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Rapid climate change threatens marine ecosystems, and understanding the distribution patterns and habitat
requirements of marine organisms is crucial for their conservation. All eight species of sea kraits (genus Lat-
icauda), amphibious marine reptiles, have distributions constrained within areas in the Indo-Pacific region,
although their unique distribution patterns remain unclear. To define the distribution patterns and habitat re-
quirements of sea kraits, 454 occurrence points across 8 species and 7 macro-environmental variables were
analyzed. Additionally, ecological niche models were built to predict the potential distributions of sea kraits and
the impact of climate change in the 2090s. Our findings indicate that sea krait habitats are primarily located near
tectonic plate boundaries and centered around the equator, with interspecific differences mainly influenced by
sea surface temperature. Ecological niche models predicted a considerable decrease in the habitable areas for sea
kraits by the 2090s, primarily around the equatorial region with the highest species richness and diversity.
However, the models also predicted minor expansion in Japan and Korea to the north and New Zealand to the
south. Despite such predictions, cold subarctic Oyashio Current from the North Pacific and long-distance travel to
potential refugia in New Zealand in the south may restrict their expansion. These findings indicate that the
specific habitat requirements of sea kraits may limit their ability to cope with climate threats across their ranges,
suggesting that climate change poses a significant threat to the entire genus with a unique ecology and restricted
distribution range.

1. Introduction observed in marine benthos, corals, seaweeds, and seagrasses (Anderson

et al., 2022; Birchenough et al., 2015; Waycott et al., 2009).

Rapid rises in sea temperatures accompanying marine heatwaves
and changes in sea salinity occurred in many oceans globally, causing
severe ecological and economic damages, including mass deaths and
migration of marine life (D'Amen et al., 2023; Hansen et al., 2006; QGIS.
org, 2024; Smale et al., 2019). For example, habitat shifts in latitude or
ocean depth were observed in approximately two-thirds of North Sea
fish species (Kleisner et al., 2017; Perry et al., 2005), and sea turtles are
increasingly exploring alternative foraging and nesting sites (Park et al.,
2025; Pike, 2013). Although highly migratory species can respond
relatively quickly to habitat disturbances, species with low vagility and
strict habitat requirements often struggle to cope with rapidly changing
habitat conditions that exceed their tolerance. This phenomenon was

* Corresponding author.
E-mail address: parkda@kangwon.ac.kr (D. Park).

https://doi.org/10.1016/j.ecoinf.2026.103727

Understanding species distribution patterns and habitat re-
quirements can provide essential information for effectively managing
and conserving species in the face of climate change (Dawson et al.,
2011). However, elucidating the patterns of distribution and habitat
requirements of marine organisms is challenging because climatic,
geographical, and biological factors have complex and interacting in-
fluences. Although sea temperature, salinity, currents, and depth can
broadly characterize the habitats of marine organisms (Brischoux et al.,
2012; Kerswell, 2006; Mascle and Biscarrat, 1978), species distributions
cannot be explained solely by oceanic or climatic factors in many cases.
In this regard, geographical factors can provide further insights into
understanding distribution (Keith et al., 2013). The tectonic plate
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boundary is one of the key geographic factors that explains the distri-
bution of marine organisms. As complex seafloor topographies created
by tectonic plate collisions could provide unique habitats for various
marine organisms, areas near tectonic plate boundaries have been hy-
pothesized to harbor high marine biodiversity in the Phanerozoic Eon
(Zaffos et al., 2017). Coral reefs are estimated to have changed their
distribution in response to the movement of tectonic plate boundaries
100 million years ago (Keith et al., 2013; Leprieur et al., 2016).

Only 8 sea krait species (genus Laticauda; subfamily Laticaudinae)
are known among 73 marine snakes globally (Gherghel et al., 2016;
Heatwole et al., 2017; Uetz et al., 2023). These species are amphibious
and have a restricted distribution in the western Pacific and north-
eastern Indian Ocean centered around the equator (Gherghel et al.,
2016; Heatwole et al., 2017; Patron-Rivero et al., 2024). The equatorial
region has the largest population and species diversity of sea kraits, but
is predicted to experience the most severe rise in temperature due to
climate change (Ramirez et al., 2017). Therefore, the disturbance of
existing core habitats by climate change could accelerate serious threats
to sea krait populations, exacerbating a steady decline in sea krait
populations that has already been observed over the past 40 years
(Bonnet et al., 2014; Heatwole, 1997). Nevertheless, research on the
potential impacts of climate change on this unique and range-restricted
genus is scarce.

To cope with climatic threats, understanding the distribution pat-
terns and habitat requirements of sea kraits has to precede (Tovar et al.,
2022). Previous studies have investigated the influence of diverse
environmental factors on determining the global distribution patterns of
sea kraits, including precipitation (Lillywhite and Tu, 2011), salinity
(Brischoux et al., 2012), sea and air temperatures (Heatwole et al.,
2016), minerals (Patron-Rivero et al., 2024), coral reefs (Heatwole et al.,
2017), and prey abundance (Gherghel et al., 2018). Additionally, as sea
kraits primarily forage in coral reef areas, their distribution has been
explained by the Coral Triangle, extending through Southeast Asia and
Melanesia (Heatwole and Cogger, 2013, Heatwole et al., 2017).
Nevertheless, the regional distribution patterns of all sea krait species
remain unclear. For instance, sea kraits are not found near the coasts of
China, eastern Indochina, or Australia, despite the conditions above
being suitable for them in these regions (Gherghel et al., 2018, 2019;
Heatwole et al., 2016).

To investigate the distribution of sea kraits, we hypothesized that, in
addition to previously known variables, tectonic plate boundaries may
have critical importance in determining their habitats. Accordingly, we
aimed to 1) determine the macro habitat requirements of all sea krait
species, 2) compare the interspecific differences, and 3) predict global
range shifts and habitat disturbances under future climate change sce-
narios. This study aims to evaluate the current and future conservation
status of sea kraits to offer guidelines for effective conservation and
management strategies following climate change. Furthermore, our
findings warn potential threats posed by climate change to unique and
limited marine species.

2. Methods
2.1. Location data collection

We collected location data for eight sea krait species: yellow-lipped
sea krait (Laticauda colubrina), blue-banded sea krait (L. laticaudata),
Chinese sea snake (L. semifasciata), dwarf sea krait (L. frontalis), New
Caledonian sea krait (L. saintgironsi), Guinea's sea krait (L. guineai), flat-
tail sea krait (L. schistorhynchus), and Crocker's sea snake (L. crockeri).
Location data were collected from field surveys, literature, and online
databases. First, we conducted field surveys in the Republic of Korea,
Japan, and the Philippines from 2014 to 2024. Second, we obtained
location data from published literature (Cogger et al., 1987, Cogger and
Heatwole, 2006; Gherghel et al., 2016; Heatwole et al., 2016). Finally,
we downloaded data from iNaturalist (https://www.inaturalist.org/)
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and GBIF (https://www.gbif.org/) [Accessed on January 8th, 2025]. To
increase reliability, we utilized data collected since 2000, including the
year of observation, observer information, and coordinates with more
than five decimal places of accuracy. Additionally, we excluded erro-
neous datapoints based on Gherghel et al. (2016) and Heatwole et al.
(2016). Lastly, to reduce spatial autocorrelation and bias between
location data, we used only one randomly selected coordinate within a
50-km radius of each location data point (Anderson and Raza, 2010;
Boone and Krohn, 1999). The final dataset composed of 454 occurrence
points for all 8 species of sea kraits: 271 for L. colubrina, 99 for
L. laticaudata, 40 for L. semifasciata, 17 for L. frontalis, 17 for
L. saintgironsi, 4 for L. guineai, 4 for L. schistorhynchus, and 2 for
L. crockeri. It should be noted that a small number of fewer than five
locations each from L. guineai, L. schistorhynchus, and L. crockery indicate
relatively narrow distribution ranges, not their small population sizes.

2.2. Environmental variable selection

To determine the habitat characteristics of sea kraits, we analyzed
topographical, geographical, and oceanic variables known to be essen-
tial for sea krait habitat. First, as topographical variables, we selected
sea depth (m) and slope (°), considering that sea kraits are benthic
foragers mainly using shallow seas less than 100 m deep with diverse
and complex seafloor structures (Brischoux et al., 2007; Liu et al., 2012).
Second, we analyzed distance to shore (DTS, km) and distance to the
tectonic plate boundaries (DTP, km) as geographical variables.
Amphibious sea kraits mainly use near-shore habitats, as they not only
use the sea as a foraging ground, but also use land for thermoregulation
and oviposition (Gherghel et al., 2016; Heatwole et al., 2016). Addi-
tionally, preliminary visualization of species distribution suggested that
sea kraits are closely distributed along tectonic plate boundaries (TPBs)
in the Indo-Pacific region (Fig. 1). Third, as oceanic variables, we
selected annual mean values of sea surface temperature (SSTean) be-
tween 2010 and 2020, the mean values of the hottest month (SSTax),
and annual ranges (SSTrange) Of sea surface (°C) and air temperatures
(AlTmean, AlTmax, and AlTpunge). The sea krait location data were
collected over the period 2000-2024, while the range of current climatic
variables was from 2010 to 2020. Despite this temporal mismatch, we
used a wider time period for the location data collection to increase the
sample size of sea krait locations. We also selected annual mean sea
surface salinity (SSS, %o), which is closely related to the water intake of
sea kraits (Brischoux et al., 2012; Kidera et al., 2013). Additionally,
because rainfall provides a major freshwater source for sea kraits, the
annual mean cloud coverage (%) was used as a substitute for precipi-
tation (Gherghel et al., 2018; Lillywhite and Tu, 2011). As high collin-
earity between variables can distort model predictions, we excluded
variables with Pearson correlation coefficients greater than 0.7
(Dormann et al., 2013). Consequently, seven variables were used for all
analyses: depth, slope, DTS, DTP, SSTmax, SSTrange, and SSS (Supple-
mentary Material 1).

All variables except DTS and DTP were downloaded from Bio-
ORACLE (https://www.bio-oracle.org/index.php; Assis et al., 2024)
[Accessed on January 10th, 2025]. The DTS and DTP were calculated as
the distance from the land map sourced from the Database of Global
Administrative Areas (https://gadm.org/) and TPB data downloaded
from ArcGIS Hub (https://hub.arcgis.com/maps/), respectively. The
spatial resolution for all the variables used was ~5.5 km x 5.5 km.
Although this resolution is too coarse to capture fine-scale environ-
mental conditions, it is effective for analyzing large areas exceeding 100
million km? of the entire sea krait distribution range, reasonable given
that the climate does not vary significantly within 5.5 km. We provided
the values of each environmental variable for all sea krait locations in
Supplementary Material 1.
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2.3. Interspecific comparison in oceanic variable usage

Based on selected environmental variables, we aimed to determine
the distribution patterns of each sea krait species. Laticauda colubrina,
L. laticaudata, and L. semifasciata consisted of sufficient samples over 30
for statistical analysis, whereas the five remaining species (L. frontalis,
L. saintgironsi, L. guineai, L. schistorhynchus, and L. crockeri) consisted of
fewer than 20 samples with narrow distributions. Therefore, we did not
conduct individual species tests for the five species; instead, we treated
these five species as one complex, considering that they all occur within
narrow areas at similar latitudes and climates near small islands in
Melanesia (hereafter referred to as the five-Laticauda complex [FLC]).
The analysis for the FLC does not reflect the specific habitat character-
istics of each species; instead, it presents the overall distribution pattern
of the five species. Therefore, we note that the analysis for FLC was
conducted to predict the potential effects of climate change on habitat
disturbance and range shift for these five sea krait species combined,
rather than to predict the distribution of each species.

First, we conducted a one-way analysis of variance (ANOVA) to
compare the habitat environmental variables among the four Laticauda
groups, including L. colubrina (n 271), L. laticaudata (n 99),
L. semifasciata (n = 40), and FLC (n = 44), after verifying the normality
of data using the Kolmogorov-Smirnov test. To compare the differences
between each group, we additionally conducted the Bonferroni test as a
post hoc analysis. Statistical significance was defined as a p < 0.05.

Second, we conducted the principal component analysis (PCA) to
determine which variables mainly affect the distribution patterns of
each species. Before performing PCA, we evaluated the suitability of our
data for PCA by performing the Kaiser-Meyer-Olkin (KMO) test and
Bartlett's test. The KMO and Bartlett's test values were 0.576 (moderate)
and significant (Chi-Square 811.644, P < 0.001), respectively,
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suggesting that this data set was appropriate for conducting PCA
(Shrestha, 2021). However, it should be noted that the KMO value
barely exceeds the minimum criteria for PCA analysis. As PCA results,
we only provided the principal components (PCs) with an eigenvalue of
1 or more. For the intergroup discrimination pattern, we created the
loading score plot, created based on the two most important PCs, and
50% ellipsoids were centered around the median of each group. We used
the “prcomp” function in R software (R Core Team, 2021) for PCA.

2.4. Building ecological niche models

We generated individual ecological niche models (ENMs) for
L. colubrina, L. laticaudata, L. semifasciata, and FLC. We did not build
individual ENMs for five Laticauda species with fewer than 20 location
data points, since at least 30 presence data points are required to build
reliable models (Barbet-Massin et al., 2012; Valavi et al., 2022). For
ENM algorithms, we selected three machine learning methods: random
forest, boosted regression tree (BRT), and maximum entropy (MaxEnt).
Random forest has high predictive power (especially in interpolation)
even with little presence data, and BRT and MaxEnt are known to have
the most reliable modeling performance compared to other algorithms
(Heikkinen et al., 2012; Valavi et al., 2022). We first generated single
algorithm models and used these models to generate ensemble models
using the biomod2 package (Guéguen et al., 2025) in R software v.4.2.2
(R Foundation for Statistical Computing, Vienna, Austria; R Core Team,
2021). The ensemble method can enhance model performance by
overcoming the shortfalls of individual modeling algorithms
(Grenouillet et al., 2011; Park et al., 2023; Valavi et al., 2022).

To evaluate the performance of the ENMs, we used the area under the
curve (AUC), true skill statistic (TSS; Allouche et al., 2006), and
continuous Boyce index (CBI, Hirzel et al., 2006). The AUC is a
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Fig. 1. Global distribution of the eight sea krait species (genus Laticauda). The dotted lines indicate the tectonic plate boundaries. Red and blue arrows indicate warm
and cold currents, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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threshold-independent metric for measuring the discriminatory capacity
of ENMs, with values closer to 1 and 0.5 representing high and poor
discriminatory capacities, respectively (Fielding and Bell, 1997). The
TSS is a threshold-dependent metric with a range between —1 and 1,
where values close to 1, 0, and — 1 indicate good predictive perfor-
mance, performance no better than that of random prediction, and
performance worse than random prediction, respectively (Allouche
et al., 2006; Guisan et al., 2017). Unlike AUC and TSS, CBI does not rely
on absence data and ranges from —1 to 1. Positive value indicates good
model performance, values near zero mean performance no better than
random predictions, and negative values suggest incorrect predictions
(Hirzel et al., 2006). While we used the TSS to select a subset of models
from the total set of fitted single models for the ensemble step, following
the standard biomod2 workflow, we also calculated the AUC and CBI to
ensure that each of these selected models consisted of high scores across
various metrics. Additionally, we assessed the importance of each var-
iable using percent contribution. For the quantitative assessment of
habitable areas for sea kraits, we also converted the continuous model
prediction outputs into binary maps using the 10th percentile of training
presence threshold, which conservatively presents the species distribu-
tion based on presence data (Jiménez-Valverde and Lobo, 2007). The
pixels with predicted suitability values above and below the threshold
were treated as habitable and unhabitable, respectively.

2.5. Future projection based on oceanic change

To predict the habitable areas of sea kraits under future climate
change, we used the current sea surface and air temperature data and
averages for each future decade from the 2020s to the 2090s (e.g., 2020s
= average between 2021 and 2030; 2090s = average between 2091 and
2100). Future climate prediction was based on the Coupled Model
Intercomparison Project Phase 6 under the Shared Socioeconomic
Pathway (SSP) scenarios. According to the 6th IPCC Assessment Report
(Parmesan et al., 2022), the SSP2-4.5 and 5-8.5 forecast intermediate
and high emissions scenarios and climate warming, respectively (O'Neill
et al., 2014). All future variables, built by ensembling numerous Earth
System models provided by the Coupled Model Intercomparison Project
Phase 6, were downloaded from Bio-ORACLE (https://www.bio-oracle.
org/index.php; Assis et al., 2024) [Accessed on January 10th, 2025].
When projecting the models to future conditions, we only changed the
values of SSTmax, SSTrange, and SSS according to SSP scenarios, and kept
the geographic variables (depth, slope, DTS, and DTP) constant. We thus
generated eight future ENMs four sea krait groups (three individual
species ENMs and FLC). We calculated the change in habitable areas in
future predictions using the percentage of the total habitable area,
percentage of stable habitats, percentage of range expansion (gain), and
percentage of range contraction compared to that of the present. We
mainly discuss the results for SSP5-8.5 in the 2090s, where the most
severe climate changes were predicted. We also used the multivariate
environmental similarity surfaces (MESS) to assess the extrapolation risk
of future model projections (Elith et al., 2010; Park et al., 2024). We
presented only the MESS results for SSP5-8.5 in the 2090s as the main
results.

We managed and analyzed the spatial data and created maps using
QGIS v.3.34 (QGIS.org, 2024; https://qgis.org/). Statistical analyses
were conducted in R v.4.2.2 (R Foundation for Statistical Computing,
Vienna, Austria; R Core Team, 2021) and data were visualized using the
ggplot2 package (Wickham, 2016). We provide the details of modeling
procedures as an ODMAP protocol (Supplementary Material 2; Zurell
et al., 2020). The full ENM workflow and R codes can be found in a
dedicated GitHub repository (https://github.com/yucheols/seasnak
enm/tree/main/codes).
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3. Results
3.1. Distribution pattern and habitat environments

The distribution of sea kraits ranged from 22.8466°S to 35.3155°N
and from 92.2083°E to 169.8251°W (Fig. 1). Sea kraits were found at an
average distance of 265.2 + 231.7 km (ranging from 0 to 1474.4 km)
from TPBs. Most sea krait occurrence points (95.0%) were within 700
km of TPBs (Fig. 2). The 22 remaining occurrences (5.0%) were more
than 700 km away from the TPBs and were recorded near the Sulu and
Celebes Seas. The mean SST and AIT across all sea krait occurrences
were 28.0 + 2.1 °C and 26.0 + 2.4 °C, respectively. Under the SSP 2-4.5
scenario, temperatures in the habitats of sea kraits were predicted to
increase by, on average, 1.4 °C (SST) and 1.5 °C (AIT) by the 2090s.
Under the SSP 5-8.5 scenario, the average predicted temperature in-
crease was 3.0 °C and 3.3 °C for SST and AIT, respectively (Fig. A.1). See
Supplementary material 1 for additional information on other environ-
mental variables at occurrence locations.

3.2. Differences in environmental variables between sea krait groups

The interspecific differences in variables were significant for DTP (F
= 6.815, P < 0.001), SSTmpax (F = 61.562, P < 0.001), SSTrange (F =
54.503, P < 0.001), and SSS (F = 28.571, P < 0.001), while depth, slope,
and DTS were not significantly different among the four groups (Ps >
0.05). In the post-hoc test results, L. colubrina was mainly distributed in
areas with the highest SSTy,ax and smallest SSTyange, L. semifasciata was
distributed in areas with the highest SSTyange, and FLC was distributed in
areas with the lowest SSTpax and the highest SSS (Fig. 3). Laticauda
laticaudata generally had a similar range of habitat requirements to
those of other species.

The first three PCs explained 71.2% of the total variance in envi-
ronmental data (Table 1). PC1 had high loadings of the absolute value in
oceanic variables such as SSTy,,x and SSS, and PC2 showed high loadings
of depth, slope, and DTS. Lastly, PC3 had a high loading of SST;ange. The
principal variables for each species were SST,x, DTS, and DTP for
L. colubrina, SSTange for L. semifasciata, and SSS for FLC. Laticauda lat-
icaudata showed even distributions of all seven variables. In the PCA
score plot, 50% ellipsoids had overlapping areas among all four sea krait
groups, except between L. colubrina and FLC (Fig. 4).
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Fig. 2. Distance from the location of sea kraits (Laticauda spp.) to the tectonic
plate boundary and the distribution density based on the distance to the
boundary. The dotted line indicates 700 km, in which 95% of sea kraits were
distributed.
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Fig. 3. Interspecific differences in seven environmental variables of L. colubrina (red), L. laticaudata (green), L. semifasciata (blue), and the five-Laticauda complex
(purple). In the ANOVA test, DTP, SSTyyax, SSTrange, and SSS showed significant differences among the four groups (Ps < 0.05). Bars marked with distinct letters differ
significantly (p < 0.05, Bonferroni test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Results of principal component analysis for sea krait location data based on
seven environmental variables. The three principal components (PCs) with ei-
genvalues greater than one were extracted.

Variable PC1 PC2 PC3
Depth —0.221 —0.789 —0.250
Slope 0.345 0.621 —-0.335
DTS 0.044 0.630 0.606
DTP —0.663 —0.044 0.249
SSTmax —0.807 0.322 —0.222
SSTrange 0.586 —-0.461 0.530
SSS 0.748 0.113 —0.390
Eigenvalue 2.165 1.737 1.086
Explained 30.9% 24.8% 15.5%

8

4

-4 1 Depth

-5 25 0 25 5
PC1 (30.9%)

Fig. 4. Principal component analysis based on seven variables for L. colubrina
(red), L. laticaudata (green), L. semifasciata (blue), and five Laticauda-complex
(purple). The ellipsoids represent 50% confidence levels. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3.3. Modeling performance and projection

The evaluation metrics of ENMs for L. colubrina (AUC = 0.992, TSS =
0.921, and CBI = 0.851), L. laticaudata (AUC = 0.986, TSS = 0.823, and
CBI = 0.802), L. semifasciata (AUC = 0.988, TSS = 0.655, and CBI =
0.659), and FLC (AUC = 0.989, TSS = 0.829, CBI = 0.642) all indicated
good model predictive abilities. For L. colubrina, L. laticaudata, and
L. semifasciata, DTS had the highest contribution to the models, followed
by depth and SSTpax. On the other hand, in FLC, DTS had the highest
variable contribution, followed by SSS and DTP (Table 2). The current
habitable areas were 1,740,041 km? for L. colubrina, 1,814,002 km? for
L. laticaudata, 793,579 km? for L. semifasciata, and 121,272 km? for FLC
(Figs. 5 and 6). The largest habitable area for L. colubrina and
L. laticaudata was predicted to be near the equator. The main habitable
areas for L. semifasciata were distributed near —10°N or 35°N. Lastly,
FLC showed the main habitable area between —25°N and — 10°N.

The evaluation metrics of the models built without the DTP for
L. colubrina (AUC = 0.991, TSS = 0.913, and CBI = 0.847), L. laticaudata
(AUC = 0.987, TSS = 0.828, and CBI = 0.827), L. semifasciata (AUC =
0.986, TSS = 0.636, and CBI = 0.652), and FLC (AUC = 0.993, TSS =
0.835, CBI = 0.651) also indicated good model predictive abilities, and
indicated no significant difference from the main results. Nevertheless,
the models without the DTP variable resulted in additional predicted
habitable areas where sea kraits are not currently distributed, including
Indochina for L. colubrina; Indochina and northern Australia for
L. laticaudata; southern China, Indochina, and northern Australia for
L. semifasciata; and eastern Australia for the rest of the FLC (Fig. 7). This
implies that DTP is likely a principal variable in predicting sea krait
distribution.

Table 2
Contribution importance of the seven variables to ecological niche models for
the four sea krait groups. FLC = five-Laticauda species.

Variable L. colubrina L. laticaudata L. semifasciata FLC
Depth 25.1% 19.6% 25.4% 2.8%
Slope 5.3% 0.8% 0.8% 0.2%
DTS 46.7% 56.3% 39.9% 55.3%
DTP 4.3% 10.0% 18.6% 11.3%
SST max 14.9% 12.1% 12.5% 5.0%
SST range 2.1% 0.2% 2.3% 0.7%
SSS 1.6% 1.1% 0.5% 24.7%
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Fig. 5. Prediction of habitable area changes for three sea krait species under SSP5-8.5. The green (present) and red (2090s) zones indicate suitable habitats for each
species, and the dotted lines represent the tectonic plate boundaries. The inserted histograms show the distribution of habitable areas along latitudes for the present
(green) and 2090s (red). Black triangles in the inserted histograms indicate latitudes where habitable areas will increase in the future. Compared with those of the
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(loss). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Prediction of change in future habitable areas

Under SSP2-4.5, the habitable areas were predicted to decrease by
48.3% for L. colubrina, 25.9% for L. laticaudata, 51.2% for L. semifasciata,
and 31.5% for FLC by the 2090s (Figs. A.2 and A.3). According to
SSP5-8.5, habitable areas were predicted to decrease by approximately
35.7% for L. colubrina, by 11.1% for L. laticaudata, by 67.9% for
L. semifasciata, and by 27.5% for FLC by the 2090s (Figs. 5 and 6). The
four sea krait groups were predicted to decline primarily from the
equator to £20°N. The expansion of habitable areas for L. colubrina was
not predicted, except for the 0.4% expansion in the south of —20°N.
Habitable areas for L. laticaudata were predicted to expand by ~5.8%
north of 40°N near the Korean Peninsula and Japan, and south of —20°N
near New Zealand. The new habitable areas for L. semifasciata were
predicted to increase by 9.4% north of 40°N along the coasts of the
Korean Peninsula and Japan. The habitable area of FLC was predicted to
decrease at its existing main areas between —10°N and — 23°N, while
increasing in the area south of —30°N near New Zealand. The MESS
results showed a high extrapolation risk near the equator (between
—20°N and 30°N), which decreased toward both poles (Fig. A.4).

4. Discussion
4.1. Distribution pattern and tectonic plate boundaries

Tectonic plate boundaries reasonably explain the global distribution
patterns of sea krait species in the Indo-Pacific region. Most sea kraits
were distributed along the boundaries of the Eurasian, Philippine, In-
dian, Australian, and Pacific Plates, and climatically restricted by the
cold sea and air temperatures in the south and north. To date, the best
explanation for sea krait distribution has been the coral reefs spanning
Southeast Asia and Melanesia, called the Coral Triangle (Heatwole et al.,
2005, 2017; Heatwole and Cogger, 2013). However, the absence of sea
kraits near the coasts of northern Australia and Indochina remains un-
explained despite the abundant coral reefs providing major habitats and
high suitability, as suggested in earlier studies (Gherghel et al., 2016,
2018, 2019). For example, considering that sea kraits were estimated to
have originated in Melanesia about 30 million years ago (Crowe-Riddell

et al., 2024; Heatwole et al., 2017), they may have had sufficient time to
expand to the northern coast of Australia, including the Great Reef
Barrier, which is the richest coral reef globally. However, no sea kraits
inhabit this area. This indicates that other environmental factors also
play major roles in the habitat requirements of sea kraits, although coral
reefs remain a key factor. By including DTP as an environmental vari-
able, our model complemented the observed global distribution of sea
kraits along TPBs and improved explanations of their habitat patterns.
Although our study cannot provide a clear explanation for sea krait
distribution near TPBs, diverse submarine structures formed by plate
collisions may have generated habitats suitable for sea kraits. Hence, we
suggested some possible causes. First, the diverse submarine topography
created by plate collisions has led to the abundant coral reefs with high
biodiversity, hosting 32 of 34 recognized phyla and approximately one-
third of all marine organisms (Sobha et al., 2023; Zaffos et al., 2017),
which serve as rich foraging grounds for sea kraits (Keith et al., 2013;
Leprieur et al., 2016). Additionally, small islands formed by tectonic
activity offer terrestrial habitats with few predators (Heatwole et al.,
2017). Second, the volcanic environments at TPBs may provide suitable
terrestrial habitats for sea kraits. More specifically, various volcanic
landforms like tidal caves and volcanic rocks provide safe nesting and
basking sites for sea kraits (Bonnet et al., 2014; Guinea, 1986; Misur
etal., 2021; Sauro et al., 2019; Tu et al., 1990). These requirements may
clarify the occurrence of sea kraits in the Sulu and Celebes Seas, rela-
tively distant from the TPBs. As the four major plates (the Eurasian,
Philippine, Pacific, and Australian Plates) converge, geologically and
topographically diverse seabed basin structures were formed and
affected the western part of the Sulu and Celebes Seas, approximately
1000 km away from TPBs (Krause, 1966; Mascle and Biscarrat, 1978),
resulting in abundant coral reefs and volcanic terrain (DeVantier et al.,
2004; Grossmann et al., 2015; Matsuura et al., 2010). Contrastingly, sea
kraits are absent in regions with abundant coral reefs but are distant
from TPBs, such as the coasts of northern Australia, southern China, and
eastern Indochina. A detailed comparison of the habitat characteristics
of sea krait habitats near TPBs and the three regions where sea kraits are
absent may help to elucidate the habitat requirements of sea kraits.
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Fig. 7. Ecological niche model results excluding the distance to the tectonic plate boundaries (DTP) as a variable. Green areas represent the habitable areas for each
sea krait species. Black triangles indicate additional predicted habitable areas for sea kraits off the coasts of China, Indochina, and Australia, where sea krait oc-
currences were not confirmed, unlike the modeling results built with DTP. The five-Laticauda complex includes L. frontalis, L. saintgironsi, L. guineai, L. schistorhynchus,
and L. crockeri. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Interspecific differences in habitat use

Sea kraits exhibited distinct latitudinal distribution patterns among
species, primarily distinguished by oceanic variables rather than topo-
logical and geographical variables. All sea kraits are amphibious and
must breathe at the sea surface, which limits their use of the depths
(Gherghel et al., 2016; Heatwole et al., 2016), and use land to obtain
fresh water because they have limited enough water intake from
seawater (Brischoux et al., 2012, 2013). Additionally, sea kraits typi-
cally forage in the ocean within 40 km of their terrestrial habitats
(Brischoux et al., 2007) and primarily dive in depths of less than 50 m
(Cook et al., 2015; Somaweera et al., 2023). Therefore, while subtle
differences in habitat requirements exist between species (Gherghel

et al., 2016; Heatwole et al., 2016), their topological and geographical
requirements may be similar at the macroenvironmental scale. Instead,
interspecific differences in habitat use were particularly evident in SST.
Laticauda colubrina occupied habitats with the highest SSTy,,x, followed
by L. laticaudata, L. semifasciata, and FLC, suggesting a gradient of
thermal preference among species. Conversely, L. semifasciata and
L. colubrina were distributed in regions with the greatest and the least
SSTrange areas, respectively. These distinctions could be closely related
to the climatic adaptability among species. First, L. colubrina had the
highest population densities within +20°N of the equator. This species
appears to be most adapted to warm and stable equatorial climates, but
less well adapted to colder and more variable climates further toward
the poles. Second, L. laticaudata, which has intermediate values in
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SSTmax, SSTrange, SSS, and DTP among the sea krait species, has a
lower population density than L. colubrina. However, it has likely
reached a broader distribution by adapting to diverse environmental
conditions (Heatwole et al., 2016). Compared to that of L. colubrina and
L. laticauda, L. semifasciata has a relatively narrow distribution range,
although it appears to have adapted to harsher environments. This
species is even found near the Korean Peninsula, the northern limit of all
sea krait species (Park et al., 2017a). FLC were distributed in regions
with the lowest SSTpax and highest SSS in our results, but several limi-
tations exist to suggest that they adapted only to this specific climate.
The distribution of FLC was restricted to small island groups in the
Melanesian region between —10°N and — 20°N (Gherghel et al., 2016,
2018; Heatwole et al., 2017). Considering that all sea krait species
diverged about five million years ago (Heatwole et al., 2017; Lane and
Shine, 2011), the FLC species appear to have adapted specifically to
these particular island environments, rather than a lack of time for
dispersal. For example, L. guineai appears to be able to spread along the
coast, although it was found only near the southern coast of New Guinea
Island (Heatwole et al., 2005). Additionally, L. crockeri is known to occur
only in brackish Lake Tegano on Rennell Island (Cogger et al., 1987).
Thus, the limited distribution of FLC may be due to their specific habitat
requirements rather than simply adaptation to a narrow climate.

4.3. Climatic threats and dispersal potential

According to the modeling results, the core equatorial habitats of all
sea kraits were predicted to decrease significantly under climate change.
These habitats are the hottest regions on Earth with high marine
biodiversity and are predicted to be most severely affected by climate
change (Mellin et al., 2024; Ramirez et al., 2017). The recent steep rise
in water and air temperatures in this region could threaten sea krait
populations by exceeding their capacity to adapt to high temperatures
(Cael et al., 2024; Smale et al., 2019). One of the most serious threats
due to rising sea temperatures is the destruction of coral reefs (Heatwole
etal., 2017). Following rising sea temperatures, a global decline in coral
reefs was observed, with damage expected to be the greatest near the
equator (Anderson et al., 2022; Bonnet et al., 2014; Mellin et al., 2024).
The decline in coral reefs and connected ecosystems will lead to the
destruction of sea krait habitats, which rely on coral reefs as their pri-
mary foraging grounds (Brischoux et al., 2007; Heatwole et al., 2017).
Additionally, rising sea temperatures increase the oxygen consumption
of sea kraits, reducing their diving time for hunting (Dabruzzi et al.,
2012) and accelerating the spread of marine parasites and diseases
(Karvonen et al., 2010).

Considering the specific habitat requirements of sea kraits, potential
climatic refugia are restricted to three regions: Korea and Japan in the
north, India in the west, and New Zealand in the south. Our model re-
sults suggest that the northern and southern regions are potential
refugia. However, these regions appear to have some limitations in
terms of successful establishment. First, the northern region may be
suitable for the dispersal and establishment of sea kraits, although the
area is likely to be small. L. colubrina was observed to extend to Kyushu,
Japan (32°N), and L. laticaudata and L. semifasciata to southern Korea
(35°N) (Gherghel et al., 2016; Park et al., 2017a, 2017b). Given the
proximity of the coasts of the Korean Peninsula and Japan to TPBs,
combined with the recent rise in sea temperatures and increased coral
populations in the area (Nakabayashi et al., 2019; Vieira et al., 2015),
the three aforementioned sea krait species may establish themselves in
this region. However, unlike the current habitats surrounded by warm
currents, the northern seas of Korea and Japan comprise low sea tem-
peratures due to the influence of the cold Oyashio Current originating
from the North Pacific. The sea temperature difference between the
north and south of the northern coast of Japan (~38°N), where the
Oyashio and Kuroshio Currents meet, is greater than 10 °C (Isoguchi and
Kawamura, 2006; Nishikawa et al., 2020), and steep temperature dif-
ferences could restrict further northward dispersal of sea kraits. Despite
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the small establishment area predicted, the northern region could be the
most reasonable refugium among the three suggested regions, depend-
ing on our model results, recent dispersal observations, and population
connectivity with existing habitats.

Second, the southern region may be difficult to reach despite its
suitability as a refugium. The only potential refugium for sea kraits in
the south is New Zealand, located near the boundary of the Australian
and Pacific Plates. However, New Zealand also has some limitations for
the dispersal and establishment of sea kraits. The northernmost part of
New Zealand (—34°N) is ~1400 km away from Tonga and New Cale-
donia (—22°N), located on the southernmost distribution of sea kraits,
and has a mean SST that is colder by 6 °C (Assis et al., 2024; Wijffels
et al., 2018). Additionally, the southern route to New Zealand differs
from the northern route, where many islands, including Taiwan and the
Ryukyu Islands, are connected by a continuous chain of islands shorter
than 200 km, providing a stepping-stone path for sea kraits. The long
distance from their current distribution to New Zealand, without any
land area in between, is likely too far for successful dispersal, even if sea
kraits ride the East Cape Current. Furthermore, this abrupt transition to
a cold southern habitat could prevent their adaptation. Particularly,
these obstacles may limit the response of FLC to climate change. Because
these species are distributed only in Melanesia between —22°N and —
9°N, rapid climate change could result in catastrophic population
declines.

Finally, the western region may not satisfy the habitat requirements
for sea kraits, except for climatic conditions. To date, sea kraits have not
spread westward to the Bay of Bengal, despite a stable climate and the
presence of L. colubrina and L. laticaudata along the adjacent central
coast of Myanmar (Heatwole et al., 2016; Tyabji et al., 2018). The first
limitation is likely the absence of TPBs and terrestrial habitats. The
boundary between the Indian and Eurasian Plates in the ocean and the
coral reefs ends off the coast of Myanmar. Furthermore, no terrestrial
habitats are available for sea kraits near the boundary between the In-
dian and Australian Plates. Therefore, the absence of environments
provided by TPBs and terrestrial habitats could restrict the dispersal of
sea kraits to the west. The second limitation is that, in the estuary north
of the Bay of Bengal, the Ganges Delta, the largest delta globally, dis-
charges a large amount of freshwater and silt into the Bay of Bengal,
where mangroves develop (Islam and Gnauck, 2008). Consequently, this
region provides environments distinct from those of the known sea krait
habitats (Heatwole et al., 2017). Therefore, these environmental limi-
tations in the Bay of Bengal may act as geographic barriers to the
westward dispersal of sea kraits.

One significant limitation of our prediction models is that they pri-
marily concentrate on SST. We note that topographic and biological
factors not accounted for in our study, such as sea level rise and prey
availability, may also lead to a decline in sea krait populations. First, a
decline in coastal areas due to sea level rise could devastate the sea krait
habitats, as sea kraits rely on coastal areas for basking, freshwater
intake, and oviposition (Gherghel et al., 2016; Heatwole et al., 2016). As
a relevant example for other marine reptiles, Fuentes et al. (2010) pre-
dicted that up to 38% of Australia's largest sea turtle nesting grounds
will be inundated due to sea level rise by 2100. Second, destruction of
food webs in sea krait habitats may also further contribute to habitat
loss. Asch et al. (2018) predicted that local extinction rates of marine
fish and invertebrates in tropical coastal areas of the western Pacific
would exceed 50% by 2100 due to changes in sea temperature, pH, and
dissolved oxygen. This biodiversity loss will severely reduce the prey
availability for sea kraits distributed in this area. Therefore, climate
change could cause more severe and/or rapid declines of sea krait
populations due to factors we could not account for in our predictions
and complex interactions between environmental variables.

5. Conclusion

The global distribution pattern of sea kraits is better understood
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when the topographic characteristics of TPBs are included than when
relying solely on climatic and oceanic conditions. This case is an illus-
trative example of the various climatic, geographic, and topographic
factors jointly influencing the habitats and global distributions of marine
organisms. Based on these findings, climatic and geographic barriers
could limit the practical dispersal and establishment of sea kraits in
potential habitats. Climatic threats expand from the equator, forcing the
range shift of sea kraits poleward. However, the area of TPBs providing
suitable habitats is the widest near the equator (between —10°N and
10°N) and decreases toward the poles. For instance, the TPB areas near
Japan and New Zealand are narrower than those at the equatorial
habitats, even if sea kraits successfully become established there. Thus,
only small areas toward both poles along TPBs may support potential sea
krait establishment, whereas large existing habitat areas near the
equator would shrink due to climate change. The current distribution
range of sea kraits may have already nearly reached the maximum
extent suitable for them. Therefore, major habitat disturbances caused
by climate change and restricted potential refugia could have cata-
strophic consequences for all sea krait species. Moreover, considering
the ecological role of sea kraits as predators in coral reef areas at high
trophic levels, the decline of sea kraits could have widespread negative
consequences for the ecosystems of those habitats. These findings sug-
gest that habitat disruption caused by climate change may have a more
serious impact on marine biodiversity than previously anticipated,
especially for species that have adapted to specific and unique habitats,
such as sea kraits.
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Fig. A.2. Prediction of habitable area changes for three sea krait species under SSP2-4.5. The green (present) and red (2090s) zones indicate suitable habitats for
each species, and the dotted lines represent the tectonic plate boundaries. The inserted histograms show the distribution of habitable areas along latitudes for the
present (green) and 2090s (red). Black triangles in the inserted histograms indicate latitudes where habitable areas will increase in the future. Compared with those of
the current habitable areas, three types of future habitable areas were identified: remaining areas in the future (stable), newly expanded areas (gain), and decreased
areas (loss). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to colour in this figure legend, the reader is referred to the web version of this article.)
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Data availability

All data needed to evaluate conclusions in the paper are present in
the paper and/or the Supplementary Materials. The code required to
reproduce the results can be found on GitHub (https://github.
com/yucheols/seasnakenm/tree/main/codes).
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