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Peaceful coexistence between people and deadly wildlife:
Why are recreational users of the ocean so rarely bitten by sea
snakes?
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2LabEx Corail & ISEA, Université de la 1. Research on interactions between humans and deadly snakes has focused on situ-
gol”‘c’le"‘:j Calédonie, Nouméa cedex, New ations that result in high rates of snakebite; but we can also learn from cases where
aleaonia

3Department of Biological Sciences, snakes and people coexist peacefully. For example, coastal bays near Noumea, in

Macquarie University, Sydney, NSW, the Pacific archipelago of New Caledonia, are used by thousands of tourists and
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snakes, but bites are rare.

Correspondence 2. Our long-term studies clarify reasons for this coexistence. Although 97% of
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Emydocephalus annulatus, we recorded dangerously venomous taxa often enough
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28454 interactions in these crowded bays. However, the risk is reduced by low overlap

(one snake per 8 hr snorkelling) that we would expect many risky human-snake

Handling Editor: Arjen Buiis between humans and snakes in the timing of activity, both seasonally and on the
diel cycle. Mate-searching male snakes, the group most likely to approach divers,
enter the bays only in cooler months of the year when few beach users are pre-
sent. Also, snakes tend to be active by night, whereas people are not.

3. Riskis further reduced by spatial divergence: bare-footed beach users stay in sandy
areas rather than the adjacent coral-reef areas that are preferred by snakes. The
response of snakes to disturbance is also important: most sea snakes are reluctant
to bite even when harassed. Water currents frequently push sea snakes against
hard objects, perhaps explaining why the snakes do not interpret brief contact
with a human as an attack. The ability of snakes to flee is increased by uniformly
high body temperature, and a complex three-dimensional aquatic environment.

4. Thus, the danger of snakebite for recreational users of these popular beaches is re-
duced by aspects of human and snake behaviour that (a) decrease encounter rates and
(b) render snakes unlikely to bite even if contacted. The risk to snakes is also reduced
because snakes are more difficult to detect and kill underwater than on land. As a

result, thousands of snakes and people coexist harmoniously within these small bays.
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1 | INTRODUCTION

The conflict between people and dangerous wildlife increases as
human populations expand (Hill et al., 2017; Nyhus, 2016), exac-
erbated by the creation of resource hotspots (e.g. of garbage and
rodents) that, in turn, attract predators (Soulsbury & White, 2016).
Humans interact with a wide variety of dangerous taxa, but some
of the most intense conflicts involve venomous snakes. More
than 100,000 people die annually from snakebite (Gutiérrez
et al., 2017), constituting a significant social and economic burden
throughout developed and developing countries in subtropical and
tropical regions of the world (Kasturiratne et al., 2008), so much
so that the World Health Organisation has recently recognised
snakebite envenomation as a priority neglected tropical disease
(Williams et al., 2019). In response to perceived or actual threat,
the killing of snakes by people may significantly impact snake pop-
ulations globally (Fitzgerald & Painter, 2000). Most research on
the management of snakebite focuses on incidences of venomous
bites, and the development and administration of effective anti-
venom as a reactive measure. Documenting the ecology of ven-
omous snakes in regions of high human interactions can provide
significant insights into developing preventative measures to miti-
gate the risk (Murray et al., 2020).

Epidemiological research on the determinants of snakebite
frequency in Asia has identified several factors that increase
risk (e.g. Reid, 1968; Thomas & Scott, 1997). Unsurprisingly,
conflict is most intense where high densities of people coincide
with high abundances of deadly snakes, and during seasons and
weather conditions that increase activity levels of both humans
and snakes (Tomari, 1987). However, the behavioural responses of
snakes to harassment are also important: bites are more common
if the snakes involved are likely to retaliate rather than flee (e.g.
Mirtschin et al., 2017). The severity of bites also depends upon
human demography (children are more vulnerable than adults)
and protective clothing (bare feet and legs allow fangs to pene-
trate deeply enough for venom transfer: e.g. Naik, 2017). Also, the
incidence of bites may be higher if the local population has not
been educated about ways to reduce risks of snakebite (Gutiérrez
et al.,, 2017; Rodda et al., 1999).

At first sight, all of those risk factors apply to encounters be-
tween recreational users of the ocean and sea snakes. Marine
snakes are abundant close to popular holiday sites; people in
the water often wear little protective clothing; some species
of sea snakes are reputed to be aggressive (e.g. Heatwole &
Cogger, 1994); and most tourists do not know what snake spe-
cies occur in the area, or how to reduce the risk of snakebite (e.g.
White, 2017). Nonetheless, most bites from sea snakes are not to
recreational users of the ocean. Instead, the main snakebite vic-
tims are fishermen who interact with sea snakes in nets or on lines
(e.g. Fulde & Smith, 1984; Phillips, 2002; Thomas & Scott, 1997;
Van Cao et al., 2014). Given that sea snakes are abundant in many
sites where people swim, snorkel, dive and wade, why are recre-

ational users of marine habitats so rarely bitten? Understanding

situations where dangerous wildlife coexist peacefully with hu-
mans can provide important insight on how human-wildlife con-
flicts can be effectively managed (Carter et al., 2012).

Our long-term studies on sea snakes in the Pacific archipelago of
New Caledonia offer a good example of coexistence between snakes
and people. New Caledonia contains at least 15 species of marine el-
apids: three species of amphibious Laticaudines (sea kraits) and 12
species of ‘true’ (viviparous) Hydrophiines (Ineich & Laboute, 2002;
Shine et al., 2019). Several of those species are common around the
capital city of Noumea, in sites used by thousands of tourists annually
(Borsa, 2008). For example, dense populations of Laticaudines inhabit
small islands in this region (Brischoux & Bonnet, 2009), and more than
140 individuals of the Greater Sea Snake Hydrophis major were recorded
within a single small bay next to Noumea in a 2-year period (Goiran &
Shine, 2019). Nonetheless, there have been no confirmed reports of
snakebite in this area during our study (Goiran & Shine, 2019). Records
between 2000 and 2016 show seven confirmed cases of sea snake en-
venomation recorded in New Caledonia, with only two cases recorded in
close proximity to the study site within that period (Maldonado, 2017).

We suggest that conflict between snakes and people in this area
is reduced by several factors, involving snake behaviour as well as
human behaviours. The end result of those factors is that snakes and
people tend to be active at different places and at different times; and
also, snakes are likely to flee rather than retaliate. To explore these
ideas, we assembled data from published literature, and from our own
surveys of snake and human behaviours in the bays near Noumea.

2 | MATERIALS AND METHODS
2.1 | Study site

We worked primarily in two small adjacent bays (Baie des Citrons and
Anse Vata: see Figure 1a) that contain the main tourist beaches for
the city of Noumea, in New Caledonia (22°16'S, 166°26'E). The bays
attract many local residents (Noumea is home to 100,000 people, and
these two bays are popular sites for recreation) and a vast number of
tourists. Cruise ships arrive on most days during warmer months (e.g.
http://crew-center.com/noumea-new-caledonia-cruise-ship-sched
ule-2019), and each ship contains thousands of people. Many of those
people spend the day at the Noumea beaches (see Figure 1b,c). The
most popular aquatic recreational activities are walking, swimming,
snorkelling, wind-surfing and kite-surfing. Most recreational users of
the bays wear swimwear only (see below) and, based on our conversa-

tions with them, are unaware of the presence of venomous snakes.

2.2 | Study species, relative abundance and
encounter rates

During standardised surveys in January each year over a 17-
year period, we recorded seven species of sea snakes in Baie des

Citrons and Anse Vata (we have also found an eighth species,
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FIGURE 1 (a) Map of study site in Noumea where telemetered snakes were tracked using an array of fixed acoustic receivers across four
main habitats (colours of points represent predominant habitats), and locations of two popular beaches where human activity was surveyed
(red areas). Two photographs of the two popular beaches: (b) Baie des Citrons and (c) Anse Vata during a typical day time survey. Both
beaches have shallow sandy and fringing reef habitats, which are typically frequented by holiday-makers. Photographs by V. Udyawer

FIGURE 2 Snake species commonly
recorded in the Baie des Citrons. (a) Reef
Shallows Sea Snake, Aipysurus duboisii;
(b) Olive Sea Snake, Aipysurus laevis; (c)
Turtle-headed Sea Snake, Emydocephalus
annulatus; (d) Greater Sea Snake,
Hydrophis major; (e) Blue-banded Sea
Krait, Laticauda laticaudata; (f) Yellow-
banded Sea Krait Laticauda saintgironsi.
Photographs by C. Goiran
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Hydrophis coggeri, but not during our surveys; Figure 2). Table 1
provides the information on relative abundance of these taxa at
these beaches, with a brief assessment of snakebite risk for each
species based on encounter likelihood, propensity to bite and
toxicity. We used survey data collected over the 17-year period
to estimate relative abundance and encounter rates of commonly
observed species of sea snakes within Baie des Citrons and Anse
Vata.

2.3 | Field methods
2.3.1 | Movements and residency of sea snakes

For three of the study snake species (all potentially deadly to hu-
mans; Heatwole, 1999), we implanted acoustic transmitters to
track movements within the bays (4 Aipysurus duboisii, 2 A. lae-
vis and 16 Hydrophis major). Signals from those transmitters were
detected by an array of 18 acoustic receiver stations (Figure 1a),
and the movements of these individuals were monitored continu-
ously between January 2017 and November 2018. Snakes were
collected by hand as we snorkelled through the study site dur-
ing daylight hours and were held in captivity for <15 days before
transmitters (V9P-2H, Innovasea Ltd., 3g) were implanted in the
peritoneal cavity under general anaesthesia in veterinarian care
(see Udyawer et al., 2020 for details of surgery methods). The
animals were then released at their points of capture after a 24-hr
period of post-surgery recovery and appeared to be unaffected
by the transmitter implantation. Behaviour and recovery of indi-
viduals post-surgery were also monitored in the field when tagged
individuals were encountered during subsequent field surveys.

2.3.2 | Occurrence of species within the bays

For one of the focal taxa (H. major), we also work with a citizen sci-
ence group (the Fantastic Grandmothers; FGM) who look for snakes
almost every day, and who photograph the snakes' tails for indi-
vidual identification (see Goiran & Shine, 2019 for details of this on-
going monitoring programme). That study recorded 140 individual
H. major within the bays over a 25-month period, although most
snakes were seen only once or twice (M = 277 sightings in total).
Subsequent to publication of that paper, the FGM have increased
the total number of individuals recorded to 275 (as of December
2020; unpubl. data).

2.3.3 | Human behaviour

On 5 days in January 2019, 4 days in October 2019 and 4 days in
January 2020, we walked along the beachfront of both bays at hourly
intervals (daylight hours only during good weather) to record numbers
of people in areas where the substrate was dominated by sand ver-
sus by fringing coral reef (see Figure 1). These months represented
seasonal periods where we expect high human-snake interactions,
when numbers of recreational users are high (December-February)
and when snake movements are at their peak during the winter mat-
ing season (August-October). The numbers of people in each ~200 m
section of that transect were scored, as were their locations (in water
vs. on the beach), and on some surveys we also estimated age groups
(children < ~10 years old, vs. older people) and clothing (barefoot or
not) as a function of activity (walking, swimming, snorkelling, etc.) and
substrate type (sand vs. coral). Our surveys encompassed the entire
diel period of human use of the water, with no people recorded in the

TABLE 1 Seasnakes encountered during snorkelling surveys in two shallow bays near Noumea over the course of 17 consecutive
January fieldtrips (total = 999 person-hours in the water over that period; M = 58.8 person-hours per year). The counts include all records of
snakes seen, so include multiple observations of some individual animals. Species-specific likelihood of encounters, propensity to strike and
toxicity are summarised to assess a brief risk of snakebite and envenomation

Likelihood of Risk of
Number encounters with Propensity Toxicity (LD, snakebite and

Common name Scientific name encountered beachgoers to bite dose; mg/kg)? envenomation
Turtle-headed Sea Emydocephalus 3,992 High Low 251 Very Low

Snake annulatus
Reef Shallows Sea Aipysurus duboisii 45 Low Low 0.0324 Low

Snake
Yellow-banded Sea Laticauda 44 High Low 0.45°2 Low

Krait saintgironsi
Greater Sea Snake Hydrophis major 27 High Medium 0.1948 High
Olive Sea Snake Aipysurus laevis 9 Low Medium 0.069" Low
Blue-banded Sea Laticauda 5 High Low 0.179% Low

Krait laticaudata
Dragonhead Hydrophis peronii 3 Low Low 0.062M Low

®All LD, values were sourced from literature and standardised to measures from laboratory testing on mice from sub-cutaneous injection. Lower

values indicate higher toxicity. Wneich and Laboute (2002); @Russell and Saunders (1967); ®'Broad et al. (1979).
bLDS0 values based on studies of closely related Laticauda colubrine.
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water at night during occasional nocturnal surveys on foot (as above)
nor during 24 nocturnal observations (hourly, 18:00 hr-06:00 hr over
two nights) from a hotel balcony overlooking one of the bays (to verify

the absence of people in the water).

2.4 | Analysis methods

2.4.1 | Spatial and temporal overlap between sea
snakes and people

We have quantitative data on this topic only for the two telemetered
species (A. duboisii and H. major) that were frequently recorded by lis-
tening stations adjacent to the beaches for which we quantified human
presence. For the other species, we rely upon published reports, our
experience during fieldwork and information from colleagues.

We assessed the spatial overlap between telemetered snakes
and beachgoers during daylight hours and at night. Numbers of
residency events of each telemetered snake were summarised for
each acoustic receiver for the entire period of the study using the
VTrAck R package (Campbell et al., 2012). Residence events for each
snake at each receiver were estimated as the time an individual was
continuously detected within the detection range of the receiver.
The residence event ended if the snake moved to another receiver
within the array or was not detected on the full array for more than
30 min. Receivers nearest to the coast (and hence, in close proxim-
ity to beachgoers) were classified as ‘shallow’, whereas those fur-
ther offshore were classified as ‘deep’ receivers. Mean numbers of
residence events for each of the two species of sea snake at shallow
receivers were plotted against mean numbers of beachgoers in the
water during day and night to assess the potential spatial overlap
between snakes and people. Temporal overlap between snake pres-
ence and use of beaches by people was assessed by comparing the
mean numbers of residence events for each species of sea snake
on shallow receivers with the mean numbers of beachgoers in the
water for every hour during day and night periods in regions where
snake-human presence overlapped. We used a Wilcoxon rank-sum
test to assess if there was a significant difference in the distribu-
tion of residence events of snakes at shallow receivers and obser-
vations of beachgoers in the water for each hour of the diel periods
(= 0.05).

2.4.2 | Use of habitats by snakes and people

To further understand fine-scale spatial overlap and encounter
rates between snakes and humans, we assessed how both snakes
and people were using habitats within the two bays in Noumea. For
the two telemetered species of snakes for which we have large sam-
ple sizes, we estimated the proportion of time individuals spent in
coral-reef-dominated sites to those where the substrate consisted
primarily of sand. Proportion of times at each of the predominant

habitats (Figure 1a) were estimated using the calculated duration of

residence events for within the study site. We used a chi-squared
test to compare the mean residency periods of both species of sea
snakes within coral-reef and sand-dominated habitats. Similarly, we
characterised the habitats used and use of protective clothing used
by swimmers within the two bays in Noumea using survey data. We
conducted chi-square contingency-table tests to compare the mean
numbers of people walking versus swimming on the reef versus

sandy beach areas.

3 | RESULTS

3.1 | Relative abundance and encounter rates of
snake species

Of 4,111 snakes that we recorded over a 17-year period of
January surveys, 3,992 (97%) were Turtle-headed Sea Snakes
Emydocephalus annulatus (Table 1). The next most common taxa
were the Reef Shallows Sea Snake Aipysurus duboisii and the
Yellow-banded Sea Krait Laticauda saintgironsi, then the Greater
Sea Snake Hydrophis major (Table 1). Many individual snakes
were re-sighted on several occasions, but we include these re-
peated sightings because snakebite risk likely is affected more by
the number of encounters rather than the numbers of individual
snakes involved. Average rates of encounter (snakes per snorkeler
per hour) averaged 5.50 overall (5.35 for E. annulatus, 0.15 for the

other species combined).

3.2 | Spatial and temporal overlap between sea
snakes and people

We obtained 37,422 detections from 14 H. major, and 13,619 records
from 4 A. duboisii, but only 15 records from one of two telemetered
A. laevis. Estimation of residence events resulted in a total of 6,118
residency events for the tracked H. major, 3,456 residence events for
A. duboisii and a single residence event for A. laevis. The spatial pat-
terns in residency between the two species for which sufficient data
were available revealed interspecific differences in spatial ecology.
Residency of all four A. duboisii monitored was restricted to shal-
low habitats within Baie des Citrons, whereas H. major moved more
actively throughout shallow and deeper habitats (Figure 3). The use
of beaches by people was high in Baie des Citrons during daytime,
overlapping with residency patterns of A. duboisii.

Both telemetered species (A. duboisii and H. major) were ac-
tive throughout the diel cycle, but the more nocturnal residency
pattern observed in A. duboisii significantly reduced overlap with
the numbers of people using shallow regions of Baie des Citrons
(W = 130.5, p < 0.01; Figure 4a). The more widespread movements
of H. major meant that their residency at shallow receivers was less
frequent, but was most common during the day and hence exhib-
ited high temporal overlap with beach users (W = 305.2, p = 0.07;

Figure 4b). Of the other species, Emydocephalus annulatus is mainly
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diurnal (e.g. rarely seen during nocturnal dives at our study sites: C.
Goiran, pers. obs.), whereas Laticauda spp. move between the ocean
and the land mostly from dusk to dawn (e.g. Shetty & Shine, 2002;
Shine, et al., 2003; Shine, et al., 2003) but forage actively at sea at
all hours of the day and night (Cook et al., 2016). Information on the
other species is more fragmentary but Burns and Heatwole (1998)
reported that radio-tracked Aipysurus laevis foraged both by day and
by night. Unfortunately, we did not obtain enough telemetry infor-

mation for A. laevis for more detailed analysis.

3.3 | Use of habitat by snakes

Within a mosaic of habitat types, E. annulatus was recorded more
often in sites characterised by coral than would be expected by
chance (Goiran et al., 2020). In keeping with that preference,
we rarely saw E. annulatus in sandy areas between adjacent coral
patches, even though the snakes would have been highly visible
in such sites. The telemetric records of A. duboisii reveal extensive
movements in shallow water, with a significant preference for coral-
line fringing reef and shallow sandy substrates rather than deeper
habitats (;(2 = 138.4, 3 df, p < 0.01; Figure 5). In contrast, Hydrophis
major often used deeper sandy habitats but primarily utilised fring-
ing reefs when in shallow waters within Baie des Citrons (4* = 76.29,
3 df, p < 0.01; Figure 5). All of the other species in our study area
except for L. laticaudata and H. coggeri were invariably most often

sighted over coralline rather than sandy substrates.
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FIGURE 5 Use of habitats by two
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3.4 | Use of habitat by people

Our hourly counts show that people were in the water only during
daylight hours, with peaks during the middle of the day and the af-
ternoon (Figure 4). Most people were seen in sandy-substrate areas
rather than in reef-substrate areas (18 vs. 531: vs. null of equal num-
bers,;(2 =541.03, 1 df, p < 0.0001; see Figure 6). Most beach users in
Noumea are passengers in cruise boats that spend a single day moored
in Noumea as part of a longer trip. We have no data on the proportion
of people on each boat that spend the day (or part of it) at our study
sites, but the beaches are one of the most popular destinations for
these day trippers (see Figure 1). During our surveys, people in reef
areas were generally swimming (usually, snorkelling) or in windsurfers,
and thus were not in direct contact with the substrate. In contrast,
many people in sandy areas were walking. Thus, a higher proportion
of people were in contact with the substrate in sandy sites than in
coral-reef sites (28.1% vs. 0%; 4> = 12.18, 1 df, p < 0.003: see Figure 6).

Habitat . Deep sand . Fringing reef . Rocky reef . Shallow sand

nsiognp sninsAdry

Jofew syydoipAH

0.25 0.50 0.75
Proportion of residence time

3.5 | Protective clothing

Almost all recreational users of reef-associated sites wore protec-
tive footwear (typically, boots and/or fins: cumulative total 99%),
whereas people in sandy sites usually had bare feet (89%; comparing
the two substrate types in this respect,;(2 =76.33, 1df, p < 0.0001;
see Figure 6). Overall, children were less likely to have protective
footwear than were adults (11% vs. 36%).

3.6 | Responses of snakes to people

We rarely saw free-ranging snakes perform any behaviours that
could be construed as aggressive or retaliatory. One exception oc-
curred in January 2019, when two FGM snorkellers encountered a
snake Hydrophis peronii as it was feeding. After the fish escaped, the
snake approached the snorkelers and repeatedly struck towards the
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FIGURE 6 Relationships between substrate type (coral reef vs. sand) and the numbers, activities and protective footwear of recreational
users of the area. Histograms show mean values, with associated standard errors. Other activities observed include kitesurfing, windsurfing
and other water sport. Photographs on the right highlight typical habitat types at Baie des Citrons and show differences in beach use by
people. The top photograph, taken from the southern end of the bay, shows coral reef in shallow water in the foreground. The bottom
photograph, taken in the middle part of the sandy area, shows holiday-makers using the area. Photographs by Terri Shine, with permission

fins of one of them (see Video S1 for footage of this encounter). We
have also recorded many instances of snakes approaching snorkelers
(but not attacking them), especially during the winter mating season
when male snakes search for reproductive females (see Shine, 2005,
and Videos S2 and S3). Male sea snakes find it difficult to identify fe-
males based on visual cues alone, so it is common for male snakes to
approach people, tongue-flick them then move away (Shine, 2005,
and see Video S2 and S3).

In contrast to that tolerance underwater, snakes often attempt to
bite us while we are handling them on land post-capture, for mark-
recapture and telemetry studies. This is true for all the species we have
handled except for the Laticauda species, both L. laticaudata and L.
saintgironsi (see Shine, Bonnet, et al., 2003; Shine, Shine, et al., 2003).
Sea kraits often refrain from retaliating even when handled
(Heatwole, 1999; Shine, Bonnet, et al., 2003; Shine, Shine, et al., 2003).
Nonetheless, on rare occasions (<1 in 100), laticaudine snakes have
been observed attempting to bite the handler. We know of three bites
from L. saintgironsi (one juvenile, two adult males) to biologists, all after

prolonged handling (X. Bonnet & H. Cogger, pers. comm.).

4 | DISCUSSION

Although it is difficult to explain why something does not happen,

our data identify two major mechanisms that reduce the risk of

snakebite in the bays of Noumea: factors that decrease the prob-
ability of an encounter between a person and a deadly snake, and
factors that decrease the likelihood of retaliation by a snake when
such an encounter occurs.

At first sight, the reason why snakebite is rare in the Noumea
bays appears to be absurdly simple: 97% of the snakes encountered
during daylight hours in midsummer are of a species (Emydocephalus
annulatus) that is incapable of biting people (Table 1). But although
the other (deadly) species comprised only 3% of our sample, they
nonetheless are relatively common in absolute terms. A person snor-
kelling in these bays is likely to encounter one dangerous snake per
8 hr in midsummer. There are hundreds of beach users in the water
each day during this period (see Figure 1b,c). Thus, simple mathemat-
ics would predict hundreds (perhaps thousands) of close encounters
between these snakes and recreational users of the ocean each year.
So, the question remains: why do not these large deadly snakes bite
recreational users of the ocean? Our studies suggest two reasons for
that situation: relatively low overlap between snakes and people in
times and places of activity, and a reluctance for snakes to retaliate
even if humans approach closely.

First, rates of encounter between snakes and people are re-
duced by divergences in time and space (Figures 3 and 4). By far
the riskiest form of encounter would involve a person treading on
a snake—but people are rarely active at night, when the larger sea

snakes are most active. Most beach users also avoid deep water, and
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walkers in shallow water shun coral-reef substrates to avoid lacer-
ating their feet (Figure 6). The small number of people who venture
into reef habitats tend to stay on the water surface (snorkelling)
and/or to use protective footwear, thereby reducing the risk of en-
venomation (Figure 6). This divergence in the use of habitat is likely
widespread in marine systems, because laticaudine and hydrophi-
ine snakes are strongly associated with coral-reef habitats overall
(e.g. Heatwole, 1999). However, one hydrophiine species (Hydrophis
platurus) is pelagic, and others are collected over muddy or sandy
substrates (but typically, in water too deep for people to wade: e.g.
Crowe-Riddell et al., 2019; Heatwole, 1999).

The overlap between peak activity for snakes and beach users
is also low on a seasonal basis. The month when we conducted
our snake surveys (January) is the most popular time for cruise
ships to visit Noumea (over the period 2017-2019, 75 of 490 boats
arrived in January, versus 20 or less per month in the winter months
of June, July and August: http://crew-center.com/noumea-new-
caledonia-cruise-ship-schedule-2019). The rate of encounter with
E. annulatus is similar year-round (e.g. 5.45 snakes per person per
hour in July 2011, from our surveys) but larger species of snakes
are seen more frequently in months when water temperatures
are lower. For example, Goiran and Shine (2019) recorded >40 H.
major per month in September, October and November, compared
to an average of six snakes per month in January through March.
Almost all of the snakes seen in the colder months are adult males,
engaged in mate-searching, whereas females outnumber males in
summer (December through March: Goiran & Shine, 2019). That
sex-ratio shift affects the risk of snakebite because mate-searching
male H. major commonly approach humans in the water (checking
for potential mates: Shine, 2005; see Videos S2 and S3), whereas
females and juveniles ignore swimmers. Hence, the subgroup of
snakes most likely to interact closely with people—adult males in
search of mates—are unlikely to be encountered by beach users vis-
iting the bays of Noumea. A similar seasonal pattern was identified
in recorded snakebite incidences in New Caledonia between 2000
and 2016, with five confirmed cases during the peak tourist season
in summer and two in the winter months (Maldonado, 2017).

Even when people and dangerous snakes are in the bays at the
same time, the likelihood of life-threatening bites is reduced by fea-
tures of the marine habitat and of the snakes' behaviour. The impor-
tance of specific factors differs among snake species—for example,
some taxa are harmless, some are reluctant to bite, others are ac-
tive when people are not, and yet others use habitats that are rarely
exploited by recreational bathers. That divergence in habitats may
occur at different spatial scales—for example, Aipysurus laevis and
Hydrophis peronii at our study sites rarely venture into water shal-
low enough to encourage recreational use, whereas Hydrophis major
enter shallow water but are found primarily over coralline substrates
that are avoided by beach users walking on the substrate.

The response of a snake to close approach by a person depends
upon a range of factors relating to the environment and to the
snake itself. An extensive literature supports Clifford Pope's clas-

sic summary from the early 1900s that ‘snakes are first cowards,

then bluffers and last of all warriors’ (e.g. Shine et al., 2000). That is,
snakes evade people if they are able to do so. The marine environ-
ment facilitates escape, for at least three reasons. First, the snake
can flee in three dimensions rather than two, as on land. Second,
potential refuges are common in complex coral-reef systems (as op-
posed to an open field, for example). Third, high water temperatures
mean that snakes are warm, and thus capable of sustained locomo-
tion (Heatwole et al., 2012; Shine, Bonnet, et al., 2003; Shine, Shine,
et al., 2003). One of the most common scenarios for retaliation in
terrestrial snakes is ‘hypothermal aggression’, whereby a snake that
is too cold to flee relies instead on retaliation (e.g. Shine et al., 2000).
That situation is unlikely to arise within coral-reef habitats, espe-
cially in midsummer when tourist numbers are at their peak.

In short, snakes are most likely to bite in defence if they cannot
escape, either because of a lack of refuges or to impaired mobility
of the snake itself (e.g. due to low body temperature). Neither of
these factors apply in tropical coral-reef systems, decreasing the
probability that a snake will react to a human's approach with a de-
fensive bite. Interspecific differences in ‘aggressiveness’ are difficult
to quantify, but our experience with terrestrial elapids as well as sea
snakes suggests that most (but not all: Heatwole, 1999) sea snakes
are more placid than their terrestrial counterparts. One reason for
that tolerance may be that marine snakes are frequently buffered
by current and wave action, or by the movement of objects (e.g.
seaweed, coral fragments). Perhaps for this reason, sea snakes tend
to have thicker skin (more resistant to abrasion) than do terrestrial
snakes (Shine et al., 2019). As a result of frequent and unpredictable
contact with hard objects, the snakes may not interpret firm contact
(e.g. from being stepped-upon by a human) as aggression. The snake
does not attempt to bite unless the harassment continues.

The likelihood of conflict is also reduced by responses of humans
to the aquatic environment. Thus, for example, many snakebites occur
when people try to kill snakes (Pinheiro et al., 2016). That attempt usu-
ally involves hitting the snake (e.g. with a stick or a rock) or shooting
with a firearm, methods that cannot be adopted in even moderately
deep water. Thus, even if the person sees the snake (less likely in the
water than on land), he/she is unlikely to try to kill it. The only cases
we know of direct killing of snakes in New Caledonia involve snakes
encountered on land—either hydrophiines that have washed up on
the beach (Aipysurus duboisii—R. Shine, pers. obs.; or laticaudines
found during their terrestrial activities—e.g. Saint Girons, 1964).

Why, then, are sea snakes responsible for so many human deaths
worldwide? The victims are primarily fishermen, who capture snakes
in nets or on baited lines (e.g. Alirol et al., 2010; Reid, 1961). Most
records of sea snake envenomation have occurred in southeast Asia
where barefoot fisherman working in muddy estuarine waters are
bitten when either treading on snakes or trying to extract them from
nets without using safety equipment (Reid, 1961). In this situation,
the snake has no way to escape, is likely injured and resorts to re-
taliation. Official records of sea snake bites and envenomation may
underestimate actual incidences due to the lack of access to medical
facilities, and stigmas and superstitions surrounding sea snake bites

in parts of Asia (Alirol et al., 2010). Interestingly, most recorded bites
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come from a single species, Hydrophis schistosa, that may be more
willing to bite than are many other marine snakes (Heatwole, 1999),
although other species like H. cyanocinctus and H. curtus also re-
corded to inflict dangerous bites (Warrell, 1994). In such situations,
the best option to reduce the incidence of fatal snakebite may be
education programmes for fishermen so that they can adopt safer
practices when handling snakes (Lalloo et al., 1995).

4.1 | Recommendations and conclusions

A pro-active means to mitigate snakebite risks can be to magnify pre-
existing differences in habitat use between people and snakes (ter-
restrial as well as marine species) to reduce the risk of encounters that
are likely to be fatal to both participants. For example, the current
study highlights spatial and temporal divergence between the use of
the coastal habitats of Noumea by beach users and by dangerously
venomous sea snakes. Exploiting the mismatch in where (i.e. coral-
reef habitats vs. sandy beaches) and when (i.e. tourist season vs. sea
snake mating season) sea snakes and humans are most likely to come
into contact may provide an effective mitigation strategy. We can re-
strict human access to critical areas of habitat that house high den-
sities of venomous snakes or other dangerous animals. Additionally,
campaigns to educate the public and foster interest about sea snakes
occurring within a region, their movement behaviours and to remove
preconceived stigma associated with snakes may provide an effec-
tive mitigation strategy to reduce snakebite risk. Similarly, education
about safe handling and first aid practices for fishers who frequently
encounter sea snakes may mitigate ongoing snakebite risks (Udyawer
et al., 2018). In the system where we work, discouraging people from
walking on coral has obvious benefits not just for snakes and people,
but for the physically fragile corals and the other life forms that they
support (Leujak & Ormond, 2008).

Appropriately, most of the published literature on human-wildlife
conflict examines situations where such conflict is intense (e.g., Hill
et al.,, 2017; Nyhus, 2016). To gain a broader understanding of that
issue, however, we also need to explore situations where people co-
exist with wildlife, despite the presence of factors (e.g. high densities
of people plus dangerous animals) that might be expected to create
risky encounters between people and animals. If we can identify the
characteristics of situations where conflicts are minimal, compared
to those where conflicts are intense, we will be better placed to de-
velop new ways to mitigate problematic interactions, and achieve
the goal of harmonious coexistence between humans and potentially

dangerous animals.

ACKNOWLEDGEMENTS

We thank the members of the Fantastic Grandmothers (FGM)
citizen scientist group (Geneviéve Briancon, Aline Guémas, Sylvie
Hebert, Cathy Le Bouteiller, Monique Maziére, Marilyn Sarocchi
and Monique Zannier), Marine Marziac, Fabien Srauy and Rafael
Valente for providing invaluable field and laboratory assistance.

We also thank staff at the Aquarium des Lagons including O.

Chateau, R. Farman, J. Dubosc, H. Gossuin, S. Govan, X. Neyrat, V.
Robineau, M. Baussan, S. Bourget and T. Brasseur for facilitating
the field instrumentation and our access to aquaria facilities. We
thank Dr Jean-Christophe Vivier and staff at Sainte Marie veteri-
nary clinic for assistance with surgeries for this study, and LabEx
Corail for Acoustic Telemetry funding. Our research on sea snakes
has been funded by the Australian Research Council, Labex Corail
and The PADI Foundation. Research was conducted using methods
approved by the Charles Darwin University animal ethics commit-
tee A18029 and collection permits from New Caledonia Province
Sud 3252-2017/ARR/DENV. Valuable comments on an earlier ver-
sion of this manuscript were provided by Harvey Lillywhite and an

anonymous reviewer.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

AUTHORS' CONTRIBUTIONS

All authors conceived the ideas, designed the methodology and col-
lected the data; V.U. and R.S. analysed the data and led the writing
of the manuscript. All authors contributed critically to the drafts and

gave final approval for publication.

DATA AVAILABILITY STATEMENT
Processed telemetry data and beach survey data can be accessed
through the Dryad Digital Repository https://doi.org/10.5061/
dryad.z8w9ghxbd (Udyawer et al., 2021).

ORCID

Vinay Udyawer https://orcid.org/0000-0001-5812-0740
Claire Goiran https://orcid.org/0000-0002-1649-4418
Richard Shine https://orcid.org/0000-0001-7529-5657
REFERENCES

Alirol, E., Sharma, S. K., Bawaskar, H. S., Kuch, U., & Chappuis, F. (2010).
Snake bite in South Asia: A review. PLoS Neglected Tropical Diseases,
4(1), e603.

Borsa, P. (2008). Sea snakes: Overlooked predators at an urban fringing
reef. Coral Reefs, 27(4), 743.

Brischoux, F., & Bonnet, X. (2009). Life history of sea kraits in New
Caledonia. Zoologia Neocaledonica, 7, 37-51.

Broad, A. J., Sutherland, A. K., & Coulter, A. R. (1979). The lethality in
mice of dangerous Australian and other snake venom. Toxicon, 17,
661-664.

Burns, G., & Heatwole, H. (1998). Home range and habitat use of the
olive sea snake, Aipysurus laevis, on the Great Barrier Reef, Australia.
Journal of Herpetology, 32(3), 350-358.

Campbell, H. A., Watts, M. E., Dwyer, R. G., & Franklin, C. E. (2012). V-
Track: Software for analysing and visualising animal movement from
acoustic telemetry detections. Marine and Freshwater Research, 63,
815-820.

Carter, N., Shreshta, B., Karki, J., Pradhan, N., & Liu, J. (2012). Coexistence
between wildlife and humans at fine spatial scales. Proceedings of the
National Academy of Sciences of the United States of America, 109(38),
15360-15365. https://doi.org/10.1073/pnas.1210490109

Cook, T. R, Bonnet, X., Fauvel, T., Shine, R., & Brischoux, F. (2016).
Foraging behaviour and energy budgets of sea snakes from New


https://doi.org/10.5061/dryad.z8w9ghxbd
https://doi.org/10.5061/dryad.z8w9ghxbd
https://orcid.org/0000-0001-5812-0740
https://orcid.org/0000-0001-5812-0740
https://orcid.org/0000-0002-1649-4418
https://orcid.org/0000-0002-1649-4418
https://orcid.org/0000-0001-7529-5657
https://orcid.org/0000-0001-7529-5657
https://doi.org/10.1073/pnas.1210490109

UDYAWER ET AL.

People and Nature 345

Caledonia: Insights from implanted data-loggers. Journal of Zoology,
298, 82-93.

Crowe-Riddell, J. M., D'Anastasi, B. R., Nankivell, J. H., Rasmussen, A.
R., & Sanders, K. L. (2019). First records of sea snakes (Elapidae:
Hydrophiinae) diving to the mesopelagic zone (>200 m). Austral
Ecology, 44(4), 752-754.

Fitzgerald, L. A., & Painter, C. W. (2000). Rattlesnake commercialization:
Long-term trends, issues, and implications for conservation. Wildlife
Society Bulletin, 235-253.

Fulde, G. W., & Smith, F. (1984). Sea snake envenomation at Bondi.
Medical Journal of Australia, 141(1), 44-45.

Goiran, C., Brown, G. P., & Shine, R. (2020). Niche partitioning within a
population of sea snakes is constrained by ambient thermal homo-
geneity and small prey size. Biological Journal of the Linnean Society,
129(3), 644-651.

Goiran, C., & Shine, R. (2019). Grandmothers and deadly snakes: An un-
usual project in ‘citizen science’. Ecosphere, 10(10), e02877.

Gutiérrez, J. M., Calvete, J. J., Habib, A. G., Harrison, R. A., Williams, D.
J., & Warrell, D. A. (2017). Snakebite envenoming. Nature Reviews
Disease Primers, 3, 17063.

Heatwole, H. (1999). Sea snakes (2nd ed.). Krieger Publishing Company.

Heatwole, H., & Cogger, H. G. (1994). Sea snakes of Australia. Sea Snake
Toxinology, 167-205.

Heatwole, H., Grech, A., Monahan, J. F.,King, S., & Marsh, H. (2012). Thermal
biology of sea snakes and sea kraits. Integrative and Comparative Biology,
52(2), 257-273. https://doi.org/10.1093/icb/ics080

Hill, C. M., Webber, A. D., & Priston, N. E. (2017). Understanding conflicts
about wildlife: A biosocial approach (Vol. 9). Berghahn Books.

Ineich, ., & Laboute, P. (2002). Sea snakes of New Caledonia. IRD et
Muséum national d'Histoire naturelle Editions, Collection Faune et
flore tropicales.

Kasturiratne, A., Wickremasinghe, A. R., de Silva, N., Gunawardena, N.
K., Pathmeswaran, A., Premaratna, R., Savioli, L., Lalloo, D. G., & de
Silva, H. J. (2008). Estimating the global burden of snakebite: A litera-
ture analysis and modelling based on regional estimates of envenom-
ing and deaths. PLoS Medicine, 5(11), e218. https://doi.org/10.1371/
journal.pmed.0050218

Lalloo, D. G., Trevett, A. J., Saweri, A., Naraqi, S., Theakston, R. D. G,
& Warrell, D. A. (1995). The epidemiology of snake bite in Central
Province and National Capital District, Papua New Guinea.
Transactions of the Royal Society of Tropical Medicine and Hygiene,
89(2), 178-182.

Leujak, W., & Ormond, R. F. (2008). Reef walking on Red Sea reef flats
- Quantifying impacts and identifying motives. Ocean & Coastal
Management, 51(11), 755-762.

Maldonado, E. (2017). Sea snake envenomations in New Caledonia: case
review - Clinical, therapeutic and preventive aspects (p. 90). Masters
thesis in Human medicine and pathology. Université de Bordeaux.

Mirtschin, P., Rasmussen, A., & Weinstein, S. (2017). Australia's dangerous
snakes: Identification, biology and envenoming. CSIRO Publishing.

Murray, K. A., Martin, G., & lwamura, T. (2020). Focus on snake ecology
to fight snakebite. The Lancet, 395(10220), e14.

Naik, B. S. (2017). ‘Dry bite’ in venomous snakes: A review. Toxicon, 133,
63-67.

Nyhus, P. J. (2016). Human-wildlife conflict and coexistence. Annual
Review of Environment and Resources, 41, 143-171.

Phillips, C. M. (2002). Sea snake envenomation. Dermatologic Therapy,
15(1), 58-61.

Pinheiro, L. T., Rodrigues, J. F. M., & Borges-Nojosa, D. M. (2016).
Formal education, previous interaction and perception influence
the attitudes of people toward the conservation of snakes in a large
urban center of northeastern Brazil. Journal of Ethnobiology and
Ethnomedicine, 12(1), 25.

Reid, H. A. (1961). Diagnosis, prognosis, and treatment of sea-snake bite.
Lancet, 399-402.

Reid, H. A. (1968). Symptomatology, pathology, and treatment of land
snake bite in India and Southeast Asia. In W. Bucherl, E. Buckley,
& V. Deulofeu (Eds.), Venomous animals and their venoms (Vol. 1,
pp. 611-642). Academic Press.

Rodda, G. H., Sawai, Y., Chiszar, D., & Tanaka, H. (Eds.). (1999). Problem
snake management. Comstock Publishing Associates.

Russell, F. E., & Saunders, P. R. (1967). Animal Toxins: A Collection of
Papers Presented at the First International Symposium on Animal Toxins,
Atlantic City, New Jersey, USA, April 9-11, 1966. Elsevier.

Saint Girons, H. (1964). Notes sur |'écologie et la structure des popu-
lations des Laticaudinae (Serpentes: Hydrophiidae) en Nouvelle-
Calédonie. Revue D Ecologie-la Terre Et La Vie, 111, 185-214.

Shetty, S., & Shine, R. (2002). Activity patterns of yellow-lipped sea kraits
(Laticauda colubrina) on a Fijian island. Copeia, 2002, 77-85.

Shine, R. (2005). All at sea: Aquatic life modifies mate-recognition mo-
dalities in sea snakes (Emydocephalus annulatus, Hydrophiidae).
Behavioral Ecology and Sociobiology, 57(6), 591-598.

Shine, R., Bonnet, X., & Cogger, H. G. (2003). Antipredator tactics of amphibi-
ous sea-snakes (Serpentes, Laticaudidae). Ethology, 109(6), 533-542.
Shine, R., Goiran, C., Shilton, C., Meiri, S., & Brown, G. P. (2019). The life
aquatic: An association between habitat type and skin thickness in

snakes. Biological Journal of the Linnean Society, 128(4), 975-986.

Shine, R., Olsson, M. M., Lemaster, M. P, Moore, I|. T., & Mason, R. T.
(2000). Effects of sex, body size, temperature, and location on the
antipredator tactics of free-ranging gartersnakes (Thamnophis sir-
talis, Colubridae). Behavioral Ecology, 11(3), 239-245. https://doi.
org/10.1093/beheco/11.3.239

Shine, R., Shine, T., & Shine, B. (2003). Intraspecific habitat partitioning
by the sea snake Emydocephalus annulatus (Serpentes, Hydrophiidae):
The effects of sex, body size, and colour pattern. Biological Journal of
the Linnean Society, 80(1), 1-10.

Soulsbury, C. D., & White, P. C. (2016). Human-wildlife interactions
in urban areas: A review of conflicts, benefits and opportunities.
Wildlife Research, 42(7), 541-553.

Thomas, C., & Scott, S. (1997). Sea snake bites. In C. Thomas & S. Scott
(Eds.), All stings considered (pp. 72-76). University Hawaii Press.

Tomari, T. (1987). An epidemiological study of the occurrence of habu
snake bite on the Amami Islands, Japan. International Journal of
Epidemiology, 16(3), 451-461.

Udyawer, V., Barnes, P., Bonnet, X., Brischoux, F., Crowe-Riddell, J.
M., D'Anastasi, B., Fry, B. G., Gillett, A., Goiran, C., Guinea, M. L.,
Heatwole, H., Heupel, M. R., Hourston, M., Kangas, M., Kendrick, A.,
Koefoed, I., Lillywhite, H. B., Lobo, A. S., Lukoschek, V., ... Voris, H. K.
(2018). Future directions in the research and management of marine
snakes. Frontiers in Marine Science, 5, 399.

Udyawer, V., Goiran, C., Chateau, O., & Shine, R. (2020). Swim with the
tide: Tactics to maximize prey detection by a specialist predator, the
greater sea snake (Hydrophis major). PLoS One, 15(10), e0239920.
https://doi.org/10.1371/journal.pone.0239920

Udyawer, V., Goiran, C., & Shine, R. (2021). Data from: Peaceful coex-
istence between people and deadly wildlife: Why are recreational
users of the ocean so rarely bitten by sea snakes? Dryad Digital
Repository, https://doi.org/10.5061/dryad.z8w9ghxbd

Van Cao, N., Thien Tao, N., Moore, A., Montoya, A., Redsted Rasmussen,
A., Broad, K., Voris, H. K., & Takacs, Z. (2014). Sea snake harvest in
the Gulf of Thailand. Conservation Biology, 28, 1677-1687.

Warrell, D. A. (1994). Sea snake bites in the Asia-Pacific region. In
P. Gopalakrishnakone (Ed.), Sea snake toxinology (pp. 1-36). Singapore
University Press.

White, J. (2017). Clinical toxicology of sea snakebites. In J. Meier, &
J. White (Eds.), Handbook of clinical toxicology of animal venoms and
poisons (pp. 159-170). CRC Press.

Williams, D. J., Faiz, M. A., Abela-Ridder, B., Ainsworth, S., Bulfone,
T. C., Nickerson, A. D., Habib, A. G., Hunghanss, T., Fan, H. W,,
Turner, M., Harrison, R. A., & Warrell, D. A. (2019). Strategy for a


https://doi.org/10.1093/icb/ics080
https://doi.org/10.1371/journal.pmed.0050218
https://doi.org/10.1371/journal.pmed.0050218
https://doi.org/10.1093/beheco/11.3.239
https://doi.org/10.1093/beheco/11.3.239
https://doi.org/10.1371/journal.pone.0239920
https://doi.org/10.5061/dryad.z8w9ghxbd

346 People and Nature

UDYAWER ET AL.

globally coordinated response to a priority neglected tropical dis-
ease: Snakebite envenoming. PLOS Neglected Tropical Diseases, 13(2),
e0007059. https://doi.org/10.1371/journal.pntd.0007059

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Udyawer V, Goiran C, Shine R.
Peaceful coexistence between people and deadly wildlife: Why
are recreational users of the ocean so rarely bitten by sea
snakes? People Nat. 2021;3:335-346. https://doi.org/10.1002/
pan3.10190



https://doi.org/10.1371/journal.pntd.0007059
https://doi.org/10.1002/pan3.10190
https://doi.org/10.1002/pan3.10190

