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Abstract

Background: The Inner Mongolia Autonomous Region, a key ecological barrier in northern China,
has recently experienced large-scale outbreaks of Galeruca daurica, a pest beetle, largely driven by
climate change and grassland degradation. Assessing its potential geographic distribution under
current and future climate scenarios is critical for ecological risk assessment and targeted pest
management. Methods: We used the Maximum Entropy (MaxEnt) modeling approach to predict the
potential distribution of G. daurica across Inner Mongolia. A total of 122 occurrence records, combined
with climatic, topographic, and edaphic variables, were analyzed. Model performance was evaluated
using the area under the receiver operating characteristic curve (AUC), and habitat suitability was
categorized into four classes: unsuitable, low, moderate, and high. Future distributions were
projected under three Shared Socioeconomic Pathways (SSP1-2.6, SSP2-4.5, SSP5-8.5) for the 2050s
and 2070s. Results: The model demonstrated high predictive accuracy (AUC > 0.9). The most
influential environmental predictors were precipitation of the wettest month (39.6%), annual
precipitation (24.0%), and annual temperature range (8.2%). At present, suitable habitats cover
approximately 44.9% of Inner Mongolia, mainly concentrated in arid and semi-arid zones. Under
future climate scenarios, the extent of suitable habitat is projected to decline, with the most
pronounced reduction occurring under SSP2-4.5 (a 23.56% decrease by the 2070s). A northward shift
in the distribution centroid is also anticipated. Conclusions: The distribution of G. daurica is strongly
regulated by climatic factors, particularly precipitation and temperature variability. Climate change
is likely to contract its suitable range and drive a latitudinal shift. These findings provide a scientific
basis for developing early warning systems, guiding pest management strategies, and informing
ecological monitoring in climate-sensitive grassland ecosystems. Future studies should integrate
biotic interactions and anthropogenic influences to improve model robustness.

Keywords: Galeruca daurica; MaxEnt; habitat suitability modeling; climate change; pest risk
assessment; Inner Mongolia

1. Introduction

The Inner Mongolia Autonomous Region is characterized by a distinct ecological gradient, with
mean annual precipitation decreasing from east to west (150-400 mm) and vegetation transitioning
from meadow steppes in the east to desert steppes in the west [1-3]. This arid and semi-arid
environment provides suitable conditions for grassland pests, while ongoing grassland degradation
and desertification further disrupt ecological balance and weaken natural predator control,
contributing to frequent pest outbreaks [4,5].
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The Galeruca daurica belongs to the order Coleoptera, family Chrysomelidae, and subfamily
Galerucinae Its larvae primarily feed on the leaves of Allium species (Liliaceae), such as Mongolian
onion (Allium mongolicum),many-rooted onion (Allium polyrhizum), and wild leek (Allium
ramosum), and may severely damage roots in extreme cases [6]. This pest is native to Mongolia,
Russia, North Korea, and South Korea, and is widely distributed in China’s Inner Mongolia, Xinjiang,
and Gansu [7].In recent years, influenced by global warming and grassland degradation, Galeruca
daurica experienced its first large-scale outbreak in the grasslands of Inner Mongolia in 2019,
emerging as a major pastoral pest [8]. Affected regions include Hulunbuir, Xing’an League, Xilingol
League, and Ulanqgab [8]. Thus, projecting its potential distribution under future climate scenarios is
vital for ecological risk early-warning and pest management.

There is a close relationship between species distribution and the environment. Climatic factors
have a great influence on species distribution [9].Elucidating the mechanisms of interaction between
organisms and their living environment is an essential prerequisite for understanding the ecological
adaptive characteristics of species and the patterns of their geographical distribution [10].The spatial
distribution pattern of species is the result of the combined effects of bioclimatic factors, community
succession processes, and human disturbance activities. These elements together shape the ecological
suitability of habitats and directly affect the species’ potential for continued survival [11].With the
intensification of global warming, many plant and animal species are gradually migrating to higher
latitudes or altitudes [12,13]. In response to the impacts of climate change, numerous species are
continuously shifting toward habitats with more suitable climatic conditions, leading to dynamic
changes in their geographical distribution ranges [14].Besides climate, topographic factors (e.g.,
elevational gradients) and soil properties (including physicochemical characteristics) also influence
the geographical distribution patterns of insects. Altitudinal variation acts as an ecological barrier by
restricting species’ dispersal capacity, while soil pH, organic matter content, and porosity directly
affect oviposition site selection, larval development, and microbial symbiosis in insects. Furthermore,
human activities such as urbanization and deforestation can significantly alter insect habitats, leading
to shifts in their distribution ranges [15]. The combined effects of these factors drive the formation of
species’ geographical distribution patterns and their responses to environmental changes.

The Maximum Entropy (MaxEnt) model is widely recognized for its robust predictive
performance in species distribution modeling, particularly with limited occurrence data [16,17]. Its
principle involves estimating the probability of species occurrence by maximizing entropy subject to
environmental constraints derived from known presence locations [18]. In this study, the model was
applied to integrate multi-dimensional environmental variables—including climatic, topographic,
and notably soil factors—to enhance prediction accuracy. Furthermore, comparative analyses under
multiple climate scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) were conducted to project
spatiotemporal shifts in habitat suitability [19,20]. This approach offers improved mechanistic insight
into the species’ ecological niche and potential range dynamics [21].

This study collected and screened geographical distribution data of Galeruca daurica, combined
with relevant environmental variables, and employed the Maximum Entropy (MaxEnt) model to
predict its potential suitable habitats in Inner Mongolia under current and future climate conditions.
The research further examined the impact of contemporary and future climate change on its
distribution, aiming to address the following questions: (1) the potential suitable habitat distribution
of G. daurica in Inner Mongolia under current climate conditions; (2) changes in its potential suitable
habitats under future climate scenarios; and (3) the relationship between the beetle’s potential
geographical distribution and environmental factors in Inner Mongolia. The findings provide a
theoretical foundation and scientific support for ecological early warning and pest control strategies
in the region.

2. Materials and Methods

2.1. Species Occurrence Data and Preprocessing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Occurrence records of Galeruca daurica were compiled from field surveys conducted during
June—-August of 2022 and 2023 in Inner Mongolia. To mitigate potential model overfitting caused by
spatial autocorrelation, the initial 148 occurrence points were processed using ENM Tools v1.4. A
total of 26 spatially redundant points were removed, resulting in 122 unique and spatially
independent records retained for model calibration.

2.2. Environmental Variables

A total of 36 environmental variables were initially considered, including:

19 bioclimatic variables (current and future) from the WorldClim database under three Shared
Socioeconomic Pathways (SSP1-2.6, SSP2-4.5, SSP5-8.5) for the mid-century (2041-2060) and late-
century (2061-2080) periods,

3 topographic variables (elevation, slope, and aspect), and

14 soil variables obtained from the Harmonized World Soil Database (HWSD).

To reduce multicollinearity among predictors and improve model parsimony, pairwise Pearson
correlations were calculated. If the absolute correlation coefficient between two variables exceeded
0.8, the variable with the lower contribution to the model was excluded. Additionally, only variables
with contribution rates >0.5% were retained [22-24]. Following this two-step screening, 12
environmental predictors were selected for final model construction.

2.3. Model Construction and Evaluation

MaxEnt v3.4.4 was employed to model the current and future distributions of G. daurica. The 122
occurrence records and 12 selected environmental variables were input into the model [25,26]. Data
were randomly partitioned: 75% for training and 25% for testing. The model was set to run for a
maximum of 10,000 iterations with 10 replicates. Output was generated in “logistic” format with
default settings [27,28].

Model performance was evaluated using the area under the receiver operating characteristic
curve (AUC). AUC values >0.9 indicate excellent predictive performance [29,30]. Variable importance
was assessed using the built-in Jackknife test and response curves.

2.4. Habitat Suitability Classification

Habitat suitability was classified using the Jenks natural breaks method in ArcGIS. Predicted
suitability values (P) were categorized as:

Non-suitable (P <0.1),

Low suitability (0.1 <P <0.27),

Medium suitability (0.27 <P < 0.48), and

High suitability (P > 0.48).

Each habitat class was visualized, and the area of each suitability zone was quantified using the
Reclassification and Zonal Statistics tools [31,32].

3. Results
3.1. Model Performance

The MaxEnt model demonstrated robust predictive power under both current and future
climate scenarios. All models achieved AUC values exceeding 0.90 (Table 1, Figure 1), indicating high
model reliability and accuracy in predicting G. daurica’s habitat suitability.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. ROC curve of MaxEnt-predicted distribution for Galeruca daurica.

Table 1. AUC values of MaxEnt-predicted distribution for Galeruca daurica.

Current 2050s 2070s
climate — SSP1-2.6 SSP2-45 SSP5-85 SSP1-2.6 SSP2-45  SSP5-8.5
scenario
AUC 0928 0924 0928 0930 0933 0923 0.921

3.2. Key Environmental Drivers

Among the 12 environmental predictors, the three most influential were:

Precipitation of the wettest month (bio13) — 39.6% contribution,

Annual precipitation (bio12) — 24.0%,

Annual temperature range (bio7) — 8.2%,

These top predictors contributed a cumulative 71.8% to the model. Other relevant variables
included subsoil clay content, sand content, mean annual temperature, and precipitation of the driest
quarter. Jackknife analyses further confirmed the critical role of biol3 and bio12, both achieving AUC
values >0.8 when used in isolation (Figure 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Jackknife test of the contributions of key environmental factors.

3.3. Response Curve Analysis

Response curves (Figure 3) indicated the optimal ecological ranges for G. daurica occurrence:

Precipitation of the wettest month: 51-82 mm, with maximum presence probability (0.66) at 62
mm.

Annual precipitation: 180-300 mm, optimal at 240 mm.

Annual temperature range: 48.5-54.7°C, optimal at 52°C.
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Figure 3. Response curves of key environmental variables.

3.4. Current Potential Distribution

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Under current climate conditions, G. daurica’s suitable habitat in Inner Mongolia encompasses
approximately 531,300 km?, or 44.9% of the region:

High suitability: 117,500 km? (9.9%),

Moderate suitability: 149,200 km? (12.6%),

Low suitability: 264,600 km? (22.4%).

High-suitability areas are concentrated in the central-western region, notably the Ordos Plateau,
Hetao Plain, and parts of Xilingol League and Ulanqab (Figure 4).
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Figure 4. Potential suitable habitat distribution of Galeruca daurica in Inner Mongolia under current climatic
conditions.

3.5. Future Habitat Shifts

Climate projections suggest notable spatiotemporal changes in habitat suitability:

SSP1-2.6: slight short-term expansion in the 2050s (835,100 km?), followed by a decrease by the
2070s (782,300 km?).

SSP2-4.5: steady contraction to 486,300 km? by 2070s (23.56% of Inner Mongolia).

SSP5-8.5: an initial decline followed by moderate rebound (801,000 km? in the 2070s).

Overall, a northward shift in high-suitability areas is observed under all scenarios, with
fragmentation of medium- and low-suitability zones (Figures 5-6, Table 2).
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Figure 5. Potential suitable habitat distribution of Galeruca daurica in Inner Mongolia under future climate

conditions.
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Figure 6. Changes in suitable habitat distribution patterns of Galeruca daurica under different climate scenarios.

Table 2. Suitable habitat area of Galeruca daurica under current and future climate conditions. Unit: X10* km?

Circumstances Low Suitable = Medium Suitable High Suitable All

Current 26.45 14.92 11.76 53.13
2050-126 21.05 16.41 14.35 51.81
2050-245 20.61 11.65 3.59 35.85
2050-580 23.12 9.17 3.3 35.59
2070-126 25.36 13.26 6.91 45.53
2070-245 17.67 6.99 3.17 27.83
2070-585 24.31 15.35 6.84 46.5

3.6. Centroid Migration

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The current centroid of G. daurica’s suitable habitat is located in Sunite Right Banner, Xilingol
League (112.7390°E, 43.1234°N). Under future climate scenarios, this centroid is projected to shift
northward, with the most pronounced movement (183.6 km) under SSP1-2.6 by the 2050s (Figure 7,

Table 3).
N o
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Figure 7. Centroid shift trajectory of Galeruca daurica suitable habitats under future climate scenarios.

Table 3. Centroid coordinates and shift distances of Galeruca daurica suitable habitats under future climate

scenarios.

Stage Longitude Latitude Migration distance(km)
SSP1-2.6-2050S 111.7907 43.2791 183.64
SSP1-2.6-2070S 109.7002 42.4163 27.27
S5P2-4.5-2050S 111.5007 43.3661 112.73
SSP2-4.5-2070S 112.4735 43.9228 47.27
SSP5-8.5-2050S 110.7691 43.4158 122.73
SSP5-8.5-2070S 111.8278 43.3025 121.82

4. Discussion

Insects, as poikilothermic organisms, have body temperatures that are largely dictated by
ambient environmental conditions. Consequently, temperature and moisture availability are key
climatic determinants of their development, reproduction, behavior, and survival [33]. Water not
only supports basic physiological functions such as metabolism and excretion but also plays a central
role in hormone transport and signal transduction [34]. These physiological dependencies render
insects highly sensitive to climatic fluctuations [35]. The combined effects of temperature and
precipitation operate via both direct (physiological) and indirect (habitat structural) mechanisms,
ultimately shaping habitat suitability and determining the spatial distribution of insect populations
[36-38].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Our results confirm that temperature and precipitation are the most critical environmental
variables governing the distribution of Galeruca daurica. Among the 12 environmental predictors
used in the MaxEnt model, precipitation of the wettest month (bio13), annual precipitation (bio12),
and annual temperature range (bio7) together accounted for 71.8% of the cumulative contribution to
habitat suitability. These findings are consistent with previous studies and highlight G. daurica’s
strong ecological affinity for semi-arid to arid climates [39]. Response curve analysis further revealed
that the beetle favors environments with lower precipitation levels, which likely reduce physiological
stress associated with excessive humidity during its larval and pupal stages. Additionally, the
suitable annual temperature range for the beetle’s development was estimated at 48.5-54.7°C (bio?7),
a range known to influence key life-history traits such as larval development rate and diapause
termination.

Climatic variables also exert indirect control over beetle distribution by influencing the
phenology, nutritional quality, and spatial availability of host plants, primarily Allium mongolicum
and related species. Previous studies have shown that temperature and precipitation changes affect
host plant biomass and chemistry, which in turn modulate herbivore fitness, survival, and dispersal
capacity [40-42]. Therefore, shifts in the climatic niche of G. daurica may reflect both direct
thermohydric limitations and indirect host-plant-mediated constraints.

Under current climate conditions, G. daurica’s high-suitability habitats are concentrated in the
temperate arid and semi-arid belt between 110°E and 120°E. These regions are characterized by
abundant solar radiation, sandy soils, sparse vegetation structure, and low annual precipitation—
conditions that support the species’ xerophytic life-history strategy. Central Inner Mongpolia,
including parts of the Ordos Plateau and Xilingol League, hosts contiguous high-suitability zones
due to the co-occurrence of favorable abiotic factors and abundant host plant resources. In contrast,
regions west of 100°E are constrained by higher soil clay content and slightly increased precipitation,
while high-latitude zones (near 50°N) remain largely unsuitable due to thermal limitations.

Climate change projections reveal a general contraction of suitable habitat area for Galeruca
daurica, particularly under moderate- to high-emission scenarios (SSP2-4.5 and SSP5-8.5). This
contraction is driven by both climatic mechanisms and exacerbated by current grassland utilization
patterns. Specifically, the following processes interact with regional grazing intensity and
degradation-recovery dynamics:

Increased precipitation: Projected rises in precipitation exceed the species” optimal hydrological
thresholds, especially during the wettest month, reducing habitat suitability. This effect may be
intensified in overgrazed or degraded grasslands, where reduced vegetation cover and compromised
soil structure alter water infiltration and retention, further disrupting the microhabitat conditions
required by G. daurica.

(2) Elevated temperatures: Warmer conditions disrupt critical physiological processes such as
diapause termination, which depends on sufficient cold accumulation. In degraded grasslands with
reduced plant biomass and lower litter cover, thermal buffering capacity is diminished, potentially
amplifying temperature stress and impairing embryonic development. Consequently, range
persistence may be further limited in areas subject to high grazing pressure and slow ecological
recovery.

These findings highlight the importance of integrating grassland management practices—such
as restoring degraded areas and regulating grazing intensity —into climate adaptation strategies to
mitigate future habitat loss and suppress potential pest outbreaks.

Geographically, our analysis suggests a shift characterized by northward migration and inland
westward expansion, with contraction in the southern and eastern regions. Notably, western regions
such as the Alxa Plateau and western Bayannur—traditionally arid —may become newly suitable
habitats due to intensified aridification under future climate regimes. This finding is consistent with
ecological niche theory, which predicts poleward or altitudinal range shifts under warming scenarios.
Conversely, the eastern belt, despite historically supporting large populations, may experience
significant suitability loss due to altered precipitation regimes and intensified land-use activities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Under all SSP scenarios, the centroid of suitable habitats shifts toward higher latitudes,
supporting the hypothesis of climate-driven redistribution. Particularly under SSP2-4.5 and SSP5-8.5,
habitat fragmentation and reduced connectivity may pose additional risks to population persistence.
These findings underscore the necessity for region-specific pest risk assessments and adaptive
management plans.

It is recommended that ecological monitoring and early-warning systems be enhanced in newly
emerging high-risk areas, particularly in western Inner Mongolia. Simultaneously, ongoing habitat
degradation and potential pest collapse in eastern regions require sustained attention to avoid
ecosystem-level instability due to secondary pest outbreaks or trophic imbalances.

5. Conclusions

This study employed the MaxEnt modeling approach to assess the current and future potential
distribution of Galeruca daurica in Inner Mongolia. The results demonstrate that the beetle’s suitable
habitats are primarily influenced by precipitation of the wettest month, annual precipitation, and
annual temperature range, highlighting its strong sensitivity to climate variability. Presently,
approximately 44.9% of Inner Mongolia is classified as suitable habitat, with the most favorable zones
located in the arid and semi-arid landscapes of the central and western regions.

Under future climate scenarios, particularly SSP2-4.5, the total area of suitable habitats is
projected to decline significantly —to 23.56% by the 2070s —accompanied by a consistent northward
shift in habitat centroid. These spatial trends indicate that G. daurica’s future distribution will be
increasingly constrained by rising temperatures and altered precipitation regimes. Such changes may
further disrupt the beetle’s host plant interactions and physiological performance, ultimately
reshaping pest dynamics at the regional scale.

This study provides critical scientific evidence to support ecological risk forecasting, pest
management planning, and policy formulation under climate change. However, the modeling
framework was limited to abiotic predictors (climate, soil, and topography) and did not account for
biotic interactions (e.g., predator-prey dynamics, plant-insect feedbacks) or anthropogenic
disturbances (e.g., grazing, land use change). Future research should integrate these dimensions to
improve model realism and enhance predictive accuracy for sustainable pest management in
grassland ecosystems.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1. Lists the 34 environmental variables used in the modeling process.
Table S2. The Pearson correlation coefficient between environmental factors and Galeruca daurica. Table S3:
Suitable environmental variable ranges for the potential distribution of G. daurica. Table S4. Percentage
contribution and ranking of environment variables in Maxent model. Table S5. Area of potential suitable habitat
in different periods.
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