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ABSTRACT

The sea turtle Lepidochelys olivacea (Eschscholtz, 1829) is particularly threatened by egg predation from the invasive beetle Omorgus
(Omorgus) suberosus (Fabricius, 1775). However, the impact of global climate change on the distribution and overlap of these species
is still poorly understood. Our study aimed to predict the global distributions of O. suberosus and L. olivacea under various climate
change scenarios, to examine their distribution overlap and to assess the conservation status of L. olivacea. We analysed a dataset
of 2896 O. suberosus records and 15,329 L. olivacea records, using three modelling algorithms: Maximum entropy default (MXD),
DOMAIN (DOM) and generalised linear models (GLM) to project their global distributions under the SSP2-4.5 and SSP5-8.5 sce-
narios. Results revealed shifts in the distribution of O. suberosus by 2100. As temperatures increased, the species expanded its range
northward into Europe and North America, while substantial habitat losses occurred in tropical and subtropical regions. Under a
mild climate change scenario (SSP2-4.5), the suitable habitat for O. suberosus decreased globally by 9.5%, whereas under a ‘business-
as-usual’ scenario (SSP5-8.5) projected a 20.8% reduction. Our projections indicate that by 2100, L. olivacea will experience signifi-
cant reductions in suitable coastal habitats under the SSP245 (12.11%) and SSP585 (24.63%) scenarios, with particularly severe losses
in northern South America and southern Europe under SSP245 (12.11%). The overlap of O. suberosus and L. olivacea ranges indicates
a significant decline. Under the SSP245 scenario for 2081-2100, the overlap area is projected to decrease by 20.66%. The SSP585 sce-
nario forecasts a further reduction of 37.56%. Understanding the interactions between O. suberosus and L. olivacea is vital for guiding
field studies and informing conservation strategies. Although our results suggest a reduction in the overlap of these species, the
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decline in the suitable area of L. olivacea raises concerns. Our findings emphasise the importance of targeted research and strategic
management to mitigate the impacts of invasive species and climate change on vulnerable turtle populations globally.

RESUMO

A tartaruga-marinha Lepidochelys olivacea (Eschscholtz, 1829) est4 particularmente ameacada pela predacdo de ovos causada
pelo besouro invasor Omorgus (Omorgus) suberosus (Fabricius, 1775). No entanto, o impacto das mudangcas climaticas globais na
distribuicdo e sobreposicao dessas espécies ainda é pouco compreendido. Nosso estudo teve como objetivo prever as distribuicoes
globais de O. suberosus e L. olivacea sob varios cendrios de mudancas climaticas, examinar a sobreposicao de suas distribuicoes
e avaliar o status de conservacdo de L. olivacea. Analisamos um conjunto de dados com 2.896 registros de O. suberosus e 15.329
registros de L. olivacea, utilizando trés algoritmos de modelagem: Maxima Entropia Padrdo (MXD), DOMAIN (DOM) e Modelos
Lineares Generalizados (GLM) para projetar suas distribuicoes globais sob os cenarios SSP2-4.5 e SSP5-8.5. Os resultados reve-
laram mudancas na distribuicao de O. suberosus até 2100. Com o aumento das temperaturas, a espécie expandiu sua distribuicao
para o norte, atingindo a Europa e a América do Norte, enquanto perdas substanciais de habitat ocorreram em regioes tropicais
e subtropicais. Sob um cendrio de mudancas climaticas moderadas (SSP2-4.5), o habitat adequado para O. suberosus diminuiu
globalmente em 9,5%, enquanto o cenario SSP5-8.5 projetou uma reducao de 20,8%. As mudancas projetadas no habitat até 2100
indicam reducdes significativas nas areas costeiras para L. olivacea nos cenarios SSP245 (12,11%) e SSP585 (24,63%), com perdas
especialmente severas no norte da América do Sul e no sul da Europa. A sobreposicao das distribuicdes de O. suberosus e L. oliva-
cea indica um declinio significativo. Sob o cendrio SSP245 para 2081-2100, a area de sobreposicao deverd diminuir em 20,66%. O
cendrio SSP585 prevé uma reducao adicional de 37,56%. Compreender as interagdes entre O. suberosus e L. olivacea é fundamen-
tal para orientar estudos de campo e informar estratégias de conservacao. Embora nossos resultados sugiram uma reducao na
sobreposi¢ao dessas espécies, a diminuicdo da drea adequada para L. olivacea levanta preocupacgoes. Nossos achados destacam a
importancia de pesquisas direcionadas e gestdo estratégica para mitigar os impactos de espécies invasoras e mudancas climaticas

em populacdes vulnerdveis de tartarugas marinhas em escala global.

1 | Introduction

Global climate change is hastening the introduction and ex-
pansion of invasive species, presenting substantial challenges
to conservation endeavours (Richardson and Rejmanek 2011;
Ahmad et al. 2019). Despite the urgent need to address these
impacts, our understanding of the geographic spread of many
invasive insects remains limited due to challenges in forecasting
invasions (Lomolino 2004; Hortal et al. 2015). Biological inva-
sions disrupt ecosystems and carry significant economic conse-
quences, with the annual global cost estimated at $26.8 billion
(Diagne et al. 2021). According to Seebens et al. (2021), the
number of invasive species is projected to increase by 36% across
all taxonomic groups by 2050, necessitating prompt identifica-
tion of non-native species, assessment of their invasiveness and
understanding their pathways of entry and spread (Andersen
et al. 2004). Defining and managing suitable habitats for these
species is crucial to mitigate their impacts on native biodiversity.

Ecological niche modelling (ENM) is an essential tool for pre-
dicting species' geographic ranges, providing critical insights into
biogeography, conservation and climate change impacts (Peterson
et al. 2011; Peterson and Soberon 2012; Zhu et al. 2013). These
models traditionally rely on abiotic variables, aligning with the
Grinnellian niche framework (Fick and Hijmans 2017). However,
neglecting biotic interactions and dispersal limitations, as outlined
in the BAM diagram (Biotic, Abiotic, and Movement), can lead to
incomplete predictions (Soberén 2007). This issue is compounded
by the Wallacean shortfall, which reflects gaps in distribution data
for many taxa, particularly underexplored groups such as terres-
trial arthropod predators (Mammola et al. 2021). While ENMs
can partially address this shortfall, overcoming it fully requires

substantial investments in primary data collection, which remains
time-intensive and costly, especially in remote areas (Balmford
and Gaston 1999; Aguiar et al. 2020).

Despite these challenges, ENMs provide a robust framework
to explore abiotic and biotic interactions, including competi-
tion, predation and host-prey dynamics. These factors are often
omitted in modelling but, as highlighted in the literature, are
primarily addressed through raster grids representing the dis-
tribution of other species with potential interactions (Gonzélez-
Salazar et al. 2013; Cosentino et al. 2023; Hill et al. 2024). This
can be incorporated directly into ENMs/SDMs as biotic vari-
able representations or during post-processing by overlaying
the distributions of target and interacting species (de Aradjo
et al. 2014; Alencar, CI¢é Porto, et al. 2024; Alencar, Sampaio,
et al. 2024). Integrating such interactions enhances predictive
accuracy by recognising the Eltonian niche influence on spe-
cies distributions. For instance, invasive species often display
generalist behaviours, allowing them to outcompete native spe-
cies across diverse habitats and rapidly adapt to environmental
changes (Alexander and Edwards 2010; Li et al. 2014; Petitpierre
et al. 2017; Roberts and Stewart 2018). Therefore, assessing en-
vironmental factors as drivers of invasive species is crucial for
designing effective conservation plans to mitigate their impacts
and preserve ecosystem diversity (Bliss et al. 2023).

Omorgus (Omorgus) suberosus (Fabricius, 1775) (Coleoptera:
Trogidae) is native to the Americas (Huchet and da Costa-
Silva 2018; Costa-Silva et al. 2021) but has been introduced to
several continents, including Africa, Asia, Europe and Oceania,
where it has become a significant predator of the eggs of the sea
turtle Lepidochelys olivacea (Eschscholtz, 1829) (Testudines:
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Cheloniidae), commonly known as the Olive Ridley Sea Turtles.
Since the observations by Roffey in 1958, this predation has been
confirmed across multiple regions, including Mexico, India,
Saudi Arabia and Somalia (Roffey 1958; Baena et al. 2015; Cortez
et al. 2017). The larvae consume turtle eggs, often starting at the
extremity and leaving no external damage (Roffey 1958; Cortez
et al. 2017; Baena et al. 2020). Although Omorgus has a plastic
diet, feeding on various decomposing materials, it thrives in en-
vironments rich in turtle eggs (Roffey 1958; Baena et al. 2015,
2020; Cortez et al. 2017). Nonetheless, this predatory behaviour
poses significant risks to L. olivacea, which has already suf-
fered a 30% decline due to habitat loss (Abreu-Grobois and
Plotkin 2008).

During the 1960s-1980s, extensive industrial exploitation
significantly diminished several L. olivacea rookeries, nota-
bly in Mexico, leading to their classification as endangered
on the ITUCN Red List (Abreu-Grobois and Plotkin 2008;
Patricio et al. 2019; Céaceres-Farias et al. 2022). Olive Ridleys
are distinct for their olive green, heart-shaped shells and
are famed for their mass nesting events (known as ‘arriba-
das’, in Spanish), occurring exclusively in select locations in
Costa Rica, India and Mexico (Owens et al. 2002; Cervantes-
Hernéandez et al. 2017). Information on their populations in
other regions, particularly in secluded nesting sites, remains
scant, with populations in the western Pacific and Southeast
Asia notably depleted due to extensive egg harvesting
(Céceres-Farias et al. 2022).

Climate change poses severe challenges to the survival and
distribution of Olive Ridley turtles (Fuentes et al. 2010; Butt
et al. 2016; Patricio et al. 2019; Céceres-Farias et al. 2022).
Rising sea levels and higher sand temperatures are ex-
pected to adversely affect nesting sites and alter the sex ra-
tios of hatchlings (Fuentes et al. 2010). These environmental
changes, coupled with human activities and predation, sig-
nificantly threaten the preservation of their natural habitats
(Butt et al. 2016; Patricio et al. 2019; Baena et al. 2020). The
resilience of Olive Ridleys to these changes is crucial, yet
their slow growth and reproductive rates compound the risks
posed by their declining numbers (Céceres-Farias et al. 2022).
Effective conservation and management strategies are essen-
tial to mitigate the impacts of climate change and the predatory
behaviour of O. suberosus, ensuring the long-term survival of
Olive Ridley populations globally (Rosano Hernandez and
Deloya 2002).

In this study, we assess the effects of climate change on the
global distribution of Omorgus (0.) suberosus and its implica-
tions for the conservation of Olive Ridley Sea Turtles worldwide.
More specifically, our objectives were: (1) predict the potential
distribution of O. suberosus and L. olivacea under current and
future climate scenarios; (2) identify the environmental factors
driving the reduction or expansion of O. suberosus populations;
and (3) analyse the predicted environmental overlap between
O. suberosus and L. olivacea under both current and future cli-
mate scenarios. We hypothesise that climate change will alter
the distribution of O. suberosus, allowing it to adapt to new re-
gions as temperatures rise. However, significant habitat losses
are expected in tropical and subtropical areas, where elevated
temperatures and altered precipitation patterns may exceed the

species tolerance (Scholtz and Caveney 1992). Due to climate
change also altering the home range of L. olivacea, we predict
that the overlap area with O. suberosus will remain constant
in future scenarios. This combination of results may raise con-
cerns, given that the predatory larvae of O. suberosus can sig-
nificantly reduce hatch rates, directly affecting the survival and
reproductive success of the already vulnerable Olive Ridley's
populations.

2 | Materials and Methods
2.1 | Occurrence Records and Data Cleaning

Data on the geographical distribution of Omorgus (O.) suberosus
were collated from three principal sources. Initially, 698 records
were compiled from specimens examined in 17 zoological/ento-
mological collections and from reviewed records in specialised
literature, such as checklists, catalogues and taxonomic revi-
sions (see File S1). Additionally, 2198 records of O. suberosus
were obtained from the Global Biodiversity Information Facility
(https://doi.org/10.15468/d1.xcfz9n) (GBIF 2024b), resulting in a
final database of 2896 worldwide raw records, spanning from
1877 to 2024 and covering 147 years of documented records. The
geographic range of L. olivacea was established using data from
the 2008 IUCN Red List, along with 15,329 records from GBIF
(https://doi.org/10.15468/dl.wf8cbm), the National Museum
of Natural History (NMNH), Smithsonian Institution, and re-
viewed specialised literature. The records span from 1860 to
2024, covering 164 years of documented records (Abreu-Grobois
and Plotkin 2008; de Boer 2010; Orrell 2017; GBIF 2024a).
Figure 1 illustrates the raw records of O. suberosus and L. oliva-
cea, with a detailed overview of sources in the File S1.

The records were filtered to remove duplicates, entries with am-
biguous coordinates and inaccurately mapped locations (i.e.,
marine areas for O. suberosus and inland records for L. olivacea).
Furthermore, we applied the CELLSIZE occurrence thinning
method (Fourcade et al. 2014) to mitigate sampling bias. It oper-
ates by randomly selecting one occurrence per grid cell, where
each cell is sized at twice the resolution of the corresponding
environmental variables (equivalent to 5 arc-minutes, approx-
imately 9km at the equator) (Fourcade et al. 2014; Velazco
et al. 2019). This method reduced the original 2896 raw records
of O. suberosus to 551 filtered records and the 15,329 raw records
of L. olivacea to 1918 filtered records.

2.2 | Environmental Data

We considered 20 key variables essential for predicting the dis-
tribution of O. suberosus and L. olivacea, of which 19 are related
to climatic conditions (see File S1). These climatic variables,
extracted from the WorldClim database (https://www.world
clim.org/data/bioclim.html), provide crucial information on
temperature and precipitation, drawing from monthly averages
to highlight annual trends, seasonality and notable climatic ex-
tremes or constraints (Fick and Hijmans 2017). Elevation was
also added as a variable, as it indicates mountainous regions
and provides essential information on gradients, precipitation
patterns and vegetation types, all influencing habitat suitability
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FIGURE1 | Compilation of known occurrences of Omorgus (O.) suberosus (2896 green dots) superimposed on the geographic range Lepidochelys
olivacea (15,329 orange dots and grey-shaded areas). The range map for L. olivacea has been adapted from the IUCN Red List.

for various species (Fick and Hijmans 2017). It also served as a
proxy for coastal positioning, compensating for the lack of de-
tailed topography data, capturing key habitat features like low
slopes, shore widths and sand fractions critical for L. olivacea
nesting (Septiadi et al. 2018). Moreover, these variables impact
biological functions like transpiration and insect development
(Beirne 1970; Hodkinson 2005; Régniére et al. 2012; Khaliq
et al. 2014).

All spatial data were standardised to a 2.5 arc-minute resolu-
tion for current and future periods to ensure a controlled spatial
assessment of environmental variables. To address multicol-
linearity and reduce the number of variables, we employed the
variance inflation factor (VIF>10) to exclude predictors with
solid correlations (Marquaridt 1970). The contributions of each
variable to the O. suberosus model were evaluated using re-
sponse curves based on the best-performing algorithm, quanti-
fied by the average true skill statistic (TSS). This approach helps
to determine if the results are stable across the sample of models
after 30 simulations, a critical measure given the use of machine
learning methods and random allocates background points
within the area used to calibrate the models (Phillips et al. 2006;
Sillero and Barbosa 2021).

We simulated future geographical distributions of O. suberosus
and L. olivacea using the MIROC6 model from the general circu-
lation models (CMIP6). We projected these distributions under
two scenarios: (1) SSP2-4.5, a moderate scenario forecasting a
temperature rise of approximately 2.1°C-4.3°C and atmospheric
CO, levels reaching 26.84 gigatons by 2100, and (2) SSP5-8.5, a
‘business-as-usual’ scenario predicting a temperature increase
of about 3.8°C-7.4°C and CO, levels escalating to 129.85 giga-
tons by 2100. These scenarios encompass four distinct periods,
extending from the present to 2100, which allows us to project
environmental changes over time and evaluate how shifting
climatic conditions might affect the distribution of O. suberosus
and L. olivacea.

2.3 | Ecological Niche Models

The calibration area for O. suberosus was buffered based on
the maximum distance between the recorded occurrences of
this species, while for L. olivacea, the calibration area included
a 50km buffer focusing exclusively on coastal areas (Barve
et al. 2011; Peterson et al. 2011), ensuring targeted analysis in
regions of ecological significance for the studied organisms.
For the generation of pseudoabsences and background data, we
maintained a 1:1 ratio to presence data for the generalised lin-
ear models (GLM) algorithm. Additionally, for the maximum
entropy default (MXD) algorithm, we generated 10,000 ran-
dom background points. These points were distributed to target
predicted low-suitability zones identified by the Bioclim model
(Engler et al. 2004).

Predictions of potential distribution were generated using
a variety of algorithms, including MXD with presences
and background points (Phillips et al. 2006; Phillips 2017),
DOMAIN (DOM) using only presences (Hijmans et al. 2017)
and GLM with presences and pseudo-absences (McCullagh
and Nelder 1989). These algorithms included different theo-
retical bases for suitability estimations (Pimenta et al. 2022).
The ensemble model-averaged predictions from the top-
performing algorithms specifically included only those with
above-average true skill statistic (TSS) values greater than
0.70 (Allouche et al. 2006; Velazco et al. 2019). TSS, which
ranges from —1 to +1, was used to assess predictive accuracy,
with values above 0.70 indicating robust performance. The
model underwent refinement by applying a threshold-based
Sorensen index, with a cut-off for suitability scores set above
0.598 for O. suberosus and 0.548 for L. olivacea. This adjust-
ment aims to reduce prevalence bias and concurrently bolster
the true-positive rates (TPR) and true-negative rates (TNR)
(Jiménez-Valverde and Lobo 2007; Leroy et al. 2018). This
threshold was established through detailed analysis of distri-
bution maps and expert knowledge of the species, ensuring a
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balance between theoretical accuracy and practical applica-
bility. This approach leverages the increased accuracy of en-
semble modelling (Araujo and New 2007; Thuiller et al. 2019).

Our models were subjected to k-fold cross-validation using
fivefolds (Fielding and Bell 1997). The dataset was divided
into five equal parts, with each model iteration being trained
on four parts and tested on the remaining one. This cross-
validation technique evaluated the models accuracy by sys-
tematically alternating the training and testing subsets. Spatial
autocorrelation was evaluated using Moran's I to ensure spa-
tial independence, resulting in values of 0.485=+0.041 for O.
suberosus and 0.521+0.008 for L. olivacea. Additionally, we
assessed environmental similarity within the partitions using
multivariate environmental similarity surfaces (MESS) (Elith
et al. 2010), with values of 11.397 +0.938 for O. suberosus and
8.815+0.300 for L. olivacea. MESS is a method to evaluate
how similar new environments are to the training data used in
species distribution models. It quantifies similarity concern-
ing chosen predictor variables, providing positive values for
similar environments and negative values for dissimilar ones.

We employed binarised ensemble models to assess the impact
of climate change on species distribution, contrasting cur-
rent conditions with two future scenarios projected for 2100:
SSP2-4.5, representing a moderate scenario, and SSP5-8.5, in-
dicative of a high emission scenario. This analysis focused on
identifying the relative gains and losses in species range due to
climatic change on a global scale. The quantification of coastal
areas for L. olivacea involved measuring the linear kilometres
of current coastal zones that intersect with the turtles projected
distribution under two climate change scenarios, SSP2-4.5 and
SSP5-8.5. We addressed uncertainties in ENM/SDM projections,
particularly concerning model transferability, by applying MOP
(mobility-oriented parity) analysis (Owens et al. 2013). This ap-
proach identified areas of environmental extrapolation, ensur-
ing that projections remained within regions exhibiting high
environmental similarity to the species’ native range (see File
S2). The MOP analysis revealed that over 98.5% of the projected
areas shared an environmental similarity index greater than 0.9
with the native regions, thereby providing a robust ecological
foundation for the reliability of our distributional forecasts. To

incorporate a quantitative assessment of uncertainty, we applied
the analytic deduction of uncertainty method (Chen et al. 2019).
This approach involved compiling 551 cleaned occurrence re-
cords, extracting environmental constraints and solving the
MXD, GLM and ensemble models to obtain habitat suitability
estimates. We then computed the covariance matrix to quan-
tify prediction variability and derived the sensitivity matrix by
calculating partial derivatives to account for constraint varia-
tions. Finally, we estimated the covariance of output probabil-
ities, providing a comprehensive measure of uncertainty across
models. The results are summarised in boxplots of uncertainty
and further detailed in Files S3 and S4. The models were de-
veloped using the ENMTML R package (v1.0-beta) (de Andrade
et al. 2020), facilitating ensemble outputs' integration and bina-
risation. The resulting distribution maps were visualised using
QGIS version 3.22.14.

3 | Results

The ensemble models for both species exhibited high accuracy.
Regarding model performances for O. suberosus, the ensemble
model achieved a TSS of 0.722 +0.038 and a Sorensen similarity
coefficient of 0.867+0.016, indicating robust model reliability
with a TPR of 0.925 and a TNR of 0.861. Similarly, for L. oli-
vacea, the ensemble model demonstrated performance with a
TSS of 0.878£0.009 and a Sorensen similarity coefficient of
0.937+0.004. The model reliability for this species was further
underscored by a TPR of 0.908 and a TNR of 0.942 (Table 1).

3.1 | Variable Contributions

The GLM and MXD algorithms determined the key environ-
mental variables influencing the habitat preferences of O. su-
berosus (Figure 2). The MXD algorithm highlights the mean
temperature of the wettest quarter and the mean temperature
of the driest quarter as the most influential factors, with contri-
butions of 22.56% and 18.91%, respectively. Although these vari-
ables also play a significant role in the GLM, their impact is less
pronounced. The minimum and maximum ranges and means
of the registration variables used in both models show that the

TABLE1 | Algorithms and ensemble model performance for Omorgus (O.) suberosus and Lepidochelys olivacea, based on 551 and 1918 presence

records, respectively.

Species Algorithm TSS (£SD) Sorensen (+SD)
Omorgus suberosus MXD 0.706+0.058 0.859+0.018
DOM 0.633+0.099 0.835+0.037
GLM 0.715+0.040 0.864+0.015
Ensemble 0.722+0.038 0.867+0.016
Lepidochelys olivacea MXD 0.788 £0.146 0.896+0.054
DOM 0.700+0.009 0.860+0.004
GLM 0.870+0.014 0.934+0.007
Ensemble 0.878 £0.009 0.937£0.004

Abbreviations: DOM, domain; GLM, generalised linear models; MXD, maximum entropy default.
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FIGURE2 | Comparative contribution of 10 variables to the ecological niche modelling of Omorgus (O.) suberosus, based on 551 presence records.
Results are shown for maximum entropy default (MXD—light blue) and generalised linear model (GLM—dark blue) algorithms. MXD results vary

due to stochastic processes, including random background point selection and iterative entropy optimisation.

mean diurnal temperature range varies from 5.38°C to 20.35°C,
averaging 11.85°C. Isothermality ranges from a low of 26.72% to
a high of 93.36%, with an average of 57.56%. Temperature fluc-
tuations across different quarters reflect a significant variation,
from a low of —7.10°C in the driest quarter to 32.32°C in the wet-
test, underscoring the importance of thermal factors in ecologi-
cal modelling for this species.

Precipitation variables also varied in importance across the
MXD and GLM algorithms, with MXD showing a generally high
emphasis. Specifically, in the MXD, precipitation of the warm-
est quarter and precipitation seasonality are notably influential,
contributing 7.42% and 7.18%, respectively, compared to their
lesser yet notable roles in the GLM. Data show that precipitation
in the wettest month ranged from 7mm to 725mm, averaging
189.73 mm, while in the driest month, it spanned from 0 mm to
367mm, averaging 36.57 mm. Precipitation seasonality varied
broadly, with an index from 5.77mm to 157.43mm, averaging
57.84mm. Additionally, the warmest quarter saw precipitation
ranging from 3mm to 1436 mm, averaging 372.07mm and the
coldest quarter from 0 mm to 1859 mm, averaging 207.05mm.

The elevation ranges from —54m to 3690m, with an average
of 468.36 m above sea level. Within the MXD model, elevation
emerged as the most influential factor, contributing signifi-
cantly at 24.85%, highlighting its critical importance in the mod-
el's framework. In stark contrast, the GLM assigned minimal
importance to elevation, contributing only 0.97%. This signif-
icant discrepancy underscores a clear divergence in how each

model assesses the relevance of elevation to the ecological niche
modelling of O. suberosus and increases the relevance of assem-
bly models.

3.2 | Current and Future Potential Distribution

Omorgus (0.) suberosus has been recorded on multiple con-
tinents, extending beyond its native range in the Americas
(Huchet and da Costa-Silva 2018). The range of this species
overlaps 9.37x 107 ha (96%) with the coastal zones inhabited by
L. olivacea under the current scenario (Table 2), which inhabits
tropical and subtropical waters across the Pacific, Indian and
Atlantic Oceans, excluding the Gulf of Mexico. The habitat dis-
tribution of L. olivacea includes a variety of marine zones, such
as oceanic (open sea) and neritic (coastal) environments, with
its range extending to the coastal waters of over 80 countries, as
illustrated in Figure 3.

Projections based on the SSP245 2081-2100 and SSP585 2081-
2100 scenarios indicate a potential expansion of the distribution
of O. suberosus in the Northern Hemisphere. The model pro-
jected increased environmental suitability areas across North
America, from the United States to Alaska and Canada, and ex-
pansion into considerable areas of Eastern Europe. Additionally,
there is a projected modest range of extensions into Northern
Asia. In the Southern Hemisphere, Argentina and New Zealand
are identified as regions of modest range expansion for O. sub-
erosus (Figure 3).
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FIGURE 3 | Projected geographic distribution shifts for Omorgus (O.) suberosus in response to global warming scenarios, based on 551 presence

records: (a) current distribution pattern; (b) predicted distribution change from present to 2100 under the MIROC6: SSP2-4.5 scenario—mild climate
change; (c) predicted distribution change from present to 2100 under the MIROC6: SSP5-8.5 scenario—business as usual. The yellow coastal areas
represent the linear projections for Lepidochelys olivacea in each scenario, based on 1918 presence records. The grey-shaded areas represent the range

map for L. olivacea, adapted from the IUCN Red List.

TABLE 2 | Potential changes (losses and gains) in suitability area for Omorgus (O.) suberosus under different climate scenarios, based on an

ensemble species distribution model fit to 551 presence records.

Gain/Loss Gain/Loss
Continent current (ha) ssp245(ha) ssp585(ha) SSP245(ha) % Change SSP585(ha) % Change
Africa 2.0x 1013 1.7x 1013 1.3x 1013 -3.2x10? -16% —7.1x10!? —-35%
Asia 1.0x 1013 9.3x10'? 8.6x 1012 -1.1x10"2 -11% -1.7x 10" -17%
Europa 2.1x1012 2.9x10'2 3.8x1012 0.7x10'2 32% 1.6x10'2 74%
North America 6.3x10'2 6.9%x10!? 7.9x10'? 0.5x10'2 9% 1.5x 102 24%
Oceania 8.3x 1012 7.4 %1012 5.2x 10" -0.9x 10" -12% —3.1x101? —-37%
South America 1.3x1013 1.2x 10" 9.9x 10" —1.7x10"2 —13% —3.8%x 102 —28%
Global 6.1x10%1 5.5x 1013 4.8x1013 —5.8x 1012 -9.50% -1.2x1013 —20.8%

Our projections also indicate substantial losses in environ-
mentally suitable areas for O. suberosus across tropical and
subtropical regions. Under the mild climate change scenario
(SSP245-2081-2100), Africa is projected to lose 16% of its cur-
rent suitable land area, while Asia will see an 11% reduction.
Oceania and South America are expected to lose 12% and 13%,
respectively. Europe, however, is predicted to gain 32%, while
North America will expand its suitable area by 9%. This sce-
nario predicts an overall global decline of 9.5% (Table 3). Losses
are even more substantial in the more extreme SSP585 scenario
(2081-2100). Africa will lose 35% of its suitable land area, Asia

17% and South America 28%. Oceania has the most critical de-
cline, losing 37% of its suitable area. Europe and North America,
on the other hand, will gain 74% and 24% more suitable land,
respectively. Globally, this scenario forecasts a 20.8% reduction
in O. suberosus habitat suitability (Table 2).

These projections highlight the significant challenges climate
change will impose on the global distribution of environmen-
tally suitable areas. Substantial reductions are anticipated in
northern South America, particularly in part of the Amazon
basin (i.e., Brazil, Venezuela, French Guiana, Colombia and
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TABLE 3 | Potential changes in coastal suitability for overlapping areas of Lepidochelys olivacea and Omorgus (O.) suberosus under various

climate scenarios, based on an ensemble species distribution model fit to 1918 and 551 presence records, respectively.

Coastal length (km) Coastal overlap (ha)
Scenario L. olivacea % Lost O. suberosus % Overlap
Current 2.23%x10° — 9.37x107 96.00%
SSP245 scenario (2081-2100) 1.96x10° -12.11% 7.43 %107 76.16%
SSP585 scenario (2081-2100) 1.68x10° —24.63% 5.85%x107 59.94%

Peru). Similar patterns of decline are projected for north
of Africa, southern Europe, Kazakhstan, northern India,
Malaysia and Australia. The trends of contraction and expan-
sion in environmentally suitable areas are consistent across
both scenarios, with SSP585 predicting a more intense change
by 2100.

The future scenarios project significant habitat loss for L. oli-
vacea along the world coastal zones by 2100. According to our
data, under the SSP245 scenario (2081-2100), there is an esti-
mated reduction in coastal habitats of 12.11%, with the hab-
itat area decreasing from 2.23x10°km to 1.96 X 10°km. The
SSP585 scenario forecasts a more drastic decline of 24.63%,
reducing the habitat to 1.68 X 10°km. As detailed in Table 3,
the coastal overlap area is 9.37 x 107 (96%) hectares under the
current scenario. This area decreases under the SSP245 sce-
nario (2081-2100) to 7.43x 107 ha, representing a 23.84% re-
duction. The SSP585 scenario forecasts a more drastic decline
to 5.85x 107 ha, marking a 40.06% reduction from the current
overlap.

The results in Figure 4 indicate significant reductions in
overlapping coastal suitability for Lepidochelys olivacea and
Omorgus (0.) suberosus under SSP245 and SSP585 scenarios
for 2081-2100. These reductions are largely due to the habitat
contraction of O. suberosus, with substantial losses observed in
northern South America, including Brazil, Venezuela, Guyana,
Suriname, French Guiana and the Caribbean islands, as well as
in southern Europe, Asia and Oceania.

4 | Discussion

Our findings provide a comprehensive understanding of the in-
teractions between the invasive beetle Omorgus (O.) suberosus
and the sea turtle Lepidochelys olivacea in the context of climate
change. We anticipated the contraction of overlapping habitats
between these two species under future climate scenarios with
a notable decline in suitable coastal areas for L. olivacea. This
reduction in habitat overlaps, driven by shifts in O. suberosus
distributions towards higher latitudes and altitudes, alongside
significant losses in tropical and subtropical regions, highlights
a dual challenge: the necessity to address the impacts of climate
change on vulnerable turtle populations and the need for tar-
geted management of invasive species to mitigate predation
risks in future overlap areas. By integrating predictive model-
ling into conservation planning, we demonstrate the potential
to optimise resource allocation, thereby improving management
strategies for O. suberosus across its invasive range. These results
underscore the importance of integrating predictive modelling

with conservation strategies to allocate resources and safeguard
biodiversity effectively.

4.1 | Potential Distribution of O. suberosus Under
Current and Future Climate Scenarios Worldwide

Omorgus (0.) suberosus has established a wide geographical
range that spans multiple continents, extending well beyond
its native territory in the New World (Costa-Silva et al. 2021).
This expansive range can partly be attributed to the thermal
tolerance of the species, as Omorgus species reach their re-
productive optimum near temperatures of 34°C (Scholtz and
Caveney 1992). The mean temperature of the wettest quarter
and the mean temperature of the driest quarter are identified
as primary factors, contributing 22.56% and 18.91%, respec-
tively, indicating that thermal conditions during critical mois-
ture periods are crucial for the distribution of O. suberosus.
This thermal adaptability could facilitate shifts in their ther-
mal niche in response to climate change scenarios (Roeder
et al. 2021). Variations in the impact of precipitation are also
noted, with the precipitation of the warmest quarter and pre-
cipitation seasonality being especially relevant. Historical data
corroborate that temperature and precipitation influence in-
sect distribution, affecting vegetation structure and resource
availability, which are particularly critical for ectothermic or-
ganisms (Mellanby 1939; Wolda 1978; Kishimoto-Yamada and
Itioka 2015; Schowalter 2016). Additionally, the generalist feed-
ing habits of O. suberosus (i.e., necrophagous, coprophagous, ke-
ratinophagous; see Correa et al. 2013; Baena et al. 2015; Hughes
and Vogler 2006) contribute to its success as an invasive species,
enhancing its ability to colonise new areas (Antunes-Carvalho
and Lopes-Andrade 2013).

The projections suggest a moderate expansion into the north-
ern Hemisphere under both future scenarios. Notably, there is
an estimated 2%-4.7% increase in suitable areas, with the most
significant gains in North America, extending up to Alaska,
Canada and Eastern Europe. Modest expansions are also an-
ticipated into Northern Asia. In the Southern Hemisphere,
Argentina and New Zealand show potential for minor range
increases. However, these gains are contrasted by consider-
able losses in tropical and subtropical regions. The SSP2-4.5
scenario predicts a 7.5% decrease in suitable habitats, whereas
the SSP5-8.5 scenario projects a more substantial decline of
16.0%. Areas anticipated to experience significant declines in-
clude low-altitude regions in northern South America (such
as Brazil, Venezuela, French Guiana, Colombia, and Peru),
North Africa, Southern Europe, Kazakhstan, Northern India,
Malaysia and Australia. These losses primarily occur in the
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FIGURE4 | Coastalsuitability changes and overlapping areas for Lepidochelys olivacea and Omorgus (O.) suberosus (dark blue) under SSP245 and

SSP585 scenarios for 2081-2100. Overlapping areas (red) and non-overlapping areas (green) are shown for (a) part of North America and northern

South America, (b) southern Europe and northern Africa and (c) Asia and Oceania. Results are based on an ensemble species distribution model
fit to 1918 and 551 presence records, respectively. The grey-shaded areas represent the range map for L. olivacea, adapted from the IUCN Red List.

species current range and reflect the impact of increasing tem-
peratures and changing precipitation patterns expected under
global warming.

Interestingly, in northern South America, the beetles range
shows a potential upward shift to higher altitudes, highlight-
ing its adaptability to environmental changes and its movement
away from coastal areas on this continent. This shift suggests
that indirect interactions with L. olivacea are unlikely. While vi-
able populations at high elevations might theoretically migrate
to lower coastal areas where turtles nest, future extreme global
warming scenarios (e.g., SSP5-8.5) predict significant declines
in overlap areas, further reducing the likelihood of such interac-
tions. Additionally, there is a notable divergence in how models
interpret the impact of elevation. The MXD model assigns a high

significance of 24.85%, whereas the GLM model deems it nearly
negligible. This variation suggests differing interpretations of
how elevation interacts with other environmental predictors
and influences the species distribution. A cautious interpreta-
tion would be to expect that O. suberosus may thrive across a
broad range of elevational zones. Such adaptability may serve
as a crucial buffer against climate fluctuations, an essential trait
given the ongoing changes in global climate conditions.

To ensure a rigorous assessment of predictive uncertainty,
we applied the analytic deduction of uncertainty method
(Chen et al. 2019), quantifying predictive uncertainty and en-
abling a more precise selection of the most reliable modelling
approach. To mitigate potential biases and predictive uncer-
tainty, we accounted for the geographic and environmental
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representativeness of the data and emphasise that both species
are sufficiently sampled for robust distribution modelling. For L.
olivacea, occurrence records demonstrate comprehensive global
coverage of coastal areas, with a strong concentration in tropical
and subtropical regions. This extensive distribution reflects sig-
nificant sampling efforts and captures a wide range of environ-
mental heterogeneity, thereby reinforcing the reliability of our
model projections. Similarly, O. suberosus occurrence records
exhibit broad geographic and environmental coverage, span-
ning various regions and climatic conditions within both its na-
tive and potentially invaded ranges. Additionally, our range gain
and loss calculations explicitly incorporated uncertainty, facili-
tating the selection of the least uncertain model and enhancing
predictive confidence. The Ensemble model, which integrates
the top-performing algorithms (Allouche et al. 2006; Velazco
et al. 2019), emerged as the most robust and reliable choice, ef-
fectively reducing extreme variations and strengthening confi-
dence in habitat suitability estimations.

Despite rigorous bias controls, uncertainty persists in range
estimates, particularly in areas where the distributions of both
species overlap. This uncertainty arises from additional factors
such as human activity, tourism and sea-level rise, which could
not be explicitly included at the scale of this study. While climate
models account for environmental conditions and habitat suit-
ability, they do not incorporate spatial projections of sea-level
rise or associated changes to coastal habitats as a direct variable
in future projections. For instance, coastal areas that are climat-
ically suitable for L. olivacea nesting but are heavily impacted by
tourism or egg harvesting may no longer serve as viable habitats.
Similarly, regions such as southern Europe and northern Africa,
despite being environmentally suitable, require less conserva-
tion focus due to the absence of L. olivacea records, even though
O. suberosus has been reported. These limitations underscore
the need for a cautious interpretation of model outputs, recog-
nising the inherent assumptions and constraints, even when ro-
bust bias control measures are applied.

Our methodology adheres to best practices to reduce bias and
enhance predictive reliability while identifying critical areas
for conservation efforts. Furthermore, the predictive models
developed in this study have proven effective across various in-
sect taxa, as evidenced by research on invasive stored-product
pests such as Cryptamorpha desjardinsii (Guérin-Méneville,
1844) (Coleoptera: Silvanidae) and species of Microtheca
(Coleoptera: Chrysomelidae) (Alencar et al. 2022; Alencar,
Sampaio, et al. 2024), the Asian wood-wasp Eriotremex formosa-
nus (Matsumura) (Hymenoptera: Siricidae) (Alencar, C1é Porto,
et al. 2024) and the mayfly Cloeon dipterum (Linnaeus, 1761)
(Ephemeroptera: Baetidae) (Cruz et al. 2023). These models fa-
cilitate forecasting global distributions and potential invasions
in coastal neritic zones under varying climate scenarios, provid-
ing valuable insights for monitoring colonisation dynamics and
improving preventative measures against species introductions.

4.2 | Overlap Between the Predicted Distribution
of O. suberosus and L. olivacea

The overlap between the predicted distributions of Omorgus
(0.) suberosus and Lepidochelys olivacea reveals a dynamic shift

under future climate scenarios. Our analysis indicates a decline
in overlap from 76% under SSP2-4.5 to 60% under SSP5-8.5 by
2100. This reduction is primarily attributed to the contraction of
O. suberosus habitats towards inland and higher elevation zones,
particularly in northern South America (e.g., Brazil, Venezuela,
Guyana and French Guiana) and overlaps across southern
Europe, Asia and Oceania. Future projections reinforce a trend
of reduced coastal overlap due to habitat changes for O. subero-
sus, further distancing the distributions of these species.

The ecological relationship between these species predomi-
nantly manifests during the hatching period of L. olivacea eggs.
Omorgus suberosus larvae may severely impact hatch rates,
with notable predation observed at La Escobilla in Mexico and
reported incidences across various Pacific Mexican beaches
(Baena et al. 2015, 2020). In their study at La Escobilla, Baena
et al. (2015) found 496 nests on the beach, of which 437 had at
least one specimen of O. suberosus (larvae/adult). They docu-
mented significant predation by this beetle, which invaded nests
and damaged 9108 out of 14,231 eggs, representing approxi-
mately 64% of the eggs. This emphasises the substantial impact
of this invasive species on sea turtle reproduction. Furthermore,
O. suberosus has also invaded nests of L. olivacea and other
sea turtle species, highlighting a widespread threat (Baena
et al. 2015; Cortez et al. 2017).

The temporal availability of turtle eggs significantly influences
the abundance and reproductive phenology of O. suberosus
(Baena et al. 2020). The beetles thrive particularly in areas rich
in decomposing turtle eggs, which serve as essential food and
nidification sources. The abundance and maturation of female
beetles are closely linked to older nests containing decomposing
eggs rather than fresh ones (Baena et al. 2020). This suggests
that the population dynamics of O. suberosus rely more on the
availability of decomposing material than on direct predation
of fresh eggs, indicating their role as facultative predators. As
an opportunistic predator, further research is needed to clarify
its role in nest predation. If the beetle predates fresh nests, mea-
sures such as off-site incubation and beetle control on beaches
are necessary. Conversely, if it targets nests after some eggs
decompose, strategies like handling rotten eggs and separat-
ing healthy ones, or combined approaches, would be required.
Understanding O. suberosus behaviour is essential for effectively
conserving vulnerable sea turtle populations. This range of in-
teractions highlights the importance of our projections for guid-
ing targeted conservation strategies to manage the influence
of O. suberosus on vulnerable turtle populations across coastal
zones worldwide.

4.3 | Conservation in the Face of Climate Change
and Invasive Threats to Olive Ridley

The persistent overlap in habitat and the predatory behaviours of
O. suberosus necessitate targeted conservation strategies to ad-
dress habitat preservation and mitigate invasive species threats.
Our analysis categorises areas into two groups, each deserving
attention for distinct reasons. Non-overlapping areas (green
coastal zones in Figure 4): These regions are critical for preserv-
ing L. olivacea habitats without the added threat of predation
by O. suberosus, representing key opportunities for conservation
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focus. An exception is southern Europe and northern Africa; de-
spite environmentally suitable areas, these regions require less
attention regarding potential interactions between the two spe-
cies due to the lack of current records for L. olivacea, although
records for the invasive O. suberosus already exist.

In contrast, areas of persistent overlap (red coastal zones in
Figure 4) demand heightened monitoring to assess potential
risks, particularly in high-priority nesting zones. While current
evidence suggests that some overlapping regions do not experi-
ence predation, future climate scenarios underscore the impor-
tance of targeted management to mitigate potential predation
risks. This dual approach, which focuses on preserving turtle
habitats in non-overlapping areas while mitigating predation
risks in overlapping zones, forms the basis for effective conser-
vation strategies under current and future climate scenarios.
Therefore, L. olivacea conservation strategies must also consider
the various invasion pathways and mechanisms of O. suberosus
spread, including release, escape, contaminant, stowaway, corri-
dor and unaided, which present distinct challenges for manage-
ment and regulation (Hulme et al. 2008; Hulme 2021; Seebens
et al. 2021). Given the significant impact of the beetle on the
hatch rates, it is critical to investigate these dynamics through
comprehensive field studies to inform conservation efforts bet-
ter and mitigate the adverse effects on turtle populations in
these shared regions.

The observed contraction and expansion trends in habitat suit-
ability of O. suberosus across different scenarios suggest a shift
towards higher latitudes and altitudes due to climate change.
The SSP5-8.5 scenario, with higher greenhouse gas emissions,
accentuates these changes, emphasising the significant im-
pact of environmental factors on biodiversity. These findings
indicate the ecological flexibility of O. suberosus in response
to climate change, potentially enabling range expansion and
increased survival in certain areas despite the overall habitat
contraction. Our model results offer a roadmap to optimise the
allocation of management resources, enhancing the efficacy of
control measures to manage O. suberosus in the invasive range.
For example, conservation and management strategies will
differ between beaches already colonised by O. suberosus and
beaches not yet colonised but within the predicted area of O. su-
berosus expansion.

Future studies should also explore the relationship between O.
suberosus and L. olivacea and other potential turtles, exploring
ecological dynamics, habitat preferences and interactions in
hosts with different geographical and climatic contexts. While
there are no records of egg predation on freshwater turtles by
O. suberosus, its generalist predation behaviour on vertebrate
eggs should not be overlooked. This adaptability raises con-
cerns about potentially including other species, such as birds
and reptiles, in its predatory range. Thus, management plans
should consider the broader ecological implications of O. sub-
erosus predation, extending vigilance beyond marine turtles to
other taxa that could be at risk. This underscores the need for
further research in areas of overlap beyond the Americas, espe-
cially in newly invaded continents. Expanding efforts to docu-
ment interactions in these understudied regions is essential for
understanding the ecological dynamics of invasions and devel-
oping effective conservation strategies. Such efforts, supported

by additional studies, will strengthen our capacity to prevent the
spread of invasive species and advance global initiatives to un-
derstand and manage these ecological challenges better.
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