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Hydrophiine (true) sea snakes are large predatory live-bearingmarine reptiles. Australia is a biodiversity hotspot
for true sea snakeswith almost half of the ~70 extant species (including 11 endemics). Two Australian endemics,
Aipysurus foliosquama and Aipysurus apraefrontalis, were listed as Critically Endangered (CR) under IUCN Red List
(2010) criteria and Australia's Threatened Species Legislation (2011) due to their restricted geographic ranges
being b10 km2 (i.e. Ashmore and Hibernia Reefs, Timor Sea), from where they disappeared between 1998 and
2002. However,museum and anecdotal records suggested that these speciesmight also occur in coastal locations
of Western Australia (WA). We used intensive field surveys, habitat data, and molecular genetics to document
the first unequivocal records of living A. foliosquama (n= 16) and A. apraefrontalis (n= 7) since theywere listed
as Critically Endangered, in coastalWA. Our data significantly increases the known geographic range and habitats
of A. foliosquama, to include seagrass meadows in subtropical Shark Bay (latitudes 24.5°S to 26.6°S), which is
500 km further south than any previous sighting. Most sea snakes were collected from demersal prawn trawl
by-catch surveys, indicating that these species are vulnerable to demersal trawl gear. Nonetheless, the disappear-
ance of these two species fromAshmore Reef (which coincidedwith extirpations of at least three other sea snake
species) could not be attributed to trawling and remain unexplained. Key threatening processes will need to be
identified if effective conservation strategies are to be implemented to protect these newly discovered coastal
populations of two Critically Endangered species.

© 2015 Elsevier Ltd. All rights reserved.
Keywords:
Aipysurus foliosquama
Aipysurus apraefrontalis
Mitochondrial DNA
Western Australia
Critically endangered
Conservation genetics
1. Introduction

True sea snakes (Elapidae: Hydrophiinae) are predatory, live bearing,
have an entirely marine life cycle and represent the most biodiverse ex-
tant group of marine reptiles. There are ~70 species in two evolutionary
lineages, the typically reef-associated Aipysurus group (11 species) and
the typically inter-reefal Hydrophis group (N50 species) (Lukoschek
and Keogh, 2006). True sea snakes typically inhabit shallow-water
tropical and sub-tropical habitats throughout the Indo-West Pacific
(Lukoschek et al., 2013). Australia is a biodiversity hotspot for true sea
snakes, with ~35 species (including 11 endemics). All sea snake species
that occur in Australian waters are classified as Listed Marine Species
under Australia's Environmental Protection and Biodiversity Conservation
(EPBC) Act (1999), in recognition of their high biodiversity.

Despite being relatively large, charismatic and easily observable,
little is known about the conservation status of sea snakes. In 2009,
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the IUCN conducted the first Red List assessments of extinction risk for
69 true sea snake species and classified 34% as Data Deficient (DD),
further highlighting the lack of knowledge about this group (Elfes
et al., 2013). Four species (9%)were classified as threatenedwith extinc-
tion (Critically Endangered or Endangered), of which three congeners,
Aipysurus foliosquama, Aipysurus apraefrontalis and Aipysurus fuscus,
have long been regarded as Australian endemics with small geographic
ranges (Cogger, 1975). A. foliosquama and A. apraefrontalis were listed
as Critically Endangered under IUCN Red List Criteria Version 3.1
[B2ab(iii,v) and A2ac; See Definitions A1 for details] based on their
known geographic ranges being b10 km2. Both species were thought
to be restricted to Ashmore and Hibernia Reefs (offshore coral reefs in
the Timor Sea, Fig. 1), from where they disappeared between 1998
and 2002 (Lukoschek et al., 2013; Guinea, 2007). These criteria were
subsequently used to list these species as Critically Endangered under
Australia's EPBC Act (1999) in 2011.

In 2010, a specimen of A. foliosquama washed ashore at Barrow
Island, while in 2012 one A. apraefrontalis was landed in prawn trawl
bycatch in Exmouth Gulf and one washed ashore near Broome. These
dead specimens (deposited in the Western Australian Museum, WAM
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Fig. 1. A) Map showing key locations throughout the study region. Specific locations (purple dots) of survey sites are shown at B) Scott Reef; C) Ningaloo Reef and Exmouth Gulf; and
D) Shark Bay. Locations of previously published records (stars) and new records from this study (filled circles) for E) Aipysurus foliosquama (green) and F) Aipysurus apraefrontalis
(pink), including twoWAM samples initially identified as A. pooleorum, but reassigned to A. foliosquama (circled star). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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R150365; WAM R154750; WAM R174539, respectively) provided the
first sightings of both species since their listing as Critically Endangered.
While it is possible that these three snakeswerewaifs or vagrants, older
anecdotal reports of both species in coastalWA suggested the existence
of previously undescribed coastal populations and provided the impe-
tus for this study. We used intensive field surveys, habitat data, and
molecular genetics to fill critical knowledge gaps about the species
identity, distribution, abundance, habitat requirements and conserva-
tion status of sea snakes in coastal WA. This paper presents the first
records of live animals of both species since their listing as Critically
Endangered, which 1) significantly increases the known geographic
range and habitat usage of A. foliosquama, and 2) provides evidence of
reproductive behaviours for A. apraefrontalis in coastal WA.

2. Materials and methods

2.1. Field surveys

A range ofmethodswere used to record sea snakes during N200 h of
field surveys at Shark Bay, Ningaloo Reef, Exmouth Gulf, and Thevenard
Region in coastal WA, and the Scott Reef Complex in the Timor Sea
(Fig. 1, Table A1). In-water surveys were conducted on SCUBA
(N30 h), snorkel (N30 h), andmanta tow (N25 h) (Table A1). Sea snakes
were recorded during prawn trawl by-catch surveys in outer Shark Bay
(N40 h) in collaborationwithWestern AustralianDepartment of Fisher-
ies (WA DoF) invertebrate trawl section. Opportunistic sightings (e.g.
travelling between study sites) were recorded during fieldwork, and
during low tide walks (~120 min). In addition, geo-referenced, photo-
verified sightings were obtained from WA DoF and WA Department of
Parks & Wildlife (WA DPaW) (Fig. 1, Table A1). Shark Bay habitat data
were obtained from WA DPaW's Remote Sensing and Spatial Analysis
(courtesy Kathy Murray).

2.2. Species identification

Sea snakes were identified using morphological characteristics
(shape and number of cephalic scales, head/body shape and colour)
following Storr et al. (1986) and Cogger (2000). When possible, snakes
were captured and a small tissue sample was collected non-
destructively and aseptically from the tail for use in genetic analyses.
Species identification of 13 snakes captured in Shark Bay (ninemorpho-
logically identified as Aipysurus pooleorum and four as A. foliosquama)
were genetically evaluated using phylogenetic analyses of a concatenated
alignment of two mitochondrial genes (ATPase ~880 bp; ND4 ~ 810 bp)
based on their previous success in resolving species groups in
hydrophiine snakes (Lukoschek et al., 2007b). DNA extractions, PCR
amplifications, and sequencing were conducted using standard
procedures (Methods A1). Phylogenetic analyses were conducted
using standard Maximum Parsimony, Maximum Likelihood (ML) and
Bayesian approaches (Methods A2) and included 26 reference
sequences (Lukoschek and Keogh, 2006) representing eight of the
nine other species of Aipysurus that occur in Australia plus four species
from the sister Hydrophis clade (Lukoschek and Keogh, 2006) used as
outgroups (Table A2). As no reference DNA or sequence data were
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available for A. foliosquama from the Timor Sea at the time of this
study, we used the only publically available reference sample for
A. foliosquama — the juvenile female from Barrow Island in 2010
(WAM: R150365, Table A2).

3. Results

3.1. Field surveys and additional records

A total of 324 sea snakes from 15 species were recorded during
surveys of coastal WA and the Scott Reef complex. Sixteen live snakes
morphologically identified as A. foliosquama were captured in Shark
Bay during WA DoF prawn trawl by-catch surveys (Fig. 1E, Table A3).
Three A. foliosquama were collected in seagrass habitats within 10 km
of fringing reefs in Geographe Channel, outer Shark Bay in depths of
15–19 m, while a fourth was collected from the metahaline waters of
the southern-most extent of the Western Gulf of Shark Bay, in Henri
Freycinet Estuary, among sparse seagrass, sand over limestone, silt
and sponges, at a depth of 10 m. Habitat data are not available for the
other 12 A. foliosquama. Seven snakes morphologically identified as
Fig. 2. Bayesian phylogenetic tree generated from combined ATPase and ND4 sequence data. N
Bayesian posterior probabilities, nonparametric Maximum Likelihood bootstrap values and p
100% and with Bayesian posterior probabilities of 100 are indicated by a single “100” on the c
by “–”, indicate that bootstrap values were below 50% for the corresponding analyses.
A. apraefrontalis comprised five live snakes captured during WA DoF
trawl by-catch surveys in central Exmouth Gulf (Fig. 1F, Table 1) and a
courting pair photographed on 29th April, 2013 on the exposed side of
Ningaloo Reef (courtesy Grant Griffin, WA DPaW) (Fig. A1).

3.2. Molecular taxonomy

Molecular phylogenies using a 1592 bp concatenated alignment
contained 582 variable sites of which 502 were parsimony informative.
Bayesian, ML andMP analyses recovered virtually identical phylogenies
with high PP and bootstrap support at most nodes (Fig. 2) that were
largely concordant with previous molecular phylogenies (Lukoschek
and Keogh, 2006; Sanders et al., 2013). The two A. foliosquama sampled
in Shark Bay (BD101, BD102) formed a strongly supported clade with
three snakes fromWAM, comprising A. foliosquama from Barrow Island
(WAM: R150365 = Afol001) and two snakes from Shark Bay initially
identified as A. pooleorum, one collected in 2004 (WAM154747 =
Apl002) and the second in 2006 (WAM165709 = Apl001), consistent
with data presented in Sanders et al. (2013). Re-examination of images
of these snakes, showed the following morphological characteristics of
umbers above or below branches, or connected to a branch by a pale grey line represent
arsimony bootstrap values, respectively. Nodes for which both bootstrap measures were
orresponding branch. Branches with one or more missing bootstrap values, represented



69B.R. D'Anastasi et al. / Biological Conservation 194 (2016) 66–70
A. foliosquama: a small pointed head and foliose body scales that are
extensively free at the posteriormargin, with one to two points (images
of the ventral scales were not available at the time of publication). The
combined morphological and molecular data suggest these specimens
were misidentified and that it is appropriate to reassign them to
A. foliosquama.

There was a phylogeographic signal within the A. foliosquama clade,
with the four Shark Bay snakes forming a well-supportedmonophyletic
clade (PP = 89%, ML = 81%, MP = 99%), which excluded the Barrow
Island individual (Fig. 2). In addition, there was a phylogeographic
signal among the three Shark Bay haplotypes, with two snakes
(BD101, BD102) sampled at latitude ~24.5°S sharing a haplotype,
whereas the third and fourth snakes sampled further south in Shark
Bay (WAM165709 = Apl001 at ~25.2°S and WAM154747 =
Apl002 at ~26.4°S) had unique haplotypes (Fig. 2). The A. foliosquama
clade was reciprocally monophyletic with A. apraefrontalis with high
support (Fig. 2), consistent with previous phylogenetic hypotheses
that these are sister species based on molecular data and shared
morphologies (Sanders et al., 2015).

Nine A. pooleorum collected in Shark Bay formed a reciprocally
monophyletic clade with A. laevis (PP = 100%, ML, MP bootstraps
N95%) consistent with the hypothesis that A. pooleorum was a subspe-
cies of A. laevis based on shared morphological characteristics (large
size, imbricate dorsal scales, similarity in head scale plans) (Smith,
1974). Importantly, the A. pooleorum clade was clearly genetically
distinct from A. foliosquama and did not include the two snakes from
WAM, originally identified as A. pooleorum (Fig. 2).

4. Discussion

This study provides the first unequivocal records of live animals for
A. foliosquama and A. apraefrontalis in coastal waters of WA and is the
first to document that A. foliosquama occurs as far south as subtropical
Shark Bay (latitudes 24.5°S to 26.6°S). Aipysurus foliosquama is
described as a tropical shallow-water coral reef specialist (Minton and
Heatwole, 1975) and the only previous records of A. foliosquama in
coastal WA have been in tropical waters (Sanders et al., 2015). The
relatively large number of individuals (n = 16) sampled in Shark Bay
in WA DoF prawn trawl by-catch between 2013 and 2015 strongly
suggests that these individuals are not waifs. Rather, we argue that
A. foliosquama has established breeding populations at the subtropical
latitudes of Shark Bay. This conclusion is further supported by the fact
that the three A. foliosquama sampled at Shark Bay had distinct
mitochondrial haplotypes compared with the con-specific sampled
at Barrow Island, 500 km to the north. Previous mitochondrial
(cytochrome b) analyses comparing the haplotype of A. foliosquama
fromBarrow Islandwith haplotypes of historical samples fromAshmore
Reef (not available for this study) indicated that the Barrow Island snake
was genetically distinct and represented a separate breeding population
(Sanders et al., 2015).Moreover, all A. foliosquama sampled in Shark Bay
were from trawl by-catch surveys and habitat data for four individuals
show they occurred in seagrass with sparse or absent coral cover, chal-
lenging the previous assumption that this species is highly dependant
on dense coral cover (Minton and Heatwole, 1975).

The phylogeographic signal for A. foliosquamawithin Shark Bay is con-
sistent with previous research of other species in the Aipysurus group,
which repeatedly demonstrated limited connectivity in space and time.
Genetic data from A. laevis (Lukoschek et al., 2008) and E. annulatus
(Lukoschek and Shine, 2012; Lukoschek et al., 2007b) showed limited
genetic connectivity over spatial scales as small as 1–50 km,while tagging
data for A. laevis (Burns andHeatwole, 1998) and E. annulatus (Lukoschek
and Shine, 2012; Guinea and Whiting, 2005) indicate high site fidelity
over periods ranging from months to years.

Our study presents the first confirmed sighting of a courting pair of
A. apraefrontalis in coastal WA (Ningaloo Reef), and indeed since this
species was presumed extinct following its disappearance from the
Timor Sea reefs in 1998 (Guinea, 2007; Lukoschek and Guinea, 2010;
Lukoschek et al., 2013). This sighting in late April 2013 is consistent
with the general reproductive biology of sea snakes in Australian
waters, with winter mating and parturition in spring or early summer,
and with previous reports of two male A. apraefrontalis in breeding
condition in Exmouth Gulf in winter (1973 and 2004) and a gravid
female collected in late spring, 1967 (Sanders et al., 2015). Previous
morphological and mitochondrial (cytochrome b) analyses comparing
A. apraefrontalis from Exmouth and Broome, with animals from
Ashmore Reef (not available for this study) indicate distinctive coastal
populations (Sanders et al., 2015). Taken together, these data suggest
the presence of a separate breeding population of A. apraefrontalis in
coastal WA.

4.1. Implications for conservation

Over the last two decades there have been unexplained declines of
sea snakes at several locations that are protected by marine reserves,
including Ashmore Reef, declared a National Nature Reserve (IUCN
Category 1a) in 1983 (Guinea and Whiting, 2005; Lukoschek et al.,
2013); some southern reefs in the Great Barrier Reef Marine Park
(Lukoschek et al., 2007a); and New Caledonia (Goiran and Shine,
2013). These declines not only raise concerns about the conservation
status of Australian sea snakes, they also raise questions about the
most effective measures to protect populations, particularly for species
such as A. foliosquama and A. apraefrontalis that went locally extinct
within a five-year period (1998–2002) at Ashmore and Hibernia Reefs
(Guinea and Whiting, 2005; Lukoschek et al., 2013). Both species were
subsequently listed as Critically Endangered based on their restricted
geographic ranges from where they had disappeared.

As indicated by this study, and Sanders et al. (2015), the criteria of
highly restricted geographic ranges are no longer valid. Moreover,
while it is clear that precipitous population declines have occurred on
Timor Sea reefs (Guinea and Whiting, 2005; Lukoschek et al., 2013), a
lack of historical and contemporary data means it is not possible to as-
sess whether similar declines or extirpations have occurred in coastal
WA locations. Nonetheless, the identification of breeding populations
of A. foliosquama in Shark Bay and courting A. apraefrontalis in Exmouth
Gulf, combined with the fact that both species use a greater variety of
habitats than previously documented, suggests that these species may
not be at imminent risk of extinction. What is of extreme concern,
however, is that it has not yet been possible to identify the processes
that caused the extirpations of these and other Aipysurus species on
Timor Sea reefs (Lukoschek et al., 2013). In particular, the extirpations
could not be attributed to declines in coral cover (Lukoschek et al.,
2013) and our data indicate that neither species is dependent on coral
reef habitats for survival.

Themost commonly cited threatening process for sea snakes is inci-
dental by-catch from trawling, and indeed, both species were sampled
in trawl surveys in Shark Bay and Exmouth Gulf, suggesting that this
could be a threatening process. However, trawling does not occur at
the Timor Sea reefs because the reefs descend sharply into very deep
waters. Thus the declines of these species could not be attributed to
the local impacts of trawling (Lukoschek et al., 2013). Nonetheless,
very low numbers of both species were recorded during trawl surveys
of coastal WA between 1985 and 1990 (Ward, 1996) and the Arafura
Sea between 1967 and 1970 (Shuntov, 1971), 1985 and 1990 (Ward,
1996), and in 1995 (Wassenberg et al., 2001). Thus, trawling may be
impacting coastal populations of these species. Other potential impacts
on sea snakes include loss of habitats and/or prey, disease and recruit-
ment failure due to coastal development, mining exploration and
extraction, and climate change (Elfes et al., 2013; Lukoschek et al.,
2013). However, until we identify the causes of previous extirpations
of Aipysurus group species, it will be challenging to implement effective
conservation strategies. Thus, in addition to the need for further field
surveys to accurately document the true range extents and population
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sizes of species (in coastalWA and elsewhere), it also is critically impor-
tant that targeted research be conducted to further our understanding
of the biology and ecology of sea snakes, and address knowledge gaps
about the key threatening processes.
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