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the habitat suitability of the
endangered Hainan gymnure
(Neohylomys hainanensis) on
Hainan Island
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Climate change is a key driver of threats to global biodiversity; therefore, assessing its temporal

and spatial impacts on endangered species and their habitats is crucial for developing adaptive
conservation strategies. This study investigated the habitat dynamics of the endangered Hainan
gymnure (Neohylomys hainanensis) by integrating ecological niche modelling using MaxEnt with
geospatial analysis using ArcGIS. We considered ten climatic variables, three timepoints (current,
2055, and 2085), and three CO, emission scenarios. The results showed that 1) the current potential
suitable habitat area is 11,092.14 km? (32.75% of Hainan Island), which is mainly distributed in central
Hainan Island; 2) elevation (PC=78.5%) and Biol (P1=60.0%) are key environmental factors affecting
the potential distribution of suitable habitat and have synergistic effects; 3) suitable habitats show
shrinking trends under the three future climate scenarios (SSP1-2.6, SSP3-7.0, SSP5-8.5). Of note,
annual average temperatures will significantly increase in the high-altitude areas under the SSP5-
8.5 scenario, which will nearly eliminate suitable habitat areas. This study clarifies the geographical
distribution range, key limiting factors, and future habitat change trends of N. hainanensis, thereby
providing a scientific basis for the species’ adaptive conservation and management and offering
reference data on the climate response mechanisms of tropical island species.
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Climatic factors, particularly temperature and precipitation, play a crucial role in shaping the geographical
distribution of species'. Global climate change is profoundly impacting Earth’s biodiversity and ecosystems?.
Natural populations adapt to climate change through shifts in geographical distribution and alterations in
growth and reproduction periods®. Although species exhibit significant variability in their responses to climate
change?, the adaptive responses of many species may be insufficient to match the rapid pace and extensive scale
of climate change, thereby increasing their vulnerability to population decline or even extinction®. If global
temperatures rise to 1.5 °C above the pre-industrial average, almost a third of species worldwide could be at risk
of extinction®. Therefore, understanding the impacts of climate change on species distributions holds critical
ecological significance’.

Island ecosystems exhibit heightened vulnerability to climatic perturbations due to their geographic
isolation, limited dispersal corridors, and high endemicity®. Climate change disrupts island ecosystems, causing
habitat loss and fragmentation for animals, particularly endangered species, which increases the risk of species
extinction®. Thus, assessing the potential impacts of climate change on island species distributions is crucial for
formulating conservation strategies and mitigating extinction risks. Hainan Island (18°10"-20°10'N, 108°37’-
111°03’E), located at the northern edge of the tropical zone, is bordered by the Qiongzhou Strait to the north
and South China Sea to the south. Hainan is the second largest island in China and covered with the largest
contiguous tropical rainforest in the country'®. Thus, it is one of the regions with the highest biodiversity in
China and a global hotspot for biodiversity research and conservation'!~13,
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The Hainan gymnure (Neohylomys hainanensis) is a small-bodied insectivorous species endemic to Hainan
Island that belongs to the class Mammalia, order Eulipotyphla, and family Erinaceidae!. It primarily inhabits
tropical rainforests at altitudes of 300-800 m!>!°. This species is characterised by its limited mobility, and it
primarily feeds on Coleoptera insects, with occasional consumption of grass and seeds!”. Due to its limited
population, the species was listed as endangered by the International Union for Conservation of Nature (IUCN)
and the China Biodiversity Red List'®!°. Additionally, it has been designated as a key protected wild animal in
Hainan Province. Previous research on N. hainanensis has focused on its morphology, chromosome karyotype,
and taxonomic status'>?°4, while few studies have modelled its habitat suitability under climate change. This
research gap is important to fill given the significant impacts of climate change on island ecosystems, which can
lead to habitat loss and fragmentation for animals, especially endangered species. Therefore, investigating the
habitat suitability dynamics of N. hainanensis under climate change is crucial for guiding conservation actions.

Species distribution models (SDMs) are used to construct the relationship between species distribution
and environmental factors by using known distribution data of species and relevant environmental variables.
By employing specific algorithms, SDMs can identify the ecological requirements of species and project the
results into different temporal and spatial contexts to predict both the actual and potential distributions of
species®?’. Among various SDM approaches, the MaxEnt model has been widely used due to its practical
advantages, including user-friendly operation, mature algorithmic framework, and high predictive accuracy,
even with limited occurrence data. Additionally, its robustness to parameter settings enhances its applicability
across diverse studies?®-32,

This study used the MaxEnt model and spatial analyses to predict the suitable habitats of N. hainanensis
focused on Hainan Island, evaluate its habitat suitability, and identify the key environmental variables influencing
its distribution. Furthermore, the spatial patterns of range contraction and expansion were delineated. To our
knowledge, this is the first study to model the potential distribution of N. hainanensis under current and future
climate scenarios on Hainan Island. By assessing the impacts of climate change on its distribution, our work
provides a theoretical basis for the conservation and management of this species. Additionally, it addresses a
critical research gap and offers new insights for the ecological management of N. hainanensis.

Materials and methods

Species occurrence data collection and processing

Geographical distribution point data for N. hainanensis were obtained based on (1) a field investigation
conducted over the entirety of Hainan Island from March 2020 to February 2025 to record the longitude and
latitude of N. hainanensis and (2) records from the Global Biodiversity Information Facility (GBIF) database®,
which were accessed on December 17, 2024. A total of 38 occurrence records of N. hainanensis were collected
(Fig. 1). To minimise spatial autocorrelation and sampling bias, occurrence points were spatially filtered using
the ‘spThin’ package® in R (version 4.5.0), thereby ensuring a minimum distance of 5 km between points. This
process yielded 17 unique occurrence records for model computation.

Current and future environmental variables

Nineteen current biological climate variables (represented by the average values from 1981 to 2010) were obtained
from the high-resolution climatology data of the Earth’s land surface area (CHELSA) database. These bioclimatic
variables, primarily representing temperature, precipitation, and their seasonal variations*, were selected
due to their biological significance and widespread application in species habitat prediction®>*”. Elevation
data were downloaded from the WorldClim version 2.1 database. Because no future elevation projections are
available, we followed the common convention of assuming that elevation remains constant over the current
one®®. Land-cover projections for each SSP-PCP combination were obtained from the Global-SSP-RCP-LUCC
Product (http://www.geosimulation.cn/Global-SSP-RCP-LUCC-Product.html) at a 1 km? spatial resolution®.
Climate and elevation layers were standardised to 0.5 arcmin. To minimise multicollinearity, pairwise Pearson
correlations were computed among all bioclimatic variables, and correlated climate variables (|r|>0.70) were
sequentially removed?’. Both the elevation and land-cover were incorporated into the modelling framework.
After multicollinearity screening and variable selection, ten environmental variables were retained for the
final simulation: annual mean temperature (Biol), mean diurnal range (Bio2), annual precipitation (Biol2),
precipitation of driest month (Biol4), precipitation seasonality (Biol5), precipitation of warmest quarter
(Bio18), elevation (Elev), crop vegetation coverage (Crop), forest vegetation coverage (Forest), and non-forest
vegetation coverage (Non-forest).

For future projections, three shared socioeconomic pathways (SSPs) were selected: SSP1-2.6 (low emission
scenario), SSP3-7.0 (medium emission scenario), and SSP5-8.5 (high emission scenario). To account for
uncertainties in future climate projections, we utilised five global circulation models (GCMs): 1) Geophysical
Fluid Dynamics Laboratory Earth System Model 4 (GFDL-ESM4), 2) Institut Pierre-Simon Laplace Climate
Modeling System 6A-Low Resolution (IPSL-CM6A-LR), 3) Max Planck Institute Earth System Model 1.2—High
Resolution (MPI-ESM1-2-HR), 4) Meteorological Research Institute Earth System Model 2.0 (MRI-ESM2-0),
and 5) United Kingdom Earth System Model 1.0—Low Resolution (UKESM1-0-LL). Future projections were
generated for two time periods based on the multi-model ensemble (MME) mean of the selected GCMs: 2055
(2041-2070 average) and 2085 (2071-2100 average). This approach helped mitigate intermodel variability and
provided a more robust estimation of climate change impacts. Both current and future bioclimatic data were
derived from the coupled model intercomparison project phase 6 (CMIP6).

Model simulation and evaluation
Model calibration is crucial for constructing robust models to identify the optimal parameter combinations that
best represent the phenomenon through data fitting*!. We optimised the MaxEnt model parameters using the
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Fig. 1. Spatial distribution of occurrence records for N. hainanensis on Hainan Island. The administrative
boundaries were obtained from the Resource and Environment Science and Data Center of the Chinese
Academy of Sciences. The map of species distribution was generated using ArcGIS 10.8 (https://rj.taizlkj.cn/cst
[?s=arcgis&bd_vid=7243370671383874737).

‘kuenm’ R package*?. The model calibration process used the five available feature classes (FCs), namely, linear
(L), quadratic (Q), product (P), threshold (T), and hinge (H), and tested 31 types and combinations: L, Q, P, T,
H, LQ, LP, LT, LH, QP, QT, QH, PT, PH, TH, LQP, LQT, LQH, LPT, LPH, LTH, QPT, QPH, QTH, PTH, LQPT,
LQPH, LQTH, LPTH, QPTH, and LQPTH. The regularisation multiplier (RM) values were set from 0.1 to 4.0 at
0.1 intervals. The optimal parameters were determined based on statistical significance, predictive performance,
and model complexity. Statistical significance was evaluated based on a partial receiver operating characteristic
(ROC) curve analysis*®, predictive performance was assessed via omission rates*4, and model complexity was
quantified with the corrected Akaike information criterion (AICc). Model selection was also based on the
AICc, where the optimal parameter combination corresponded to the lowest AICc value (delta AICc=0)%.
The optimal feature types and regularisation multiplier for the final MaxEnt model were determined through
this optimisation process. The maximum number of background points was set to 10,000. Model calibration
utilised 75% of occurrence records, with validation and assessment of the model’s predictive accuracy utilising
the remaining 25%. Clamping settings were used during extrapolation to reduce uncertainties when the model
is projected into new environmental conditions that were not encountered during the training phase*®. Model
robustness was enhanced by performing 10 replicate runs with cross-validation, and the logistic output format
was selected, with all other parameters set to MaxEnt’s default values for consistency.

To mitigate stochastic variability and rigorously quantify model performance, we evaluated predictive
accuracy with the area under the receiver-operating characteristic curve (AUC) and true skill statistic
(TSS)*”. AUC interpretation followed established benchmarks: <0.70 represents poor performance, 0.70-0.80
represents acceptable performance, 0.80-0.90 represents good performance, and >0.90 represents excellent
performance®®*. For TSS, we adopted the standard 0.5 threshold: grid cells with predicted probability >0.5
were classified as present, whereas those < 0.5 were classified as absent?”>%51,

To investigate the role of environmental variables in modelling, the study employed two widely used
evaluation metrics in MaxEnt: percentage contribution (PC) and permutation importance (PI)*2-% PC
quantifies the contribution of a variable to the model’s regularised gain during training, while PI measures the
decrease in training AUC when the values of a variable are randomly permuted. Both metrics were normalised
to percentages for ease of interpretation. Higher values of PC or PI indicate greater variable importance in the
model®.
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Classification of current suitable habitats

The MaxEnt prediction results were visualised and processed using ArcGIS 10.8 (ESRI, Redlands, CA, USA),
where the data were converted to raster format and reclassified into habitat suitability categories. In the screening
model, the 10th percentile training presence logistic threshold (0.15), balance training omission, predicted area
and threshold value (TPT) (0.30), and maximum training sensitivity and specificity (MTSS) (0.45) were used
as classification thresholds. The output results of the MaxEnt model were then redivided into the following
four categories: not suitable (0-0.15), low suitability (0.15-0.30), moderate suitability (0.30-0.45), and high
suitability (0.45-1.0). The area of each suitability zone was calculated by counting the number of pixels and

converting them to actual surface area®®.

Dynamics in future suitable habitats

The 10th percentile training threshold was set as 0.15 for the logic rule, and the MaxEnt output was reclassified
into a binary grid (1=above 0.15, 0=below 0.15). The 10th percentile training presence logistic threshold
categorised fewer than 10% of the training presence locations as unsuitable habitat”. To further analyse the
distribution changes of N. hainanensis, we used SDMtoolbox and binary suitability data to examine range shifts
across Hainan Island under future environmental scenarios®®. Areas were quantified as expanded, contracted,
stable (unchanged regions), and unsuitable habitats. Additionally, changes in the geographic centroid of species
distribution were calculated to illustrate the dynamic shifts over the coming decades.

Results

Accuracy evaluation of model prediction

Among the 1240 candidate models, a single parameter combination was retained, as shown in Supplemental
Table S1 (regularisation multiplier = 1.9, feature class combination = QH). The optimal model exhibited a mean
AUC ratio of 1.726, a partial ROC of 0, an omission rate of 0.25, and the lowest adjusted AICc of 329.942.
Ten replicate runs yielded an average training AUC of 0.918+0.016 and TSS of 0.641 +0.003, thus confirming
the high predictive accuracy and reliability of the model for estimating the potential habitat suitability of N.
hainanensis.

Current distribution prediction and key environmental factors

Under current climate conditions, the suitable habitat for N. hainanensis was primarily located in the central
part of Hainan Island (Fig. 2). The total potential suitable habitat area was 11,092.14 km?, accounting for 32.75%
of Hainan Island. Specifically, high-suitability habitat covered 5053.59 km? (14.92%), and medium-suitability
habitat covered 2090.61 km? (6.17%). The medium-high-suitability habitat was predominantly found in the
central-southern region of Hainan Island, while the low-suitability habitat was mainly found in the northern
region (Fig. 2). The importance of the environment can be evaluated by the PC and PI values of the environment
variables. The three most significant bioclimatic variables and their PC and PI were as follows: elevation (Elev,
78.5% and 23.3%), annual average temperature (Biol, 12.3% and 60.0%), and non-forest vegetation coverage
(Non-forest 2.2% and 0.9%). The cumulative PC and PI values of these three variables reached 93.0% and 84.2%,
respectively (Table 1).
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Fig. 2. Simulated current habitat suitability for N. hainanensis in Hainan Island. These two maps were
generated using ArcGIS 10.8 (https://rj.taizlkj.cn/cst/?s=arcgis&bd_vid=7243370671383874737) based on
MaxEnt results.
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Elev 78.5 233
Biol 12.3 60.0
Non-forest | 2.2 0.9
Forest 1.9 0.7
Crop 1.6 9.2
Biol8 15 13
Bio2 0.9 1.5
Biol4 0.6 1.2
Biol5 0.4 1.4
Biol2 0.2 0.4

Table 1. Relative contribution rates and importance ranking of environmental factors.
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Fig. 3. Potential distribution changes of N. hainanensis from the present to 2085 under the climate scenarios
corresponding to the SSP1-2.6, SSP3-7.0 and SSP5-8.5 pathways. Maps were depicted using ArcGIS 10.8 (https:
/I1j.taizlkj.cn/cst/?s=arcgis&bd_vid=7243370671383874737) based on MaxEnt results.

Prediction of future suitable habitats of N. hainanensis on Hainan Island

Under future climate scenarios, the potential distribution areas of the three suitability classes (low, moderate,
and high) exhibited significant changes. By 2055, suitable habitats were projected to decline by 44.18%, 54.84%,
and 60.05% under the SSP1-2.6, SSP3-7.0, and SSP5-8.5 scenarios relative to the current conditions, respectively
(Fig. 3). Moreover, changes in the suitable habitat areas of the three paths were similar and mainly concentrated
in the northern and southeastern region of Hainan Island. By 2085, with increases in carbon dioxide emissions,
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Fig. 4. Dynamic changes of potential suitable habitat areas for N. hainanensis on Hainan Island under the
future climate scenarios. The map of dynamic changes of potential suitable habitat areas was depicted using
ArcGIS 10.8 (https://rj.taizlkj.cn/cst/?s=arcgis&bd_vid=7243370671383874737).

the suitable habitat area of N. hainanensis showed a dramatic reduction towards the central part of Hainan Island.
Particularly under the SSP5-8.5 climate scenario, the suitable habitat of N. hainanensis was nearly eliminated
(reduced by 89.79%) (Fig. 3).

Dynamic changes of the suitable habitat range of N. hainanensis under future climate
scenarios

Under the SSP1-2.6, SSP3-7.0 and SSP5-8.5 scenarios, the centroid of the of N. hainanensis habitat is projected to
shift consistently toward the south-western highlands of Hainan Island (Fig. 4). The magnitude of displacement
scales with radiative forcing: in the low-warming SSP1-2.6 scenario, the centroid migrates only modestly;
under the moderate-forcing SSP3-7.0 scenario, intensified warming and increasing extreme events drive an
intermediate relocation; whereas in the high-forcing SSP5-8.5 scenario, severe climatic stress imposes the largest
distributional shift, compelling the species to colonise increasingly remote, high-elevation refugia. Spatial
analysis indicates that the habitat range shifts under SSP5-8.5 were more pronounced than those under SSP1-2.6
and SSP3-7.0.

Discussion

The MaxEnt model avoids the subjectivity of mechanistic models and the difficulty in obtaining input
parameters of regression models, and it has higher prediction accuracy when dealing with a small number
of samples?>%¢. However, the prediction performance of the model is constrained by the spatial aggregation
degree of occurrence records. When these occurrence records are highly auto-correlated, the model overfits
spatially redundant signals, yielding an inflated prediction that extends well beyond true distributional limits of
the species®’. This study involved 38 distribution points of N. hainanensis and selected the most representative
and independent distribution points, thereby avoiding the problem of model overfitting. However, the potential
distribution of N. hainanensis in this study may be absolutely accurate due to the limited sample size. The
selection of environmental variables also determines the accuracy of the model’s prediction results®?. Although
environmental variables (climate data, altitude, and land cover data) were used to construct SDMs, additional
microhabitat variables (slope, aspect, air relative humidity, and soil, etc.) were not included. Thus, the models
may only approximate rather than precisely predict the species’ suitable habitats.

Furthermore, the resolution of climate data can affect the reliability of model prediction results®. This
study utilised CHELSA v2.1 (with a resolution of 1 km) climate data, which can provide a macroscopic climate
background for the islands. However, the coarse 1 km resolution smooths out the micro-climate gradients on
the islands, thereby increasing the difficulty of identifying key habitats, such as micro-refuges, and potentially
leading to incorrect predictions of the expansion or contraction of suitable areas in future scenarios. Based on
the above analysis, future research should enhance the accuracy of predicting the species’ spatial distribution
by supplementing species occurrence records, selecting more diverse environmental variables (especially
microhabitat factors), and incorporating higher-resolution climate and land cover data.

In the present study, the potential distribution range of N. hainanensis was modeled using the MaxEnt
and model performance was evaluated using two complementary metrics (AUC and TSS). The AUC values
exceeded 0.9 and TSS values exceeded 0.5. This indicates that the model predictions of the potential distribution
of N. hainanensis are highly accurate and thus and can provide a reference basis for formulating conservation
strategies for this species.

The study demonstrated that the suitable habitats for N. hainanensis are predominantly located in central
Hainan Island, which is highly consistent with historical distribution records from areas such as Jianfengling,
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Yinggeling, Wuzhishan, and Diaoluoshan and the counties of Baisha and Qiongzhong!®!7:¢4-%¢. Notably, the
medium and high suitability habitat areas were mainly located within the Hainan Tropical Rainforest National
Park in the central part of Hainan Island (Fig. 2). This pattern indicates that the species is highly dependent on
tropical rainforest ecosystems, with its survival depending on stable humidity, dense understory vegetation, and
specific food resources that are predominantly available in the park’s primary and secondary forests.

The species distribution model identified Elev as the primary driver of the potential range of N. hainanensis,
accounting for 78.5% of the PC. This highlights the species’ strong dependency on mid- to upper-montane forest
habitats in central Hainan (e.g. Wuzhishan, Limushan and Bawangling). However, the PI of Elev was only 23.3%,
indicating that its independent contribution to predictive accuracy is modest. The discrepancy arises because
elevation is strongly collinear with temperature and precipitation gradients; thus, the climatic variables capture
a substantial proportion of the ecological signal encoded by elevation.

Among climatic variables, Biol emerged as the critical constraint, with a PI of 60%). For an endothermic
small mammal, ambient temperature governs the energy consumption for maintaining body temperature and
significantly affects the activity budgets®”%%. Moderate montane temperatures therefore enhance the fitness
and reproductive output of N. hainanensis. Temperature also indirectly impacts its populations by affecting its
primary food source—Coleoptera insects'’—whose propagation and distribution are temperature-restricted®”°.
Notably, the PC of Biol was only 12.3%, signalling that temperature’s influence is not independent but rather is
largely mediated by elevation, with the two predictors jointly affecting the species’ potential distribution.

Under all three future climate scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5), the potentially suitable habitat
of N. hainanensis was projected to contract markedly. The magnitude of the habitat loss exhibited a pronounced
positive relationship with both radiative forcing intensity and temporal horizon. First, compared to the mainland,
the climate system of islands was more vulnerable to the effects of global warming’!. In the future climate
scenarios, the sensitivity of island climates amplified the pressure on habitat contraction’?”*. Consequently, even
the SSP1-2.6 scenario projected a 47.7% loss of climatically suitable habitat for N. hainanensis by 2085, whereas
SSP5-8.5 projected a reduction of almost 90% (Fig. 3). Second, as a tropical island, Hainan Island has a unique
climate characterised by high temperatures and high humidity, with significant vertical climate variations’*”>.
Due to elevation uplift, the high-altitude areas in the central region, due to the elevation uplift, have formed a
cool and humid mountain climate, which is suitable habitat of N. hainanensis. Future climate warming may
make cause some areas that were previously suitable for the species” survival to become unsuitable, resulting in
a reduction of suitable habitats and a migration toward higher latitudes or altitudes’®’%, However, the island’s
orographic ceiling (Wuzhishan peak=1,867 m) provides only limited upslope refuge; thus, habitat loss will be
severe. In addition, changes in the island’s climate (such as the intensification of extreme rainfall events occur
under the SSP5-8.5 scenario) may lead to habitat fragmentation or loss.

Based on these findings, the following management suggestions are proposed: 1) Conduct systematic field
surveys within and around Hainan Tropical Rainforest National Park to better understand the distribution of N.
hainanensis; 2) Reassess the conservation status of N. hainanensis, which was listed as an endangered species by
TUCN in 2015; 3) Prioritise the protection of the current core suitable habitats, focus on establishing ecological
reserves and connecting corridors in the high-altitude areas of central Hainan Island; 4) Concurrently advance
low-carbon development pathways such as implementing emission-reduction policies, accelerating energy
transitions, and alleviating long-term habitat pressure. These actions are crucial for the effectively conserving
this endangered species amid ongoing climate change.

Conclusion
This study shows that the current suitable habitats of N. hainanensis (accounting for 32.75% of the entire island)
are mainly distributed in central Hainan Island, such as Wuzhishan, Limushan, and Diaoluoshan. Elev and Biol
jointly act as the key environmental factors influencing the potential distribution of N. hainanensis. Under all
three future scenarios, the potential suitable habitats of N. hainanensis show a shrinking trend. In SSP1-2.6, the
annual average temperature fluctuates smoothly and most of the potential suitable habitats in the middle and
high-altitude areas are retained (47.67% of suitable habitats reduced by 2085). In SSP3-7.0, the imbalance of
social development exacerbates climate disturbances, resulting in a habitat shrinkage in 2085 (suitable habitats
reduced by 69.96%). In SSP5-8.5, unabated, high-end radiative forcing drives pronounced warming, culminating
in an 89.8% loss of habitat by 2085.

This study reveals the geographical distribution range and spatial change trend of the main population of
N. hainanensis under future climate conditions, and analyses the main environmental variables affecting its
distribution. These findings can provide reference support for the adaptive management of this species and
guidance for the subsequent research on the climate response mechanism of tropical island species.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
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