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Over the past decade, vertebrate populations globally have experienced significant
declines in distribution and abundance. Understanding the reasons behind these
population declines is the first step in implementing appropriate management responses
to improve conservation outcomes. Uncovering drivers of extirpation events after the
fact, however, requires a careful forensic approach to prevent similar declines elsewhere.
The once abundant and species-rich sea snake fauna of Ashmore Reef Marine Park, in
the Timor Sea, collapsed dramatically in the early 2000s. No such decline has occurred
on surrounding reefs. We synthesise the evidence for this collapse and the subsequent
slow recovery and evaluate the plausibility of potential drivers for the declines, as
well as provide evidence against certain explanations that have been proposed in the
past. Our systematic review shows that of seven possible hypotheses considered, at
least three are credible and require additional information: (1) stochastic environmental
events may have increased the snakes’ susceptibility to pathogens, (2) a resurgence
in the abundance of top predators may have induced a localised change in trophic
structure, and (3) an acute increase in local boat traffic may have had negative physical
impacts. One or more of these factors, possibly acting in combination with as yet
other unidentified factors, is the most plausible explanation for the precipitous decline
in sea snake populations observed. Based on this position, we identify future research
directions with a focus on addressing critical gaps in knowledge to inform and prioritise
future management actions.
Keywords: apex predator, extinction, hydrophiids, pathogen, shark, species decline, trophic cascade
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previously unavailable datasets and expertise from researchers
and managers working at Ashmore Reef Marine Park to pinpoint
key drivers of declines in sea snake populations, and (b) provide
recommendations for actionable mitigation tools to prevent
further declines in similar systems.

INTRODUCTION
Globally, vertebrate populations across terrestrial, fresh water
and marine environments are experiencing precipitous declines
in distribution and abundance (Butchart et al., 2010; Hoffmann
et al., 2010; Rodrigues et al., 2014; Ceballosa et al., 2017;
Sánchez-Bayoa and Wyckhuysb, 2019), such that many species
are being pushed toward both local extirpation and global
extinction (Wake and Vredenburg, 2008). In many of these
cases, the drivers of population declines are complex and
multi-faceted. Species extinctions can be directly or indirectly
attributed to global environmental change, including localised
over-exploitation (Rosser and Mainka, 2002), habitat loss/change
(Brooks et al., 2002), invasive alien species (Shine, 2010), disease
(Smith et al., 2006), and/or broad-scale threats such as climate
change (Urban, 2015). Nonetheless, some population declines
have unknown or uncertain causes (Stuart et al., 2004; Spitzenvan der Sluijs et al., 2013). Some of these declines can prove to
be truly enigmatic, with extended periods during which there is
little scientific consensus on the drivers of decline (e.g., global
amphibian declines in the 1980s before the chytrid fungus was
identified as a key threat).
In instances where as-yet-unexplained processes threaten
focal species, such critical knowledge gaps prevent conservation
managers from identifying and implementing appropriate
responses. Uncovering the drivers behind such enigmatic
declines is an essential first step in designing effective
management tools to prevent further biodiversity loss.
Management policies designed without a good understanding
of key drivers of population declines may result in significant
investment of time and money into conservation efforts that
do not provide recovery outcomes for populations (Campbell
et al., 2020). The process of collecting sufficient information to
pinpoint drivers of decline, and the design of effective mitigation
policy requires a collaborative partnership between information
providers (e.g., researchers, specialists) and end-users (e.g.,
conservation estate managers) to maximise the success of
conservation outcomes (Sunderland et al., 2009).
One such instance of significant declines in marine vertebrates
in recent times is the inexplicable extirpation of sea snakes from
the shallow reef systems of the Ashmore Reef Marine Park in
the Timor Sea (Figure 1). This is a region once renowned as
the global hotspot for sea snake diversity (Guinea and Whiting,
2005). The population collapsed in the early 2000s, despite other
regional reef populations apparently remaining stable, and is
recognised as one of the most significant losses of vertebrate
species in recent times (Lukoschek et al., 2013). As yet there has
been no evidence-based explanation identified for the decline,
although multiple ideas have been hypothesised in the past. In
this study, we use the sea snake decline at Ashmore reef as
an example system to demonstrate (i) how broad engagement
with knowledge holders and synthesis of disparate data can
be an effective mechanism to identify and prioritise knowledge
shortfalls relating to drivers of vertebrate declines, (ii) how this
insight can be then used to identify ways to improve management
programs to underpin improved conservation outcomes. To
achieve this aim we (a) bring together the existing literature with
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SEA SNAKES AT ASHMORE REEF
MARINE PARK
“True” sea snakes (subfamily Hydrophiinae; hereafter referred to
as sea snakes) are a diverse group of air-breathing, live-bearing
marine reptiles that have a completely marine life cycle. Some
71 species of sea snake inhabit tropical and subtropical waters
globally (Rasmussen et al., 2011b), with the highest diversity of
species in the tropical coastal waters of Australia and the IndoMalay region (Elfes et al., 2013; Cogger, 2018). Within this region,
species diversity of sea snakes is particularly high in parts of
the Timor Sea, extending from the southern coast of Timor to
Australia’s north-west coast. This group of marine reptiles are
considered mesopredators within most reef systems, and display
a range of dietary preferences and specialisations, but are largely
piscivores (Voris and Voris, 1983). This relatively small region
supports at least 19 species, representing c. 27% of the global
species diversity of sea snakes (Minton and Heatwole, 1975;
Guinea and Whiting, 2005; Mirtschin et al., 2017), second only
to the species diversity documented from the South China Sea
(25 known species: Rasmussen et al., 2011a).
Totalling 583 km2 in extent and comprising four small islands
with surrounding reef flats of 174 km2 , the Ashmore Reef
Marine Park (“Ashmore” hereafter) is the largest managed reef
system of the isolated reefs in the Timor Sea (Ceccarelli et al.,
2011). Ashmore experiences a confluence of seasonal currents
from the Indian and Pacific Oceans (Hale and Butcher, 2013).
The oceanic productivity resulting from these currents supports
numerous marine species, some of which are endemic to the
reef (Edgar et al., 2017). Over 750 species of fish (including
eight species of sharks), 30 species of pelagic birds (with over
100,000 breeding individuals), dugongs and three species of sea
turtle feed on the seagrass beds and reef or utilise terrestrial
areas as nesting grounds at Ashmore (Allen, 1993; Russell
et al., 2001; Clarke et al., 2011; Guinea, 2013). The islands and
reefs of the Timor Sea are historically, culturally, economically,
and strategically important for both Indonesia and Australia.
Since the 1800’s, the reefs, lagoons and islands of Ashmore
have been used by traditional fishermen, by Europeans to mine
guano in the latter half of the 19th century, by at least one
Australian commercial fisher in the early 1900’s, for military
exercises, for weather observations, and as a camp location for
oil and gas exploration (Wilkinson, 1908; Russell, 2005). Since its
establishment as a Marine Park in 1983, the majority of Ashmore
is classified as a Sanctuary Zone where visitation is strictly
controlled, although some visitation by traditional Indonesian
fishers is still allowed. All vessels however are prohibited from
entering the Sanctuary Zone without approval from the Director
of National Parks. A small region in the north-west of the Marine
Park is classed as a Recreational Use Zone, where visitors and
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FIGURE 1 | Location of Ashmore Reef in relation to other reefs and islands in the Timor sea, and administrative boundaries including the Memorandum Of
Understanding (MOU) Box (ATNS, 2004), Australian Exclusive Economic Zone (EEZ), Indonesia and Australia. Estimated potential distribution of benthic-foraging sea
snakes is based on habitat preferences and presence records generated by the IUCN sea snakes specialists’ group for the IUCN Red List of Threatened Species
(downloaded on 1 October 2019).

between 94 and 192 turtle-headed sea snakes (Emydocephalus
annulatus) frequented a single coral head 30 m in diameter
(Guinea and Whiting, 2005).

recreational fishing activities are permitted. The remote nature
of Ashmore restricts the numbers of people visiting, with the
majority of activities within the reef and lagoons now largely
restricted to national security monitoring and border control
activities.
Seventeen species of sea snakes have been recorded at
Ashmore, nine as breeding residents and eight as potential
waifs (Minton and Heatwole, 1975; Guinea and Whiting, 2005;
Cogger, 2018). Historical records suggest that sea snakes were
abundant at Ashmore since at least early last century. In 1926,
Dr. Malcolm Smith [who was then the physician to the Court of
Siam: (Smith, 1947)] negotiated with Malay navigators to collect
reptiles throughout South-East Asia. His collectors provided
100 specimens of sea snakes belonging to five species from
Ashmore and indicated that many more specimens could have
been obtained easily (Smith, 1926). In 1949, Mr. B. Shipway
from the Council of Scientific and Industrial Research, while
aboard the fisheries research vessel Wareen, collected a leafscaled sea snake (Aipysurus foliosquama) from Ashmore for
the Western Australian Museum. In 1973, researchers from the
research vessel Alpha Helix from the Scripps Institute collected
more than 350 sea snakes of nine species in less than 2 weeks at
Ashmore and noted that “many more were observed” (Minton
and Heatwole, 1975). Subsequent surveys in the 1990s reinforced
the observation that Ashmore supported exceptional abundance
and globally significant sea snake diversity (Guinea, 1995),
with an estimated standing stock of almost 40,000 sea snakes
on the 174 km2 reef area (Guinea and Whiting, 2005). For
example, mark and recapture studies over 3 years indicated that
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A DRAMATIC DECLINE
Surveys conducted within the shallow reefs of Ashmore from
the early 2000s onward documented a collapse in sea snake
populations, to the point that few or no snakes were detected
after 2006 (Guinea, 2013; Lukoschek et al., 2013). Although
numerous methods were used to survey snake abundance over
time, the underlying pattern of decline followed by continued
rarity over the past three decades is clear and cannot be an
artefact of differences in survey methods. The numbers of sea
snakes recorded at Ashmore declined from 46 snakes per day
in 1973 to 21 snakes per day three decades later in 2002, to
zero in the inner reef by 2013; this near absence has remained
consistent through until 2017 (Table 1). Sightings of some species
reduced drastically before others; for example, the horned sea
snake (Hydrophis peronii) was among the first to decline, followed
by the turtle-headed sea snake. Sightings of the olive sea snake
(Aipysurus laevis) was the last to decline (by 2010) and were not
sighted for 7 years thereafter (Guinea and Mason, 2017).
When sea snakes were abundant at Ashmore, they were readily
observed on the surface from boats, as is the case in other regions
where they are abundant. Between 2013 and 2017, Ashmore
has been visited by terrestrial ecologists and ornithologists on
an annual basis to survey for birds, and no sea snakes were
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TABLE 1 | Scientific survey history and sea snake abundance at the inner reef at
Ashmore Reef Marine Park.
Year

Sea snake
sighting rate
(per hr)

1973

Sea snake
sighting rate
(per day)

Survey
methods used

References

46.0

SCUBA, snorkel

Minton and
Heatwole, 1975

42.0

Reef walking

Guinea and
Whiting, 2005

TABLE 1 | Continued
Year

Sea snake
sighting rate
(per hr)

2012
2013

Sea snake
sighting rate
(per day)

Survey
methods used

References

0

SCUBA, snorkel

Edgar et al.,
2020

0

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2013

1994

16.3

1996

26.5

Reef walking

Guinea and
Whiting, 2005

2014

0

Boat transects,
reef walking

Clarke, pers.
obs.

1998

60

Reef walking

Guinea and
Whiting, 2005

2015

0

Boat transects,
reef walking

Clarke, pers.
obs.

1999

8

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2007

2016

0

Boat transects,
reef walking

Clarke, pers.
obs.

2017

0.5

2000

21

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2007

SCUBA, snorkel,
manta tow, reef
walking

Guinea and
Mason, 2017

2017

0

SCUBA, snorkel,
manta tow, reef
walking

Lukoschek
et al., 2013

Boat transects,
reef walking

Clarke, pers.
obs.

SCUBA, snorkel

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2007

Edgar and
Stuart-Smith,
2018

Boat transects,
reef walking

Clarke, pers.
obs.

2002

2003

21

6.9

2018

0

2018

0

2004

0.3

Baited
underwater video
stations

Udyawer and
Heupel, 2017

2019

0.1

SCUBA, snorkel,
manta tow, reef
walking

Keesing et al.,
2020

2004

1.5

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2006

2019

0.2

Boat transects,
reef walking

Clarke, pers.
obs.

2005

1.6

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2006

Sea snake sighting rates were reported as either per hour or per day or both.

Snorkel, manta
tow, boat
transects, reef
walking

Lukoschek
et al., 2013

Boat transects,
reef walking

Clarke, pers.
obs.

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2007

2005

4

2005

8.3

2006

0.9

2006

2.6

7

SCUBA, snorkel,
reef walking

Lukoschek
et al., 2013

2007

0.2

1

Snorkel, manta
tow, boat
transects, reef
walking

Guinea, 2007

0

Boat transects,
reef walking

Clarke, pers.
obs.

SCUBA, snorkel,
manta tow, reef
walking

Guinea, 2007

Boat transects,
reef walking

Clarke, pers.
obs.

2007
2008

0.2

2008

0.2

2009

2

SCUBA

Lukoschek
et al., 2013

2009

0

Boat transects,
reef walking

Clarke, pers.
obs.

2010

3

SCUBA, snorkel,
manta tow

Lukoschek
et al., 2013

observed in the inner reef during local operations (Clarke, pers.
obs). However, in 2016, three olive sea snakes were recorded by
baited camera traps set at 21–33 m depth in the soft sediments
outside the reef to the west of Ashmore (Speed, pers. comm).
In April 2017, a 10-day survey detected four olive sea snakes
at the extreme south-east outer reef and another one in the
West Island channel (Guinea and Mason, 2017). Later in 2017,
two olive sea snakes were seen within the West Island channel
(Guinea and Mason, 2017). However, a 5 day marine biodiversity
survey in December 2018 found no sea snakes despite diving at
76 sites within Ashmore (Edgar and Stuart-Smith, 2018), while
numerous specimens from three species were observed during
surveys at nearby Scott, Seringapatam, Hibernia and Cartier reefs
on the same voyage. A 4 day ecological survey in March 2019
opportunistically observed a single unidentified sea snake near
the western tip of the outer reef (R. Clarke pers. obs). A 12day targeted sea snake survey undertaken by CSIRO in May and
June 2019, and led by four of the authors, reported a single
olive sea snake within the reef system over 12 days of search
effort (Keesing et al., 2020). In October 2019, personnel from an
Australian Boarder Force patrol vessel photographed a Cogger’s
sea snake (Hydrophis coggeri; photographs verified by RS, VU
and KS) swimming on the surface near West Island. These recent
observations confirms that more than one species is now present
at the reef.

(Continued)
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Plausibility: Implausible
The widespread coral mortality event in 1998 that affected
most reef systems in the Timor Sea had no noticeable impact
on Ashmore (Richards et al., 2009; Ceccarelli et al., 2011).
Degradation of coral habitats due to bleaching did not occur
until 2003 (Rees et al., 2003), well after the onset of pronounced
decline in abundance of sea snakes (Guinea, 2008). We therefore
consider it implausible that a decline in reef quality due to coral
mortality caused the decline in sea snakes at Ashmore. Although
in this case, coral bleaching events at Ashmore were not identified
as a likely driver of declines due to mismatch in timing, the
strong associations between many species within the sea snake
group (e.g., Aipysurus spp.) and coral reefs ecosystems means
that populations are likely to be highly sensitive to large-scale and
long-term coral mortality.

POTENTIAL DRIVERS OF SEA SNAKE
DECLINE
Although significant effort has been expended in collecting
information on sea snake presence, abundance and diversity
patterns, the difficulty in collecting long-term empirical data
on environmental conditions, community dynamics and animal
health at Ashmore means a forensic approach is needed to
identify ecological processes and anthropogenic drivers that may
have contributed to sea snake declines. Only once this has
happened can we begin to understand the processes behind
these declines, and in turn what opportunities there are for
management actions that may improve conservation outcomes in
the future. Here, we summarise seven hypothesised processes that
are potentially threatening sea snakes at Ashmore and discuss
their plausibility as drivers of the localised declines. Some of these
drivers have been suggested previously (e.g., Lukoschek et al.,
2013), however, here we synthesise available insight, including
from new sources where available, to take a structured approach
in assessing the confidence in each proposed hypothesis. In
addition to the ideas previously proposed, we add three novel
hypotheses based on new information that may help explain the
disappearance of sea snakes at Ashmore and may be relevant in
other systems: change in predator abundance, role of pathogenic
organisms, and increased maritime activity.

Extreme Disturbance Events
Hypothesis: Historic acute disturbance events such as
cyclones, reduction in fresh water availability and marine
heatwaves severely impacted sea snake populations and drove
declines at Ashmore.
Available evidence base: Direct or sufficient circumstantial
Strength and direction of evidence: Weakly refutes (−)
Plausibility: Implausible

Cyclones
Sea snakes are thought to be capable of detecting approaching
cyclones (Liu et al., 2010) and could presumably find refuge
in deeper waters during the peak of a storm. Cyclones occur
regularly in the Timor Sea, and we are not aware of any specific
cyclone trajectories that might have had an unusually severe
impact on Ashmore during the critical period of sea snake
decline (Figure 2). Moreover, the nearby Scott Reef has been
heavily impacted by repeated cyclones in the 1980 and 1990s yet
no change in sea snake numbers was detected (Guinea, 2013;
Udyawer and Heupel, 2017).

Assessing Plausibility in Hypothesised
Drivers of Decline
Each potential driver of decline was framed as a hypothesis, and
each was tested using empirical data (where available), expert
knowledge of the system, and comparisons with other closely
related systems. We drew on expertise, available evidence and
theory to qualify (i) the available evidence base for each driver,
(ii) the strength, and (iii) direction of evidence for each specific
hypothesised driver of decline. Qualitative measures of strength
and direction of evidence were broadly categorised into four
levels; Strongly supported (+ +), Weakly supported (+), Mixed
support (± ), Weakly refuted (−), and Strongly refuted (− −)
(Table 2). The availability of sufficient evidence to assess each
driver was also qualified broadly into three categories; Direct or
sufficient circumstantial evidence, Some circumstantial evidence
and Little or none (Table 2). The plausibility of each driver in
causing population decline was assessed using the measures of
availability, strength and direction of evidence using a framework
adapted from Salafsky et al. (2019); Table 2. In the following
sections, we assess the evidence and plausibility of each driver
from which qualitative measures were obtained from Ashmore
and discuss the role of these processes in broader declines of sea
snakes in other systems.

Fresh Water Availability
Cyclones and severe weather may also affect fresh water
availability in these remote systems. Although they possess saltsecreting glands, sea snakes require fresh water for metabolic
processes (Lillywhite et al., 2019), thus a reduction or lack of
fresh water may stress sea snakes. Sea snakes are known to obtain
drinking water from the temporary fresh water or dilute brackishwater lens formed on the sea-surface during intense precipitation
over the ocean (Lillywhite et al., 2014, 2015, 2019). Long-term
seasonal trends and variability in rainfall records at Ashmore and
the wider North West Shelf indicates no evidence of significant
change compared to the trends across Australia over the time
period of sea snake decline (Shi et al., 2008). Cyclones and severe
weather, or the rainfall they produce are therefore, unlikely to
account for the decline of sea snakes at Ashmore.

Coral Bleaching
Hypothesis: Historic coral bleaching and mortality events
directly impacted sea snake populations causing the observed
declines at Ashmore.

Marine Heat Waves
Marine heat waves are periods when water temperatures at a
particular location exceed a seasonally varying threshold (usually
the 90th percentile over the last 5 years), for at least 5 consecutive
days (Hobday et al., 2016). Ashmore experienced several marine

Available evidence base: Direct or sufficient circumstantial
Strength and direction of evidence: Weakly refutes (−)
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TABLE 2 | Framework used to assess plausibility of each hypothesis explaining driver of decline in sea snake populations using data from Ashmore Reef Marine Park
as a case study.
Strength and direction of evidence for specific hypothesis

Available evidence base
Direct or sufficient circumstantial

Strongly supports (+ +)
Weakly supports (+)
Mixed support (± )
Weakly refutes (−)
Strongly refutes (− −)

Some circumstantial

Little or none

Highly plausible

Plausible

Needs more data

Plausible

Likely plausible

Needs more data

Needs more data

Needs more data

Needs more data

Implausible

Likely implausible

Needs more data

Highly implausible

Implausible

Needs more data

Plausibility is determined based on strength, direction and the availability evidence for each hypothesised driver. Framework used here has been adapted from that
proposed by Salafsky et al. (2019).

FIGURE 2 | Paths of cyclones over the Timor Sea between 1899 and 2020 and the location of reefs. Tropical Cyclone Linda in 1976 was the only cyclone that was
mapped with a direct path over Ashmore Reef Marine Park.

and the south coast of Java in July 2006 (Drushka et al., 2008)
postdate the time of significant sea snake declines at Ashmore.
We are unaware of any substantial changes in oceanic currents
over the last two decades at Ashmore that could have led to
sustained sediment build-up across the full range of sea snake
habitat. If this has taken place however, increased siltation and
suspended sediments can reduce foraging, growth and condition
of fish (Newcombe and MacDonald, 1991; Miller et al., 2002).
The first sea snake species reported to disappear from Ashmore
(the horned sea snake) forages on small gobies and eels on
the sand flats, while the next species to disappear (the turtleheaded sea snake) specialises on fish eggs. Both these food types
are likely affected by siltation. However, observation of siltation
during the time of sea snake disappearance has been limited to
only one site (M. Guinea, pers. obs.). Guinea and Mason (2017)
over the period 1994–2003 observed increased levels of siltation
near the inner mooring where sea snakes used to be numerous.
In 2005, the seagrasses adjacent to the West Island channel
leading to the inner mooring were described as stressed and
growing in suboptimal conditions (Brown and Skewes, 2001),

heat wave events between 1995 and 2018, with increasing
durations over time (Figure 3). Most events were brief, however,
and fell below the upper thermal thresholds of sea snakes (39–
40◦ C: Heatwole et al., 2012). Based on the available information,
we conclude that marine heat waves have had limited direct
impact on sea snakes at Ashmore. Marine heatwaves, however,
may have significant indirect influences on sea snake population
stability via coral bleaching events and reductions in the overall
health of local ecosystems.

Sediment Build-Up
Hypothesis: Chronic changes in oceanography and
geomorphology at Ashmore impacted sea snake population
persistence and drove declines.
Available evidence base: Some circumstantial
Strength and direction of evidence: Weakly refutes (−)
Plausibility: Likely implausible
Two major tsunamis that took place in the Indian ocean due to
earthquakes off the northwest coast of Sumatra in December 2004
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FIGURE 3 | Chronology of water temperature records from Ashmore obtained from remote sensing data between 1995 and 2019 (A). Climatological means (broken
blue lines) and thresholds (broken red lines) were calculated using the Marine Heatwave Tracker (Schlegel, 2018). Marine heat wave events are identified in red boxes
as periods that exceed seasonally varied thresholds for at least 5 consecutive days (Hobday et al., 2016). (B) shows the historic trend in duration of marine
heatwaves (days), while (C) shows the intensity of heatwaves (◦ C) at Ashmore between 1982 and 2019. Trendlines estimated using Generalised Additive Models with
standard error estimate bounds represented as grey polygons.

may retain them for sale (Branch et al., 2013). Since recordkeeping began in 1986, there are no reports of sea snakes aboard
Indonesian vessels inspected by staff of Australian Customs and
Australian Fisheries in their routine surveillance examinations
(Guinea, 2008). A common superstition amongst fishers that
interfering with or damaging sea snakes will lead to an early and
mysterious death or ill fortune on the return trip to Indonesia
(Guinea, 2008) may in part explain the dearth of records.
Trawl fisheries can be detrimental to sea snakes (Fry et al.,
2001; Milton et al., 2009) but have not operated and do not
currently operate at or close to Ashmore. Based on available
knowledge, it is very unlikely that bycatch or incidental catches
of sea snakes drove the decline of all sea snake species once
present at Ashmore.

and the observable reduction in seagrass at the channel in recent
years may be a result of sediment movement along the channel.
Nevertheless, more recently, siltation has been shown to be more
extensive and likely implicated in the disappearance of large
aggregations of the sea cucumber (Holothuria leucospilota) at
Ashmore. This species was extremely abundant and found in
densities of up to 224,000 per hectare on reef flats in 2005 and
2006 (Ceccarelli et al., 2007), but was absent in 2019 when the
same sites had transformed into sand flat habitats (Keesing et al.,
2020). The formation of the vegetated Splittgerber Cay through
siltation has developed a permanent feature since 2010 to the east
of East Island and is likely to have influenced currents and water
movements within the reef flats. Whilst sand movement can
have profound impacts on marine biota, substantial documented
changes at a small number of sites took place well after the decline
in sea snakes. Furthermore, given sea snakes occupied a diversity
of niches at Ashmore prior to decline, including an abundance
in other channels and outer reef fringes where sediment build-up
has not been observed, this hypothesis is unlikely to explain the
disappearance of sea snakes across the reef system.

Increased Predator Abundance
Hypothesis: Increased abundance of top order predators and
a subsequent modification of trophic structure at Ashmore
directly or indirectly drove declines in sea snakes.
Available evidence base: Direct or sufficient circumstantial
Strength and direction of evidence: Weakly supports (+)
Plausibility: Plausible
Eight species of sharks are known to occur at Ashmore, with
reef sharks being the dominant group by species richness and
biomass (Speed et al., 2018, 2019). In the early and mid-1900’s,
sharks have been a common feature of the northern Australia
shelf, including Ashmore, with Indonesian fishers venturing to
the Australian coastline to fish for sharks (Witt, 1951; Campbell
and Wilson, 1993; Macknight, 2013). The financial impetus for
shark product increased markedly in the 1970s and early 1980
due to market demand in China and South East Asia (Macknight,
2013; Stacey, 2017). In the 1980s, prior to the establishment of
the marine park, sharks were extensively fished at Ashmore by

Targeted Harvest and Fishing Bycatch
Hypothesis: Targeted harvests and retention of bycaught sea
snakes by traditional and commercial fishers drove declines in
sea snake populations at Ashmore.
Available evidence base: Some circumstantial
Strength and direction of evidence: Strongly refutes (− −)
Plausibility: Implausible
With the exception of a single documented historic collection
for the scientific specimen trade (Smith, 1926), there is no
evidence that Indonesian fishers have targeted sea snakes at
Ashmore; however, bycatch or incidental catches (including sea
snakes) may form a significant source of income for fishers who
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2020a; Meekan et al., 2020). More recently, manta tow surveys
conducted at 230 reef-edge sites in 2019 recorded 17 individual
reef sharks (12 whitetip reef sharks, 1 blacktip reef shark and 4
grey reef sharks; equalling a mean abundance of grey reef sharks
of 0.52 ± 0.31 individuals per hour (Figure 5; Keesing et al.,
2020). Although survey methods varied between studies (i.e.,
UVC, BRUVs, fishing surveys), and sighting rates are susceptible
to biases associated with each method (Jennings and Polunin,
1995; Ward-Paige et al., 2010), trends from both UVC and
BRUVS surveys indicate an increase in shark sighting rates since
2009 at Ashmore (Figure 5).
The recovery of sharks, and the resulting increased
predation pressure, may have reduced the abundance of small
mesopredatory fishes (≤50 cm Total Length) in reef habitats at
Ashmore, with an associated increase in large mesopredatory
fishes (≥100 cm TL) such as groupers (Plectropomus spp.) and
bluefin trevally (Caranx melampygus) (Speed et al., 2019). In the
1990s, three independent surveys observed that larger predatory
reef fish were absent from Ashmore (Berry, 1993; Hutchins, 1998;
Russell and Vail, 1988), likely due to fishing pressure or possibly
environmental factors. Another suggestion—that then-abundant
sea snakes consumed the fish (Berry, 1993)–cannot be valid,
because large mesopredatory fish species do not comprise a
significant proportion of the diets of sea snakes at Ashmore
(McCosker, 1975; Voris and Voris, 1983).
Logic of causality dictates the putative cause precedes the
effect, given the period of decline in sea snakes took place
around 2000 and shark numbers have been only substantially
recovering much later (Figure 5). If shark or other toporder predator numbers began to increase earlier than has
been recorded at Ashmore, that change might have increased
top-down pressures. The subsequent trophic cascade following
increased shark abundance may have contributed to the ongoing
absence of sea snakes from Ashmore (Figure 5). Unfortunately,
critical data on shark abundance at Ashmore prior to 1998, in
particular historical baselines and the early decline years (i.e.,
1995–1998), does not exist. Below we explore the evidence,
logic and mechanisms that may explain the process connecting
these two trends.

Indonesian fishermen, especially for their fins (Russell and Vail,
1988; Figure 4). After interviewing the Indonesian fishermen at
Ashmore, Russell and Vail (1988) reported that by 1987 sharks
were reduced in number, comprised just 3.8% of the catch,
and were harder to catch at Ashmore relative to other areas.
At least one crew member of the 13 interviewed considered
other reefs to be better than Ashmore for shark fishing at the
time. An intensive field survey over 3 weeks in September and
October 1998 showed that reef-associated sharks were extremely
rare (<1 ha−1 ) throughout the MOU box—an area in which
Indonesian traditional fishers are allowed to continue their
customary practices and traditional harvest of fish, trepang,
trochus, abalone and other marine food resources (Susanti et al.,
2021; Figure 1). In 1998, underwater visual census (UVC) at 231
reef-edge sites across the MOU box recorded just three grey reef
sharks (Carcharhinus amblyrhynchos) and 28 whitetip reef sharks
(Triaenodon obesus), while 24 grey reef sharks and one silvertip
shark (C. albimarginatus) were caught in gill nets set overnight
in shallow waters (<50 m) at Seringapatam Reef (Dennis et al.,
2005). These low numbers are atypical for reef-sharks on oceanic
reefs (Long et al., 1997; Dennis et al., 2005), and may be the
result of targeted fishing of carcharhinid sharks for their fins
and flesh (Russell and Vail, 1988). Wallner and McLoughlin
(1995) also noted a decline in catches of carcharhinid sharks
by traditional Indonesian fisherman within the MOU during
the early 1990s.
Visual comparisons of sightings of sharks suggest an
approximate threefold increase in the abundance of sharks
between 2009 and 2019 (Figure 5). Studies by Kospartov et al.
(2006) in 2005, Richards et al. (2009) in 2009, and Keesing et al.
(2020) in 2019 estimated the abundance of finfish and sharks in
shallow water (<30 m) at Ashmore using UVC surveys at 16,
8, 8, and 216 sites, respectively, at Ashmore (Figure 5). These
studies recorded a general increase in the rate of sightings of
grey reef sharks from 0.07 per hour (1998) to 0.5 per hour
(2019). In 2004 the mean relative abundance per hour of the
grey reef shark was almost identical to that of Scott Reef (Speed
et al., 2018) reaffirming the conclusion by Meekan et al. (2006)
that the numbers of whitetip reef sharks and grey reef sharks
were similar in shallow habitats of Scott Reef (currently fished),
Ashmore Reef, Cartier Island (historically fished) and Rowley
Shoals (negligible fishing impacts). In a recent study, Speed et al.
(2018) compared the abundance of sharks at Ashmore using
baited remote underwater video (BRUV) in 2004 and then again
in 2016. The assemblage of sharks shifted considerably between
the two surveys, with the proportion of shark species in higher
trophic positions (e.g., tiger sharks, Galeocerdo cuvier) and midtrophic level reef sharks (e.g., grey reef sharks) increasing from
7.1 to 11.9% and from 28.6 to 57.6%, respectively. The relative
mean abundance of grey reef sharks increased from 0.16 ± 0.06
individuals per hour (MaxN) in 2004 to 0.74 ± 0.11 MaxN in
2016, a nearly fivefold increase (Figure 5). Speed et al. (2018)
concluded that a reduction of fishing pressure at Ashmore as
a result of Australian Border Force/Australian Navy presence
on a near-permanent basis (DIBP, 2017) since 2008, may have
contributed to the increase in shark numbers. However, the
speed of recovery of sharks at Ashmore is debatable (Guinea,
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Lethal Effects of Increased Predator Abundance
Several species of sharks prey on sea snakes (Heatwole et al., 1974;
Tuma, 1976; Lyle, 1987; Cliff and Dudley, 1991; Simpfendorfer,
1992; Lowe et al., 1996; Fergusson et al., 2000; Heithaus, 2001;
Kerford, 2005). Notably, tiger sharks are important in this respect
(Dicken et al., 2017; Ferreira et al., 2017; Aines et al., 2018;
Figure 6). In coastal waters of Queensland, Australia, Heatwole
(1974) found that 31% of the 637 tiger sharks that contained food
had at least one sea snake in their stomachs. Heatwole (1999)
examined data on stomach contents of over 7,000 specimens
of sharks belonging to 19 species in Queensland and found
that six species ate sea snakes. Some tiger sharks had up to
four sea snakes in their stomachs. In the southern Ryukyus in
Japan, 48 of 343 tiger sharks with prey remains had consumed
sea snakes (Masunaga et al., 2008). Although recent surveys
of sharks at Ashmore in 2018 and 2019 indicate low densities
of tiger sharks (<0.1 per ha: Edgar and Stuart-Smith, 2018;
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FIGURE 4 | Sharks’ fins (top panel) and strips of shark meat (bottom panel) being died on a traditional Indonesian fishing boat at Ashmore in 1987 [Photo Barry
Russell, Northern Territory Museum; used with permission from Plate 4 of Russell and Vail (1988)].

FIGURE 5 | Trends in cumulative sighting rates of sea snakes (up to 17 species; blue and purple bars) and relative sighting rate of grey reef sharks (Carcharhinus
amblyrhynchos; black points) at Ashmore Reef Marine Park. Shark observations based on Skewes et al. (1999), Kospartov et al. (2006), Richards et al. (2009), Edgar
and Stuart-Smith (2018), Speed et al. (2018), and Keesing et al. (2020). The dashed line shows trends in baited remote underwater video (BRUV) surveys and solid
lines show trends in underwater visual census (UVC) surveys. The pink band shows the time of marked decline in sea snake numbers and diversity at Ashmore. Error
bars show SE. Metrics of sighting rates of sea snakes and reef sharks have been standardised across studies that utilised multiple methods at multiple sites within
reef-edge habitats.

Keesing et al., 2020), their role in regulating the abundance
of sea-snakes and other large teleosts including groupers
(Heatwole, 1975; Berry, 1986), bill fish (Paulson, 1967), moray
eels (Herre, 1942), and large pufferfish (Pickwell et al., 1983)
cannot be discounted.
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Non-lethal Effects of Increased Predator Abundance
In addition to direct predation of sea snakes by sharks, increased
presence of predators might have significant non-consumptive
effects, including increased stress and disruption of feeding
and mating behaviours (Mitchell and Harborne, 2020). Seasonal
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not traditional Indonesian fishing) takes place, and sea snakes
remain common (Guinea, 2013). Waters within the MOU-box,
between Ashmore and Browse Island are areas still accessed by
traditional Indonesian fishers (Stacey, 2007), and include areas
fished by a number of federal and state-managed commercial
fisheries that target finfish, prawns and elasmobranchs using
trap, line and trawl fishing methods (Patterson et al., 2018;
Gaughan et al., 2019).
In contrast, the Rowley Shoals (comprising three large reefs:
Imperieuse, Clerke and Mermaid) have been protected since 1990
(extended in 2004), 2 years after Ashmore Reef Marine Park was
established, and are subject to very low levels of fishing pressure
mainly by fishing tour operators (DEC, 2007). Despite several
marine biodiversity surveys, no sea snakes have been detected at
the Rowley Shoals (Berry, 1986; Bryce, 2009; Edgar et al., 2017),
although several sea snake species are common further south in
Australian waters (Heatwole and Cogger, 1994; Cogger, 2018).
Recent habitat modelling of the Western Australian coastline by
Udyawer et al. (2020) identified habitat conditions in the Rowley
Shoals as highly suitable for sea snakes despite the lack of their
occurrence there. It is possible, therefore, that the large predator
populations at the relatively unfished Rowley Shoals (Bryce, 2009)
may limit the establishment of sea snakes (Kerford, 2005).
Similar and unexplained declines in turtle-headed sea snakes
have been recorded at a protected marine reserve in Noumea,
New Caledonia after fishing ceased in 1989 (Goiran and Shine,
2013). If this hypothesis for the observed decline at Ashmore
holds true as the putative cause (i.e., cessation of fishing)
preceded the decline in sea snakes, it may be that the Noumea
decline was due also to recovery of large predators (e.g., sharks)
and subsequent trophic cascades (Goiran and Shine, 2013).
What remains lacking in terms of evidence to more conclusively
support or refute this hypothesis is insight on the historical
baseline for shark and sea snake numbers before there was any
risk that fishing was impacting direct and indirect interactions
between the two groups. One possibility worth considering is that
the historical abundance of sea snakes at Ashmore reef was simply
an artefact of historical fishing pressure on sharks in the area
combined with the traditional beliefs of local fishers minimising
any sea snake take. Unfortunately, there are few regions in
the world where fishing impacts are absent and where such
understanding could be generated now, either via comparison
or manipulation.

abundance of tiger sharks in Shark Bay, Australia increases
during the warm period (September–May) when there is also
more sea snake activity (Heithaus, 2001). Olive-headed sea snakes
(Hydrophis major) in this area avoid the reef edges (which are
preferred by sharks) when sharks are abundant, yet feed at
these same sites when sharks are temporally scarce (Wirsing
and Heithaus, 2009). Speed et al. (2019) showed a decline in
smaller fish at Ashmore associated with the increase of sharks
and larger predatory fish, suggesting that prey availability for
sea snakes may also be affected by the abundance of sharks.
The risk of predation by sharks and other large fish may also
alter the behaviour, physiology, and morphology of smaller fish
(Mitchell and Harborne, 2020) which may have indirect effects on
prey availability for sea snakes. A study from reefs in proximity
to Ashmore showed that on reefs where sharks were rare, five
species of mesopredatory teleosts consumed smaller fish, whereas
on reefs with abundant sharks, the same mesopredatory teleosts
consumed more benthic invertebrates (Barley et al., 2017). The
shift in diet due to the presence of top order predators is likely to
disproportionately affect mesopredators with highly specialised
diets (e.g., turtle-headed sea snakes, horned sea snakes), as
compared to generalist species (e.g., olive sea snakes) that target
a range of benthic fish and invertebrates and are likely able to
switch prey and persist longer. This hypothesis is consistent with
the observed order of declines of sea snake species at Ashmore
(Guinea, 2013).
Although trophic cascades induced by changing shark
populations are rare in coral reef ecosystems (Frisch et al., 2016;
Roff et al., 2016), it is possible that the change in abundance of
predators has had a significant top-down influence at Ashmore.
A suspected increased abundance of sharks and larger predatory
teleosts may be a contributing factor in the decline and ongoing
absence of sea snakes at Ashmore via direct predation pressure
and indirect stresses. Most species of sea snakes inhabiting
remote oceanic reefs have small home ranges in shallow waters
and display strong site fidelity (Guinea and Whiting, 2005;
Lukoschek and Shine, 2012), suggesting that changes in the
abundance of predators, especially in shallow waters, might affect
localised populations of sea snakes.

Comparisons With Nearby Sites
Records from reef systems close to Ashmore (Figure 1) supports
the “increased predation” hypothesis. The Scott Reefs (three large
atolls: Seringapatam, Scott Reef North and Scott Reef South)
south of Ashmore have been fished for sharks and teleosts by
Indonesian fishers from at least the 1800s (Russell and Vail,
1988), with fishing pressure remaining high to the present day
(McCauley et al., 2004; Meekan et al., 2006; Woodside, 2009;
Prescott et al., 2017; Stacey, 2017). The abundance of shallow
water shark species at the Scott Reefs was approximately equal
to those at Cartier Island, Rowley Shoals and Ashmore in 2004
(Meekan et al., 2006). Five species of sea snakes are known
from the Scott Reef system, and no declines in populations of
those snakes have been noted over the period that sea snakes
declined at Ashmore (Guinea, 2013). Similar patterns in lack of
decline exist at Hibernia Reef (c. 42 km from Ashmore: Guinea,
2013) and the North West Shoals (c. 150 km from Ashmore:
Udyawer and Heupel, 2017), where commercial fishing (but
Frontiers in Marine Science | www.frontiersin.org

Increased Maritime Activity
Hypothesis: Increased acute maritime activity and subsequent
upsurge in pollution at Ashmore significantly impacted sea
snake populations and drove declines.
Available evidence base: Some circumstantial
Strength and direction of evidence: Mixed supports (± )
Plausibility: Needs more data
Since at least the late 19th century, Indonesian fishers have
frequently visited the Ashmore islands (Clark, 2000); visits
by Indonesian vessels to this region in the period 1900–1940
are also well documented (Crawford, 1969). These visits by
Indonesian vessels resumed after World War II (Serventy,
1952), and continue to the current day. Increasing numbers of
10
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FIGURE 6 | Evidence of predation of sea snakes by tiger sharks (Galeocerdo cuvier): (A) Olive-headed sea snake Hydrophis major, (B) Olive sea snake Aipysurus
laevis, (C) Dubois’ sea snake Aipysurus duboisii, and (D) Elegant sea snake Hydrophis elegans. Photos: (A–C) from Queensland, Australia by Bonnie Holmes, D
from Western Australia, Australia provided by Department of Primary Industries and Regional Development.

Suspected Illegal Entry Vessels (SIEVs) carrying asylum seekers
entered Australia’s maritime borders between 1999 and 2001
(Phillips and Spinks, 2013; Figure 7). As a response to an
influx of SIEVs and a step toward protecting its borders, in
2001 the Australian Government removed several territorial
outposts including Ashmore from the country’s “migration zone”
(Magner, 2004; Fox, 2010). This saw an increased presence
of larger patrolling vessels (e.g., ACV Wauri, ACV Ashmore
Guardian) and smaller response vessels to intervene and escort
SIEVs around Ashmore, as well as vessels to temporally house the
personnel that were onboard SIEVs around year 2000 (Whiting,
2000; Russell et al., 2004; Guinea, 2020a). Because many of the
SIEVs at Ashmore were in poor condition, heavily fouled and
required constant bailing due to leaking, Whiting (2000) and
Russell et al. (2004) recommended the removal of bilge oil and
fuel from SIEVs and removal of these vessels from the marine
park area before their destruction. Several SIEVs succumbed to
their poor condition and sank in the marine park during rough
weather (Domaschenz and Pike, Park Managers pers. comm).
Therefore, it is possible that increased activity of large
boats within the restricted habitats and channels of Ashmore
between 2000 and 2002 may have triggered higher mortality
rates for sea snakes locally, limited the possibility for populations
replenishment from surrounding reefs and caused local
populations to decline (Guinea, 2020b). Below we explore the
evidence and logic underlying our hypothesis.
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Hydrocarbon spills
Naturally occurring hydrocarbon seeps are a common feature
of the sea floor in the Timor Sea (O’Brien and Glenn, 2005).
These seeps are mostly gas such as methane that is trapped below

FIGURE 7 | Number of Suspected Illegal Entry Vessels (SIEVs) entering
Australia’s border at Ashmore over time. The pink band shows the time of
marked decline in sea snake numbers and diversity at Ashmore. The
increased number of SIEVs arriving after 2007 was due a change of policy by
the then government and not a sudden increase of numbers of refugees.
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mixed reactions to regular boat traffic. While some locations with
high boat traffic such as Broome Port have very few sea snakes,
others such as Shark Bay and Darwin Harbour support large
populations of sea snakes. Sea snakes are sensitive to mechanical
vibrations (Romanov, 1991) and to low-frequency sounds (peak
sensitivity at 60 Hz) but have lower sensitivity than bony fishes
and marine turtles (Chapuis et al., 2019). Collectively, very little
is known on the impact of vibrations and sound on sea snakes.
Therefore, it is not possible, based on current understanding and
available data, to assess the likelihood of noise pollution causing
a decline of sea snakes at Ashmore.

the thermocline and consumed by bacteria and reef-building
biota to produce banks and mounds (O’Brien and Glenn, 2005).
Surface hydrocarbons are relatively rare and provide a challenge
to marine biota. There is likely to have been a number of
petroleum hydrocarbon (PHC) releases in the water from both
the increased boat traffic and also from the bilge pumps used
on confiscated SIEVs anchored at Ashmore that were awaiting
destruction outside the marine protected area. It is likely that
animals that move on the surface are more at risk of being affected
by exposure to PHC than fish for example. Few data are available
on the effects of PHC exposure on sea snakes, although these
animals have been identified as vulnerable to oil slicks (Tawfiq
and Olsen, 1993; Watson et al., 2009; Short, 2011). While the
exact pathway by which hydrocarbon exposure kills sea snakes
is not known, it could be via direct inhaling or ingesting of PHCs
(Gagnon, 2010) or through secondary exposure to PHCs via prey
(Gagnon and Rawson, 2010). Ecotoxicological studies suggest
that PHCs can bio-accumulate in sea snakes via food chains
(Mote et al., 2015) and that some species are more susceptible
than others (Sereshk and Bakhtiari, 2014). It is also possible
that oils covering the skin could affect cutaneous respiration in
sea snakes. An environmental impact assessment following the
blowout of the Montara oil well (c. 250 km SE from Ashmore)
in 2009 detected more sea snakes in oil-affected waters than in
non-oil-affected waters (Watson et al., 2009). One dead horned
sea snake was found floating in oil-affected waters, but the cause
of death could not be determined (Watson et al., 2009; Guinea,
2013). In 2012 and 2013, Guinea (2013) conducted follow up
surveys to evaluate the potential impacts of the Montara oil spill
on marine reptiles in the broader area. Potentially impacted areas
surveyed included Ashmore, Cartier Island, and Hibernia Reef,
whilst Scott and Seringapatam Reefs and Browse Island were
surveyed as control sites. Guinea concluded that there had been
no detectable post-spill impact of hydrocarbon release on marine
reptiles (sea turtles and sea snakes) at the reefs surveyed (Guinea,
2013). Collectively, there is a significant lack of information on
the toxicity of hydrocarbons, their impact on sea snakes and if
so, the mechanism of impact. Should surface oil slicks associated
with boating and the decommissioning of the SIEVs had affected
sea snakes, its impact would have been largely restricted to the
West Island Channel at Ashmore. A further consideration could
be that elevated boat traffic in the region may reduce the ability
of sea snakes to recover from oil spill incidents, however, there
is limited data to support this. Currently, there is no evidence to
show that hydrocarbons alone caused a reef-wide decline in sea
snakes at Ashmore and no evidence of ongoing spills to explain
the ongoing absence of sea snakes.

Plastic Pollution
The proliferation of micro- and macro-plastic pollution in the
marine environment has emerged as an important factor affecting
marine wildlife (Derraik, 2002; Gregory, 2009). The deleterious
effect of entanglement and ingestion of plastics on marine turtles
is well known (Nelms et al., 2016) but no information exists about
its effects on sea snakes despite extensive reviews of the impact of
plastics and other marine debris on marine animals (Kühn et al.,
2015). It is known, however, that sea snakes can become fatally
entangled in other forms of marine litter (Udyawer et al., 2013).
Very little is known on the level of marine debris at Ashmore in
the past (Whiting and Guinea, 1998). Except for its prevalence
in seabird nests (Lavers et al., 2013), no quantitative data on
the extent of plastic pollution at Ashmore has been collected
in recent times. However, the large amounts of plastic in the
water column, especially fragments of soft plastic bags and food
packaging originating from Indonesia, has been remarked on
(Keesing et al., 2020). At this stage there is no evidence that
can be cited to attribute plastic pollution as causing the decline
of sea snakes observed at Ashmore, but this warrants further
examination given the well documented effects on other wildlife.

Pathogens
Hypothesis: Increased exposure to chronic or acute marine
pathogens at Ashmore significantly impacted sea snake
population health and drove declines.
Available evidence base: Some circumstantial
Strength and direction of evidence: Strongly supports (+ +)
Plausibility: Plausible
Many infectious agents, including viruses, bacteria, fungi,
and parasites, can cause morbidity and mortality in wild
reptiles (Herbst, 1994; Lovich et al., 1996; Smith et al.,
1998; Schumacher, 2006). Some diseases cause significant
declines in wild populations of reptiles, including terrestrial
snakes (Cheatwood et al., 2003; Clark et al., 2011). Increased
susceptibility to pathogens in reptiles is often exacerbated by
other stochastic environmental events such as disturbances that
drive habitat change, or exposure to pollution (Gibbons et al.,
2000). Larger seasonal variation in water temperatures may
increase rates of disease spread and prevalence in aquatic systems
(Karvonen et al., 2010). Rising temperatures and the consequent
rise in disease risk have caused notable declines in reptile
populations globally. The increasing occurrence and duration of
elevated sea surface temperatures at Ashmore (Figure 4) is a
factor that may influence the prevalence and spread of pathogens

Noise Pollution
The soundscape at Ashmore is likely to have changed since the
2001/2002 period when an increase in regular boat traffic took
place at Ashmore. Increased environmental noise can affect the
behaviour and population viability of marine animals (Peng et al.,
2015). Whether this is due to mechanical vibrations or direct
mechanical damage is not clear. Although published information
on the impact of noise on sea snakes is very limited, anecdotal
observations by the authors suggest that sea snakes may show
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recent decades being local factors rather than broader regional
or global drivers. The apparently dramatic disappearance of sea
snakes from Ashmore is inconsistent with hypotheses that invoke
some of the single catastrophic events (such as prolong drought,
coral bleaching or a cyclone). Moreover, such events did not
occur during the time period that sea snakes declined, nor has
there been any subsequent increase in numbers that would be
expected after pressures from catastrophic events relax. Likewise,
some plausible hypotheses put forward in the past (such as fishing
pressure) are inconsistent with the full set of evidence and theory
synthesised in this review. Some hypotheses remain plausible
explanations for the observed decline, either on their own or
acting in combination. However, we currently lack the evidence
to evaluate them, or to recommend changes to management that
could allow for the recovery of sea snakes at Ashmore.

that affect sea snakes (e.g., microsporidia, nematodes: Gillett
et al., 2017).
While we are not aware of any reports of disease outbreaks
in sea snakes at Ashmore, the lack of sampling and testing for
diseases renders it impossible to dismiss disease as a potential
contributor to the sea snake decline. Pathogens and their
impacts on populations are a known driver of local extinction
events in marine systems (Dulvy et al., 2003). For example,
the spread of a host-specific water-borne pathogen in 1983
resulted in mass mortalities and local extinctions of the black sea
urchin (Diadema antillarum) that was once abundant across the
Caribbean (Lessios, 1988). Although the cause of these declines
was pinpointed to an unidentified pathogen that spread though
the regional current systems, the significant loss of this keystone
species has seen ongoing impacts on the wider marine ecosystem
in the region (Lessios, 2005). The incidences of marine disease
and frequency of outbreaks in seemingly pristine habitats is
on the increase due to the effects of climate change, increased
urbanisation and other anthropogenic pressures (Ruiz et al.,
2000; Harvell et al., 2002). An increase in boat traffic in and
around Ashmore (detailed above) presents as a potential pathway
for introduction and spread of marine pathogens, as shown
elsewhere (Murray et al., 2002; Anderson et al., 2014).
The impact of many viral infections on snakes remains
unknown (Shortridge, 1989; Marschang, 2011), but it is possible
that viral infections could drive down reproductive output
without any direct mortality (e.g., lead to sterile populations or
populations where reproduction rates do not meet replacement
needs). Whilst it is difficult to monitor for mortality events in
remote locations such as Ashmore (low observer density but
also rapid decomposition and rapid consumption of remains
in tropical reef systems), pathogens that drive populations to
extinction without direct mortality would be even more difficult
to detect. Infections and inflammations caused by endoparasites
are a significant cause of stranding in sea snakes along the
Queensland coastline in Australia (Gillett, 2017). Disease risk
in sea snakes might be higher in males during the breeding
season, due to the higher stress levels associated with such
activity. Increased levels of testosterone in reptiles can reduce
immune reactivity, thus increasing vulnerability to pathogenic
organisms (Zapata et al., 1992; Zimmerman et al., 2010; Gillett,
2017). Additional data are required to assess if this is a likely
pathway to reduced population health and fecundity in sea snakes
at Ashmore and other locations. The possibility of pathogens
affecting sea snake populations has attracted little research and
is a key area where more empirical information is required
(Gillett et al., 2017). Given that the disappearance of sea snakes
at Ashmore took place across all ecological and behavioural
cohorts of the sea snake community, a pathogen remains the most
plausible mechanism for the rapid decline.

Explaining the Decline
To guide the resourcing of future research efforts, we prioritise
key knowledge shortfalls with respect to the seven explanations
for sea snake decline explored in this review, presented in order
of decreasing priority.

Pathogenic Organisms
Given the general lack of knowledge on disease of sea
snakes, there is a need for improved understanding of the
role of pathogens in sea snake population stability and
resilience. Additional specific recommendations to better inform
management of the Ashmore situation are as follows: Screening
specimens collected during the period of significant sea snake
decline (around year 2000), and now deposited in Australian
Museum collections, for pathogens and diseases is arguably
the quickest and most efficient way to inform more detailed
research programs. In this case, both examination for lesions
and molecular screening if the storage medium allows, is
recommended. Concurrently, examining the reproductive status
of these specimens would enable comparison with conditions
elsewhere to evaluate whether reproduction output has been
affected. Furthermore, it is highly recommended that procedures
are placed in collaboration with Australian Border Force vessels
to collect and rapidly freeze any dead sea snakes found for
screening purposes. In designing studies, consideration of the
following questions will be important to address:
• If a disease or pathogen contributed to a widespread and
mass mortality of sea snakes secondarily, why have no dead
sea snakes been reported by the many border force and
navy vessels patrolling the area? Are potentially infected
individuals more susceptible to predators, rendering
impacts of pathogens inconspicuous?
• Could it be possible that the mortality occurs over months
or several years, especially at a time when sea snakes
were abundant, such that a non-specialist wouldn’t think
anything of a dead snake?

THE WAY FORWARD: FROM INFERENCE
TO UNDERSTANDING

Increased Predator Abundance

The ongoing persistence of sea snakes at reef systems nearby to
Ashmore argues for the drivers of observed local extirpation in
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Understanding trophic interactions between sea snakes and
apex predators is key to identifying if the increased predator
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Ashmore. Only long-term studies monitoring a wide range of
species would shed light on these trends. Simultaneously, there
is a need for establishment and deployment of data loggers to
monitor abiotic conditions such as sedimentation and siltation,
entrained particulate matter, sea surface temps, wave height
etc. which can arguably affect a range of species including
sea snakes.

abundance may have had an impact on snake populations at
Ashmore, and more generally in other similar reef systems
(Edgar et al., 2020). In the context of understanding this
process at Ashmore specifically, a standardised survey and
monitoring protocol for sea snakes and sharks at Ashmore
and comparative sites at other Timor Sea reefs would be
of high priority. To be logistically feasible and scientifically
justifiable, this program should be consistent in methodology
to build on existing knowledge and focus on systematic surveys
using standard and validated methods at sites. Surveys should
encompass diverse marine habitats of the marine park where
monitoring can be repeated consistently across multiple years
to build a reliable time-series dataset. Priority questions to
address include:

Prioritising Future Management
The near complete loss of sea snakes from the shallows of
the Ashmore reef system, previously recognised as a global
biodiversity hotspot for these taxa, represents one of the
most significant losses of vertebrate species in recent times.
That the drivers of this loss remain enigmatic highlights
the need for further targeted research to identify causal
mechanisms. Only when causal mechanisms have been
identified can robust management decisions for sea snake
conservation be made. Around the world, anthropogenic
impacts loom large on sea snake community collapse, as
well as likely future outcomes. Furthermore, increasing
global environmental change drivers, such as sea temperature
and acidity increases, sea level rise, invasive alien species
establishment and maritime activity will only increase the
challenges of achieving effective conservation outcomes
for Ashmore. Currently, it remains unclear what the
most appropriate conservation actions are for sea snakes
at Ashmore.
To get to the point where such decisions are possible, it
will first be important to understand how the hypothesised
changes in the biological community and physical ecosystem,
as outlined in this work, directly and indirectly affect sea
snake populations. In particular the work will need to explicitly
consider how recolonisation, either natural or assisted, would
be possible if and when the drivers of past decline have
been identified and appropriately mitigated. Having a better
understanding of the pathways of impact at Ashmore also
might enable us to detect, identify and mitigate future declines
in other regions. Our work presents a comprehensive review
of the plausible mechanisms for decline of sea snakes at
Ashmore and highlights the long-term comparative regionalscale surveys and experiments needed to further resolve
these questions. For the future management of sea snakes
at Ashmore in particular, and global sea snake conservation
more broadly, we hope that this work provides a platform
for future research and knowledge implementation in the
years ahead.

• Was the historically high abundance of sea snakes at
Ashmore representative of long term (i.e., multi-century)
patterns, or was it an “artificial” and unbalanced situation
with regard to predator pressure due to anthropogenic
offtake?
• Has the decline in sea snakes at Ashmore been driven
either directly or indirectly by a change in shark abundance,
including determining if the current absence is a new steady
state, or if the ecosystem will continue to change to allow sea
snakes to return in time?

Increased Maritime Activity
Targeted data collection would be able to quickly generate
insight as to whether there is a valid justification for pursuing
this line of explanation further. Recording and monitoring the
soundscape at Ashmore will identify the respective contributions
made by persistent engine noise of the ACVs, jet-propelled tender
vessels and propeller powered dinghies with different engine
configurations and at different speeds. In designing studies,
consideration of the following questions will be important
to address:
• If increased motor traffic affected the sea snakes, how have
sea snake populations in some areas with much higher
presence and abundance of large vessels (e.g., Shark Bay,
Darwin Harbour) managed to survive there?
• Are some species more sensitive to oil slicks and noise
pollution than others? Are naïve populations, or species
not exposed to chronic marine pollution (like those
at Ashmore) more sensitive to short-term increases in
maritime activity?

Extreme Disturbance Events
While evidence show that direct impacts of extreme disturbance
events may not have had an impact on the sea snakes at
Ashmore, we currently have little understanding of the indirect
impacts of such events. Ecological communities achieve their
stability and resilience from a complex web of direct and indirect
interactions among species (Montoya et al., 2006), and the
importance of these unexpected indirect effects challenges the
validity of a priori predictions about ecological trends (Worm
and Paine, 2016). Therefore, extreme events such as cyclones
and heat waves may have had cascading indirect impacts at
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