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Evolutionary relationships within and between the marine hydrophiine sea snake groups have been inferred pri-
marily using morphological characters, and two major groups traditionally are recognized. The 

 

Aipysurus

 

 group com-
prises nine species in two genera, and the taxonomically chaotic 

 

Hydrophis

 

 group comprises as many as 40 species,
of which 27 are generally allocated to the genus 

 

Hydrophis

 

 and 13 to ten additional genera. In addition to these two
major groups are three putatively ‘primitive’ monotypic genera, 

 

Hydrelaps darwiniensis

 

, 

 

Ephalophis greyi

 

 and

 

Parahydrophis mertoni

 

. The present study investigated the evolutionary relationships of 23 representative species
of marine hydrophiines, comprising 15 species from the 

 

Hydrophis

 

 group, six species from the 

 

Aipysurus

 

 group, and

 

H. darwiniensis

 

 and 

 

P. mertoni

 

, to address two broad aims. First, the aim was to provide a robust phylogeny for sea
snakes to test previous phylogenetic hypotheses based on morphology, and thus provide some taxonomic stability to
the group. Second, there was interest in evaluating the hypothesis that the 

 

Hydrophis

 

 group might represent a rap-
idly diverged adaptive radiation. A large mitochondrial DNA data set based on the cytochrome 

 

b

 

 gene (1080 bp, 401
parsimony informative) and the 16S rRNA gene (510 bp, 57 parsimony informative) was assembled and these data
were analysed using parsimony, maximum-likelihood and Bayesian approaches. All analyses yielded virtually the
same optimal tree, confirming that hydrophiine sea snakes comprise at least three lineages. The 

 

Aipysurus

 

 group
formed a strongly supported and well-resolved monophyletic clade. The 

 

Hydrophis

 

 group also formed a strongly sup-
ported clade; however, resolution among the genera and species was very poor. 

 

Hydrelaps darwiniensis

 

 and

 

P. mertoni

 

 formed a sister clade to the 

 

Hydrophis

 

 lineage. Our phylogeny was used to test the validity of previous tax-
onomic and phylogenetic hypotheses, and to demonstrate that the genus 

 

Hydrophis

 

 is not monophyletic. Genetic
diversity relative to phenotypic diversity is four to seven times greater in the 

 

Hydrophis

 

 lineage compared with the

 

Aipysurus

 

 lineage. The topology of our phylogenetic hypothesis, combined with the levels of genetic divergence
relative  to  morphological  diversity,  demonstrate  that  the  

 

Hydrophis

 

 lineage  represents  a  rapidly  diverged  adap-
tive radiation. The data are consistent with the hypothesis that this adaptive radiation may be due to historical sea
level fluctuations that have isolated populations and promoted speciation. © 2006 The Linnean Society of London,

 

Biological Journal of the Linnean Society

 

, 2006, 

 

89

 

, 523–539.

 

ADDITIONAL KEYWORDS:

 

 cytochrome 

 

b

 

 – elapid – hydrophiine – rapid evolution – 16S rRNA – speciation

 

– tropical marine.

 

INTRODUCTION

 

Hydrophiine or ‘true’ sea snakes are a diverse radia-
tion of fully marine venomous species that belong to
the same evolutionary lineage as venomous 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 (a ‘proteroglyphous’
condition; McCarthy, 1985). Relationships both among
and within major elapid clades have been the subject
of considerable discussion, with a focus on the rela-
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tionships between sea snakes and terrestrial elapids.
Detailed morphological appraisals (McDowell, 1969,
1970, 1972, 1974) resulted in the division of the elapid
snakes into two major lineages based on cranial kine-
sis: 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 formalized when the
‘palatine draggers’ and ‘palatine erectors’ were ele-
vated to the status of families: Hydrophiidae and
Elapidae, respectively (Smith, Smith & Sawin, 1977).
This taxonomic arrangement has been largely sup-
ported by more recent molecular data (Keogh, 1998;
Keogh, Shine & Donnellan, 1998; Keogh, Scott &
Scanlon, 2000; Slowinski & Keogh, 2000); however,
most authors retain the family Elapidae for all elap-
ids, and place the ‘palatine draggers’ and ‘palatine
erectors’ into the subfamilies Hydrophiinae and
Elapinae, respectively.

The relationship between the fully marine hydro-
phiine 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 (Rasmussen,
1997). Boulenger (1896) included 

 

Laticauda

 

 in his ini-
tial 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 subsequent to the major revi-
sions of McDowell (1970) and Smith 

 

et al

 

. (1977) have
recognized 

 

Laticauda

 

 as a distinct evolutionary lin-
eage based on data from both morphology (Voris, 1977;
McCarthy, 1986) and molecular studies (Minton & da
Costa, 1975; Cadle & Gorman, 1981; Cadle & Sarich,
1981; Schwaner 

 

et al.

 

, 1985; Slowinski, Knight &
Rooney, 1997; Keogh, 1998; Keogh 

 

et al

 

., 1998; Slow-
inski & 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 

 

Lat-
icauda

 

 from the elapine to the hydrophiine lineage.
Although the relationships between the hydrophiine

sea snakes and 

 

Laticauda

 

 have received considerable
attention, relationships within the marine hydrophi-
ine lineage are poorly understood. Hydrophiine sea
snakes occur exclusively in tropical and subtropical
waters throughout the Indo-West Pacific region. Spe-

cies diversity is highest in the tropical coastal waters
of Australia (30 species in 12 genera; Cogger, 1996)
and Malaysia and the Indonesian archipelago (27 spe-
cies in ten genera; Heatwole, 1999). A monograph by
Smith (1926) 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

 

, 

 

Aipy-
surus

 

 with seven species, and 

 

Emydocephalus

 

 with
two species) and Hydrophiinae (12 genera including
the species rich 

 

Hydrophis

 

 with 23 species). Most of
the remaining Hydrophiinae genera were monotypic.
Although 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 (Cadle & Gorman, 1981; Minton & da Costa,
1975; Schwaner 

 

et al

 

., 1985; Slowinski 

 

et al

 

., 1997;
Keogh, 1998; Keogh 

 

et al

 

., 1998).
There is strong evidence to suggest that hydrophi-

ine sea snakes originated from a single invasion of the
marine environment by an ancestral Australian-
Papuan terrestrial elapid, probably from within the
viviparous lineage that also gave rise to the swamp
snakes 

 

Hemiaspis

 

 (Keogh, 1998; McDowell, 1969;
Keogh 

 

et al

 

., 1998); however, one challenge to mono-
phyly of the marine hydrophiines has been raised.
Based on morphological data, Rasmussen (2002)
argued that hydrophiine sea snakes are paraphyletic,
and the two subfamilies recognized by Smith (1926)
represent separate invasions of the marine environ-
ment. This conclusion has not been supported by two
molecular studies. Based, respectively, on 344 bp of
12S rRNA sequence and more than 3500 bp of five
mitochondrial loci, it has been demonstrated that the
hydrophiine sea snakes form a well-supported mono-
phyletic clade within the Australio-Papuan radiation
(Nock, 2001; J. S. Keogh, unpubl. data).

The robust molecular phylogeny generated in this
study has been used to address two primary issues
concerning the evolutionary history of hydrophiine sea
snakes. First, an independent test of previous hypoth-
eses of phylogenetic relationships between and within
the major marine hydrophiine clades based on mor-
phology is provided. Second, the hypothesis of Burger
& Natsuno (1974) and Voris (1977), proposing that the
genus 

 

Hydrophis

 

 and allied genera represent a rapidly
diverged adaptive radiation, is tested. Because this
hypothesis is supported, some of the factors that may
account for the rapid speciation of this lineage in the
tropical waters of the Indo-West Pacific, and the wide
range of morphological adaptations found in this
group, are evaluated.
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MATERIAL AND METHODS

T

 

AXONOMIC

 

 

 

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; Cogger, 1996; Heat-
wole, 1999) still follow traditional classification of the
family Hydrophiidae by Smith (1926). However, the
present study follows the more widely accepted sub-
family status of the hydrophiine sea snakes. The
present study follows the terminology proposed by
McDowell (1969) for the two main marine hydrophiine
lineages: the 

 

Aipysurus

 

 group for Smith’s (1926) Lat-
icaudinae, excluding 

 

Laticauda

 

, and the 

 

Hydrophis

 

group for Smith’s (1926) Hydrophiinae, excluding

 

Hydrelaps

 

.
Tissue samples were obtained from 74 individuals

that comprised 25 species and represented ten hydro-
phiine sea snake genera and two outgroup species (for
sampling locations, see Table 1, Fig. 1). The 

 

Aipysurus

 

group was represented by five species of 

 

Aipysurus

 

and 

 

Emydocephalus annulatus

 

. The 

 

Hydrophis

 

 group
was represented by 15 species from six genera. These
comprised nine species of 

 

Hydrophis

 

 and four mono-
typic genera represented by 

 

Acalyptophis peroni

 

 (Bou-
lenger, 1896), 

 

Astrotia stokesi

 

 (Fisher, 1856), 

 

Lapemis
curtus

 

 (Gray, 1835) and 

 

Pelamis platurus

 

 (Daudin,
1803). Two species of 

 

Disteira

 

 were also included:

 

Disteira major

 

 (Shaw, 1802) and 

 

Disteira kingii

 

(Boulenger, 1896). Most 

 

Hydrophis

 

 species included in
the study occur in Australian waters, but the study
was able to include 

 

Hydrophis brookii

 

 (Guenther,
1872), 

 

Hydrophis spiralis

 

 (Shaw, 1802), 

 

Hydrophis
lapemoides

 

 (Gray, 1894) and 

 

Hydrophis cyanocinctus

 

(Daudin, 1803) that occur exclusively in south-east
Asian waters (Fig. 1). Three of the five species of
McDowell’s (1972) 

 

Leioselasma

 

 (subgenus of 

 

Hydro-
phis

 

) were included: 

 

H. cyanocinctus

 

, 

 

H. spiralis

 

 and

 

Hydrophis elegans

 

 (Gray, 1842). 

 

Hydrophis pacificus

 

(Boulenger, 1896), previously placed in synonymy with

 

H. elegans

 

 by McDowell (1972), was also included.

 

Hydrelaps darwiniensis

 

 (Boulenger, 1896) and

 

Parahydrophis mertoni

 

 (Roux, 1910) represented the
‘primitive’ sea snakes. 

 

Hemiaspis signata

 

 (Jan, 1859)
and 

 

Hemiaspis damelii

 

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

 

et al

 

.,
1998; Keogh, 1998).

Tissue samples were obtained from live sea snakes,
museum collections and a trawl fishery by-catch study
conducted by the Commonwealth Scientific and Indus-
trial Research Organization (CSIRO) in 1996, 1997,
and 2001 (Table 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
to obtain a small sample of muscle tissue from the flat-
tened ventral surface of the tail and to verify the spe-
cies’ identity. Where possible, only museum samples of
entire specimens with vouchers were included. All tis-
sue samples were stored at room temperature in 70%
ethanol or in a solution of 20% dimethylsulphoxide
saturated with sodium chloride.

 

DNA 

 

EXTRACTION

 

 

 

AND

 

 

 

MT

 

DNA 

 

AMPLIFICATION

 

Tissue samples were digested with proteinase K in a
CTAB buffer [100 m

 

M

 

 Tris-HCl, pH 8, 1.4 

 

M

 

 NaCl,
20 m

 

M

 

 EDTA, 2% CTAB (hexadecyl-trimethyl-ammo-
nium bromide), 0.2% 2-mercaptoethanol]. Total cellu-
lar DNA was purified by extraction with neutralized
chloroform-isoamyl-alcohol (24 : 1), precipitated with
ethanol and dissolved in TE buffer. The cytochrome 

 

b

 

and the 16S rRNA mitochondrial genes were targeted
because they have provided good resolution for similar
studies of other elapids (Keogh, 1998; Keogh 

 

et al

 

.,
1998; Keogh, Scott & Hayes, 2005). Primers used to
amplify and sequence cytochrome 

 

b

 

 (1150 bases) and
16S rRNA (530 bases), are shown in Table 2. Target
fragments were amplified using a polymerase chain
reaction (PCR) comprising 10 ng template DNA,
2 units Taq-polymerase (Qiagen), 4 

 

µ

 

L of 10 × Qiagen
reaction buffer, 100 mM MgCl2, 1.0 mM dNTPs and
2 pmol of each primer in 40 µL total volume. PCR
amplification of double-stranded product was per-
formed 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 fol-
lowed by one 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 (i.e. eight cycles). This was followed by
32 cycles at 50 °C. A final extension step at 72 °C was
peformed for 7 min.

DNA SEQUENCING

PCR products were gel purified using the UltraClean
15 DNA purification kit (Geneworks) and both com-
plimentary strands were cycle sequenced using ABI
PRISM BigDye (Perkin Elmer) cycle sequencing reac-
tion kit. Due to the length of the cytochrome b gene,
internal primers were used to obtain reliable sequence
from both complimentary strands (Table 2). Reactions
were conducted using 4 µL of reaction premix, 2 pmol
of amplification primer, and approximately 50–80 ng
purified PCR product as template. Cycle sequencing
was performed 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 s, 50 °C for 15 s,
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60 °C for 4 min. Ramping was set at 1 °C s−1. Ext-
ension 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).

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

Figure 1. Sampling locations of species included in this study.
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Table 2. Primers used to generate polymerase chain reaction products and DNA sequences

Region Name Sequence: 5′ > 3′ 3′ position Source

Cytochrome b tRNA-Glu TGATMTGAAAACCACCGTTG 14 909 J. S. Keogh (unpubl. data)
L14968 CCTTATTATTCTCCAACCTTCTAC 14 968 Present study
Elapid Cytb Lb GGACAAATATCATTCTGAGCAGCAACAG 15 337 J. S. Keogh (unpubl. data)
Elapid Cytb H TTGTAGGAGTGATAGGGATGAAATGG 15 559 J. S. Keogh (unpubl. data)
H15951 TGATTGAGGCTGTTTGACTGATT 15 951 Present study
tRNA-ThrA CCRTCTTTGGTTTACAAYAACAATG 16 070 J. S. Keogh (unpubl. data)

16S rRNA L2510 CGCCTGTTTATCAAAAACAT 1 847 Palumbi (1996)
H3056 CTCCGGTCTGAACTCAGATCACGTAGG 2 351 Palumbi (1996)

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 Cyt b H and 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).
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using the vertebrate mitochondrial genetic code. No
premature stop codons were observed, and it was con-
cluded that the cytochrome b sequences obtained were
mitochondrial in origin. The 16S rRNA sequences also
displayed no obvious signs of nuclear copies.

Prior to phylogenetic analyses, a partition homoge-
neity 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
(P > 0.05) could not be rejected, and the data from both
genes were combined for all phylogenetic analyses.
The 16S rRNA data set contained two small adjacent
hyper-variable regions, totalling 15 bp in length, for
which it was not possible to align sites or identify site
homologies across all taxa, and these were excluded
from our analyses.

The complete combined data set was analysed using
unweighted parsimony, maximum-likelihood (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 dis-
tribution (Γ), and proportion of invariant sites (I) pro-
vided by ModelTest were used in the ML analyses
implemented in PAUP* (Swofford, 2000). The ModelT-
est was also used to select the most appropriate mod-
els for the separate cytochrome b and 16S rRNA data
sets to estimate interspecific and intraspecific ML
genetic distances (for species represented by more
than one individual).

Two unweighted parsimony analyses also were
performed using PAUP*. In the first, all sites were
included and, in the second, the third codon position
was excluded from the cytochrome b data set (343
characters) to test for saturation and evaluate the
effect on tree topology. A strict consensus tree was con-
structed for each analysis.

The Bayesian analyses were implemented using the
same combined data set as the ML analyses and the
computer program MrBayes (version 3.0b4) (Huelsen-
beck & Ronquist, 2001). Two strategies were used for
these analyses. In the first, the substitution rates for
the General Time Reversal (GTR) model, gamma dis-
tribution, proportion of invariant sites and character
state frequencies were estimated for all the data com-
bined. The default value of four Markov chains per run
was used and the analysis was run 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 approxi-
mately 100 000 generations (1000 sampled trees), so

the first 2000 trees were discarded as the burn-in
phase and the remaining 8000 trees were used to con-
struct a 50% majority rule consensus tree and esti-
mate Bayesian posterior probabilities. In the second
approach, the data were partitioned into four charac-
ter sets: the 16S rRNA gene and one for each of the
codon positions for the cytochrome b gene. The substi-
tution rates for the GTR model, gamma distribution,
proportion of invariant sites, and character state fre-
quencies were unlinked and estimated independently
for each data partition. Four Markov chains were ran
for 7 000 000 generations, sampled every 100 genera-
tions and the first 10 000 sampled trees were dis-
carded as the burn-in phase. This analysis was run
twice and posterior probabilities for clades were plot-
ted against one another. Low variance was found in
estimated posteriors probabilities for focal clades, sug-
gesting that chains had reached stationarity.

Bootstrap values (both parsimony and nonparamet-
ric ML) and Bayesian posterior probabilities were used
to evaluate branch support. Two unweighted parsi-
mony bootstrap tests, comprising 10 000 replicates
each, were performed. The first was on the entire com-
bined data set and the second with cytochrome b third
codon position excluded. Two maximum likelihood
bootstrap tests also were performed. The first com-
prised one or two individuals to represent each species
(detailed in Table 1) and 500 nonparametric ML boot-
strap replicates. The second included all 74 individuals,
and 100 nonparametric ML bootstrap replicates were
performed. In addition, Bayesian posterior probabili-
ties provided a third measure of branch support and
may represent a better estimate of phylogenetic accu-
racy than bootstrap values (Wilcox et al., 2002; Reeder,
2003). A conservative statistical approach was taken
and a branch was considered to be supported only if it
received bootstrap values = 70% (Hillis & Bull, 1993)
and posterior probabilities = 95% (Wilcox et al., 2002).

HYPOTHESIS TESTING

The significance of log-likelihood differences was
tested between the optimal ML tree and a number of
alternative topologies (listed below) representing var-
ious 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 uncon-
strained trees were compared using the Shimodaira-
Hasegawa test in PAUP* (Shimodaira & Hasegawa,
1999; Goldman, Anderson & Rodrigo, 2000) using full
optimization and 10 000 bootstrap replicates. This
tests whether the optimal tree is significantly better
than each of the alternative hypotheses.
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Phylogenetic affinities of Emydocephalus
McDowell (1972: 207–208) 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 this hypothesis, our tree was
compared with an alternative topology where Emy-
docephalus and A. eydouxi together form a sister clade
to the remaining Aipysurus (Fig. 2A).

Phylogenetic affinities of Hydrelaps and 
Parahydrophis
It is generally agreed that Hydrelaps and Parahydro-
phis represent ‘primitive’ lineages; however, their evo-
lutionary relationships to the Aipysurus or Hydrophis
groups remain unclear (Burger & Natsuno, 1974;
McDowell, 1969, 1972, 1974; Voris, 1977). Indeed, they
have been variously placed, separately or together,
basal to the Aipysurus or Hydrophis groups, or to both

major lineages (McDowell, 1969, 1972, 1974; Burger &
Natsuno, 1974; Voris, 1977).

Our tree was compared with a number of alterna-
tive topologies. First, the hypotheses was tested that
the combined Hydrelaps/Parahydrophis clade was
either a sister taxon to all remaining sea snakes
(Fig. 2B) or a sister taxon to the Aipysurus group
(Fig. 2C). Next, the following hypotheses were tested:
Hydrelaps was a sister taxon to the Hydrophis group,
and Parahydrophis was a sister taxon to the Aipysu-
rus group and vice versa, and Hydrelaps was basal to
all other sea snakes and Parahydrophis was mono-
phyletic with either the Aipysurus group or the Hydro-
phis group and vice versa.

Monophyly of Hydrophis
To address questions regarding monophyly of Hydro-
phis and one of its subgenera, Leioselasma (McDowell,
1972), our tree was compared with three alternative
topologies. In the first, all of our surveyed Hydrophis
species were forced into monophyly. (Fig. 2D). In the

Figure 2. Diagrammatic representations of hypothesized evolutionary relationships based on morphology. Shimodaira–
Hasegawa tests were conducted on trees that reflected these hypotheses and included all specimens used in this study. A,
phylogenetic affinities of Emydocephalus; B, C, phylogenetic affinities of Hydrelaps and Parahydrophis; D, monophyly of
Hydrophis. See text for details.
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second, all species of the subgenus Leioselasma
included in our study (H. spiralis, H. cyanocinctus,
H. pacificus, and H. elegans) were forced into mono-
phyly. Finally, McDowell’s (1972) synonymy of
H. pacificus with H. elegans was tested by forcing
these two species into monophyly.

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 recog-
nize Disteira and assign to it D. major and D. kingii
(Cogger, 1975; Minton, 1975; Heatwole & Cogger,
1994; Cogger, 1996). These hypotheses were tested by
comparing our tree with two alternative topologies. In
the first, both Disteira species sampled were forced
into monophyly and, in the second, Disteira and Astro-
tia were forced into monophyly.

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.

GENETIC DISTANCE

ModelTest supported the GTR model with gamma dis-
tributed rate variation (Γ) and proportion of invariant
sites (I) as the best-fit substitution model for each indi-
vidual data set. These parameters were used to esti-
mate maximum likelihood (ML) genetic distances.
Interspecific  ML  genetic  distances  for  cytochrome
b ranged widely (Table 3, Appendix 1). The largest
distances  were  in  comparisons  between  species  of
the Aipysurus and Hydrophis lineages (∼39–55%)
whereas the lowest genetic distances were among spe-
cies within the Aipysurus lineage (∼3.3–17.6%) and
within the Hydrophis lineage (∼1.4–12.2%). Genetic
distances between the Hydrelaps/Parahydrophis clade
and the Aipysurus lineage were higher (39–51%) than
those between the Hydrelaps/Parahydrophis clade
and the Hydrophis lineage (25–35%) (Table 3, Appen-
dix 1). 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
(Table 3, Appendix 1).

PHYLOGENETIC RELATIONSHIPS

ModelTest supported GTR + Γ +I as the best-fit sub-
stitution model for the combined data set, and 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 recov-
ered 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 cytochome b resulted in
788 most parsimonious trees. The strict consensus of
these trees for each of these analyses again were vir-
tually 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 our phylogenetic analyses are sum-
marized in Figure 3 where the ML/Bayesian phylo-
gram is presented and two parsimony bootstrap
values (first for the entire data set and second for the
data set with cytochrome b third codon positions
excluded; also reported in this order in the text), the
nonparametric ML bootstrap values, and the Bayesian
posterior probabilities from the combined data set are
also shown for each node. For nodes where all four
measures of support were 100, this value is summa-
rized by one number on the tree for the sake of
simplicity.

The hydrophiine sea snakes comprised two strongly
supported monophyletic lineages (Fig. 3). Monophyly
of the Aipysurus lineage was strongly supported by
high bootstrap values and a high Bayesian posterior
probability. Within the Aipysurus lineage, E. an-
nulatus formed a strongly supported sister group to
Aipysurus. Aipysurus eydouxi formed the sister spe-
cies to its four congeners, and the hypothesis that
A. eydouxi is related more closely to Emydocephalus
than to all other Aipysurus could be rejected
(P = 0.036) (Fig. 2A). The remaining four Aipysurus
species formed two well-supported sister groups, one
comprising A. laevis and Aipysurus fuscus, the other
comprising Aipysurus duboisii and Aipysurus aprae-
frontalis (Fig. 3). The Aipysurus lineage as a whole
formed a well-supported sister group to the clade com-
prising the Hydrophis lineage plus H. darwiniensis
and P. mertoni.

Athough monophyly of the clade comprising the
Hydrophis lineage plus the Hydrelaps/Parahydrophis
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clade was strongly supported by bootstrap values and
posterior probabilities, it was not possible to reject the
alternative topologies where the H. darwiniensis/
P. mertoni group formed a sister clade to either the
Aipysurus lineage (P = 0.135) (Fig. 2B), or to both the
Aipysurus and Hydrophis lineages (P = 0.113)
(Fig. 2C). Monophyly of the H. darwiniensis/
P. mertoni clade itself was poorly supported (parsi-
mony bootstrap values 65% and 68%, respectively; ML
bootstrap 52%; Bayesian posterior probability 69%)
and it was not possible to reject the alternative
hypotheses that place Hydrelaps as a sister taxon to
the Hydrophis lineage and Parahydrophis as a sister
taxon to the Aipysurus lineage (P = 0.159) or basal to
both lineages (P = 0.184). By contrast, the ability to
reject the hypotheses of Parahydrophis as a sister
taxon to the Hydrophis lineage and Hydrelaps as a sis-

ter taxon to the Aipysurus lineage (P = 0.062) or basal
to both lineages (P = 0.074) was stronger. Finally,
although it was not possible to reject the hypothesis
that Parahydrophis is basal to both lineages and
Hydrelaps monophyletic with the Aipysurus lineage
(P = 0.099), based on our data, the hypothesis that
Hydrelaps is basal to all sea snakes and Parahydro-
phis is monophyletic with the Aipysurus lineage
(P = 0.053) is unlikely.

Monophyly of the Hydrophis lineage was very
strongly supported; however, most species were
characterized by very long branches, and species level
and intergeneric relationships were poorly resolved
(Fig. 3). Moreover, it is clear that the genus Hydro-
phis, as currently understood, is not monophyletic
(P = 0.0001) (Fig. 2D). Only two well-supported clades
were identified within the Hydrophis group, one

Table 3. Percent sequence divergences (ranges) for within and between lineage divergences, and intraspecific genetic
distances for species represented by more than one individual

Taxon 16S rRNA Cytochrome b

Within lineage divergences
Aipysurus group 0.39–4.37 3.29–17.58
Hydrophis group 0.19–4.32 1.36–12.23
Hydrelaps/Parahydrophis clade 6.51–10.83 25.25–25.96

Between lineage divergences
Hydrophis and Aipysurus groups 5.01–9.65 39.68–54.57
Hydrelaps/Parahydrophis and Aipysurus group 4.77–8.62 39.03–50.58
Hydrelaps/Parahydrophis and Hydrophis group 4.90–7.52 24.62–34.57

Intraspecific genetic distances
Acalyptophis peronii 0.0000 0.0009–0.0066
Aipysurus duboisii 0.0000 0.0063
Aipysurus eydouxi 0.0000–0.0020 0.0010–0.0020
Aipysurus fuscus 0.0000 0.0000
Aipysurus laevis 0.0000–0.0021 0.0000–0.0029
Astrotia stokesii 0.0000–0.0062 0.0009–0.0076
Disteria kingii 0.0000 0.0000–0.0028
Disteria major 0.0000 0.0000–0.0011
Emydocephalus annulatus GBR 0.0000 0.0000
Emydocephalus annulatus NW Shelf 0.0000–0.0021 0.0000–0.0048
Emydocephalus annulatus btw regions 0.0084–0.0110 0.0058–0.0067
Hydrelaps darwiniensis 0.0344 0.0211
Hydrophis cyanocinctus 0.0147 0.0342
Hydrophis elegans 0.0000 0.0019–0.0048
Hydrophis lapemoides 0.0000 0.0009
Hydrophis mcdowelli 0.0020 0.0037
Hydrophis ornatus 0.0000–0.0081 0.0000–0.0028
Hydrophis pacificus 0.0000–0.0039 0.0000–0.0019
Lapemis curtus Australia 0.0000 0.0000–0.0028
Lapemis curtus btw countries 0.0019–0.0021 0.0081–0.0092
Pelamis platurus 0.0000 0.0000–0.0028

Genetic distances are given as ranges and correspond to the model of best fit indicated by ModelTest 3.0 for each data set
(GTR + I + Γ for each gene). Note that, for E. annulatus and L. curtus, genetic distances within and between regions are
also presented. Further details are provided in the text.
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Figure 3. Maximum likelihood/Bayesian tree from combined cytochrome b and 16S rRNA data under the best-fitting
model GTR + I + Γ. Numbers above or below branches represent parsimony bootstrap values for all characters included/
with cytochrome b third codon position excluded/nonparametric maximum likelihood bootstrap values/Bayesian posterior
probabilities. Nodes for which all three bootstrap measures were 100% and that had Bayesian posterior probabilities of
100 are indicated by 100 on the corresponding branch. Branches with one or more bootstrap values missing indicate that
bootstrap values were below 50% for the corresponding analyses. The sampling locations indicated are shown in Figure 1.
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comprising Hydrophis ornatus and Acalyptophis pero-
nii and the other comprising Hydrophis pacificus,
H. cyanocinctus and H. spiralis (Fig. 3). Hydrophis
cyanocinctus,  H. spiralis  and  H. pacificus  all  belong
to McDowell’s (1972) subgenus Leioselasma, and
although H. elegans (also ascribed to the subgenus
Leioselasma) was not included in this clade in our tree,
it was not possible to reject the hypothesis that the
subgenus Leioselasma comprises a monophyletic
group (P = 0.285). However, it was possible to reject
McDowell’s (1972) synonymy of H. pacificus with
H. elegans (P = 0.0001). Disteira kingii and D. major
did not form a monophyletic group (Fig. 3) but it was
not possible to reject the hypothesis that Disteira
could be monophyletic (P = 0.214). Based on our data,
it was possible to reject the hypothesis that Disteira
and Astrotia form a monophyletic group (P = 0.039).
The very poor resolution among species and genera
within the Hydrophis lineage, combined with the long
branches that characterize most species, suggests that
the Hydrophis lineage represents a rapidly diverged
adaptive radiation.

INTRASPECIFIC PHYLOGEOGRAPHY

With only one exception, all branches leading to con-
specific individuals were supported by Bayesian pos-
terior probabilities of 100% and bootstrap values
ranging from 78% to 100% (Fig. 3). For several species,
specimens were obtained from multiple parts of their
range and, in most cases, the intraspecific tree topol-
ogies reflected these geographical distributions
(Figs 1, 3). In particular, H. ornatus, A. peronii,
H. pacificus, and A. stokesii from the Gulf of Carpen-
taria formed sister groups to conspecifics from the
North-west Shelf. In addition, A. eydouxi from the
Gulf of Carpentaria formed a sister group to a conspe-
cific individual from the Great Barrier Reef. Hydro-
phis elegans from the Great Barrier Reef formed a
sister group to an individual from Weipa in the Gulf of
Carpentaria, and L. curtus from Australia also formed
a sister group to a conspecific individual from Thai-
land. Emydocephalus annulatus also divided into two
groups, the north-west Shelf and Great Barrier Reef,
and individuals from the north-west Shelf separated
out according to the reef from which they were
sampled (Figs 1, 3). In addition, intraspecific genetic
distances for L. curtus and E. annulatus were much
lower within regions than between regions (Table 3).

DISCUSSION

Our robust molecular phylogeny of the hydrophiine
sea snakes has revealed a number of strongly sup-
ported matrilineal clades. The topology of the phylo-
genetic gene-tree corroborates the existence of the

long-recognized Aipysurus and Hydrophis lineages,
provides resolution among the Aipysurus group spe-
cies included in our study, and demonstrates that
genus Hydrophis, as currently understood, is not a
monophyletic clade (McDowell, 1969, 1972, 1974;
Burger & Natsuno, 1974; Voris, 1977; Rasmussen,
1994). Although the evolutionary relationships of
H. darwiniensis and P. mertoni remain unclear, our
topology suggests that Hydrelaps represents a sister
taxon to the Hydrophis group (McDowell, 1972).
Finally, our molecular phylogeny strongly supports
the hypothesis that the Hydrophis lineage represents
a rapidly diverged adaptive radiation (Burger & Nat-
suno, 1974; Voris, 1977). Each of these issues is con-
sidered in turn below.

AIPYSURUS LINEAGE

The Aipysurus lineage, comprising nine species, has
been taxonomically stable subsequent to Smith’s
(1926) description of Aipysurus and Emydocephalus.
Our molecular data strongly support monophyly of
this group (Fig. 3) and corroborate the distinctive mor-
phological 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 com-
plete haemal arches, and a thick cylindrical body
(Smith, 1926; McDowell, 1969, 1972; Burger & Nat-
suno, 1974; Rasmussen, 1997, 2002). These are all
primitive characters, however there are very few
uniquely derived characters in the sea snakes in gen-
eral, and none that unite the Aipysurus lineage (Voris,
1977).

Smith (1926) recognized two species of Emydoceph-
alus and seven species of Aipysurus. Our phylogeny
grouped A. laevis with A. fuscus, and A. duboisii with
A. apraefrontalis, into two reciprocally monophyletic
and well-supported clades, with Aipysurus eydouxi as
a sister group (Fig. 3). Although previous studies have
not resolved relationship among Aipysurus species
(McDowell, 1969, 1972, 1974; Burger & Natsuno,
1974; Voris, 1977; Rasmussen, 2002), our results agree
with both McDowell (1972) and Voris (1977) who sug-
gested that A. eydouxi could represent a stem lineage.
Aipysurus eydouxi occurs in turbid deeper waters (30–
50 m) throughout northern Australia and the Indo-
Malay archipelago, and 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, 1996). Emydocephalus species
also feed exclusively on fish eggs (Voris, 1966) and
Emydocephalus species and Aipysurus eydouxi share
morphological specializations for egg eating, such as
extreme fang and venom apparatus reduction (Voris,
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1977; Voris & Voris, 1983). Despite this, our data do
not support McDowell’s (1972) proposed sister group
relationship between Emydocephalus and Aipysurus
eydouxi to the exclusion of other Aipysurus nor the
allocation of Emydocephalus to a subgenus of Aipysu-
rus (Fig. 2A). Our tree topology does suggest that egg
eating may be the ancestral condition in the Aipysurus
group; however, it is also plausible that the specializa-
tion for exclusive egg eating evolved twice in this
group, particularly considering the extreme fang and
venom apparatus reduction associated with this
dietary specialization, and that all members of the
Aipysurus group include fish eggs in their diets to
some extent (Voris, 1972; Voris & Voris, 1983).

HYDROPHIS LINEAGE

Our phylogeny strongly demonstrates that the Hydro-
phis lineage is monophyletic. However, unlike the
Aipysurus lineage, the evolutionary relationships
among species and genera in this much larger lineage
remain poorly understood (Fig. 3). Similarly, although
the Aipysurus lineage has been taxonomically stable
subsequent to Smith (1926), the genera that comprise
the Hydrophis lineage have been revised numerous
times (Smith, 1926; McDowell, 1969, 1972, 1974;
Burger & Natsuno, 1974; Voris, 1977; Rasmussen,
1997). This somewhat chaotic taxonomic history
almost certainly is due in part to the 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 rela-
tionships within this genus, McDowell (1972) grouped
its 21 species into three subgenera: Leioselasma,
Aturia (Chitula) and Hydrophis. Cogger (1975) subse-
quently regarded these as natural groups and Kharin
(1984) suggested they be elevated to genera. Although
the present study supports 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 (1994)
showed that McDowell’s subgenus Aturia (nine spe-
cies) was paraphyletic based on cladistic analysis of
the characters used by McDowell to define the subgen-
era. Our topology demonstrates clearly that the genus
Hydrophis, as currently understood, is not monophy-
leic and our result corroborates others who have come
to the same conclusion based on other types of data
(Cadle & Gorman, 1981; Rasmussen, 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. Nevertheless, it seems premature to propose yet
another taxonomic revision of the genus at this stage.
Instead, a taxonomic revision of the Hydrophis lineage
should be delayed until a molecular phylogeny is
available that includes all currently recognized 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 are only two well-supported clades within the
Hydrophis group that can be noted in our phylogeny.
The first is the clade comprising H. ornatus and
A. peronii to the exclusion of other Hydrophis species,
a close relationship that has not been identified in pre-
vious studies. The second is the group comprising
H. cyanocinctus, H. spiralis and H. pacificus from
McDowell’s (1972) subgenus Leioselasma (Fig. 3).
Hydrophis pacificus was placed in synonymy with
Hydrophis belcheri by Smith (1926), moved to the
synonymy of H. elegans by McDowell (1972), and
resurrected by Cogger (1975). Based on our data,
H. pacificus and H. elegans, both of which are Austra-
lian endemics with overlapping distributions, are dis-
tinct 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 individual of
H. cyanocinctus (Hcy001) formed a well-supported
group, whereas the second individual of
H. cyanocinctus (Hcy002) formed a well-supported
clade with H. pacificus (Fig. 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 3). The most prob-
able explanation of this incongruous grouping is incor-
rect identification, as there is no agreement on the
distinguishing features of H. cyanocinctus and
H. spiralis (McDowell, 1972). Unfortunately, only
dried heads remain of the specimens used in this
study (H. Voris, pers. comm.) and more work needs to
be carried out to clarify the relationships among these
closely related species.

Although some monotypic genera such as Acalypto-
phis, Astrotia, and Pelamis have been recognized since
they were first described, the status and/or species
composition of other genera such as Disteira and Lape-
mis have been more controversial. McDowell (1972)
resurrected Disteira and assigned to it four species
(D. major, D. kingii, A. stokesii, and E. schistosa)
based on the common possession of an ‘adductor man-
dibulae externus superficialus muscle with very broad
dorsal portion which completely conceals the adductor
externus medialis’ (McDowell, 1972). Burger & Nat-
suno (1974) agreed that Disteira, including Astrotia
and Enhydrina, comprised a natural group but,
because it was only distinguished from Hydrophis by
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one character, they reduced Disteira to a fourth sub-
genus of Hydrophis. Most subsequent classifications
have retained Disteira but only assign to it D. major
and D. kingii. Based on our data, it was not possible to
reject monophyly of D. major and D. kingii. However,
if Disteira does represent a natural group, our data
does demonstrate that Astrotia is more distantly
related.

The phylogenetic affinities of H. darwiniensis,
E. greyi and P. mertoni 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 basal to
the Aipysurus group, and considered Hydrelaps basal
to either the Hydrophis group or to both major lin-
eages. Voris’s (1977) phylogenetic analysis of detailed
morphological data found that both Ephalophis and
Hydrelaps were basal to the Hydrophis group. By
contrast Burger & Natsuno (1974) placed Hydrelaps,
Ephalophis, and their newly created genus, Parahy-
drophis (previously Ephalophis mertoni), as basal to
the Aipysurus group that together formed a new sub-
family Ephalophiinae or ‘Thick Sea Snakes’, which
was placed basal to their other newly created sub-
family Hydrophiinae or ‘Flat Sea snakes’ (our Hydro-
phis group). Although the Hydrelaps/Parahydrophis
clade formed a distant sister taxon to the Hydrophis
group in our phylogeny, it was not possible to exclude
the alternative hypotheses. However some topologies,
in particular those that placed Hydrelaps either
basal to all sea snakes or monophyletic with the
Aipysurus group, were in the boarderline rejection
region. The evolutionary relationships of these two
species may be clarified by including Ephalophis in
the phylogeny, and/or with additional mitochondrial
or nuclear loci.

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 mor-
phological and other traits important in utilizing
these environments, and are descended from a com-
mon 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 cor-
relation and trait utility (Voris, 1977; Voris & Voris,
1983), and rapid speciation as demonstrated by our
phylogeny. The topology of our tree, lack of resolution
between species, nonmonophyly 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 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, whereas the Hydrophis lin-
eage comprises 11 genera (mostly monotypic) and 23
species. If the number of genera within each lineage is
used as a proxy for the levels of phenotypic diversity
within each lineage (Schluter, 2000), and it is assumed
that the genetic diversity of the Hydrophis lineage is
well sampled in the present study, then the ratio of
phenotypic diversity to genetic diversity of Hydrophis
lineage is approximately seven-fold that of the
Aipysurus lineage. A more conservative approach is to
consider only the genera sampled in our phylogeny
(six genera from the Hydrophis lineage, two from the
Aipysurus lineage); however, the level of phenotypic
divergence relative to genetic divergence is still
approximately four-fold higher in the Hydrophis lin-
eage. A similar result is obtained if one uses the num-
ber of species in each lineage as a proxy for phenotypic
diversity.

Burger & Natsuno (1974) and Voris (1977) noted 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) hypothesized
that ancestral Hydrophis populations were isolated
repeatedly due to fluctuating sea levels associated
with Pleistocene glaciation cycles, promoting specia-
tion. Our data are consistent with Voris’s (1977)
hypothesis, which is also supported by distributional
data. Most members of the Aipysurus lineage are
endemic to the coral reefs of Australia and New
Guinea and, although Voris (1977) suggested that
early widespread representatives of Aipysurus
eydouxi and Emydocephalus ijimae experienced the
same repeated isolations as the Hydrophis lineage, it
is more plausible that the Aipysurus/Emydocephalus
complex represents an endemic Australian element
(Cogger, 1975) and that A. eydouxi and Emydoce-
phalus later dispersed into south-east Asian waters.
Alternatively,  species  of  the  Aipysurus  lineage  may
be relics of an earlier adaptive radiation (Burger &
Natsuno, 1974).

Although fluctuating sea levels and associated
repeated isolation of populations over long periods
together comprise a convincing hypothesis to explain
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the rapid diversification of the Hydrophis lineage, our
molecular data also are fully consistent with the phe-
notypic and ecological diversity displayed within this
lineage, particularly with regard to diet specializa-
tion and habitat preference. In particular, the Hydro-
phis lineage displays a high level of specialization
with respect to prey size and shape, and this is
reflected in associated morphological specializations
(Voris & Voris, 1983). For example, a suite of long-
necked microcephalic Hydrophis species feed exclu-
sively on burrowing eels (McCosker, 1975; Voris &
Voris, 1983). These ecological factors, combined with
sea level fluctuations acting to isolate populations,
together represent the most likely explanation for the
diversity displayed in this radiation.
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