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suitable habitat prediction of
Ceracris kiangsu (Orthoptera:
Arcypteridae) under climate
change- a case study of China

and Southeast Asia
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Ceracris kiangsu (Orthoptera: Arcypteridae), is greatly affected by climatic factors and exhibits strong
adaptability, posing a serious threat to the ecological environment. Therefore, predicting its potential
suitable habitat distribution provides a proactive theoretical basis for pest control. This study using
the Biomod2 package of R simulated and predicted the current and future potential distribution,

area changes, changes in the center points of suitable habitats, and niche shifts of C. kiangsu under
two different greenhouse gas emission scenarios, SSP1-26 and SSP5-85. The results show that: (1)
Currently, the high suitability areas for C. kiangsu are mainly distributed in Yunnan, Jiangxi, Hunan
provinces in southern China and phongsaly province in northern Laos. In the future, the center of

the suitable habitat distribution pattern of C. kiangsu will remain unchanged, primarily expanding
outward from medium and high suitability areas. Additionally, significant suitable habitats for C.
kiangsu were discovered in Southeast Asian countries without previous pest records. (2) Compared

to the present, the overall suitable habitat area for C. kiangsu is expected to expand, particularly
under the SSP5-85 climate change scenario. (3) In the SSP1-26 and SSP5-85 climate scenarios, the
geometric center of the suitable habitat generally shows a trend of gradually shifting northeast. (4)
Under different climate scenarios, the suitable habitat of C. kiangsu has highly overlapping, indicating
that the suitable habitat of C. kiangsu in the invaded areas is broader than in its native regions. In
conclusion, the research findings represent a breakthrough in identifying the potential distribution
areas of C. kiangsu, which is of great practical significance for the monitoring and control of C. kiangsu
pest infestation in China and Southeast Asian countries.
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Global climate change represents one of the foremost challenges facing modern society'. As ectothermic
organisms, insects rely entirely on external temperatures for their growth, development, and various physiological
activities>. A Warming climate accelerates the developmental rate of insects throughout all life stages in all
periods. It has been observed that the developmental period of each life stage of Acanthoscelides obtectus
(Coleoptera: Bruchidae) shortens with increasing temperatures, and a positive correlation between developmental
rate and temperature has been established’. A study investigating the impact of climatic conditions in China on
the flight behaviour of S. gregaria (Orthoptera: Acrididae) found that extreme weather events, such as tropical
cyclones, have created favorable conditions for the migration of S. gregaria towards the southern Tibetan
border of China, thereby posing significant risks to agricultural and ecological systems*. Luo et al.” sought to
examine changes in the suitable habitats of Calliptamus italicus (Orthoptera: Oedipodidae) and Gomphocerus
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sibiricus (Orthoptera: Acrididae) under the influence of global climate change in Xinjiang, China®. Climate
and geographical distribution data were combined with the CLIMEX model? to verify that rising temperatures
have expanded the suitable habitats of these two locust species, facilitating their invasion and settlement in new
territories, with their distributions extending to higher latitudes and altitudes®. In summary, insects exhibit high
sensitivity to changes in ambient temperature of their environments®. Consequently, elucidating the causes and
mechanisms through which climate change drives the gradual expansion or contraction of suitable habitats for
insects is a crucial objective in the field of ecology*.

Ceracris kiangsu (Orthoptera: Arcypteridae) is a polyphagous pest commonly referred to as the bamboo
locust®. C. kiangsu has a varied diet, consumes substantial quantities of plant material, and inflicts damage
over an extended period. Infestation of this pest primarily occur from late May to September each year, with
the egg-laying period extending from late August to early October. The eggs overwinter in the soil’. C. kiangsu
primarily damages moso bamboo (Gramineae: Phyllostachys) and other Gramineae plants®. It predominantly
feeds on the leaves of the aforementioned plants, creating variously shaped notches. In severe infestations, it
can completely consume the leaves, resulting in irreversible damage and causing the plants to appear fire-yellow
from a distance (Fig. 1)°.
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Figure 1. (a) Geographic distribution records of C. kiangsu; (b,c) scene of locust infestation: Yot Ou County,
Phongsaly Province, Laos.
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Historical records indicate that since 1368 A.D., southern China has faced infestations of C. kiangsu, resulting
in significant economic losses'. Surveys reveal that since 2015, provinces such as Phongsaly and Luang Prabang
in Laos have been inundated by C. kiangsu, which has severely impacted the growth of bamboo, Musa basjoo
and other Gramineae plants'"'?. In Phongsaly Province, the infestation primarily concentrated in Yot Ou, Boun
Neua, and Phongsaly counties, affecting an area exceeding 40.4685 km?. The pest density was immeasurable, and
the impact was severe. In 2018, C. kiangsu began migrating on a small scale to Jiangcheng County in Yunnan
Province. By 2020, a large-scale invasion into the Chinese border commenced'>'*. From 2020 to the present,
Jiangcheng County in China has observed C. kiangsu migrating from the China-Laos border, resulting in varying
degrees of locust infestations in areas such as Menglie Town, Niuluo River Nature Reserve, and Huangjiang
Ridge. The cumulative affected area totals 80.319 km?, with direct economic amounting to 19.4 million yuan.
The damage initially manifested as localized outbreaks and progressively spread to adjacent areas'?.

Species Distribution Models (SDM) employ statistical or machine learning algorithms to predict the
spatial probability of species presence or habitat suitability, based on occurrence records and environmental
variables'>™". Previous studies have predicted and evaluated the distribution of C. kiangsu using only a single
model, the Maximum Entropy model (MaxEnt). These studies primarily focused on China and overlooked
the impacts of C. kiangsu in neighboring countries on the ecological environments of both local and Chinese
borders'"!*. The "Biomod2" package is an integrated platform in R for species distribution modeling®. The
platform utilizes multiple modeling techniques to create ensemble models, which effectively reduce the biases
inherent in individual models?’. Biomod2 predictions are generally more accurate than those produced by
MaxEnt?. Therefore, in this study, we expanded the study area and employed Biomod2?' to predict the current
and potential future geographic distribution, areas of overlap under climate change, and the ecological niche
dynamics of C. kiangsu in China and Southeast Asia. This approach offers a theoretical foundation for enhancing
our understanding and monitoring of the biological invasion of C. kiangsu, and supports early warning and
integrated control measures. It is crucial for disaster prevention and risk assessment.

Materials and methods

Data source and processing

Data source and processing of distribution points of C. kiangsu

The distribution data of C. kiangsu were collected from multiple surveys including field surveys conducted in
Jiangcheng County, China, and Yot Ou County, Laos; the Global Biodiversity Information Facility (GBIF, https://
doi.org/10.15468/390mei); and scholarly literature'”-**-*". Using ENMtools, we eliminated duplicate samples as
per Wang et al.’!, resulting in 284 unique distribution points (Fig. 1) and thereby minimizing clustering effect
errors during the modeling process.

Data acquisition and screening of environmental factors

Future climate scenarios encompass four Representative Concentration pathways (RCPs): SSP1-26, SSP2-45,
SSP3-70, and SSP5-85. This study predominantly utilized SSP1-26 and SSP5-85, which correspond to low and
high greenhouse gas emission scenarios, respectively. Regarding future climate scenarios, most studies have
relied on the Coupled Model Intercomparison Project Phase 5 (CMIP5); however, the latest CMIP6 version
demonstrates significantly higher climate sensitivity*’. The CMIP6 model simulations align more closer with
observational data, reducing uncertainty and permitting a more comprehensive exploration of future climatic
outcomes. Different scenarios imply varied impacts of socio-economic and technological developments on
radiative forcing®. SSP1-26 and SSP5-85 are updated scenarios corresponding to RCP2.6 and RCP8.5, which
represent radiative forcing stabilization at 2.6 W/m-2 and 8.5 W/m-2 by the year 2100, respectively’>*. These
scenarios are frequently employed to assess species distribution under projected future conditions.

Climate environmental factors for the present, 2050s, and 2090s were sourced from the WorldClim Version
2.0 database (http://www.worldclim.org), from which 19 bioclimatic variables, Biol to Biol9, were downloaded.
These variables encompass annual mean temperature, mean diurnal range, isothermality, temperature seasonality,
maximum temperature of the warmest month, minimum temperature of the coldest month, annual temperature
range, mean temperature of the wettest quarter, driest quarter, warmest quarter, coldest quarter, annual
precipitation, precipitation of the wettest month, driest month, precipitation seasonality, and precipitation of
the wettest, driest, warmest, and coldest quarter.

To eliminate multicollinearity and validate the authenticity of environmental factors, we utilized principal
components analysis (PCA) to conduct a correlation analysis of the 19 environmental variables, taking into
account the survival conditions of C. kiangsu. This step is crucial because multicollinearity among environmental
variables can result in model overfitting and adversely affect prediction outcomes***. In the principal component
analysis of each indicator, the principal (PCA) of each indicator, principal components were identified based on
a cumulative contribution of 80% or higher***. Finally, four environmental factors were selected: bio_02 (mean
diurnal range of temperature), bio_05 (max temperature of the warmest month), bio_08 (mean temperature of
the wettest quarter), and bio_14 (precipitation of the driest month) (Fig. 2).

The world administrative map was obtained from the National Earth System Science Data Center, a part of
the National Science & Technology Infrastructure of China (http://www.geodata.cn). Finally, the resolution of
all environmental variables was standardized to 2.5 arc-minutes.

Biomod2 model construction

SDMs are widely employed to predict potential distributions across various scales, from global species diversity
patterns and regional landscape-scale invasive species spread to local population distribution simulations®**’.
Commonly applied SDM algorithms include Generalized Linear Models (GLM), Maximum Entropy Model
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Figure 2. Principal component analysis(PCA) of environmental factors.

(MaxEnt), Artificial Neural Networks (ANN), Random Forests (RF), among others.?*>>3, These models
frequently link species distributions to climate data to elucidate variations in distributions and the critical
environmental variables that determine species distribution patterns®. However, due to the multitude of species
distribution models, their differing perspectives, and their respective strengths and weaknesses, achieving
accurate predictions with a single model in challenging™®. Integrating the predictive outputs of various models
into an ensemble model can significantly enhance predictive accuracy®®5>%,

The Biomod2 ensemble model integrates ten widely used SDM algorithms, including Generalized Linear
Models (GLM), Generalized Additive Models (GAM), Artificial Neural Networks (ANN), Random Forests (RF),
and Maximum Entropy Models?'***”. When obtaining real data is challenging, SDMs use randomly generated
pseudoabsence (background or implied absence) data from the study area to extract available environmental
information. This method is known as the pseudoabsence allocation method'>!¢. Biomod2 is an integrated
platform for implementing SDM. It leverages modeling and classification techniques, including statistical and
machine learning algorithms, to establish relationships between species and environmental variables. This
platform is employed to predict the habitat suitability of species in geographical space?****. Compared to single
models, Biomod2 results are more objective and repeatable, independent of expert experience. They integrate
species niche information, yield more accurate predictions, and can incorporate and analyze a greater number
of environmental varjables?"*°.

Therefore, this study utilized the R package "Biomod2" to predict the current and future distribution of
C. kiangsu in Asia, accounting for environmental factors and shifts in geometric center points and ecological
niches. The primary operational approach of Biomod2 involves involves initially using the ten models provided
by the package for individual model construction. A model demonstrating superior individual performance is
selected as the foundational model. Subsequently, Biomod2 is employed to integrate and process this model,
yielding a composite model framework*'. Ultimately, the optimal combination model algorithm is applied to
derive the ensemble model outcomes. Specifically, for each modeling process, 75% of distribution records were
randomly selected as the training dataset, and the remaining 25% were designated as the test dataset, with the
division between training and testing data repeated five times. Additionally, 1000 pseudo-absence points were
randomly selected, repeated three times, resulting in 240 models. After evaluating the accuracy of the models

generated by the eight algorithms, those with AUC values>0.9 and TSS values > 0.8 were selected, including
ANN, Classification Tree Analysis (CTA), Flexible Discriminant Analysis (FDA), Gradient Boosting Machine

(GBM), and RF*-#,
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Model accuracy

Model performance was evaluated using the area under the curve (AUC) and true skill statistics (TSS) metrics*'.
Both AUC and TSS range from 0 to 1, with higher values denoting greater accuracy of the model outcomes*.
An AUC value between 0.8 and 0.9 indicates a good model prediction; while an AUC> 0.9 suggests high model
precision, accurately reflecting the potential distribution of the species'!. TSS is recognized for maintaining the
advantages of Kappa concerning occurrence rate, sensitivity, and specificity in species distribution predictions,
while avoiding its unimodal dependence on occurrence rate*'. TSS values between 0.55 and 0.7 suggest average
prediction outcomes; values from 0.7 to 0.85 indicate good prediction performance; and TSS > 0.85 signifies high
model precision, accurately reflecting the potential distribution of the species*!~*4.

Spatial patterns of C. kiangsu in the present and future

Based on the model simulation results, ASCII raster layers were generated using suitability values (S, ranging
from 0 to 1) to represent the potential presence of C. kiangsu. According to the species existence probability
by IPCC-CMIP5 (IPCC 2014), the suitable habitats were classified into four categories: highly suitable areas
(0.7<P<1.0), moderately suitable areas (0.5<P <0.7), less suitable areas (0.3 <P <0.5), and unsuitable areas
(0.0<P<0.3). The areas of these habitat types were subsequently calculated for each period®.

Migration of potential geographic distribution center and overlapping geographic distribution
areas

The shifts in the potential geographic distribution center of C. kiangsu under current and future climate scenarios
were determined using SDM tools. The SDM toolbox was utilized to analyze the migration of the potential
geographic distribution center of C. kiangsu under various climate scenarios. The "Quick Re-classify to Binary"
tool was employed to convert the raster data of suitable and unsuitable areas under various climatic conditions
into binary data (1 and 0). The "Centroid Changes (Lines)" tool was employed to calculate the displacement of
the geometric center of the predicted distribution across different periods, detecting the overall trend in the
distribution area of C. kiangsu®.

Ecological niche comparison

The ecological niches of C. kiangsu in its native and invaded habitats were delineated. Initially, the ecoshot
package in RStudio, combined with methodologies form used in related literature®”, was utilized to compare
ecological niche changes under varying conditions between the native and invaded areas®’. A PCAenv analysis
was conducted using bioclimatic variables associated with C. kiangsu. Subsequently, the ecospit package was
used for 1000 iterations of climate ecological niche similarity testing in both directions (native <> invaded areas).
If the observed ecological niche similarity value was significantly lower than the niche overlap value (P <0.05),
the null hypothesis of ecological niche similarity was accepted®. Finally, based on these results, the ecological
niche differences of C. kiangsu were ascertained, including the extent of niche overlap and the range of overlap,
comparing the degree of ecological niche overlap between its native and invaded areas*"*>.

Results

Model prediction accuracy

In this study, all six species distribution models demonstrated high predictive performance, with ROG and TSS
values exceeding 0.65, indicating that all models exhibited good or better performance. Specifically, the GLM
model had the lowest predictive performance, with a ROC value of 0.86 and a TSS value of 0.655. The ANN,
FDA, CTA models demonstrated higher predictive performance, each with a ROC value of 0.96 and a TSS value
of 0.85, which were superior to the GLM model, though the performance differences among these three models
were relatively small. The RF and GBM models exhibited the best prediction performance, with ROC values
nearing 0.99. The TSS value for the RF model was 0.94, which is significantly higher than that of the GBM model
(0.91). In summary, the SDMs constructed using the six modeling algorithms in this study showed overall good
prediction accuracy, though with some differences. The RF model had the best overall performance, followed by
the GBM model (0.94), and the GLM model (0.85). The RF model had the best overall performance, followed by
the GBM, ANN, CTA, and FDA models, with the GLM model exhibiting the lowest predictive accuracy compared
to the above models. This indicates that the ensemble model is more accurate and reliable for predicting the
potential distribution of C. kiangsu in China and Southeast Asian countries.

Analysis of the response curves of environmental variables

Using the Biomod2 platform, we calculated the contribution of each environmental factor to the modeling process
and observed that different models utilize distinct set of factors. Furthermore, the impact of different factors
on the models varies significantly. Using the optimal combination model, we investigated the environmental
variables influencing the distribution of C. kiangsu (Fig. 3). The mean diurnal temperature range suitable for
locust distribution in between 4 and 19 °C, with the optimal range being between 9 and 13 °C. C. kiangsu prefers
areas with larger diurnal temperature variations, which are beneficial for its feeding, reproduction, and other
life history activities. The maximum temperature of the warmest month suitable for locust distribution ranges
from 15 to 40 °C, with the optimal range between 25 and 35 °C. Locusts can inhabit high-temperature areas due
to their high biological tolerance, resulting in a wide distribution. The mean temperature of the wettest quarter
suitable for C. kiangsu distribution ranges from 10 to 38 °C, with the optimal range being 21-23 °C. The mean
temperature during the wettest quarter exhibits a narrower tolerance range compared to other environmental
factors, making it a crucial determinant. Precipitation in the driest month shows a broader suitable range for C.
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Figure 3. Response graph of environmental factors.

kiangsu distribution, within 0-240 mm, with the highest suitability at 20 mm. In summary, the mean diurnal
temperature range, maximum temperature of the warmest month, mean temperature of the wettest quarter, and
precipitation of the driest month are critical factors influencing the distribution of C. kiangsu.

Current distribution patterns of C. kiangsu in Asia under current climatic conditions

Based on the model simulation results, under current climatic conditions, the suitable habitats for C. kiangsu in
China and Southeast Asia are predominantly concentrated in the southern provinces of China, including Yunnan,
Jiangxi, Jiangsu, Zhejiang, Fujian, Guangdong, and Guangxi. High suitability areas are primarily located in the
border regions of Yunnan with Laos, as well as in the middle and lower reaches of the Yangtze River in Jiangxi,
Hunan, Zhejiang, Anhui, and along the southern coast in Guangdong and Guangxi (Fig. 4). In central Anhui,
northern Hubei, western Hunan, and Guangxi, less suitable areas primarily spread outward from medium to
high suitability areas. Additionally, significant suitable habitats for C. kiangsu were identified in Southeast Asian
countries where no prior infestation records exist. These regions include the China-Vietnam border, China-
Thailand border, China-Myanmar border, central Vietnam, northern Myanmar, the Malay Peninsula, and the
Indochina Peninsula. The types of suitable habitats in these regions are predominantly medium to low suitability,
with a smaller proportion of highly suitable areas. In Laos, areas overrun by C. kiangsu are predominantly
concentrated in the northern part of Phongsaly Province, specifically in Yot Ou County, Boun Neua County,
and Phongsaly County. Field surveys in Yot Ou County, including villages such as Manla, Malitou, Songkan,
Dalishu, and Huangpiao, as well as around the county town, identified 65 sites of C. kiangsu damage across
21 villages. Extensive bamboo forests in Udai Mountain near Yot Ou County were damaged, with the Yot Ou
County viewing platform serving as an important migration corridor for C. kiangsu. The most severely affected
area is Dalishu Township, with large contiguous bamboo forests damaged, a significant population of C. kiangsu,
and close proximity to Jiangcheng County, posing a high risk of migration into the region. Next is the town of
Malitou, which borders Jiangcheng County and acts as one of the corridors for C. kiangsu migrating into China.
Additionally, Huangpiao Township, near the China-Laos 10-12 boundary markers adjoining Mengla County,
serves as another migration corridor into China.

Prediction of suitable areas for C. kiangsu under future climatic conditions

The potential geographical distribution of C. kiangsu in China and Southeast Asia for the 2050s and 2090s
under the SSP1-26 and SSP5-85 climate scenarios is illustrated in Fig. 4. A comparison of the predicted suitable
habitats for the 2050s and 2090s reveals significant differences in the response of C. kiangsu to climate change
under various scenarios (Table 1).

Overall, the distribution pattern of suitable habitats, centered around highly suitable areas and radiating
outward, remains unchanged. Under both greenhouse gas emission scenarios in the 2050s, the total area of
suitable habitats slightly decreases. However, by the 2090s, a significant increase in the total area of suitable
habitats is observed, with SSP5-85 exhibiting the most pronounced expansion. The overall suitability area expands
by 32.96%, from 278.4806 x 104 km? in the 2050s to 370.2568 x 104 km? in the 2090s.

It is evident that under the SSP1-26 climate scenario, the response of suitable habitat area C. kiangsu to climate
change is less pronounced than under the SSP5-85 scenario. Under the SSP5-85 scenario, the suitable habitat
area for C. kiangsu expanded more markedly. The analysis compares the changes in the suitable habitat area for
C. kiangsu under different climate scenarios across various time periods. In future periods, the suitable habitat
area for C. kiangsu predominantly increases (Table 2). Notably, during different periods (2050s and 2090s), the
changes in expansion, loss, and stability within the suitable habitat area under the SSP1-26 scenario are more
drastic compared to the SSP5-85 scenario. Under the SSP1-26 scenario, the gain area from the current period to
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Figure 4. Geographical distribution of Ceracris kiangsu in China and Southeast Asia under current and future
climatic conditions.

Current 892.83 144.708 115.17 19.5486 279.4266
2050SSP1-26 905.302 126.651 117.347 22.9566 266.9546
2090SSP1.26 875.196 141.891 102.708 52.4618 297.0608
2050SSP5-85 893.776 156.366 98.7361 23.3785 278.4806
2090SSP5-85 802 193.481 125.465 51.3108 370.2568

Table 1. Area of suitable habitats for Ceracris kiangsu under different climate conditions (total study area:
1172.2566 x 10* km?).

2050SSP1-26 11.22221892 8.217011474 16.95832835 1135.859041
2090SSP1.26 36.51040594 17.31423102 7.861108801 1110.570854
2050SSP5-85 16.64582844 10.42534416 14.74999567 1130.435432
2090SSP5-85 8.519094719 16.37846741 8.796872415 1138.562165

Table 2. Changes in suitable habitat area for Ceracris kiangsu in the 2050s and 2090s under different climate
conditions (study area 1172.2566 x 10* km?).

the 2090s is more than three times that from the current period to the 2050s, while under the SSP5-85 scenario,
the gain area from the current period to the 2090s is approximately half of that from the current period to the
2050s. Spatially, as shown in Fig. 5, under the SSP1-26 scenario, the most significant expansion of suitable habitat
is concentrated in the southeastern part of China, including regions such as Guangxi, Guangdong, Zhejiang,
Fujian. The loss areas are primarily concentrated in the southern part of China, such as northeastern Guizhou
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Figure 5. Spatial changes in the geographical distribution of Ceracris kiangsu under SSP1-26 and SSP5-85
Climate Scenarios in the 2050s and 2090s.

and Yunnan, while the overall trend in the Yunnan border region remains stable. Under the SSP5-85 scenario,
from the current period to the 2050s, changes in the suitable habitat in southern China are more pronounced,
with a larger distribution range of losses, but the gain area is greater than that in the same period under the
SSP1-26. Overall, the suitable habitat for C. kiangsu changes with climate variation, and the distribution pattern
of C. kiangsu under different climate scenarios across various periods consistently responds to climate change.

A comparative analysis of the area changes of C. kiangsu under various climate scenarios across different
periods (Table 2 and Fig. 5) indicates that the area of suitable habitats for C. kiangsu predominantly increases in
future periods. Notably, the changes in the area of highly suitable habitats under the SSP1-26 scenario, including
expansion, loss, and stability, are more pronounced than under the SSP5-85 scenario. As shown in Fig. 5, under
the SSP1-26 scenario, the most significant expansion of suitable habitats is primarily concentrated in southeastern
China, such as Guangxi, Guangdong, Zhejiang, Fujian. The loss areas are primarily in southern China, such as
Guizhou Province and the northeastern region of Yunnan Province, with the border areas of Yunnan generally
tending towards stability. Under the SSP5-85 scenario, changes in habitat loss are more pronounced, with
southern suitable habitats in China showing an overall trend of loss. Overall, the suitable habitats of C. kiangsu
change with climate, and the distribution patterns of C. kiangsu under various climate scenarios across different
periods consistently respond to climate change.
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Center points of suitable areas
This study employs the geometric center to represent the overall spatial position of potential suitable habitats
for C. kiangsu under current and future climatic conditions (Fig. 6 and Table 3). The current geometric center
of potential suitable habitats for C. kiangsu is located near the Xiaoqikong scenic area in Hechi City, Guangxi
Province (107.735° E, 25.2217° N). Under the SSP1-26 climate scenario in the 2050s and 2090s, the centers
of distribution for suitable habitats of C. kiangsu are predicted to be in Hechi City (108.1235° E, 25.2028° N)
and Liuzhou City, Guangxi (108.798° E, 25.1289° N), respectively, with the predicted geometric centers being
39.06557 km and 107.4012 km away from the current suitable area. Under the SSP5-85 scenario, the distances
between the predicted geometric centers of suitable habitats in the 2050s and 2090s and the current habitat are
455.75118 km and 125.90022 km, respectively, primarily located in Hengyang City, Hunan Province (112.484° E,
26.3884° N), and Qiannan Buyei and Miao Autonomous Prefecture, Guizhou Province (107.692° E, 25.6631° N).

However, the accuracy of the future distribution center of suitable habitats for C. kiangsu across different
periods may be limited, primarily due to the inherent uncertainty in simulating future climate scenarios. Under
the SSP1-26 scenario, the distribution center in the 2090s exhibits significant changes, migrating northeastward
by 455.75118 km, while the center for the same period under the SSP5-85 scenario remains relatively stable
compared to the current period. From another perspective, the substantial migration distance of the distribution
center under the SSP1-26 scenario is attributed to significant changes in the spatial distribution of non-suitable
areas under future climate models, leading to increased uncertainty in the fluctuation of the distribution center
due to the fragmentation of suitable habitat distribution.

Regarding migration trends, C. kiangsu exhibits varying displacement tendencies under different climate
scenarios. Under the SSP1-26 scenario, the geometric center of the suitable habitat gradually shifts northeastward
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Figure 6. Migration of the center of suitable habitats for Ceracris kiangsu under current and future climatic

conditions.
Climate change scenario X Y Variations (km)
Current 107.735°E | 25.2217°N
2050SSP1-26 108.123°E | 25.2028°N 39.06557
2090SSP1.26 108.798°E | 25.1289°N | 455.75118
2050SSP5-85 112.484°E | 26.3884° N | 107.4012
2090SSP5-85 107.692°E | 25.6631° N | 125.90022

Table 3. Changes in the centroid point and centroid area of Ceracris kiangsu suitable habitat.
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a 2050SSP1-26

over time. In contrast, under the SSP5-85 scenario, the center of the suitable habitat in the 2050s tends to move
eastward, but the displacement is not significant. By the 2090s, the suitable habitat shifts eastward from the
current center. C. kiangsu prefers high temperature and high humidity areas, and the locations of the suitable
habitat center in each period exhibit these characteristics. The high suitability areas for C. kiangsu under future
climate scenarios align with the current average annual temperature conditions in China and Southeast Asia.

Ecological niche comparison

The geographical distribution areas of C. kiangsu are partially determined by its fundamental ecological niche,
defined as a set of environmental conditions essential for its survival. Based on the comparison of climate
ecological niche spaces between native and invaded areas, Fig. 7 illustrates the ecological niche of C. kiangsu
in Asia. The figure indicates that the ecological niche overlap of C. kiangsu is substantial in each period under
various climate scenarios. The ecological niche of C. kiangsu in the invaded areas is broader than in the native
areas but does not entirely encompass the ecological niche of the native area. Therefore, the ecological niches
of C. kiangsu in its native and invaded areas are not identical but are more similar than would be expected by
chance in the invasion process.

b 2050ssp5-85
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Figure 7. Ecological niches of Ceracris kiangsu in the 2050s and 2090s under SSP1-26 and SSP5-85 Climate
Scenarios (purple indicates ecological niche overlap, green indicates unoccupied areas, and red indicates
expansion. Red arrows represent the centroids of realized ecological niches of each species).
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Discussion

Potential distribution of C. kiangsu and its influencing factors

Wen!! utilized the MaxEnt model to predict the current suitable habitat distribution of C. kiangsu in China,
indicating that its suitable habitats are primarily in provinces such as Hunan, Jiangxi, Yunnan, and Fujian. In
this study, the current high suitability areas of C. kiangsu are primarily distributed in southern provinces such
as Yunnan, and the predicted future expansion of suitable areas is mainly in southeastern coastal provinces like
Guangdong and Fujian. The results of this study are consistent with those of Wen et al. and align with existing
reports of C. kiangsu infestations, indicating the accuracy of the model outputs''. This study also identified
suitable habitats for C. kiangsu in countries such as Laos, Thailand, Vietnam, and the Philippines, with high
suitability areas primarily concentrated in northern Phongsaly Province, Laos. However, field studies by Yang
et al.* found that besides Phongsaly Province, provinces such as Luang Prabang, Houaphanh, Xiangkhouang,
and Oudomxay in Laos also experienced severe infestations and crop damage. The limited distribution of suitable
habitats to northern Phongsaly Province, with less emphasis on other provinces, is presumably due to missing
species distribution data. In previous studies, only a single model, the MaxEnt model, was used to predict and
evaluate the distribution of C. kiangsu in China'"'*. In this study, we used the "Biomod2" package, an integrated
platform for species distribution modeling in R, to analyze and evaluate the potential distribution areas of C.
kiangsu in depth. Additionally, we expanded our study area and analyzed the changes in the current and future
suitability zones of C. kiangsu in China and Southeast Asia, thereby filling the research gap regarding its potential
distribution. This is of great significance for locust infestation prevention and monitoring.

Environmental principal component analysis revealed that mean diurnal range of temperature, maximum
temperature of the warmest month, mean temperature of the wettest quarter, and precipitation of the driest
month are crucial to the distribution of C. kiangsu. The biological characteristics of C. kiangsu indicate that
June to August is a critical period for adult C. kiangsu, with the risk of water loss is exacerbated by insufficient
precipitation?’. C. kiangsu overwinters as eggs, and the warmer climate and milder winters create favorable
climatic conditions for its safe overwintering®!. The increase in global temperatures due to the massive emission
of greenhouse gases directly impacts the development rate and population dynamics of C. kiangsu. The rise in
temperature creates favorable conditions for C. kiangsu to hatch and reproduce. This, combined with persistent
hot and dry weather during the summer, lays the groundwork for locust outbreaks*.

However, the factors influencing the distribution of C. kiangsu include not only climatic factors but also
non-climatic factors. Sun confirmed that C. kiangsu often prefers to lay eggs on north-facing sunny slopes
or bamboo slopes®. Li in their study on the causes and control measures of C. kiangsu outbreaks in China,
affirmed that besides climate, soil moisture is a critical habitat factor affecting the occurrence of C. kiangsu, with
lower soil moisture being more conducive to the survival of its eggs*’. Wen et al.!! confirmed that as a host-
specific folivorous pest, the host species significantly influences the growth and development of C. kiangsu'!.
Environmental factors directly or indirectly influence the distribution of C. kiangsu. Direct effects pertain to its
suitable environmental range, while indirect effects involve environmental factors influencing plant distribution,
thereby affecting its feeding and other life history aspects. Wang et al.>! indicate that under similar temperature
conditions, nymphs of C. kiangsu feeding on wheat seedlings exhibit higher survival rates, shorter development
times, and higher adult emergence rates compared to nymphs consuming other food sources!. Additionally,
compared to glutinous maize and sweet maize, the nymphs of C. kiangsu exhibit a relatively slower decline in
survival rates on wheat and rice at different temperatures. Moreover, human activities may also significant impact
the gene flow of C. kiangsu. These activities stimulate the population to generate local diversity and influence
its distribution?”. Furthermore, the migration and spread of C. kiangsu are closely related to wind direction.
Therefore, factors such as topography, slope, aspect, host plants, and wind direction are critical in influencing
the distribution of C. kiangsu. In this study, only climatic factors such as temperature and precipitation were
considered, without accounting for non-climatic factors. Therefore, future research should comprehensively
consider the impact of these factors on the suitability of C. kiangsu. By conducting an in-depth analysis of its
potential suitable habitats, the accuracy of predictions can be significantly enhanced.

Predictions from different models and ensemble modeling

In terms of the precision of model predictions, Biomod2 integrates multiple models, thus providing better
predictions with fewer input distribution points?', which strongly aligns with the relevant conclusions of this
study. The reasons are as follows: Firstly, we chose the current mainstream and recognized high-performance
algorithms, which exhibit high robustness and generalization ability overall, providing a good strong model
foundation for predicting biological species in this study. Secondly, the model integration algorithm provided
by Biomod2 combines multiple models efficiently to improve prediction accuracy. It reduces errors by evaluating
uncertainties and the importance of variables in the modeling process, and enhances accuracy by eliminating
poorly performing single models in the integrated model*®. Consequently, the overall modeling precision and
the accuracy of species distribution in the study area were effectively improved.

Classical single model algorithms possess distinct advantages and disadvantages. specifically, the Maximum
Entropy Model (MaxEnt) accurately reflect the response of species to environmental variables and habitat
selectivity but is less precise in simulating the boundaries of species distribution*’. However, integrating
multiple high-performance single algorithms can effectively overcome the limitations of individual algorithms,
thus enhancing the overall robustness of the model. Meanwhile, integrating multiple models can also lead to
overfitting and partial defects in the selection of indicators to some extent*®. Ensemble algorithms like the
Generalized Additive Model (GAM) and Random Forests (RF) enhance overall prediction accuracy by increasing
model complexity. However, overly complex models risk overfitting, necessitating cautious selection through
methods like cross-validation?!. Overall, compared to single algorithms, the Biomod2 ensemble model provides
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more precise and robust predictions. In terms of the overall accuracy and robustness of various SDM algorithms
constructed in this study, significant difference exist between the accuracy of each single model and the prediction
model integrated by multiple algorithms. The integrated model can greatly improve the accuracy and efficiency
of prediction, and has higher accuracy and reliability.

The critical premise for a SDM to accurately predict species distribution points under various environmental
conditions is to evaluate the reliability and accuracy of the prediction model, which is essential before making
predictions®. Therefore, appropriate quantitative evaluation methods for are used to assess the accuracy and
robustness of the model. It is necessary and significant to study the impact of various data and species attributes
on the accuracy of the generated prediction results®’. Hence, we selected the current mainstream and widely
used important indicators that can evaluate the reliability of probabilistic prediction modeling for accuracy
evaluation®'. Specifically, this study used two common assessment metrics, AUC and TSS, to evaluate the
performance of the model. The average AUC value reached 0.96, and the average TSS value was 0.8, both meeting
excellent standards and demonstrating higher precision and reliability than single models like MaxEnt and GLM.

Impact of global climate change on the distribution of C. kiangsu

In recent years, global climate change and the excessive exploitation of natural resources by humans have caused
ecological damage, creating favorable conditions for locust breeding and exacerbating the frequency and severity
of locust plagues. According to the results of this study, from the present to the 2090s, the high suitability areas
for C. kiangsu in Asia exhibit an expanding trend. In China, the high suitability areas for C. kiangsu are primarily
concentrated in regions such as Yunnan, Hunan, Jiangxi, Zhejiang, and Fujian, consistent with the results of Yang
et al.’*, who predicted the suitable habitats of three locust species in China using the MaxEnt model. In other
Asian countries, such as Laos, Vietnam, the Philippines, Thailand, and the southern Malay Peninsula, the high
suitability areas for C. kiangsu appear to remain stable. Overall, compared to the present, the future habitat areas
of C. kiangsu are expected to expand, particularly under the SSP5-85 scenario, with shows a greater increase. The
centroid points of suitable habitats for C. kiangsu across different periods all exhibit a trend of moving northeast,
and the ecological niche in the invaded areas also tends to expand further than in the native areas.

Role of SDMs in biological invasion and control of C. kiangsu

Based on the prediction results of local suitable areas in Southwest China and Southeast Asia, as well as the
practice and relevant research of biological disaster prevention and control in China, Laos, and other countries,
this study posits that the cross-border pest C. kiangsu on the China-Laos border and the outbreak of biohazards
within a certain range and time are the results of multiple factors. These factors include the suitability of the
natural environment, favorable climate conditions, social governance experience, and economic and social
development. Specifically, in China, on one hand, due to the relatively complete monitoring network and
prediction and evaluation system for various biological disasters, including C. kiangsu, China has a mature
prediction ability for the outbreak of biological disasters. On the other hand, the control technology of C. kiangsu
is relatively advanced, allowing for the effective reduction of pest density through active elimination. Regarding
the incident of C. kiangsu entering China from the China-Laos border, this study posits that the surge in C.
kiangsu numbers, leading to the large-scale invasion of the Chinese border, is due to the suitable environmental
conditions for regular large-scale outbreaks of C. kiangsu and the imperfect biological disaster prevention and
control system in Laos.

Conclusions

Ceracris kiangsu is highly responsive to climate change, particularly temperature, and the sharp increase in its
population size is closely linked to these change. Understanding the current and future distribution of suitable
areas for C. kiangsu is crucial for the surveillance, prevention, and control of locusts. According to the predictions
of this study, under different climatic conditions, the current and future high suitability areas for C. kiangsu are
primarily concentrated in the southern provinces of China such as Yunnan, Jiangxi, and Hunan, as well as in
northern Phongsaly Province, Laos. Additionally, we found large numbers of suitable habitats for C. kiangsu
in several Southeast Asian countries where locusts had not been previously recorded. In the coming period,
the area of suitable habitat for C. kiangsu is expected to show an upward trend. In summary, given the unique
geographical location of Yunnan Province, bordering countries like Laos, Vietnam, Thailand, and Myanmar, it
is imperative for the Chinese border to enhance the construction of plant protection and epidemic prevention
systems along the border. Additionally, establishing pest and disease monitoring and early warning systems in
border areas, and strengthening the monitoring of the distribution dynamics of C. kiangsu in these regions are
crucial. Proactively responding to the United Nations 2030 Sustainable Development Goals and establishing a
multi-national disaster monitoring collaboration mechanism for data sharing will provide valuable references for
strengthening control and risk monitoring in relevant countries and regions, contributing positively to ensuring
the ecological safety of multiple countries (Supplementary Information S1).
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