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Abstract. Coral reefs are vital ecosystems, rich in biodiversity and economically significant. 14 

However, they face severe threats from human activities such as climate change, pollution, 15 

and overfishing. Large-scale monitoring is crucial for their conservation. Integrative 16 

bioindicators are needed to better assess their health. Marine snakes, as high-level predators 17 

with strong site fidelity, are excellent bioindicators. Their health and population status can 18 

accurately reflect local environmental conditions. Their long lifespan allows for long-term 19 

monitoring, helping to detect human-induced impacts on coral reef ecosystems. Sea kraits, 20 

which are amphibious and well-studied, play a key role in reef monitoring. They are 21 

abundant, easy to observe, and provide valuable ecological insights. Most research has 22 

focused on their relevance as bioindicators, but broader studies on aquatic snakes are 23 

necessary. Fully marine snakes (viviparous species) share habitats with sea kraits but have a 24 

wider ecological range. They expand the spectrum of prey types, foraging behaviors, and 25 

sensitivity to human activities. Their Indo-Pacific distribution makes them essential for coral 26 

reef monitoring. Despite their ecological importance, truly marine snakes remain 27 

understudied. Their populations are vulnerable to environmental changes, yet their role in 28 

coral reef ecosystems is not fully understood. Research on their conservation is essential, as 29 

they could be key indicators of reef health in biodiversity hotspots like New Caledonia. 30 
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The need of bioindicators for monitoring marine ecosystems. –  In a world of constant 34 

anthropogenic pressures, we need more and more tools to protect, manage and monitor 35 

habitats. Particularly those that are home to rich biodiversity and complex ecosystems. 36 

Bioindicators are particularly useful for this purpose (Cooper et al., 2009). These are species, 37 

or a species community, that are the main indicator of environmental quality, ecology and 38 

biodiversity because of their ability to tolerate disturbance to a moderate degree (Holt & 39 

Miller, 2011). They act as early warning predictors for ecological changes in the environment. 40 

As bioindicator study method is cost-effective, its development is increasingly becoming a 41 

valuable means of monitoring the state of current ecosystems (Siddig et al., 2015). However, 42 

some ecosystems are difficult to monitor and protect, such as coral reefs (Bispo et al., 2009; 43 

Phillips & Rainbow, 2013; Thakur et al., 2013). The development of useful bioindicators in 44 

marine ecosystems is vital, as they are home to world biodiversity hotspots (Terry et al., 45 

2002). Various criteria are needed to identify appropriate bioindicators. The taxonomy of the 46 

species (or group of species) must be well known and stable, as must its ecology and natural 47 

history. Individuals must be easy to count, widely distributed in space and in different 48 

habitats. It is preferable to study a group of specialized species with different sensitivities to 49 

habitat modifications. Finally, potential economic importance could be useful (Rasmussen et 50 

al., 2021). It turns out that many snake species meet these criteria. In fact, several studies have 51 

used snakes as bioindicators, for example to monitor heavy metal concentrations, as they are 52 

top predators in many ecosystems (Frossard et al., 2019; Lettoof et al., 2020). However, few 53 

studies have focused on aquatic snakes (Hurtado-Morales, 2022), and even fewer on sea 54 

snakes as environmental indicators (Udyawer et al., 2018; Rasmussen et al., 2021).  55 

Unique evolution linked to geological events and marine ecosystems. –  In the course 56 

of evolution, different lineages of snakes have returned to marine life. Various aspects need to 57 

be taken into account to understand how sea snakes adapted to their new environment and 58 
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how they became the largest group of marine reptiles. From morphology, paleontology and 59 

molecular phylogeny, we know that the ancestors of snakes were probably terrestrial (Vidal & 60 

Hedges, 2004; Gearty et al., 2021). Over the last 10 Ma, more than 100 snake species have 61 

adapted to marine habitats (Bonnet, 2012). Of these 100 species, more than 60 are fully 62 

adapted to the marine environment and are referred to as 'true' sea snakes. All these sea snakes 63 

belong to the taxon Elapidae. Their common ancestor with their Australian neighbors dates 64 

from between 10.6 and 6.5 Ma ago (Ukuwela et al., 2016). Recent research indicates that sea 65 

snakes have undergone rapid radiation and a recent evolutionary transition, with a return to 66 

the sea occurring around four times throughout history (Bonnet, 2012; Lillywhite et al., 2018). 67 

The emergence of several physiological and reproductive traits has provided significant 68 

advantages in exploiting new foraging niches (Bonnet, 2012; Cook et al., 2016). The 69 

vertically flattened paddle-shaped tail (Rasmussen, 2000) and viviparity (Bonnet, 2012) are 70 

very good examples. In these taxa, we find the whole spectrum of marine lifestyles with 71 

different degrees of dependence on the marine habitat, from amphibious snakes that return to 72 

land daily, such as the sea kraits of the genus Laticauda, to entirely pelagic snakes that live 73 

only in the ocean and never come ashore, such as the yellow-bellied sea snake of the genus 74 

Hydrophis (Heatwole, 1999). Sea snake species are found in large numbers in the "coral 75 

triangle". This area, located in the Indo-Australian archipelago, is one of the world's main 76 

marine biodiversity hotspot (Gherghel et al., 2016; Udyawer et al., 2018). The Coral Triangle 77 

has experienced a significant sequence of geological events, including climatological, 78 

paleogeographic and sea-level fluctuations in the past (Heatwole et al., 2017). It presents an 79 

exceptional mix of land and sea and, as a result, a unique environment on Earth (e.g. Fig.1). 80 

Past major geographical disturbances have favored speciation and the marine transition 81 

(Ukuwela et al., 2016; Lillywhite et al., 2018). Therefore, the presence of diverse ancestral 82 

lineages of snakes, added to this complex interplay of geographical and geological elements, 83 
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highlights the complexity of these evolutionary processes. Moreover, sea snakes are also 84 

found from South Asia to Australia, via the eastern Pacific Ocean and the western Indian 85 

Ocean (Lillywhite et al., 2018).  86 

Ecology and taxonomy of sea snakes. –  Studies show that there are two distinct 87 

taxonomic groups of marine snakes: truly marine snakes (>60 species) and sea kraits (8 88 

species). They provide three distinct lineages of snakes: Aipysurus, Hydrophis and Laticauda. 89 

These genera are of major interest in answering our main question on monitoring coral reef 90 

ecosystems. We found amphibious snakes that share their lives between land and sea 91 

(Laticauda) and truly marine snakes that never return to land (Aipysurus and Hydrophis). 92 

However, recent molecular studies have shown that almost twenty more species have yet to be 93 

discovered in the genus Hydrophis (Udyawer et al., 2018). This information could increase 94 

the diversity of sea snakes by up to 30%, which is very important for our understanding of sea 95 

snake biology.  96 

The Laticauda clade contains 8 species distributed in the warm, shallow waters of the 97 

Indo-Pacific Ocean (Heatwole et al., 2005-2013). They are packed into 3 main clades of 98 

Laticauda (Udyawer et al., 2018). Commonly known as sea kraits, Laticauda spp are mainly 99 

distributed over a wide geographical area and are found close to the coast (Bonnet et al., 100 

2006). Their amphibious lifestyle has shaped their unique ecology: sea kraits prey on 101 

anguilliform fish species, such as eels and congers. As most of their prey remains in the coral 102 

matrix, sea kraits are limited by coral reefs (Brischoux & Bonnet, 2009). They return to land 103 

to rest, digest, shed their skin, mate and lay their eggs (Bonnet et al., 2006). In addition, a 104 

study shows that sea kraits show a very strong philopatry towards a specific shoreline and 105 

area. In fact, they can identify their terrestrial environment and select specific routes in order 106 

to avoid predation and optimize the time needed to reach the thermal optimum on land 107 
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(Brischoux et al., 2009). However, a study suggests that philopatry develops over time after 108 

settling on a specific patch, with juveniles appearing to be more adventurous than adults 109 

(Bech et al., 2016). Indeed, sea kraits are highly dispersive species, forming colonies spread 110 

over several islands in the Indo-Pacific Ocean (Heatwole, 1999). However, the extent of 111 

occurrence of sea kraits is strongly affected by food resources (Brischoux et al., 2007). 112 

Foraging ecology differs between the sexes and may be a consequence of sexual size 113 

dimorphism. Females feed on large conger eels in deep water, while males feed on moray eels 114 

in shallow water (Shine et al., 2002; Brischoux & Bonnet, 2006). These predator-prey 115 

interactions are not yet fully understood, as reef seabed ecosystems may harbor complex food 116 

webs, comparable in complexity to those found in the wider spatial extent of the water 117 

column (Brischoux et al., 2011). It seems that there is still much to be discovered about the 118 

behavior of sea kraits. For example, articles have recently been published on coordinated pack 119 

hunting behavior (Doody et al., 2013; Somaweera et al., 2023). Sea kraits are present in large 120 

numbers in the lagoon of New Caledonia, where two main species occupy the area (e.g. Fig. 121 

2): L. saintgironsi and L. laticaudata. They differ in their genetics (Bech et al., 2016), feeding 122 

habits (Brischoux et al., 2007), coloration (Bonnet et al., 2006), diving behavior (Cook et al., 123 

2016), physiological performance on land and underwater (Bonnet et al, 2005), their trophic 124 

level (Brischoux et al., 2011), their diet (Bonnet et al., 2006), their metabolic rate (Brischoux 125 

et al., 2007), their shelter on land (Bonnet et al., 2009), and even their mating ecology 126 

(Bonnet et al., 2006).  127 

The Aipysurus and Hydrophis clades contain a vast majority of sea snake species 128 

(Udyawer et al., 2018). The main differences between truly marine snake (Aipysurus & 129 

Hydrophis) and Laticauda species can be linked to greater diversity in terms of morphology, 130 

behavior and ecology (Rasmussen et al., 2021). For example, the diet of truly marine snakes is 131 

based on various components, such as fish eggs for E. annulatus (Lukoschek & Shine, 2012) 132 
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or catfish species for H. major (Shine et al., 2019). However, all species are strictly adapted to 133 

a marine lifestyle. Some of them show a strong philopatry towards specific coral reefs 134 

(Lukoschek & Shine, 2012). The Aipysurus group exploits various coral reefs and sandy 135 

bottom environments, while the Hydrophis group is present in a plurality of micro-habitats, 136 

such as seagrass beds, freshwater rivers, river mouths and sediments (Rasmussen et al., 2021). 137 

Although sea snake spatial ecology appears to be restricted to shallow waters and coral reefs 138 

in the nearshore zone, observations of Hydrophis at depths of 245 m and 239 m in the 139 

mesopelagic zone raise new questions (Crowe-Riddell et al., 2019). In addition, we found the 140 

only fully pelagic sea snake in this group: H. platurus (Linnaeus, 1766). This species has the 141 

most extensive distribution range of all sea snakes (Lillywhite et al., 2018; Bessesen et al., 142 

2020-2023).  A total of 10 species of the Aipysurus and Hydrophis group have been recorded 143 

in the lagoon of New Caledonia (Ineich & Laboute, 2002; Goiran et al., 2022). Few studies 144 

have focused on these species in the New Caledonian lagoon, unlike sea kraits (Goiran et al., 145 

2022). As a result, it is difficult to effectively assess their ecological importance in the marine 146 

ecosystem.  147 

In this review, I only focus on the 2 main species of sea kraits and the 10 species of 148 

truly marine snakes present in the New Caledonian lagoon (e.g. Tab. S1 & Tab. S2). I aim to 149 

assess the effectiveness of true sea snakes as bioindicators compared to sea kraits, which have 150 

been well-established as bioindicators for reef monitoring in New Caledonia (Brischoux et al., 151 

2009). I hypothesize that true sea snakes may not be better indicators but could nicely 152 

complement sea kraits in monitoring secretive fish species, such as gobies, moray eels, and 153 

other anguilliform fishes in New Caledonia. 154 

Analysis 155 
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Established and stable taxonomy – A well-established and stable taxonomy of sea 156 

snakes is crucial for effective bioindication, as it provides a foundation for understanding the 157 

relationships between different species and their roles in marine ecosystems (Voris et al., 158 

1977). This understanding is essential for accurately interpreting the presence, absence, or 159 

behavior of specific sea snake species as indicators of environmental health (Rasmussen et al, 160 

2021).  161 

Truly marine sea snake taxonomy is now clearer than ever, as many genetic studies 162 

focused on this topic, with 85% of the genomic DNA included in genetic database (Sanders et 163 

al., 2013). The revised taxonomy of truly marine snakes invalidates the previously recognized 164 

genera Acalyptophis, Astrotia, Disteira, Enhydrina, Kerilia, Lapemis, Kolpophis, and 165 

Thalassophina, as these taxa are now nested within the single genus Hydrophis, eliminating 166 

the need for the creation of multiple new genera (Sanders et al., 2013; Lee et al., 2016).  167 

On the other side, sea krait’s taxonomy is well-known and very stable, as we 168 

discovered all the species from this genus (Sanders et al., 2013). The Laticaudinae are 169 

considered as the most primitive genus, making part of a single family (Hydrophiidae) and 170 

have evolved from separate terrestrial ancestors compared to the Hydrophiinae (Rasmussen, 171 

2000). Further taxonomic studies need to be done to see if L. laticaudata could be endemics 172 

from New Caledonia (Brischoux et al., 2006-2009). However, sea kraits phylogeny is still 173 

well-known and no other lineages seems to be undiscovered in the genus (Heatwole et al., 174 

2005; Sanders et al., 2013). As they are easy to study and found on land, most potential 175 

sample sites in the Pacific have been visited. This allowed to build a strong and stable 176 

phylogeny (Heatwole et al., 2005; Cogger & Heatwole, 2006; Brischoux et al., 2006-2009; 177 

Tandavanitj et al., 2013; Udyawer et al., 2018; Il-Hun Kim et al., 2018).  178 



 

9 
 

Recognized ecology and natural history – The yellow sea kraits, L. saintgironsi, are 179 

easy to recognize, with banded black and yellow patterns (Brischoux & Bonnet, 2006). 180 

Background color’s variation occurs, including greyish, brown, orange, and even bright red 181 

individuals. On the other side, blue sea kraits, L. laticaudata, have blue background and the 182 

usual banded black patterns (Brischoux & Bonnet, 2006). These black patterns could be a 183 

main strategy for controlling predators, but no cases have been reported of the effectiveness of 184 

these patterns (Lorioux et al, 2008). Their color vary from dark to light blue, including 185 

melanistic specimens apparently turning from blue to black coloration in 9 months. Intriguing 186 

fact, no fully melanistic specimens have been recorded in the yellow sea kraits species 187 

(Brischoux & Bonnet, 2006). Through time, coloration is not changing and is not depending 188 

on specimen’s age, except for melanism. Additionally, yellow sea kraits present less black 189 

rings than blue sea kraits. We observe white dots in black rings on the belly of yellow sea 190 

kraits and black dots in white rings in blue sea kraits, providing individual patterns. Blue sea 191 

kraits are slender animals and longer on average, compared to their yellow neighbors 192 

(Brischoux & Bonnet, 2006).  193 

Yellow sea kraits feed on anguilliform fishes from hard-bottom substrate, where blue 194 

sea kraits forage on soft-bottom substrate (Brischoux et al., 2007-2009; Bonnet, 2012). Their 195 

prey are found in the coral matrix and are varied and numerous, including species of 196 

anguilliform fish which are themselves predators. Yellow sea kraits feed on much more eel’s 197 

species and larger specimens than blue sea kraits. They are actively exploring the coral 198 

matrix, within the cavities and crevices. On the opposite, blue sea kraits searched for fishes 199 

hidden in burrows, seagrass beds, mud flats and sandy environment. Once found, preys are 200 

bitten and the snake inject its venom (Brischoux & Bonnet, 2006). The venom allows the 201 

snake to kill rapidly its prey, as some specimens can be deadly injured by massive moray eels 202 

which retaliate during the attack, but also to prevent the prey from escaping far away. From F. 203 
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Brischoux (2009), yellow sea kraits seems to be “the best candidate to gauge anguilliform fish 204 

associated with Neo-Caledonian coral reef ecosystems”. In order to get their foraging habitat, 205 

yellow sea kraits can travel long distances, with a mean of 3km, in a radius of 21km from 206 

their initial islet (Brischoux et al., 2007; Bonnet, 2012). In comparison, blue sea kraits travel 207 

in a radius of 14km to reach their foraging habitat with mean travel of 1km. Both species have 208 

similar trip duration (Brischoux et al., 2007). Both species feed over more than 45 eel’s 209 

species, with 13 shared by the two species, and play significant role in the food chain of New 210 

Caledonia’s lagoon (Ineich et al., 2007; Briand et al., 2015-2016-2018). The connections in 211 

trophic relationships between sea kraits and their prey seemed remarkably close. In fact, both 212 

species found 1/3 of their preys close from the islets where they are established, implying a 213 

spatial connection between the habitat of sea kraits and the distribution of their prey 214 

(Brischoux et al., 2007). The combination of blue and yellow sea kraits enables us to get a 215 

broader view on the anguilliform fishes assemblage of the neo-caledonian lagoon (Brischoux 216 

et al., 2009). It remains plausible that some sea kraits travel in deeper water and further than 217 

studies assumed, as only one study has tried to implant data loggers in order to understand 218 

their diving patterns (Cook et al., 2016).  219 

In contrast, the truly marine snakes found in New Caledonia's lagoon are mostly 220 

generalists, but some are specialized in feeding (Voris & Voris, 1983; Rasmussen et al., 221 

2021). They prey on secretive fish, hidden in crevices and burrows among the reefs. Foraging 222 

mode and prey type vary among truly marine snake, influenced by body-plan (Sanders et al., 223 

2013; Rasmussen et al., 2021). Sexual dimorphism is occurring as well within truly marine 224 

snake (Shine et al., 2002-2019).  225 

Mating and courtship in yellow sea kraits occur mainly in November-December and 226 

last until February during the warm season, as vitellogenic females were observed in this 227 
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period (Brischoux & Bonnet, 2006; Rasmussen et al., 2021). Couples, mating, are observed 228 

under rocks or inside of wedge-tailed shearwater’s burrows, located on dry and sandy 229 

environment inside islets. On the other side, blue sea krait females are gravid between the 230 

beginning of December and mid-March, peaking at January. Recordings describe five males 231 

attempting to copulate with a female on a damp substrate close to the coast, almost 232 

underwater at night. In both species, no male combats have been recorded. Once gravid, 233 

females lay their eggs in coastal nurseries located on specific islands, travelling over 50km 234 

seasonally (Bonnet et al., 2014). These nurseries are still under study, notably to examine why 235 

and how females decide to use certain sites instead of others to lay their eggs. Scientists 236 

suspect that environmental parameters are the main drivers of these seasonal egg-laying 237 

periods. Breeding biology of truly marine snakes species occurring in New Caledonia’s 238 

waters still needs to be investigated (Rasmussen et al., 2021). Once on land, both sea kraits 239 

species exhibit behavioral variations. L. saintgironsi individuals undertake long terrestrial trip 240 

(Brischoux & Bonnet, 2006; Brischoux et al., 2009). Moreover, yellow sea kraits present high 241 

terrestrial locomotor performances. They are very good crawlers inside the vegetation, and 242 

excellent rock/tree climbers, looking for shelters to rest (Bonnet et al., 2004). In fact, yellow 243 

sea kraits land performances may indicate that they could be subject to intense selection 244 

pressure favoring the use of terrestrial habitats (Brischoux et al., 2009; Bonnet, 2012). On the 245 

other side, L. laticaudata undertake short terrestrial trips and are relatively less agile once on 246 

land compared to their yellow neighbors (Bonnet et al., 2004). They tend to remain mainly 247 

close to the shores, between and under beach-rocks, and show less terrestrial site fidelity 248 

(Bonnet et al., 2009). Active on land, both species are frequently cruising on the shore of 249 

islands, going to the ocean or coming back on land during sunset (Brischoux & Bonnet, 250 

2006). It also seems that the predation rate is very low, if not zero on land, but probably 251 

higher underwater (e.g. tiger sharks, even sea anemones) as sea kraits are easy to catch.  252 
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An easy survey – Both species of sea kraits are easy to spot on land (Brischoux & 253 

Bonnet, 2006). It is also possible to catch them underwater, even though this technique is not 254 

as efficient as land catching. They are easy to handle and resilient to handling stress (Fauvel et 255 

al., 2012). Even though they remain venomous snakes, their docile behavior towards humans 256 

facilitates field procedures (Brischoux & Bonnet, 2006). Thus, New Caledonia stands out as 257 

one of the rare places on Earth where a significant population of venomous snakes, including 258 

sea kraits and truly marine snakes, coexists harmoniously with human communities (Udyawer 259 

et al., 2021).  260 

The distribution and habitat preferences of marine snakes are influenced by a variety 261 

of factors, including habitat structure, spatial factors, and prey availability. X. Bonnet (2009) 262 

found that sea kraits of New Caledonia have specific habitat requirements. Yellow sea kraits 263 

are generally found in inland vegetation and on the shores of islets, while blue sea kraits are 264 

generally found in the intertidal zone. The sea kraits database is one of the largest databases in 265 

the world for long-term monitoring of a snake population. Islets located in New Caledonia’s 266 

lagoon like Signal, Amédée, Améré, M’ba, M’bo, Porc epic, N’da or Redika are all full of sea 267 

kraits (Brischoux et al., 2009). Another aspect of the study of sea kraits is that it is easy to 268 

make them regurgitate their prey once they have returned from the sea, as this manipulation is 269 

harmless for the snakes (Brischoux & Bonnet, 2006; Bonnet, 2012; Fauvel et al., 2012). A 270 

large number of anguilliform fish species have been discovered using this technique, 271 

demonstrating the diversity of this overlooked assemblage (Ineich et al, 2007; Bonnet et al, 272 

2014).  273 

For truly marine snakes, as it is impossible to capture these species on land, studies 274 

must be carried out from a boat for species inhabiting coral reefs or by scuba 275 

diving/snorkeling near the coast (Shine et al., 2019; Rasmussen et al., 2021). More 276 
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specifically, boat surveys can be carried out during the day or at night, as some species are 277 

more or less active at certain times of the day (Rasmussen et al, 2020; Bessesen et al, 2022). 278 

Most studies of the truly marine snakes present in the lagoon have been carried out on 279 

collections held by Museums, but very few studies have attempted to study the populations 280 

directly in their natural environment (Shine et al, 2019-2023; Udyawer et al., 2023). V. 281 

Udyawer (2014) observed a strong latitudinal effect on the distribution of sea snakes in the 282 

Great Barrier Reef Marine Park, with shallow inshore areas being key habitats for some 283 

species. Within a population of sea snakes, habitat selection varied among individuals, but 284 

with a preference for coral-dominated substrates (Goiran et al., 2020). Other methods exists to 285 

survey sea snake species, like underwater video (Goiran et al., 2022) or passive acoustic 286 

survey (Udyawer et al., 2018), providing different ways of gathering data on sea snakes 287 

ecology. The use of environmental DNA is the last monitoring tools taking place in sea snake 288 

survey as it is tremendously useful for monitoring species occurring in low densities like truly 289 

marine snakes, yet little information (presence/absence) can be gathered (Rasmussen et al., 290 

2021).  291 

Higher taxa widely distributed geographically and over a breadth of habitats – Sea 292 

kraits are well spread across the Indo-Pacific (Ineich, 2007). We found the 8 species of sea 293 

kraits in various places, such as New Guinea, Ryukyu Islands, Sumatra, Taiwan, Philippines, 294 

and (Heatwole et al., 2017).  295 

Truly marine snakes occur in almost all aquatic habitats in tropical and subtropical 296 

areas of the Indo-Pacific regions (Rasmussen et al., 2021). Along with H. platurus, truly 297 

marine snakes have the widest range of distribution among snakes (Lillywhite et al., 2015-298 

2018). Some species are found over vast regions, such as certain species of Hydrophis found 299 

in Asian and Australian waters, and others are localized in very specific places in Indonesia, 300 
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Vietnam or Australia (Rasmussen et al., 2021). There are still many places that are likely to 301 

host a large number of species of truly marine snakes that have yet to be discovered. New data 302 

on the distribution of certain species confirm the need for exploratory studies on the 303 

distribution of species (Gherghel et al., 2018). We could be missing part of the ecology of sea 304 

snakes, as some have been observed at unsuspected depths (Crowe-Riddell, 2019) and others 305 

could be found in habitats such as mangroves, river mouths and deeper waters. Truly marine 306 

snakes appear to be widely distributed in diverse ecological niches relative to sea kraits in the 307 

marine biodiversity hotspot.  308 

Diverse number of species specialized and sensitive to habitat changes – Sea kraits are 309 

very sensitive to environmental changes and pollution occurring in shallow habitats 310 

(Rasmussen et al., 2021). One study showed extremely high bio- accumulation of mining 311 

trace elements, such as Ni and Cr, in sea kraits and their prey (Bonnet et al., 2014). As a top 312 

predator, sea kraits are sensitive to heavy metal contamination. In addition, tourist activity has 313 

a major impact on the populations of both species of sea kraits through the destruction of their 314 

habitat (Bonnet et al., 2009). The yellow sea krait seems to be able to withstand tourist 315 

pressures thanks to its ability to crawl, climbing trees and moving around on land, and its 316 

capacity to use various terrestrial shelters, such as seabird burrows, debris, large tree trunks, 317 

etc. On the other hand, blue sea kraits are not as adept as their yellow cousins at adapting to 318 

different coastal features. They are heavily dependent on the presence of beach rocks, which 319 

provide stable thermal and hygrometric conditions (Bonnet et al., 2009). Overall, both species 320 

of sea kraits are affected by human activities, to a greater or lesser extent depending on the 321 

species. Habitat destruction strongly affects the distribution of sea kraits, as it can have an 322 

impact on water resources, the availability of refuges and mating opportunities (Bonnet et al., 323 

2009; Gherghel et al., 2018). The scarcity of favorable terrestrial environments makes sea 324 

kraits highly sensitive to disturbance, as they have no other accessible shelters.  325 
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Truly marine snake are also very sensitive to environmental perturbations, like in the 326 

Ashmore reef in the Timor sea where 14 species disappearance have been recorded in 2013 327 

with no any clues for explanations (Lukoschek et al., 2013). Nonetheless, pollution, seabed 328 

destruction and bycatch are important pressures from human activities but might not explain 329 

the mentioned phenomenon. In several regions, such as South China, the loss of sea snakes 330 

and their disappearance might act as an “early warning system for unknown processes as 331 

indicators of localized ecosystem change” as M. Guinea said in 2020 at the World Congress 332 

of Herpetology. Furthermore, truly marine snakes are greatly impacted by trawlers activities 333 

(Wassenberg et al., 2000; Dsouza & Rao, 2021). All populations tends to be affected 334 

negatively by this fisheries activity, with a mortality up to 50% when snakes are caught in 335 

commercial prawn trawling. Fisheries could have the most dramatic impact on the sea snake 336 

population, as some people consume them and bycatch is high. The impact of tourism on truly 337 

marine snake species has not yet been studied except for one species, but could also be a 338 

significant pressure on populations (Ineich, 2007; Goiran & Shine, 2013).  339 

Patterns observed in indicator taxa are also observed in other related and unrelated 340 

taxa – True marine snakes observed in the neo-caledonian lagoon mainly feed on catfishes 341 

and anguilliform fishes. A. duboisi is generalist that feeds on small fish and on anguilliform 342 

fishes, like A. laevis (Laboute & Ineich, 2002). H. peroni feeds on shrimps when young and 343 

then on gobies when adult. H. coggeri feeds on small eel species in seagrass substrates 344 

(Udyawer et al., 2023), such as H. macdowelli (Sherratt & Sanders, 2020). H. major is mainly 345 

preying on striped eel catfish (Shine & Goiran, 2019) where H. ornatus preys on spinecheek 346 

gobies or goat fish (Fujishima et al., 2021). Finally, H. spiralis feeds on eels (Ukuwela et al., 347 

2022) and the pelagic species H. platurus is preying on spiny catfishes and small pelagic 348 

fishes (Voris & Voris, 1983). Overall, truly marine snakes are feeding on small fishes, gobies 349 

and anguilliform fishes, such as moray eels, creating a general prey item pattern. As true 350 
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marine snakes live in marine biodiversity hotspots, anthropogenic pressures can also be 351 

observed in many other taxa, like moray eels (Kannan et al., 2019), corals (Anthony, 2016), 352 

etc.  353 

R. Somaweera (2021) highlighted the potential drivers of extirpation in sea snakes, 354 

including stochastic environmental events, resurgence of top predators, and increased boat 355 

traffic, which may also impact other species. Moreover, longitudinal datasets on truly marine 356 

snakes are accessible from various locations, including New Caledonia (Rasmussen et al., 357 

2021). These datasets can be employed to investigate potential correlations with alterations in 358 

population size, relative abundances, and the demography of elusive fish species.  359 

Present or potential economic importance – The economic importance of marine sea 360 

snakes is a complex issue. Potential impact of prawn trawling on sea snake populations are 361 

occurring, suggesting that by- catch harvesting could significantly increase this impact 362 

(Heatwole, 1997). However, this is tempered by the need for a management scheme that 363 

considers the biology of different species. Another aspect is the consumption of sea snakes 364 

flesh and skin by Indo-Pacific nations, as sea snake harvesting by fisheries could be “one of 365 

the largest harvest activities of venomous snakes and marine reptile in the world today” 366 

(Rasmussen et al., 2021). N. Cao (2014) provides a sobering perspective, noting the large-367 

scale harvest of sea snakes in the Gulf of Thailand for human consumption and traditional 368 

remedies, and the need for conservation efforts.  369 

For sea kraits, there is another economic aspect to consider. They are popular icons in 370 

New Caledonia. Everyone knows these animals and respects them when they meet them. 371 

They are one of the few animals that are very famous in New Caledonia and promoted by the 372 

country. Their presence is synonymous with healthy coral reefs and populations of 373 

anguilliform fish (Brischoux & Bonnet, 2006; Brischoux et al., 2007). They are of major 374 
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interest for monitoring the health of coral reefs and are therefore powerful tools for eco-375 

tourism in New Caledonia.  376 

Historical research and scientific interest – Scientific interest in the study of sea 377 

snake’s ecology has recently attracted strong attention. Historical research on sea snakes has 378 

been significant in scientific literature, with a focus on their conservation, venom, natural 379 

history, and bite treatment. Initial investigations centered on descriptive studies, field 380 

observations, and the general biology of snakes. In 1993, W. A. Culotta provided a 381 

comprehensive bibliography of sea snake literature, covering a wide range of topics. 382 

Similarly, H. Heatwole, in 1999, provided a more in-depth and comprehensive view of the 383 

biology of marine snakes by publishing a complete book on the subject. And more recently, 384 

V. Udyawer (2018) identified key research questions to guide future studies, based on the 385 

recent bibliography, highlighting the need for more information on this group. With the 386 

development of new technologies, new studies have appeared, focusing on complex 387 

evolutionary questions, physiology, toxicology, ecology, behavior, and resolution of 388 

systematics (Udyawer et al., 2018). The dearth of long-term field data should promote further 389 

research as there is a strong need of gathering scientific dataset. Anthropic pressures are so 390 

significant on world biodiversity that scientific interest is becoming more and more important 391 

about these animals (Rasmussen et al., 2021).  392 

Prospective projects and new methodologies – In the perspective of all existing 393 

species of sea snakes, we have little information about all species currently known (Shine, 394 

2019). True marine snake data are especially lacking in many places of the planet. Some 395 

specific areas needs to be discovered, especially in South China and Northern Australia where 396 

new species might occur (Rasmussen et al., 2021). These areas are suspected to host a huge 397 

number of sea snakes. As they might occur in very various type of microhabitat that we do not 398 
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suspect, there is a strong need of improving current methodologies for monitoring sea snakes 399 

(Brischoux & Bonnet, 2006; Crowe-Riddell, 2019). Indeed, effective monitoring of marine 400 

snakes through standardized methods is essential for evaluating patterns in community 401 

composition, population structure, and the proportional impact of both natural and human-402 

induced pressures over time (Udyawer et al., 2018). Some of the methods used may bias our 403 

view, like remote-underwater-camera and direct underwater observations. These methods 404 

only allow individuals to be observed in underwater areas that are not remote and accessible, 405 

and during specific periods of the day. It is possible that the activity of some marine snake 406 

species also fluctuates at night and with tidal cycles, as only recent published papers has ever 407 

attempted to explore this aspect of their ecology (Goiran et al., 2020; Lynch et al. 2023).  408 

The current focus of sea snake study in 2023 addresses different aspects such as 409 

distribution (Bessesen et al., 2023), genomic (Zheng et al., 2023), the impact of human 410 

activity (Zhong et al., 2023), species ecology (Shine et al., 2023) and genetic diversity 411 

(Yousefkhani et al, 2023). More studies needs to initiate monitoring populations of sea 412 

snakes, as this has been only the case in New Caledonia for now...  413 

Potential expansive geographical distribution and global warming impact – Climate 414 

change is expected to have a significant impact on the distribution and population of 415 

venomous terrestrial species, including sea snakes (Needleman et al., 2018). This is 416 

particularly concerning given the potential for increased human encounters and the threat to 417 

human health. As sea snakes are poikilotherm animals, the temperature is playing a huge role 418 

in their distribution range (Bonnet, 2012; Heatwole et al., 2017; Lillywhite et al., 2018). Thus, 419 

global warming might have an indirect impact on sea snake distribution around the Indo-420 

Pacific waters. For amphibious species, like sea kraits, these changes in global water 421 

temperature might favors colonization of new islands and creation of new underwater 422 
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pathway to new terrestrial environment (Heatwole et al., 2017). However, the increase in 423 

temperature could have a negative impact on the distribution of sea kraits due to coral 424 

bleaching. Populations of the elusive anguilliform fish that live in the coral matrix would be 425 

negatively affected by the loss of their habitat, which would drastically reduce food resources 426 

(Lillywhite et al., 2018).  427 

Differently, truly marine snake species distribution could have another impact, as 428 

recent studies demonstrated the potential establishment and invasiveness of some specific 429 

species (Bessesen et al., 2022; Razzaque Sarker et al., 2023). For example, H. platurus 430 

xanthos could be invasive in Caribbean waters, as this area provides similar environmental 431 

factors than the Coral Triangle and could potentially impact fishes communities negatively. 432 

New interactions between preys and predators are to be expected with global warming. New 433 

species occurrence are already been reported and this might be more and more common in the 434 

future (Razzaque Sarker et al., 2023).  435 

Requirement of scientific understandings for sea snake’s population decline 436 

management – The majority of snake’s populations are declining continuously and can have 437 

serious impacts for the ecosystems where they occur (Reading et al., 2010). Studies 438 

emphasized the urgent need of developing methods for monitoring and protecting snake’s 439 

population around the world. This aspect is especially true for sea snake’s population, where 440 

population’s declines are widespread, with several reports recording dramatic and unexpected 441 

declines of sea snake’s biodiversity hotspots (Lukoschek et al., 2013). The decline in sea 442 

snake populations is a significant concern, with potential causes including stochastic 443 

environmental events, changes in trophic structure, and increased boat traffic (Somaweera et 444 

al., 2021). This decline has been observed in various locations, including the New Caledonian 445 

Lagoon (Goiran & Shine, 2013) and Ashmore Reef in Australia (Lukoschek et al., 2013). To 446 
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effectively manage this decline, it is crucial to address critical knowledge gaps, such as the 447 

specific causes of the decline and the potential impacts of protected areas. A study conducted 448 

by Van Cao in 2014 has shown the decrease of sea snake mass in in Thai fisheries, the same 449 

area where sea snake are foraging (Cao et al., 2014). Today, fisheries are reporting a decline 450 

in capturing sea snakes since they began their activity. Another report from Goiran and Shine 451 

(2013) shown a decrease of turtle-head snake’s population in marine protected areas of New 452 

Caledonia’s lagoon near from human infrastructures. Many anthropic factors are pointed out 453 

but we are lacking of information to explain precisely sea snake’s populations decline.  454 

For now, the best policy for managing sea snake’s populations decline is the design of 455 

new protected areas and marines reserves (Udyawer et al., 2018). Unfortunately, existing 456 

protected areas are rarely designed for sea snake’s population conservation and seems to be 457 

insufficient for monitoring effectively sea snake’s population decline. As some truly marine 458 

snakes and sea kraits have low-dispersal rate, their resilience to such decline might permanent 459 

for their populations and such local extinctions are making sea snake’s populations in great 460 

danger (Goiran & Shine, 2013). We still know very little about the ability of sea snakes to 461 

recover, hence the need to monitor populations in order to answer this pressing question. 462 

Indeed, the little data we have on certain species does not bode well for the time being.  463 

Sea snakes as pertinent indicators for monitoring reef ecosystems – Various gaps must 464 

be filled for a species to become a good bioindicator (Brischoux et al., 2009; Kristen et al., 465 

2017). A. Rasmussen (2021) and X. Bonnet (2012) both highlight the great potential of sea 466 

snakes as bioindicators of the health of marine ecosystems, including the effects of climate 467 

change, habitat modification and biodiversity decline. Sea kraits have been extensively 468 

studied in this field in New Caledonia by F. Brischoux and X. Bonnet, but truly marine snakes 469 
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have been studied briefly by researchers such as R. Shine, C. Goiran, A. Rasmussen and V. 470 

Udyawer.  471 

For the time being, New Caledonia is the place of origin for long-term field studies on 472 

sea snakes. However, true sea snake should attract greater interest in monitoring coral reef 473 

ecosystems, as it is strongly suspected of seeking more varied habitats and prey types than sea 474 

kraits (Harold et al., 1983; Goiran & Shine, 2019; Goiran et al., 2022; Udyawer et al., 2023). 475 

Only the turtle-head sea snake E. annulatus has been monitored, showing great potential as an 476 

excellent bioindicator (Shine et al; 2003- 2004-2020; Goiran et al, 2022). Some true sea snake 477 

species may seem more interesting than other candidates for population monitoring because 478 

their ecology has been briefly studied, such as the great sea snake H. major (Shine et al., 479 

2019; Udyawer et al., 2020-2023) and A. laevis (Heatwole et al., 1998; Wirsing et al, 2009; 480 

Lynch et al., 2023). The yellow-bellied sea snake H. platurus could also be an excellent 481 

candidate due to its unique ecology within sea snakes, offering a global view across multiple 482 

ecosystems (Lillywhite et al., 2015-2018).  483 

The use of sea snakes as a relevant bioindicators needs to be considered more than 484 

ever as it is a powerful tool for monitoring tropical coral reef ecosystems in the Indo-Pacific 485 

region. This could be of great interest for marine conservation and therefore of economic 486 

interest for tourism and the fish industry. Sea snakes can indicate the state of marine 487 

biodiversity and enable marine tourism infrastructures, such as those in the scuba diving 488 

sector, to monitor the health of the marine ecosystem. However, new studies need to collect 489 

long-term monitoring data in the field in order to observe population patterns.  490 

Current studies have shown the unusual ecology of sea snake species and the foraging 491 

habits and life history of different species. Yet, research projects have been biased towards 492 

species with vast geographic distribution in shallow waters where visibility is good. This is 493 
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especially true for the amphibious sea kraits that have been widely studied in New 494 

Caledonia’s lagoon. Nevertheless, few dataset have been built around “true” marine snakes 495 

and we can observe today a huge gap between the biggest dataset ever built on an amphibious 496 

sea snake population, and almost no long- term field dataset on more than 60 species of truly 497 

marine snakes spread around the Indo-Pacific oceans. The few studies carried out on true 498 

marine snake species give good reason to say that true marine snakes are better bioindicators 499 

for monitoring coral reefs than amphibian snakes.  500 
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Figures 761 

Fig. 1. Map of southeastern Asia showing the Coral Triangle (Heatwole et al., 2017). 762 

 763 

  764 
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Fig. 2. Photos of the two species of sea kraits mainly found in the New Caledonian lagoon. 765 

(A) Laticauda saintgironsi and (B) Laticauda laticaudata. 766 

 767 
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Fig. 3. Photos of three species related to the Aipysurus group and seven species related to the 769 

Hydrophis group found in the New Caledonian lagoon. (A) Aipysurus laevis, (B) Aipysurus 770 

duboisii, (C) Emydocephalus annulatus, (D) Hydrophis peronii, (E) Hydrophis macdowelli, 771 

(F) Hydrophis coggeri, (G) Hydrophis major, (H) Hydrophis ornatus, (I) Hydrophis spiralis, 772 

and (J) Hydrophis platurus. 773 
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Supplementary data 775 

Table S1: The Laticaudines clades 776 

Group Species Occurrence in New 

Caledonia 

Laticauda colubrina  L. frontalis * 

L. saintgironsi * 

L. colubrina * 

L. guineai  

Laticauda laticaudata  L. laticaudata * 

L. crockery  

Laticauda semifasciata  L. semifasciata  

L. schistorhyncha   

 777 
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Table S2: The Aipysurines and Hydrophines clades 779 

Group Species Occurrence in New 

Caledonia 

Aipysurus  E. annulatus  * 

A. mosaicus  * 

A. eydouxii  * 

A. fuscus   

A. duboisi * 

A. laevis  

A. pooleorum  

A. apraefrontalis   

Hydrophis  H. obscurus  

H. fasciatus  

H. stricticollis  

H. pachycercos   

H. peronii * 

H. ocellatus  

H. coggeri * 

H. lapemoides   

H. curtus  

H. belcheri  

H. parviceps  

H. macdowelli * 

H. viperinus  

H. jerdonii  

H. major * 

H. cyanocinctus   

H. ornatus * 

H. donaldi  

H. spiralis * 

H. platurus * 

H. elegans  
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H. brooki  

H. caerulescens   

H. schistosus  

H. stockesii   

 780 


