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The Southern Ocean, a critical marine region on Earth, is undergoing significant
environmental changes due to global climate change, including reductions in sea
ice extent, ocean acidification, and alterations in the Antarctic Circumpolar
Current (ACC). The Cosmonaut Sea, notable for its dynamic sea ice and rich
biological activity, remains one of the least explored regions in the Southern
Ocean, with limited data on its marine mammal populations. This study
conducted during the 38th Chinese National Antarctic Research Expedition
(CHINARE) from January to March 2022, collected systematic data on marine
mammal occurrences. Species distribution modeling (SDM) was used to assess
the influence of environmental variables on the distribution of the most abundant
marine mammal species observed in the Cosmonaut Sea, including humpback
whales (Megaptera novaeangliae), crabeater seals (Lobodon carcinophaga), and
Antarctic minke whales (Balaenoptera bonaerensis). Our results indicated
significant performance variations among the different algorithms, with
ensemble model yielding more accurate predictions. Environmental variables
such as water depth, sea surface height, and mixed layer thickness were
identified as significant factors influencing habitat suitability for different
species. Humpback whales were found to have the widest distribution range,
followed by Antarctic minke whales and crabeater seals. Generally, the study
provides the first comprehensive analysis of marine mammal distribution in the
Cosmonaut Sea, highlighting the effectiveness of ensemble models in ecological
predictions. The findings emphasize the importance of integrating high-
resolution data and incorporating predator-prey interactions in future studies
to improve our understanding and conservation of these complex ecosystems.
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1 Introduction

The Southern Ocean is one of the most critical regions on Earth,
covering 10% of the global sea surface and interconnecting the
Atlantic, Pacific, and Indian Oceans (Cheung et al., 2013; Hunt
et al., 2007). It establishes a relatively isolated and autonomous
marine ecosystem through the Antarctic Circumpolar Current
(ACC) (Hunt et al., 2007). However, under the influence of global
climate change, the Southern Ocean is experiencing significant
environmental transformations (Cheung et al, 2013), including
the reduction of sea ice extent (De La Mare, 2009), ocean
acidification (McNeil and Matear, 2008), marine heatwaves and
alterations in the ACC’s dynamics (Sokolov and Rintoul, 2009).
These environmental changes may lead to habitat modifications,
biodiversity loss and decreased prey availability, ultimately
disrupting the stability of the ecosystem (De La Mare, 2009; Lin
et al,, 2022; Ran et al., 2022; Sorte et al., 2010). For example, on the
western Antarctic Peninsula, the 2020 marine heatwaves affected
the ecosystem at all tropic levels, including coastal plankton
metabolism and community fish structure (Latorre et al., 2023).

The Cosmonaut Sea, located in the western region of Enderby
Land in East Antarctica (between 30-60°E longitude and 60-70°S
latitude), spans an area exceeding 699,000 km?, making it one of the
least explored zones of the Southern Ocean (Hunt et al., 2007). The
confluence of southward coastal currents and the eastward ACC
results in dynamic sea ice conditions in the Cosmonaut Sea,
fostering abundant biological activity akin to a sanctuary
(Pakhomov, 1993). Previous studies have investigated the
oceanographic (Cheung et al, 2013; Kuvaas et al, 2005) and
climatic nuances (Geddes and Moore, 2007; Solli et al., 2008), the
structure and distribution of benthic and planktonic organisms
(Hunt et al., 2007; Van de Putte et al., 2010), as well as mid-trophic
level fish (Mou et al., 2023; Van de Putte et al., 2010; Zhu et al.,
2020). Despite these efforts, comprehensive ship-based
oceanographic surveys of the Cosmonaut Sea are infrequent,
leading to a limited understanding of local marine mammals.

Marine predator species of the Southern Ocean, such as crabeater
seals (Lobodon carcinophaga), weddell seals (Leptonychotes weddelli),
humpback whales (Megaptera novaeangliae) and Antarctic minke
whales (Balaenoptera bonaerensis), serve as crucial indicators of
climate change and pivotal ecosystem stewards of the ecosystem
(Chevallay et al., 2024a; Meynecke et al., 2021; Lin et al., 2022). For
example, weddell seals exhibit heightened sensitivity to the
concentration and spatial distribution of sea ice (Forcada et al,
2012), while humpback whales are predominantly found in regions
characterized by upwelling and elevated chlorophyll-a concentrations
(Meynecke et al., 2021). Moreover, in actively managed Convention
for the Conservation of Antarctic Marine Living Resources
(CCAMLR) waters, marine predators are used to identify changes
in the marine environment, e.g. species identified under the
CCAMLR Ecosystem Monitoring Program (CEMP) including the
crabeater seal. Therefore, to enhance conservation endeavors and
elucidate the impact of climate change on the Cosmonaut Sea
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ecosystem, a deeper understanding of the geographic distribution
of top predators and their response mechanisms to climatic
circumstances is imperative.

The interaction between ocean currents and topography in the
Cosmonaut Sea strongly influences the marine environment,
particularly in the near shelf zone (Hunt et al., 2007). For
instance, coastal currents intensify nearshore flow velocity in the
Cosmonaut Sea, which is higher than that recorded in other sectors
of Antarctica (Ackley et al, 2003a); The mixing zone between
coastal currents and shelf waters creates a strong near shelf frontal
zone, which markedly alters local physical marine environment,
including temperature, salinity, flow velocity, and mixed layer
thickness (Ackley et al., 2003a; Hunt et al., 2007). Furthermore, a
distinctive feature of the Cosmonaut Sea is the recurrent formation
of polynyas (Arbetter et al.,, 2004; Geddes and Moore, 2007). The
frequent cycles of sea ice freezing and melting in these areas exert
substantial effects on the chemical marine environment, impacting
variables such as chlorophyll-a concentration, pH levels, and
dissolved oxygen (Arbetter et al., 2004).

Species Distribution Modeling (SDM), also known as habitat
modeling, is a robust tool used for forecasting the potential
distribution of species (Cianfrani et al., 2018; Marcer et al., 2013).
SDM utilizes a range of environmental factors to assess the
likelihood of a given species’ presence through statistical and/or
mechanistic approaches (Elith and Leathwick, 2009). This model is
widely applied in evaluating species habitats, identifying regions of
biodiversity significance, and managing endangered species
(Sanchez-Mercado et al., 2010; Siniff et al., 2008). In recent years,
SDM has seen increased use in predicting organismal responses to
climate change (Vega et al., 2017), understanding the impacts of
invasive species (Srivastava et al., 2019), and planning conservation
efforts targeted at marine organisms (Nachtsheim et al, 2017),
particularly in marine fish (Sanchez-Mercado et al,, 2010). Various
algorithms are introduced for SDM, including the maximum
entropy model (Maxent), artificial neural networks (ANN), and
generalized linear models (GLM). According to a review of SDM’s
algorithms conducted by Robinson et al. (2017), ensemble model is
the optimal approach. Ensemble model mitigates the limitations
associated with specific models, enhancing accuracy and predictive
capacity while addressing model-based uncertainties (Ran et al,
2022). For example, Salas et al. (2018) conducted a comparative
analysis of a single-model algorithm and an ensemble modeling
approach to simulate the habitat distribution of Marco Polo sheep
(Ovis ammon polii) under climate change scenarios. The findings
revealed that the ensemble model exhibited greater conservatism,
characterized by reduced variability, and enhanced stability.
Consequently, ensemble model is gaining increasing traction
(Breiner et al., 2015; Hao et al., 2020; Kindt, 2018).

This paper aims to analyze the potential distribution of major
marine mammals in the Cosmonaut Sea using ensemble model. Our
objectives are (a) to estimate distribution of most abundant marine
mammal species observed in the Cosmonaut Sea, (b) to identify
pivotal environmental drivers influencing their distribution, and (c)
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to compare habitat disparities across the most abundant marine
mammal species.

2 Materials and methods
2.1 Species data

During the 38th Chinese National Antarctic Research
Expedition (CHINARE), visual surveys of marine mammals were
conducted aboard the icebreaker XUE LONG 2. Data on marine
mammal occurrences were systematically collected while traversing
the Cosmonaut Sea from January 27th to March 10th, 2022
(Figure 1). The survey was conducted based on standard marine
survey transects to ensure systematic and comprehensive data
collection. The visual observation range was approximately 3
kilometers. The vessel maintained an average speed of
approximately 10 knots during the survey. This speed was kept
constant under normal observation conditions, with minor
adjustments made occasionally due to weather or operational
requirements. Marine mammals were observed at distances far
from the vessel, and no significant behavioral changes were noted
during the observation process. Observations were made during
daylight hours from the bridge or its exterior wings by experienced
observers (author Y.D. and X.M.), with additional sightings assisted
by the pilots and other crew members onboard. Species
identification was performed using reticule binoculars (7x50
magnification, STEINER) and EOS-1D X Mark II camera (with
100-400 mm L series lens, Cannon). Observations were halted

10.3389/fmars.2025.1529913

when Beaufort’s sea state exceeded level 4. For each sighting,
species, group size, GPS coordinates, time, and vessel speed were
documented. Photographs were taken to assist in species
identification when weather conditions allowed. Due to the
difficulty in identifying species at sea from a distance, animals
lacking distinguishing characteristics were classified as ‘unknown’.

To meet the sample size requirements of SDM (Lin et al., 2022;
Ran et al, 2022), only data on major marine mammals (sightings
>10) were used for further analysis. Additionally, points with a
distance of <0.1° were randomly removed to match the spatial
resolution of environmental variables and to prevent sampling bias.
The available data reflect species presence information only, it’s
difficult to obtain true absences for mobile species (Haughey et al.,
2021; Peddemors, 1999). Previous studies have shown that
incorporating absence data can significantly improve model
performance, even if the absence data are pseudo-absences
generated based on functions (Brotons et al, 2004; Srivastava
et al,, 2019). Following the methods described by Haughey et al.
(2021) and Srivastava et al. (2019), pseudo-absence points were
established by generating 100 points for each species. These points
were randomly sampled from areas located more than 3 km away
from presence points to minimize ecological niche overlap.

2.2 Environmental variables

Environmental variables were obtained from the global ocean
reanalysis dataset (GLORYS2V4) (https://www.mercator-ocean.fr).
For each variable, the mean values from January to March 2022
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were calculated to match the observation dates and standardized to
a 0.1° x 0.1° resolution within the same coordinate system and
range. Initially, 24 potential environmental variables were selected
based on the distinctive physical and chemical oceanographic
conditions shaped by the near shelf frontal zone and polynyas of
the Cosmonaut Sea. This selection was further informed by
previous studies on SDM for marine mammals (Haughey
et al.,, 2021; Lin et al, 2022) (Table 1). However, due to
predictor collinearity and model over-parameterization, using a
large number of environmental variables in the prediction
model can significantly reduce predictive capability (Bosch
et al,, 2018). Multiple studies have shown that a small number
of environmental variables can accurately predict species

TABLE 1 Environmental variables.

Code Name Unit Maintained

chl Mass concentration of me/m? es
chlorophyll a 8 b4

Mole concentration of 5
fe i . mmol/m yes
dissolved iron

no3 Mole concentration of nitrate mmol/m’ yes

Net primary production 3
nppv of biomass mg/m”/day = no

Mole concentration of dissolved 5
02 mmol/m yes
molecular oxygen

Sea water ph reported on

h 1 no
P total scale
Mole concentration 3
phyc mmol/m no
of phytoplankton
po4 Mole concentration of phosphate mmol/m’ yes
si Mole concentration of silicate mmol/m? yes
Surface partial pressure of
spco2 Pa no
P carbon dioxide
ist Sea ice surface temperature °C no

mlotst Ocean mixed layer thickness m es
defined by sigma theta y

pbo Sea water pressure at sea floor dbar yes
siage Age of sea ice years yes
siconc Sea ice area fraction 1 no
sisnthick = Surface snow thickness m no
sithick Sea ice thickness m no
sivelo Sea ice speed m/s no

Sea water potential temperature at

tob °C no
sea floor

usi Eastward sea ice velocity m/s no

vsi Northward sea ice velocity m/s no

208 Sea surface height above geoid m yes

List of environmental variables, which contains abbreviations, full names, units, and
indications of whether the variables were included in the final modeling.
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distribution (Tyberghein et al., 2012; Zhang et al., 2019).
Therefore, we preliminarily filtered the environmental factors
using the following methods: (1) when the correlation coefficient
between two variables exceeded 0.80, the variable with higher
significance was retained; (2) pre-modeling was conducted using
Generalized Linear Model, and environmental variables with
contributions lower than 5% were excluded.

2.3 Modeling approach

Twelve common models were pre-modeled as candidate models,
specifically: Artificial Neural Network (ANN), Classification Tree
Analysis (CTA), Flexible Discriminant Analysis (FDA), Generalized
Additive Model (GAM), Generalized Boosting Model (GBM),
Generalized Linear Model (GLM), Multiple Adaptive Regression
Splines (MARS), Maximum Entropy (Maxent), Maxent over
glmnet (MAXNET), Random Forest (RF), Surface Range Envelop
(SRE), and eXtreme Gradient Boosting Training (XGBOOST).

Each model was run twice using the bootstrapping method,
with 80% of the occurrence data selected for training and the
remaining 20% for testing. The relative importance of
environmental variables was determined through correlation
metrics. Subsequently, true skill statistic (TSS) and relative
operating characteristic (ROC) were used as filters, retaining only
candidate models with values above the thresholds (0.7 and 0.9,
respectively) for ensemble model. Unless otherwise specified, TSS
and ROC values were presented as the mean + standard deviation.

The model predicts the habitat suitability index (HSI) for
species based on environmental parameters, ranging from 0 to 1.
An HSI greater than 0.7 is generally considered a highly suitable
habitat (El-Gabbas et al., 2021; Meynecke et al., 2021; Nachtsheim
et al, 2017). To mitigate potential biases due to unequal cell sizes,
the results were projected onto the Cosmonaut Sea region using the
Lambert method (Budic et al, 2016). All data processing and
analysis in this study were conducted using MATLAB (https://
www.mathworks.com/) and R (https://www.r-project.org/), with
R’s “biomod2” package (Thuiller et al., 2024) playing a crucial
role in constructing the ensemble models.

3 Results
3.1 Visual survey effort

Visual surveys were conducted over 30 days between 27th
January 2022 and 10th March 2022, totaling 256 hours. During
these surveys, 103 marine mammal encounters were recorded by the
observer and/or crew, encompassing at least 11 different species
(Figure 2). Four sightings were classified as unknown, but they
were definitively identified as cetaceans due to their large body size
and the presence of blows in the water. Notably, 75.7% of these
sightings were represented by three marine mammals: humpback
whale, crabeater seal and Antarctic minke whale (Figure 2,
Supplementary Table 1). Humpback whales were the most
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The number of sightings for each marine mammal species during the survey in the Cosmonaut Sea. Refer to Supplementary Table 1 for the

detailed data.

frequently observed, with 51 sightings. Crabeater seals and Antarctic
minke whales were also observed more than 10 times, with 14
sightings and 13 sightings, respectively. These species were the
most abundant marine mammal species observed in the
Cosmonaut Sea, and their sighting data were subsequently
subjected to SDM.

3.2 Model performance

Each marine mammal species was modeled using 12 different
algorithms, all with identical parameters. The results revealed
significant variations among the model performance (Figure 3).
Algorithms such as CTA, GLM, and GAM generally performed
well, whereas ANN and SRE showed poor performance.
Additionally, the performance of individual model varied
substantially across different species. For instance, Maxent
demonstrated strong performance in the SDM of humpback
whales (ROC: 0.96 + 0.03; TSS: 0.92 + 0.05) and crabeater seals
(ROC: 0.90 + 0.03; TSS: 0.81 + 0.06), but underperformed for
Antarctic minke whales (ROC: 0.80 + 0.05; TSS: 0.60 + 0.09). For
the three species, appropriate candidate models were selected for
ensemble model, resulting in relatively high overall model
performance, which was suitable for assessing their potential
habitats in the Cosmonaut Sea.

Frontiers in Marine Science 05

3.3 Variable contributions and
response curves

Ten environmental variables (Table 1) were retained for SDM,
with their importance and response curves varying by species
(Figure 4). For humpback whales, the primary contributing variable
was sea water pressure at sea floor (pbo) at 42.1%, followed by sea
surface height above geoid (zos) at 25.3% and ocean mixed layer
thickness defined by sigma theta (mlost) at 16.7%. The optimal habitat
conditions for humpback whales occurred when pbo was less than
2000 dbar, zos was -1.7 m, and mlost was 60 m (Supplementary
Table 2). For crabeater seals, age of sea ice (siage) contributed 27.2%
and pbo contributed 21.0%, with favorable environmental conditions
being pbo less than 3000 dbar and siage greater than 0.2
(Supplementary Table 3). For Antarctic minke whales, the primary
influencing factors were mole concentration of dissolved molecular
oxygen (02) at 39.8% and pbo at 21.1%, with relatively suitable habitat
conditions being 02 ranging from 350 to 380 mmol/m® and pbo
ranging from 0 to 1500 dbar (Supplementary Table 4).

3.4 Habitat

In the current environment of the Cosmonaut Sea, humpback
whales exhibited the broadest distribution range, covering an

frontiersin.org
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Boxplot of model performance. The left and right panels depict the evaluation metrics: relative operating characteristic (ROC) and true skill statistic
(TSS), respectively.

estimated 36.71% of the sea region (Figure 5). High suitable habitats 4 Djscussion

(HSI > 0.7) were predominantly located south of 63°S. Crabeater seals

had a distribution area covering 24.23%, with high suitable habitats 4 1 Model choice

distributed throughout the coastal zone, primarily south of 66°S.

Antarctic minke whales had a distribution area covering 31.56%, with Understanding the habitat distribution of marine mammals is
highly suitable habitats predominantly located east of 42°E, and their  essential for their study and conservation. SDM is a crucial tool for
latitudinal distribution spanning the entire sea region. gaining insights into species distribution and informing biodiversity
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Response curves of high-contribution environmental factors for humpback whales, crabeater seals, and Antarctic minke whales in the

ensemble model.

conservation and management (Robinson et al., 2017). To date,
many studies on marine species distribution have relied on the
Maxent model (Fourcade et al., 2014; Lin et al., 2022; Phillips et al.,
20065 Yang et al.,, 2013). This model has been effective in predicting
the potential habitat, but it has limitations and does not always yield
optimal results (Phillips et al., 2006). In our study, the Maxent

model’s performance in predicting the habitat of Antarctic minke
whales was suboptimal.

In contrast, ensemble model provided more accurate and robust
predictions in the SDM of the three marine mammals studied.
Ensemble model combines predictions from multiple algorithms,
avoiding the performance degradation caused by the limitations of

Humpback whale
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Potential suitable area for humpback whales, crabeater seals, and Antarctic minke whales in the Cosmonaut Sea. The habitat suitability index (HSI) for
species is predicted by the ensemble model using key environmental variables.
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any single algorithm and enhancing overall accuracy and robustness
(Hao et al., 2020; Ran et al,, 2022). This approach is supported by
Mohammadi et al. (2019), who found that an ensemble model
outperformed the Maxent algorithm in simulating the habitat
distribution of two terrestrial animals, highlighting the value of a
multi-algorithm approach.

4.2 Diversity and environment

There is a significant data gap in marine mammal surveys,
particularly in logistically constrained polar regions (Hiickstadt,
2018; Rotella, 2023). This study provided a comprehensive analysis
of the distribution of the most abundant marine mammal species
observed in the Cosmonaut Sea, including humpback whales,
Antarctic minke whales, and crabeater seals. The findings may
inform future conservation and management efforts for marine
mammals in the Antarctic region. To our knowledge, this was the
first exhaustive marine mammal survey conducted in the
Cosmonaut Sea (Kaschner et al,, 2012). Our survey documented
at least 11 species of marine mammals, with species composition
similar to other regions in the Southern Ocean (El-Gabbas et al.,
2021; Rotella, 2023; Torterotot et al., 2022). Notably, humpback
whales, Antarctic minke whales, and crabeater seals were the most
abundant species observed.

Humpback whales are large, long-distance migratory baleen
whales found in all oceans, migrating between high-latitude feeding
grounds in summer and tropical and subtropical breeding grounds
in winter (EI-Gabbas et al., 2021; Meynecke et al., 2021). Antarctic
minke whales are small baleen whales distributed in the Southern
Hemisphere, known for their dark gray back and white belly (Risch
et al,, 2019; Risch et al, 2014). Crabeater seals are ice-dependent
pinnipeds of the Southern Ocean, residing exclusively in the
circum-Antarctic pack ice zone (Ackley et al., 2003a; Nachtsheim
et al,, 2017; Southwell, 2004). Despite significant differences in
taxonomy, morphology, and lifestyle, these three species
congregate in the Southern Ocean during the austral summer,
primarily feeding on Antarctic krill (Euphausia superba).

In oceanography, Sea water pressure at sea floor (pbo) is an
equivalent depth measure reflecting seafloor topography and
offshore distance (Boyer et al., 2022; Chapman et al.,, 2020). It is a
significant factor influencing the distribution of the three marine
mammals. Humpback whales primarily inhabit open waters at
depths of 2000-4000 decibar (dbar, a unit commonly used in
oceanography, equivalent to meters), while the ice edge at 0-2000
dbar, provides crucial foraging grounds due to high Antarctic krill
biomass. The mixed layer (mlotst) represents the upper ocean water
volume where various physical properties are homogeneous
(Sverdrup, 1953). Within the mixed layer, the relatively ample
sunlight and abundant nutrients such as nitrates, phosphates, and
other trace elements are conducive to photosynthesis and promote
phytoplankton growth, providing primary productivity for the
entire ocean (Ohlmann et al,, 1996; Polovina et al., 1995; Vernet
et al., 2008). Sea surface height is related to the hydrodynamics of
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the mid-upper water column, such as ocean currents, water masses,
and tides (Hill et al., 2024; Kiirzel et al., 2023; McMahon et al.,
2023). These factors are important indicators of highly suitable
habitats for top predators, especially in open waters (Chevallay
et al., 2024b; Li et al., 2021; Libourel et al., 2023).

Crabeater seals are typical pack-ice residents, with critical life
history stages (resting, breeding, and nurturing) occurring on the
ice, and they almost never utilize multi-year ice (Davis et al., 2008).
Therefore, sea ice of a specific age (0.2-0.4) is more favorable. Our
study also indicates that crabeater seals’ highly suitable habitats
are located in the 0-3000 dbar region. They are rarely found in
waters where pbo exceeds 4000 dbar, which is consistent with
previous studies (Nachtsheim et al., 2017; Southwell et al., 2005;
Wall et al., 2007).

Antarctic minke whales have evolved to exploit the ecological
niches provided by pack-ice regions (Lee et al, 2017). These
cetaceans are frequently observed in areas heavily covered by sea
ice, associated with pancake ice and newly formed ice near the
marginal ice zone (Ainley, 2010). They utilize leads within the ice
for respiration and create breathing holes in newly formed ice
(Ainley, 2010; El-Gabbas et al.,, 2021; Tynan, 1997). The strong
affinity of Antarctic minke whales for sea ice habitats, typically
within the 0-1500 dbar range, is hypothesized to serve as a
protective mechanism against predation by killer whales (Orcinus
orca) (Lin et al., 2023; Pitman and Ensor, 2003). Additionally, this
preference may reduce competition for food resources with
humpback whales, which predominantly inhabit open waters
(Friedlaender et al.,, 2021). The distribution of Antarctic minke
whales may also be influenced by biogeochemical factors such as
oxygen concentration, although the specific mechanisms
underlying this relationship remain unclear (Ainley, 2010; El-
Gabbas et al., 2021).

4.3 Limitations

We utilized ensemble modeling analysis to identify suitable
habitats for major marine mammals in the Cosmonaut Sea and to
ascertain the primary environmental factors influencing their
distribution. The accuracy of species distribution models depends
on the quality of the input data, including the distribution and density
of species occurrence records, as well as the type and resolution of
environmental parameters (Cianfrani et al., 2018; Marcer et al., 2013).
Due to limited comprehensive data, we adopted a simplified
hypothesis that may not fully capture the complex dynamics of the
Cosmonaut Sea ecosystem. For instance, the absence of long-term,
continuous, multi-route observational datasets, combined with
concurrent krill distribution data, has hindered our ability to
incorporate predator-prey interactions into the models.
Additionally, our aim was to analyze the responses of marine
mammals to environmental changes on a broad scale. However,
given the high sensitivity of these animals to environmental
fluctuations, the averaged large-scale environmental data may not
accurately reflect the conditions experienced by the animals,
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potentially leading to misalignments between actual conditions and
the environmental data used in the models (Elith and Leathwick,
2009; Sanchez-Mercado et al., 2010).

Looking forward, integrating higher-resolution satellite remote
sensing data and in-situ environmental information gathered by
biological tracking devices (e.g., animal-borne sensors) will enable
more precise, small-scale assessments of habitat utilization (Forcada
et al,, 2012; Foster-Dyer et al., 2023; Gongalves et al., 2020).
Moreover, it is widely acknowledged that SDMs are prone to
overfitting during the training and validation processes (Ploton
et al,, 2020). This overfitting can compromise the model’s ability to
generalize predictions across different temporal and spatial scales,
especially in scenarios involving habitat change projections (Bald
et al., 2023; Ploton et al., 2020). Ensemble models face limitations in
addressing this challenge due to the constraints posed by Tobler’s
First Law of Geography (Tobler, 1970). This principle posits that
environmental variables typically exhibit spatial autocorrelation,
leading to data points that are not entirely independent.
Consequently, models trained and validated on spatially
correlated data often yield inflated performance outcomes and
overly complex model structures (Kass et al, 2021; Valavi
et al., 2019).

To mitigate these issues, Valavi et al. (2019) introduced the
spatial blocking method as a viable strategy for reducing overfitting
issues in modeling exercises. Implementing such techniques in
marine mammal habitat assessments holds promise for enhancing
the accuracy of predictive modeling outcomes.
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