic structuring
recovered by nuclear than mitochondrial markers in the
olive sea snake, Aipysurus laevis
Polymorphic nuclear microsatellites are
often considered more powerful for
resolving population structure than less
polymorphic markers. I used microsatellite
markers to further explore population
structure for Aipysurus laevis. The data
revealed patterns of population structure
similar to those found for mitochondrial
DNA, yet levels of subdivision were an
order of magnitude lower. Discordant
intra-specific genetic patterns between
nuclear and mitochondrial genomes may be
the result of gender-biased dispersal.
However, tests for male-biased dispersal by
A. laevis were not significant. Weaker
population subdivision at nuclear than
mitochondrial loci is, therefore, explained
best by the differing effective population
sizes, mutation rates and modes of
inheritance of the marker classes.
Comparisons between the marker classes
also revealed the importance of recent
colonisation events for shaping genetic
diversity and structure around northern
Australia for nuclear and mtDNA.
A version of this chapter will be submitted
to Molecular Ecology for consideration
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6.1 Introduction
Population genetic structures of species reflect both historical processes, such as
biogeography and paleoclimatic events, and contemporary factors, such as taxon-specific
ecological and life-history characteristics, and environmental barriers, for ongoing gene flow
(Balloux & Lugon-Moulin, 2002). Separating the relative effects of historical and
contemporary processes can be challenging, particularly if inferred population structure and
gene flow is restricted to one class of genetic marker. Phylogeographic patterns inferred
from mitochondrial DNA (mtDNA) predominantly allow insights into the effects of
historical processes on intra-specific matrilineal relationships (Avise et al., 1987; Avise,
2000) but also provide information about the effects of ongoing gene flow for population
subdivision. However, inferences based on mitochondrial gene trees and patterns of
population subdivision have limitations. The maternally inherited mitochondrial genome is a
single haploid locus, resulting in a four-fold smaller effective population size than for
nuclear markers (Birky et al., 1983). Smaller effective population size enhances the effects
of genetic drift in subdivided populations, resulting in more rapid fixation or loss of alleles
and stronger population subdivision at mitochondrial than nuclear loci (Birky et al., 1983).
This effect is more pronounced if migration is biased towards males, however also holds in
the absence of male-biased dispersal (Birky et al., 1983). In addition, while overall mutation
rates tend to be higher for the mitochondrial than nuclear genome (Brown et al., 1979),
much of the mitochondrial genome is protein coding and potentially under selection (Ballard
& Kreitman, 1995), and may not evolve sufficiently rapidly to infer levels of contemporary
gene flow.

Traditionally allozymes and, to a lesser extent, single-copy nuclear DNA (scnDNA), have
been the nuclear markers of choice for population genetic assays. Over the last decade,
however, nuclear microsatellites have become popular for population genetic studies (Estoup
& Angers, 1998). This increased popularity has been driven by the advent of the polymerase
chain reaction (PCR) and other technological advances, and the desirable evolutionary
characteristics of microsatellite loci. In particular, microsatellites are biparentally inherited
and most loci appear to be selectively neutral and accumulate mutations rapidly (Balloux &
Lugon-Moulin, 2002). Highly polymorphic microsatellite markers are expected to have high
information content and discriminatory power for detecting fine-scale population structure
and are predicted to better resolve the effects of recent (rather than temporally distant)
processes on gene flow compared with mtDNA or slowly evolving nuclear markers
(allozymes or scnDNA) (Goudet et al., 1996; Buonaccorsi et al., 1999). Indeed,
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microsatellite markers successfully resolved population subdivision for the European eel,
Anuilla anguilla, for which mtDNA and allozymes had failed to detect genetic structure
(Wirth & Bernatchez, 2001). Population heterogeneity detected by microsatellites
overturned the panmixia hypothesis predicted from this species’ reproductive strategy (all
individuals migrate to the Sargasso Sea to reproduce) (Wirth & Bernatchez, 2001). Although
some studies have documented congruent genetic structures among nuclear microsatellites
and mtDNA (Lehman et al., 1997; Natoli et al., 2004), discordant patterns and/or levels of
population subdivision are commonly found (Buonaccorsi et al., 2001; Hoelzel et al., 2002)
with microsatellites more powerful than mtDNA for resolving population structure in some
cases (Johnson et al., 2003) but not others (Pardini et al., 2001; Keeney et al., 2005). In
addition, microsatellites may be more sensitive than mtDNA for resolving genetic
divergence over smaller spatial and temporal scales but less powerful at larger spatial scales
(Shaw et al., 1999).

Studies that reported weaker population subdivision for biparentally inherited microsatellites
than for maternally inherited mtDNA often attributed these discrepancies to male-biased
dispersal and gene flow (Castella et al., 2001; Eizerik et al., 2001; Keeney et al., 2005).
However, the differing effects of genetic drift, mutation, and/or migration, for nuclear and
mitochondrial markers directly influence the magnitude of estimates of population
subdivision and need to be interpreted in this context (Birky et al., 1983; Buonaccorsi et al.,
2001). Buonaccorsi et al. (2001) showed that differences in FST estimates among four classes
of molecular markers for the blue marlin, Makaira nigricans, could be accounted for by the
combined effects of marker-specific mutation rates, modes of inheritance, and high variances
in FST estimates for mtDNA, in the absence of gender-biased dispersal. This result was most
pronounced in situations of low migration rates and/or small effective population sizes
(Nem) (Buonaccorsi et al., 2001).
Gender-biased dispersal has, nonetheless, been demonstrated using a variety of direct tests of
microsatellite and/or mtDNA data (Mossman & Waser, 1999). Differences in genderspecific FST estimates from nuclear microsatellites for the shrew, Crocidura russula (Balloux
et al., 1998) and the marine iguana, Amblyrhynchus cristatus (Rassmann et al., 1997),
correlated with evidence of gender-biased dispersal from field studies. Multilocus genotype
assignment tests, used to determine the probability of an individual’s genotype originating in
the population from which it was sampled, have also detected gender-biases in recent
immigrants (Favre et al., 1997; Mossman & Waser, 1999). Although maternal inheritance of
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the mitochondrial genome suggests that it only provides information on female-mediated
gene flow (Buonaccorsi et al., 1999), mtDNA was used by O'Corry-Crowe et al. (1997) and
Escorza-Trevino & Dizon (2000) to demonstrate male-biased dispersal in Dall’s porpoises,
Phocoenoides dalli. Their rationale was as follows: males do not pass on mtDNA haplotypes
to subsequent generations, thus the haplotypes of male immigrants are only transiently
available for sampling (during the male’s lifetime) (Birky et al., 1983). By contrast,
reproductive female immigrants transmit their haplotypes to subsequent generations, thereby
having far greater potential to homogenise mtDNA genetic structure by dispersal than males
(O'Corry-Crowe et al., 1997; Escorza-Trevino & Dizon, 2000). Stronger mtDNA genetic
structure for females than males thus provides strong evidence for male-biased dispersal,
whereas stronger genetic structure for males than females or similar levels of subdivision for
both sexes, suggest that dispersal is not biased towards males (O'Corry-Crowe et al., 1997).
Male-biased dispersal was also inferred for great white sharks, Carcharodon charcharias,
from lower levels of genetic subdivision for microsatellites than mtDNA and the
geographical distribution of mtDNA haplotypes: Australia and South Africa had highly
divergent reciprocally monophyletic mtDNA lineages, however, one male sampled in
Australia had a South African haplotype, suggesting that he was a recent migrant (Pardini et
al., 2001).

Although high polymorphism at microsatellite loci is predicted to increase power of
detecting population subdivision, high within-group heterozygosities can result in
underestimates of between-group divergences when based on multilocus FST values (such as
GST or RST Hedrick, 1999). In addition, the high mutation rates of microsatellites (10-2 to 10-5
mutations per locus per generation, Weber & Wong, 1993; Dib et al., 1996) mean that the
effect of mutation on FST estimates cannot be ignored (Valdes et al., 1993; Estoup et al.,
1995, 2002; Balloux & Lugon-Moulin, 2002). It is, therefore, desirable to know the extent to
which chosen models of mutation reflect the underlying mutational mechanisms of the loci
screened. Numerous models have been proposed to describe the mutational dynamics of
microsatellites and it seems unlikely that one model will apply for all loci (Gaggiotti et al.,
1999). At one end of the spectrum lies the infinite alleles model (IAM), which assumes that
each mutation creates a novel allele and does not allow for size-homoplasy. However, sizehomoplasy probably occurs at most microsatellite loci (van Oppen et al., 2000; Estoup et al.,
2002) and FST estimates assuming the IAM will be unreliable if alleles are identical in size
but not identical by descent (Rousset, 1996; Estoup et al., 2002). At the other end of the
spectrum the stepwise mutation model (SMM) assumes that mutations result in either the
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gain or loss of one tandem repeat unit, thereby allowing for size homoplasy (Estoup &
Angers, 1998). The SMM is thought to better reflect the mutational dynamics of
microsatellite loci thus RST, an FST analogue that incorporate information about allele size,
was developed for microsatellite data (Slatkin, 1995; Rousset, 1996). The advantage of RST
is that it is independent from mutation rate for the generalised SMM. The disadvantages of
RST are its high associated variances (Balloux & Goudet, 2002) and that RST estimates are
also affected by size-homoplasy, particularly for loci with high mutation rates and strong
allele size constraints, and for large population sizes (Estoup et al., 2002).

The reliability of FST and RST estimates are not only influenced by the appropriateness of the
assumed mutation model, other assumptions of the island model of migration that underpin F
statistics are also frequently violated (Whitlock & McCauley, 1999). Moreover, F statistics
require populations to be predefined based on geographical location or other criteria
specified by the used, potentially masking other sources of underlying genetic subdivision
(Evanno et al., 2005). In order to circumvent the shortcomings of F statistics, various modelbased methods have been developed for determining population subdivision and detecting
recent migrants based on the multilocus genotypes of individuals (Rannala & Mountain,
1997; Pritchard et al., 2000; Berry et al., 2004; Manel et al., 2005). These model-based
approaches have the advantage of being independent of underlying assumptions, including
the need to predefine genetic structure. However, the ability of different models to correctly
identify the true number of populations and recent migrants needs verification. For example,
(Evanno et al., 2005) showed that, when tested on a simulated hierarchical population
structure, the Bayesian model implemented in STRUCTURE (Pritchard & Wen, 2003) was
only able to resolve the highest level of population subdivision. However, STRUCTURE
was able to resolve lower levels of population structure when each higher grouping was
analysed independently (Evanno et al., 2005).

Population genetic analyses based on mtDNA for Aipysurus laevis in northern Australian
waters revealed strong hierarchical population subdivision attributable to range expansion
into shallow-water habitats subsequent to the last glacial maximum by maternal lineages that
previously had been genetically isolated (Ch. 3). There was strong regional genetic
subdivision (pairwise FST: 0.393-0.437; φST: 0.510-0.787) with each of three regions [Great
Barrier Reef (GBR), Gulf of Carpentaria (GoC), and Western Australia (WA)] characterised
by a unique suite of haplotypes (Ch. 3). In addition, within-region population subdivision for
A. laevis in the GBR and WA suggest that habitat discontinuities potentially restrict gene
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flow between reefs (Ch. 3 & 4). In order to determine whether the pattern of strong
population subdivision found among A. laevis matrilines also occurs at biparentally inherited
nuclear markers, and to resolve fine-scale patterns of contemporary gene flow, speciesspecific microsatellite loci were used to genotype the suite of individuals employed for
mtDNA analyses (Ch. 3). Patterns and levels of gene flow and population structure for the
two marker classes were compared using conventional F statistics, Mantel tests for isolationby-distance and Bayesian clustering analyses. The effects of choice of microsatellite
mutation model on estimates of population structure were explored by comparing estimates
based on the infinite alleles (FST) and stepwise mutation (RST) models. Although analyses
revealed similar patterns of population structure for the two marker classes, genetic
subdivision for microsatellite markers was much weaker than for mtDNA. As previous
mark-recapture data for A. laevis in the southern GBR suggested that males occasionally
moved between reefs to breed, whereas females stayed at capture sites (reefs) (Lynch, 2000),
gender-specific analyses of population subdivision were conducted for microsatellite and
mitochondrial data. The analyses revealed no evidence of male-biased dispersal; thus, the
discrepancies in estimates of population subdivision between the two marker classes are
explained best by marker-specific differences in relative effective population sizes, modes of
inheritance, and mutation rates, and the high variances of F statistics when gene flow is low.

6.2 Materials and Methods
6.2.1 Genotyping
Aipysurus laevis individuals were initially genotyped for a panel of the seven most
polymorphic species-specific loci (the first seven loci listed in Table 5.2). After genotyping
an additional 90 individuals it was apparent that locus AL28_e1 was essentially fixed for one
allele and this locus was not screened further. The remaining six loci were used to genotype
354 A. laevis individuals that had been sequenced for the mtDNA ND4-tRNA region (Ch.
3). PCR conditions and screening protocols were identical to those described in Chapter 5.
Approximately 20% of samples were PCR amplified and electrophoresed more than once to
evaluate repeatability in scoring.

6.2.2 Statistical Analyses
6.2.2.1 Genetic variation and Hardy Weinberg equilibrium
Microsatellite genotypes were determined as described in Chapter 5. Snakes missing data at
more than two of six loci (24 A. laevis individuals) were excluded from further analyses.
Numbers of alleles per locus, observed and expected heterozygosities, deviations from
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Hardy-Weinberg equilibria (HWE), and exact tests of linkage disequilibrium (LD) between
pairs of loci were calculated for each location, each region, and across all samples using
GENEPOP web version 3.4 (Raymond & Rousset, 1995b). Unbiased estimators of exact
significance probabilities were calculated using the Markov chain algorithm of (Guo &
Thompson, 1992). Markov chains were run for 2,000,000 steps (10,000 dememorization
steps intervals) before comparing observed and permuted values. Unbiased estimates of
allelic richness and gene diversity were calculated for each region to allow direct regional
comparisons (Goudet, 2001). Allelic richness, standardised to a sample size of 20, and gene
diversity (Nei, 1987), weighted by regional sample size, were calculated in FSTAT 2.9.
Tests of significant differences between regions were based on 15,000 permutations.

6.2.2.2 Population subdivision from F statistics
Hierarchical AMOVA estimated three molecular variance components (between regions,
between locations within regions, and within locations) using differences in allele
frequencies (IAM - FST), and squared differences in allele sizes (SMM - RST) (Slatkin, 1995).
AMOVA were conducted in ARLEQUIN 3.01 and significances of F statistics were
determined using 10,000 nonparametric data permutations (Excoffier et al., 2005). Singlelocus AMOVA tests were performed to ensure that multilocus results were not affected
unduly by one locus. FST and RST values were estimated for 78 comparisons between 13
locations, three comparisons between regions, and across all 13 locations. Wilcoxon’s signed
rank tests were used to assess differences in multilocus FST and RST estimates across all 78
comparisons and separately for within-region (n = 24) and between-region (n= 58) location
pairs. Fisher’s exact tests, conducted in GENEPOP 3.4, were used to evaluate allele and
genotype frequency differentiation between pairs of locations and regions. Significance
levels for multiple comparisons between pairs of samples, or between loci across samples,
were adjusted using sequential Bonferroni corrections (Rice, 1989).

6.2.2.3 Bayesian clustering analyses
Population structure was further investigated using a Bayesian clustering approach
implemented in STRUCTURE 2.2 (Pritchard et al., 2000). This model-based approach
identifies the affinities of individual samples to genetic populations based on their multilocus
genotypes and aims to delineate clusters of individuals as populations that are, as far as
possible, in Hardy Weinberg and linkage equilibrium (Evanno et al., 2005). The estimated
posterior probabilities of the data for values of K (numbers of populations or clusters), Pr
(X/K), are commonly used to choose the most likely number of clusters (populations) among
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the individuals sampled, with the true number of populations (K) identified according to the
maximum value of Pr (X/K) (Pritchard et al., 2000). Evanno et al. (2005) used simulations
to test the reliability with which this ad hoc model-choice criterion identified the true
number of populations. Although the maximum values of Pr (X/K) [called L(K) by Evanno
et al. (2005)] did not consistently identify the true number of simulated populations, an
alternative ad hoc criterion, the maximum value of the second order rate of change of L(K)
with respect to K, standardised by the standard deviation of L(K), successfully identified the
true number (K) of simulated populations. The methodology outlined by Evanno et al.
(2005) comprises the following steps: 1) run multiple (20) simulations for each value of K;
2) calculate the mean and standard deviation of L(K) for each value of K; 3) calculate the
mean differences between successive runs of L(K) using the equation L' (K) = L(K) – L(K1); 4) calculate the absolute value of the differences between successive values of L' (K)
using the equation |L'' (K)| = |L' (K+1) – L' (K)|; and 5) estimate ∆K as the mean of the
absolute values of L'' (K) averaged over all runs divided by the standard deviation of L(K)
using the equation ∆K = m(|L'' (K)|)/s[L(K)]. The modal value of the distribution of ∆K is an
alternative ad hoc criterion for identifying the most likely number of natural populations and
the height of the modal value indicates the strength of the signal detected by STRUCTURE
(Evanno et al., 2005). This method was also used to estimate the number of A. laevis
populations.

All STRUCTURE analyses were run using the admixture model, with correlated allele
frequencies among populations, the allele frequency distribution parameter (lambda) set to 1,
and the admixture parameter (alpha) inferred from the data for each analysis. These default
settings, recommended for STRUCTURE (Pritchard & Wen, 2003), are considered most
powerful for detecting subtle population subdivision (Falush et al., 2003). Initial analyses
were conducted using long runs (burn-in = 50,000; MCMC = 1,000,000) and replicated three
times to ensure convergence on parameters and likelihood values. Subsequent trials of
shorter runs (burn-in = 20,000; MCMC = 50,000) produced results consistent with longer
runs and were used for subsequent analyses. Analyses were conducted without using prior
population information for individuals and 20 replicate analyses were conducted for each K
value from 1 to 15 (the number of sampled locations plus two). The mean and standard
deviation of L(K) and ∆K were calculated for each value of K as described above. In
systems with hierarchical population subdivision, STRUCTURE is best able to resolve the
highest level of population subdivision (Evanno et al., 2005). In order to explore lower
levels of population subdivision additional STRUCTURE analyses were conducted for each
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region using the methodology described above. Initial analyses indicated that short chains
produced highly variable results so regional analyses were conducted using longer runs
(burn-in = 50,000; MCMC = 500,000). Maximum K tested for each region was the number
of sampled locations plus 2. Finally, global analyses were also run incorporating the
sampling region or location of each individual as prior population information. Analyses
with population priors were used to evaluate the probability of individual membership to
geographic clusters with the aim of identifying recent migrants. Graphical outputs from
STRUCTURE analyses were constructed using DISTRUCT (Rosenberg, 2004).

6.2.2.4 Isolation by Distance
Mantel tests of correlations between genetic and geographic distance matrices, implemented
in the computer program Isolation by Distance Web Service 3.11 (IBDWS) (Jensen et al.,
2005), were used to test for significant relationships between genetic and geographic
distance matrices. Mantel tests were conducted using two sets of genetic distances, FST/1-FST
and RST/1-RST (Rousset, 1997), in order to explore whether genetic distances based on the
IAM or the SMM model were better correlated with geographical distances. A global Mantel
test comprised all 13 locations and separate analyses were also conducted for each
geographic region. A partial Mantel test (Bohonak, 2002) was conducted for the GBR as
described in Chapter 3. Geographic distances were identical to Chapter 3 and log10
transformed prior to analyses (Slatkin, 1993). The significance of each test was assessed
using 30,000 data randomisations.

6.2.2.5 Population structure stratified by gender
In order to investigate whether lower levels of population subdivision for nuclear
microsatellites (see Results) than for mtDNA (Ch. 3) were attributable to male-biased gene
flow, additional AMOVA analyses were conducted for males and females using the
hierarchical structure described above. Gender-specific AMOVA analyses were conducted
for microsatellites (based on IAM) and the mtDNA ND4-tRNA region (using Tamura & Nei
1993 genetic distances). Small sample sizes necessitated the following groupings of samples:
males from Groote and Mornington Islands (GoC); females from Mystery and DJ reefs
(Swain Reefs, GBR); and females from Hibernia and Cartier reefs (WA).
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6.3 Results
6.3.1 Genetic variation, Hardy-Weinberg equilibrium & Linkage Disequilibrium
Total numbers of alleles per locus for 330 individuals genotyped at a minimum of four loci
ranged from 2 to 14 (mean = 8). All loci had uni-modal allele frequency distributions and,
with the exception of AL093, one or two very common alleles of intermediate fragment
length and some rare alleles. AL093 was the most variable locus and had six alleles of
intermediate size that each occurred in 10 to 20% of chromosomes, plus eight alleles that
occurred at low frequencies. Replicate genotyping of the same individuals produced
repeatable genotypes in all loci except AL102_c4 (see below). Expected and observed
heterozygosities ranged from 0.263 to 0.881 (mean = 0.544) and 0.222 to 0.847 (mean =
0.515) respectively (Table 6.1). Twenty-three of 78 single-locus exact tests for departures
from HWE within locations were nominally significant (p < 0.05) and 16 were significant
after sequential Bonferroni adjustment of alpha (initial α = 0.0083). The loci AL102_c4 and
AL104_f6 accounted for twelve of the 16 significant departures from HWE. Seven of 18
within-region tests deviated from HWE at p < 0.05, and the six tests significant after
adjustment of alpha (Table 6.1) all involved the loci AL102_c4 and AL104_f6. Across all
locations four of the six loci departed significantly from HWE (Table 6.1). The observed
heterozygote deficits at three loci across this largest spatial scale are probably attributable to
population subdivision (a Wahlund effect).

The loci AL102_c4 and AL104_f6 departed significantly from HWE for most tests and at all
three levels of analysis, thus it is worth considering their allelic patterns further. The locus
AL102_c4 exhibited highly significant heterozygote excess in 12 of 13 significant tests
(Table 6.1). Heterozygote excess may be indicative of a recent bottleneck (Luikart et al.,
1998) however heterozygote excess did not occur for other loci at any level of analysis. PCR
artefacts rendered the locus AL102_c4 more difficult to score than apparent during initial
screening (Ch. 5). As heterozygotes may have been incorrectly defined, the locus AL102_c4
was excluded from further analyses. The locus AL104_f6 invariably exhibited heterozygote
deficit, most probably due to null alleles. Null alleles may also account for decreased PCR
amplification success at this locus (only 292 individuals amplified successfully), as
homozygous individuals for null alleles would not produce PCR bands. To ensure that null
alleles at AL104_f6 did not affect multilocus AMOVA, pairwise FST and RST estimates and
STRUCTURE analyses, these tests were also conducted with this locus excluded (see
below).

136

Table 6.1: Summary statistics for six microsatellite loci screened for Aipysurus laevis in 14 locations and three geographic regions.
Abbreviations are as follows: number of individuals (N), number of alleles observed per locus (Na), number of effective alleles (Ne),
observed (Ho) and expected (He) heterozygosities, Wright's fixation index (FIS), and single locus estimates of FST (θ) over all samples. FIS
values in bold indicate significant departures from Hardy-Weinberg proportions. Bold values with one asterix (*) were significant at p <
0.05 and bold values with two asterix (**) were significant after sequential Bonferroni correction (p < 0.0083).

Great Barrier Reef
Keppel Island
N
Na
Ne
Ho
He

AL28_h4
45
2
1.72
0.511
0.437
-0.159
FIS
21104 Turtlehead Reef
N
35
Na
2
Ne
1.90
Ho
0.257
He
0.474
0.469**
FIS
21109 Whitetip Reef
N
39
Na
2
Ne
1.83
Ho
0.538
He
0.453
-0.177
FIS
21441 D-J Reef
N
34
Na
2
Ne
1.60
Ho
0.324
He
0.375
0.152
FIS
21258 Mystery Cay
N
39
Na
2
Ne
1.71
Ho
0.436
He
0.416
-0.035
FIS
Central GBR
N
8
Na
2
Ne
1.88
Ho
0.750
He
0.469
-0.556
FIS
All GBR Locations
N
200
Na
2
Ne
1.78
Ho
0.435
He
0.437
0.007
FIS

Al106_d11
45
2
1.02
0.022
0.022
0.000

AL093
44
11
7.76
0.841
0.869
0.043**

AL105_c4
45
3
1.54
0.311
0.364
0.156*

Al104_f6
39
5
2.88
0.333
0.603
0.457**

AL102_c4
45
3
2.14
0.911
0.533
-0.705**

All Loci
45
4.33 (26)
2.84
0.488
0.471

35
2
1.09
0.029
0.082
0.660*

30
10
7.03
0.833
0.858
0.045

35
3
1.38
0.229
0.275
0.182

34
7
2.85
0.118
0.649
0.824**

30
3
2.06
0.900
0.515
-0.740**

35
4.50 (27)
2.72
0.394
0.475

39
3
1.17
0.154
0.144
-0.058

39
10
7.03
0.897
0.858
-0.033

39
3
1.53
0.359
0.347
-0.022

38
8
2.35
0.500
0.575
0.143*

38
3
1.99
0.789
0.498
-0.576**

39
4.83 (29)
2.65
0.540
0.479

34
3
1.09
0.088
0.085
-0.021

34
12
7.56
0.765
0.868
0.133

34
3
1.23
0.176
0.189
0.081

19
5
3.49
0.737
0.713
-0.006

32
2
1.82
0.688
0.451
-0.512**

34
4.50 (27)
2.80
0.463
0.447

38
2
1.03
0.026
0.026
n/a

37
11
8.15
0.973
0.877
-0.096

39
3
1.37
0.308
0.272
-0.119

34
7
1.85
0.353
0.460
0.247*

37
3
1.96
0.757
0.489
-0.537**

39
4.67 (28)
2.68
0.475
0.423

8
1
1.00
0.000
0.000
n/a

8
8
6.40
0.875
0.844
0.03

8
3
1.29
0.250
0.227
-0.037

7
4
1.85
0.286
0.459
0.442

8
4
2.37
0.875
0.578
-0.463

8
3.67 (22)
2.47
0.506
0.400

199
4
1.07
0.060
0.069
0.122

192
14
8.31
0.865
0.880
0.020

200
3
1.42
0.280
0.296
0.057

171
11
2.57
0.374
0.610
0.389**

190
4
2.03
0.816
0.507
-0.606**

200
6.33 (38)
2.86
0.472
0.467

6
4
1.71
0.500
0.417
-0.053

6
5
4.50
0.833
0.778
0.02

6
2
1.60
0.500
0.375
-0.25

6
3
2.32
0.500
0.569
0.211

6
3
1.95
0.667
0.486
-0.290

6
3.17 (19)
2.28
0.583
0.500

Gulf of Carpentaria
Mornington Island
N
Na
Ne
Ho
He
FIS

6
2
1.60
0.500
0.375
-0.25
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Table 6.1 (cont): Summary statistics for six microsatellite loci screened for Aipysurus laevisi
Vanderlin Island
N
Na
Ne
Ho
He
FIS
Groote Eylandt
N
Na
Ne
Ho
He
FIS
All GoC Locations
N
Na
Ne
Ho
He
F

33
2
1.69
0.273
0.410
0.348

34
5
1.61
0.382
0.377
0.001

34
12
7.32
0.765
0.863
0.129

34
3
1.79
0.471
0.441
-0.053

33
8
4.59
0.515
0.782
0.355**

33
4
1.94
0.727
0.483
-0.493**

34
5.67 (34)
3.15
0.522
0.575

15
2
1.80
0.400
0.444
0.134

15
3
1.31
0.067
0.238
0.736**

14
9
6.76
0.929
0.852
-0.053

15
4
1.64
0.400
0.389
0.006

14
4
3.04
0.214
0.671
0.700**

15
3
2.10
0.667
0.524
-0.239**

15
4.17 (25)
2.77
0.446
0.520

54
2
1.72
0.333
0.417
0.210

55
6
1.50
0.291
0.334
0.137

54
12
7.28
0.815
0.863
0.065

55
4
1.74
0.455
0.425
-0.061

53
8
3.83
0.434
0.739
0.421**

54
4
1.99
0.704
0.497
-0.408**

55
6.00 (36)
3.01
0.505
0.546

33
2
1.98
0.485
0.478
0

30
3
2.23
0.600
0.551
-0.072

33
8
6.75
0.848
0.845
0.011

33
5
1.87
0.394
0.464
0.166

28
11
5.39
0.679
0.846
0.216*

29
3
2.07
0.793
0.518
-0.519**

33
5.33 (32)
3.38
0.633
0.617

9
2
1.91
0.333
0.475
0.351

9
3
2.57
1.000
0.611
-0.600*

9
6
4.76
1.000
0.790
-0.210

8
2
1.44
0.375
0.305
-0.167

8
7
4.57
0.625
0.781
0.263

9
2
2.00
0.556
0.500
-0.053

9
3.67 (22)
2.88
0.648
0.577

9
2
1.67
0.556
0.401
-0.333

9
3
2.42
0.778
0.586
-0.273

9
7
4.50
1.000
0.778
-0.231

9
4
2.75
0.667
0.636
0.010

9
7
4.91
0.667
0.796
0.220

9
3
2.22
0.778
0.549
-0.366

9
4.33 (26)
3.08
0.741
0.624

19
2
1.82
0.579
0.450
-0.261

22
3
2.12
0.455
0.528
0.162

22
11
7.17
0.682
0.861
0.230**

22
5
3.53
0.636
0.717
0.135

22
8
4.54
0.591
0.780
0.264

22
3
1.96
0.773
0.491
-0.559*

23
5.33 (32)
3.52
0.619
0.638

1
2

1
1

1
1

1
1

1
1

1
2

1
1.33 (8)

71
2
1.98
0.507
0.495
-0.017

71
3
2.29
0.620
0.563
-0.094

74
11
7.83
0.824
0.872
0.062

73
6
2.45
0.493
0.592
0.174*

68
12
6.24
0.632
0.840
0.254**

70
4
2.10
0.757
0.523
-0.442**

75
6.33 (38)
3.82
0.639
0.648

325
2
1.87
0.434
0.465
0.069

325
6
1.36
0.222
0.263
0.158**

320
14
8.43
0.847
0.881
0.041

328
6
1.66
0.357
0.399
0.107**

292
14
3.90
0.445
0.744
0.403**

314
6
2.04
0.783
0.510
-0.534**

330
8.00 (48)
3.21
0.515
0.544

Western Australia
Ashmore Reef
N
Na
Ne
Ho
He
FIS
Hibernia Reef
N
Na
Ne
Ho
He
FIS
Cartier Islet
N
Na
Ne
Ho
He
FIS
Scott Reef
N
Na
Ne
Ho
He
FIS
Broome
N
Na
All WA Locations
N
Na
Ne
Ho
He
FIS

All Loctions
N
Na
Ne
Ho
He
FIS
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Significant linkage disequilibrium (p < 0.05) within locations occurred in five of 130 tests,
and two tests (DJ Reef: AL28_h4 v. AL093; Groote Eylandt: AL105_c4 v. AL104_f6) were
significant after sequential Bonferroni adjustment of alpha (initial α = 0.005). Within
regions nominally significant LD was found in three of 30 tests (GBR: AL28_h4 v.
AL104_f6, AL093 v. AL104_f6; GoC: AL28_h4 v. AL104_f6) but no tests were significant
after correction of alpha. Six of ten global tests showed nominally significant LD and four
were significant after Bonferroni correction (AL106_d11 v. AL104_f6; AL106_d11 v.
AL105_c4; AL28_h4 v. AL104_f6; AL105_c4 v. AL104_f6). Given the few departures from
linkage equilibria within regions or locations, global linkage disequilibrium further suggests
that population subdivision, rather than physical linkage among loci, is responsible for allelic
correlations among some loci.

6.3.2 Patterns of population subdivision
Hierarchical AMOVA based on variances in allele frequencies (IAM - FST) revealed highly
significant population subdivision at all levels (Table 6.2), with ~8% of genetic variation
attributable to differences among regions. By contrast, AMOVA based on variances in allele
size (SMM - RST) partitioned ~1.5% of genetic variation among regions (p = 0.139).
Nonetheless, for both the IAM and the SMM most of the genetic variation (> 90%) was
within locations. The remaining small proportion of genetic variation, due to differences
among locations within regions, was significant for both mutational models (Table 6.2).
AMOVA with the locus AL104_f6 excluded recovered similar variance partitions and
significance levels (results not shown) indicating that possible null alleles at this locus did
not unduly affect estimates of genetic structure. Single-locus AMOVA showed some
differences in patterns of subdivision. For both mutation models the most variable locus,
AL093, showed no regional differentiation, while the loci AL28_h4 and AL106_d11 showed
no differentiation among locations within regions. In addition, there was no regional
differentiation at AL104_f6, and no differentiation among locations within regions at
AL105_c4, for AMOVA based on the SMM. All single-locus AMOVA recovered highly
significant differentiation across locations for both mutation models.

Global genetic structure (across 13 populations) based on the IAM model revealed stronger
population subdivision than the SMM (FST = 0.059, p < 0.0001: RST = 0.029, p < 0.0013).
Pairwise FST estimates were significantly larger than corresponding RST estimates
(Wilcoxon’s signed rank test, p < 0.0005). This result was driven by comparisons between
pairs of locations from different regions, which had significantly larger FST than RST values
139
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1.188

645 766.23
657 824.44

Within locations FST

Total

NB: Individual from Broome excluded for AMOVA's

0.013

10 18.311

Among locations within regions FSC
1.301

0.099

91.34

1.02

7.64

Variance
%
component variation

39.9

SS
2

df

Among regions FCT

Source of variation (5 loci)

0.087

0.011

0.076

FST

<0.0001

0.0014

<0.0001

P

Derived from variance in allele frequency (IAM)

135625.8

129633.3

4029.9

1962.6

SS

208.197

200.982

4.180

3.035

Variance
component

96.53

2.01

1.46

%
variation

0.035

0.020

0.015

RST

Derived from variance in allele size (SMM)

0.0016

0.0181

0.1390

P

Table 6.2: Hierarchical analysis of molecular variance (AMOVA) of 13 locations of Aipysurus laevis in three regions (Great Barrier Reef, Gulf of Carpentaria and
Western Australia) based on variance in allele frequencies (FST) and variance in allele sizes (RST). P values based on 10,000 Markov chain permutations.
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0.005

-0.010

-0.011

-0.012

DJ Reef

Mystery Cay

Turtlehead Reef

Whitetip Reef

-0.011

0.022

Mornington Island

Vanderlin Island

0.107

0.138

0.134

Ashmore Reef

Hibernia Reef

Scott Reef

0.140

0.157

0.125

0.154

0.018*

-0.005

0.016

0.007

0.006

0.008

0.001

-0.034

KpI

0.106

0.135

0.097

0.173

-0.013

-0.005

-0.010

0.004

-0.004

0.023*

0.001

-0.032

DJ

NB: Individual from Broome not included in pairwise comparisons.

0.142

Cartier Islet

Western Australia

-0.004

Groote Eylandt

Gulf of Carpentaria

-0.002

Keppel Island

Central GBR

Great Barrier Reef

Cent

0.172

0.194

0.155

0.200

0.038

0.005

0.027*

-0.001

0.001

0.083*

0.023

-0.001

Myst

0.146

0.134

0.111

0.162

0.026*

-0.001

0.009

-0.003

0.008

-0.041

-0.023

-0.030

Thd

0.127

0.135

0.113

0.158

0.025

-0.012

0.004

0.017

-0.018

0.090*

0.034*

0.004

Wtip

0.077

0.083

0.076

0.110

-0.011

-0.025

0.064*

0.026

0.066*

-0.022

-0.008

-0.001

Grt

0.090

0.103*

0.101

0.110*

-0.014

-0.045

0.066

0.041

0.072

-0.021

-0.007

0.003

Morn

0.063

0.073

0.064

0.094

-0.046

-0.037

0.089*

0.037*

0.068*

-0.026

0.009

0.004

Vand

0.054*

0.045*

0.036*

-0.013

-0.026

-0.012

0.091*

0.042

0.088*

-0.064

-0.008

-0.010

Cart

0.048

-0.003

0.056

0.090*

0.083

0.081*

0.043*

0.036*

0.029

-0.020

0.020

-0.018

Ash

0.041*

0.074*

0.012

-0.003

-0.009

-0.003

0.100*

0.076

0.079

-0.057

0.028

0.022

Hib

0.058

0.048*

0.099*

0.084*

0.075

0.076*

-0.003

0.052*

-0.013

0.065*

0.040*

0.020

Scott

Table 6.3: Pairwise FST (below diagonal) and RST (above diagonal) values for 78 pairwise comparisons between 13 locations for Aipysurus laevis . Values in
bold in cells shaded grey indicate significant comparisons after sequential Bonferroni correction for multiple comparisons. Values in bold with an asterix
were significant at p = 0.05 but not after sequential Bonferroni corrections. All other comparisons were not significant Significance was tested with 10,000
permutations.

(Table 6.3: Wilcoxon’s signed rank test, p < 0.0005), whereas there was no significant
difference between FST and RST values for pairs of locations within regions (Table 6.3:
Wilcoxon’s signed rank test, p > 0.05). Thirty-seven pairwise FST values were significant at p
= 0.05 and 27 remained significant after sequential Bonferroni correction (initial α =
0.0006). By contrast, 23 pairwise RST values were nominally significant and none remained
significant after correction for multiple comparisons (Table 6.3). Most significant FST values
involved WA locations and only two comparisons between GBR and GoC locations were
significant after adjustment of alpha (Table 6.3). Pairwise FST values within regions were
largest in WA, where most were nominally significant but only one comparison (Ashmore v.
Scott Reefs) remained significant after adjustment of alpha (Table 6.3). Small sample sizes
for Cartier and Hibernia reefs may have reduced statistical power for comparisons involving
these locations. There were no patterns to the nominal significances of pairwise RST values
(Table 6.3). Exact tests of single-locus allelic and genotypic differentiation between location
pairs showed similar patterns of subdivision as FST estimates (Table 6.4). Most significant
comparisons, both at p = 0.05 and after correction for multiple comparisons, involved WA
locations with either the GBR or GoC. Many within WA comparisons were also nominally
significant but few remained significant after Bonferroni correction (Table 6.4).

6.3.3 Regional patterns of genetic diversity and population structure
Regional FST and RST values were highly significant, with the exception of one anomalous
small RST value for the WA v. GBR comparison (Table 6.5). FST values for both comparisons
involving WA were larger than RST values, whereas RST was larger than FST between the
GBR and GoC (Table 6.5). Exact tests of single-locus allelic and genotypic differentiation
showed strong and highly significant regional subdivision for most tests involving WA. Two
exceptions, at the locus AL 093, were nominally significant but not after Bonferroni
correction (Table 6.5). There was significant allelic and genotypic differentiation between
the GBR and GoC at two loci, AL106_d11 and AL104_f6, but not at AL28_h4 and AL093,
and the locus AL105_c4 was marginal (Table 6.5). Standardised allelic richness and gene
diversity across all loci was highest in WA, lowest in the GBR, and intermediate in the GoC
(Table 6.6). This pattern was largely driven by significantly larger allelic richness and gene
diversities in WA at the loci AL106_d11, AL104_f6 and AL105_c4. The loci AL28_h4 and
AL093 had similar allelic richness and gene diversities across all regions (Table 6.6).
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KpI

DJ

NB: Individual from Broome not included in pairwise comparisons.

Scott Reef

Hibernia Reef

Ashmore Reef

Cartier Islet

Western Australia

Vanderlin Island

Mornington Island

Groote Eylandt

Gulf of Carpentaria

Whitetip Reef

Turtlehead Reef

Mystery Cay

DJ Reef

Keppel Island

Central GBR

Great Barrier Reef

Cent

Myst

Thd

Wtip

Grt

Morn

Vand

Cart

Ash

Hib

Scott

Table 6.4: Exact tests of single-locus allelic (above diagonal) and genotypic (below diagonal) differentiation for Aipysurus laevis for 78 pairwise comparisons between 13
locations. For each comparion between location pairs results for loci are given in the following order: AL28_h4, AL106_d11, AL093, AL105_c4, AL104_f6. Cells shaded light
grey were significant at p = 0.05. Cells shaded black were significant after sequential Bonferroni correction (initial alpha = 0.00064)

Table 6.5: Exact tests of regional single-locus allelic (above diagonal) and genotypic
(below diagonal) differentiation for Aipysurus laevis . For each comparion results are
given in the following order: AL28_h4, AL106_d11, AL093, AL105_c4, AL104_f6. Cells
shaded light grey were significant at p = 0.05. Cells shaded black were significant after
sequential Bonferroni correction.Pairwise FST (below diagonal) and RST (above diagonal)
values for regional comparisons follow results of exact tests. Cells in bold type and shaded
grey were significant at p = 0.05 and after Bonferroni correction.
GBR

GoC

Great Barrier Reef

WA
0.036

Gulf of Carpentaria

0.018

Western Australia

0.126

0.001
0.056

0.066

Table 6.6: Regional allelic richness, number of alleles per locus standardised to a sample
size of 20 (Ns), and gene diversity weighted by regional sample size (Hs) for Aipysurus
laevis . Significance tests were based on 15,000 permutations. Values in bold indicate
significant differences at p = 0.05. Comparisons are indicated as follows: * GBR vs. GoC;
† GBR vs. WA No WA vs. GoC comparisons were significantly different.
AL28_h4 Al106_d11 AL093 AL105_c4 Al104_f6 All Loci
Great Barrier Reef
Ns
Hs
Gulf of Carpentaria
Ns
Hs
Western Australia
Ns
Hs

1.98
0.440

1.99*
0.069†

6.84
0.882

2.96†
0.297†

6.08
0.613†

3.25†
0.456†

1.99
0.430

4.23*
0.337

5.81
0.871

3.50
0.428

5.69
0.749

3.44
0.568

1.99
0.473

3.00
0.567†

6.40
0.879

4.77†
0.597†

9.43
0.848†

4.05†
0.661†

6.3.4 Population structure from Bayesian clustering analyses
STRUCTURE analyses recovered highest posterior probabilities of the data for two [L(K:2)
= -3651.5] and three [L(K:3) = -3634.6] clusters (Fig. 6.1a). In addition, posterior
probabilities were similar for other values of K from 1 to 12, while variances increased
markedly as K increased (Fig. 6.1a). Thus, it was not possible to determine the most likely
number of A. laevis populations using the maximum L(K) criteron. Analyses with the locus
AL104_f6 excluded recovered similar results (not shown). The modal value of the
distribution of ∆K was at K = 2 (Fig. 6.1b), however, the relative height of this value was
small, indicating a weak signal in the data (Evanno et al., 2005). Nonetheless, the probability
of assignment for individual genotypes showed evidence of geographical structuring,
particularly for individuals from WA, which were assigned predominantly to one cluster
(population) (Fig. 6.2a). By contrast, the assignment of genotypes from the GBR and GoC
144
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K

Figure 6.1. Alternative criteria for detecting the true number of Aipysurus laevis populations from
multiple clustering simulations of multilocus genotypes implemented in STRUCTURE 2.2.
Fig. 6.1a. Mean values of maximum L(K) ± variance of L(K) across 20 replicate simulations for each
value of K from 1 to 13 (260 simulations in total) indicated two or three natural A. laevis populations
around northern Australia. Fig. 1b: Modal value of ∆K based on the method of Evanno et al. (2005)
indicated two natural populations (see Methods for details on calculating ∆K). However, the relative
height of the modal value was small indicating a weak signal in the data.
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Fig. 6.2d

Fig. 6.2c

Fig. 6.2b

Fig. 6.2a

Great Barrier Reef

Great Barrier Reef

Great Barrier Reef

Great Barrier Reef

Gulf of Carpentaria

Gulf of Carpentaria

Gulf of Carpentaria

Gulf of Carpentaria

Western Australia

Western Australia

Western Australia

Western Australia

Figure 6.2. Clustering of Aipysurus laevis individuals from model-based algorithm implemented in STRUCTURE 2.2 (Pritchard et al. 2000). Each column along the
X-axis represents one A. laevis individual grouped by region (and location) in the same order as Table 6.1. The Y-axis represents the probability of assignment into the
designated number of populations or clusters (K) for each individual. Fig. 6.2a Admixture model without population prior for K = 2. Fig. 6.2b Admixture model with
population prior for K = 2. Fig. 6.2c Admixture model without population prior for K = 3. Fig. 6.2d Admixture model with population prior for K = 3.

Probability of assignment into designated number of clusters for each individual

was mixed between the two clusters (Fig. 6.2a). Analyses incorporating sampling locality
priors indicated four GoC individuals (three males and one female) that were potential recent
migrants (Fig. 6.2b). However, three of these individuals shared the most common GoC
mtDNA haplotype (ALH10) and the fourth individual had the second most common mtDNA
haplotype (ALH12); thus it is unlikely that they were recent migrants. Assigning individuals
to three clusters did not improve geographic structuring among individuals from the GBR
and GoC (Fig. 6.2c). Again, incorporating prior population information appeared to identify
a number of recent migrants in the GoC and GBR (Fig. 6.2d). As these individuals had the
most common mtDNA haplotype of their sampling locations their status as recent migrants
is also unlikely. Moreover, individuals identified as recent migrants in the GoC for two
clusters were not the same as those for three clusters (Figs. 6.2b&d) suggesting anomalies in
the assignment of genotypes to clusters rather than recent migrant individuals. Finally,
independent regional STRUCTURE analyses were not able to resolve the most likely number
of clusters for any region using either the maximum L(K) or the modal ∆K criteria.

6.3.5 Isolation by Distance
The global Mantel test revealed a significant correlation between the genetic distance matrix
based on FST/1-FST and geographic distance matrix (r = 0.556, p < 0.0001) and RMA
regression recovered a positive relationship between genetic and geographic distances across
all locations that explained 30.9% of the variance (Fig. 6.3a). However, there were no
significant within-region relationships between genetic and geographic distances for the
GoC (r = -0.963, p ~ 0.50) or WA (r = 0.616, p < 0.123), or for the partial Mantel tests for
the GBR for longer distances traversing suitable sea snake habitats (r = 0.332, p < 0.210) or
shorter over-water distances between locations (r = -0.491, p ~0.50). For genetic distances
calculated as RST/1-RST there were no significant relationships with geographic distances at
any level of analysis (Fig. 6.3b).

The global regression relationship based on microsatellite allele frequencies had a similar
pattern of greatly increased variances for genetic distances at large geographical distances
(comparisons between locations in different regions) as found for mtDNA (Ch. 3). However,
while there was no geographic structuring among mtDNA genetic distances (Fig. 3.5),
microsatellite FST/1-FST distances formed three clusters that reflected the regional
comparisons involved (Fig. 6.3a). The pattern of IBD across this large geographic scale was
clearest when FST/1-FST distances were plotted against untransformed geographic distances
(Fig. 6.4). Comparisons between GBR and GoC locations formed a cluster comprising the
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Figure 6.3. Reduced Major Axis regressions showing relationships between Aipysurus laevis genetic and geographic
distances for all 13 locations and separately for each region. Comparisons between locations within and between
regions are indicated by different symbols shown in the key. Fig. 6.3a Genetic distances based on IAM (FST/1-FST).
Mantel tests indicated a significant global effect of isolation by distance (IBD) but no effect of IBD within each region.
Fig. 6.3b Genetic distances based on SMM (RST/1-RST). There was no significant IBD at any level of analysis.
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Figure 6.4. Regression relationship between Aipysurus laevis microsatellite genetic distances calculated as FST/1-FST
and untransformed geographic distances between location pairs in different regions. Genetic distances were structured
both by the pairs of geographic regions and geographic distance between location pairs.
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smallest genetic distances, while comparisons between GBR and WA had the largest genetic
distances, and comparisons between the GoC and WA were intermediate (Fig. 6.4).

6.3.6 Gender-biased dispersal not supported by nuclear or mitochondrial DNA
Genetic structure and partitioning of genetic variation for microsatellite allele frequencies
was the same for males (FST = 0.077) and females (FST = 0.078). AMOVA based on mtDNA
genetic distances recovered stronger genetic structure for males (ØST = 0.846) than for
females (ØST = 0.726), with regional subdivision accounting for ~65% of genetic variation
for males and ~60% for females, and differences among locations within regions accounting
for ~20% of genetic variation for males compared with ~13% for females (p < 0.0001 for all
variance components). Further evidence that dispersal is not biased towards males comes
from haplotype distributions in the Swain Reefs and Keppel Island. These two locations each
had one different common haplotype (Swain Reefs – ALH03; Keppel Island – ALH01) and
did not share rare haplotypes. However, two Keppel Island individuals had the common
Swain Reefs haplotype and three Swain Reefs individuals had the common Keppel Island
haplotype (see Ch. 3; Fig. 3.4). If these individuals had been males they may have been
recent migrants, thus supporting male dispersal. However, both Keppel Island individuals
with the common Swain Reefs haplotype (ALH03) were females, as was one of the three
Swain Reefs individuals with the common Keppel Island haplotype (ALH01). In the absence
of paternal leakage (Zouros et al., 1992; Magoulas & Zouros, 1993) this result indicates that
females with anomalous haplotypes have either recently dispersed and been sampled in their
new locations, or inherited their haplotypes from females that dispersed in the past. Either
scenario indicates that dispersal was by females and not by males. The higher levels of
shared haplotypes among other locations precluded this direct inference of female dispersal.

6.4 Discussion
Patterns of hierarchical population structure and distribution of genetic diversities recovered
by five nuclear microsatellites for A. laevis around northern Australia were congruent with
those found at the mitochondrial ND4-tRNA locus (Ch. 3). Multilocus genotype clustering
analyses resolved two or three natural subdivisions that corresponded to the upper (regional)
hierarchical level, and FST estimates between locations in different regions were structured by
both the magnitude of geographic distance between locations, and the regions involved (Fig.
6.4). These results reflect both the legacy of divergent colonisation histories for A. laevis on
WA reefs, where populations have probably persisted over numerous glaciation cycles,
compared with the more recently colonised GBR and GoC (Ch. 3), and patterns of
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contemporary gene flow. Nonetheless, while most genetic variation among mitochondrial
matrilines was partitioned among regions and locations, the opposite was true for
microsatellites, with most genetic diversity occurring within locations. Consequently FST
estimates for microsatellites were at least an order of magnitude smaller than for mtDNA. In
addition, FST statistics based on differences in microsatellite allele size (RST) performed
poorly and did not recover a geographic pattern of population genetic structure (Fig. 6.1b).
Despite weaker genetic structure for nuclear than mitochondrial DNA, there was no support
for male-biased dispersal. Discrepancies between the two marker classes are, therefore, the
result of differences in their relative effective population sizes, mutation rates, modes of
inheritance (Birky et al., 1983, 1989), and stochastic sampling processes. Ultimately,
comparison between the mitochondrial and nuclear markers revealed the importance of
recent colonisation events for shaping regional patterns of population divergence and genetic
diversity for A. laevis around northern Australia for both marker classes.

6.4.1 Comparison between mitochondrial & nuclear markers and gender-biased dispersal
For both nuclear and mitochondrial markers highest genetic diversity and strongest
population subdivision occurred among WA reefs, while lowest genetic diversity occurred in
the GBR and GoC (Tables 6.6 & 3.1) and there was no population subdivision within the
GoC (Tables 6.3 & 3.4). However, the strong within-GBR population subdivision between
Keppel Island, the Swain Reefs, and the central GBR recovered using mtDNA (Tables 3.3 &
3.4) was not found using microsatellite markers (Tables 6.3 & 6.4). This anomaly is best
explained by the recent independent colonisation of the Swain reefs and Keppel Island by A.
laevis from lineages with divergent mtDNA haplotypes but with similar nuclear allele
frequencies. All microsatellite loci had uni-modal allele frequency distributions and four loci
had few common and varying numbers of rare alleles. This allelic pattern, also found for
mtDNA in each region (Fig. 3.4), is consistent with the recent demographic expansion
events (Reich & Goldstein, 1998) predicted for shallow-water marine organisms in the
newly created shallow-water habitats by marine transgressions of Australia’s continental
shelf during Pleistocene interglacial periods (see Ch. 3 for details).

Despite similar patterns of population structure, estimated population subdivision between
locations and regions for A. laevis at microsatellite loci (Tables 6.3 & 6.5) was at least one
order of magnitude lower than corresponding mtDNA estimates (Tables 3.4 & 3.5). Stronger
population subdivision at mitochondrial than nuclear loci may be the result of male-biased
dispersal, however, neither the mtDNA nor nuclear data supported gender-biased dispersal
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by A. laevis. Hierarchical AMOVA recovered almost identical partitions of genetic variation
for males and females for both marker classes, and the five individuals with anomalous
mtDNA haplotypes at Keppel Island and the Swain Reefs (individuals with the common
haplotype of the other location) comprised three females and two males, suggesting that both
genders occasionally disperse over large spatial scales. This result is not consistent with
mark-recapture estimates of dispersal over small spatial scales, which indicated that only
male A. laevis moved between adjacent Keppel Island reefs (Lynch, 2000). Nonetheless
occasional ‘chance’ dispersal events by males and females during storms could account for
discrepancies between the results from tagging studies and the molecular data. Additional
tagging studies comparing movement patterns of males and females across larger spatial
scales would be needed for direct comparison with the molecular data; however, because of
the generally low dispersal predicted from mtDNA (Ch. 3) and other logistical challenges of
conducting mark-recapture studies of cryptic marine species, such studies may be unfeasible.
An alternative method for estimating gender-biased dispersal involves calculating the
numbers of male and female migrants from FST estimates and its analogues (see (Castella et
al., 2001) for equations). However, this method assumes mutation-drift equilibrium and an
island model of migration. Given the recent demographic and range expansion documented
for A. laevis (Ch. 3) and the linear ‘stepping-stone’ arrangement of populations around
Australia’s coastline, these assumptions seem unrealistic. In addition, calculations require
estimates of effective numbers of males (Nem) and females (Nef), in ratios that reflect the
species’ breeding system (Castella et al., 2001). Effective population size estimates are not
available for A. laevis or other sea snake species, making this approach untenable. Although
clustering analyses with population-priors detected potential recent migrants between
regions (Fig. 6.1c & d), mitochondrial data did not support recent migration by these
individuals and it is more likely that these individuals had anomalous multilocus genotypes
that were difficult to assign. This scenario is likely given the small number of loci used and
their generally low polymorphism.

In the absence of male-biased dispersal, the stronger partitioning of mitochondrial than
nuclear genetic diversity is accounted for by marker-specific mutation rates, modes of
inheritance, genomic sampling variances (Birky et al., 1983, 1989), and the tendency for
polymorphic microsatellites to underestimate population subdivision (Hedrick, 1999;
Balloux et al., 2000). Stronger population structure for mtDNA than nuclear loci, predicted
from the four-fold smaller effective population size for the haploid, maternally inherited
mitochondrial genome, has been reported for many marine species including fishes
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(Buonaccorsi et al., 1999, 2001), mammals (Hoelzel et al., 2002), and turtles (Karl et al.,
1992; FitzSimmons et al., 1997b). Simulations of nuclear and mtDNA demonstrated that,
despite sharing identical (simulated) population histories, the means and variances of FST
estimates differed substantially between marker classes (Buonaccorsi et al., 2001). Sampling
variance (genetic drift) resulted in much larger variances among FST estimates for mtDNA
than for nuclear markers. This pattern was most pronounced at low levels of gene flow
(Buonaccorsi et al., 2001). For simulated values of Nem = 1, 95% CI of FST estimates for
nuclear markers ranged from 0.05 to 0.15, whereas for mtDNA 95% CI of FST ranged from
0.0006 to 0.70 (Buonaccorsi et al., 2001). Although FST estimates for A. laevis are not
directly comparable with FST estimates from the simulations of Buonaccorsi et al., (2001), it
is interesting to note that global FST estimates for A. laevis for microsatellites (0.059) and
mtDNA (0.610) fall within simulated 95% CI’s for microsatellites and mtDNA respectively.
More importantly, despite differing by an order of magnitude, FST estimates among A. laevis
populations are easily accommodated within the large ranges of possible values for the two
marker classes at low levels of dispersal (Nem = 1).
6.4.2 Effect of mutation model: FST versus RST
Population subdivision over larger spatial scales was more pronounced when analysed using
the IAM than the SMM, however there was no difference in the magnitude of estimates over
smaller spatial scales. Locations in different regions that were strongly structured for
mtDNA, showed significant differentiation for microsatellite allele frequencies (FST)
however this was not true for variances in allele sizes (RST) (Table 6.3). This pattern is not
consistent with theoretical expectations (Slatkin, 1995) and many empirical studies (Estoup
& Angers, 1998; Balloux et al., 2000; Natoli et al., 2004), which suggest that strongly
structured populations, which have low migration rates and/or long divergence times, will
have larger RST than FST estimates. Over smaller spatial scales and/or when populations are
weakly structured, FST estimates are predicted to be larger than RST (Gaggiotti et al., 1999;
Balloux & Lugon-Moulin, 2002), however there was no difference in the magnitude of FST
and RST estimates among weakly differentiated A. laevis locations within regions, a finding
consistent with other empirical studies (Estoup & Angers, 1998; Natoli et al., 2004).

The relative performance of FST and RST is, however, not only determined by the strength of
differentiation among populations. Indeed, high mutation rates and unknown mutation
models for microsatellite loci are the primary factors complicating the use of F-statistics for
estimating the magnitude of differentiation among populations. FST is expected to perform
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better than RST when mutation rates are relatively low over short time frames (Gaggiotti et
al., 1999; Balloux & Lugon-Moulin, 2002) whereas RST should be larger than FST when
mutation rates are high (Slatkin, 1995; FitzSimmons et al., 1997b; Balloux et al., 2000).
Mutation rates for the five A. laevis loci are unknown, however most had low levels of
polymorphism. While low polymorphism may be the result of strong allele size constraints
or recent population bottlenecks, it also indicates low mutation rates potentially accounting
for the larger FST estimates of population subdivision. In addition, RST only out-performs FST
when a newly generated allele is more similar to its previous allelic state than randomly
selected alleles (SMM), sometimes described as memory in the mutation process (Balloux et
al., 2000). However, direct studies of microsatellite mutations have highlighted the complex
mutation models for many loci (FitzSimmons, 1998; Primmer et al., 1998), which
consequently do not conform to the SMM (Estoup et al., 1995). (Estoup & Angers, 1998)
stressed the importance of selecting loci with similar and easily assessable mutation
parameters, ideally loci that obviously follow the SMM and with large allelic size ranges.
Allelic patterns for each of the five A. laevis microsatellite loci, namely the presence of all
possible allele sizes within the size ranges (data not shown), suggest that these loci evolve
according to the SMM rather than the IAM. However, given that 1) it is not possible to
conclusively infer underlying mutation models from allelic patterns; 2) most A. laevis loci
had small allelic size ranges; and 3) the absence of other loci for this species, considerably
more work will be needed to implement the strategy of (Estoup & Angers, 1998).

6.4.3 Evolutionary perspectives
The conjoint use of mtDNA and microsatellite markers provided further insights into the
importance of recent colonisation dynamics around northern Australia for observed patterns
of genetic diversity and population structure for A. laevis at both nuclear and mitochondrial
loci. Regional patterns of genetic diversity and population structure were highly congruent
between the two marker classes when analysed using equilibrium statistics, and coalescent
(mtDNA) and Bayesian (microsatellites) models. Strong regional differentiation for both
nuclear and mitochondrial genomes, and higher genetic diversity in WA than the GoC and
GBR, appears to be the historical legacy of longer-term persistence of A. laevis on WA reefs
relative to the recent colonisation of the GBR and GoC (Ch. 3). Similar patterns and levels
of regional population structure have been reported for green turtles, Chelonia mydas, at
both nuclear and mitochondrial loci (FitzSimmons et al., 1997b). Population subdivision was
also several orders of magnitude larger for maternally than biparentally inherited loci,
however mtDNA indicated that both males and females were philopatric to rookeries
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(FitzSimmons et al., 1997a). Moreover, estimated regional divergences for C. mydas
microsatellites revealed the same pattern of larger FST than RST estimates found for A. laevis.
FitzSimmons et al., (1997) attributed this pattern to low mutation rates although loci
averaged between 10 and 37 alleles. One other condition for which FST is expected to be
larger than RST is among recently diverged populations (Gaggiotti et al., 1999; Balloux &
Lugon-Moulin, 2002). The pattern of stronger regional divergence in allele frequencies than
allele sizes for A. laevis and C. mydas microsatellites in northern Australia may, therefore,
reflect the recent colonisation of shallow-water habitats in this region. Further genetic
studies of marine populations around northern Australia are required to evaluate the
generality of this pattern.

Finally, the structured pattern of genetic distances (measured as FST/1-FST) between locations
in the GBR v. GoC, GoC v. WA and GBR v. WA (Fig. 6.4) appears to reflect both recent
colonisation dynamics and the influence of contemporary gene flow. Despite being separated
by almost identical geographical distances, divergences between recently colonised GBR
and GoC locations were lower than between GoC and WA locations. This pattern is highly
congruent with mtDNA evidence that the GBR and GoC were both recently colonised by A.
laevis from east coast populations (Ch. 3). Nonetheless, genetic distances between locations
in adjacent GoC and WA are smaller than between the geographically distant GBR and WA
(Fig. 3.1) suggesting some contemporary gene flow that follows a pattern of isolation-bydistance. Thus, regional genetic divergences can by explained by the combined effects of
historical and contemporary processes for both microsatellite and mitochondrial loci.
However, despite the potentially higher information content of polymorphic microsatellite
markers, the loci used in this study did not improve resolution of fine-scale patterns of
population structure in A. laevis. Additional nuclear markers will be needed to evaluate
contemporary levels and patterns of gene flow for this species.

6.5 Chapter Summary
This chapter further explored the population genetic structure of Aipysurus laevis using five
polymorphic nuclear microsatellite markers and the same suite of individuals previously
sequenced for the mitochondrial ND4-tRNA region (Ch. 3). Patterns and levels of
population subdivision and gene flow were compared between the two marker classes and
revealed similar geographic patterns in the distribution of genetic diversity patterns and of
genetic structure. Microsatellite allelic richness and genetic diversities were highest in WA
and lowest in the GBR and GoC. This pattern was also found for mtDNA and further
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supports the hypothesis that A. laevis populations on Timor Sea reefs are older than
populations in the GBR and GoC (Ch. 3). Both marker classes revealed distinct regional
population structure however levels of genetic subdivision were much stronger for mtDNA
than nuclear microsatellites. Tests for gender-biased dispersal for both marker classes did
not recover evidence of male-biased dispersal. The observed discrepancies in the levels of
subdivision were, therefore, attributed to differences in their effective population sizes,
mutation rates, modes of inheritance and stochastic sampling processes. F statistics based on
the infinite allele model (IAM - FST) performed better for microsatellites than estimates
based on the stepwise mutation model (SMM - RST), and there was a significant relationship
between geographic and IAM genetic distances. In addition, FST/1-FST estimates between
locations in different regions were grouped according to the pairs of regions involved.
Overall the results from both marker classes indicated that the genetic structure for A. laevis
around northern Australia is the result of the combined effects of Pleistocene sea level
fluctuations that influenced the colonisation dynamics of this region and contemporary
levels of gene flow.
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Chapter 7
Distribution of Aipysurus laevis in the southern GBR:
metapopulation dynamics, marine protected areas & conservation
Concerns about adverse human impacts on
tropical marine biota have resulted in the
need for information to evaluate the
resilience of marine taxa to environmental
perturbations. Essential information for
these evaluations includes spatial and
temporal distribution and abundance
patterns of marine taxa, and levels of
connectivity among populations. Such basic
information has been virtually non-existent
for hydrophiine sea snake species. This
thesis has documented strong population
subdivision and restricted gene flow for the
olive sea snake, Aipysurus laevis. Local
populations appear relatively isolated and,
if subject to extinction, may not re-establish
by dispersal. This chapter documents longterm patterns of distribution for A. laevis in
the southern GBR and explores the potential
of networks of marine protected areas to
ensure the persistence of this species.
A version of this chapter has been published as:

Lukoschek, V., Heatwole, H., Grech, A.,
Burns, G. and Marsh, H. (2007)
Distribution of two species of sea snakes,
Aipysurus laevis and Emydocephalus
annulatus, in the southern Great Barrier
Reef: metapopulation dynamics, marine
protected areas and conservation.
Coral Reefs 26: 291-307
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7.1 Introduction
Escalating concerns about the adverse impacts of humans on coral reefs and their biota have
generated a need for information on spatial and temporal variation in the distribution and
abundance of taxa, levels of connectivity among subpopulations, and the processes driving
these patterns. This information underpins the development of management strategies that
will ensure the long-term survival of coral reef ecosystems. Patterns of distribution and
abundance are the result of numerous interacting factors including mode of reproduction,
and the direction and frequency of dispersal, which differ considerably among taxa. The
availability of suitable habitat and other resources, and larger-scale oceanographic processes
also influence the distribution of taxa.

Metapopulation theory has traditionally been used to describe the population dynamics
among spatially discrete but interconnected populations in highly fragmented terrestrial
habitats (Hanski, 1989, 1999; Hanski & Simberloff, 1997). The open nature of the marine
environment long supported the notion that marine populations were largely panmictic with
potentially few barriers to dispersal. However, numerous population genetic studies have
revealed strong genetic structuring among marine populations indicating that marine systems
are also spatially structured. Indeed, many marine habitats (such as coral reefs) comprise
discrete patches of suitable habitat, where animals preferentially live and reproduce,
separated by unsuitable habitats. Connectivity among spatially isolated subpopulations is
facilitated, to a greater or lesser extent, by dispersal of adults, juveniles and/or larvae. The
realisation that marine systems are also spatially structured has resulted in the application of
metapopulation theory for exploring the dynamics of subpopulations in marine systems.
Indeed, although not always stated explicitly, metapopulation theory underpins many recent
studies of the resilience of marine populations and the optimality of alternative management
strategies, including the effectiveness of designs of networks of protected areas (Smedbol &
Wroblewski, 2002; Grimm et al., 2003; Palumbi, 2003, 2004; Kritzer & Sale, 2004).

Information from many sources provides insights into the metapopulation dynamics of taxa.
Data from molecular analyses of genetic subdivision and gene flow allow indirect estimates
of connectivity and movement among subpopulations. Although direct tagging studies are
needed to definitively quantify movement patterns, distribution and abundance information
provide additional insights into the degree of spatial structuring and connectivity among
subpopulations. Studies documenting distribution and abundance patterns of marine taxa
have focused primarily on coral and fish species, and considerable effort is being made to
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determine levels of connectivity among subpopulations of these taxa (Armsworth, 2002;
Kinlan & Gaines, 2003; Jones et al., 2005; Bode et al., 2006; Cowen et al., 2006). In
contrast, basic data on the distribution and abundance of sea snake species are scant in the
published literature and, despite sea snakes being a conspicuous component of the marine
fauna in many tropical marine habitats and locations, population processes and patterns of
connectivity among subpopulations are virtually unknown. Yet sea snakes are potentially
threatened by the many processes degrading tropical marine habitats (Wilkinson, 2004), and
information about the specific details of the metapopulation dynamics of sea snake species
will have important implications for their conservation and management.

Australia’s hydrophiine sea snakes are characterised by high levels of endemism,
evolutionary uniqueness and diversity. As such, the biodiversity and conservation value of
Australia’s sea snakes has been formalised in Australia’s Commonwealth Environment
Protection and Biodiversity Conservation Act 1999 (EP&BC Act - Section 248,
Commonwealth of Australia 1999)(Commonwealth of Australia, 1999) which classifies all
marine hydrophiines as listed marine species. Despite this listing, and the special protection
afforded under the provisions of the Act, there is currently no specific conservation plan for
any sea snake species in Australian waters. In recent years, however, there has been a strong
focus on creating networks of marine protected areas (MPAs) around Australia. As part of
this process a new zoning plan, the Great Barrier Reef Marine Park Zoning Plan 2003, was
implemented in July 2004 (GBRMPA, 2003).

The GBRMP was first declared in 1975 and a series of zoning plans were implemented for
the four main sections (and other small areas) of the GBR region. These (prior) zoning plans
only placed 4.5% of the GBRMP in No-take areas. Coral reef bioregions, which comprise
5.64% of the total area of the GBRMP, were afforded disproportionately more protection
(24.4% in No-take areas) than other bioregions (Day et al., 2000). Both the prior and the
new zoning plans control the distribution of activities through a network of No-take areas.
However, the new zoning plan protects more than 33% of the entire GBRMP and at least
20% of each of the 30 reef and 32 non-reef bioregions. Its stated aims are to: 1) allow
species to evolve and function undisturbed; 2) provide an ecological safety margin against
human-induced disasters; 3) provide a solid ecological base from which threatened species
or habitats can recover or repair themselves; and 4) maintain ecological processes and
systems (Stokes & Dobbs, 2001). This system of No-take areas was developed in the context
of the Representative Areas Program (GBRMPA, 2004), and the configuration of No-take
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areas was based, in part, on information about levels of connectivity among habitats
(Fernandes et al., 2005). The rezoning has, therefore, created an opportunity to document
and evaluate the responses of different species groups to the implementation of a network of
No-take areas within the GBRMP. However, in order to evaluate post-implementation
responses, pre-rezoning data need to be available for comparison.

As stated previously, detailed data about the distribution and abundance of sea snake species
are virtually non-existent. There are three main reasons for this: 1) logistical difficulties
associated with directly counting sea snakes; 2) sea snakes have generally been given low
priority in surveys that monitor the status and trends of marine fauna; and 3) few researchers
focus their attentions on sea snakes. Distributional patterns of sea snakes have been inferred
from studies assessing the spatial and temporal variation in sea snake species composition
and abundance in by-catch from trawl fisheries (Redfield et al., 1978; Wassenberg et al.,
1994; Ward, 1996a, b; Stobutzki et al., 2000; Fry et al., 2001). However, evaluating the
temporal stability of distribution patterns from by-catch data is problematic, as these data
have inherent sources of error that are difficult to quantify (Stuebing & Voris, 1990;
Stobutzki et al., 2000). Moreover, trawl by-catch studies provide little information on sea
snake species that prefer coral reef habitats, such as A. laevis, as they are rarely captured in
trawls.

Aipysurus laevis occurs in large numbers in the southern GBR’s Swain and Pompey reefs
complexes. Within this region patchiness occurs at the level of individual reefs: A. laevis is
abundant on some reefs yet absent on adjacent reefs, despite reefs being in close proximity
(generally less than 5 km apart), separated by water depths less than 50 m (Hopley & Davies,
1986), and there being no obvious ecological differences between reefs where A. laevis occurs
and where it is absent. This patchy distribution suggests that, in this region A. laevis may
function as a metapopulation and that levels of connectivity amongst subpopulations on reefs
vary. This chapter explores the fine-scale distribution pattern of A. laevis in the southern GBR
based on a long-term data set1 of surveys of 90 reefs in the Swain and Pompey reefs region
conducted over a 35-year period. These data provide the most comprehensive information
about the spatial and temporal patterns of distribution of any hydrophiine sea snake species
1

Harold Heatwole conducted most of the surveys that form the basis of the data set presented in this chapter.
He very generously made these data available to me for analysis, and agreed that I could present the results as
part of this thesis. This situation arose after I contacted him to discuss my intent to survey a subset of
previously surveyed reefs in this region during the field trip in which I also collected tissue samples for
molecular analyses.
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available and represent useful pre-rezoning baseline information for future comparisons. The
data set was used to summarise presence-absence patterns of A. laevis aggregations on the 90
surveyed reefs, explore the spatial and temporal dynamics of subpopulation for 38 of the 90
reefs that were surveyed more than once, and investigate spatial factors that may underlie the
observed patterns.

7.2 Materials and Methods
7.2.1 Study area
Surveys were conducted in the Pompey and Swain Reefs complexes that lie between 20°50'
S and 22°30' S, and 151°20' E and 152°50' E. These intricate reef mosaics comprise over 300
mostly small, flat-topped coral reefs, as well as numerous individual coral formations. More
than 40 of the reefs in this region support small coral cays less than 500 m in length. The
prevailing trade winds for most of the year are from the southeast. The Pompey reefs tend to
be sheltered from oceanic swells by two intersecting walls of reefs that lie to the southeast
(Fig. 7.1). By contrast, the Swain reefs complex is unusually exposed within the GBR, as it
lies separated from coastal reefs by a deep-water channel approximately 150 km wide; thus,
reefs on both the east and west sides of the Swain reefs complex are subject to more intense
wave action than interior reefs (see http://mmu.jcu.edu.au/atlas/atlas.shtml for wave
intensities over the past 50 years). Tidal ranges in the southeast region of the GBR are high:
6 m on the inner reefs and approximately 4 m on the outer reefs (Hopley & Davies, 1986).

7.2.2 Surveys
Presence/absence data for A. laevis were collected during 23 surveys conducted between
1967 and 2002. Surveys prior to 2001 were conducted opportunistically by H. Heatwole
during seabird surveys in the Swain and Pompey reefs regions, with two exceptions: 1) the
summer 1984/5 survey (56 reefs) conducted by Burns and Heatwole specifically for sea
snakes, and 2) the summer 1985/6 survey (34 reefs) conducted by T. Ayling during general
coral reef surveys. The 2001 survey (22 reefs, conducted by V. Lukoschek) specifically to
resurvey a subset of previously surveyed reefs (Burns, 1984). Most surveys were conducted
during winter (June to August) or summer months (December to February), primarily for
logistical reasons. Altogether 90 individual reefs were surveyed (Fig. 7.1): 52 reefs surveyed
once, 21 reefs surveyed twice, seven reefs surveyed three times, three reefs surveyed four
times, two reefs surveyed five times, and five reefs surveyed more than five times. Reefs are
identified by unique numbers generated by the GBRMPA for use on survey maps (Fig. 7.2).
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Figure 7.1. Map of study area in the Pompey and Swain reefs complexes, southern Great Barrier Reef, showing the locations of the 90 reefs (shaded black)
surveyed one or more times for Aipysurus laevis between 1967 and 2002 and the direction of prevailing trade winds from the southeast.
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Although survey methods varied between surveys, a minimum of one hour was spent either
on manta tow or SCUBA at each reef in all surveys. In most cases the entire reef was
circumnavigated using the manta tow procedure described by Bass & Miller (1996) and used
by the Australian Institute of Marine Sciences (AIMS) Long-Term Monitoring Program.
SCUBA surveys were aimed at finding sea snakes if they were present and involved
searching the maximum area of suitable sea snake habitat (on each reef) possible in one
hour. These surveys were not designed to generate abundance estimates and the distances or
areas covered during surveys were not quantified. However, Burns (1984), used markrecapture techniques to obtain independent yearly abundance estimates of between 2,000 and
3,000 A. laevis individuals on Mystery Reef (21258, Fig. 7.2, reef area = 8.06 km2) for 1982,
1983 and 1984. Aipysurus laevis densities on other reefs where populations were present
were not qualitatively different than at Mystery Reef. Experience from the dedicated sea
snake surveys of 1984/5 and 2001 also indicated that, if A. laevis was present on a reef, it
was abundant and easily found, whereas if A. laevis was not seen within the first 10 minutes
of searching, then an hour of searching would not reveal its presence on a reef. These results
suggest that the level of effort used in these surveys was adequate to assess confidently
whether A. laevis was present or absent on reefs.

7.2.3 Spatial Analysis
Geo-referenced digital data for edges of reefs in the Swain and Pompey regions were
obtained from GBRMPA. The Geographical Information System (GIS) ArcView 3.3
(Environmental Systems Research Institute, Redlands, California, 2002) was used to
construct a spatial database for the study area from which the following information was
extracted for each of the 90 reefs surveyed: total reef area (km2), wet reef area (km2), reef
perimeter (km), and latitude and longitude (decimal degrees) (Table 7.1). The perimeter-area
ratio for each reef was calculated using the perimeter (km) and total reef area (km2) and
provides an index of reef shape.
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Table 7.1: Description of variables used in analyses of factors affecting the distribution of
Aipysurus laevis in the southern Great Barrier Reef.
Variable
Status of sea snake species
Latitude
Longitude
Perimeter
Total reef area
Wet reef area
Perimeter-area ratio
Exposure index
Sand cay

Character
Biotic
Spatial
Spatial
Physical
Physical
Physical
Physical
Physical
Physical

Type
Categorical
Numeric
Numeric
Numeric
Numeric
Numeric
Numeric
Numeric
Categorical

Values
Present, absent, changed
20º56'38''S - 22º22'59''S
150º39'36''E - 152º46'52''E
2.15 - 39.49 km
0.16 - 58.34 km2
0.16 - 30.61 km2
0.68 - 13.38
0 - 70
Present, absent

In order to test the prediction that wave intensity was a possible factor affecting the
distribution of sea snakes in this region, an index of exposure was calculated for each reef
following the methodology of Poutinen (2004)}. The Radiating Lines Vs1.1 (Jennes
Enterprises, Flagstaff, Arizona, 2006) extension in ArcView 3.3 was used to generate 48
fetch lines, each 50 km in length, at intervals of 7.5 degrees in all directions around each
reef. Fetch lines that did not intersect with other reefs were considered as having unlimited
fetch. Unlimited fetch lines oriented from 0° to 210° were given twice the weight of fetch
lines oriented from 210° to 360°, as a means of accounting for the increased wave action
resulting from either the prevailing south easterly trade winds or the north easterly
monsoonal winds (summer). The sum of the weighted and unweighted unlimited fetch lines
was used as an index of exposure for each reef. Reefs were also classified according to
whether they had sand cays or not, in order to test Burns (1984) prediction that olive sea
snakes were less likely to be found on reefs with sand cays than on those without cays.

7.2.4 Prior and current zoning
Both the prior and current zoning plans for the Great Barrier Reef Marine Park have eight
levels of zoning. These zones afford increasing levels of protection through the restriction of
a range of activities, including commercial and recreational fishing and tourism activities.
Although there are some differences in the detailed regulations of the eight zones between
the prior and current zoning plans, they are broadly similar and, for the purpose of
comparison, can be grouped into two categories: 1). Open areas, zoned General Use and
Habitat Protection, which are primarily distinguished from each other by the fact that
trawling is not permitted in Habitat Protection Zones; and 2). No-take areas, primarily zoned
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Marine National Park but including all six levels of zoning that are afforded high levels of
protection (see GBRMPA 2003 for details of the eight levels of zoning).

The zoning status (Open vs No-take) of the 90 reefs surveyed was determined for both the
prior and current zoning plans from detailed zoning maps (current zoning maps are available
at http://www.gbrmpa.gov.au/corp_site/management/zoning/zoning_maps.html). Under
the prior zoning plan some reefs comprised a composite of Open and No-take areas;
however, in all cases most of the area of a reef was either zoned Open or No-take, and reefs
were categorised accordingly. The current zoning plan was developed according to a number
of biophysical operational principles (Fernandes et al., 2005), one of which was to avoid
fragmentation; thus, under the current zoning plan, all reefs could unambiguously be
designated as Open or No-take. The combined total reef areas of reefs zoned Open or Notake, under the prior and current zoning plans, were also extracted from the spatial database
for all 90 reefs surveyed and for reefs in each status category (present, changed, absent) for
each species.

7.2.5 Data analyses
Classification tree analyses were used to examine the influence of spatial and physical
(explanatory) variables, and prior zoning status, on the distribution patterns of each sea
snake species (response variables). Classification tree analysis explains the variation in a
single response variable (presence, absence or changed status, for each species on individual
reefs) by repeatedly splitting the data (binary splits) into increasingly more homogenous
groups based on a single explanatory variable (in this case one of the reef characteristics
described above), and may be considered a form of variable selection (Venables & Ripley,
1999; De'ath & Fabricius, 2000). Classification trees are particularly well suited for
analysing relationships between variables that are non-linear and involve higher order
interactions, and are therefore appropriate for these kinds of spatial data (De'ath & Fabricius,
2000). Classification tree analyses were performed for each species in the R statistical
package Version 2.0.1 (R Foundation for Statistical Computing 2004) using the RPART
(Recursive PARTitioning) Version 3.1-20 library addition (Venables & Ripley, 1999). The
impurity of nodes was measured using the default RPART impurity criterion, the Gini index,
which takes the form 1 - ∑ c2, where c is the proportion of responses in each category. Thus,
a completely homogenous node has a Gini index value of zero, and values increase with
increased impurity of a node (Venables & Ripley, 1999; De'ath & Fabricius, 2000).
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RPART’s V-fold cross-validation (V = 10) function was used to obtain estimates of error
rates for trees of a given size. Each ten-fold cross-validation was run in the following
manner: 1) the data were partitioned into ten mutually exclusive subsets, of approximately
the same size; 2) nine subsets were used to build a tree to predict the responses of the
remaining subset; 3) the estimated error rate was calculated for each subset and summed
over all subsets. Steps 2-3 were repeated for each size of tree (De'ath & Fabricius, 2000).
Selection of the best tree size was based on two rules. The minimum cross-validation error
rule simply selected the tree with the smallest cross-validation error rate as the optimal-sized
tree, whereas the 1-SE rule selected the smallest tree that had an estimated error rate within
one standard error (SE) of the minimum (Breiman et al., 1984; De'ath & Fabricius, 2000).
Fifty replicate ten-fold cross-validations were run for each of four combinations of
explanatory and response variables (see below) for each species, and the optimal tree size
was tallied from the cross-validation error tables using both the minimum cross-validation
error and 1-SE rules. This approach allowed us to examine the degree of variation in size of
the best tree, and to ensure that the chosen tree was not atypical (De'ath & Fabricius, 2000).

Four combinations of explanatory and response variables were analysed by classification
tree analyses. The first included all nine explanatory variables (Table 7.1) and the three
possible categorical responses (present, absent, changed). The second included all nine
explanatory variables but excluded the 14 reefs on which the status of A. laevis had changed.
To evaluate the importance of the six physical variables and prior zoning status (independent
of the spatial location of reefs), both analyses were repeated with latitude and longitude
excluded. All analyses were initially run using the RPART default parameter setting for
determining the smallest size of nodes to be considered for further splitting (minsplit = 20);
however, as this approach appeared to grow unduly small trees, each analysis was repeated
to allow nodes comprising as few as nine reefs (10% of the dataset) to be split.

7.3 Results
7.3.1 Summary of surveys
Aipysurus laevis was present on 28 reefs and absent on 24 reefs that were surveyed once
(Fig. 7.2, Table 7.2). For the 38 reefs surveyed more than once A. laevis was consistently
recorded as present on ten reefs and consistently recorded as absent on 14 reefs. Of the four
reefs surveyed more than five times, A. laevis was consistently present on two, Mystery Reef
(21258) and Surprise Reef (21554), (surveyed eleven and six times respectively), and
consistently absent from the other two, Gannet Cay (21556) and Frigate Cay (21511),
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Table 7.2: Status of Aipysurus laevis on 90 reefs in the Pompey and Swain reefs complexes,
southern Great Barrier Reef surveyed between 1967 and 2002, including current and prior zoning
status. Present - present all surveys. Absent - absent all surveys. Changed - present some surveys
but not others. # surveys - number of surveys per reef. Current Zoning - as per the GBRMPA 2003
Zoning Plan. Prior Zoning - as per Zoning Plans implemented between 1975 and 2003
Reef name

Reef ID

# surveys

Riptide Cay

21172

Bacchi Cay

21495

Thomas Cay

Aipysurus laevis

Current Zoning

Prior Zoning

1

absent

No-take

No-take

4

absent

No-take

No-take

21497

2

absent

No-take

No-take

21500

2

absent

Open

No-take

21507

2

absent

No-take

No-take

21509

2

absent

No-take

No-take

Frigate Cay

21511

7

absent

No-take

No-take

Detour Reef

21514

2

absent

No-take

No-take

Price Cay

21518

3

absent

No-take

No-take

Turtle Reef

21519

3

absent

No-take

No-take

21280

1

absent

No-take

No-take

21435

2

changed

No-take

No-take

Recreation Reef

21501

5

changed

No-take

No-take

Isobel Reef

21505

2

changed

Open

No-take

21551

3

changed

No-take

No-take

21206

1

present

No-take

No-take

21133

1

present

No-take

No-take

20352

1

absent

Open

Open

21072

1

absent

Open

Open

21143

1

absent

Open

Open

21294

1

absent

No-take

Open

Distant Cay

Lou's Reef

21296

1

absent

No-take

Open

Little Baron Reef

21467

1

absent

Open

Open

Turrum Cay

21486

1

absent

Open

Open

Gannet Cay

21556

8

absent

No-take

Open

21566

1

absent

Open

Open

21585

1

absent

No-take

Open

22084

1

absent

No-take

Open

22095

1

absent

Open

Open

22102

1

absent

Open

Open

22103

1

absent

Open

Open

22106

1

absent

Open

Open

Chinaman Reef
Rubble Reef

22112

1

absent

Open

Open

Taiwan Reef

22124

2

absent

Open

Open

Gator Reef

22130

1

absent

Open

Open

Sunray Reef

22131

1

absent

Open

Open

Sweetlip Reef

22140

4

absent

Open

Open

Hixson Cay

22145

5

absent

No-take

Open

Howard Patch

22148

2

absent

No-take

Open

21139

1

absent

No-take

Open

21557

1

absent

No-take

Open

21449

2

changed

No-take

Open

21466

3

changed

Open

Open

21478

2

changed

Open

Open

Obstruction Reef

21552

2

changed

No-take

Open

Sanctuary Reef

22109

4

changed

Open

Open
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Table 7.2 (cont): Status of Aipysurus laevis on 90 reefs in the southern Great Barrier Reef
Hook Reef

22116

2

changed

Open

Open

Junior Reef

22122

3

changed

Open

Open

Horseshoe Reef

22104

6

changed

Open

Open

20394

1

present

Open

Open

21115

1

present

Open

Open

21183

1

present

Open

Open

21186

3

present

Open

Open

Zodiac Cay

21214

2

present

Open

Open

Laver Cay

21235

1

present

Open

Open

Mystery Reef

21258

11

present

Open

Open

DJ Reef

21441

2

present

Open

Open

21465

1

present

Open

Open

21468

1

present

Open

Open

21481

1

present

Open

Open

21482

1

present

Open

Open

21494

1

present

Open

Open

21549

1

present

Open

Open

21553

1

present

Open

Open

Central Reef

21577

1

present

Open

Open

Surmise Reef

22085

1

present

Open

Open

Herald No 1

22094

1

present

Open

Open

21109

1

present

Open

Open

21230

2

present

No-take

No-take

21132

2

present

No-take

No-take

Emperor Reef

21538

2

changed

Open

Open

Snake Reef

22088

3

changed

Open

Open

Sausage Reef

21189

2

present

Open

Open

Surprise Reef

21554

6

present

Open

Open

Barron Reef

21529

1

absent

No-take

No-take

21200

1

present

No-take

No-take

21130

1

present

No-take

No-take

21131

2

present

No-take

No-take

East Cay

21305

1

absent

Open

Open

Turner Cay

21562

1

absent

Open

Open

20353

1

present

No-take

Open

20396

1

present

No-take

Open

21104

1

present

Open

Open

21176

1

present

Open

Open

21178

1

present

Open

Open

21182

1

present

Open

Open

21184

1

present

Open

Open

21236

1

present

No-take

Open

21241

2

present

Open

Open

21124

1

present

Open

Open

Pike Reef

Blue Hole

Centenary Reef
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Figure 7.2. Map showing the 90 reefs surveyed and status of Aipysurus laevis: absent or present for the 52 reefs surveyed once; absent, changed or present for the
38 reefs surveyed more than once. Aggregations of A. laevis occurred more often on inner reefs of the Swains and Pompey reefs region (west of latitude
152∞22’39’’E indicated by dashed line) than outer reefs. Reefs are marked with unique numbers, generated by the Great Barrier Reef Marine Park Authority.
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21072

20352

151º0'0"E

170

A

summer

1984
summer

1984/5

21552

22088

22104

22109

22116

22122

Snake Reef

Horseshoe Reef

Sanctuary Reef

Hook Reef

Junior Reef

A

P

P

21551

Obstruction Reef

A

21538

Emperor Reef

P

A

A

A

P

A

P

21505

Isobel Reef

P

21501

P

P

winter

1977

21478
P

spring

1976

P

P

unknown

1975

21466
P

spring

1974

P

P

spring

1972

21449

21435

Reef id

Recreation Reef

Season

Reef Name

P

A

P

A

P

A

summer

1985/6

A

summer

1987

P

winter

1991

A

A

A

A

A

A

A

A

P

winter

2001

A

P

A

winter

2002

Table 7.3: Presence and absence of Aipysurus laevis on 14 reefs in the Pompey and Swain reef complexes that changed status during the period of study
showning the season that reefs were surveyed. Presence/absence patterns were not related to survey season (spring/summer vs. winter, χ2 = 2.259, df = 1, p =
0.133). Purple cells with P indicate A. laevis present; green cells with A indicate A. laevis absent. Blank cells indicate that reefs were not surveyed.

(surveyed eight and seven times respectively) (Table 7.2). On 14 reefs, however, A. laevis
aggregations were present during some surveys and absent during others (Fig. 7.2, Table
7.3). This result did not seem to be an effect of the survey season (Table 7.3: spring/summer
vs. winter, χ2 = 2.259, d.f. = 1, p = 0.133). Moreover, the status of A. laevis on five reefs
changed between surveys conducted during the same season on consecutive years (Table
7.3). For example, on Emperor Reef (21538) and Sanctuary Reef (22109) A. laevis was
absent in summer 1984/5 but present in summer 1985/6, while on Recreation Reef (21501)
A. laevis was present in 1984/5 but absent in 1985/6. Similarly, on Snake Reef (22088) A.
laevis was absent in winter 2001 but present in winter 2002 (Table 7.3). There were no
temporally congruent patterns in the changes of occurrence of A. laevis on reefs (Table 7.3).

7.3.2 Classification Tree analyses
Cross-validation error rates for the full model (nine explanatory and three response
variables) indicated an optimum tree comprising just two leaves under both the 1- SE rule
and the minimum cross-validation error criterion (Fig. 7.3); however, trees with four and
seven leaves were also selected under the minimum cross-validation error rule. The primary
split was based on longitude (Fig. 7.3) (the weights of splits are indicated by the lengths of
vertical lines on trees) such that olive sea snakes were predominantly absent (29 of 41 cases)
on reefs located at longitude greater than or equal to 152°22’39’’E, and predominantly
present (33 of 49 cases) on reefs at longitudes less than 152°22’39’’E (Fig. 7.3). The twoleaf tree, therefore, yielded an overall misclassification error rate of 31.1%. However, the
seven-leaf tree only misclassified 25.6% of the data (into one of the three possible
categories). These results compare with an error rate of 66.7% for ‘blind guessing’ (De'ath &
Fabricius, 2000). It was not possible to calculate comparative error rates based on De’ath
and Fabricius’ (2000) ‘go with the majority rule’ approach, as none of the three states
(present, absent, changed) predominated.

Analyses excluding the 14 reefs of changed status for A. laevis recovered a virtually identical
tree (not shown) to the full model. The two-leaf tree (selected 100% of the time under both
1- SE rule and the minimum cross-validation error criterion) had an identical primary split
based on longitude (29 of 34 cases absent for longitudes ≥ 152°22’39’’E, and 33 of 42 cases
present for longitudes < 152°22’39’’E) and an overall misclassification rate of 18.4%. This
result compares with a 50% error rate for both ‘blind guessing’ and the ‘go with the majority
rule’ (exactly half of these 76 reefs had A. laevis present).
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longitude >= 152º23'33"E
|
38/14/38
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longitude < 152º23'33"E
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Figure 7.3. Classification tree for Aipsurus laevis with respect to nine explanatory variables: two spatial (latitude
and longitude), six physical (exposure, total reef area, wet reef area, reef perimeter, perimeter-area ratio, and presence/
absence of sand cays) and prior zoning. Non-terminal nodes (splits) are labeled with the variables that determined the
splits, and the corresponding values of those variables. All leaves and the two main branches are classified according to
whether A. laevis was predominantly absent, changed or present and the numbers of observations in each class. The
cross-validation relative error plot for each tree shows a typical 10-fold cross-validation and includes 1-SE estimates for
each tree size. At the bottom of each plot the bar chart shows the relative proportions of trees of each size selected under
the 1-SE rule (white) and minimum rule (black) from a series of 50 cross-validations. The modal tree under the 1-SE rule
and under the minimum rule was a two-leaf tree with a misclassification error rate of 31.1%. Shown here is a seven-leaf
tree with a misclassification error rate of 25.6%.
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Figure 7.4. Classification tree for Aipysurus laevis for six physical variables (exposure, total reef area, wet reef area,
reef perimeter, perimeter-area ratio, and presence/absence of sand cays) and prior zoning. The tree is labeled as per
Fig. 7.3. The cross-validation relative error plot (below) shows that the only tree selected, under both the 1-SE rule
and the minimum rule, was a three-leaf tree with a misclassification error rate of 18.4 %.
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Cross-validation error rates for analyses of physical variables and prior zoning (excluding
latitude and longitude) indicated an optimum tree comprising three leaves under both the 1SE rule and the minimum cross-validation error criterion for analyses with all reefs included
(Fig. 7.4), and with the 14 reefs of changed status excluded (not shown). Both analyses
recovered identical trees, and the primary split was based on exposure. Aipusurus laevis was
predominantly absent on reefs with exposure indices greater than, or equal to, 29 (14 of 19
cases for all 90 reefs, and 14 of 15 with changed reefs excluded) and predominantly present
on reefs with exposure indices less than 29 (37 of 71 for all reefs, and 37 of 61 with changed
reefs excluded) (Fig. 7.4). Among reefs with lower exposure, A. laevis was more likely to be
present on larger reefs (more than 2.6 km2) compared with smaller reefs (Fig. 7.4). The
three-leaf tree had a misclassification error rate of 34.4% with all reefs included or 22.4%
with changed reefs excluded, compared with misclassification error rates of 66.7% and 50%
respectively, for blind guessing.

7.3.3 Zoning
Under the prior zoning plan, the proportion of surveyed reef area where A. laevis
aggregations occurred that was zoned No-take (31.1%) was larger than the proportion of all
90 surveyed reefs (24.7%) and the total reef area of the Swain and Pompey region (19.1%)
in No-take zones (Table 7.4). The No-take reef area with A. laevis changed and present
status combined was lower (24.7%). However, the proportions of discrete reefs (rather than
total reef area) in No-take zones with A. laevis aggregations present (18.4%) or with present
and changed status (21.2%) was lower, and the prior zoning status of reefs was not selected
as an explanatory variable for the presence-absence distribution patterns of A. laevis (Figs.
7.3 & 7.4) in any classification tree analyses conducted. The area of reef zoned No-take in
the Swain and Pompeys reef region has almost doubled under the current zoning plan from
19.1% to 34.7% (Table 7.4). This increase is proportionally more than the increase from
24.4% to 37.2% of reef area in No-take zones throughout the entire GBRMP. Under the
current zoning plan, No-take reef area has increased to 35.6% for surveyed reefs with A.
laevis present, while the proportion of discrete reefs with A. laevis in No-take zones has
increased to 26.3% (Tables 7.2 & 7.4).

7.4 Discussion
The ‘classical’ metapopulation model (Levins, 1969; Levins, 1970; Hanski, 1999) focused
on terrestrial systems comprising local populations with high extinction risks and the
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Table 7.4: Comparisons of reef area (km2) protected as no-take zones (Marine National Park, Preservation or Scientific Research Zones) under current zoning plan
(implemented in 2004) and previous zoning plan for entire GBRMP, Swain and Pompey reefs and sea snake study area.

31.1

24.7

23.4

19.1

24.4

%

importance of patch recolonisation in maintaining regional persistence of species. A recent
surge of interest in metapopulation theory, its applications to the marine environment, and
the implications for conservation, particularly the design of networks of marine protected
areas (MPAs), has provoked debate over the stringent extinction-recolonisation criterion of
Levin’s original model (Sale et al., 2006). Thus, while some authors still emphasise the
importance of extinction (Smedbol et al., 2002; Grimm et al., 2003), others focus on the
importance of inter-population exchange in determining the size and stability of local
populations (Hanski, 1999; Grimm et al., 2003; Kritzer & Sale, 2004).

The survey data collected between 1967 and 2002 suggest that six of the 90 reefs surveyed
were colonised by A. laevis at some time during this period (Table 7.3). From a conservation
perspective it is important to note that most reefs that experienced local population
extinctions were not subsequently recolonised (Table 7.3). The dominant temporal pattern
on reefs surveyed more than once was, however, not extinction-recolonisation: rather, reefs
were mostly characterised by the persistent presence or absence of A. laevis (Fig 7.2, Table
7.2). The varied spatial and temporal patterns of distribution and population fluctuations on
reefs raise a number of questions. In particular, is there variation in the levels of connectivity
amongst reefs, which has allowed A. laevis to persist on some reefs while on others it has
become extinct? Do reefs differ in characteristics that may account for the persistent
presence or absence of A. laevis? Can specific conservation strategies, such as the newly
implemented network of No-take MPAs, be implemented to ensure the long-term survival of
this species in the southern GBR? These questions will be discussed in turn.

7.4.1 Connectivity and inter-reef exchange
Presence-absence data, such as those collected in these surveys, do not provide information
about connectivity amongst A. laevis on reefs. However, preliminary investigations of
movement patterns of this species provide some clues about the potential for inter-reef
exchange. Studies of A. laevis in the Keppel Island region employed short-term (six to nine
days) sonic tracking (Burns & Heatwole, 1998), and translocation of tagged individuals
Lynch (2000) and found that A. laevis maintains restricted home ranges over short time
periods, and that females have larger home ranges than males (Burns & Heatwole, 1998). It
has also possible that males move off reefs in the summer and return to either the same or
neighbouring reefs to mate in winter (Lynch, 2000). However, the temporal presenceabsence patterns of A. laevis on reefs that changed status were not related to survey season
(Table 7.3) and are unlikely to be attributable to the seasonal migrations previously
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documented for male olive sea snakes (Lynch, 2000). Strong philopatry and natal homing
have been demonstrated for sea kraits (Laticauda) in Fiji (Shetty & Shine, 2002) and may
also occur for hydrophiine sea snakes. Studies of movement patterns in the southern GBR,
over larger spatial and temporal scales than previously conducted, may reveal high site
fidelity and episodic shifts in home range, as documented for some freshwater snakes
(Tiebout & Cary, 1987), or larger-scale movement patterns. More importantly, such studies
may identify the existence of key source reefs from which sea snakes disperse to colonise or
maintain populations on other reefs.

Genetic signatures from both mtDNA and nuclear microsatellites for A. laevis revealed little
population genetic differentiation among the four sampled reefs in the Swain reefs complex
(Chs. 3 & 6), suggesting high levels of gene flow between aggregations on reefs in this
region. However, lack of population differentiation may also be attributable to a recent
founder effect expected to have occurred around 8,000 years ago when sea levels in the GBR
reached their present levels. Indeed, although all four reefs shared the same common
mtDNA haplotype, rare haplotypes were generally not shared between reefs (see Ch. 3, Fig.
3.4) and microsatellite allele frequencies at the locus AL104_f6 differed for all six pairwise
comparisons between reefs in this region (see Ch. 6, Table 6.3). Populations on reefs in the
southern GBR may, therefore, be in the early stages of diverging genetically.

7.4.2 Reef characteristics
Reef location, in particular longitude, was identified by classification tree analysis to be the
major factor determining the presence or absence of A. laevis on reefs throughout the
Pompey and Swain reefs region (Fig. 7.2). A. laevis was more often present on reefs located
at longitudes less than 152°22’39’’E than at longitudes 152°22’39’E or greater (Fig. 7.2).
Longitude, however, did not account for the changed status of A. laevis on 14 reefs: these
reefs were spread throughout the study area (Fig. 7.2) and divided evenly between the two
groups (Fig. 7.3). Independent analyses of the physical variables (excluding spatial location
of reefs), recovered exposure and total reef area as the main explanatory factors determining
the distribution of A. laevis: this species predominantly occurred on larger, sheltered reefs
and rarely on highly exposed reefs. Nine of the 14 reefs that changed status were, however,
also large, sheltered reefs (Figs. 7.2 & 7.4) indicating that these characteristics do not
directly ensure the persistence of A. laevis aggregations. Interestingly, reefs with changed
status all lie south of latitude 20°33’E (Fig. 7.2) suggesting that other factors operating in the
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southern Swain reefs may be influencing A. laevis population fluctuations. There was a
strong (and expected) correlation between longitude and exposure (Spearman’s r = 0.213,
one tail test, 0.01 < p < 0.025; (Zar, 1999). Longitude, however, recovered a stronger split
than exposure and the two-leaf tree split on longitude had a lower misclassification rate than
the tree split on exposure. The exposure index generated in this study may, therefore, have
been inadequate, possibly attributable to being based on an insufficient number of radiating
lines (48), and a crude weighting index to account for the effect of trade and monsoonal
winds. Reef location (in particular longitude) may, indeed, better represent reef exposure
than the exposure index used in this study and is potentially a useful surrogate.

Reef location may, however, also be a surrogate for other abiotic or biotic factors that
influence the suitability of reefs as A. laevis habitats. Local demography is often tightly
linked with habitat quality (Crowder & Figuerina, 2006) and prey abundance and habitat
availability may determine whether reefs can support aggregations of this species. Aipysurus
laevis forages by poking its head into crevices in search of prey and rarely feeds in open
water and is, therefore, likely to be highly dependent on complex reef habitats for prey. Live
coral cover influences the availability of crevices suitable as prey shelters and may,
therefore, reflect prey availability. The three dimensional structure of coral reefs also
provides shelter sites for snakes during inactivity or digestion and the availability of shelter
sites may also be linked to live coral cover. Acanthaster planci (Crown of Thorns starfish or
COTS) outbreaks have been recorded in the southern GBR since 1985, and are major agents
of disturbance that decrease coral cover (Sweatman, 1997) and the abundance of some fish
species (Williams, 1986). Interestingly, anecdotal reports suggest that the effects of COTS
outbreaks have been most severe in the southern-most Swain reefs, and A. laevis population
fluctuations were only documented on reefs located in this southern-most area (Fig. 7.2).
Reef area was the most important factor influencing the presence or absence of A. laevis in
sheltered locations (exposure index < 29) (Fig. 7.4). Smaller reefs may, therefore, fall below
a critical habitat or prey availability threshold more rapidly than larger reefs and be less able
to support the typically large aggregations of A. laevis documented on Mystery Reef (21258)
(Burns, 1984). However, this inference leads to the prediction that extinction and
recolonisation would occur predominantly on smaller exposed reefs, yet the survey data did
not support this prediction.

Alcala et al. (2000), in an assessment of the Apo and Sumilon marine reserves in the
Philippines, commented that the four sea snake species that occur there are now being
178

investigated as possible indicator species for reef health. The potential use of sea snakes as
indicator species suggests that they are highly vulnerable to the degradation of reef
environments, and that local colonisations and extinctions may reflect changes in habitat
quality. Despite the complex temporal patterns of colonisations and extinctions documented
for A. laevis on some surveyed reefs (Tables 7.3), the population fluctuations documented in
this study may be a cause for concern. Nine of the 14 reefs that changed status experienced
local extinctions (rather than colonisations) for A. laevis (Table 7.3). Most strikingly,
surveys in 2002 (by me) of 22 reefs that had been surveyed in 1985, revealed that A. laevis
aggregations had been lost from eight of the 12 reefs at which A. laevis had been recorded in
1985 (Table 7.3). Aipysurus laevis was not present at any of the 10 reefs that lacked this
species in 1985. This pattern of local extinctions may represent an overall decline in A.
laevis abundance in the Swain and Pompeys reef regions.

The limited data on habitat quality and prey availability for reefs surveyed for A. laevis
preclude strong inference of the relationships between reef health and the occurrence of this
species. However, three reefs surveyed more than twice for A. laevis, have also been
surveyed regularly by the AIMS long-term monitoring program. Aipysurus laevis was
present on Snake Reef (22088) in 1985, not in 2001, but again in 2002; Horseshoe Reef
(22104) lacked A. laevis in all but one of six surveys (Table 7.3); and Gannet Cay (21556)
invariably lacked A. laevis. Snake Reef experienced a major COTS outbreak in the mid
1990s, and live coral cover declined from 40% in 1993 to less than 10% in 1995 (Sweatman
et al., 1998) and then recovered to 33% in 2000 (Sweatman et al., 2001). The absence of A.
laevis in 2001 may reflect a response to decreased habitat quality, and the return of this
species in 2002 may indicate a delayed response to improved reef quality. However, the
links between habitat quality and observed presence-absence patterns are speculative and not
supported by data from Horseshoe Reef and Gannet Cay. These two reefs had generally
higher levels of live coral cover than Snake Reef, and higher or similar abundances of
potential prey items, (Sweatman et al., 1998), yet lacked sea snakes.

Most reefs surveyed numerous times did not display population fluctuations of A. laevis, so
either habitat quality and prey availability on these reefs did not substantially change, or the
persistence of aggregations of this species on reefs is not directly linked to fluctuations in
habitat quality. Data from the opportunistic surveys of this study were not originally
collected in order to investigate sea snake metapopulation dynamics, and their ad hoc nature
negates the possibility of linking potential extinction-recolonisation events with fluctuating
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habitat quality. There is a regrettable absence of information about the spatial and temporal
dynamics of local population abundances of any sea snake species. Long-term surveys,
which estimate the densities and demographic structures of sea snake populations on
numerous reefs, are essential if local temporal dynamics and regional metapopulation
processes of sea snakes are to be understood. Moreover, without detailed information on
habitat quality (percent live coral cover, species composition, habitat complexity measures),
prey availability, and potential disturbances (coral bleaching, outbreaks of Acanthaster
planci or coral diseases, cyclones), the underlying processes driving the metapopulation
dynamics of A. laevis and other species will remain unknown.

7.4.3 Conservation strategies
As is typical of Indo-West Pacific marine fauna, sea snake diversity and abundance is
highest in Malaysian, Indonesian and Australian waters, and sea snakes would, ideally, be
protected throughout these regions. However, coral reefs in Malaysia and Indonesia suffer
severely from intensive and destructive fishing and land use practices (Bryant et al., 1998;
McClanahan, 2002) and in some areas of SE Asia, e.g., the Philippines, sea snakes have
been heavily harvested for skins, food and medicinal purposes (Punay, 1975; Heatwole,
1997). By contrast, Australia’s relatively low human population density, combined with its
current focus on creating ecosystem-scale networks of comprehensive, adequate and
representative MPAs, means that most Australian coral reefs should experience
comparatively low levels of threatening processes.

Sea snakes in Australia have never directly been exploited for skins or food; however, bycatch from trawling has been identified as threatening some sea snake species in Australia
(Heatwole, 1997; Fry et al., 2001; Guinea et al., 2004) and mitigation of the consequences of
trawling may be important for species conservation. Most of the 65.3% of reef area outside
No-take areas in the Swain and Pompey reefs region is now zoned Habitat Protection
(commercial trawling not allowed) rather than General Use (all commercial fishing allowed,
under the Queensland Fisheries Act 1994). Moreover, the proportion of the entire SwainPompey area (21,320 km2) no longer available for trawling (i.e., no longer zoned General
Use) has increased from 72.1% under previous zoning to 83.5% under new zoning (see
Zoning Maps MPZ13-Swain Reefs East and MPZ14-Swain Reefs West). Some sea snake
species, such as Lapemis curtus, Hydrophis elegans, H. ornatus, Disteira kingii and D.
major, that prefer soft-sediment habitats and are frequently captured in trawls should,
therefore, be afforded increased protection under the new zoning plan. However, reef180

associated sea snake species such as A. laevis typically comprise a small proportion of
trawler by-catch and reports of other reef associated species occurring in trawler by-catch are
extremely rare (Wassenberg et al., 1994; Ward, 1996a, b, 2000; Stobutzki et al., 2000).

Reef-associated sea snakes are highly dependent on coral reef environments for both food
and shelter (Alcala, 2004), for the reasons outlined above. The Swain and Pompey reefs
region represents a stronghold for reef-associated species in the GBR and Australia. Another
major sea snake stronghold in Australian waters is a cluster of reefs in the Timor Sea
(including Ashmore and Scott Reefs) that lie between Western Australia and southern
Indonesia. Recently two endemic species, Aipysurus foliosquama and A. apraefrontalis,
appear to have become locally extinct on Ashmore Reef (Mick Guinea and Harold
Heatwole, unpublished data; V. Lukoschek pers. obs.), one of just a handful of Western
Australian reefs where these two species occur. Moreover, overall sighting rates of sea
snakes at Ashmore Reef have declined (Francis, 2006; Mick Guinea, unpublished data)
indicating a reduction in the numbers of other sea snake species, including A. laevis. The
reasons for these local extinctions and population declines are unknown but they have
occurred despite the protection of Ashmore Reef as a Nature Reserve since 1983
(Commonwealth of Australia, 2002). In the Swain and Pompey reefs regions the zoning
status of reefs over the past 35 years (prior zoning) did not appear to influence the presence
or absence of aggregations of A. laevis. Thus, while the current zoning plan has almost
doubled the amount of reef area (from 19.1% to 34.7%) in No-take zones in this region
(Table 7.4), the possibility exists that reef-associated sea snake species will not be afforded
increased protection from this policy. Indeed, the protection of reefs may result in increased
numbers of large predatory fishes, such as groupers or sharks, which may reduce potential
prey items available to some sea snake species or prey directly on sea snakes (Heithaus,
2001; Simpfendorfer et al., 2001). Ultimately, the information required to evaluate the
possible benefits (or otherwise) of No-take marine reserves on sea snakes, is not available.
The distribution patterns documented in this chapter, however, provide a useful baseline for
monitoring the status of A. laevis on reefs in the southern GBR, and this species response to
the newly implemented network of No-take zones within the GBRMP in the future.

7.4.4 Conclusions
The surveys reported in this chapter revealed the persistence of A. laevis aggregations on
many reefs in the Swain and Pompey reefs region. This result was, however, not true for all
reefs. The varying dynamics of local A. laevis aggregations suggests that aggregations on
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reefs differ in their demographies and linkages with other reef aggregations. The benefits of
protecting different reefs are, therefore, not necessarily equal (Kritzer & Sale, 2004),
particularly if local aggregations within this metapopulation are subject to source-sink
dynamics. ‘Source’ reefs may be essential for the persistence of aggregations on ‘sink’ reefs
via dispersal (Crowder et al., 2000). It is not clear whether A. laevis behaving in accordance
with source-sink dynamics in this region, or which reefs may be candidates for special
protection as ‘source’ reefs. Moreover, the benefits of No-take areas for the persistence of
local sea snake aggregations have not been established. Kritzer and Sale (2006) recently
observed that marine fish, arguably the best-studied group of marine organisms, still lack
long-term demographic studies. This lack of information is even more conspicuous for
relatively neglected groups of marine organisms, such as sea snakes. Field studies that
investigate the spatial and temporal patterns of the distribution and abundance of sea snakes,
the underlying biotic factors driving fluctuations in these patterns, levels of exchange among
local subpopulations and their responses to the implementation of No-take MPAs, are
essential to tease out the metapopulation dynamics of these marine reptiles and determine the
conservation strategies required for the long-term persistence of sea snake species.

7.5 Chapter Summary
This chapter explored the spatial and temporal dynamics of fine-scale distribution patterns
for A. laevis at southern GBR reefs. Classification tree analyses of presence-absence data (90
reefs, surveyed 1-11 times over 35 years) revealed that spatial location, reef exposure and
reef area were the main factors determining the status of A. laevis on reefs (present = 38,
absent = 38, changed = 14). However, these factors did not specifically account for
population fluctuations and recent local extinctions of A. laevis in this region. Moreover, the
protection status of reefs did not explain the distribution of this species. Disturbingly, the
overall temporal trend was of local extinctions for A. laevis aggregations on individual reefs
suggesting a net decline in abundance. In addition, recent observations suggest population
declines of sea snake species at other Australian reefs. The potential for inter-population
exchange and recolonisation of reefs is poorly understood and it is not clear to what extent
specific conservation strategies, such as networks of marine protected areas, will ensure the
persistence of A. laevis and other sea snake species. This long-term data set provides a
baseline for evaluating the responses of A. laevis populations to changes in biotic factors and
the degree of protection afforded reefs within the newly implemented network of No-take
Marine Protected Areas in the GBRMP. Similar data are urgently needed to determine the
conservation status of sea snakes at other locations throughout northern Australian waters.
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Chapter 8

Future Directions
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8.1 Introduction
This thesis aimed to investigate the evolutionary history of the marine hydrophiine lineage,
and explore phylogeographic patterns and population genetic processes for two
representative hydrophiine sea snake species, using modern molecular approaches. The
thesis met its stated research objectives and, in combination with its associated publications
(Lukoschek et al., 2005, 2007a, b; Lukoschek, 2006; Lukoschek & Keogh, 2006), presents
the first information on the molecular ecology and evolution of hydrophiine sea snakes. The
phylogenetic results presented in Chapter 2 revealed a temporally distant period of rapid
evolution within the Hydrophis lineage, which gave rise to the diverse array of species that
we see today. By contrast, the evolutionary history of the Aipysurus lineage does not appear
to have included a similar adaptive radiation. The phylogeographic and population genetic
component of this thesis, presented in Chapters 3, 4 and 6, revealed that relatively recent
Pleistocene paleoclimatic events profoundly shaped the genetic signatures of two marine
hydrophiine species around northern Australia. These results are consistent with evidence
from other studies that have documented the importance of Pleistocene events for population
genetic processes of a range of tropical Australian marine taxa (Ch. 3). In addition, the thesis
and associated publications (Lukoschek et al., 2007a; Heatwole & Lukoschek, In Press)
present the first detailed analyses of the long-term metapopulation dynamics for a marine
hydrophiine species, Aipysurus laevis. The results from classification tree analyses presented
in Chapter 7 indicated that recent local extinctions have occurred for A. laevis in the
southern Great Barrier Reef, however it is unclear whether the current ecosystem-based
network of marine protected areas will ensure this species’ long-term persistence.

As is often the case with pioneering molecular studies for a taxonomic group, this thesis not
only revealed novel insights into the molecular genetics of hydrophiine sea snakes, it also
identified important areas for future research. Both the phylogenetic and phylogeographic
areas need to be expanded with additional species and/or molecular data, so that a truly
comparative and comprehensive framework can emerge about the ecological and
evolutionary genetics of sea snakes (and the implications of that information for
conservation). Moreover, investigations into the distribution and abundance of marine
hydrophiine species are needed to evaluate the conservation status of populations, thereby
providing a realistic framework within which to evaluate the conservation implications of
the molecular data and a firm foundation for planning conservation strategies.

184

8.2 Origins and radiation of hydrophiine sea snakes
The tropical marine environments of northern Australia and South East Asia are among the
most biologically diverse regions on earth. The highest species diversities for hydrophiine
sea snakes and other taxonomic groups occur in the central Indo-West Pacific (IWP) and
decline toward the periphery (Briggs, 1995; Palumbi, 1997). Considerable research and
debate about speciation patterns and processes (Palumbi, 1996; Mora et al., 2003) have
centred on the relative importance of: 1) competing biogeographical hypotheses (centre-oforigin, centre-of-accumulation, centre-of-overlap) underlying the distribution of species
throughout the IWP; and 2) the various impacts of recent Quaternary sea-level fluctuations
(Rosen, 1988) versus temporally more distant (Miocene) plate tectonics (Springer, 1982;
Springer & Williams, 1990). An interesting outcome of the molecular research into
speciation patterns throughout the IWP has been the detection of cryptic sibling species
among marine organisms previously believed to comprise a single taxon (Knowlton, 1993;
Palumbi, 1994; McMillan & Palumbi, 1995; Avise, 2004). While the molecular phylogeny
of a subset of marine hydrophiine species (Ch. 2) did not identify any cryptic species in
either lineage, more complete taxon sampling from broader geographic ranges is needed to
explore the possibility of cryptic species further. This is particularly true for the diverse
Hydrophis lineage, which comprises many morphologically similar species with broad
geographic ranges throughout SE Asia (Minton, 1975).

Marine hydrophiiines arose within a viviparous lineage of Australian terrestrial elapids
(Keogh, 1998; Keogh et al., 1998): thus, the pattern of species distribution in the IWP is
consistent with the centre-of-origin hypothesis. Lack of fossil evidence makes it difficult to
date the origin of marine hydrophiines, or the divergence and radiation of lineages.
Nonetheless, one vertebra found among the elapid fossils in the Riversleigh deposits of
northern Australia, dated to ~23 million years ago, has been provisionally assigned to the
genus Laticauda (Scanlon et al., 2003). Scanlon et al. (2003) suggest that this fossil
indicates that the divergence of basal hydrophiine lineages (marine and terrestrial) was
underway in the early Miocene. In the absence of reliable fossils, molecular data can provide
insights into the timing of lineage divergences. Indeed, many molecular dating analyses
methods are available (Rutschmann, 2006) for estimating divergence times between and
within lineages on phylogenetic trees. Most dating methods require at least one fossil
calibration. Fossils are available for other snake and reptile lineages (Nagy et al., 2003;
Wuster et al., 2005) and can be used to calibrate phylogenetic reconstructions with broader
taxon sampling that include the marine hydrophiines, thereby dating the origin and
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divergence of sea snake lineages. Dating analyses have various pitfalls, including the effects
of taxon sampling and the assumed model of sequence evolution, and often recover
estimates that have large confidence intervals (Rutschmann, 2006) or seriously over-estimate
divergence dates (Hugall & Lee, 2004). In addition, date estimates based exclusively on
mitochondrial data can be distorted by the effects of extreme mutational saturation,
particularly for lineages with deep divergences (Hugall & Lee, 2004). Recently developed
sophisticated molecular dating analyses (Ho et al., 2005; Drummond et al., 2006) may
recover meaningful estimates of the origin of the marine hydrophiine radiation if they are
used in conjunction with fossil calibrations that allow for uncertainty in fossil dating by
calibrating nodes using ‘soft bounds’ (Sanders & Lee, 2007). This approach could be applied
to large data sets comprising both nuclear and mitochondrial genes and is a promising
avenue of future research.

Hydrophiine sea snakes have radiated widely throughout the Indian and West Pacific Oceans
with some marine hydrophiine species, such as Lapemis curtus, having extensive ranges that
extend from Australia to the Arabian Gulf (Heatwole, 1999). However, only the pelagic
Pelamis platurus, which occurs from east African to west coast USA, has invaded the
Eastern Pacific, presumably because other species have been unable to traverse the oceanic
expanses of the central Pacific Ocean. The absence of Pelamis from the Caribbean Sea
suggests that range expansion into the Eastern Pacific occurred subsequent to the rise of the
Isthmus of Panama approximately three million years ago (Coates & Obando, 1996). This
hypothesis could be tested in a large-scale phylogeographic study of Pelamis, which may
provide insights into the relative age of populations of this species in the Eastern Pacific.

One interesting, and as yet unexplained, feature of the marine hydrophiine radiation is the
reason why the Hydrophis lineage radiated widely throughout SE Asian waters, while the
Aipysurus lineage has fewer species and a much more restricted distribution centred over
Australasian waters. Early ancestral species of the Hydrophis lineage may have established
in SE Asia, with subsequent speciation facilitated by the diversity of habitat types in the
island archipelagos of this region. Connectivity among the coastal habitats between SE Asia
and the Arabian Gulf would, in turn, have facilitated range expansion. Nonetheless, the
putatively ‘basal’ Aipysurus species, A. eydouxii, has a range that encompasses much of SE
Asia, from Australia through Philippine and Indonesian waters to the South China Sea
(Minton, 1975); thus, it is not clear why speciation in the Aipysurus lineage did occur in SE
Asia. One possible explanation is that A. eydouxii expanded its range into SE Asia relatively
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recently. Alternatively species of the Aipysurus lineage may have arisen is SE Asia and
subsequently become extinct. A phylogeographic study of A. eydouxii including Australian
and SE Asian samples would allow further insights into the historical biogeography of the
genus Aipysurus. Moreover, a large-scale comparative phylogeographic study, as outlined at
the end of Chapter 4, would identify historically important species and clarify patterns of
range expansion within and between the Aipysurus and Hydrophis lineages.

8.3 Phylogeographic patterns around northern Australia
Phylogeographic patterns for Aipysurus laevis and Lapemis curtus revealed very shallow
lineage divergences congruent with the hypothesis that Pleistocene events have shaped
regional patterns of population subdivision around much of tropical northern Australia (Ch.
3 & 4). In addition, the marine hydrophiine phylogeny (Ch. 2) revealed similar patterns of
distinct but shallow regional structuring (compared with the deeper species divergences)
between the Great Barrier Reef, Gulf of Carpentaria and Western Australia for Hydrophis
elegans, H. ornatus, H. pacificus, Acalyptophis peronii, Astrotia stokesii and Aipysurus
eydouxii, and intraspecific genetic distances were much lower within than between regions.
Interestingly, Emydocephalus annulatus, which feeds exclusively on demersal eggs laid in
nests by reef fishes (Voris, 1966), and is consequently strongly reef-associated, showed
phylogeographic structuring at the level of individual reef (Ch. 2). Emydocephalus annulatus
has very low dispersal and is the only species in Australia with a disjunct distribution
between the GBR and WA (Cogger, 2000), yet regional divergence was low (<1% sequence
divergence, Table 2.3), again suggesting the effects of Pleistocene vicariance events rather
than events which occurred earlier in geological time.

Although intra-specific sampling in the phylogeny was limited (most species represented by
fewer than ten individuals), the congruent intraspecific phylogeographic patterns suggest that
Pleistocene biogeographical events have similarly impinged on the genetic structures of
many hydrophiine species. At the same time, there were differences in levels of genetic
subdivision for A. laevis and L. curtus attributable to the dispersal potential afforded by
preferred habitat types of these species. In particular, habitat discontinuities between
preferred reefal habitats presented barriers to dispersal and resulted in restricted gene flow
for A. laevis (Ch. 3). Genetic structuring at the level of individual reef was also exhibited by
the strongly reef-associated E. annulatus (Fig. 2.3), however, additional sampling is needed
to confirm these results and explore the details. By contrast, gene flow was higher for L.
curtus and followed a pattern of isolation-by-distance throughout the relatively continuous
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habitat types preferred by this species (Ch. 4). It is predicted that similar patterns will be
recovered for other inter-reefal marine hydrophiine species.

8.4 Expanding on single-locus mitochondrial gene trees
Mitochondrial gene (haplotype) trees are commonly used to infer genealogical relationships
between and within species. However, as the result of stochastic lineage sorting within the
coalescent process and the effects of selection and/or gender-biased dispersal, observed gene
tree topologies for unlinked loci will inevitably differ for the same species or species groups
(Avise, 2000, 2004; Hare, 2001). This study used single-locus gene trees constructed from
mtDNA haplotypes to infer intra- and inter-specific phylogenetic relationships for the
marine hydrophiines. As such, the inferred phylogenetic and phylogeographic relationships
represent hypotheses about the evolutionary history of this group. These hypotheses now
need to be tested using independent loci. Population genetic analyses of independent nuclear
microsatellite markers were used to further explore the phylogeographic relationships
inferred for A. laevis from mtDNA and highlighted the importance of recent historical
processes for nuclear and mitochondrial allele frequency distributions around Australia (Ch.
6). Microsatellite genetic distances can also be analysed in a phylogenetic framework
(Goldstein & Pollock, 1997) and thereby be used to infer phylogenetic relationships.
However, this approach requires genetic distance measures that increase linearly over time
and have low variance (Goldstein & Pollock, 1997). Distances based on the infinite allele
model (IAM), such as FST or Nei’s D (Nei, 1987), generally do not appear to meet the
linearity criterion (Goldstein et al., 1995; Takahashi & Nei, 1996), while distances based on
the stepwise mutation model (SMM), such as average squared distances or δµ2, tend to have
high variances (Goldstein et al., 1995; Goldstein & Pollock, 1997). Indeed, Chambers &
MacAvoy (2000) suggested that 50 – 100 microsatellite loci are needed to overcome the
problem of high variances associated with SMM-based distance measures. As is the case for
most species, 50 - 100 loci are not yet available for hydrophiine sea snakes and probably will
not be for some time.

Sequencing nuclear genes or introns is, however, a feasible means of obtaining independent
nuclear data. Moreover, sequence data have the advantage of being analysable in
sophisticated phylogenetic and coalescent frameworks using powerful likelihood and
Bayesian approaches (Hare, 2001; Dolman & Moritz, 2006). Nuclear loci that have
previously proven useful in phylogenetic studies of snakes include the RAG-1 gene
(recombination activating gene-1) (Sanders & Lee, 2007) and c-mos (oocyte maturation
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factor) gene (Slowinski & Lawson, 2002; Vidal & Hedges, 2002a, b). In addition, amino
acid sequences from the Group 1A & B Phospholipase A2 (PLA2) genes have been used to
infer phylogenetic relationships among elapid species (Slowinski et al., 1997). Interestingly,
the pentameric microsatellite locus (AL093) isolated for A. laevis was located in the Group 1
PLA2 gene (Ch. 5). Sequencing flanking regions of microsatellite loci may, therefore, be a
means of obtaining useful nuclear data. In addition, the utility of published primer sets for 73
single copy nuclear DNA (scnDNA) loci has been tested for a range of herpetofauna
(Dolman & Phillips, 2004), but not for snakes. Further testing of specificity and levels of
polymorphism for these 73 scnDNA loci for snakes may identify a useful suite of scnDNA
markers for hydrophiine sea snakes (and other snake lineages).

The slow rates of evolution for nuclear genes relative to the mitochondrial genome and the
four-fold smaller genetically effective population size for nuclear than mitochondrial loci
mean that considerably more nuclear sequence data are needed, particularly for resolving
relatively recent evolutionary events and determining gene monophyly for species and
historical lineages (Hare, 2001; Palumbi et al., 2001). Despite the relative ease of generating
sequence data, the effects of gene duplication, lateral gene transfer and recombination,
present challenges for obtaining homologous nuclear sequences (Slowinski et al., 1997).
Nonetheless, gene trees from numerous unlinked nuclear loci are essential for exploring
congruence, or lack thereof, of evolutionary relationships among species and
phylogeographic patterns among historical lineages (Hare, 2001; Dolman & Moritz, 2006).
Despite recent advances in coalescent-based statistical analyses for determining divergence
times, migration rates and population sizes from genealogical data (Bahlo & Griffiths, 2000;
Edwards & Beerli, 2000; Nielsen & Wakeley, 2001), and the continuing increase in
computational capacity and speed, theoretical and computational challenges remain for
conducting comparative and/or simultaneous analyses of multiple gene trees (Hickerson et
al., 2006). Promising statistical approaches currently being explored include simulationbased approximate likelihood and Bayesian methods (Hickerson et al., 2006). These and
other methods will hopefully address both theoretical and computational challenges in the
near future.

8.5 Conservation implications
The high biodiversity and conservation value of Australia’s hydrophiine sea snake fauna has
been recognised by listing all marine hydrophiine species under the Environment Protection
and Biodiversity Conservation Act (Commonwealth) 1999 (EP&BC Act) (Commonwealth of
189

Australia, 1999). Despite this listing there is currently no conservation plan for any sea snake
species in Australian waters. Indeed, conservation plans for listed marine species exist only
if the species are also listed as threatened under commonwealth or state jurisdictions. The
status of Australian sea snake populations and/or species is unknown: consequently none are
listed as threatened. Lack of information thus hinders the conservation planning process, as
further highlighted in the following example. The Queensland Government’s Environment
Protection Agency (EPA) recently implemented a new framework for prioritising species
conservation and recovery, the Back-on-Track Initiative. This initiative uses a highly
modified version of a strategy for prioritizing species conservation efforts proposed by
Marsh et al. (2007). The second objective of the ‘Back-on-Track Initiative’ is to ‘determine
a list of priority taxa to ensure the effective use of resources for the conservation and
recovery of species in Queensland’ (Anonymous, 2005). The prioritisation process
comprises three stages: 1) experts assess species against established criteria; 2) criteria are
weighted by senior EPA decision makers; and 3) a species priority list is produced. During
the expert’s workshop it became clear that, as the result of the EPA’s prioritisation criteria,
species for which little information is available are given a very low priority weighting.
Nonetheless, the Back-on-Track Initiative species assessment process is also intended to
identify species with insufficient knowledge for future research priority (Anonymous, 2005).
It is hoped that the Back-on-Track and other initiatives will identify the urgent need for
information about the status of Australian hydrophiine sea snake populations and their
potentially threatening processes.

The importance of obtaining such information was highlighted recently by evidence that two
geographically restricted Australian endemics, Aipysurus foliosquama and A. apraefrontalis,
have become locally extinct on Ashmore Reef, and that other species have experienced
severe population declines (Francis, 2006). Indeed, the reason that A. foliosquama was not
included in the molecular phylogeny, and A. apraefrontalis was represented by one museum
sample (Ch. 2), is that these species could not be found at Ashmore Reef despite intensive
searching over a three-week period in 2002. The one clearly identified threatening process
for sea snakes is by-catch in trawl fisheries (Ward, 2000). While it is not clear what is
driving population declines at Ashmore Reef, it is, however, important to note that declines
have occurred in the absence of trawling on Timor Sea reefs and despite Ashmore Reef
being a marine protected area since 1983 (Commonwealth of Australia, 2002). Moreover,
adjacent Hibernia Reef (unprotected) and Cartier Islet (protected) appear not to have been
similarly affected. Francis (2006) proposed that rising sea surface temperatures have
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impacted Ashmore Reef more strongly than Cartier and Hibernia reefs, because of the large
expanses of shallow-water lagoonal habitats at Ashmore Reef compared with Cartier and
Hibernia reefs, which are smaller and regularly flushed by cooler waters. Considerably more
research is needed to determine whether these sea snake population declines are the result of
climate change or other impacting processes.

One criterion for prioritising species for conservation is their evolutionary uniqueness, with
evolutionarily distinct species potentially having a higher biodiversity and conservation
value (Faith, 1992; Crozier, 1997; Marsh et al., 2007). The molecular phylogeny presented
in Chapter 2 revealed the evolutionarily distinctiveness of the Aipysurus and Hydrophis
lineages, indicating that each lineage has high biodiversity value and needs to be protected.
With one exception, all Aipysurus species are endemic to Australasian waters and four
species have highly restricted distributions in the Timor Sea (Cogger, 2000). Two species
now appear to be threatened. Genetic information about connectivity among reefs for these
species is unavailable and, given the challenges of locating individuals in the field, may be
impossible to obtain. However, population genetic and phylogeographic evidence for A.
laevis indicated that large expanses of deep water, such as those separating Timor Sea reefs,
present strong barriers to dispersal (Ch. 3). Aipysurus apraefrontalis and A. foliosquama are
more strongly tied to reef habitats than A. laevis and occur almost exclusively in shallow
reefal waters (Cogger, 2000). Deep-water barriers are, therefore, expected to strongly limit
dispersal for A. apraefrontalis and A. foliosquama, and locally extinct populations are
unlikely to be re-established by colonisation from adjacent reefs. Additional information
about connectivity among reef-associated species from the Aipysurus lingeage on Timor Sea
reefs could be obtained from population genetic studies of A. fuscus, A. foliosquama and E.
annulatus. This information may provide insights into the appropriate size, location and
design of marine reserves that might ensure the persistence of these species (Palumbi, 2003,
2004). Given the lack of detailed distribution and abundance data and the unknown reason
for the population declines (Ch. 7), research effort is also needed to document the status of
sea snake populations and determine which processes are most strongly impacting species.
Ultimately, a combination of molecular, ecological and environmental data will be needed to
design appropriate and effective conservation plans for hydrophiine sea snakes in Australian
waters. This thesis provides a firm foundation for future research to obtain the requisite
genetic and ecological information for the conservation and management of this unique
component of tropical marine biodiversity.
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